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Abstract: A continuously growing interest in convenient and ‘green’ reaction techniques encourages
organic chemists to elaborate on new synthetic methodologies. Nowadays, organic electrochemistry
is a new useful method with important synthetic and ecological advantages. The employment of an
electrocatalytic methodology in cascade reactions is very promising because it provides the combina-
tion of the synthetic virtues of the cascade strategy with the ecological benefits and convenience of
electrocatalytic procedures. In this research, a new type of the electrocatalytic cascade transformation
was found: the electrochemical cyclization of 1,3-dimethyl-5-[[3-hydroxy-6-(hydroxymethyl)-4-oxo-
4H-pyran-2-yl](aryl)methyl]pyrimidine-2,4,6(1H,3H,5H)-triones was carried out in alcohols in an
undivided cell in the presence of sodium halides with the selective formation of spiro[furo[3,2-
blpyran-2,5'-pyrimidines] in 59-95% yields. This new electrocatalytic process is a selective, facile, and
efficient way to create spiro[furo[3,2-b]pyran-2,5'-pyrimidines], which are pharmacologically active
heterocyclic systems with different biomedical applications. Spiro[furo[3,2-b]pyran-2,5’-pyrimidines]
were found to occupy the binding pocket of aldose reductase and inhibit it. The values of the
binding energy and Lead Finder’s Virtual Screening scoring function showed that the formation
of protein-ligand complexes was favorable. The synthesized compounds are promising for the
inhibition of aldose reductase. This makes them interesting for study in the treatment of diabetes or
similar diseases.

Keywords: electrochemistry; electrocatalysis; electrolysis; mediators; undivided cell; cyclization;
electrosynthesis; spiro[furo[3,2-b]pyran-2,5'-pyrimidine]

1. Introduction

Privileged structures or scaffolds have become an important way to produce pharmaceu-
tically active compounds [1]. Merck researchers were the first, who used this definition in the
study on benzodiazepines [2]. These privileged scaffolds generally have a rigid heterocyclic
system with a special orientation of the functional substituents for target recognition.

Cascade reactions or domino reactions are often used as efficient strategies in the
synthesis of complex organic molecules since they ensure multiple transformations via a
series of one-pot reactions. The design and development of cascade reactions is a rapidly
expanding area of research in the field of organic synthesis [3].

The elaboration of convenient and efficient methods of synthesis of privileged scaffolds
in one-pot cascade reactions is one of the important aims of organic chemistry.

Organic electrochemical synthesis has become a useful method with important syn-
thetic and ecological advantages in the last few decades [4-6]. However, the usage of
the electrochemical methods is generally limited by equipment complexity and long reac-
tion times.
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One of the most useful electrochemical synthetic methods is the electrocatalytic oxida-
tion of organic compounds in the presence of mediators [7]. Among a variety of mediators,
the redox halide anion/halogen pair is the pair most often used for electroorganic transfor-
mations [8]. Electrolysis in an undivided cell in the presence of alcohols as solvents and
alkali metal halides as mediators affords the simultaneous generation of a base (alkoxide
anion) at the cathode and a halogen at the anode, which then initiates a chemical cascade
of the oxidative transformations in solution.

C-H acids are well-known and useful starting compounds for electrocatalytic trans-
formations using alkali metal halides as mediators [9-13]. The electrocatalytic processes
with C-H acids are often carried out in an undivided electrolyzer with alkali metal halides
as mediators. The electrocatalytic synthesis of functionally substituted cyclopropanes
and related spirocyclopropanes is a special class of such electrocatalytic processes [14-16].
Electrocatalytic reactions of heterocyclic C-H acids [17] have also been intensively studied,
as they afford the synthesis of different classes of heterocyclic compounds with a wide
range of bioactivity [18].

Barbiturates (pyrimidine-2,4,6-triones) are well known in medicinal chemistry as a
class of nitrogen- and oxygen-containing compounds that act as central nervous system
depressants [19]. Recently, it has been established that barbiturates possess anti-AIDS and
anticancer activity [20-22].

Moreover, kojic acid (5-hydroxy-2-hydroxymethyl-4H-pyran-4-one) is a known fungal
metabolite and chelation agent that is produced by several species of fungi, especially
Aspergillus oryzae, as a by-product in the fermentation process of rice [23]. It is widely
used for averting enzymatic browning in food production and as a skin-lightening agent
in the cosmetic field [24]. In the last few decades, it has been established that kojic acid
and its derivatives reveal antibacterial [25], anti-inflammatory [26], antimicrobial [13],
antiviral [27], and anti-HIV activities [28], and inhibit human neutrophil’s elastase [29].

In addition, spirocyclic organic compounds are also known as active compounds in
medicinal chemistry [30]. Spirocyclic compounds possess enough conformational stiffness
together with flexibility. Therefore, the special orientation of the functional substituents
facilitates the recognition of bioactive targets [30]. Spirobarbiturates have the special
attention of the pharmaceutical community due to their broad spectrum of biological
properties [31]. They exhibit useful neuropharmacological effects [32]. Spirobarbiturates
are known as inhibitors of matrix metalloproteinase 13 (MMP)-13 [33] and dihydroorotate
dehydrogenase (DHODase) [34]. 1-Phenyl-5,7-diazaspiro [2.5]octane-4,6,8-trione acts as a
tumor necrosis factor alpha (TNF-«) and is used in the treatment of various inflammatory,
infectious, immunological, or malignant diseases [35].

In continuation of our research on electrocatalytic cascade transformations of carbonyl
compounds and C-H acids into different types of spirocyclic compounds [36—40], and
taking into consideration the biomedical applications of spirocyclic barbiturates given
above, we were prompted to design a facile and efficient electrocatalytic one-pot cas-
cade methodology for the conversion of 1,3-dimethyl-5-[[3-hydroxy-6-(hydroxymethyl)-4-
oxo-4H-pyran-2-yl](aryl)methyl]pyrimidine-2,4,6(1H,3H,5H)-triones 1 into spiro[furo|[3,2-
blpyran-2,5'-pyrimidines] 2.

2. Experimental Section

All melting points were measured with a Gallenkamp melting point apparatus (Lon-
don, UK) and were uncorrected. 'H and 13C NMR spectra were recorded in DMSO-d; with
Bruker Avance II 300 and Bruker DRX 500 spectrometers (Billerica, MA, USA) at ambient
temperature. Chemical shift values are relative to MeySi. 1H-13C HSQC and 'H-13C HMBC
2D NMR spectra were recorded in DMSO-ds with a Bruker AV400 spectrometer (Billerica,
MA, USA) at ambient temperature. IR spectra were recorded with a Bruker ALPHA-T FTIR
spectrometer (Billerica, MA, USA) in KBr pellets. Mass spectra (EI = 70 eV) were obtained
directly with a Kratos MS-30 spectrometer (Bremen, Germany). High-resolution mass
spectra were obtained on a Bruker micrOTOF II instrument using electrospray ionization.
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X-ray diffraction data were collected at 100K on a Bruker Quest D8 diffractometer
(Billerica, MA, USA) equipped with a Photon-III area detector (graphite monochromator,
shutterless ¢- and w-scan technique) using Mo Ka radiation. The intensity data were inte-
grated using the SAINT program [41] and were corrected for absorption and decay using
SADABS [42]. The structure was solved via direct methods using SHELXT [43] and refined
on F2 using SHELXL-2018 [44]. All non-hydrogen atoms were refined with individual
anisotropic displacement parameters. The location of atom H5 was found from the electron
density difference map; it was refined with an individual isotropic displacement parameter.
All other hydrogen atoms were placed in ideal calculated positions and refined as riding
atoms with relative isotropic displacement parameters. The SHELXTL program suitel was
used for molecular graphics.

1,3-Dimethyl-5-[[3-hydroxy-6-(hydroxymethyl)-4-oxo-4H-pyran-2-yl](aryl)methyl]p
yrimidine-2,4,6(1H,3H,5H)-triones 1 were obtained in one step from the arylaldehydes,
N,N’-dimethylbarbiturate and kojic acid according to the literature procedure [45].

General Procedure for the Electrocatalytic Synthesis of Spiro[furo[3,2-b]pyran-2,5'-
pyrimidines 2: 1,3-Dimethyl-5-[[3-hydroxy-6-(hydroxymethyl)-4-oxo-4H-pyran-2-yl]
(aryl)methyl]pyrimidine-2,4,6(1H,3H,5H)-trione 1 (5 mmol) and sodium iodide (3 mmol) in
methanol (20 mL) was electrolyzed in an undivided cell equipped with a magnetic stirrer,
a graphite anode (5 cm?), and an iron cathode (5 cm?) at 20 °C under a constant current
density of 100 mA /cm? until the quantity of 2.8 F/mol of electricity was passed. After the
electrolysis was finished, the reaction mixture was concentrated to a volume of 4 mL and
cooled to 0 °C to crystallize the solid product, which was then filtered out, twice rinsed
with an ice-cold ethanol/water solution (1:1, 4 mL), and dried under reduced pressure.

5-(Hydroxymethyl)-1',3' -dimethyl-3-phenyl-2' H-spiro[furo[3,2-blpyran-2,5' -pyrimi
dine]-2',4',6',7(1'H,3H,3' H)-tetraone 2a: (white powder, 1.56 g, 81%), mp 222-223 °C (de-
comp.) (from MeOH). FTIR (KBr) cm~!: 3366, 1712, 1694, 1675, 1632, 1427, 1369, 1259, 1035,
699. 'H-NMR (300 MHz, DMSO-d;) 6 2.39 (s, 3H, CH3), 3.22 (s, 3H, CHj), 4.22-4.30 (m,
2H, CH,), 5.57 (s, 1H, CH), 5.73 (t, °] = 6.1 Hz, 1H, OH, exchange with D,0), 6.47 (s, 1H,
CH), 7.04-7.14 (m, 2H, 2 CH Ar), 7.32-7.43 (m, 3H, 3 CH Ar) ppm. 3C-NMR (126 MHz,
DMSO-dg) 6 28.1,29.5,56.9, 59.7, 87.5, 113.5, 129.1 (2C), 129.6 (2C), 129.7,132.5, 144.9, 148.7,
150.6, 164.1, 166.5, 168.8, 168.9 ppm. MS (EL 70 eV) m/z (%): 283 [M-C4H4O3-H]* (17),
256 (28), 199 (16), 151 (5), 137 (45), 101 (40), 69 (66), 57 (73), 43 (100), 41 (83). HRMS-ESI:
[M + H]*, caled for C19H14N>O7 385.1030, found 385.1025.

5-(Hydroxymethyl)-3-(2-hydroxyphenyl)-1',3' -dimethyl-2' H-spiro[furo[3,2-b]-pyran
-2,5'-pyrimidine]-2’ 4’ ,6/,7(1'H,3H,3' H)-tetraone 2b: (white powder, 1.30 g, 65%),
mp 242-243 °C (decomp.) (from MeOH). FTIR (KBr) cm~!: 3235, 1715, 1691, 1622, 1584,
1463, 1374, 1215, 1043, 768. "H-NMR (300 MHz, DMSO-dy) & 2.84 (s, 3H, CH3), 3.15 (s, 3H,
CH3), 3.85-4.18 (m, 2H, CHy), 5.43 (s, 1H, CH), 5.66 (br s, 1H, OH, exchange with D,0),
6.31 (s, 1H, CH), 6.88-7.46 (m, 4H, 4 CH Ar), 9.87 (br s, 1H, OH, exchange with D,O) ppm.
13C-NMR (126 MHz, DMSO-d;) & 28.6,29.4, 52.9, 59.5, 87.4, 109.4, 110.2, 122.1, 122.5, 126.0,
130.2, 142.8, 145.0, 150.8, 160.2, 165.4, 167.7, 168.5, 173.3 ppm. MS (EI, 70 eV) m/z (%):
400 [M*] (1), 299 (8), 272 (3), 215 (3), 186 (3), 145 (20), 101 (27), 89 (80), 31 (100), 15 (41).
HRMS-ESI: [M + H]", caled for C19H14N>Og 401.0985, found 401.0980.

5-(Hydroxymethyl)-3-(4-methoxyphenyl)-1',3’' -dimethyl-2' H-spiro[furo[3,2-b]-pyran
-2,5'-pyrimidine]-2’ 4 ,6',7(1'H,3H,3' H)-tetraone 2c: (white powder, 1.26 g, 61%), mp
217-218 °C (decomp.) (from MeOH). FTIR (KBr) cm~ L 3464, 1696, 1632, 1613, 1514,
1431, 1371, 1259, 1035, 748. 'H-NMR (300 MHz, DMSO-d;) § 2.46 (s, 3H, CHj3), 3.21 (s,
3H, CH3), 3.74 (s, 3H, OCH3), 4.20-4.30 (m, 2H, CH3), 5.50 (s, 1H, CH), 5.73 (br s, 1H, OH,
exchange with D,0), 6.46 (s, 1H, CH), 6.92 (d, 3] = 8.1 Hz, 2H, 2 CH Ar), 7.01 (d, 3] = 8.1 Hz,
2H, 2 CH Ar) ppm. 3C-NMR (126 MHz, DMSO-d;) 6 28.3, 29.5, 55.7, 56.5, 59.6, 59.7, 87.5,
113.5,114.5 (2C), 124.2,130.9 (2C), 144.7, 149.0, 150.7, 160.3, 164.2, 166.5, 168.8 ppm. MS (EI,
70 eV) m/z (%): 414 [M*] (1), 355 (1), 313 (10), 286 (6), 229 (2), 201 (2), 172 (12), 101 (18), 55
(71), 15 (100). HRMS-ESI: [M + HJ*, caled for CpoH1gN»Og 415.1141, found 415.1137.
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5-(Hydroxymethyl)-1',3' -dimethyl-3-(p-tolyl)-2’ H-spiro[furo[3,2-blpyran-2,5' -pyri
midine]-2',4',6’,7(1'H,3H,3' H)-tetraone 2d: (white powder, 1.75 g, 88%), mp 227-228 °C
(decomp.) (from MeOH). FTIR (KBr) cm™L: 3367, 1716, 1696, 1676, 1631, 1426, 1369, 1258,
1075, 746. "TH-NMR (500 MHz, DMSO-d;) ¢ 2.30 (s, 3H, CHg), 2.42 (s, 3H, CH3), 3.22 (s,
3H, CH3), 4.25 (d, 2] = 15.7 Hz, 1H, CH,), 4.28 (d, 2] = 15.7 Hz, 1H, CH,), 5.52 (s, 1H, CH),
5.61-5.90 (br s, 1H, OH, exchange with D,0), 6.47 (s, 1H, CH), 6.97 (d, ] = 8.0 Hz, 2H, 2 CH
Ar),7.19 (d, 3] = 8.0 Hz, 2H, 2 CH Ar) ppm. 3C-NMR (126 MHz, DMSO-dg) 6 21.2, 28.2,
29.5,56.7,59.6, 87.5,113.5, 129.5 (3C), 129.6 (2C), 139.3, 144.8, 148.9, 150.7, 164.1, 166.5, 168.8,
168.9 ppm. MS (EI, 70 eV) m/z (%): 339 [M-C,H30,]* (1), 297 (7), 270 (7), 213 (9), 201 (7),
156 (88), 115 (100), 101 (41), 69 (60), 28 (67). HRMS-ESI: [M + H]*, calcd for CooH138N,O7
399.1187, found 399.1182.

3-(4-Ethylphenyl)-5-(hydroxymethyl)-1',3’ -dimethyl-2' H-spiro[furo[3,2-b]pyran-2,5’
-pyrimidine]-2’,4',6',7(1'H,3H,3' H)-tetraone 2e: (white powder, 138 g, 67%), mp
140-141 °C (from MeOH). FTIR (KBr) cm~!: 3544, 1677, 1648, 1611, 1568, 1458, 1424,
1382, 1246, 1041. 'H-NMR (500 MHz, DMSO-d) & 1.16 (t, 3] = 7.5 Hz, 3H, CHj), 2.58 (q,
3] = 7.5 Hz, 2H, CH,), 3.01 (s, 3H, CH3), 3.06 (s, 3H, CHj), 4.16-4.26 (m, 2H, CH,), 5.04 (s,
1H, CH), 6.31 (s, 1H, CH), 7.14 (d, 3] = 7.8 Hz, 2H, 2 CH Ar), 7.20 (d, 3] = 7.8 Hz, 2H, 2 CH
Ar) ppm. 13C-NMR (126 MHz, DMSO-dg) & 15.9, 28.2, 28.4, 28.6, 45.5, 59.7 (2C), 109.5, 128.1
(2C), 129.3 (2C), 133.7, 143.3 (2C), 147.7,151.9, 167.3, 167.5, 167.6, 173.7 ppm. MS (EI, 70 eV)
m/z (%): 414 [M + 2H]* (2), 313 (7), 259 (11), 230 (9), 201 (9), 156 (34), 143 (16), 115 (23), 69
(27), 42 (100). HRMS-ESI: [M + H]", calcd for Cy1HpoN,Oy 413.1349, found 413.1342.

3-(4-Chlorophenyl)-5-(hydroxymethyl)-1',3' -dimethyl-2' H-spiro[furo[3,2-b]pyran-
2,5’ -pyrimidine]-2’,4',6',7(1'H,3H,3' H)-tetraone 2f: (beige powder, 1.98 g, 95%), mp
170-171 °C (decomp.) (from MeOH). FTIR (KBr) cm~!: 3380, 1716, 1697, 1631, 1596,
1427, 1368, 1264, 1075, 747. "H-NMR (500 MHz, DMSO-d) & 2.49 (s, 3H, CH3), 3.22 (s, 3H,
CHj3), 4.20-4.32 (m, 2H, CH,), 5.62 (s, 1H, CH), 6.48 (s, 1H, CH), 7.14 (d, 3] = 8.3 Hz, 2H, 2
CH Ar), 7.47 (d, 3] = 8.3 Hz, 2H, 2 CH Ar) ppm. *C-NMR (126 MHz, DMSO-dy) 6 28.2,29.5,
55.9,59.6, 87.2, 113.5, 129.2 (2C), 131.5 (2C), 131.6, 134.6, 145.0, 148.3, 150.6, 164.0, 166.3,
168.8, 169.0 ppm. MS (EL, 70 eV) m/z (%): 290 [M-C¢H4Cl-H,O]* (1), 277 (1), 264 (1), 235 (1,
37C1), 233 (3, %Cl), 178 (7, 37Cl), 176 (20, 3°C1), 136 (15), 101 (54), 75 (21), 69 (100), 42 (87).
HRMS-ESI: [M + H]*, caled for C19H15CIN, Oy 419.0641, found 419.0632.

Crystal Data for 2f: orthorhombic, space group P232121, a = 5.68820(10) Ab= 11.4345(2)
A, c=275456(6) A, x = p =y =90°, V =1791.61(6) A3, Z =4, T = 100(2) K, n(Mo Kex) = 0.262
mm !, Dcalc = 1.553 g/ cm?3, 35,956 reflections measured (2.09° < 2@ < 34.65°), 4446 unique
(Rint = 0.0618), which were used in all calculations. The final R1 was 0.0339 [I>2sigma(I)]
and wR2 was 0.0727. CCDC 2,049,440 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via http:/ /www.ccdc.cam.ac.uk (accessed on 24 May 2021).

3-(3-Bromophenyl)-5-(hydroxymethyl)-1’,3’ -dimethyl-2’' H-spiro[furo[3,2-b]pyran-
2,5'-pyrimidine]-2' 4’ ,6',7(1'H,3H,3' H)-tetraone 2g: (beige powder, 1.74 g, 75%), mp
151-152 °C (decomp.) (from MeOH). FTIR (KBr) cm~!: 3432, 1772, 1700, 1675, 1623,
1436, 1371, 1269, 1080, 695. '"H-NMR (500 MHz, DMSO-d) & 2.49 (s, 3H, CH3), 3.22 (s, 3H,
CHz), 4.24-4.31 (m, 2H, CH)), 5.62 (s, 1H, CH), 6.49 (s, 1H, CH), 7.10 (d, 3] = 7.7 Hz, 1H,
CH Ar), 7.32-7.41 (m, 2H, 2 CH Ar), 7.61 (dd, 3] = 7.7 Hz, 4] = 1.1 Hz, 1H, CH Ar) ppm.
13C-NMR (126 MHz, DMSO-d;) 6 28.2, 29.5, 55.8, 59.6, 87.2, 113.6, 122.2, 128.7, 131.3, 132.2,
132.6, 135.2, 145.1, 148.1, 150.6, 163.9, 166.1, 168.8, 169.0 ppm. MS (EI, 70 eV) m/z (%):
362 [M-C4H4O5-H]* (1, 81Br), 360 [M-C4H,O3-H]* (1, 7°Br), 336 (3, 81Br), 334 (3, 7Br), 323
(1,8'Br), 321 (1, 7Br), 279 (3, 81Br), 277 (3, 7Br), 222 (28, 81Br), 220 (30, 7Br), 182 (9), 126
(25), 101 (91), 69 (100), 28 (71). HRMS-ESI: [M + H]", calcd for C19H15BrN,O; 463.0141,
found 463.0133.

5-(Hydroxymethyl)-1',3' -dimethyl-3-(4-nitrophenyl)-2’ H-spiro[furo[3,2-b]pyran-2,5’'
-pyrimidine]-2’,4',6',7(1'H,3H,3'H)-tetraone 2h: (white powder, 1.27 g, 59%), mp
194-195 °C (decomp.) (from MeOH). FTIR (KBr) cm~ 1 3491, 1764, 1690, 1650, 1602,
1524, 1446, 1346, 1266, 1027. "H-NMR (300 MHz, DMSO-d;) 6 2.47 (s, 3H, CH3), 3.22 (s,
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Scheme 1.

3H, CHj3), 4.23-4.30 (m, 2H, CH,), 5.80 (s, 1H, CH), 6.55 (s, 1H, CH), 7.42 (d, 3] = 8.2 Hz,
2H, 2 CH Ar), 8.24 (d, 3] = 8.2 Hz, 2H, 2 CH Ar) ppm. *C-NMR (126 MHz, DMSO-d;) §
28.2 (2C), 59.9 (2C), 109.6, 124.0 (2C), 131.0 (2C), 140.4, 142.4, 148.5, 150.2 (2C), 166.4, 169.7,
175.2,187.3 (2C) ppm. MS (EL 70 eV) m/z (%): 328 [M-C4H,O3-H]* (1), 312 (1), 282 (1), 244
(1), 187 (18), 156 (8), 141 (20), 101 (31), 69 (51), 42 (100). HRMS-ESI: [M + H]*, calcd for
C19H15N309 430.0887, found 430.0881.

Methyl 4-(5-(hydroxymethyl)-1',3'-dimethyl-2' 4’ ,6,7-tetraoxo-1',3,3' ,4,6',7-hexah
ydro-2' H-spiro[furo[3,2-b]pyran-2,5'-pyrimidin]-3-yl)benzoate 2i: (white powder, 1.88 g,
85%), mp 227-228 °C (decomp.) (from MeOH). FTIR (KBr) cm ™1 3442, 1768, 1699, 1676,
1629, 1436, 1373, 1287, 1117, 1039. "H-NMR (500 MHz, DMSO-d;) & 2.56 (s, 3H, CH3), 3.37
(s, 3H, CH3), 4.01 (s, 3H, COOCH3), 4.37-4.47 (m, 2H, CH3), 5.85 (s, 1H, CH), 6.64 (s, 1H,
CH), 7.42 (d, 3] = 7.3 Hz, 2H, 2 CH Ar), 8.10 (d, 3] = 7.3 Hz, 2H, 2 CH Ar) ppm. '*C-NMR
(126 MHz, DMSO-dg) ¢ 28.2,29.5, 52.8, 56.2, 59.6, 87.2, 113.5, 129.8 (2C), 130.1 (2C), 130.7,
137.8, 145.1, 148.3, 150.6, 163.9, 166.1, 166.2, 168.8, 169.0 ppm. MS (EI, 70 eV) m/z (%):
442 [M*] (1), 383 (1), 314 (24), 283 (5), 257 (6), 200 (23), 156 (14), 101 (20), 69 (36), 42 (100).
HRMS-ESI: [M + H]", caled for Co1H1gN>Og 443.1091, found 443.1084.

3. Results and Discussion

In this paper, we report the data on the selective and efficient cascade electrocatalytic
cyclization of 1,3-dimethyl-5-[[3-hydroxy-6-(hydroxymethyl)-4-oxo-4H-pyran-2-yl](aryl)
methyl]pyrimidine-2,4,6(1H,3H,5H)-triones 1a—i into substituted spiro[furo[3,2-b]pyran-
2,5'-pyrimidines] 2a-i in alcohols in an undivided cell in the presence of alkali metal halides
(Scheme 1, Tables 1 and 2).

electrolysis

MHal, M = Li, Na, K
Hal = Br, I

R?0H, R? = Me, Et, n-Pr

2a-i

aR!'=H, bR'=2-OH, ¢R'=4-OCH;, dR' =4-CHj,
eR! =4-CH;CH,, fR! = 4-Cl, gR!=3-Br, hR! =4-NO,,
iR! =4-CO,CH;

Electrocatalytic cyclization of 1,3-dimethyl-5-[[3-hydroxy-6-(hydroxymethyl)-4-oxo-4H-pyran-2-

yl](aryl)methyl]pyrimidine-2,4,6(1H,3H,5H)-triones 1a—i.
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Table 1. Electrocatalytic cyclization of 1a into spiro[furo[3,2-b]pyran-2,5'-pyrimidine] 2a.

Entry Solvent  Mediator  Time (min) Electricity (F/mol) Yield of 2a (%)
1 MeOH LiBr 64 2.0 59
2 MeOH NaBr 64 2.0 65
3 MeOH KBr 64 2.0 62
4 MeOH Lil 64 2.0 63
5 MeOH Nal 64 2.0 70
6 MeOH KI 64 2.0 66
7 MeOH NHyI 64 2.0 53
8 EtOH Nal 64 2.0 64
9 n-PrOH Nal 64 2.0 60
10 MeOH Nal 70 2.2 74
11 MeOH Nal 77 24 77
12 MeOH Nal 83 2.6 80
13 MeOH Nal 90 2.8 82
14 MeOH Nal 96 3.0 78
Electrolysis conditions: 1,3-dimethyl-5-[[3-hydroxy-6-(hydroxymethyl)-4-oxo-4H-pyran-2-yl]-

(phenyl)methyl]pyrimidine-2,4,6(1H,3H,5H)-trione 1a (5 mmol), mediator (3 mmol), alcohol (20 mL),
iron cathode (5 cm?), graphite anode (5 cm?), undivided cell, constant current density 50 mA / cm?, 20 °C.

Table 2. Electrocatalytic cyclization of 1a-i into spiro[furo[3,2-b]pyran-2,5’-pyrimidines] 2a-i.

OCH;4

2a, 81%

2d, 88% 2f, 95%
COOCH;
Br
N _CH;
HO >= o
N
AN
O CH; 0O
2g, 75% 2h, 59% 2i, 85%
Electrolysis conditions: 1,3-Dimethyl-5-[[3-hydroxy-6-(hydroxymethyl)-4-oxo-4H-pyran-2-yl]-

(aryl)methyl]pyrimidine-2,4,6(1H,3H,5H)-trione 1a (5 mmol), Nal (3 mmol), MeOH (20 mL), iron cathode (5 cm?),
graphite anode (5 cm?), undivided cell, constant current density 50 mA / cm?, 20 °C.

In the first step, to estimate the synthetic potential of the electrocatalytic method and
improve the electrochemical conditions, the electrocatalytic cyclization of 1,3-dimethyl-5-
[[3-hydroxy-6-(hydroxymethyl)-4-oxo-4H-pyran-2-yl](phenyl)-methyl]pyrimidine-2,4,6
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(1H,3H,5H)-trione 1a in alcohols as a solvent in an undivided cell in the presence of
alkali metal halides was specially studied (Scheme 1, Table 1).

Thus, at the beginning of our study, MeOH was used as a solvent and alkali metal
bromides were used as mediators. Under these electrolysis conditions in an undivided
cell after 2 F/mol of electricity were passed, spiro[furo[3,2-b]pyran-2,5’-pyrimidine] 2a
was obtained in 59-65% yields (Entries 1-3, Table 1). Under these electrolysis conditions
with iodides as mediators, the yields of spiro[furo[3,2-b]pyran-2,5'-pyrimidine] 2a were
in the range of 53-70% (Entries 4-7, Table 1). The best yield of spiro[furo[3,2-b]pyran-2,5'-
pyrimidine] 2a in this series of experiments was obtained with Nal as a mediator was 70%
(Entry 5, Table 1).

Other alcohols, namely ethanol, and n-propanol, were less efficient as solvents com-
pared with methanol such that the yields of 2a were 64% and 60% (Entries 8 and 9, Table 1).
The increase of the amount of electricity passed through the cell up to 2.8 F/mol led to the
best yield of spiro[furo[3,2-b]pyran-2,5'-pyrimidine] 2a (Entry 13, Table 1) with 82%.

Under the optimal conditions thus found, spiro[furo[3,2-b]pyran-2,5'-pyrimidines]
2a-i were obtained in 59-95% yields as a result of the electrocatalytic cyclization of 1,3-
dimethyl-5-[[3-hydroxy-6-(hydroxymethyl)-4-oxo-4H-pyran-2-yl](aryl)methyl]pyrimidine-
2,4,6-(1H,3H,5H)-triones 1a—i (Scheme 1, Table 2).

In all these electrocatalytic processes, after the electrolysis had ended, the reaction
mixture was concentrated to a volume of 4 mL and cooled to 0 °C to crystallize the solid
product, which was then filtered out, twice rinsed with an ice-cold ethanol/water solution
(1:1 v/v, 4 mL), and dried under reduced pressure.

The structure of all new compounds 2a—i was confirmed using IH, BC NMR, and IR
spectroscopy, as well as mass spectrometry data. For all compounds, only one set of signals
was observed in the 'H and '*C NMR spectra.

The structure of the compound 2a was additionally confirmed via NMR spectroscopy
using 2D 'H-'3C HSQC and 'H-'3C HMBC experiments. The assignment of 'H and *C
signals in the NMR spectra was carried out and the chemical shifts correlated well with the
structure of 2a. It should be noted that the carbon atoms of the amide group, as well as the
signals of protons and carbons of methyl residues, had chemically nonequivalent natures;
therefore, they had different chemical shifts. Key interactions are indicated by arrows in
Figure 1. Complete correlation of signals:

|
CHs

HMBC interactions - HSQC interactions

Figure 1. Key HMBC and HSQC interactions for 2a.

TH-NMR (400 MHz, DMSO-d;) 6 2.39 (s, 3H, NCH3), 3.22 (s, 3H, NCH3), 4.27 (s, 2H,
CH,), 5.58 (s, 1H, H%), 5.71 (s, 1H, OH), 6.48 (s, 1H, H°), 7.13-7.03 (m, 2H, H°), 7.43-7.33
(m, 3H, H™, HP) ppm.

I3C.NMR (101 MHz, DMSO-d;) § 27.6 (NCH3), 29.0 (NCH3), 56.4 (C%), 59.2 (CHb),
87.0 (C?), 113.0 (C?), 128.6 (C™), 129.1 (C°), 129.2 (CP), 132.0 (C1), 144.4 (C”), 148.2 (C3),
150.1 (NC(O)N), 163.6 (NCO), 166.0 (NCO), 168.3 (C7), 168.4 (C°) ppm.
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The structure of compound 2f was confirmed using an X-ray diffraction study (Sup-
plementary Material (Figures S19 and S20) and Figure 2).

Figure 2. The general view of compound 2f in crystalline form. Atoms are represented using thermal
displacement ellipsoids (p = 50%).

Given all the above results and taking into consideration the data on electrocat-
alytic reactions mediated by iodides [46—48], the following mechanism for the electro-
catalytic cyclization of 1,3-dimethyl-5-[[3-hydroxy-6-(hydroxymethyl)-4-oxo-4H-pyran-
2-yl](aryl)methyl]pyrimidine-2,4,6(1H,3H,5H)-triones 1 into substituted spiro[furo[3,2-b]-
pyran-2,5’-pyrimidines] 2 was suggested (Scheme 2).

Cathode: 2 MeOH+2e—— 2 MeOe + H,

C)
Anode: 21 -2¢ —— 1,

In solution:

OH 1,
_1©
_1©
Scheme 2. Electrocatalytic cyclization of 1,3-dimethyl-5-[[3-hydroxy-6-(hydroxymethyl)-4-oxo-4H-pyran-2-

yll(aryl)methyl]pyrimidine-2,4,6(1H,3H,5H)-triones 1.
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The evolution of hydrogen was the cathodic process, which was accompanied by
methoxide anion generation. The formation of iodine was an anodic process and the
corresponding iodine color was observed at the anode when the electrolysis was conducted
without stirring of the reaction mixture.

The reaction in solution between a methoxide ion and 6-hydroxy-5-[(2-hydroxy-6-
oxocyclohex-1-en-1-yl)(aryl)methyl]-1,3-dimethyl-pyrimidine-2,4-(1H,3H)-dione 1 led to
the anion of 6-hydroxy-5-[(2-hydroxy-6-oxocyclohex-1-en-1-yl)-(aryl)methyl]-1,3-dimethyl-
pyrimidine-2,4-(1H,3H)-dione A formation. Then, the iodination of anion A resulted in
iodinated 6-hydroxy-5-[(2-hydroxy-6-oxocyclohex-1-en-1-yl)-(aryl)methyl]-1,3-dimethyl-
pyrimidine-2,4-(1H,3H)-dione 3 formation, which, by the action of the next methoxide
anion, was cyclized into spiro[furo[3,2-b]pyran-2,5’-pyrimidine] 2 with the regeneration of
the iodine ion.

Aldose reductase catalyzes the reduction of aldehydes and acids. It participates in
glucose into sorbitol transformation [49], which is the first step in fructose formation.
Inhibitors of aldose reductase are employed for the treatment of diabetic peripheral neu-
ropathy [50]. Computational chemistry, docking in particular, is a tool that is applied in
drug development [51]. It allows for getting insights into protein-ligand interactions and
reduces the time and effort directed toward the development of potential drugs [51,52].

In this research, the investigation of substituted spiro[furo[3,2-b]pyran-2,5'-pyrimidines]
and aldose reductase interactions was conducted in Flare 3.0.0. [53-58]. The protein
structure was downloaded from RCSB (pdb code: 2NVD) [44]. Build Model was used for
the protein preparation, the water molecules out of 6A from the binding site were removed,
then docking was performed with a co-crystallized ligand as a template molecule in very
high precision mode. The Lead Finder’s energy and Virtual Screening scoring functions
were used for benchmarking [53-58].

The cavity of aldose reductase is divided by Trp111 into the catalytic subpocket and
the specificity pocket. The catalytic pocket is related to the catalytic mechanism and is
represented by Tyr48, Lys77, and His110 residues [59-61]. However, almost all inhibitory
activity is related to Trp20 and, in several cases, Leu300 enhances the intercalation of
inhibitor between these two residues [51].

In docking studies, all synthesized compounds, with the exception of spiro[furo[3,2-
blpyran-2,5’-pyrimidine] 2d, intercalated near Trp20 (Table 3). Other structures interacted
with Val47, Tyr48, His110, Trp111, Asn160, Tyr209, Ser210, Ser214, Cys298, and Leu300
(Table 3). Many of them are key residues for inhibitors, for example, the reference co-
crystallized ligand interacts with Trp20, Tyr48, His110, Ser210, and Ser214 [51]. The
diagrams of interaction, the interacting residues, the calculated values of binding energies
(LFdG), and the Lead Finder’s Virtual Screening Score (LFVS) are presented in Table 3.
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Table 3. The results of docking studies of substituted spiro[furo[3,2-b]pyran-2,5'-pyrimidines] 2ai.

Compound LFdG (kcal/mol) LFVS Interaction Residues Remark
S
Trp20 Formed an interaction with the key residue
Trp20. Formed additional interactions with
22 —8426 —9:520 ;Zg?g Tyr209 and Ser210 (which are binding residues
in the reference ligand) [51].
Tyr20 Formed an interaction with the key residue
2b —8.301 —9.381 Asn160 Trp20. Formed additional interactions with
Tyr209 Asn160 and Cys298.
]:l; rp12 10 1 Formed an interaction with the key residue
Aslrjll 60 Trp20. Formed additional interactions with
2c —8.269 —9.951 Tvr209 Ser210 (which is a binding residue in the
SZer 0 reference ligand), Trp111, Asn160, Tyr209,
Cys298 and Cys298.
2d —7.874 —8.951 Ser210 The only interaction revealed was with Ser210.
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Table 3. Cont.
Compound LFdG (kcal/mol) LFVS Interaction Residues Remark
’—";}ZWA
" Formed an interaction with the key residue
i Tyr20 Trp20. Formed an additional interaction to
) Asn160 Ser110 (which is a binding residue in the
2e —9.124 —10.496 .
s Tyr209 reference ligand).
) Ser210 The selection of the best pose was performed
Hag M manually.
Trp20 Formed an interaction with the key residue
2f —8.424 —9.04 P Trp20. Formed an additional binding with
S Leu300
Lovaoon Leu300.
ox v,,,,N,H“/ \_
Lok
%/F; Zg Formed an interaction with the key residue
_9.588 ~10.799 Trp11l Trp20. Forme.d an add.ltl(?nal mt.eract.lon with
Asn160 Tyr48 (\./vhlch is a binding residue in the
Tyr209 reference ligand), Trp111, Asn160, and Tyr209.

2g
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Table 3. Cont.

Compound LFdG (kcal/mol) LFVS Interaction Residues Remark
Trp20 Formed an interaction with the key residue
Trp20. Formed additional interactions with
Zh —6:39 7686 Ser210 Ser210 and Ser214 (which are binding residues
Ser214 . .
in the reference ligand).
A=Ay
//.,\.‘ ‘ Formed an interaction with the key residue
Trp20 d dditional i . th
2i _9938 10634 V& Vald7 Trp20. Formed an additional interaction wit
' ' O Tyrd8 Val47 and Tyr48 (which are binding residues
N y in the reference ligand) [51].
arb
AT
Nl Trp20
. serzton F Tyr48
Co-crystallized —8.545 ~10.089 b. , His110 The reference co-crystallized ligand [51].
ligand j
Ser210
YN Ser214

msﬂﬂﬂ‘

TyrasA
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Spiro[furo[3,2—b]pyran—2,5’ -pyrimidines] 2e, 2g, and 2i showed the best results in
docking studies from a thermodynamic point of view. The binding energies of interaction
with the protein were —9.124, —9.588, and —9.238 kcal/mol, respectively. The LFVS values
were also high, where the values were —10.496, —10.799, and —10.634, respectively. Both
the binding energy and LFVS values of 2e, 2g, and 2i surpassed the same values of the
co-crystallized ligand (—8.545 kcal/mol and —10.089). At the same time, 2e and 2g formed
many interactions with the aldose reductase, namely 2e formed 7 intercalations with
Trp20 and Tyr209 and two hydrogen bonds to Ser210 and Asn160, while spiro[furo[3,2-
blpyran-2,5'-pyrimidine] 2g formed the similar intercalations with Trp20 and Tyr209 and
three hydrogen bonds to Tyr48, Asn160, and Trp111. As mentioned above, Tyr48 and
Trp111, as well as Trp20, are considered key residues for inhibition [51,59-61].

Despite a good position and several hydrogen bonds forming with key amino acids
(Cys298, Ser214, Ser210, Trp20), the nitro derivative 2h showed the lowest binding energy
among the examined compounds, which was —6.399 kcal/mol. The LFVS value was
also moderate, which was —7.686. Nevertheless, because of the moderate value and the
presence of a key interaction (Trp20), it may be interesting for further investigations in
drug development.

Thus, according to docking studies, substituted spiro[furo[3,2-b]pyran-2,5’-pyrimidines]
have conformations that may inhibit aldose reductase function. The values of the binding
energy and Lead Finder’s Virtual Screening scoring function found for this formation
of protein-ligand complexes were favorable and, in several cases, it may surpass the
co-crystallized inhibitor. Thus, substituted spiro[furo[3,2-b]pyran-2,5'-pyrimidines] are
promising for the further investigation of their inhibitory activity related to aldose reductase
as its inhibitors are applied in the treatment of diabetes or similar diseases.

4. Conclusions

Thus, the new electrochemically induced and highly efficient cyclization of 6-hydroxy-
5-[(2-hydroxy-6-oxocyclohex-1-en-1-yl)(aryl)methyl]-1,3-dimethylpyrimidine-2,4-(1H,3H)-
diones in methanol in the presence of sodium iodide as a mediator in the undivided cell
resulted in the formation of the earlier unknown substituted spiro[furo[3,2—b]pyran—2,5’ -
pyrimidines] in 59-95% yields.

This new electrocatalytic cyclization is a facile path to the earlier unknown substi-
tuted spiro[furo[3,2-b]pyran-2,5'-pyrimidines] containing both barbituric and kojic acid
fragments, which are promising compounds for different biomedical applications, with
anticonvulsants, anti-AIDS agents, and anti-inflammatory remedies among them.

This efficient electrocatalytic procedure utilizes simple equipment, an undivided cell,
and an available and cheap mediator, namely, sodium iodide. It is easily carried out and the
isolation procedure is very simple. Thus, this new method is valuable from the viewpoint
of environmentally benign, diversity-oriented, large-scale processes. All these advantages
make this method valuable for the synthesis of new potential drug libraries.

It was found that substituted spiro[furo[3,2-b]pyran-2,5'-pyrimidines] may occupy
the binding pocket of aldose reductase to inhibit its action. The values of the binding
energies and Lead Finder’s Virtual Screening scoring functions showed that the formation
of protein-ligand complexes was favorable. The synthesized compounds are promising for
further investigation of their inhibitory activity related to aldose reductase, it makes them
interesting for the treatment of diabetes or similar diseases.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
3390/ electrochem?2020021/s1, 'H and '3C Spectra of synthesized compounds 4a-i (Figures S1-518),
2D NMR Spectra of Compound 2a (Figures S19 and S520), Single-crystal X-ray Diffraction Data for
Compound 2f (Tables S1-57).

Author Contributions: Conceptualization, M.P.E.; methodology, M.N.E. and EV.R; software, EV.R,;
validation, M.N.E., YE.R., and A.N.V,; investigation, Y.E.R.; writing—original draft preparation,
M.N.E.; writing—review and editing, M.N.E.; visualization, EV.R.; supervision, M.P.E.; project


https://www.mdpi.com/article/10.3390/electrochem2020021/s1
https://www.mdpi.com/article/10.3390/electrochem2020021/s1

Electrochem 2021, 2 308

administration, M.N.E.; funding acquisition, M.N.E.; NMR Spectroscopy Research, A.N.E. All authors
have read and agreed to the published version of the manuscript.

Funding: The reported study was funded by RFBR, project number 19-29-08013.
Institutional Review Board Statement: The study did not involve humans or animals.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The crystal structure determination was performed in the Department of Struc-
tural Studies of Zelinsky Institute of Organic Chemistry, Moscow.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Schneider, P.; Schneider, G. A Computational Method for Unveiling the Target Promiscuity of Pharmacologically Active
Compounds. Angew. Chem. Int. Ed. 2017, 56, 7971-7974. [CrossRef]

2. Evans, B.E;; Rittle, K.E.; Bock, M.G.; DiPardo, R.M.; Freidinger, R.M.; Whitter, W.L.; Lundell, C.E; Veber, D.E; Anderson, P.S.;
Chang, R.S.L.; et al. Methods for drug discovery: Development of potent, selective, orally effective cholecystokinin antagonists. J.
Med. Chem. 1988, 31, 2235-2246. [CrossRef] [PubMed]

3. Xu, P-F; Wang, W. (Eds.) Catalytic Cascade Reactions; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2014.

4. Hammerich, O.; Speiser, B. (Eds.) Organic Electrochemistry: Revised and Expanded, 5th ed.; CRS Press: Boca Raton, FL, USA, 2016.

5. Yan, M,; Kawamata, Y.; Baran, P.S. Synthetic Organic Electrochemistry: Calling All Engineers. Angew. Chem. Int. Ed. 2018, 57,
4149-4155. [CrossRef] [PubMed]

6.  Elinson, M.N.; Makhova, I.V.; Nikishin, G.I. Electrochemical Synthesis of the Aryl «-Ketoesters from Acetophenones Mediated by
KI. Angew. Chem. Int. Ed. 1988, 27, 1716-1717.

7. Frankle, R.; Little, D. Redox catalysis in organic electrosynthesis: Basic principles and recent developments. Chem. Soc. Rev. 2014,
43,2492-2521.

8.  Ogibin, Y.N.; Elinson, M.N.; Nikishin, G.I. Mediator oxidation systems in organic electrosynthesis. Russ. Chem. Rev. 2009, 78,
89-114. [CrossRef]

9. Tang, H.-T, Jia, J.-S.; Pan, Y.-M. Halogen mediated electrochemical organic synthesis. Org. Biomol. Chem. 2020, 18, 5315-5333.
[CrossRef] [PubMed]

10. Karkas, M.D. Electrochemical strategies for C-H functionalization and C-N bond formation. Chem. Soc. Rev. 2018, 47, 5786-5865.
[CrossRef]

11.  Elinson, M.N.; Vereshchagin, A.N.; Ryzhkov, E.V. Catalysis of Cascade and Multicomponent Reactions of Carbonyl Compounds
and C-H Acids by Electricity. Chem. Rec. 2016, 16, 1950-1964. [CrossRef]

12.  Vereshchagin, A.N.; Elinson, M.N.; Zaimovskaya, T.A.; Nikishin, G.I. Electrocatalytic cascade multicomponent assembling;:
Stereoselective one-pot synthesis of the substituted 3-azabicyclo[3.1.0]hexane-1-carboxylate system from aldehyde, malononitrile,
malonate and methanol. Tetrahedron 2008, 64, 9766-9770. [CrossRef]

13.  Elinson, M.N.; Feducovich, S.K.; Starikova, Z.A.; Vereshchagin, A.N.; Nikishin, G.I. Stereoselective electrocatalytic transformation
of arylidenemalononitriles and malononitrile into (1R,5S,6R)*-6-aryl-2-amino-4,4-dialkoxy-1,5-dicyano-3-azabicyclo-[3.1.0[hex-2-
enes. Tetrahedron 2004, 60, 11743-11749. [CrossRef]

14. Elinson, M.N.; Dorofeeva, E.O.; Vereshchagin, A.N.; Nikishin, G.I. Electrochemical synthesis of cyclopropanes. Russ. Chem. Rev.
2015, 84, 485-497. [CrossRef]

15.  Elinson, M.N.; Feducovich, S.K.; Vereshchagin, A.N.; Gorbunov, S.V.; Belyakov, P.A.; Nikishin, G.I. Electrocatalytic multicompo-
nent cyclization of an aldehyde, malononitrile and a malonate into 3-substituted-2,2-dicyanocyclopropane-1,1-dicarbo-xylate—the
first one-pot synthesis of a cyclopropane ring from three different molecules. Tetrahedron Lett. 2006, 47, 9129-9133. [CrossRef]

16. Elinson, M.N.; Feducovich, S.K.; Bushuev, S.G.; Zakharenkov, A.A.; Pashchenko, D.V.; Nikishin, G.I. Electrochemical transforma-
tion of malonate and alkylidenemalonates into 3-substituted cyclopropane-1,1,2,2-tetracarboxylates. Mendeleev Commun. 1998, 8,
15-17. [CrossRef]

17.  Elinson, M.N.; Vereshchagin, A.N.; Ryzkov, EV. Electrochemical Synthesis of Heterocycles via Cascade Reactions. Curr. Org.
Chem. 2017, 21, 1427-1439. [CrossRef]

18. Taylor, A.P,; Robinson, R.P,; Fobian, Y.M.; Blamore, D.C.; Jones, L.H.; Fadeyi, O. Modern advances in heterocyclic chemistry in
drug discovery. Org. Biomol. Chem. 2016, 14, 6611-6637. [CrossRef] [PubMed]

19. Brunton, L.L.; Chabner, B.A.; Knollmann, B.C.; Keith, L.P. Goodman & Gilman’s the Pharmacological Basis of Therapeutics, 12th ed.;
The McGraweHill Companies: New York, NY, USA, 2011.

20. Naguib, EN.M.; Levesque, D.L.; Eng-Chi, W.; Panzica, R.P.; El Kouni, M.H. Phenylselenenyl- and phenylthio-substituted

pyrimidines as inhibitors of dihydrouracil dehydrogenase and uridine phosphorylase. Biochem. Pharmacol. 1993, 46, 1273-1283.
[CrossRef]


http://doi.org/10.1002/anie.201702816
http://doi.org/10.1021/jm00120a002
http://www.ncbi.nlm.nih.gov/pubmed/2848124
http://doi.org/10.1002/anie.201707584
http://www.ncbi.nlm.nih.gov/pubmed/28834012
http://doi.org/10.1070/RC2009v078n02ABEH003886
http://doi.org/10.1039/D0OB01008A
http://www.ncbi.nlm.nih.gov/pubmed/32638806
http://doi.org/10.1039/C7CS00619E
http://doi.org/10.1002/tcr.201600044
http://doi.org/10.1016/j.tet.2008.07.060
http://doi.org/10.1016/j.tet.2004.10.003
http://doi.org/10.1070/RCR4465
http://doi.org/10.1016/j.tetlet.2006.10.075
http://doi.org/10.1070/MC1998v008n01ABEH000893
http://doi.org/10.2174/1385272820666161017170200
http://doi.org/10.1039/C6OB00936K
http://www.ncbi.nlm.nih.gov/pubmed/27282396
http://doi.org/10.1016/0006-2952(93)90477-E

Electrochem 2021, 2 309

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.
45.

Grams, F,; Brandstetter, H.; D’Alo, S.; Geppert, D.; Krell, H.-W.; Leinert, H.; Livi, V.; Menta, E.; Oliva, A.; Zimmermann, G.
Pyrimidine-2,4,6-Triones: A New Effective and Selective Class of Matrix Metalloproteinase Inhibitors. Biol. Chem. 2001, 382,
1277-1285. [CrossRef]

Magquoi, E.; Sounni, N.E.; Devy, L.; Olivier, F; Frankenne, E.; Krell, H.-W.; Grams, F,; Foidart, ].-M.; Noél, A. Anti-Invasive,
Antitumoral, and Antiangiogenic Efficacy of a Pyrimidine-2,4,6-trione Derivative, an Orally Active and Selective Matrix Metallo-
proteinases Inhibitor. Clin. Cancer Res. 2004, 10, 4038-4047. [CrossRef]

Bentley, R. From miso, sake and shoyu to cosmetics: A century of science for kojic acid. Nat. Prod. Rep. 2006, 23, 1046-1062.
[CrossRef]

Chang, T.-S. An Updated Review of Tyrosinase Inhibitors. Int. ]. Mol. Sci. 2009, 10, 2440-2475. [CrossRef] [PubMed]

Reddy, B.V.S.; Reddy, M.R.; Madan, C.; Kumar, K.P.; Rao, M.S. Indium(III) chloride catalyzed three-component coupling reaction:
A novel synthesis of 2-substituted aryl(indolyl)kojic acid derivatives as potent antifungal and antibacterial agents. Bioorg. Med.
Chem. Lett. 2010, 20, 7507-7511. [CrossRef] [PubMed]

Rho, H.S.; Ahn, S.M.; Yoo, D.S.; Kim, M.K.; Cho, D.H.; Cho, ].I. Kojyl thioether derivatives having both tyrosinase inhibitory and
anti-inflammatory properties. Bioorg. Med. Chem. Lett. 2010, 20, 6569-6571. [CrossRef] [PubMed]

Aytemir, M.D.; Ozcelik, B. A study of cytotoxicity of novel chlorokojic acid derivatives with their antimicrobial and antiviral
activities. Eur. J. Med. Chem. 2010, 45, 4089-4095. [CrossRef]

Tanaka, R.; Tsujii, H.; Yamada, T.; Kajimoto, T.; Amano, F.; Hasegawa, J.; Hamashima, Y.; Node, M.K; Katoh, K.; Takebe, Y. Novel
3o-methoxyserrat-14-en-213-ol (PJ-1) and 33-methoxyserrat-14-en-213-ol (PJ-2)-curcumin, kojic acid, quercetin, and baicalein
conjugates as HIV agent. Bioorg. Med. Chem. 2009, 17, 5238-5246. [CrossRef]

Lucas, A.S.D.; Gongalves, L.M.; Carvalho, L.A.R.; Correia, H.E,; Da Costa, EM.R.; Guedes, R.A.; Moreira, R.; Guedes, R.C.
Optimization of O3-Acyl Kojic Acid Derivatives as Potent and Selective Human Neutrophil Elastase Inhibitor. J. Med. Chem. 2013,
56, 9802-9806. [CrossRef]

Zheng, Y.; Tice, C.M,; Singh, S.B. The use of spirocyclic scaffolds in drug discovery. Bioorg. Med. Chem. Lett. 2014, 24, 3673-3682.
[CrossRef]

King, S.B.; Statford, E.S.; Craig, C.R.; Fifer, E K. Synthesis and Pharmacological Evaluation of Spiro-Analogues of 5-Benzyl-5-ethyl
Barbituric Acid. Pharm. Res. 1995, 12, 1240-1243. [CrossRef]

Galati, E.M.; Monforte, M.T.; Miceli, N.; Ranerill, E. Anticonvulsant and sedative effects of some 5-substituted bromopyrazolinic
spirobarbiturates. Farmaco 2001, 56, 459—-461. [CrossRef]

Kim, S.-H.; Pudzianowski, A.T.; Leavitt, K.J.; Barbosa, J.; McDonnell, P.A.; Metzler, W.].; Rankin, B.M.; Liu, R.; Vaccaro, W.;
Pitts, W. Structure-based design of potent and selective inhibitors of collagenase-3 (MMP-13). Bioorg. Med. Chem. Lett. 2005, 15,
1101-1106. [CrossRef]

Fraser, W.; Suckling, C.J.; Wood, H.C.S. Latent inhibitors. Part 7. Inhibition of dihydro-orotate dehydrogenase by spirocyclo-
propanobarbiturates. J. Chem. Soc. Perkin Trans. 1990, 1, 3137-3144. [CrossRef]

Duan, J.; Jiang, B.; Chen, L.; Lu, Z.; Barbosa, J.; Pitts, W.J. Barbituric acid derivatives as inhibitors of the TNF-alpha converting
enzyme (TACE) and/or matrix metalloproteinases. U.S. Patent Application No. 0229084, 7 July 2003.

Elinson, M.N.; Dorofeeva, E.O.; Vereshchagin, A.N.; Nasybullin, ER.; Egorov, M.P. Electrocatalytic stereoselective transformation
of aldehydes and two molecules of pyrazolin-5-one into (R* R*)-bis(spiro-2,4-dihydro-3H-pyrazol-3-one)cyclopropa-nes. Cat. Sci.
Technol. 2015, 5, 2384-2387. [CrossRef]

Vereshchagin, A.N.; Elinson, M.N.; Dorofeeva, E.O.; Nasybullin, R.F; Bushmarinov, 1.S.; Goloveshkin, A.S.; Egorov, M.P.
Electrocatalytic cyclization of 3-(5-hydroxy-3-methylpyrazol-4-yl)-3-arylpropionitriles: ‘one-pot’ simple fast and efficient way to
substituted spirocyclopropylpyrazolones. Electrochim. Acta 2015, 165, 116-121. [CrossRef]

Elinson, M.N.; Feducovich, S K.; Starikova, Z.A.; Vereshchagin, A.N.; Gorbunov, S.V.; Nikishin, G.I. Stereoselective electrocatalytic
transformation of arylidene- or alkylidenemalononitriles and malonate into alkyl (1R,5R,6R)*-6-substituted-5-cyano-4,4-dialkoxy-
2-oxo-3-azabicyclo[3.1.0]hexane-1-carboxylates. Tetrahedron Lett. 2005, 46, 6389—-6393. [CrossRef]

Nikishin, G.I; Elinson, M.N.; Lizunova, T.L.; Ugrak, B.I. Electrochemical transformation of malononitrile and ketones into
3,3-disubstituted-1,1,2,2-tetracyanocyclopropanes. Tetrahedron Lett. 1991, 32, 2655-2656. [CrossRef]

Nikishin, G.L; Elinson, M.N.; Fedukovich, S.K. Electrochemical dehydrotrimerization of dimethyl malonate to the hexamethyl
ester of cyclopropanehexacarboxylic acid. Russ. Chem. Bull. 1986, 35, 1749. [CrossRef]

Bruker. APEX-III; Bruker AXS Inc.: Madison, WI, USA, 2019.

Krause, L.; Herbst-Irmer, R.; Sheldrick, G.M.; Stalke, D. Comparison of silver and molybdenum microfocus X-ray sources for
single-crystal structure determination. J. Appl. Cryst. 2015, 48, 3-10. [CrossRef] [PubMed]

Sheldrick, G.M. SHELXT-Integrated space-group and crystal-structure determination. Acta Cryst. 2015, 71, 3-8. [CrossRef]
[PubMed]

Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Cryst. Sect. C 2015, 71, 3-8. [CrossRef]

Elinson, M.N.; Ryzhkova, Y.E.; Krymov, S.K.; Vereshchagin, A.N.; Goloveshkin, A.S.; Egorov, M.P. Electrochemically induced
multicomponent ‘one-pot’ assembling benzaldehydes, N,N’-dimethylbarbituric acid, and kojic acid. Monatsh. Chem. 2020, 151,
567-573. [CrossRef]


http://doi.org/10.1515/BC.2001.159
http://doi.org/10.1158/1078-0432.CCR-04-0125
http://doi.org/10.1039/b603758p
http://doi.org/10.3390/ijms10062440
http://www.ncbi.nlm.nih.gov/pubmed/19582213
http://doi.org/10.1016/j.bmcl.2010.10.003
http://www.ncbi.nlm.nih.gov/pubmed/21067928
http://doi.org/10.1016/j.bmcl.2010.09.042
http://www.ncbi.nlm.nih.gov/pubmed/20934336
http://doi.org/10.1016/j.ejmech.2010.05.069
http://doi.org/10.1016/j.bmc.2009.05.049
http://doi.org/10.1021/jm4011725
http://doi.org/10.1016/j.bmcl.2014.06.081
http://doi.org/10.1023/A:1016236615559
http://doi.org/10.1016/S0014-827X(01)01062-X
http://doi.org/10.1016/j.bmcl.2004.12.016
http://doi.org/10.1039/p19900003137
http://doi.org/10.1039/C4CY01681E
http://doi.org/10.1016/j.electacta.2015.03.015
http://doi.org/10.1016/j.tetlet.2005.05.101
http://doi.org/10.1016/S0040-4039(00)78810-1
http://doi.org/10.1007/BF00954639
http://doi.org/10.1107/S1600576714022985
http://www.ncbi.nlm.nih.gov/pubmed/26089746
http://doi.org/10.1107/S2053273314026370
http://www.ncbi.nlm.nih.gov/pubmed/25537383
http://doi.org/10.1107/S2053229614024218
http://doi.org/10.1007/s00706-020-02578-6

Electrochem 2021, 2 310

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

Vereshchagin, A.N.; Elinson, M.N.; Dorofeeva, E.O.; Stepanov, N.O.; Zaimovskaya, T.A.; Nikishin, G.I. Electrocatalytic and
chemical methods in MHIRC reactions: The first example of the multicomponent assembly of medicinally relevant spirocyclo-
propylbarbiturates from three different molecules. Tetrahedron 2013, 69, 1945-1952. [CrossRef]

Elinson, M.N.; Fedukovich, S.K.; Vereshchagin, A.N.; Dorofeev, A.S.; Dmitriev, D.V.; Nikishin, G.I. Electrocatalytic trans-
formation of malononitrile and cycloalkylidenemalononitriles into spirobicyclic and spirotricyclic compounds containing
1,1,2,2-tetracyanocyclopropane fragment. Russ. Chem. Bull. 2003, 52, 2235-2240. [CrossRef]

Elinson, M.N.; Lizunova, T.L.; Dekaprilevich, M.O.; Struchkov, Y.T.; Nikishin, G.I. Electrochemical cyclotrimerization of
cyanoacetic ester into trans-1,2,3-tricyanocyclopropane-1,2,3-tricarboxylate. Mendeleev Commun. 1993, 3, 192-193. [CrossRef]
Petrash, .M. All in the family: Aldose reductase and closely related aldo-keto reductases. Cell. Mol. Life Sci. C. 2004, 61, 737-749.
[CrossRef]

Schemmel, K.E.; Padiyara, R.S.; D'Souza, ].]. Aldose reductase inhibitors in the treatment of diabetic peripheral neuropathy: A
review. J. Diabetes Complicat. 2010, 24, 354-360. [CrossRef] [PubMed]

Steuber, H.; Zentgraf, M.; La Motta, C.; Sartini, S.; Heine, A.; Klebe, G. Evidence for a novel binding site conformer of aldose
reductase in ligand-bound state. J. Mol. Biol. 2007, 369, 186-197. [CrossRef]

Ballante, F. Protein-Ligand Docking in Drug Design: Performance Assessment and Binding-Pose Selection. In Rational Drug
Design: Methods and Protocols; Mavromoustakos, T., Kellici, T.F., Eds.; Springer: New York, NY, USA, 2018; pp. 67-88.

Lead Finder, Version 1909 Build 2; BioMolTech®: Toronto, ON, Canada; Available online: http://www.cresset-group.com/lead-
finder/ (accessed on 24 May 2021).

Flare, Version 3.0; Cresset®: Litlington, UK; Available online: http:/ /www.cresset-group.com/flare/ (accessed on 24 May 2021).
Cheeseright, T.; Mackey, M.; Rose, S.; Vinter, A. Molecular Field Extrema as Descriptors of Biological Activity: Definition and
Validation. J. Chem. Inf. Model. 2006, 46, 665—676. [CrossRef]

Bauer, M.R.; Mackey, M.D. Electrostatic Complementarity as a Fast and Effective Tool to Optimize Binding and Selectivity of
Protein-Ligand Complexes. J. Med. Chem. 2019, 62, 3036-3050. [CrossRef]

Kuhn, M.; Firth-Clark, S.; Tosco, P.; Mey, A.S.].S.; Mackey, M.; Michel, J. Assessment of Binding Affinity via Alchemical
Free-Energy Calculations. J. Chem. Inf. Model. 2020, 60, 3120-3130. [CrossRef]

Stroganov, O.V.; Novikov, EN.; Stroylov, V.S.; Kulkov, V.; Chilov, G.G. Lead finder: An approach to improve accuracy of
protein-ligand docking, binding energy estimation, and virtual screening. J. Chem. Inf. Model. 2008, 48, 2371-2385. [CrossRef]
Howard, E.L; Sanishvili, R.; Cachau, R.E.; Mitschler, A.; Chevrier, B.; Barth, P.; Lamour, V.; Van Zandt, M.; Sibley, E.; Bon, C.; et al.
Ultrahigh resolution drug design I: Details of interactions in human aldose reductase-inhibitor complex at 0.66 A. Proteins 2004,
55,792-804. [CrossRef] [PubMed]

Urzhumtsev, A.; Téte-Favier, E; Mitschler, A.; Barbanton, J.; Barth, P.; Urzhumtseva, L.; Biellmann, J.-F.; Podjarny, A.D.; Moras,
D. A ‘specificity” pocket inferred from the crystal structures of the complexes of aldose reductase with the pharmaceutically
important inhibitors tolrestat and sorbinil. Structure 1997, 5, 601-612. [CrossRef]

Steuber, H.; Zentgraf, M.; Podjarny, A.; Heine, A.; Klebe, G. High-resolution Crystal Structure of Aldose Reductase Complexed
with the Novel Sulfonyl-pyridazinone Inhibitor Exhibiting an Alternative Active Site Anchoring Group. J. Mol. Biol. 2006, 356,
45-56. [CrossRef] [PubMed]


http://doi.org/10.1016/j.tet.2012.12.029
http://doi.org/10.1023/B:RUCB.0000011884.08799.a7
http://doi.org/10.1070/MC1993v003n05ABEH000283
http://doi.org/10.1007/s00018-003-3402-3
http://doi.org/10.1016/j.jdiacomp.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19748287
http://doi.org/10.1016/j.jmb.2007.03.021
http://www.cresset-group.com/lead-finder/
http://www.cresset-group.com/lead-finder/
http://www.cresset-group.com/flare/
http://doi.org/10.1021/ci050357s
http://doi.org/10.1021/acs.jmedchem.8b01925
http://doi.org/10.1021/acs.jcim.0c00165
http://doi.org/10.1021/ci800166p
http://doi.org/10.1002/prot.20015
http://www.ncbi.nlm.nih.gov/pubmed/15146478
http://doi.org/10.1016/S0969-2126(97)00216-5
http://doi.org/10.1016/j.jmb.2005.10.067
http://www.ncbi.nlm.nih.gov/pubmed/16337231

	Introduction 
	Experimental Section 
	Results and Discussion 
	Conclusions 
	References

