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The article represents a review of methods for obtaining polyhydroxy flavonols without protection of hydroxy
groups, as well as syntheses using methylation, alkylation and benzylation of the initial reagents and, accord-
ingly, demethylation, dealkylation and debenzylation of the final flavonols. It is shown that the most convenient
for the synthesis of natural polyhydroxy flavonols and their analogues is the debenzylation reaction using a
Pd/C catalyst in tetrahydrofuran, which allows to obtain flavonols containing both hydroxy and methoxy groups.
Syntheses using benzylation/debenzylation reactions are easily scaled up, which allows to obtain of large
quantities of polyhydroxy flavonols, in addition, the latter do not contain impurities of hydrogen halides, which
makes it possible to use the obtained flavonols in the pharmaceutical and food industries.

The syntheses of hydroxy flavonols with a pyrogallol-like structure of the side phenyl ring were carried out,
and the natural flavonol fisetin, a promising medicinal product and component of food additives, was ob-
tained through benzylation/debenzylation reactions. effect of ensitrelvir are found in the 1-methyl-1H-1,2,4-
triazole and 6-chloro-2-methyl-2H-indazole fragments.

Keywords: Flavonols, flavonol synthesis, Algar-Flynn-Oyamada reaction, hydroxy group protection.

Introduction

Flavonoids are biologically active substances widespread in plants and fungi [1]. Of greatest in-
terest are the derivatives of 3-hydroxy-2-phenylbenzo-y-pyrone — flavonols (Figure 1), which are
powerful antioxidants, carcinostatics, and have anti-inflammatory properties [2]. Flavonols are also
used as complexing agents in the fluorescence analysis of some metal ions; the use of flavonols in-
creases the efficiency of metal ion extraction [3, 4]. In addition, flavonols are convenient models for
studying the excited-state intramolecular proton-transer reaction [5].

The greatest biological activity is demonstrated by polyhydroxy derivatives of flavonols con-
taining two to five hydroxy groups. Thus, 5,7,3',4'-tetrahydroxyflavonol (quercetin) is used as a medi-
cine in cardiology and phlebology, the diglucoside (rutinoside) of this compound - rutin is used as a
medicinal form of vitamin P [6, 7]. Currently, 7,3',4'-trihydroxyflavonol - fisetin, demonstrating neur-
otropic activity that supports the survival, differentiation, and functional maintenance of brain cells, is
beginning to be used as a medicine [8].

Currently, flavonols for medicinal use are extracted from plant raw materials. The processes of
extraction and purification of these compounds are labor-intensive, which determines the high cost of
the final product. Therefore, the development of effective and cheap methods for synthesizing polyhy -
droxyflavonols is currently very relevant.

There are several routes to synthesizing flavonols, the most commonly used being the oxidative
cyclization method. Typically, the first step involves synthesizing 2'-hydroxychalcone, which is then
followed by the Algar-Flynn-Oyamada cyclization reaction in the presence of hydrogen peroxide [9,
10]. This method is widely used to obtain synthetic derivatives of flavonols containing amino groups,
nitro groups, halogens, and to obtain heteroaromatic analogs of flavonols whose side ring is substi-
tuted with pyridine, benzadiazole, or thiazole fragments. However, the synthesis of natural flavonols
containing a large number of hydroxyl groups is associated with certain difficulties. Condensation of
the corresponding hydroxy acetophenones and hydroxy aldehydes is most often carried out in a highly
alkaline medium or in a basic solvent. This leads to the dissociation of hydroxy groups, forming unsta-
ble anionic forms that are oxidized by atmospheric oxygen and are less active in aldol condensations
when obtaining intermediate hydroxy chalcones. The Algar-Flynn-Oyamada reaction is also carried
out in an alkaline medium, where the resulting hydroxychalcone anions are oxidized by hydrogen per-
© Demidov O., Roshal A. , 2024
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oxide, which is used as a mandatory reagent. In this case, protection of the hydroxy groups is logical,
but this protection must occur selectively and not affect the 2'-hydroxy group of acetophenone and the
chalcone derivative.

In this article, we briefly reviewed methods for the synthesis of polyhydroxy flavonols contain-
ing the pyrogallol-like 3',4'-dihydroxy groups in the side benzene ring, which are most susceptible to
oxidation. We also discuss the possibility of obtaining partially methylated derivatives typical for
many natural compounds. Basing the information obtained, we carried out regioselective syntheses of
3'.4'-R-hydroxyflavonols and the natural flavonol fisetin using the debenzylation reaction. The struc-
tures of the obtained flavonols are shown in Table 1.
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Figure 1. Scheme of flavonols’ synthesis according to Algar-Flynn-Oyamada reaction

Table 1. Structures of synthesized flavonol derivatives*

Substituents
R, (C4’) R,(C3’) R; R4 (C5)
(C7)

flavonol H H H H
1 OBn OBn H H

2 OH OH H H

3 OBn OMe H H

4 OH OMe H H

5 OMe OBn H H

6 OMe OH H H

7 OBn OBn OBn H
fisetin OH OH OH H

* OBn — benzyloxy-, OMe — methoxy- substituents.

Matherials and Methods

Commercial reagents were used for the synthesis and physicochemical studies of the flavonol
structure. The purification degree of intermediate and final reaction products was controlled using an
Agilent 1100 high-performance liquid chromatograph with a SUPELCO Ascentis Express C18
chromatographic column 2.7 pum 4.6 mm x 15 cm.

Identification of compounds was conducted by mass spectrometry using an Agilent LC/MSD
SL mass-selective detector. 1H NMR spectra were recorded using Unity Inova 400, Bruker Avance
DRX 500 and Bruker Avance III 400 MHz spectrometers in DMSO-d6. 13C NMR spectra were
recorded on Bruker Avance DRX 500 and Agilent ProPulse 500 MHz spectrometers at a working fre-
quency of 126 MHz in DMSO-d6. Chemical shifts are presented in & (ppm) scale. The reaction
progress and the individuality of the obtained substances were monitored by TLC on silica gel-coated
Polychrome SI F254 plates with a fluorescent detector in a hexane-ethyl acetate 2:1 system. Melting
points are performed using Hanon Instruments MP450 Automatic Melting Temperature Controller.

Results and Discussion

Analysis of scientific publications allowed us to identify two strategies for the synthesis of poly-
hydroxy flavonols (PHF): obtaining final products from the corresponding acetophenones and alde-
hydes without the protection of hydroxy groups, as well as synthesis with preliminary protection of
most hydroxy groups of the starting reagents (except for the 2-hydroxy group of acetophenones).
Methylation and benzylation were most frequently used to protect hydroxyl groups.
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As noted above, carrying out the reaction in an alkaline medium leads to partial oxidation of
both the initial reagents — hydroxy benzaldehydes and acetophenones, the intermediate products —
polyhydroxy chalcones, as well as the final flavonols initially formed in the anionic form. Neverthe-
less, the authors of works [11-13] attempted direct synthesis of hydroxy flavonols without protecting
hydroxy groups. The synthesis of flavonols with hydroxy groups in the C3' and C4' positions of the
side benzene ring was described in [11]. To prevent oxidation, the synthesis was carried out in a nitro-
gen atmosphere. The yield of the final compounds was 40-48%. The yield of 3'-hydroxy flavonol ob-
tained in the same synthetical way but in the presence of air decreased to 33% [12]. A compound with
an additional 7-hydroxy group was obtained with a lower yield. The authors of [13] performed syn-
theses of various flavonols in one and two stages, but they failed to reproduce the syntheses of polyhy-
droxy flavonols described in [11] and [12]. We also failed to reproduce the synthesis of 4'-hydroxy -
flavonol: the compound was obtained in low yield (<10%), and a high degree of resinification of the
final flavonol was observed when carrying out the Algar-Flynn-Oyamada reaction. Also, when purify-
ing the latter by column chromatography on silica gel, the flavonol partially decomposes during the
separation process upon contact with the sorbent.

The second method of synthesis is based on selective methylation, ethylation or butylation of
hydroxy groups in the initial acetophenones and aldehydes, obtaining alkoxy derivatives of 2'-hy-
droxychalcone in the first stage of synthesis, with subsequent cyclization of the latter into polyalkoxy
flavonols. Depending on the position of the alkoxy groups, the final yield of flavonols is within 15-
40%. The last stage of the PHF synthesis is the removal of protective alkyl groups. In this case, a 57%
aqueous solution of hydroiodic acid is frequently used for dealkylation of flavonols [14]. The yield of
polyhydroxy flavonols in the Hl-assisted dealkylation reaction is 40-60%. Demethylation of flavonols
with hydroiodic acid is also carried out in solutions of acetic acid [15] or acetic anhydride [16, 17] in
the presence of phenol [18] followed by extraction of the reaction mixture with ethyl acetate. In this
case, the demethylation yields of reactions are in the range of 50—75%.

Demethylation in aqueous HBr solutions occurs with a yield of approximately 20% [19], in gla-
cial acetic acid and in an inert atmosphere the reaction yield increases to 65% [20]. Demethylation of
3'- and 4'-hydroxy groups of flavonols using HCI in glacial hydrochloric acid has also been described
[21], in that case, polyhydroxy flavonols were obtained with a yield of 70-72%.

A less common method used to remove protective alkyl groups is dealkylation with BBr; in dry
dichloromethane, under an inert gas atmosphere and at —78°C [21] or by heating to 50°C [22]. The
yield of dealkylated compounds depends on the location of the protected groups and the presence of
other substituents and generally ranges from 50-70%.

All methods for obtaining hydroxy flavonols from initial methylated (alkylated) reagents with
subsequent demethylation (dealkylation) of the final compound are characterized by a number of dis-
advantages — first of all, the difficult purification of flavonols from traces of acetic acid and hydrogen
halides. The presence of traces of the latter in polyhydroxyflavonols limits their use as pharmaceutic-
als and components of food additives. In addition, none of the listed methods allows regioselective de-
methylation of flavonols. Since natural flavonoids can simultaneously have hydroxy and methoxy
groups, it is not possible to obtain such compounds using the above dealkylation methods. Even if the
molecule contains different protective fragments, such as methoxy, butoxy or benzyloxy groups, the
use of the above methods leads to their complete and non-selective removal.

Comparison of the synthetical methods showed that the most convenient is the protection of hy-
droxy groups of the initial reagents with benzyl residues, as well as the debenzylation of finally ob-
tained benzyloxy flavonols. As noted above, the benzyl group can be removed with hydrohalic acids
in concentrated acetic acid. For weaker acid HCl, it is necessary to heat the reaction mixture to boiling
[21, 23], the reaction with stronger HBr occurs at room temperature [24]. The yields of the debenzyla-
tion reaction are 45-70% and 60-80%, respectively, depending on the location of the benzyloxy groups
in the molecule. Benzyloxy groups are also removed with TiCls [25] with a hydroxyflavonols' yield of
64%, and trifluoroacetic acid in the presence of thioanisole as a catalyst [26, 27] with yields of deben-
zylated compounds of 30-60%.

The use of the BBr3 reagent in dichloromethane [21] is non-selective and results in the removal
of not only benzyloxy but also any other alkoxy substituents. In addition, the yield of debenzylated de-
rivatives for various compounds can vary widely from 30 to 95%.
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Recently, the removal of benzyl fragments by catalytic hydrogenation in the presence of a Pd/C
catalyst, metallic palladium adsorbed on a carbon carrier, has become widespread [28, 29]. The use of
palladium compounds as a catalyst, for example, PA(OH)2/C, is undesirable in the case of polyhy-
droxyflavonols since it leads to the formation of colored flavonol-palladium complexes [30]. Pd/C
catalysts are renewable, non-toxic, used in the food and pharmaceutical industries, and therefore are
most suitable for the synthesis of analogs of natural flavonols.

Tetrahydrofuran, methanol, ethanol, ethyl acetate, or their mixtures in various ratios are used as
solvents in debenzylation reactions [31-34]. However, when scaling up reactions to 1-10 grams, the re-
producibility of the methods with MeOH [35, 36], EtOAc [37], and EtOH [38, 39] turned out to be low,
with yields of 30-40%. This is due to the extremely low solubility of benzyloxy derivatives of flavonols
in the indicated solvents. The best reproducibility during the scaling up of syntheses was noted when us-
ing tetrahydrofuran [40] as a solvent. In our experiments, the use of 10-20 volume equivalents of tet-
rahydrofuran relative to the starting materials provided high yields in the range of 75-95%.

Taking into account the possibility of carrying out regioselective synthesis using debenzylation
reactions of flavonols, we obtained compounds with different arrangements of hydroxy and methoxy
groups and also synthesized the natural flavonol fisetin with the protection of hydroxyls by benzyl
groups with subsequent debenzylation reaction. Typical methods of flavonol synthesis are described
below. The results of physicochemical studies of the structure of the obtained compounds are given in
Tables 2-4.

General Procedure for the Synthesis of Chalcones. Under a nitrogen atmosphere, a suspension
of NaH (6.5 mmol, 60% dispersion in mineral oil) in DMF (20 mL) was cooled to 0 °C. A solution of
2'-hydroxyacetophenone (5 mmol) was then added dropwise, and the mixture was stirred at 0 °C for
10 minutes. Subsequently, a solution of the corresponding benzaldehyde (5 mmol) in DMF (10 mL)
was added dropwise, and the reaction was allowed to proceed at room temperature for 2 hours. The re-
action mixture was then gradually acidified with glacial acetic acid until pH 4. The resulting precipi-
tate was collected by filtration, washed with MeOH (10 mL), and used in the next stage without fur-
ther purification.

Table 2. Melting points and mass-spectra of synthesized flavonols, yields of flavonol synthesis stages.

Yield, %
a ) Mass spectra T o Claisen-
avonols (m/z, %) mps CC Schmidt AFO* Debe‘n- All
condensa- zylation stages
tion
451 ([M+H]', 74), ) 0 0 _ 0
1 473 (IM+Na[, 26) 146-158 90 % 74 % 67 %
271 (IM+H]", 88), o o o o
2 293 ([M+Na]", 4) 253-291 90 % 74 % 86 % 57 %
3 375 (IM+H]", 100) 153-155 98 % 67 % - 66 %
4 285 ([M+H]", 100) 242-253 98 % 67 % 90 % 59 %
375 ((IM+H]', 83), i N o 3 N
5 397 ([M+Nal’,12) 197-208 96 % 68 % 65 %
285 ([M+H]", 94), i 0 0 0 0
6 307 ((M+Na]’, 6) 207-208 96 % 68 % 90 % 59 %
7 557 ((M+H]', 100) 158-159 88% 65% - 57%
fisetin 287 ((IM+HT', 100) 329-331 88% 65% 85% 49%

* AFO — the yield of Flynn-Algar-Oyamada reaction

General Procedure for the Synthesis of Flavonols. A suspension of chalcone (6 mmol) in
MeOH (50 mL) was treated with a 15% solution of KOH (15 mmol) and stirred at -15 °C for 10 min-
utes. A 30% H,O, solution (18 mmol) was then added dropwise, and the reaction was allowed to pro-
ceed at room temperature for 2.5 hours. The reaction mixture was subsequently acidified with glacial
acetic acid until pH 2. The precipitate was collected by filtration, and washed with MeOH (20 mL) to
afford the pure product.

General Procedure for Debenzylation. The debenzylation reaction was carried out by dissolving
the target compound in THF (10-20 volEq.) in the presence of 10% Pd/C (0.1 weq.). The mixture was
stirred under a hydrogen atmosphere at room temperature for 12 hours. Upon completion, the catalyst
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was removed by filtration through a silica gel, and the solvent was evaporated under reduced pressure
to yield the deprotected product.

Conclusions

As shown by the analysis of the methods for hydroxy group protection in the synthesis of
flavonols, the best results are obtained using benzylation of the initial reagents and subsequent deben -
zylation of the reaction products.

Table 3. *C-NMR signals of synthesized flavonol

Atom numbering in *C NMR

Comp.  C-2 C-3 C-4 c-5 C-6 C-7 c-8 Cc9 C-10
spectra

1 1452 1384  172.6 1247 1240 1334 1183 1543 1219

2 1466 1384 1729 1252 1249 1338 1186 1548 1218

3 1453 1383  172.6 1247 1245 1334 1183 1543 1212

4 1459 1380 1725 1244 1246 1333 1183 1543 1218

5 1453 1383 172,66  113.0 1247 1334 1183 1544 1213

6 1459 1380 1725 1244 1246 1333 1183 1543 1218

Re O --H 7 1463  137.8 1728 1240 1251 1331 1150 1550 1582

fisetin 1455  137.6 1724 1229 1243 1341 1160 1567 1627

Comp. c-1' c-2' c-3' c-4' c-s' C-6' (CH3) C (CH») C (Ph¥)

1 121.2 1137 1477 149.8 113.7 124.4 - 70.4, 69.9 137.0, 136.8,
128.4,127.9,
127.8,127.6

2 122.8 116.1 145.6 148.1 1158 120.5 - - -

3 123.5 1127 1474 150.6 111.7 121.9 55.6 70.2 136.9, 112224; 128.1,

4 1223 1117 1474 148.7 115.5 121.3 55.7 - -

5 121.2 1113 148.7 149.3 124.4 123.9 55.7 69.8 136.7, 1122% 127.9,

6 122.1 1115 149.7 149.2 1147 121.0 - 71.2 128.0, 127.7, 127.1

fisetin 122.8 115.3 145.5 146.7 115.3 116.5 - - -
Table 4. '"H-NMR signals of synthesized flavonols
Flavonols H-5 H-6 H-7 H-8 H-2' H-5' H-6' H H H (Ph¥*) H
(OH) (CH,) (CHs)
1 8.09 783—  783—  754—  7194(s) 725  787(d) 952 522(d)  7.54-7.28 -
(@ 770  770(@m) 728 (@ (s) (m)
(m) (m)
2 79 743() 772—  179—-  179- 691 7.61 939 - - -
(dd) 765@m) 772 772 (@ (dd) (m)
(m) (m)
3 8.09 751-  751-  780-  7.51— 722 780—  948(s) 5.17(s) 7.88-7.80  3.85
@ 736 736(m) 773 736(m) (d)  7.73(m) (m),7.51—  (s)
(m) (m) 7.36 (m)
4 809  744(t  780—  7.80—  783(s) 696 7.80— 9.55 - - 3.86
@ 773(@m) 773 @  77Bm  (m) ()
(m)
5 8.10 7.94 —7.87 (m) 784—  749- 717 794—  950(s) 5.18(s) 749-738 386
@ and 772 738@m) (d)  7.87(m) (m), 7.34 ()
7.84 —7.72 (m) (m) ®
6 811  745(t) 773— 78—  783- 7.10 773-  929-— - - 3.86
(dd) 760(m) 773 773(m) (d)  7.60(m) 921 ()
(m) (m)
7 7.15 722 694 712 1 7.48730
8.05 @ © © @ 7(53 103 526 )
fisetin 9.49
7.90 7.52 7.67- 7.62- 6.95 6.85- (s)
@ © 6.64 6.58 @ 6.87 072 - - -
m () (m) ©

* Phenyl ring of benzyl moiety
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Debenzylation using a Pd/C catalyst in tetrahydrofuran provides a high yield of polyhydroxy
flavonols — 86-90%; the synthesis method is successfully scaled up, the catalyst is easily regenerated,
and the resulting final products do not contain traces of halogens, which allows them to be used in the
pharmaceutical and food industries. Debenzylation also allows one to obtain flavonols with different
arrangements of hydroxy- and methoxy- groups, which is important in the synthesis of natural com-
pounds. The results presented in the article confirm the possibility of synthesizing flavonols with vari-
ous substituents in the side phenyl fragment, as well as the possibility of successfully synthesizing
fisetin using benzylation/debenzylation reactions.
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O. Oemungos, O. Powanb. MeTtoau 3axucTy/3HATTA 3axMCTy TAPOKCUIBHUX TPYN MpW CUHTESI nonirigpokcudna-
BOHONMIB

Xapkiecbkuli HayioHanbHUl yHisepcumem imeHi B.H. Kapasina, HAI ximii, matidaH Ceobodu, 4, Xapkis, 61022,
YKpaiHa

Y cTaTTi NnpeAcTaBneHo ornsg MeTodiB oaepaHHs nonirigpokcudnaBoHoniB 6e3 3axucTy rigpokeurpyn, a Ta-
KOX CUHTE3IB i3 3aCTOCYBaHHAM METUMIOBAHHS, ankinyBaHHA Ta 6eH3VMBaHHA BUXIQHUX peareHTiB i, BiANoBigHO,
OeMeTUMoBaHHS, AearnkinyBaHHA Ta AeOeH3nntoBaHHs KiHLeBux dnaBoHonis. MokasaHo, Wwo HanbinbLw 3py4HO
0N CUHTEe3y MPUPOAHMX NONIriApoKCUEIaBOHOIMIB Ta iX aHAnNoriB € peakuis 4e0eH3MIoBaHHA 3 BUKOPUCTAHHSM
Pd/C katanizaTopa B TeTparigpodypaHi, Lo A03BOSSE OTpUMATK (PrIaBOHOMM, WO MICTSATb K MApPOKCU-, Tak i
meTokeurpynu. CrHTE3n 3 BUKOPUCTaHHAM peakLuii 6eH3unoBaHHA/0e6eH3nNoBaHHS Nerko MaclTadyTbes, Wo
[03BONSE OTPMMYBaTW BENWKI KiNbKOCTI NONirigpokcndnaBoHOMiB, KpPiM TOro, OCTaHHi He MICTATb AOMILLOK
ranoreHoBOAHIB, WO OAa€ MOXNMBICTb BUKOPUCTOBYBATU OTPMMaHi prniaBoHONM y dhapMaueBTUYHIN Ta Xap4oBin
NPOMMUCIOBOCTI.

lMpoBeaeHo cMHTE3N rigpoKCMdaBoHOMIB 3 Niporanon-noAibHoK CTPYKTYpol Bi4YHOro peHinbHoro um-
Kny. 3 BUKOPUCTaAHHAM peakuin 6eH3nnoBaHHA/aebeH3nnioBaHHA OTPUMaHO NPUPOAHNA chnaBoHON i3eTUH
— NEepPCrneKTUBHUN MiKapCbKUIN 3acid Ta KOMMOHEHT Xap4yoBMX JO0OaBOK.

Knroyoei cnoea:.chnasoHonu, cuHmes c¢pnagoHosnie, peakuissi Anzapa-®niHHa-Osmadu, 3axucm
eidpokcuepyr.
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