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Flavonoids are an important class of natural metabolites having diverse biological activities, and are
therefore the focus of many phytochemical, synthetic and biological studies. Among the flavonoids is a
group of compounds having a quinone nucleus in their structure, generically named flavoquinones. While
that group of compounds has not yet been intensively explored, they demonstrate significant potential
biological activity that indicates their importance to investigative work. As such, this review presents a
collection of studies encountered in the literature that discuss the occurrence, synthesis, and biological
activities of flavoquinones.
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1. Introduction

A large number of natural chemical compounds have attracted the interest of the scientific
community because of their very diverse pharmacological and biological properties. Flavonoids
compose one such class of natural products that have been widely studied and investigated.
Large numbers of flavonoids have been isolated from different plants, while others have been
synthesized. Among the flavonoids, a small group of molecules have within their structures
a quinone nucleus. Those flavoquinones are known for their significant synthetic and
pharmacological relevance, and were first synthesized in the 1940s by Rao and Balakrishna'?
in their work with pedicinin (1) (Figure 1), which is a chalcone and its analogues. One of the
first reports of those molecules occurring in nature was published by Seshadri, who isolated
carthamone (2) (Figure 1) from Carthamus tinctorius flowers.’ Many other such molecules were
discovered in the following years and had their biological activities examined. (25)-7-methoxy-
3’,4’-dihydroxy-5,8-quinoflavan (3) (Figure 1) isolated from the leaves of llex centrochinensis,
for example, demonstrates promising anti-inflammatory activity.* With an eye to their potent
utility, there has been increasing interest in flavoquinone extraction, identification and synthesis.
There are, however, only a very limited number of published articles examining the principal
findings on those themes. It is important to note that in this article the term flavoquinones refers
to compounds that have a quinone nucleus in their structure within a flavonoid skeleton, not to
be confused with the term flavoquinones used by Lauterwein et al.’ in their work, which uses
the term flavoquinones to refer to flavins in their oxidized state.

2. Naturally Occurring Flavoquinones

The number of natural flavonoids with a quinone nucleus in their structure is rather small
when compared to the number of known flavonoids. Nonetheless, some of those substances have
been intensively studied in terms of their extraction and isolation, structural characterization,
and biological properties. Those aspects will be discussed in the following section.

2.1. Flavanones

Allan et al. ¢ described and structurally characterized three flavanone quinones using
NMR and mass spectrometry techniques. The first was remerin (4) (Figure 1), isolated from
Remiria maritima. Those authors also use chemical transformation to confirm its structure.
It was possible to obtain 4 starting with 7-OCH;-hesperetin and utilizing Fremy’s salt as an
oxidant. The other two flavanone quinones studied were breverin (5), isolated from Cyperus
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Figure 1. Structures of pedicinin 1, carthamone 2, (25)-7-methoxy-3’,4’-dihydroxy-5,8-quinoflavan 3,
remerin 4, breverin 5 and scaberin 6
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Scheme 1. Chemical transformations for obtaining 9 and 11

brevibracteatus, and scaberin (6), isolated from Cyperus
scaber ¢ as shown in Figure 1. Those compounds were also
later isolated by Brown and Thomson.”

2.2. Flavan-3-ols

Tanaka er al. *'° treated a mixture of (-)-epicatechin
(7) and (-)-epigallocatechin (8) with an aqueous extract
of a fresh tea made from Camellia sinensis var. assamica
leaves, producing theanaphthoquinone (9). Similar results
were also obtained by similar reactions with extracts of
bananas, apples, potatoes, sweet potatoes, persimmon,
“black nespera”, mushrooms, and blueberries. All told,
16 plant homogenates were found to furnish 9, all of them
between pH 3.5 and 5.5; the isolated product was yellow
and was identified using 'H and '3C NMR techniques,
as well as two-dimensional (2D) spectroscopy. Those
authors also performed a condensation reaction of 9
with o-phenylenediamine, producing a corresponding
phenazone. The treatment of 7 and 8 separately with
the banana extract did not produce the desired product,
indicating that it must be formed in a reaction with both
catechins. The oxidation of 8 by the banana homogenate'!
produced not only the expected (-) — epigalocatechinone
(10) but also a corresponding dimer 11. The experiments

performed by those authors suggested that 7 was rapidly
oxidized to stage of quinone 12, while the oxidation of
8 was very slow. In a mixture of the two, with a banana
homogenate, for example, 9 was obtained from the
theaflavin (13) formed, with the latter compound being
oxidized by 12 as, in the absence of 7, theaflavin is obtained
with yields higher than 88%, while less than 3% of 9 is
formed. The mechanism proposed by those authors is
demonstrated in Scheme 1.

The structure of 11, as presented in the scheme
mentioned above, was confirmed'? by its capture as a
derivative of phenazine 14 (Figure 2) and observed in
HPLC. Additionally, as with 9, 10 and 12, the product was
characterized by 'H and *C NMR, HMBC and FABMS.

Figure 2. Phenazine 14 structure
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Jhoo et al. performed the oxidation of 13 to 9 using
two different techniques: the first used 2,2-diphenyl-1-
picrylhydrazyl (DPPH), while the second use a system of
peroxidase/hydrogen peroxide."® In both systems, 9 was
the majority product, being isolated using chromatographic
techniques and characterized by NMR and EI-MS. Those
authors proposed a free radical mechanism to obtain
the desired product, in which benzotropolone would be
responsible for donating an electron (as it was stabilized
by resonance structures), followed by a nucleophilic attack
on one of the ketone portions of benzotropolone, thus
rearranging the molecule, losing a CO,, and oxidizing the
catechol to form product 9 (Scheme 2)."* Matsuo et al. also
observed the formation of 9 in their studies of the synthesis
of theaflavins with DPPH, and those authors reported that
the heavy use of the free radical reagent resulted in a greater
formation of 9 than of 13."

9 was reported by O’Coinceanainn et al. as one of
the products obtained from the oxidation of 13 in the
presence of Fe** in an acidic environment. That reaction
was followed by liquid chromatography coupled to a
mass spectrometer (LC-MS), stopped-flow spectrometry,
and multivariate analysis. The authors reported 9 as the
principal oxidation product of that reaction, as well as that

Silva

its concentration was dependent on the amounts of iron
used. Analysis by FT-IR and NMR verified the structure
of 9. That same product was also obtained by Kusano et
al. through the enzymatic oxidation of a mixture of 7 and
8. Those authors reported that only 12 was obtained in the
first 10 min, although after 30 min of reaction time 9 was
also observed. At 60 min, it was possible to observe the
formation of a new product, 15, and a decrease in 9. The
formation of 9 is proposed according to the mechanism
described in Scheme 3.'¢

In their studies concerning the oxidation of theaflavin,
Li et al. observed that by adding ethanol to a mixture of 7
and 8, together with a homogenate of the Pyrus pyrifolia,
a new product 16 was formed by oxidation (in addition to
the expected product 9). That product was identified using
NMR, UV, MALDI-TOF-MS techniques, and HMQC
and HMBC bidimensional correlations. The mechanism
(Scheme 4)!” proposed by those authors is similar to that
of Jhoo."”® The anticancer activity of 9 was evaluated by
Weng et al.,'® and it was found to inhibit both epidermal
growth factor receptor (EGFR) and ErbB-2 activity induced
by Epidermal growth factor (EGF) in breast cancer cells
through the suppression of FAS expression in target cells,
leading to eventual cell death.
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OH * OH : OH O
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Scheme 3. Mechanism of compound formation of 9 proposed by Kusano et al.'®
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Scheme 4. 9 and 16 formation mechanism proposed by Li er al'

Studies focusing on the primary oxidation of flavan-3-ols,
without resulting in the formation of 9, were also conducted.
The compound 12a was obtained by Yasunaga et al.”
through an enzymatic process utilizing tyrosinase in a
Na,HPO,/NaH,PO, buffer solution. A study of the reaction
conditions of the oxidation of (+)-catechin (17) in 12a
with O, in a basic solution was performed, evaluating the
effects of different conditions on the reaction with the
aim of obtaining better synthesis results. Those authors
concluded that the quantity of 12a obtained increased with
basicity, and that the monoethanolamine gave the best
results among others studied. They also observed that the
ideal reaction temperature was 30 °C, that soluble alcohols
and water served as good co-solvents, and that the exact
water/alcohol proportions depended on the type of alcohol
used.” Those same authors studied the effects of Cu** on
the oxidation rate of 17. That reaction was analyzed using
UV-Vis spectroscopy, and it was possible to conclude that
the formation rate of 12a increased with increasing pH; in
systems in which Cu?* was present, however, the formation
rate maximized at pH 8.8, with Cu** acting in the production
of a radical intermediate to be oxidized, thus stabilizing
the formation of the (+)-catechin-Cu®* complex.?'*> The
mechanism of oxidation catalyzed (or not) by Cu** ions

(Scheme 5) is proposed based on work by Mochizuki er
al., who analyzed the kinetic and mechanistic aspects
of the auto-oxidation of the catechins.?® The importance
of that molecule rests in its use as a hair dye. Studies
demonstrated that 12a was not aggressive to rabbit skin,
and that the addition of biological material would create a
variety of colors.”?' Compound 12a was also obtained by
the oxidation of the catechin using an activated periodate
resin in acetonitrile.*

Morina et al. reported the formation of 6,8-dinitrous-
catechin-quinone (18) during the digestion of foods
containing 7 (Scheme 6). Those authors discussed the
formation of that compound under conditions similar to
those found in stomachs, and the possible health problems
that substance could cause if absorbed, as it is formed in
the presence of reactive oxygen species.”

A computer study of molecular docking, as well as
free binding energy calculations, were performed with
epigallocatechin-3-gallate (EGCG) and its metabolites to
determine if there was any relationship between reports
of hepatotoxicity and the consumption of large amounts
of green tea (which contains, as its principal component,
EGCG).* Among the molecules studied, six were catechol-
quinones (shown in Figure 3), although only the metabolite
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Scheme 6. Synthesis of 18 by oxidation with HNO,

19 demonstrated potential inhibitory activity against human
NAD[P]H-quinone oxidoreductase 1 (NQO1).

Chen et al. synthesized hollow biocompatible spheres
through the oxidation of catechins in the presence of Cu**.
The copper ion acted in the oxidation and polymerization
of the catechins when heated; those molecules then
aggregated at lower temperatures to form spheres. The
spheres were then tested as possible vehicles to carry
other compounds such as fluorescein and anticancer
pharmaceuticals as they were glutathione responsive and

alkalis responsive and resistant to acids.”” The reducing
properties of the catechins were also studied in terms
of the synthesis of nanoparticles of Fe,O, through the
reduction of Fe** ions and the oxidation of catechins.?
The catechinones formed can then be used as stabilizers
of the nanoparticles. Those reactions have demonstrated
advantages over methods of co-precipitation, as they result
in the direct formation of monophasic Fe,O, nanoparticles.
The catechinones stabilize the nanoparticles in many
media, and demonstrate good biocompatibility with
epicatechin and epigallocatechin gallate.*®

Studies by Chen er al. of the conversion mechanisms
of type B procyanidins to type A in plants obtained, as one
of the products of free radical or enzymatic oxidation, the
trimer 25 (Figure 4) in which a quinone ring is present on
the terminal ring B. That product was characterized using
NMR and MS.”

19 - (-)-EGCG-2-ortho-quinone

22 - (+)-GC-2-ortho-quinone

20 - (+)-GCG-2-ortho-quinone

23 - EGCG-M2

OH
21 - (-)-EGC-2-ortho-quinone

OH OH

OH OH
\ HO O
HO [ONGS OH E OH
0 . .
0 0 ‘0
OH 0 6 OH (o] o OH

OH
OH

24 - EGCG-M4

OH
OH

Figure 3. EGCG Derivative Structures

no prelo, 2023



Flavoquinones: Occurrence, Synthesis and Biological Activity

25

Figure 4. Procyanidin trimer structure
2.3. Flavan

In their research with the bioactive compounds of /lex,
Li et al. encountered two new flavoquinones with flavan
nuclei. NMR and MS analyses allowed the elucidation of
their structures as (2R)-7,3’,4’-trimetoxi-5,8-quinoflavan
(26) and (25)-7-metoxi-4’-hidroxi-5,8-quinoflavan (27)
(Figure 5). The IV spectra of both evidenced absorption
bands attributable to aromatic rings and carbonyl functional
groups. 'H and '3C NMR spectra analysis allowed the
identification of a flavan nucleus. A benzoquinone nucleus
was also identified through HMBC correlations. Both
flavoquinones were isolated from I. centrochinensis leaves.
Cytotoxic activities of both compounds against HuH7 human
liver cancer cells and CaCO-2 human colon cancer cells
were observed. Both demonstrated weak activity against
cell line HuH7, but no activity against CaCO-2 cells.** Hu
et al. published (in 2014) the isolation and the structural
identification of a new flavoquinone (hindsiiquinoflavan B)
(28) (Figure 5) extracted from the stem of Celastrus hindsii
with an S configuration.

The structure of that flavoquinone was elucidated using

(25)3-R,=H, R, = OH

(2R) 26 - R, = CH; R, = OCH,
(25)27-R,=R,=H

(25) 28- R, = H, R, = OCH,

Figure 5. Structure of flavoquinones 3, 26, 27 ¢ 28

HO
OH

OCH,

Fremy's salt
NaOAc

MeOH

IF and NMR techniques. Compound 28 was isolated with a
yield of 0.00012%. The cytotoxicity was evaluated against
cell lines BC-1 and HuH7, and only moderate to weak
activities were observed respectively. Its cytotoxicity against
cell lines NCI-H187 and HCT116 were also evaluated, but
it was found to be inactive against them."!

More recently, Hui et al. reported the identification of a
new flavoquinone, also in an S configuration, that contains a
flavan nucleus. Compound 3 (Figure 5) was isolated from the
leaves of I. centrochinensis and characterized using I'V, UV,
NMR, and HR-ESIMS techniques. That flavoquinone was
evaluated in terms of its cytotoxicity and anti-inflammatory
activity against RAW264.7 cells. It did not demonstrate
cytotoxicity at concentrations below 8 uM, but significantly
reduced NO production in that cell line, and demonstrated
promising in vitro anti-inflammatory activity.*

2.4. Isoflavones

Brown and Thomson reported the isolation of
bowdichione (30) from Bowdichia nitida wood, obtaining
it from 3’-hydroxy-formononetin (29) utilizing Fremy’s salt
as an oxidant (Scheme 7).’

Yahara et al. reported the isolation of 30 from Dalbergia
odorifer.* Chan et al. similarly isolated 30 from the same
plant and evaluated its ability to inhibit the formation
of superoxide induced by PMA in rat neutrophils; that
substance had an IC,; of 0.9 uM. Additionally, the compound
demonstrated the ability to reduce exaggerated inflammatory
reactions by strongly inhibiting the formation of superoxides
induced by PMA.** Umehara ef al. isolated 30 from
Dalbergia parviflora and reported its activity against the
MCEF-7 tumor cell line (with an EqE,, of 0.7 pM and an
EqE,y of 0.9 uM), although it did not demonstrate any
activity against T47D.3%

In their study of the chemical composition of Dalbergia
canrienatenszs, Hamburger and Cordell isolated a new
isoflavone quinone called 5-hydroxybowdichione (31)
(Figure 6). That new isoflavone quinone was characterized
using UV and IR spectroscopy, mass spectrometry, and 'H
and C NMR. The compound was evaluated in terms of its
in vitro antifungal and bactericide activities, although the
results were not positive. The authors associated that result
with the possible instability of the molecule in solution. It
was also not found to be active against Candida albicans,
Aspergillus niger, or Penicillium expansum.*® Brazilian
researchers isolated from the resin of Amburana cearensis
a new substance (32) characterized with the techniques of
IR, EI-MS, HR-ESI-MS and NMR.*

HO

30-56.9% O

Scheme 7. Synthesis of bowdichione 30

Rev. Virtual Quim.



31-R,=Ry=H,R,=0OH
32-R;=CHy Ry=H,Ry=0OCH,

Figure 6. Structures of 31 (5-hydroxybowdichione) and 32

Bryaquinone (34), a pterocarpene (a subclass of
isoflavonoids), was isolated from Brya ebenus.’” The
authors reported the necessity of its acetylation to be able to
separate and isolate it from the plant extract. The acetylated
derivative (33) was characterized by NMR and mass
spectrometry. The product was subsequently hydrolyzed

33 -258-260°C

H,CO

Silva

o
Na,CO3, MeOH

rt,4h

in methanol with sodium carbonate in a reflux operation
to give 34 (Scheme 8), which was also characterized by
NMR and mass spectroscopy. A second quinone identified
4-deoxybryaquinone (35)** was isolated together with 33.

34 and 35 were synthesized by Antus et al. (Scheme 9)
in a series of reactions that led to the formation of 36, which
was then reduced to produce 37, followed by a debenzylation
and cyclization that was subsequently oxidized to produce
34 utilizing the Fetizon reagent. 35 was obtained using a
similar technique.*

2.5. Isoflavan

The abruquinones A, B and C (40-42) (Figure 7)
were first isolated by Lupi et al. in 1979 from the roots

HsCO

HO

HsCO
34-79%, mp > 350°C

35

Scheme 8. Structural modification of 34 and structure 35

OCH,Ph
catalytic
DIBAL-H hydrogenation
toluene H,CO
THF
36 37
HO OH
o)
x
e ] O agCOy/ celte
H3CO 65 °C H,CO 0
OH
39

Scheme 9. Synthesis of 34 by Antus et al ¥
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of Abrus precatorius. Kuo et al. later reported another
three new isoflavanquinones called abruquinones D, E
and F (43-45) (Figure 7). A study of their pharmaceutical
properties indicated the potential activity of (35)- 40 and
41 to inhibit platelet aggregation induced by arachidonic
acid (AA) and collagen, while (35)-44 demonstrated PAF
inhibition.

OCH,

(35)-40- R, =R, = H, Ry =Ry = Rg = OCH;
(35)-41-R; =R, = Ry=Rg=OCH,, R, =H
(35)-42 -R; =R, = Rg = OCH3 Ry = OH, R, = H
(35)-43 - R, =Ry =Rg = OCH3, R, = OH, Ry=H
(35)-44-R, =R,=R; =R, =Ry = OCH,
(35)-45- Ry = OH, R, = Ry = Rg = OCH,, R, = H
(3R)-46-R; =Ry =Rs=H, R, =R, = OCH;
(35)-47 -R, =R, =R, = OCH,, Ry = Ry = H
(35)-48- R, = OH, R, = Ry = OCHy, R, = Rs = H
(35)-49 - R, =R = H, Ry =R, = OH, Ry = OCH,
(3R)-50- R, =Ry=OCH; Ry =R, =Rs=H
(3R)-51-R; =R, =Ry=0CH,, Ry =Rs = H
(35)-52 - Ry =R, = OH, R, = OCHj, Ry = Rg = H

Figure 7 . Structure of some isoflavanquinones

In addition to those activities, (35)- 40, 41, 43 and
45 demonstrated anti-inflammatory and anti-allergenic
activities.* (35)-41 was isolated by Limmatvapirat
witch showed antitubercular activity at a minimum
inhibitory concentration (MIC) of 12.5 pg.mL"; it also
showed antiplasmodial activity (ICs,: 1.5 pg.mL")
and was cytotoxic to cell lines KB and BC (ICs,: 9.9
and 5.7 pg.mL! respectively).*! In 2013, Hata et al.
reported the isolation of 3 isoflavanquinones from the
seeds and roots of A. precatorius that demonstrated
strong antiprotozoal activities against 7.b. rhodesiense.
Those compounds therefore became strong candidates
for in vivo trials against that Trypanosome due to their
low cytotoxicity to L-6 cell lines and high selectivity
index. (3R)- abruquinone I (46) (Figure 7), (3R)-41
and (35)-7,8,3°,5°-tetramethoxyisoflavan-1°,4‘-quinone
(47) (Figure 7) were characterized and their absolute
configurations determined. HMBC and COSY correlations
were performed to corroborate the connectivity of their
rings and the positions of their substitutions.*> Those same
authors reported in the following year the extraction of
(3R)- 40 and (3R) -43 from the same plant from the same
locality, although in a different period of the year. Those
molecules had their absolute configurations confirmed
using electronic circular dichroism (ECD). Their strong
antiprotozoal activities against Trypanosoma brucei
rhodesiense were also confirmed, with low cytotoxicity
to the L-6 cell line and high selectivity — making them
promising objects of studies of in vivo activity.* (35)-40
and (35)-41 were extracted from the roots of Abrus

precatorius from Nigeria by Okoro et al., and they
demonstrated in vitro antifungal and leishmanicidal
activities. Both also demonstrated strong activity against
Leishmania major and L. tropica and moderate antifungal
activity against M. canis and F. solani.** More recently,
4 new coumpounds (Figure 7) called abruquinones M, N,
O and P (48-51) were isolated by Okoro and collaborators
from the roots of A. precatorius. The four molecules were
characterized with '"H and *C NMR techniques as well
as HRESI-MS, UV, IR and HMBC. In addition to these
previously unpublished abruquinones, the authors isolated
the already know 40, 41, 42, 43, 44, 45, 46 and 52. The
authors evaluated the cytotoxic activity of abruquinones
40, 41, 48 and 49 against human squamous cell carcinoma
(CAL-27), human colorectal adenocarcinoma (Caco-2)
lines and human lung cell carcinoma (NCI — H460) where
the compounds significantly reduced cell proliferation,
with 41 being the most active against the proliferation
of CAL-27 and NCI-H460 cells and 40 being the most
active. active against Caco-2. These substances also had
their anti-inflammatory activity evaluated, showing good
activity in inhibiting reactive oxygen species.®
Amorphaquinone (53) was isolated for the first time from
Amorpha fruticosa seeds by Shibata et al.;* some years
later, Ohyama et al.*” extracted isoflavone quinone from the
same plant whose structure was elucidated using 'H and *C
NMR techniques. In 2011, Rahman ez al. published a study
of the extraction and characterizations of (35)-53 and (35)-
pendulone (54) (Figure 8), as well as their leishmanicidal,
antiplasmodial, antimicrobial, and cytotoxic activities.
Isoflavone quinones were also extracted from the leaves
of A. schimperi. The both molecules were identified using
HRESIMS, UV, and 'H and "*C NMR techniques as well
as 2-D (HMBC and HMQC) correlations. Their absolute
configurations (3S5) were defined by studies of circular
dichroism (CD) spectroscopy and by optical rotatory
dispersion curves (ORD). Both compounds demonstrated
potent leishmanicidal activities against promastigotes of
L. donovani, and against L. donovani axenic amastigotes,
and amastigotes in macrophage THP1 cultures. Those
compounds also demonstrated antiplasmodial activities,
although they were less accentuated than the chloroquine
standard. (35)-54 demonstrated moderate bactericidal
activity against S. aureus and S. aureus resistant to
methicillin. Both also demonstrated moderate anticancer
activity against human tumor cell lines, including SKMEL,
KB, BT-549, and SK-OV-3. According to those authors, their
report was the first description of the extraction of those types
of molecules from the genus Abrus, with the determination
of their absolute configurations and the evaluation of the
leishmanicidal activity of (3S)-amorphaquinone (53).*% 53
and 49 were also isolated from the roots of Apoplanesia
paniculata, and their antiplasmodial and antiproliferative
activities were examined. Both demonstrated inhibitory
activity in terms of the growth of Dd2 strains resistant to
drugs against P. falciparum, with ICs; of 6 £ 2 pM and
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Figure 8. Structure of (3S)-amorphaquinone (53) and
(35)-pendulone (54)

7 £ 1 uM, respectively, and activity against the tumor cell
line A2780 (human ovarian cancer), with IC,, 6.6 and 19.6
UM respectively.*

In their studies of the egyptian species Astragalus
alexandrinus and A. trigonus, El-Sebakhy et al. isolated
(3R)-astragaluquinone (55), (3R)-mucroquinone (56), and
(3R)-claussequinone (57).*° Those authors reported 55 as
being isolated from that species for the first time, while
the isolation of the two other substances had already been
reported in the literature (Figure 9).36512

55-R, = Me, R, = OMe, Ry = H, R, = OH
56-R; =H,R,=R;=0Me,R,=H
57 -R,=R,=R,=H, Ry = OMe
60- R, = Ac, R, =R, = H, Ry = OMe
Figure 9. Structure of (3R)-astragaluquinone (55), (3R)-mucroquinone
(56) and (3R)-claussequinone (57) and acetyl derivative of
claussequinone (60)

Farkas synthesized 57 by two different pathways
in 1974. The first pathway involved as its first step the
cyclization of the corresponding chalcone to obtain an
isoflavone, followed by catalytic hydrogenation to obtain
58, and then oxidation to claussequinone (57). The second
pathway was similar to the first except for the oxidation

OH IN\S

step, which occurred using atmospheric oxygen to form
the corresponding compound 57 from the hydroquinone
59. The authors did not dismiss the possibility of obtaining
the claussequinone from the oxidation of the corresponding
hydroquinone during the isolation of the natural product.
Scheme 10 demonstrates the oxidation step in the synthesis
of 57.%

(3R)-57 and (3R)-56 were also isolated by brazilian
researchers in 1975 (Gottlieb er al. *) from Cyclolobium
clausseni from Minas Gerais State. (3R)- 57 was also isolated
from C. vecchii collected in the Rio de Janeiro Botanic
Garden. Those molecules had their structures confirmed
using classical techniques of structural elucidation; the
absolute configurations were analyzed by ORD curves.
Additionally, those authors reported the identification of a
mono-acetylated (3R)-claussequinone (60).>

Those same authors undertook the synthesis of (+)-57
from (x)-vestitol (61) (Scheme 11) using Fremy’s salt as an
oxidizing agent with MeOH/H,O as a solvent. The precise
molecular conformation of the heterocyclic ring of 57 was
defined by x-ray diffraction performed by Gambardella et
al>® As was already cited, Hamburger and Cordell isolated
(3R)-57 from Dalbergia canrienatenszs Prain. They
evaluated the in vitro antifungal and bactericidal activities
against, for example, Trichophyton mentagrophytes,
although it was not promising; neither did it demonstrate
activity against Candida albicans, Aspergillus niger, or
Penicillium expansum.* According to Goulart et al., (3R)-57
shows potent antimalarial activity. Those authors studied the
electrochemical reduction of that molecule and its acetylated
derivative in mixed solvents (H,O/DMF) and in dry DMF.

The authors observed a single reversible transfer of two
electrons in the mixed solvent; in dry DMF, they reported
two transfers of one electron each, with the second transfer
being irreversible. Comparing the results obtained in that
study with the acetylated derivative of claussoquinone, the
authors concluded that there was an auto-protonation in one
of the steps.>® Emim et al. evaluated the anti-inflammatory
activity of 57 isolated from Machaerium villosum Vog and

57
m.p 196 - 198°C

Scheme 10. Isoflavan oxidation to obtain claussequinone (57)
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HO. l (0]

HO (0]
Fremy's salt, NaOAc= O 0

HO l OMe

61

MeOH, H,0

0 I OMe

57 - 46%

Scheme 11. Synthesis of (+)-claussoquinone (57) from vestitol (61)

Cyclolobium clausseni, and found it ineffective.’’ Choi et al.
isolated 57 from Dalbergia odorifera, and it demonstrated
moderate cytotoxicity against some lines of tumor cells
(MES-AS, MES-SA/DXS, HCT15, HTC15/CL02).%%%
Yahara et al. isolated (3R)-57 from Dalbergia odorifera
and reported the isolation of a new biflavonoid 62 (Figure
10) that contained a quinone nucleus in its structure. The
dimer appeared as a yellow solid, and represented a fusion
of 57 and 61. The structure was characterized using 'H and
3C NMR as well as EI-MS; its absolute configuration was
determined by the analyses of the CD Cotton effect.’>%

HO 0)

HO
62
Figure 10. Chemical structure of biflavonoid isolated from Dalbergia
odorifera

Those authors also reported the synthesis of 60 by
classical procedures (Scheme 12).

Takahashi et al. isolated, in 2006, an isoflavan-quinone
named millettilone A 63 (Figure 11) from the wood
of Millettia pendula, together with the already known
compound, (3R)-57. The leishmanicidal activities of those
compounds were tested against promastigotes of Leishmania
major, with 59 demonstrating the best results, with an ICs,
of 0.07 mg.mL"'; the other isoflavan-quinones demonstrated
only moderate activities [ICs, 9.3 mg.mL" with 58, and
ICy, 1.2 mg.mL"' with (3R)-52]. The isoflavanquinones
demonstrated greater activities than molecules containing
only the isoflavone nucleus.®!

(3R)-colutequinone (64) (Figure 12) was isolated
from Colutea arborescens by Grosvenor and Gray. Those
same authors later isolated (3R)-colutequinone B (65)
(Figure 12) from the same. Both molecules had their
structures elucidated using 'H and 'C NMR as well as
EI-MS, HMQC and DEPT-90 and UV-Vis techniques.
The absolute configuration of (3R)-64 was determined

HO ! o}
od
0 OCH,4

57

AcO (0}
Ac,0, Py O
_—

HO.

OCH;

Figure 11. Millettilone A (63) compound isolated from M. pendula

by spectral CD, and that of (3R)-65 by comparisons of
its CD curve with those of (3R)-64 and (3R)-57. The
antifungal activities of both colutequinones were evaluated,
demonstrating moderate activities against S. cerevisiae and
Candida albicans.®*%

H,CO

64- R, = H. R, = OCH,
65-R, =0OCHy, R, = H

Figure 12. Colutequinone structures

Kraus and Kim® synthetically produced 64 and 65 as a
racemic mixture. Those isoflavan-quinones were obtained
from the reaction of a corresponding quinone (1 eq) with
an chroman acidic carboxylic (3 eq) and the hypervalent
iodine reagent phenyliodoso diacetate [PhI(OAc),] (1 eq).
The mixture was heated under reflux, and 64 was obtained
with a 92% yield, with a conversion rate of 24%; 65 was
obtained with an 87% yield and a conversion rate of 11%.
The authors synthesized O-methyl claussequinone (66)
with an 84% yield and a conversion rate of 9% using the
same methodology and purification by CC (Scheme 13).
The authors studied the synthesis of those molecules using
ammonia persulfate and catalytic quantities of silver nitrate,
although they were unsuccessful even when the quantity
of ammonia persulfate was increased or if stoichiometric
quantities of silver nitrate were added. As such, the authors
concluded that the techniques using ammonia persulfate
were incompatible with acids containing aromatic systems
rich in electrons, as their tests using either aromatic acids
or unsubstituted aromatics gave good results.

X
0 OCH,

60 - 78.5%

Scheme 12. Synthesis of acetilated derivate of claussequinone (57)
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R3 OCH,3 PhI(OAc),
0 benzene, reflux, N,
67-R, = H, Ry = OCH,
68 - R, = OCH, R, = H
69-R,=R,=H

64-R, = H, R, = OCH,
65-R, = OCHy, Ry =H
66-R, =R, =H

Scheme 13. Synthesis of colutequinones (64 and 65) and
O-methy] claussequinone (66)

Laurentiquinone (70) (Figure 13) was isolated from the
wood of Millettia laurentii and characterized using IR, UV
"H NMR, and MS techniques. That data demonstrated that
70 was an isomer of 53, an isoflavanquinone isolated from
Amorpha fructicosa; the only difference between them
being the position of the two methoxyl groups on ring B.%

70

Figure 13. Structure of laurentiquinone (70)

Kurosawa et al. reported the absolute configurations
of some natural and synthetic isoflavanquinones. (35)-56
isolated from Machaerium mucronulatum, (3R)-56
isolated from Cyclolobium claussenii, and (3R)-57
isolated from both C. clausseniii and Cyclolobium vecchi
had their absolute configurations determine based on
ORD curve analyses.®*” (35)-56 was similarly isolated
by Brown et al. from M. mucromulatum.” Those authors
also reported the synthesis of (+)-56 (Scheme 14), which

initially involved hydrolysis in a basic media of the nitrile
present in 71 to obtain the corresponding carboxylic acid
in a reaction in which pyrogallol-2-methyl-ether furnished
1-(2,4-dihydroxy-3-methoxyphenyl)-3-(3-hydroxy-4-
methoxyphenyl)propan-1-one 72. After that, a condensation
reaction resulted in 73, which was then hydrogenated to
form isoflavan 74 and then oxidized to isoflavanquinone
by using Fremy’s salt, resulting in a racemic product of
mucroquinone, with a yield of 13.4%.%

Kaneko e al. isolated pendulone (54) for the first
time from galls and the wood of Wisteria brachybotrys,
characterizing its spectroscopic properties based on
previously published data.®® The substance was analyzed by
Konoshima et al. in terms of its antitumor activity, and was
found to have inhibitory activity in terms of the activation
of EBV-EA induced by TPA in Raji cells with more than
85% of inhibition.”"”" Chen et al. confirmed the structure of
54 isolated from the roots of Oxytropis falcata in 2008 by
x-ray diffraction analysis, which allowed the determination
of bond lengths and their angles. Those authors were also
able to determine that the quinone ring is linked to the
chromeno ring by the C-3 in an equatorial position. Its
absolute configuration was determined by CD.”>"* (3R)-54
was also isolated from C. istria by Radwan et al.,” by

OH OH
CN CO,H ocH, HiCO O
NaOH2 N on Ho O OCH; HC(OEt),
ocH, 100°C OCH, BFyEL,0 o OH
OH 71 OH 72
OCH; OCH,
HO hydrogenation - O ° Fremy's salt
MeOH

OCH,

56 -13.4 %, mp. 181 °C

OH

OCH,4

Scheme 14. Synthesis of (+)-mucroquinone (56)
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Zhang et al. from Astragali Radix,” and by Maamria et al.
from Astragalus depressus.’ Its antibacterial activity was
tested against methicillin-resistant Staphylococcus aureus,
Pseudomonas aeruginosa, Mycobacterium intracellulare,
and Escherichia coli; it demonstrated activity against
methicillin-resistant Staphylococcus aureus (with 1Cy,
20 pg/mL). Its antimalarial activity against Plasmodium
falciparum and P. falciparum was also evaluated, as well as
its cytotoxicity to Vero cells, although that isoflavanquinone
did not demonstrate activity in any of those cases.”™

Park 77 et al. sought to identify new natural products
that could aid in promoting hair growth, and isolated a new
isoflavanquinone from the bark of Dalbergia oliveri. That
compound was characterized using classic techniques of
spectrometry, HMBC, and COSY. The CD spectra allowed
the authors to determine its absolute configuration as
(3R)-7,4’-dihydroxy-isoflavanquinone (75) (Figure 14).

HO

75

Figure 14. Structure of isoflavanquinone (75) isolated from the bark of
Dalbergia oliveri

2.6. Chalcones

Balakrishn et al. reported the properties of dimethyl-
pedicinin (76) that could be obtained by the methylation of
pedicinin (1) and recrystallization in chloroform.”” Those
substances were isolated from Didymocarpus pedicellata.”*
Seshadri reported that the flowers of Carthamus tinctorius
yielded a small quantity of a red chalcone quinone glycoside
that was obtained by the oxidation (with peroxidase) of a
corresponding chalcone glycoside. That compound was
named carthamone (2).>7 Biswas et al. isolated isomethyl
pedicinin (77) (as well as 1 and 76) from the leaves of
D. pedicellata. 77 (Figure 15) demonstrated inhibitory
activity of the growth of Rhizopus artocarpii sporangiospores
at a concentration of 50 ppm; the other two compounds
demonstrated similar activities at concentrations of 100 ppm.
Isomethyl-pedicinin was the only compound of the three,
however, to demonstrate inhibitory activity against the
growth of Fusarium at a concentration of 500 ppm. Pedicinin

1-R,=Ry=R,=H, R, = CH,
2-R;=Gc,R,=Ry=H,R,=OH
76 -R;=R,=Ry=CH; R, =H
77-R;= Ry=CHy, R, =R, = H

Figure 15. Structures of pedicinin (1), carthamone (2), dimethyl-
pedicinin (76) and isomethyl pedicinin (77)
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demonstrated inhibitory activity against the germination of
Rhizopus oryzae at 100 ppm, while the other compounds
demonstrated that same activity but at 250 ppm.*!

3. Synthetical and Semi-synthetical
Flavoquinones

3.1. Flavanone

The number of published studies reporting the synthesis
of flavoquinones derived from flavanones is still quite
small. We listed below the reports encountered up until the
publication of this review.

Rao et al. reported the synthesis of two flavanone
quinones, one of which was obtained from the treatment
of 78 with p-benzoquinone in ether and named allo-
pedicinin (79). That reaction was maintained for 3h at
room temperature and the crude yield was filtered. The
product was then purified by crystallization in benzene.
That allo-pedicinin was used to obtain the methylated
derivative 80 using diazomethane in ether that was added
in small portions while holding the reaction in an ice bath.
The reaction was maintained overnight, and the product
purified by crystallization in ethyl acetate. 80 was also
obtained by the oxidation of 81 and 82 in anhydrous ether
using HNO, as the oxidant. The flavanone quinone was
crystallized in ethyl acetate, producing the desired product
(Scheme 15).8283

OCH3, (0]
H3CO o._Ph HsCO Oo._Ph
HNO;3
-
H3CO diethyl ether H,CO
OR O O O
81-R=H 80
82-R=CH
3 CH_N(ether)
EtOH
overnight, 82.8%
OH o
H3;CO Oo._Ph H,CO O. _Ph
p-benzoquinone
HO ether HO
OH O r.t, 3h, 70.4% o o
78 79

Scheme 15. Synthesis of 79 and 80

Pedicinin 1 was obtained by Rao et al. from 79 through
hydrolysis in a basic medium (Scheme 16). The product
was separated by filtration and purified by crystallization
in benzene.*

80 was reported by Gény et al. as a product of the
spontaneous oxidation of didymocarpin-A (83) (Figure 16)
- extracted from F. latifolium var. ovoideum - after two
days of exposure to air at room temperature. The resulting
substance was characterized by '"H NMR.%

Mukerjee et al. obtained flavoquinone 85 from
5,7,8-trimethoxyflavanone (84) using HNO; in a water-
cooled system (Scheme 17). Those authors reported that
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H,CO 0._Ph H,CO OH
NaOH(aq) 10%
HO HO XPh
0 6] 0]
79 1

Scheme 16. Basic hydrolysis of 79 providing 1

OH
H,CO 0
H,CO g

OH O
83

Figure 16. Structure of didymocarpin-A (83)

after five minutes of reaction time a color change could be
observed to reddish yellow. The reaction was maintained
for 15 minutes, after which the product was isolated and
purified by crystallization in benzene.®

OCH,
H,CO 0
O HNO,
15 minutes
OCH;0
84

Scheme 17. Oxidation of 5,7,8-trimethoxyflavanone (84)
3.2. Flavones

During their studies of flavone oxidation, Rao et al.
synthesized 7-methoxy-2-phenyl-4 H-chromen-4,5,8-trione
(87), a flavoquinone derived from 5,7,8-trimetoxiflavone (86)
by an established methodology using HNO; (Scheme 18).%6

H;CO
HNO,
30 minutes
OCH;0
86

Scheme 18. Synthesis of 7-methoxy-2-phenyl-4H-chromene-
4,5,8-trione (87)

In their studies of the phenolic compounds found in the
lemon peels of Citrus jambhiri, Rao reported that when
those fruits were collected in the Nagaland region in India,
in addition to hesperidin, they also yielded tangeretin
(88) and 5-hidroxyl-tangeretin (89). The authors then
synthesized a flavoquinone derived from those flavonoids
using the same synthetic methodology presented earlier in
this review. In both cases the products were obtained after
30 min of reaction time and purified by crystallization in
ethanol. Flavoquinone 90 was obtained from 88 with a yield
of 65.3%, and from 89 was obtained with a yield of 68%
(Scheme 19).%

no prelo, 2023

Scheme 19. Synthesis of the flavoquinone 90

Hausen er al. studied the allergenic natures of the
cells of Primula mistassinica plants and isolated primetin
(91) using petroleum ether - ether (1:1). The allergenic
nature of Primula obconica Hance caused by primin,
a p-benzoquinone, had previously been reported in the
literature. Therefore, to verify if the sensitization capacity
of P. mistassinica was in fact caused by 91, or its oxidative
form, the authors oxidized it using magnesium dioxide to
obtain primetinquinone (92) after a 30-minute reaction
time, with the yield of 65% (Scheme 20). The product
demonstrated absorption in the UV region at 261 nm,
the wavelength expected for that type of substrate. The
experiments to determine the sensitization capacities of
91 and 92 were performed using white female guinea
pigs of the Pirbright-white line in the open epicutaneous
test (OET) and Freund’s complete adjuvant test (FCAT).
Both methods demonstrated a high sensitization potential
for both substrates, although flavoquinone was observed
to produce stronger reactions in guinea pigs sensitive to
flavones than to animals sensitized to primetinquinone
itself. ®

MnO,, Na,SO,
—_—
CH,Cl,

Scheme 20. Synthesis of primetinquinone (92)

Looker et al. likewise obtained 92 from 91, although
using lead acetate in benzene as the oxidizing agent (with a
37% yield) or using acetic acid (with a 68% yield). To prove
the formation of a quinone, those authors studied reactions
following the addition of halides to the flavoquinone.
The addition of chlorine led to the probable formation of
6,7-dichloro-primentiquinone (93). The addition of bromine
occurred, although the authors suggested that the bromine
derivative had already become reduced to 91. When dry
HCI in acetic acid and chloroform was used, it led to the
formation of chlorodihydroxyflavone 94 (Scheme 21).
That same reaction, however, using only chloroform at
400 °C, gave a mixture of products that were not isolated
or identified by those authors. 92 was tested with FeCl,
and gave negative results, reinforcing the probability of
the formation of flavoquinone. Additionally, the product
was analyzed using the IR technique, and it was possible to
observe the absence of a stretching peak related to the -OH
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bond, although there were peaks related to the carbonyls of
the quinone and flavonoid portions.*

a)or b)
a) Pb(OAC),
b) HOAc

OH Ogg

Scheme 21. Synthetic analysis of the (92)

Laroche et al., in their search for meroterpene deri-
vatives, synthesized flavoquinone 96 using AgO and HNO,
in the presence of a 1:1 acetone-dioxane mixture, obtaining
a product purified by column chromatography with a 24%
yield. That product was then used to obtain the product 97
through Diels Alder reactions (Scheme 22).*°

Compton et al. studied the use of dimethyldioxirane
(DMDO) to oxidize flavones, and reported obtaining
flavoquinone 102 while attempting to synthesize 8-hydroxy-

OCH,
H,CO
AgO, HNO; 6N
Acetone-dioxane (1:1)
rt., 24%. OCH;0
96

5,7-dimethoxyflavone (101). Those authors reported that the
reaction of 5-hydroxy-7-methoxyflavone (98) with DMDO
at a 1:4 ratio at 15° C during 19h led to the formation of
5,6-di-hydroxy-7-methoxyflavone (100) (4 % yield) and 99
(30 % yield) (Scheme 23).!

3.3. Flavonol

Rao et al. reported the synthesis of 103 from
3,5,7,8-tetramethoxyflavone (102) in 1947, using nitric
acid as the oxidizing agent. According to those authors, the
reaction proceeded for 15 minutes until the yellow solution
became completely red. The product was crystallized twice
in ethanol and was subsequently reduced with sodium sulfite
in acetic acid to obtain isognaphaliin (104), as illustrated
in Scheme 24.”

In the same year of 1947, Rao and Seshadri published
the synthesis of 108, derived from a gossypetin nucleus.
That flavoquinone was obtained from 8-hydroxy-3,3’,4°,5,7-
pentamethyl-gossypetin (105), 5-hydroxy-3,3",4’,7,8-
pentamethyl-gossypetin (106), and hexamethyl-gossypetin
(107). All of those reactions were performed in nitric acid
for 15 minutes, with the exception of reaction with 107,
which required twice that time. 108 was crystallized from
acetic acid. That product was obtained with an 83.45% yield
from 105 (Scheme 25). The data for the yields of the other
reactions were not published by those authors.*

Continuing their studies of the oxidation of flavonoids
to flavoquinones, Rao et al. synthesized flavoquinone
111, derived from mono and dimethylated calycopterin
(Scheme 26). Those reactions were performed under the
same experimental conditions as described above and
crystallized in benzene.™

ocH,  OSi(CH;)s

1 equiv OCH,
r.t., 15min, 87%

0Si(CH, )5

Scheme 22. Synthetic route of 97 having as intermediate 96

H,CO
DMDO

B ——_
15°C, 19 hours

OCH;0
101 - Not obtained

Scheme 23. Synthesis of flavoquinone 99 by using DMDO
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105-R, = H; R, = CH;
106 - R, = CHy; R, = H;
107 -R, =R, = CH,
Scheme 25. Reaction scheme for obtaining flavoquinone derived from
the gossypetin nucleus

During a study of the synthesis of O-tetracthyl tambuletin,
Balakrishna reported the synthesis of 3,7-diethoxy-
2-(4-ethoxiphenyl)-4 H-chromen-4,5,8-trione (113), a
flavoquinone derived from O-triethyl tambuletin (112) that
was obtained using nitric acid as an oxidant and crystallized

OCH,

OR O
109-R=H
110-R=CH,

HNO,
—_—
1520°C

in diluted acetic acid (Scheme 27).2

Farkas and Négrdadi examined the synthesis of
compounds synthesized by the Euphorbiaceae family, and
obtained two flavoquinones (116 and 117) as intermediates
during the synthesis of 3,8,4‘-trimethylherbacetin (122) and
3,7,8-trimethylherbacetin (123), as can be seen in scheme
28. The starting flavonoids were initially oxidized using
HNO,, followed by reduction to obtain the corresponding
hydroquinones. They were then partially methylated,
followed by debenzylation, to produce the molecules of
interest (Scheme 28). The authors extended that synthetic
pathway for flavonoids by substitutions at positions C-3’
and C-4’, although the yields were low, stimulating the
authors to find other pathways to obtain other flavonoids
of the Euphorbiaceae family.”>

Scheme 26. Oxidation of calycopterin derivatives

OCH,CH4
H;3CH,CO
EP) HNO,
OCH,CH, 15-20 °C
OH O
112

Scheme 27. Synthesis of 3,7-diethoxy-2-(4-ethoxyphenyl)-4H-chromene-
4,5,8-trione 113

OR,

OCH,0
114 - R=Bn; R,= CH,
115 - R=CH; Ry= Bn

116 - R=Bn; R,= CHj
117 - R=CHg; R;= Bn

118 - R=Bn; Ry= CH3
119 - R=CHj; R;=Bn

120 - R=Bn; R,= CHj
121 - R=CHg; R;= Bn

122 - R=H; R;= CH,
123 - R=CHy; R;= H

Scheme 28. Synthetic route of flavonoids components of Euphorbiaceae
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(0}
cl (6}
cl Cl
cl
MeOH, CHCl,
OH O
124-R=H 108 - R=H
125 - R=0OH 126 - R=0OH
CH,N,
CHCI

Scheme 29. Synthesis of flavoquinones 108, 126 e 127

In a study of the Elbs oxidation method to obtain
the ether 3,3°,4°,7-O-tetramethyl from gossypetin 127
starting with retusin 124, Rao and Owoyale observed
that independent of the quantities of base and potassium
peroxydisulfate used, the product 124 was obtained
together with 125, and that the separation of the two was
quite difficult due to their similar solubilities. The authors
therefore decided to oxidize those flavonoids, obtaining the
flavoquinones 108 and 126 that were more easily separable.
Once separated, the flavoquinones were reduced to obtain
flavonoids 124 and 125 separately. Flavoquinones 108 and
126 were obtained through the oxidation of a mixture of
124 and 125 in a methanol/chloroform (20%/80%) solution
with tetrachloro-o-quinone as the oxidant. Flavoquinone 108
was then crystallized in methanol/chloroform, while 126
was crystallized in methanol. The flavoquinone 126 was
subsequently methylated with an excess of diazomethane
to yield the flavoquinone 127 (Scheme 29).°

Studies of the amine derivative of combretastatin A4
analog 128 (Figure 17), a powerful inhibitor of tubulin
assembly, was clinically investigated as a pro-pharmaceutical
in its phosphate form, which had a slightly greater activity.
After the observation that 5-hidroxy-2-(3-hidroxy-4-
methoxiphenyl)-3,6,7,8-tetramethoxy-4H-chromen-4-one
(130) was structurally similar to that molecule, Lewin et al.
investigated the synthesis of various analogues of flavonoids
130. While searching for a pathway with fewer steps, those
authors decided to begin with calycopterin (132). As one of
the molecular targets was the 3‘-amino analog of flavonoid

OH

H3CO.

HNO3, TFA
0° H,CO
30 minutes

o
133 - mp: 217-221°C

130, the first synthetic step was therefore the nitration of
132 using nitric acid (1 equiv). However, instead of the
expected 3‘-nitro-calycoperin, they obtained a mixture of
reddish-orange flavoquinones (Scheme 30). The results of
"H NMR and EIMS analyses demonstrated that the products
were mixture of the isomers 3‘-nitro-5,6-p-flavaquinone
(133) and 3*-nitro-5,8-0-flavoquinone (134). Those isomers
were crystallized in MeOH and separated by preparative tlc
(CH,CH,/MeOH - 97.5/2.5).%

HiCO_ OCH;  OCH; .co
o) (o e 10
H,CO
— OH O
128 - R= OH 130 - R= OH
129 -R=NH, 131-R=NH,

Figure 17. Structure of combretastatin A4 (128) and its amino analog as
well as flavonoid 130 and its analog

In an attempt to obtain the desired product, those authors
altered the nitration agent to NO,BF, (1 equiv) in acetonitrile
under an inert atmosphere. Those reaction conditions,
however, once again produced a mixture of a pair of ortho-
and para-flavoquinone isomers, although they were not
nitrated (Scheme 31). It is interesting to note, in terms of
those results, that oxidation in trifluoroacetic acid (TFA) using
HNO,; is selective in the formation of ortho-flavoquinone,
while the use of NO,BF, in acetonitrile favors the formation of
para-flavoquinone. Additionally, those results demonstrated

OH

(0]

134 - mp: 195-200 °C

Yield: 77% (4:6)

Scheme 30. Attempted to nitrate calycopterin using HNO,/TFA
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NO,BF,

MeCN
15 minutes

Silva

Yield: 45% (55:45)

Scheme 31. Oxidation of calycopterin with NO,BF,

that the oxidation of ring A of a flavonoid to flavoquinone
occurred before the nitration of ring B.

3.4. Flavan-3-ols

With the intent of being able to structurally distinguish
two catechins, Weinges and Wild obtained, in 1970,
a flavoquinone with a catechin nucleus. Starting with
catechin 137 and using chromic anhydride in acetic acid,
the authors obtained flavoquinone 138 with a yield of 9.6%
(Scheme 32). The product was crystallized in ethanol and
characterized using the IR technique.”

Bernini et al. studied the catalytic oxidation of catechins
to flavoquinones (Scheme 33) using hydrogen peroxide
(H,0,) as a source of oxygen with methyltrioxorhenium
(CH;ReO;, MTO - 146), a catalyst that is stable in air, efficient
in many organic solvents, and commercially available. As
they were interested in studying the effectiveness of that
catalytic agent under both homogeneous and heterogeneous
conditions, MTO was bound to polyvinylpyrrolidone
(PVP) to act as a support for the organometallic. The
reaction of 7 and 17 with that catalytic system showed
it to be incompatible (due to the condensation reaction
between the MTO and the catechol system on ring B of the
catechins). The authors then used catechins methylated in

OCH,

H,CO

137

those positions to direct the oxidation. Various tests were
then performed under different experimental conditions,
and the best results in terms of conversion, reaction time,
and yields were obtained using acetic acid as the solvent.
Under homogeneous conditions, the best results obtained
were the 98% conversion of catechin 7 with a 42% yield.
Similar results were also obtained using a heterogeneous
catalytic system with PVP-2%/MTO, PVPN-2%/MTO,
and PVP-25%/MTO; the latter gave the best results (98%
conversion of catechin 138, with a 38% yield). The absence
of that catalytic agent resulted in conversion rates below
5%. The catalyst yielding the best results (PVP-25%/MTO)
was recuperated by filtration, and could be washed and
re-utilized under the same conditions — demonstrating that
catalytic efficiency could be maintained until the fifth cycle
of reuse. There was selective oxidation in all of the reactions
tested, with the formation of p-flavoquinones. The products
were identified using 'H and '*C NMR techniques, as well
as HMQC, HMBC, and NOESY.'®

In their study of the oxidation of ring A of the catechins,
and influences that their substitutions had on the reactions,
Boyer er al. reported the synthesis of 4 flavoquinones.
In their attempts to oxidize compound 147 to obtain a
hydroxylated product in position 6, the authors observed
traces of the flavoquinones 148 and 149 while using

OCH,4

OCH,

138

Scheme 32. Synthesis of flavoquinone 138

ORy4
R ORs
Ry

ORs

7 - Ry= Ry= Ry= Rg= Rg= H; R,=OH

17 - R;= OH; Ry= Ry= R,= Rs= Rg= H

139 - R;= H; R,= OH; Ry= Ry= Rg= Rg= CH,

140 - R;= OH; Ry= H; Ry= R,= Rs= Rs= CH,

141 - R;= H; R,= OAG; Ry= Ry= Rs= Rg= CH,

182 - Ry= OAG; Ry= H; Ry= Ry= Rg= Rg= CH,

H,0,, catalyst
—_—

143 - R;= H; R,= OH; Ry= R5= R¢= CH,
138 - Ry= OH; Ry= H; Ry= Rs= Rg= CH,

144 - R = H; R,= OAG; Ry= Rg= Rg= CH;
145 - R;= OAG; Ry= H; Ry= Rg= Rg= CH,

[l

Re:o
c
HyCY)

146 - Catalyst structure

Scheme 33. Catalytic oxidation of catechin nucleus to flavoquinones
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meta-chloroperoxybenzoic acid (m-CPBA) and DMDO as
oxidants (Scheme 34).!%!

Those authors also observed that (+)-elephantorrhizol
(150) was not stable in acetone-MeOH, undergoing
spontaneous oxidation to form flavoquinone 151, a dark red
compound whose structure was elucidated using HSQC /
HMBC techniques (Scheme 35).

Similarly, it was observed that compound 152 was
oxidized spontaneously into flavoquinone 153. In terms of
the formation of that flavoquinone, the authors suggested
that there was first the formation of an o-flavoquinone that
then had a C ring opened by the addition of a water molecule,
followed by a rearrangement that led to the formation of
product 153 as a solid orange compound (Scheme 36). It
was reported that the formation of an intermediary methyl
quinone, which would have involved the methylbenzil
group, did not occur, as that exchange was not observed
when a deuterated solvent was used. The authors observed
that this rearrangement could be explained by the formation
of flavoquinone 148, even in trace amounts. The structure
of compound 153 was elucidated using the HSQC / HMBC
techniques.

3.5. Isoflavones

Chang et al. reported the synthesis of a number of

@OBH
BnO
o n

BnO O
' Bn
m a) orb)
OBn ) DMDO, -15°C, 0.6 h

OBn b) m-CPBA, -10 °C, 3h
147

flavoquinones. The first step of the synthesis of isoflavan-
quinones and isoflavone-quinones involves the condensation
of 2-hidroxy-4-substituted acetophenones with 2-benzyloxy-
4-substituted benzaldehydes in a base. That reaction yields
a chalcone that was acetylated and subsequently treated
with thallium nitrate in trimethyl orthoformate followed
by a treatment with heated and diluted HCI to obtain the
corresponding isoflavones. Those isoflavones were then
submitted to two different synthetic pathways: the first
involved catalytic hydrogenation followed by oxidation
by Fremy’s salt to obtain the corresponding isoflavan-
quinone; the second involved the debenzylation of the
isoflavones using HBr followed by oxidation with Fremy’s
salt (Scheme 37). The flavoquinones were purified using
column chromatography.'*

Flavan quinone and flavone quinone were synthesized
using the same pathway described above, although starting
with chalcone 156¢, which, surprisingly, did not form
the desired isoflavone but rather a corresponding flavone
(Scheme 38).

Those molecules were evaluated in terms of their
anti-inflammatory activities. All of them demonstrated
good potential activity, with 159¢ being the most active
(IC5y= 0.19 uM), which was 30 times greater than the
trifluoperazine control. That compound also demonstrated

OBn OBn
OBn no " OBn

Trace of both compounds

Scheme 34. Flavoquinones observed in the oxidation of catechin 147

150

OH
Acetone/MeOH
air, r.t.

Scheme 35. Spontaneous oxidation of (+) — elephantorrhizol (150)

152,

2H0, 454

Scheme 36. Spontaneous oxidation of 152 and mechanism proposed by Boyer er al '!
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o

Py

R OH R, R,

0| 0Bz 155\@;1/ R OH O R, R3 OAc O R

K@:Fﬁ O | Acetic anhydride O | 2
__Acetic anhydride |

R, NaOH, EtOH, H,0 o
154 156 a,b

156'a,b

156'a,b TI(NO3)3/CH(OCH3)3
R.
3 0 OH R
157 b H,, Pd(C) R, Fremy'ssalt, KH,PO,
HOAc acetone, MeOH
158 a,b R, R

159a - 66% 2
159b - 65%

Fremy's salt, KH,PO,

157a,p _A7%HBr

acetone, MeOH

161a - 50%
161b - 45%

154a-161a- R, =Ry = H, R, = OCH,
153b-161b - R, =R, =H, Ry = OCH,

Scheme 37. Synthesis of isoflavanquinones 159a/159b and isoflavonequinones 161a/161b

160c

OH

OCH,
o O Fremy's salt

acetone

159c - 53%

OCH,

Fremy's salt

acetone, MeOH

161c-53%

Scheme 38. Synthesis of flavanquinone 159¢ and flavonequinone 161¢

a potent inhibitory effect against the formation of
superoxide neutrophils induced by formyl-Met-Leu-Phe
(fMLP), with an ICs, of 0.44 uM. The other flavoquinones
did not exhibit any such activity. Those researchers then
evaluated the anti-allergic activities of those compounds.

no prelo, 2023

Once again, those molecules were found to be very
active in that sense, with 159¢ once again being the
most effective, with an ICs, = 1.59 uM (three times more
potent than the mepacrine control). Those authors also
reported that flavanquinone and flavoquinone (159¢ and
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161c) were more potent than their isoflavanquinone and
isoflavoquinone counterparts.

Moon et al. (Schemes 39 and 40) undertook an extensive
study of the synthesis of isoflavoquinones based on direct
cross coupling of chromones and quinones. The syntheses
were evaluated using Pd(OAc), and Cu(OAc) in pivalic
acid, although coupled products were not observed. By
exchanging Cu?* for Ag*, those authors observed the
formation of the desired product, with a 20% yield. While
performing reaction optimization studies they observed that
using Pd(OAc), as a catalyzer, AgOAc as an oxidant, pivalic
acid as an additive, and dioxane as the solvent resulted in
better results (89% yields). Once the reaction was optimized,
they were able to successfully undertake reactions with
diverse substituted chromones and quinones, with yields
varying from 55 — 93%.1%

When studying efficient routes for coupling maleimides
with chromones at the C-5 position, Zhou et al. '* developed

o}
R'\O|

L0+ )

o} o}

162 163

Pd(OAc),
AgOAC
pivalic acid
dioxirane, 100°C

a methodology using a Ru(Il) catalyst for this coupling
reaction. As a synthetic application, one of the products
obtained was 166 with 52% by column chromatography.
The reaction is shown in Scheme 41 below.

3.5. Isoflavan

Kurosawa et al. reported the synthesis of four new
isoflavanquinones and their absolute configurations. The
isoflavanquinones (170 - 172) were obtained through the
oxidation of the corresponding isoflavan using Fremy’s salt
as the oxidizing agent. 173 was obtained by methylation of
171 (Scheme 42).56:57

The synthesis of 66 (Scheme 43) was undertaken in three
steps. Starting with chromene 174, BH, and benzoquinone,
it was possible to obtain 175, which was then treated with
HgCl, and I, to obtain the desired product 176 with a yield
of 70%. In order to obtain 66, those authors altered the

164a - R=H (74%)
164b - R= 6-NO, (66%)
164c - R= 6-F (71%)
164d - R= 6-Cl (92%)
164e - R= 6-Br (93%)
164f - R= 7-OCHj (73%)
164g - R= 7-OAc (90%)
164h - R= 7-OTf (85%)
164i - R= 7-OH (63%)

Scheme 39. Synthesis of isoflavoquinone via cross coupling

A

162 163

164j - R;= 6-CH, R,= CH; (81%; a/b 1:1)
164k - R;= 6-CHa, Ry= OCH, (77%; a/b 3:1)
1641 - R;= 6-CHs, R,= tBu (92%; a/b 1:1,4)
164m - R;= 6-CH3, R,= CI (69%; a/b 1,5:1)
164n - R,= 6-CH,. R,= Br (55%; a/b 1,5:1)
1640 - R,= 6-CHy, R,= Ph (71%; a/b 1:1,1)
164p - R;= 6-CHy, R,= CgH,; (88%; a/b 1:1,2)

Pd(OAc),
AgOAc
___ pivalicacid
dioxirane, 100°C

164q - R;= H (76%)
164r - R;= 6-CH, (87%)
164s - Ry= 7-OCH; (56%)

Scheme 40. Other isoflavoquinones obtained by Moon e al.

165

0] Pd(OAc),
AgOAc
+ pivalic acid
1,4-dioxane
6] 100°C-12h
163

166 - 52%

Scheme 41. Synthesis of 4-(3-(3,6-Dioxocyclohexa-1,4-dyenyl)-4-oxo-4H-
chromen-5-yl)-1- ethyl-1H-pyrrole-2,5-dione (166)
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Fremy's salt

MeOH, H,0

167 -R, =Rg = Rg = H, R, = CH, Ry = OH, R, = OCH,
168 - R, = R, = Rg = OCHy, R, = Ry = H, Ry = OH
169 - R, = R, = Rg = Rg = H, R, = OCH,, Ry = OH

OCH;,3
H
° 0 OCH, H
o Me,S0,, K,CO4
‘ acetone, reflux
0] OCH3
171

synthetic pathway, reacting 175 with thiophenol and PTSA,
followed by oxidation with AgO, resulting in a mixture of
the regioisomers 177 and 178 in the proportion of 5:1, with a
yield of 93%. 177 was mixed with m-CPBA and allowed to
reflux with MeOH, producing the desired quinone isoflavane
66, with a yield of 70%.'

Gafner et al. reported that during the process of isolating
licoridicin (179) and licorisoflavan A (180) from the roots
of Glycyrrhiza uralensis, two new isoflavanquinones were
formed and isolated. The 'H and "*C spectra, as well as
ultraviolet absorption, evidenced the presence of a quinone
ring in the isoflavan structure, which was corroborated by
HMBC studies. Those new isoflavanquinones were named
licoriquinone A 181 and licoriquinone B (182) (Scheme 44).
The authors could not determine whether those substances
were natural or the results of oxidative degradation processes
during the gel filtration phase. Nonetheless, the authors
reported that the isoflavanquinones were obtained when
the plant extract contained licoridicin and licoriso-flavan
A and was held in a basic medium. The possibility that
catalyzation was promoted by copper Il ions in the sephadex

MeO. 0]
|00

174

1.BH, MeO

2. benzoquinone/air

1. m-CPBA, 0°C, 1h, 96%
2. MeOH, reflux, overnight, 70%

177

MeO. ! (0]

Silva

170 - R, = R, = H, R, = CHy, Ry = OCHj (39.7%, mp. 179°C
171-R, =Ry =R, = OCH, R, = H (67.13%, mp. 190°C)
172 -R; = Ry = R, = H, R, = OCH; (12%, mp. 125°C)

173 - 26.7%, mp. 137°C

Scheme 42. Synthesis of isoflavanquinones by Kurosawa et al.

column during product isolation could not, however, be
eliminated '°. The bactericide activity of 181 was tested,
but it demonstrated no effects against S. mutans or S.
sobrinus, and was also inefficient in inhibiting the growth
of P. gingivalis; it did, however, demonstrate moderate
inhibitory activity of the growth of P. intermedia, a bacteria
that attacks periodontal tissue.'"

Those authors proposed an oxidation mechanism
(Scheme 45) based on the work of Philipp and Schinkn '
and Liu'® er al.

3.6. Chalcones

The synthesis of 1 and its analogues was reported by
Rao. Starting with tetraethyldihydropedicinin (183) in
acetic acid, and exposure to nitric acid, resulted in the
crystallization of two solids (1 and 184) in benzene and
ligroin. 1 could also be obtained from hydrolysis under
basic conditions of ethylpedicinin (184) (Scheme 46).'®

In 1979, Obara et al. reported the synthesis of a series
of chalcone quinones. 186 was obtained from chalcone

HgCl,, I, MeO
MeOH

(o]

1. PhSH, PTSA.H,0
2.AgO

o]
l SPh
(0]
0]
66 I OMe
(0]

Scheme 43. Synthesis of O-methyl-claussoquinone 66
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179-R=H 181-R=H
180-R=CH, 182 -R=CH,

Scheme 44. Oxidative degradation of licoricidin (179) and licorisoflavan A (180)

179-R=H 179a-R=H 179b-R=H
180-R=CH, 180a - R =CH, 180b - R =CH;
RO 0} RO (0]
Cu(ln) H+
0 . -H,0
0o OOH
0 o
Cu(l)
179¢c-R=H 179c-R=H
180c - R=CH; 180c - R=CH3
RO 0]
(0]
OCH, oH
181c-R=H
182c-R =CH,
Scheme 45. 179 and 180 oxidation proposal
H,;CO OCZHSOC H i 2
H,;CO. OH
PesSs s s eV Niss SN
A +
GHs0 C,HsO ~ Ho N
C,HO O 0O O 6 o
183 184 -50.5% 1-40.4%
NaOH(aq) 5% ‘

Scheme 46. Synthesis of 184 and 1

185 (Scheme 47) by oxidation with AgO in ether that (Scheme 48). The products 186, 194 and 195 were

was purified through column chromatography. The obtained from the corresponding chalcones 191, 192 and
product could also be obtained from chalcone quinone 193 oxidized with HNO, and purified by recrystallization
187 through demethoxymethylation in HOAc/HCI under in HOAc/ether. Those reactions are presented in
heating, and from 190 using the same methodology Scheme 49.'"°
OH O OH
HO OH
O | AgO, MgSO,
ether. r.t.
OH O
185

Scheme 47. Oxidation of 185 with AgO to obtain 186
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OCH,CH;3

under heating

188 -R = -CH,

HOAc, HCI 6 M

under heating

190

RO.
HOAc, HCI6 M
—_— -

186-R=H
189 - R = -CH, (63%)

0O O
186 - 39%

Scheme 48. Obtaining chalcoquinones via demethoxymethylation

Lee et al. reported the synthesis of 197 (Scheme
50) as one of the steps, and the synthesis of lucidones.
The product was obtained from the corresponding
hydroquinone utilizing a HOAc/HNO, oxidant system
with heating. The product was purified by crystallization
in benzene.'"!

Alias et al. produced two amino-chalcoquinones from
198a and 198b by treating both with NH,OH at room
temperature for three hours, yielding solid violet crystals
by crystallization in MeOH. Those authors also reported
the possibility of obtaining 199a from the chalcoquinone
76, previously prepared by the oxidation of 198a with AgO
(Scheme 51).12

OR,

OR, O

191-R, =R, =Ry = Ry = Rg = -CH,0CH,

192 - R, = -CH,0CH,, R, = Ry = Ry = Rg = CHs

193-R,=R,=R;=R,=Rs=CH,

HNO,, HOAC
0-5°C

4. Conclusion

This review explored a group of substances frequently
reported in the literature, this being the first attempt at
gathering works involving flavonoids with quinone nuclei
in their structures. We presented a wide diversity of natural
molecules that possess that structure, with flavans being the
class of flavonoids that have a greater presence of quinone
groups incorporated in their structures. It was observed that,
except for chalcones, the quinone groups in those natural
molecules appear in ring B of the flavonoids. Very few
reports have investigated the synthesis of those substances,
which, in their majority, represent synthesized reaction

187 - R, = R, = -CH,0CH, (30%)
194 - R, = -CH,0CH,, R, = CH; (25%)
195 - R, = R, = CH, (42%)

Scheme 49. Obtaining chalcoquinones via oxidation with HNO,

OCH, o]
H3CO. OH H3CO OH
' \ O _HNO;, HOAC _ ‘ X O
H;CO (0] 65-70°C (0] (0]

Scheme 50. Oxidation of 196 to obtain 197

AgO

|

H,CO OCH,
NH,OH NH,OH ‘ O
S N
EtOH-CH,Cl, EtOH-E,0  HsCO
r.t, 3h r.t, 3h 0o O
198 a,b 199 a,b 76

Scheme 51. Oxidation reactions of 198 performed by Alias et al. '
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intermediates (or were investigated to confirm certain
structures). It was possible, however, to observe that those
compounds demonstrated diverse biological activities, even
though there is a scarcity of studies investigating them. It
could therefore be seen that the phytochemical, synthetic,
and biological studies of that class of molecules are of
scientific relevance and could contribute greatly to obtaining
new bioactive molecules.
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