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Abstract

Terpenoids with quinoid structures are found as natural products. This in-
cludes steroidal quinones, quinones with a secosteroid structure and mero-
terpenoid quinones. Importantly, catechol estrogens as endogenous metabo-
lites of estradiol and estrone are precursors of reactive quinones and semi-
quinones, which are thought to contribute to estrogen-induced carcinogene-
sis. On the other hand, a number of quinones that include substituted naph-
thoquinones and anthraquinones are highly cytotoxic and have been used in
cancer treatment. This makes the structures interesting synthetic targets. The
following is a review of important natural and synthetic terpenoid and steroid
quinone hybrids.
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1. Introduction

Quinones and hydroquinones can be found in the cells of all respiring organ-
isms. Some familiar quinones are phylloquinone (1) and plastoquinone (2), both
quinones needed in photosynthesis, and ubiquinone (3), also known as coen-
zyme QI10, which participates in the aerobic cellular respiration (Figure 1). In
organisms in general, quinones can have two major biologically relevant chemi-
cal properties. One is that they can be reactive oxygen generator. Quinones gen-
erate reactive oxygen species (ROS), such as superoxide (O; ) and subsequently
hydrogen peroxide (H,0,). Because of this, they can induce a variety of hazard-
ous effects in vivo [1] [2]. The second property is their ability to add nucleo-
philes, including nucleophilic biomolecules. This can lead to cellular damage
through alkylation of crucial cellular proteins and/or DNA [2], the first of which
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Figure 1. Natural quinones involved in photosynthesis and
cellular respiration.

explains some of the irreversible binding of estrogens to proteins. Nevertheless,
many natural and synthetic compounds that possess quinoid structures have an-
titumour and antibiotic activity. Typical examples are mitomycin C (4) isolated
from Streptomyces caespitosus [3] and Streptomyces lavendulae [4], avarone (5)
found in the marine sponges Pleraplysilla spinifera [5] and Dysidea avara [6]
and the synthetic mitoxantrone (6) (Figure 2). That the anti-tumour activity of
quinones such as these can be the cause of mechanisms other than the two basic
chemical reactive properties of quinones named above can be seen in the case of
mytomycin C (MMC). MMC is used in the treatment of gastro-intestinal, anal
and breast cancers [7] [8]. MMC itself is inert to nucleophiles, but is reduced to
a bisphenol which itself is a very reactive bis-electrophile [9]. At that point, al-
kylation of DNA becomes the most favored mechanism of action as does the in-
activation of thioredoxin reductase (TrxR) by addition of the reduced MMC to
the peptide. In both processes, the nucleophiles are not directly added to the
quinone moiety. Other modes of action, such as redox cycling are also in evi-
dence. Avarone (5) is a cytostatic agent which has potent antileukemic activity
both in vitro and in vivo (mice) [10]. Also, it displays antibacterial and antifun-
gal activities. While mitoxantrone (6) is used for the treatment of secondary pro-
gressive, progressive relapsing, or worsening relapsing-remitting multiple scle-
rosis, it is also used to treat advanced prostate cancer and acute non-lymphocytic
leukemia. Menadione (2-methylnaphtho-1,4-quinone, 7), which is sold as a nu-
tritional supplement as a vitamin K mimic, has also been viewed as a potential
drug for prostate cancer treatment [11]. In 1991, quinones constituted the second
largest group of cytotoxins used in chemical cancer therapy, after specifically al-
kylating agents such as mustards [12], with about 1500 quinones already tested
in 1974 [13].

Triterpenoidal quinones, secosteroids with quinoid subunits and steroidal
quinones of natural origin are less commonly isolated structures. Nevertheless,
catechol estrogen quinones, 4 and 5, present in mammals (Figure 3), are impli-
cated as initiators in the development of breast and other human cancers. On the
other hand, there has been a significant effort in synthesizing steroidal and tri-
terpenoidal quinones as potential cancer-active substances. These molecules are

within the scope of this review. However, triterpenoid quinonemethides, which
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Figure 3. Naturally occurring catechol estrogen quinines.

merit a review of their own (for a previous review, see: [14]), are not part of this
review. This includes those structures which are composed of a hydroxyl-quinone-
methide system such as celasterol [15], although in certain cases they can be re-
garded as the enol form of ortho quinoids. Steroidal and triterpenoidal anthra-
quinones (anthracenediones) and naphthoquinones, which some readers may

not see as true quinones, have been included in the review.

2. Secosteroids of Natural Origin with a Quinoid Subunit

Marine sponges have been noted as sources of rare terpenoids of significant com-
plexity, including of terpene quinoids [16]. Two secosteroids with a trans-fused
quinoid structure, 10 and 11, were found in a Korean marine sponge Ircinia sp.
[17] [18] (Figure 4). 11 was found to be active against the bacteria Micrococces
lutes (3.1 pg/L), Staphylococcus epidermidis (MIC 25 pg/L) and Bacillus subtilis
(MIC 25 pg/L).

Aplysiasecosterols B and C, 12 and 13, are two 9,11-secosteroids with a
cis-fused 1,4-quinone unit. They have been isolated from the sea hare Aplysia
kurodai [19] (Figure 5). Aplysiasecosterol B was thought to be the biosynthetic
precursor of aplysiasecosterol A (14), also isolated from Aplysia kurodai [20]
and subsequently synthesized [21] [22] [23]. A possible biosynthetic pathway for
14 was suggested to have cholest-7-en-3S,5R,6R-triol as precursor due to the
structural similarity between both the cyclopentane ring and the side-chain of

aplysiasecosterol A (14) and those of known 9,11-secosteroids [20] [24].
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Figure 5. Aplysiasecosterols A-C from Aplysia kurodai.

However, while aplysiasectosterol A (14) exhibits an appreciable cytotoxicity
against human myelomonocytic leukemia cell line HL-60 (IC;, = 16 pM), secos-
terols B (12) and C (13) were found not to exhibit any appreciable cytotoxicity,
showing that the tricyclic structure of 14 is important for its cytoxicity [16]. The
stereochemistry of secosteroidal quinones 12 and 13 was established by exten-
sive ROESY spectroscopy as well as wet-chemical derivatization.

In 2023, also the total synthesis of aplysiasecosterol B (12) was published [23].
In the synthesis, the building blocks 15 and 16 were joined by Suzuki-Miyaura
C-C-cross-coupling reaction at a late stage of the sequence [23]. This constitutes
a de novo synthesis, differing from other synthetic strategies which commence
with a steroidal structure as the starting material [24]. 15 was prepared from
(+)-Wieland-Miescher diketone monoacetal (17) [25] [26], which was reduced
via its dienol silyl ether. Reacting 18 with oxone’ in the presence of Shi’s reagent
[27] gave epoxide 19 in good diastereoselectivity. Then, epoxide 19 was hydro-
lyzed to triol 20, with a careful hydrolytic deacetalization giving 21. Protection
of both the 1,2-diol moiety at C4/C4a and the hydroxyl group at C6 in 21, as
acetonide and as silyl ether, respectively, led to 22. Ito-Saegusa oxidation [28] of
22 gave an enone, which was iodinated to 15 as the first of the coupling partners
in the subsequent Suzuki cross coupling reaction (Scheme 1).

For the other coupling partner, T. Ohyoshi et al [22] started out with a reduc-
tion of carbonyl group (C1) of the (—)-Hajos Parrish diketone (23) [29]. The re-
sulting alcohol was protected as a silyl ether. The resulting product was oxidized
at C6 with Davis reagent [30] to provide the hydroxyketone 24. Oxidative clea-
vage of the enone moiety in 24 with Pb(OAc), to a carbaldehyde, which was then
reduced with NaBH, to alcohol 25. Crabtree’s reagent [31] made possible the
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a.) Ac,0, TMSCI, Nal; b.) NaBH,, EtOH (79% over 2 steps); c.) oxone, Shi's reagent, BuyNHSOy,,
NaB,0710H,0;CH;CN/DMM/aq. Nay(EDTA), 90%; d.) aq. KOH, DMSO; e.) p-TsOH'H,0;
acetone/H,O (85% over 2 steps); f.) 2-methoxypropene, PPTS, CH,Cl, (quant.); g.) TBSCI,
imidazole, DMF (95%); h.) TMSCI, LHMDS, Et;N, THF; i.) Pd(OAc),, DMSO (85% over 2 steps);
j-) I, pyridine, CH,Cl, (83%).

Scheme 1. Synthesis of iodoenone 15 as a coupling partner in a Suzuki reaction to pre-
pare aplysiasecosterol B (12).

stereoselective reduction of the ene-ester moiety in 25 to provide 26. The pri-
mary alcohol in 26 was protected as MOM ether, the ester group was reduced
with DIBAH and the resulting alcohol was converted to a tosylate, which allowed
the introduction of a homoallyl-group in 27 in a nucleophilic substitution reac-
tion with allylmagnesium bromide as reagent. Cross metathesis with 2-methyl-
2-butene gave prenylated compound 28. This was followed by Sharpless dihy-
droxylation of the double bond in 28, where the a,4-dihydroxy motif was pro-
tected as acetonide 29. Deprotection of the siloxy group in 28 with tetrabutylam-
monium fluoride (TBAF) was followed oxidation of the ensuing alcohol with te-
trapropylammonium perruthenate/ N-methylmorpholine N-oxide (TPAP/NMO).
Enol triflation to 29 and borylation finally provided the second coupling partner
16 (Scheme 2). The coupling of 15 and 16 itself was affected using Pd(dba),,
Ph;As, and Ag,O in 78% vyield [22]. Thereafter, the MOM-protective group as
well as the acetonide in 27 were hydrolyzed to give 32. The allylic hydroxy group
in 32 was oxidized MnO, to the quinoid structure in 33. Reduction of the
14,15-ene in 33 with Crabtree’s catalyst, and subsequent removal of the aceto-
nide protective group in 34 gave the desired aplysiasecosterol B (12) in an over-
all yield of 9.2% [22] (Scheme 3).

The Formosan gorgonian coral Pinnigorgia sp. (Gorgoniidae) yielded seven
new secosteroids pinnisterols D-], all with a trans-fused quinone system, along
with the known secosteroid 11 [32] (Figure 6).
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a.) NaBH,4, MeOH, 95%; b.) TBSCI, imidazole, CH,Cl, (quant.); c.) Davis reagent,
KHMDS, THF (68%); d.) Pb(OAc)4, MeOH (87%); e.) NaBH4, MeOH (95%); f.) Hy,
Crabtree's reagent, CH,Cl, (92%); g.) MOMCI, “Pr,NEt, CH,Cl, (96%); h.) DIBAL,
Et,0 (97%); i.) TSCI, EtzN, CH,Cl, (92%); j.) allyl-MgBr, TMEDA, Et,O (quant.);
k.) 2-methyl-2-butene, HG-II, benzoquinone, CH,Cl, (96%); 1) AD mix-b,
'BuOH/H,0 (89%); m.) 2-methoxypropene, PPTS, CH,Cl, (quant.); n.) TBAF, THF
(95%); 0.) TPAP, NMO, MS-4A, CH3CN (96%); p.) Comin's reagent, KHMDS, THF
(85%); q.) (BPin),, Pd(PPh3)Cl,, PPh;, ‘BuOK, toluene (77%)

Scheme 2. Synthesis of borane 16 as the second coupling partner in the Suzuki cross-
coupling to aplysiasecosterol (12).

MOMO_ |,

)

Ol-b Ol_b

a.) Pd(dba),, PhsAs, Ag,O0, THF/H,O (73%); b.) p-TsOHH,O, MeOH/H,0, then
CH,Cly/acetone (89%); c.) MnO,, CH,Cl, (89%); d.) Ho, Crabtree's catalysis, CHoCly (97%); €.)
aq. HCI, MeOH (74%)

Scheme 3. Suzuki cross-coupling reaction and final steps towards aplysiasecosterol 12.
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Figure 6. Pinnisterols D-] (35a-g) and known secosteroid 11 from the gorgo-
nian coral Pinnigorgia sp.

Pinnisterol D (35a) inhibits cell viability in the hepatic stellate cell line
HSC-T6 (ICs, 3.93 uM, ie. at 10 uM of 35a, viability of HSC-T6 decreases to
16.8%). At the same concentrations, pinnasterol F (35c) and pinnasterol H (35e)
decrease the viability of HSC-T6 cells to 56.9% and 37.1%, respectively. In an-
ti-inflammatory testing, pinnisterol E (35b, IC,, 2.33 uM), pinnisterol H (35e,
IC;, 2.59 uM), and pinnisterol J (35g, IC;, 3.89 uM) reduce elastase enzyme re-
lease. Pinnisterol F (35c, IC,, 5.52 uM), pinnisterol H (35e, IC,, 3.26 uM), and
pinnisterol J (31g, IC,, 3.71 uM) lower the production of superoxide anions
from human neutrophils [32].

Miao et al. [33] developed a multi-gram synthesis of pinnesterol E (35b) from
7(11)-dehydroergosterol 36 (Scheme 4), which itself is obtained easily from er-
gosterol in 1 step [33]. The O-silylated 7-dehydroergosterol 36-OTBDPS un-
dergoes a cycloaddition with singlet oxygen to give endoperoxide 37, which
subsequently is cleaved reductively to give 5a,8a-dihydroxysterol 38. Secosteroid
39 is obtained upon subjecting 38 to ozonolysis with reductive work-up. Burgess
reagent as a mild dehydration reagent of the 5a,8a-dihydroxysteroid gives cyclo-
hexadienone 40. Lastly, 40 is transformed by epoxidation and oxidative ring
opening to pinnisterol E (35b). An X-ray single crystal structural analysis of 35b
was carried out [33]. Miao et al. have also devised a synthesis to 6-ketoaplidiasterol
B (11-O-acetylpinnesterol H, 11-Ac) (see above) [17] from cholesterol [33],
again involving the creation in steroidal ring B of a cyclohexadiene-structure and
an unsaturation at 9(11) by dehydrogenation using Hg(OAc), [34], a cycloaddi-
tion of singlet oxygen across the diene system 36, the reductive ring opening of
the formed endo-peroxide 37 with concomitant reduction of the 6(7)-ene sys-
tem. Subsequently, cleavage of the 9(11)-ene in 44 by ozonolysis with reductive
work-up, dehydration of the 5a,8a-dihydroxysteroid 45 to cyclohexadienone 45,
epoxidation of the 5(6)-ene system with oxidative ring opening led after depro-
tection of 11-Ac to 6-keto-aplidiasterol (11) [33] (Scheme 5).
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a.) TBDPSCI (1.2 eq.), imidazole (3.0 eq.), CH,Cl,, 1t, 10h, 88%; b.) O,, PP (0.1 mol%), hv (200 W), cyclohexane, rt, 9h,
87%; ¢.) PtO, (10w%), H, (1 atm), EtOAc, rt, 4h; d.) AI-Ni, Zn (7.3 eq.), NaOH (36.7 eq.), THF/MeOH (1/1 v/v), 80 °c, 4h,
80% (over 2 steps); e.) 03,CH,Cly, -78 °C, then NaBH, (1.1 eq.), MeOH, -78 °C to 0 °C, 2.5h, 69%; [.) Ac,0 (1.1 eq.), DMAP
(0.1 eq.), Ei3N (2 eq.), CH,yCly, 1t, 4h, 94%; g.) Burgess reagent (5 eq.), toluene, 80 °C, 4h, 78%; h.) m-CPBA (1.1 eq.),
CH,Cl,, rt, 3h; then CrO5 (6.3 eq.), acetone, 0°C to 1t, 8h; i.) 40% aq, HF, (5 eq.), CH;CN, rt, 39h; 59% (over 2 steps).

Scheme 4. Synthesis of pinnisterol E (35b) by Miao et al. [33].

a.) TBDPSCI (1.2 eq.), imidazole (3.0 eq.), CH,Cl,, rt, 5h, 99%; b.) DBDMH (0.7 eq.), NaHCO3 (5.4 eq.),
cyclohexane, refl., 30 min; then TBAB, rt, 36h,; then EtzN (1.5 eq.), TolSH (1.5 eq.), rt, 2.5h; c.) m-CPBA (1.1 eq.),
CH,Cl,, 0°C, 1h, then EN (2 eq.), toluene, 80 °C, 47% (over 2 steps); d.) Hg(OAc), (3 eq.), AcOH (0.2 eq.),
CHCI/EtOH (1.4/1 v/v), 48h, 54%; e.) O,, PP (0.4 mol%), hv (200 W), cyclohexane, rt, 3h, 80%; f.) PtO, (10w%), H,
(1 atm), EtOAc, rt, 3h; g.) Al-Ni, Zn (7.3 eq.), NaOH (36.1 eq.), THF/McOH (1/1 v/v), refl., 5h, 73% (over 2 steps); h.)
03,CH,Cl,, -78 °C, then NaBH, (1.1 eq.), MeOH, 0 °C, 2h, 63%; i.) Ac,0 (1.1 eq.), Et;N (2 eq.), CH,Cly, t, 3.5h,
96%; j.) Burgess reagent (5 eq.), toluene, 80 °C, 4h, 82%; k.) m-CPBA (1.2 eq.), CH,Cl,, 1t, 6h; then CrO; (6.3 eq.),
acetone, 1t, Sh, 70%; 1.) 40% aq, HF, (5 eq.), CH3CN, 1t, 48h, 70%

Scheme 5. Synthesis of 6-ketoaplidiasterol B (11-O-acetylpinnesterol H, 11-Ac) [33].

From the endophytic fungus Talaromyces sp. HYZX-1, isolated from the

healthy leaves of the marine mangrove Kandelia obovate, cyclosecosterol 47

(Figure 7) was obtained [35]. An X-ray single crystal structural determination
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was carried out. Structurally, the compound is the first reported 9,11-secosterol
with a novel lactone ring structure fused with the D ring of a steroid. 47 was
evaluated for its inhibitory activity against acetylcholinesterase (AChE) in vitro,
but showed only moderate activity with an IC,, of 46 M in comparison with ta-
crine A (IC,, 0.4 uM) [35].

3. Mycoleptodiscins

Mycoleptodiscin A (48) and its 9a-hydroxylated derivative mycoleptodiscin B
(49) are two indolosesquiterpenoids isolated from liquid cultures of the endo-
phytic fungus Mycoleptodiscus sp. [36] isolated from the flowering plant Des-
motes incomparabilis in Panama (Figure 8). In a cytotoxicity assay with cancer
cell lines, mycoleptodiscin B (49) was found to have an IC,, of 0.660 uM against
H460, 0.780 uM against A2058, 0.630 uM against H522-T1, 0.600 uM against
PC-3, and 0.41 pM against IMR-90 cell line [36]. Significant synthetic efforts
have been devoted to the synthesis of the structures [37] [38] [39].

Nagaraju et al. [37] started their synthesis of mycoleptodiscin A (48) with the
addition of lithiated veratrole, prepared from bromoveratrole (51) and n-BulLi to
the lactone unit of the sesquiterpene (+)-sclareolide (50), a natural product
found in different plants, including in clary sage (Sa/via sclarea). 53 was pro-
duced (Scheme 6). The authors tried to cyclize 52 directly to 55 by intramole-
cular electrophilic substitution, but the reaction did not proceed, irrespective of
the Lewis and protonic acid (SnCl,, BF,Et,0, TFA, MeSO,H, or AICL;) used [37].
This necessitated prior reduction of the benzylic keto group in 52, which was
achieved with Pd/C, H, in conc. HCI/PEG-400. It was possible to cyclize 53 to 54
via electrophilic substitution reaction at low temperature (-78°C) using SnCl, as

Lewis acid, taking advantage of the more electron-rich aromatic ring. To the

Figure 7. Cyclosterol 47 exhibiting a lactone function,
isolated from endophytic fungus Talaromyces sp.

Figure 8. Indolosesquiterpenoids mycoleptodiscin A
(48) and B (49) isolated from a culture of the endo-
phytic fungus Mycoleptodiscus sp.
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OMe OMe

a.) n-BuLi (64%); b.) Pd/C, Hy, conc. HCI, PEG-400, t, 12h (86%); 54
c.) SnCly, -78 °C (94%)

Scheme 6. Addition of lithiated veratrole to (+)-sclareolide (50) en route to mycolepto-
discin A (48) and cyclization of 53 to 54.

cyclized product 54 the benzylic keto group was reintroduced. Thereafter, 55
was subjected to electrophilic nitration, where interestingly the nitro group could
be introduced into the aromatic ring ortho to the keto group. The keto group in
55 was reduced with NaBH,, and the ensuing alcohol 56 was subjected to a nuc-
leophilic substitution reaction, utilizing Me;SiCN, giving cyanide 57 with inver-
sion of configuration. X-ray single crystal structures of both compounds, 56 and
57, were carried out. The synthesis of 52 from 56 had an overall yield of 60%.
Reaction of 57 with BBr, led via mono-demethylation to 58. 58 could then be
ring-closed reductively with HCO,NH, in the presence of Pd/C. Spontaneous
aerobic oxidation of the ring-closed product gave the desired indolo- ortho-quinone
48 (Scheme 7). 59 is a further interesting intermediate, which leads to substi-
tuted mycoleptodiscin A analogs and can be prepared from 52 in 62%. This
route lends itself to scale-up of the synthesis as the purification of 59 involves
only one recrystallization. Specifically the two routes from 52 to 56 and from 52
to 59 differ only in the last step of the five step sequence where the nitro group is
reduced with H, in the presence of Pd/C in toluene [37]. The amino group of 59
can be acylated such as benzoylated to give 60. McMurry type intramolecular
cyclization [40] utilizing low valent titanium (TiCl,, Zn) leads to dimethox-
ybenzoindole 61. Bis- O-demethylation of 61 with BBr; at —78°C yielded a dihy-
droxyderivative, which spontaneously oxidized under aerobic conditions to 62,
which can be seen as a mycoleptodiscin A analog [37] (Scheme 8).

D. Dethe et al [39] based their synthesis of (—)-mycoleptodiscin A (48) on a
Lewis acid catalyzed cyclization of 70b, prepared by the alkylation of 7-me-
thoxyindole (69) with alcohol 68 (Scheme 9). Alcohol 68 itself was synthesized
from Wieland-Miescher diketone derivative 63. 63 was acetalized selectively to
64. This was followed by a reductive methylation utilizing iodomethane in li-
thium-liquid ammonia. Thereafter, the remaining keto group in the resulting
trans-decalone was subjected to a Wolff-Kishner reduction, followed by deaceta-
lization to 65. Methylation a to keto group of 65 with subsequent epimerization

of the newly formed stereocentre led to 66. 66 was transformed to a,f-unsaturated
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aldehyde 67 using dichloromethyllithium, generated in situ from CH,Cl, and
LDA at —100°C, followed by treatment with HMPA, LiClO,, and CaCO, at
140°C [41]. Finally, the aldehyde was reduced to alcohol 68. The alkylation of
7-methoxyindole (69) with alcohol 68 was achieved with BF,-Et,0 as Lewis
acid at rt. Thereafter, the nitrogen of the indole unit was sulfonated in order
for the N-heterocycle of the indole unit not to compete in the subsequent elec-
trophilic ring closure reaction. Cyclization of 70 by intramolecular electro-
philic substitution was affected with TMSOTf. N-desulfonation of 71a was
carried out with Na/Hg in MeOH. Subsequent O-demethylation yielded a di-
hydroxyindole derivative which was immediately treated with Fremy’s salt [42]
to yield desired 48.

a.) PCC, CHyCly, rt, 12h (89%); b.) HNO3/H,SO4, CHoCly, 0 °C, 2h (82%); c.) NaBHy,
CH,Cly/MeOH, 0 °C, 3h (90%); d.) Me3SiCN, In(OTf)3, CH3CN, rt, 2h (82%); e.) BBr3, CH,Cl,,
-78 °C, 1.5 (85%); f.) Pd/C, EtOH, HCO,NHy, refl., then aerobic oxidation (79%)

Scheme 7. Synthesis of mycoleptodiscin A (48) by Nagaraju et al. [37].

a.) Pd-C. Hy, HCI (cat.), EtOH, rt, 12h; b.) SnCly, CH,Cly, -78 °C c.) PCC, CHyCly, 1t, 2h d.)
HNO3, HoSOy4, 0 °C e.) Pd/C, Ho, toluene; total yield (a-e): 62%; f.) PhCOCI, EtzN, CH,Cl,
rt, 3-5h (85%); g.) TiCly, Zn, THF, rt (85%); h.) BBr3, CH,Cl,, -78 °C, then aerobic oxidation
(72%)

Scheme 8. Synthesis of derivatives of mycoleptodiscin A (eg., 62) [37].
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OCHs 70aR=H ——
|70b: R =S0,Ph <.

h.) 71a: R = SOPh —j )

71b:R=H

71

a.) i. p-TsOH, HOCH,CH,0H, benzene, refl., 2h; ii. Li, lig. NH3, CHsl, -33 °C, 3h (82%);
b.) i.) HoNNH,, KOH, 200 °C, 4h; ii. 4N aqg. HCI (87%); c.) LDA, CH3l, THF, -78 °C, then
NaOCHj, CH30H (95%); d.) i.) LDA, CH,Cl,, 100 °C; ii.) then HMPA, LiClO4, 140 °C
(70%); e.) NaBH4, EtOH, rt (99%); f.) 69, BF3Et,O, CH,Cly, 1t (81%); g.) PhSO,CI,
BusNHSO4, NaOH, toluene, 30 min (94%); h.) TMSOTf, CH,Cl,, 0 °C (75%); i.) Na/Hg,
CH3OH, rt, 1h (99%); j.) i.BBr3, CHyCly, -78 °C to rt, 15 min; ii. Fremy's salt, KH,POy,
CH3CN, H,0, 2h, rt (75%)

Scheme 9. Total synthesis of mycoleptodiscin A (48) by Dethe et al [39].

The first total asymmetric synthesis of mycoleptidsicin A, published in 2015,
was achieved by Zhou et al. [38] (Scheme 10). The synthesis started with far-
nesyl acetate (72), which was transformed in 3 steps to 73 [43]. Hydroboration
and oxidative cleavage with H,0, gave 74. Dess-Martin oxidation converted al-
cohol 74 to the corresponding carbaldehyde which was subjected to addition
with vinylmagnesium bromide to give a secondary allylic alcohol which was
protected with a silyl function. Deacetylation provided 75 which, converted to
the mesylate, underwent a nucleophilic bromination. The bromide was reacted
with the anion of sulfone 76. The adduct was desulfonated using Na/Hg, and the
silyl protective group was removed utilizing HF py (77a > 77b). The tetracyclic
system 77b was prepared by an enantioselective polyene cyclization catalyzed by
using an iridium catalyst prepared in situ from [Ir(cod)(Cl),] and chiral ligand
78. Desired cyclization product 79 was isolated in 21%, initially, however, sepa-
rate subsequent treatment of mixture of side products with BF;-Et,O increased
the yield to overall 71%. 79 was subjected to a one-pot dihydroxylation/cleavage
with the resultant aldehyde methylated at the a-position, utilizing KOBu’
and CH,I. The aldehyde function in 80 was converted to a methyl group by
Wolff-Kishner-Huang reduction. Next, a keto group was introduced at the
benzylic position, subsequently reduced, Finally, the O,O-dimethyl catechol
unit was converted into the ortho-quinone structure of 48 by BBr, driven
O-demethylation and aerobic oxidation of the ensuing catechol in the presence
of Mg/NH,CI [38].
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Y\/M 3 stef_s = = =
ref.
72 OAc 73 a) OAc

OCH,
OCH; 74 # b.)-d.)
e)-9) OH
772 R -JGET ~ ~ ~
N w 1s OCH
h) O%)Hg, OTBS
%-N | 76OCH3

a.) 9-BBN (1.05 eq.), THF, 22 °C, then aq. NaHCO3, aq. 30wt% H,0,, 0 °C, 2h (86%) b.) DMP (1.2 eq.), CH,Cl, rt, 1h
(90%); c.) vinyIMgBr (1.05 eq.), THF, -78 °C, 1h (87%); d.) TBSCI (1.1 eq.), imidazole (1.2 eq.), DMF, rt, 1h, K,CO3 (1.0
eq.), CH30H, rt, 2h (98%); e.) MsCl (3.0 eq.), EiN (5.0 eq.), LiBr (10.0 eq.), THF, -20 °C, 1h; f.) KHMDS (1.05 eq.), THF, -
78 °C, 1h, then 72, 1h (85% over 2 steps); g.) Na(Hg) (2.0 eq.), NayHPOy (4.5 eq.), CH30H, -20 °C, lh; h.) HF.py/THF
(1:10), rt, 4h (82% over 2 steps); i.) 4 mol% [{Ir(cod)Cl,}], R-74 (16 mol%), Zn(OTf),, (20 mol%), DCE, rt, 16h (21%); j.
BF3.EO (2.5 eq.), CHyCly, 0 °C, 1h (87%); k.) K,0sO(OH), (10 mol%), 2.6-lutidine (1.0 eq.), NalO4 (3.0 eq.),
acetone/H,0 (3:1), rt, 8h (84%); 1.) KOBu' (10 eq.), CH3l (10 eq.), Bu’OH, 3h (89%); m.) NoH,H,0 (10 eq.), diethylene
glycol, 160 °C, 2h, then KOH (10 eq.), 180 °C, 4h (81%); n.) 3,5-dimethylpyrazole (20 eq.), CrO; (20 eq.), 0 °C, 1h (85%)

a.) AlCl3; b.) NaBH,; ¢.) TMSCN, InCls, TMSBr; d.) BH3 THF; e.) Tf,O, EtsN, 4-DMAP; f.) Cul, CsOAGC;
g.) DDQ; h.) BBrg; i.) Mg, NH4CI, air

Scheme 10. Asymmetric total synthesis of mycoleptodiscin A (48) by Zhou et al. [38].

4. Steroidal Quinones as Reactive Intermediates in the
Mammalian Body

Hydroxylation of estrone (87) and estradiol (86) leads to catechol estrogens.
These include 2-hydroxyestrone (89) as the main metabolite found in human
urine and serum, 2-hydroxyestradiol (90), and 2-hydroxyestriol (92), along with
the less abundant, but potently estrogenic 4-hydroxyestrone (88) (Scheme 11).
These catechol estrogens are formed from estradiol (86) and estrone (87) by cy-
tochrome P450 enzymes such as CYP1A2 and CYP3A4, predominantly in the
liver but also in extrahepatic tissues [44]. 2-Hydroxyestradiol (90) has been de-
tected in the breast, uterus, kidney, rain and pituitary gland. There is significant
production of especially 2-hydroxyestradiol (90) in the body, but it is converted
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Scheme 11. Metabolism of estradiol (86).

rapidly to downstream products by O-methylation, glucuronidation and sulfo-
nation, so that at every one time, 2-hydroxyestradiol (90) can only be found at
low concentrations in the body. Also, steroidal catechols can be transformed
further to estrogen quinones by oxidative enzymes such as by phenol oxidase
[45], prostaglandin H synthetase [46], and again by cytochrome P-450 oxidase
[47]. In the latter, cytochrome P450 oxidoreductase (NADPH-POR) oxidizes the
catechol estrogens via one-electron transfer steps to the semiquinone (SQ, 94
and 95) and quinone metabolites (Q) leading to a redox-cycling which results in
the production of reactive oxygen species (ROS) [48] (see below, Scheme 13). In
the lab, 3,4-estrone ortho-quinone (estra-1,5(10)-diene-3,4,17-trione, 93) can
easily be prepared by oxidation of 4-hydroxyestrone (88) with MnO, in CHCI, at
rt [49] and in AcCN at 0°C [50] (Scheme 12).

Estrogen quinones are seen as cardiovascular protecting agents. However, the
compounds also have the potential to be cytotoxic and genotoxic. They can un-
dergo one electron redox cycling, resulting in the formation of semiquinone,
superoxide anion, and hydroxyl radical (Scheme 13). Furthermore, they are
Michael acceptors and may alkylate cellular nucleophiles as well as macromole-
cules [51]. The reactivity of steroidal, estradiol derived ortho-quinones such as 8
and 9 has been studied extensively in vitro. There are a number of Michael ac-
ceptor positions in the quinones due to the formation of tautomers (Scheme
14), that leads to a plethora of 1,4- and 1,6-addition reactions [50]. Typical ex-
amples are the reaction with n-propylamine (100) [51] (Scheme 15), cysteine
(108a) [52], glutathione (108c) [52] (Scheme 16), and with deoxyribonucleo-
sides such as 113 and 115 [53] (Scheme 17). Here, a number of adducts are
formed, albeit in poor yield [51] (Schemes 15-17). The adducts were characte-
rized by 'H-NMR and mass spectrometry (FAB MS/MS). Both quinones 93 and
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103 did not react with deoxycytidine or thymidine [53], 93 did also not react
with deoxyadenosine [53]. The Michael addition reaction of the estrogen qui-
nones with amines and $-containing amino acids can also be studied in vivo
where the quinones also form covalent bonds with cysteine (and in part histi-

dine/lysine) residues in neuroglobin and serum proteins [54] [55] [56]

O O

MI’IOZ

CHCl; g

HO 88 93
it o)

OH

Scheme 12. Preparation of 3,4-estrone ortho-quinone (93).
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Scheme 13. Redox cycling between the steroidal catechols (88/89) and steroidal or-
tho-quinones (8/9).
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Scheme 14. Tautomeric forms of the steroidal ortho-quinones indicating the reactive

sites for the addition of nucleophiles.
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R'SH (108a-c) HO

_ =

AcOH/H,0

HO

OH 111 a-c (R=0) 111 a-¢c (R=40OH)
R: (=0); f-OH

a: R' = CH,-CH(NH,)CO5H
b: R' = CHy-CH(NHAC)CO,H
¢: R' = CH-CH(CONHCH,CO,H)-NH-CO-(CHa),-CH(NH5)CO,H
R'SH:
i.) 108a: HS-CH,-CH(NH,)CO,H (cysteine)
ii.) 108b: HS-CH,-CH(NHAC)CO,H (N-acetylcysteine)
iii.)108¢: HS-CH,-CH(CONHCH,CO,H)-NH-CO-(CHy)-CH(NH2)CO,H (glutathione)

Scheme 16. Reaction of steroidal ortho-quinones with S-nucleophiles 108.
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Scheme 17. Reaction of estrone ortho-quinones with deoxynucleotides.

In vivo, it has been noted that 3,4-estrone ortho-quinone (3,4-EQ) is capa-
ble of inducing specific DNA damage in a human breast cancer cell line. Ele-
vation of 3,4-estra-3,17 5-diol quinone (3,4-E2Q) to 2,3-estra-3,175-diol quinone
(2,3-E2Q) ratio is thought to be an important indicator of estrogen-induced car-
cinogenesis [57]. Above, it was stated that 2,3-EQ, 3,4-EQ and derivatives can
form Michael adducts with nucleophilic residues of neuroglobin and serum pro-
teins. These adducts can be used as biomarkers. Thus, it was found in a study to
evaluate the treatment-related effects on breast cancer survivors that the mean
levels of 2,3-E2Q adducts with albumin (2,3-E2Q-4-S-Alb) and 3,4-E2Q-2-S-Alb
adducts in the serum of 5-year survivors were by 60% - 70% lower, when com-
pared to those in the breast cancer patients with less than one year of diagno-
sis/preoperative treatment. This finding adds support to the theme that hormonal
therapy including aromatase inhibitors and tamoxifen’ may dramatically reduce
the burden of estrogen quinones [58]. The authors hypothesized that a combina-
tion of treatment-related effects and environmental factors may modulate estro-
gen homeostasis and diminish the production of estrogen quinones in breast

cancer patients [58].
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5. Synthetic Steroidal Compounds with a Quinoid Structure

in Ring A
A synthetic entry to a quinoid structure in the A-ring of steroids was achieved
with the possibility of positioning a hydroxyl function at C10. Already in 1958,
A. M. Gold and E. Schwenk had shown that the action of lead tetraacetate on es-
trone (87) in glacial acetic acid leads to 10{~acetoxy-1,4-estradiene-3,17-dione
(118), albeit only in 20% yield [59] (Scheme 18). Y. Yamada et al reacted es-
trone with thallium perchlorate at 25°C in a mixture of CH,Cl, and perchloric
acid [60]. However, here the 10&hydroxy-1,4-estradiene-3,11,17-trione (120,
40%) accompanied 121 (20%) as the major product (Scheme 18). B. A. Solaja et
al. found that the photoirradiation (60W tungsten lamp) of estrone (87) and
estradiol 17-acetate (128) in the presence of meta-chloroperxoybenzoic acid
(m-CPBA) - benzoylperoxide [(BzO),] (solvent system: CH,Cl,/acetone 4:1; 3.5
and 36 h) results in p-quinols 119 and 129 in 57 and 50%, respectively [61]. The
C10-stereochemistry of the hydroxyl group in 119 has been confirmed by NOE
experiments [61]. Interestingly, an exchange of a 60W lamp in the photoirradia-
tion of 87 to a 250W lamp changed the outcome of the reaction, with 122
(Figure 9) as the main compound. p-Quinol 119 can be converted to steroidal
quinone 121 by reaction of 119 with HCI in AcOH under reflux to give the hy-
droquinone 123 (Figure 9), which is oxidized in situ with Ag,0 to 121 [62] [63]
[64]. Long reaction times transfer 121 further to epoxide 124 (Figure 9), which
could be isolated in quantitative yield, when running the reaction for a number
of days, and for which also an X-ray single crystal structure was obtained [64].
The underlying reaction of the transformation of p-quinol 119 to quinone 121 is
a dienone-phenol rearrangement [65], which in this case leads to a hydroquinone
123, which then is oxidized with silver oxide to quinone 121. Quinones such as
121 and its 17f-acetate derivative can be derivatized further to 2-substituted qui-
nones 126 - 130 and 133 with O- and N-nucleophiles [62] [63] (Scheme 19 and
Scheme 20). Here, the aziridine- and ($)-alanine adducts 126 and 127 were found
to be very instable and their regioselectively has not been established firmly, yet
[62] [63], but it is believed that the substituents are at C2 as also shown in
Scheme 19. Interestingly, from 1973, there is also a report that 3- O-methy-
lestadiol 17(-acetate (134) can be converted directly to 3-methoxy substituted
estradiol quinone 135 by the action of H,0,/CF,CO,H [66] (Scheme 21).

When steroidal 1,4-quinone is reacted with osmium tetroxide (OsO,) in the
presence of N-morpholine oxide (NMO), dihydroxylated steroid 136 is formed
(Scheme 22), albeit in low yield [67]. The stereochemistry of the hydroxyl
groups at C2 and C3 could not be established unequivocally. The compound was
tested against a number of cancer cell lines, but was found to be largely inactive
[67].

An interesting approach to steroid-like quinone derivative 141 was presented
by Chenera ef al, where ring A was joined to rings C/D by a Diels-Alder reac-
tion of p-benzoquinone (137) and 4-ethenyl tetrahydroindanone 138. Subse-

DOI: 10.4236/ijoc.2024.141003

49 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.141003

M. S. M. Aghaei, T. Thiemann

quent keto-enol tautomerisation led to hydroquinone 140, which was converted
by oxidative dehydrogenation to 141 [68] (Scheme 23).

Kaliappan and Ravikumar [69] used the Diels-Alder strategy discussed above
to prepare the sugar-oxasteroid-quinone hybrid 142 (Figure 10).

Pb(OAC),

—_—

CH;CO,H
(0]

118

TI(CIO,);
HCIO,/CH,Cl,

o) 121
a.) 85 w% m-CPBA, (BzO),, hn, acetone/CH,Cl, (4:1), 3.5 h (57%) Milic et al., 1997
b.)i.) AcOH, HCI, H,0, (7.5/2.5/1), refl., 1h; ii.) Ag,O, THF, rt, 1h

Scheme 18. Hydroxylation of C10 and transformation of steroidal quinols to quinones by
a dienol phenol rearrangement - oxidation sequence.

a.) (S)-Ala, (sat.) NaHCOs, EtOH, (dark), rt, 24h (51%)

b.) C,HsN (aziridine), EtOH, (dark), rt, 24h (30%)

¢.) MeNH,HC], Py, EtOH, H,0 (dark), rt, 24h (36%)

d.)1i.) anh. HCI, CHCls, 5°C (2h); ii.) Ag,0, THF, rt, 1h (67%)
e.) Fe5(SOy)3, MeOH, H,SOy, refl. 30 min. (99%)

Scheme 19. Functionalisation of steroidal quinone 125 with nucleophiles.
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Milic et al., 1997

a.) 85 w% m-CPBA, (BzO)y, hv, acetone/CH,Cly (4:1), 3.5 h (50%)
b.)i.) ACOH, HCI, Hy0, (7.5/2.5/1), refl., 1h; ii.) Ag20, THF, rt, 1h; iii.) Fea(SO4)s, MeOH, HpSO4 (48%)

Scheme 20. Preparation of 2-functionalized steroidal quinone 133.

Biellmann and Branlant, 1973

Scheme 21. Direct preparation of 3-functionalized steroidal quinone 135.

0s0O4, NMO  HO

acetone/H,O
tt, 6h HO

136  (22%)

Milic et al., 2005

Chenera et al., 1986

Scheme 23. A + CD > ABCD Diels-Alder approach to build
steroidal quinone derivative 141.
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O
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%0‘7

o) 142

Kaliappan and Ravikumar, 2005

Figure 10. Sugar-oxasteroid-quinone hybrid 142.

6. Synthetic Steroidal Compounds with Expanded Structures
Carrying a Quinoid Moiety

De Riccardis ef al. [70] have prepared steroid-anthraquinone hybrids 151 - 154
using the A + CD > ABCD Diels-Alder approach [71] [72] for the construction
of the cholestane framework, an approach that was forwarded previously by
Akhrem and Titov [73] and Chenera et al [68] (Scheme 24). For this naphtho-
quinones 143 - 145 were reacted with dienes 146a/b in toluene at 100°C. The
cycloaddition with 5-hydroxynaphthoquinone (juglone, 144) delivers two re-
gioisomeric pairs (148a-b/149a-b). An X-ray structure of 147a was carried out
to ascertain the stereochemistry of the product. Oxidative dehydrogenation of
147a/b - 150a/b to 151a/b - 154 a/b was accomplished by air oxygen in the
presence of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) [70] (Scheme 24).
Compounds 151a/b - 154a/b were tested against the 4 cancer cell lines J774
(murine monocyte/macrophage), GM7373 (bovine aortic endothelial), IGR-1
(human melanoma), and P388 (murine leukemia), using doxorubicine as com-
parison. After 48 h, 153b exhibited an IC;, of 10.1£1.1 pg/mL, 154b had an IC,,
of 10.9 + 1.3 ug/mL (doxorubicine IC;, = 54.2 + 7.1 ug/mL) against cell line J774.
After 48 h, 154b exhibited an IC,; of 16.3 £ 2.1 pug/mL (doxorubicine IC,, = 17.6
+ 3.5 ug/mL) against cell line GM7373 [67]. 154b showed an IC,, of 10.9 + 2.3
pg/mL against cell line IGR-1 (doxorubicine IC;, = 11.5 + 1.4 pg/mL) after 48 h,
and 153b had an IC;, of 43.4 + 3.4 ug/mL against cell line P388 after 24h (dox-
orubicine IC,, = 52.3 £ 7.3 pg/mL) [70]. With 155 and 156, Kaliappan and Ra-
vikumar [69] [71] prepared sugar-oxasteroid-quinone analogs of the stero-

id-anthraquinone hybrids discussed above (Figure 11).
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H147a (98%)
147b (71%)

148a (13%)
148b (10%)

146a/b

(Di Riccardis et al., 1997)

150a (81%)
OH O 150b (66%)

147-150 151-154
(X=H,Y=H;X=OH,Y=H;X=Y=0H)  (X=H,Y=H;X=O0H,Y=H;X=Y = OH)

151a: 90% 152a: 61%
o) 151b: 90% o 152b: 85%

154a: 90%
OH O 153b: 95% OH O 154b: 90%

153a: 75%

Scheme 24. Synthesis of steroid-anthraquinone hybrids.
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0 155 o 156

Figure 11. Benzo and naphtho-annelated sugar-oxasteroid-quinone
hybrids 155 and 156 [69] [71].

De Riccardis et al [74] synthesized estrarubicin (163-OH) (Scheme 25) as a
representative of a novel class of estrogen-anthacenedione hybrids by fusing the
anti-tumour pharmacore dihydroxyanthracenedione at C16a,17a positions to an
estrane framework with the idea of using the estrogen as a vector for the cyto-
toxic moiety. First, steroidal diene 157 was reacted in a Diels Alder reaction with
the epoxytetrone 158. In refluxing toluene, cycloadduct 159 was obtained in
moderate yield (24% - 42%). It is interesting that running the reaction in diethyl
ether in presence of LiClO, [75] gives a diastereomeric cycloadduct of 159 in
quant. yield, where the epoxy function positioned at the p-face. Upon reacting
with 10 eq. Zn in AcOH, 159 and its diastereoisomer are deoxygenated and are
transformed to dihydro-dihydroxyanthraquinone hybrid 160, which is oxidized
to tetrone 161 with Pb(OAc), in AcOH. Tautomerisation under basic conditions
leads to dihydroxyanthaquinone hybrid 162. 162 is converted stereoselective-
ly to a-epoxide 163-OBn, which is debenzylated (H,, Pd/C) to estrarubicin
(163-OH) in 52% (Scheme 25) [74]. The stereochemistry of products was de-
termined by extensive NMR spectroscopy, including by ROESY experiments
[74].

Also G. Ribeiro Morais et a/. annelated a quinoid moiety at C16-C17 of an es-
trane structure through a Diels Alder reaction [76] [77]. For this, steroidal di-
enes 164 and 166 were reacted with quinones such as p-naphthoquinone (143).
Exposure of 167 to K,CO, in CH,OH/H,O gave in addition to the deacetylated
products methylanthraquinoestrane derivative 168 in 22% [76] [77] (Scheme
26).

7. Triterpenoids and Steroids with a Tethered Quinone
Moiety

A number of papers have dealt with the tethering of quinone moieties to tri-
terpenoids and steroids [78]. Thus, recently, with compounds 169 - 177
(Scheme 27 and Figure 12), Li et al. [79] have reported on chloro-substituted
1,4-naphthoquinones and chloro-substituted quinoline 5,8-diones linked through
an ether bridge to C3 of the sapogenin diosgenin which is abundantly found in
tubers of the family Dioscoreaceae (D. villosa, D. mexicana, D. composita and D.
tokoro) [80]. The substances were evaluated against three cancer cell lines
(MCF-7, HepG2 and HeLa) [79]. The cytotoxicity of the compounds was found
to be related to the quinone unit. Hybrid 176 showed an IC,, of 1.24 uM against
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HepG2 cells, which is 35-fold the toxicity that diosgenin itself exerts [79]. It is
stated that hybrid 176 activates the mitochondrial apoptosis pathway in HepG2
cells [79].

, ‘@O toluene
Oe 60°C-refl.
BnO
0 O BnO N
157 158 159

l 10 eq. Zn, AcOH, 18h

H O

1.2 eq. Pb(OAc),
- R
AcOH, 25°C, 3h

BnO HO
161 L 0.4 eq. EtsN, 25°C, 6h
(30-32% from 157)

m-CPBA, CH,Cl,
0°C, 3h (60%)

BnO

Scheme 25. Preparation of estrarubicin 163-OH [74].

D1pheny1 ether

120 °C

Diphenyl ether
—_—
120 °C

H5;CO 167 (65%)

168

Scheme 26. Cycloaddition of 3-methoxy-16-vinylestra-1,3,5,16-tetraenes 164 and 166 with
p-naphthoquinone (143).
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171a:R=H
171b: R = CH4
R | N
%
(0]
172: X=CH,R=H
173a: X=N,R=H
173b: X=N,R = CHs

Scheme 27. Naphthoquinone and quinoline-5,8-diones 169 - 173 tethered to C3 of dios-
genin and diosgenin derived structures.

= R
XX

Figure 12. 1,4-Naphthoquinone and quinoline-5,8-diones 174 - 177 te-
thered at the C26-hydroxy function of ring-opened diosgenin.

1,4-Naphthoquinone and quinoline-5,8-dione were also tethered to betulin, a
triterpenoid isolated from the bark of the birch tree, at C3-OH, C-28-OH, and
directly to C30 [81] to give the betulin-quinone hybrids 179 - 186, shown in
Scheme 28. The molecules were screened against 7 cell lines—brain tumor cell

line SNB-19, colon cancer cell line Colo-829, melanoma cell line C-32, estrogen
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, R=H (58%)

, R=C(0)CHj (62%)

53, R=H (47%)
R=C(O)CHj (49%)

, R=H (68%)
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OO0ITT

<<

(O)CH3 (59%)
(O)C=CH (53%)

, R=C(O)CHj3 (35%)
=C(0O)C=CH (41%)
(O)CH3 (34%)
(O)C=CH (39%)

185a: X=N, Y=H (59%)
185b: X=N, Y=CHj (52%)
186a: X =CH, Y=H (71%)

Y

e e}

Scheme 28. Betulin-quinone hybrids [81].

positive breast cancer cell line MCF-7, breast cancer cell line T47D, triple nega-
tive breast cancer cell line MDA-MB-231, and lung cancer cell line A549. The
compounds showed appreciable anticancer activity (Table 1). The cytotoxic ac-
tivity of the botulin-quinone hybrids increased with the NADPH-quinone re-
ductase protein (NQO1) protein level in the cancer cell line. The authors suggest
a mitochondrial apoptosis pathway in A549 and MCEF-7 cells. Docking studies
with the human NADPH-quinone reductase protein showed an interaction of
the botulin-quinone hybrids with the active center of the enzyme, which de-
pended on the type of 1,4-quinone moiety [81].

Kadela-Tomanek et al have also looked at the cytotoxicity of betuline-
quinone hybrids 187 carrying a 1H-1,2,3-triazolecarboxylate unit in the linker
(Figure 13) [82] [83]. These compounds were screened against the 8 cancer cell
lines Colo-829, MDA-MB-231, T47D, MCF-7, A549, human adenocarcinoma
cell line Caco-2, human ovarian cancer cell line SK-OV-3 and human foreskin
fibroblast cells HFF-1 [83]. Again, it was seen that the betulin-quinone hybrids
interacted with the NQOI1 protein. Table 2 shows the most promising anticancer
activity by compounds 187 as reported by Kadela-Tomanek et al. [83].

Quinone structures can link easily to steroids through an ester linkage.
Typical examples are shown in Scheme 29, where 2,5-dimethoxybenzoic acid
(188) is linked to cholesterol (189). Thereafter, the dimethoxyphenyl group is
oxidized with cerium ammonium nitrate (CAN) to give the corresponding
p-quinone 191. Similarly, a 3-hydroxy-4-methoxyphenyl group as in 192 can
be oxidized to a methoxy-substituted p-quinone such as 193 (Scheme 29)
[84] [85].
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Table 1. Selected activity of betulin-quinone hybrids 179 - 186 towards cancer cell lines
A549, C-32, MCF-7, MDA-MB-231, T47D, SNB-19, and Colo-829 [81].

Cancer cell Cancer cell

Compound line IC50 (uM) Compound line IC50 (uM)
179a T47D 132+14 180a Colo-829 1.13 £ 0.03
179a A549 8.58 £ 1.70 180a A549 1.62 + 091
179b A549 143 +0.3 180b C-32 1.33 £ 0.12
181a T47D 1.47 £ 0.32 180b MDA-MB-231 5.88 + 0.88
181b SNB-19 3.38+£0.15 182a A549 13515
181b Colo-829 1.08 = 0.06 182b Colo-829 6.67 £ 1.30
181b A549 1.15+0.10 182b C-32 1.27 £ 0.06
183a Colo-829 4.68 £ 0.33 182b MDA-MB-231 2.43 £ 0.68
183a MCEF-7 1.58 £ 0.17 182b A549 0.45+0.20
183a MDA-MB-231 0.90 + 0.01 183b SNB-19 10.8 £ 0.5
183a A549 0.59+£0.13 184a SNB-19 7.54 £ 0.38
184a Colo-829 0.13 £ 0.03 184b C-32 1.04 £ 0.10
184a C-32 1.72 £ 0.22 184b MDA-MB-23 6.77 £0.85
184a MCEF-7 8.72 £ 047 184b A549 1.28 £ 0.06
184a T47D 12.31 £0.77 185a Colo-829 0.13+£0.01
184a A549 0.77 £0.12 185a A549 3.30 £ 0.48
185b Colo-829 0.12 +0.03 185b MCE-7 0.94 + 0.03
185b C-32 1.14+0.12 185b MDA-MB-231 0.11 £ 0.01
185b A549 0.84 £ 0.01
Table 2. Selected activity of betulin-quinone hybrids 187 towards cancer cell lines A549, T47D, and Colo-829 [83].
Compound Cancer cell line  IC50 (uM) Compound Cancer cell line  IC50 (uM)
187a Colo-289 3.55+0.23 187a A549 1.59 £ 0.38
187b (R = OH, X =N, A 549 1.63 +0.32 187b T47D 1.20 + 0.06
Y =C, R’ = CH3)
187Célich)§’:>; CH, A549 1.86 + 0.06 187; (:RC:HC’)EKC:OI){C)H& T47D 1.93 +0.14
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R = OH, =0, O(CO)CH3, O(CO)CH,CHj
R'=H, CH,

X =CH,N
Y =CH,N

187a

Figure 13. Betulin-quinone hybrids utilizing a 1H-1,2,3-triazolecarboxylate building block
in the linker [83].

OCH3; PPh;, BrCCl; OCHg3;
CO,H CH,Cl, 0
p O
190

188
OCH,3
CAN
OCHjs H,0, CHiCN
Ho 189 /,
O O
(@)
191
(0]
) M . 5 M
CAN
(@) _— (@)
CH5CN/H,0
H,CO 192 HsCO 193
OH (0]

Scheme 29. Facile method to join quinone units to steroids by an ester linkage at C3-OH of cholesterol [84] [85].
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Quinones can also be joined to an estrane structure. Here, the estrane such as
estradiol can be used to find estrogen receptor positive cancer cells that would
then be exposed to the cytotoxic effect of the quinoid unit. In addition, depend-
ing on the structure of the estradiol derivative used, the steroid can act as an an-
tiestrogen and or as a selective estrogen receptor modulator and would help to
suppress the proliferation of the cancer cells.

In 2011, Fujiwara et al. published a reaction methodology coupling a quinone
directly to an arylboronic acid. This methodology was used to prepare estrone-
quinone hybrid 196 (Scheme 30) [86]. Estroneboronic acid 194 can be synthe-
sized from estrone 3- O-triflate and pinacolborane in the presence of a palladium
catalyst to give a boronate ester which is hydrolyzed subsequently with NalO, in
NH,Ac-water [87].

Estradiol doxorubicin conjugate 197 (Figure 14) was evaluated for selective up-
take and cytotoxicity in MCF-7 and triple negative MDA-MB-231 breast cancer

cell lines. The results showed that the anti-estrogenic component in the hybrid

o}
0 cat. AgNO;
$,08°
CH5CN, Hy0
tt, 22h (51%)
o
194 195 0) 196

Scheme 30. Synthesis of estrone-benzoquinone hybrid 196 by direct C-H functionaliza-
tion of quinone 195 with estroneboronic acid 194 [86].

Figure 14. Estradiol doxorubicin bioconjugate 197, a potent in-
hibitor of MCE-7 cell proliferation [88].

198a (1-2): ethenyl
198b (1-2): ethynyl

Figure 15. Estradiol-geldanamycin hybrids 198a/b.
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compound was critical for selectivity and cytotoxicity in MCF-7 cells, where the
hybrid was ~70-fold more potent than doxorubicin in inhibition of cell prolife-
ration and promoting cell death [88].

Finally, in Danishefsky’s lab, Kuduk ez al [89] have developed estradiol-
geldanamycin conjugates. Geldanamycin is an ansamycin antibiotic, which was
first isolated from Streptomyces hygroscopicus. It binds to the Hsp90 chaperone
protein and causes the degradation of several important signaling proteins, to
the human epidermal growth factor receptor 2 (HER2) and the estrogen receptor
(ER). With binding geldanamycin to estradiol, it was hoped that estradiol could
be used as a delivery system for geldanamycin to the estrogen receptor (ER) [90]
and help degrade the receptor in estrogen receptor positive cancer cells. It was
found that conjugates 198a/b (Figure 15) are active and more selective than
geldanamycin itself, causing degradation of ER and HER2, but not of other gel-
danamycin targets.

8. Conclusion

Over the last three decades a larger number of quinoids have been isolated as
natural products. Especially worth mentioning are secosteroids with a cis-fused
quinone unit. Many of the quinones exhibit cytotoxicity. Here, the catechol es-
trogens as endogenous metabolites of estrone and estradiol need to be named,
which can undergo oxidation to quinones and semiquinones. These quinones
and especially the semiquinones have been thought to contribute to estro-
gen-induced carcinogenesis. The mechanisms by which quinones exert their
toxic effects are complex. Nevertheless, two processes appear to be important:
the reaction of V- and S-nucleophiles with the quinoid structure, and the gener-
ation of active oxygen species via redox cycling. Quite a few quinones have been
found to be mutagenic. Nevertheless, quinones are also effective anticancer
agents. This has led to the development of synthetic quinones with a steroidal
framework and of steroid-quinone and triterpene-quinone hybrids. In some
cases the steroidal or triterpenoidal structure is used as a drug-delivery system,
and in other cases the terpenoid structure itself exerts added cytotoxicity. Where
estradiol-based steroid-quinone is used on estrogen-positive cancer cells, the
steroidal moiety can act as an estrogen receptor inhibitor or a selective estrogen
receptor modulator. Further research in the development of steroid quinone and
triterpenoid quinone structures as anti-tumor agents is needed in order to find
compounds with a higher specificity, to distinguish between cancerous and

normal cells.

Acknowledgements

Support by grant UAEU-G2861 is gratefully acknowledged.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this paper.

DOI: 10.4236/ijoc.2024.141003

61 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.141003

M. S. M. Aghaei, T. Thiemann

References

(1]

(3]

(4]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

Kumagai, Y. and Abiko, Y. (2017) Environmental Electrophiles: Protein Adducts,
Modulation of Redox Signaling, and Interaction with Persulfides/Polysulfides. Chem-
ical Research in Toxicology, 30, 203-219.
https://doi.org/10.1021/acs.chemrestox.6b00326

Bolton, J.L., Trush, M.A., Penning, T.M., Dryhurst, G. and Monks, T.J. (2000) Role
of Quinones in Toxicology. Chemical Research in Toxicology, 13, 135-160.
https://doi.org/10.1021/tx9902082

Abou-Zeid, A.Z.A. and Yousef, A.A. (1976) Purification of Mitomycins Produced
by Streptomyces caespitosus. Journal of Applied Chemistry and Biotechnology, 26,
454-458. https://doi.org/10.1002/jctb.5020260166

Mao, Y., Varoglu, M. and Sherman, D.H. (1999) Molecular Characterization and
Analysis of the Biosynthetic Gene Cluster for the Antitumor Antibiotic Mitomycin
C from Streptomyces lavendulae NRRL 2564. Chemistry & Biology; 6, 251-263.
https://doi.org/10.1016/S1074-5521(99)80040-4

Guella, G., Mancini, I., Guerriero, A. and Pietra, F. (1985) New Furano Sesquiter-
penoids from Mediterranean Sponges. Helvetica Chimica Acta, 68, 1276-1282.
https://doi.org/10.1002/hlca.19850680523

Shen, Y.C,, Lu, C.H., Chakraborty, R. and Kuo, Y.H. (2003) Isolation of Sesquiter-
penoids from Sponge Dysidea avara and Chemical Modification of Avarol as Poten-
tial Antitumor Agents. Natural Products Research, 17, 83-89.
https://doi.org/10.1080/1478641031000103650

Crooke, S.T. and Bradner, W.T. (1976) Mitomycin C: A Review. Cancer Treatment
Reviews, 3, 121-139. https://doi.org/10.1016/S0305-7372(76)80019-9

Bradner, W.T. (2001) Mitomycin C: A Clinical Update. Cancer Treatment Reviews,
27, 35-50. https://doi.org/10.1053/ctrv.2000.0202

Paz, M.M., Zhang, X., Lu, J. and Holmgren, A. (2012) A New Mechanism of Action
for the Anticancer Drug Mitomycin C: Mechanism-Based Inhibition of Thioredoxin
Reductase. Chemical Research in Toxicology 25, 1502-1511.
https://doi.org/10.1021/tx3002065

Muller, W.E., Maidhof, A., Zahn, R.K., Schroder, H.C., Gasi¢, M.]., Heidemann, D.,
Bernd, A., Kurelec, B., Eich, E. and Seibert, G. (1985) Potent Antileukemic Activity
of the Novel Cytostatic Agent Avarone and Its Analogues in Vitro and in Vivo.
Cancer Research, 45, 4822-4826.

Jamison, J.M., Gilloteaux, J., Taper, H.S. and Summers, J.L. (2001) Evaluation of the
in Vitro and in Vivo Antitumour Activities of Vitamin C and K-3 Combinations
against Human Prostate Cancer. The Journal of Nutrition, 131, 1585-160S.
https://doi.org/10.1093/jn/131.1.158S

O’Brien, P.J. (1991) Molecular Mechanism of Quinone Cytotoxicity. Chemi-
co- Biological Interactions, 80, 1-41. https://doi.org/10.1016/0009-2797(91)90029-7

Driscoll, ].S., Hazard, G.F., Wood, G.F. and Goldin, A. (1974) Structure-Antitumour
Activity Relations among Quinone Derivatives. Cancer Chemotherapy, Rep. 4 (Part
2),1-27.

Gunatilaka, A.L.L. (1996) Triterpenoid Quinonemethides and Related Compounds
(Celastroloids). In: Herz, G. W. Kirby, R. E. Moore, W. Steglich, Ch. Tamm, Eds.,
Progress in the Chemistry of Organic Natural Products, Vol. 67, Springer, Berlin,
1-123. https://doi.org/10.1007/978-3-7091-9406-5_1

Lu, Y., Liu, Y., Zhou, J. and Gao, W. (2021) Biosynthesis, Total Synthesis, Structural

DOI: 10.4236/ijoc.2024.141003

62 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.141003
https://doi.org/10.1021/acs.chemrestox.6b00326
https://doi.org/10.1021/tx9902082
https://doi.org/10.1002/jctb.5020260166
https://doi.org/10.1016/S1074-5521(99)80040-4
https://doi.org/10.1002/hlca.19850680523
https://doi.org/10.1080/1478641031000103650
https://doi.org/10.1016/S0305-7372(76)80019-9
https://doi.org/10.1053/ctrv.2000.0202
https://doi.org/10.1021/tx3002065
https://doi.org/10.1093/jn/131.1.158S
https://doi.org/10.1016/0009-2797(91)90029-7
https://doi.org/10.1007/978-3-7091-9406-5_1

M. S. M. Aghaei, T. Thiemann

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

Modifications, Bioactivity, and Mechanism of Action of the Quinone-Methide Tri-
terpenoid Celastrol. Medicinal Research Reviews, 41, 1022-1060.
https://doi.org/10.1002/med.21751

Gordaliza, M. (2010) Cytotoxic Terpene Quinones from Marine Sponges. Marine
Drugs, 8, 2849-2870. https://doi.org/10.3390/md8122849

Yang, I, Choi, H., Nam, S.-]. and Kang, H. (2015) A New 9,11-Secosterol with a
1,4-Quinone from a Korean Marine Sponge Ircinia Sp. Archives of Pharmaceutical
Research, 38, 1970-1974. https://doi.org/10.1007/s12272-015-0620-9

Yang, I, Choi, H., Won, D.H., Nam, S.-J. and Kang, H. (2014) An Antibacterial
9,11-Secosterol from a Marine Sponge Ircinia Sp. Bulletin of the Korean Chemical
Society, 35, 3360-3362. https://doi.org/10.5012/bkes.2014.35.11.3360

Kita, M., Kawamura, A. and Kigoshi, H. (2016) Aplysiasecosterols B and C: Two
New 9,11-Secosteroids with a Cis-Fused 1,4-Quinone Structure from the Sea Hare
Aplysia kurodai. Tetrahedron Letters, 57, 858-860.
https://doi.org/10.1016/j.tetlet.2016.01.028

Kawamura, A., Kita, M. and Kigoshi, H. (2015) Aplysiasecosterol A: A 9,11-Se-
costeroid with an Unprecedented Tricyclic y-Diketone Structure from the Sea Hare
Aplysia kurodai. Angewandte Chemie International Edition, 54, 7073-7076.
https://doi.org/10.1002/anie.201501749

Lu, Z., Zhang, X., Guo, Z., Chen, Y., Mu, T. and Li, A. (2018) Total Synthesis of
Aplysiasecosterol A. Journal of the American Chemical Society, 140, 9211-9218.
https://doi.org/10.1021/jacs.8b05070

Ohyoshi, T., Ilizumi, H., Hosono, S., Tano, H. and Kigoshi, H. (2023) Total Synthe-
sis of Aplysiasecosterols A and B, Two Marine 9,11-Secosteroids. Organic Letters,
25, 4725-4729. https://doi.org/10.1021/acs.orglett.3c01692

Ohyoshi, T., Tano, H. and Kigoshi, H. (2021) Synthetic Studies toward Aplysia-
secosterol A: Concise Synthesis of the Tricyclic Core and Its Reactions for Intro-
duction of the D Ring Fragment. Bulletin of the Chemical Society of Japan, 94,
1179-1184. https://doi.org/10.1246/bcsj.20200401

Pereira, R.B., Andrade, P.B. and Valentdo, P. (2016) Chemical Diversity and Bio-
logical Properties of Secondary Metabolites from Sea Hares of Aplysia Genus. Ma-
rine Drugs, 14, Article No. 39. https://doi.org/10.3390/md14020039

Eder, U. Sauer, G. and Wiechert, R. (1971) New Type of Asymmetric Cyclization to
Optically Active Steroid CD Partial Structures. Angewandte Chemie International
Edition, 10, 496-497. https://doi.org/10.1002/anie.197104961

Thiemann, T., Noltemeyer, M. and De Meijere, A. (1997) Chiral Building Blocks
from (+)-(S)-7,7a-Dihydro-7a-Methylindane-1,5(6 H)-Dione (Hajos-Parrish Dike-
tone). Reports of the Institute of Advanced Material Study, Kyushu University, 11,
147-152.
https://catalog.lib.kyushu-u.ac.jp/opac_download_md/7880/KJ00004507847.pdf

Tu, Y., Wang, Z.-X. and Shi, Y. (1996) An Efficient Asymmetric Epoxidation Me-
thod for Trans-Olefins Mediated by a Fructose-Derived Ketone. Journal of the
American Society, 118, 9806-9807. https://doi.org/10.1021/ja962345g

Ito, Y., Hirao, T. and Saegusa, T. (1978) Synthesis of a,f-Unsaturated Carbonyl
Compounds by Palladium(II)-Catalyzed Dehydrosilylation of Silyl Enol Ethers.
Journal of Organic Chemistry, 43, 1011-1013. https://doi.org/10.1021/j000399a052

Rajagopal, D., Narayanan, R. and Swaminathan, S. (2001) Enantioselective Sol-
vent-Free Robinson Annulation Reactions. Proceedings of the Indian Academics of

DOI: 10.4236/ijoc.2024.141003

63 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.141003
https://doi.org/10.1002/med.21751
https://doi.org/10.3390/md8122849
https://doi.org/10.1007/s12272-015-0620-9
https://doi.org/10.5012/bkcs.2014.35.11.3360
https://doi.org/10.1016/j.tetlet.2016.01.028
https://doi.org/10.1002/anie.201501749
https://doi.org/10.1021/jacs.8b05070
https://doi.org/10.1021/acs.orglett.3c01692
https://doi.org/10.1246/bcsj.20200401
https://doi.org/10.3390/md14020039
https://doi.org/10.1002/anie.197104961
https://catalog.lib.kyushu-u.ac.jp/opac_download_md/7880/KJ00004507847.pdf
https://doi.org/10.1021/ja962345g
https://doi.org/10.1021/jo00399a052

M. S. M. Aghaei, T. Thiemann

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

Science, 113, 197-213. https://www.ias.ac.in/article/fulltext/jcsc/113/03/0197-0213
https://doi.org/10.1007/BF02704070

Davis, F.A., Vishwakarma, L.C., Billmers, J.G. and Finn, J. (1984) Synthesis of
a-Hydroxy Carbonyl Compounds (Acyloins): Direct Oxidation of Enolates Using

2-Sulfonyloxaziridines. Journal of Organic Chemistry, 49, 3241-3243.
https://doi.org/10.1021/j000191a048

Crabtree, RH. and Davis, M.W. (1986) Directing Effects in Homogenous Hydro-
genation with [Ir(Cod)(PCy3)(Py)]PF,. Journal of Organic Chemistry, 51, 2655-2661.
https://doi.org/10.1021/j000364a007

Chang, Y.-C., Hwang, T.-L., Kuo, L.-M. and Sung, P.-J. (2017) Pinnisterols D-]J,
New 11-Acetoxy-9,11-Secosterols with a 1,4-Quinone Moiety from Formosan Gor-
gonian Coral Pinnigorgia Sp. (Gorgoniidae). Marine Drugs, 15, 11-22.
https://doi.org/10.3390/md15010011

Miao, Y., Li, X., Zhang, M., Fan, H. and Gui, J. (2022) Synthesis of 9,11-Secosteroids
Pinnisterol E, Glaciasterol B, and 6-Keto-Aplidiasterol B. Organic Letters, 24,
1684-1688. https://doi.org/10.1021/acs.orglett.2c00281

Delseth, C., Kashman, Y. and Djerassi, C. (1979) Ergosta-5,7,9(11),22-Tetraen-
3p-0Ol and Its 24&Ethyl Homolog, Two New Marine Sterols from the Red Sea
Sponge Biemna Fortis. Helvetica Chimica Acta, 62, 2037-2045.
https://doi.org/10.1002/hlca.19790620633

Li, J., Chen, C, Fang, T., Wu, L., Liu, W., Tang, J. and Long, Y. (2022) New Steroid and
Isocoumarin from the Mangrove Endophytic Fungus Talaromyces Sp. SCNU-F0041.
Molecules, 27, Article No. 5766. https://doi.org/10.3390/molecules27185766

Ortega, H.E., Graupner, P.R,, Asai, Y., Ten Dyke, K., Qiu, D., Shen, Y.Y., Rios, N.,
Arnold, A.E., Coley, P.D., Kursar, T.A., Gerwick, W.H. and Cubilla-Rios, L. (2013)
Mycoleptodiscins A and B, Cytotoxic Alkaloids from the Endophytic Fungus My-
coleptodiscus Sp. F0194. Journal of Natural Products, 76, 741-744.
https://doi.org/10.1021/np300792t

Nagaraju, K., Chegondi, R. and Chandrasekhar, S. (2016) Expanding Diversity
without Protecting Groups: (+)-Sclareolide to Indolosesquiterpene Alkaloid Myco-
leptodiscin A and Analogues. Organic Letters, 18, 2684-2687.
https://doi.org/10.1021/acs.orglett.6b01145

Zhou, S., Chen, H., Luo, Y., Zhang, W. and Li, A. (2015) Asymmetric Total Synthe-
sis of Mycoleptodiscin A. Angewandte Chemie International Edition, 54, 6878-6882.
https://doi.org/10.1002/anie.201501021

Dethe, D.H., Sau, S.K. and Mahapatra, S. (2016) Biomimetic Enantioselective Total
Synthesis of (-)-Mycoleptodiscin A. Organic Letters, 18, 6392-6395.
https://doi.org/10.1021/acs.orglett.6b03292

Fiirstner, A. and Jumbam, D.N. (1992) Titanium-Induced Syntheses of Furans,
Benzofurans and Indoles. Tetrahedron, 48, 5991-6010.
https://doi.org/10.1016/S0040-4020(01)89848-3

Taguchi, H., Tanaka, S., Yamamoto, H. and Nozaki, H. (1973) A New Synthesis
of a,f-Unsaturated Aldehydes Including (E)2-Methyl-2-Alkenal. Tetrahedron, 14,
2465-2468. https://doi.org/10.1016/S0040-4039(01)96179-9

Itoh, S., Takada, N., Ando, T., Haranou, S., Huang, X., Uenoyama, Y., Ohshiro, Y.,
Komatsu, M. and Fukuzumui, S. (1997) Synthesis, Physicochemical Properties, and
Amine-Oxidation Reaction of Indolequinone Derivatives as Model Compounds of
Novel Organic Cofactor TTQ of Amine Dehydrogenases. Journal of Organic Che-
mistry, 62, 5898-5907. https://doi.org/10.1021/j09707161

DOI: 10.4236/ijoc.2024.141003

64 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.141003
https://www.ias.ac.in/article/fulltext/jcsc/113/03/0197-0213
https://doi.org/10.1007/BF02704070
https://doi.org/10.1021/jo00191a048
https://doi.org/10.1021/jo00364a007
https://doi.org/10.3390/md15010011
https://doi.org/10.1021/acs.orglett.2c00281
https://doi.org/10.1002/hlca.19790620633
https://doi.org/10.3390/molecules27185766
https://doi.org/10.1021/np300792t
https://doi.org/10.1021/acs.orglett.6b01145
https://doi.org/10.1002/anie.201501021
https://doi.org/10.1021/acs.orglett.6b03292
https://doi.org/10.1016/S0040-4020(01)89848-3
https://doi.org/10.1016/S0040-4039(01)96179-9
https://doi.org/10.1021/jo970716l

M. S. M. Aghaei, T. Thiemann

(43]

[44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

Yildizhan, S., Van Loon, J., Sramkova, A., Ayasse, M., Aresene, C., Ten Broeke, C.
and Schulz, S. (2009) Aphrodisiac Pheromones from the Wings of the Small Cab-
bage White and Large Cabbage White Butterflies, Pieris rapae and Pieris brassicae.
ChemBioChem, 10, 1666-1677. https://doi.org/10.1002/cbic.200900183

Tsuchiya, Y., Nakajima, M. and Yokoi, T. (2005) Cytochrome P450-Mediated Me-
tabolism of Estrogens and Its Regulation in Human. Cancer Letters, 227, 115-124.
https://doi.org/10.1016/j.canlet.2004.10.007

Kalyanaraman, B., Felix, C.C. and Sealy, R.C. (1985) Semiquinone Radicals of Cate-
cholamines, Catecholestrogens, and Their Metal Ion Complex. Environmental Health
Perspectives, 64, 185-198. https://doi.org/10.1289/ehp.8564185

Degen, G.H. (1990) Role of Prostaglandin-H Synthase in Mediating Genotoxic and
Carcinogenic Effects of Estrogens. Environmental Health Perspectives, 88, 217-233.
https://doi.org/10.1289/ehp.9088217

Capdevila, J., Sack, Y. and Falck, J.R. (1984) The Mechanistic Plurality of Cytoch-
rome P-450 and Its Biological Ramifications. Xenobiotica, 14, 105-118.
https://doi.org/10.3109/00498258409151401

Fussell, K.C., Udasin, R.G., Smith, P.]J.S., Gallo, M.A. and Laskin, J.D. (2011) Cate-
chol Metabolites of Endogenous Estrogens Induce Redox Cycling and Generate Reac-
tive Oxygen Species in Breast Epithelial Cells. Carcinogenesis, 32, 1285-1293.
https://doi.org/10.1093/carcin/bgr109

Abul-Hajj, Y.J. (1984) Synthesis of 3,4-Estrogen-O-Quinone. Journal of Steroid Bi-
ochemistry; 21, 621-622. https://doi.org/10.1016/0022-4731(84)90340-6

Jouanin, I., Debrauwer, L., Fauglas, G., Paris, A. and Rathahao, E. (2002) Adduction
of Catechol Estrogens to Nucleosides. Steroids, 67, 1091-1099.
https://doi.org/10.1016/S0039-128X(02)00070-3

Khasnis, D. and Abul-Hajj, Y.J. (1994) Estrogen Quinones: Reaction with Propyla-
mine. Chemical Research in Toxicology, 7, 68-72.
https://doi.org/10.1021/tx00037a010

Cao, K., Stack, D.E., Ramanathan, R., Gross, M.L., Rogan, E.G. and Cavalieri, E.L.
(1998) Synthesis and Structure Elucidation of Estrogen Quinones Conjugated with
Cysteine, N-Acetylcysteine, and Glutathione. Chemical Research in Toxicology, 11,
909-916. https://doi.org/10.1021/tx9702291

Stack, D.E., Byun, J., Gross, M.L., Rogan, E.G. and Cavalieri, E.L. (1996) Molecular
Characteristics of Catechol Estrogen Quinones in Reactions with Deoxyribonucleo-
sides. Chemical Research in Toxicology, 9, 851-859.
https://doi.org/10.1021/tx960002q

Kato, Y. and Suga, N. (2018) Covalent Adduction of Endogenous and Food-Derived
Quinones to a Protein: Its Biological Significance. Journal of Clinical Biochemistry
and Nutrition, 62, 213-220. https://doi.org/10.3164/jcbn.18-26

Nicolis, S., Monzani, E., Pezzella, A., Ascenzi, P., Sbardella, D. and Casella, L. (2013)
Neuroglobin Modification by Reactive Quinone Species. Chemical Research in Toxi-
cology, 26, 1821-1831. https://doi.org/10.1021/tx4001896

Fang, C.M,, Ku, M.C,, Chang, C.K,, Liang, H.C., Wang, T.F., Wu, C.H. and Chen,
S.H. (2015) Identification of Endogenous Sites Pecific Covalent Binding of Catechol
Estrogens to Serum Proteins in Human Blood. Toxicological Sciences, 148, 433-442.
https://doi.org/10.1093/toxsci/kfv190

Lin, C., Chen, D.-R., Hsieh, W.-C., Yu, W.-F,, Lin, C.-C., Ko, M.-H., Juan, C.-H.,
Tsuang, B.-J. and Lin, P.-H. (2013) Investigation of the Cumulative Body Burden of

DOI: 10.4236/ijoc.2024.141003

65 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.141003
https://doi.org/10.1002/cbic.200900183
https://doi.org/10.1016/j.canlet.2004.10.007
https://doi.org/10.1289/ehp.8564185
https://doi.org/10.1289/ehp.9088217
https://doi.org/10.3109/00498258409151401
https://doi.org/10.1093/carcin/bgr109
https://doi.org/10.1016/0022-4731(84)90340-6
https://doi.org/10.1016/S0039-128X(02)00070-3
https://doi.org/10.1021/tx00037a010
https://doi.org/10.1021/tx9702291
https://doi.org/10.1021/tx960002q
https://doi.org/10.3164/jcbn.18-26
https://doi.org/10.1021/tx4001896
https://doi.org/10.1093/toxsci/kfv190

M. S. M. Aghaei, T. Thiemann

(58]

(59]

(60]

(61]

[62]

(63]

[64]

[65]

[66]

(67]

(68]

[69]

(70]

(71]

(72]

Estrogen-3,4-Quinone in Breast Cancer Patients and Controls Using Albumin Ad-
ducts as Biomarkers. Toxicology Letters, 218, 194-199.
https://doi.org/10.1016/j.toxlet.2013.02.004

Lin, C., Chen, D.R,, Kuo, S.J., Feng, C.Y., Chen, D.R,, Hsieh, W.C. and Lin, P.H.
(2022) Profiling of Protein Adducts of Estrogen Quinones in 5-Year Survivors of

Breast Cancer without Recurrence. Cancer Control, 29.
https://doi.org/10.1177/10732748221084196

Gold, A.M. and Schwenk, E. (1958) Synthesis and Reactions of Steroidal Quinols.
Journal of the American Chemical Society, 80, 5683-5687.
https://doi.org/10.1021/ja01554a026

Yamada, Y., Hosaka, K., Sawahata, T., Watanabe, Y. and Iguchi, K. (1977) Reaction
of Estrone with Thallium(III) Perchlorate. Remote Oxidation at C-11 Position. Ze-
trahedron Letters, 31, 2675-2676. https://doi.org/10.1016/S0040-4039(01)83043-4

Solaja, B.A., Mili¢,, D.R. and Gasi¢, M.J. (1996) A Novel M-CPBA Oxidation:
P-Quinols and Epoxyquinols from Phenols. Tetrahedron Letters, 37, 3765-3768.
https://doi.org/10.1016/0040-4039(96)00677-6

Milié, D.R., Solaja, B.A., Dosen-Micovi¢, L., Ribér, B., Kapor, A., Sladi¢, D. and
Gasi¢, M.J. (1997) Structure and Reactivity of Steroidal Quinones. Journal of the
Serbian Chemical Society, 62, 755-768.

Mili¢, D.R., Gasié, M.]., Muster, W., Csanddi, J.J. and golaja, B.A. (1997) The Syn-
thesis and Biological Evaluation of A-Ring Substituted Steroidal P-Quinones. 7Te-
trahedron, 53, 14073-14084. https://doi.org/10.1016/50040-4020(97)00910-1

Kapor, A., Ribar, B., Striimpel, M., Gasi¢, M.]J., Mili¢, D.R. and Solaja, B. (2000)
Structure and Conformation of 2/3,38-Epoxyestr-5(10-En-1,4,17-Trione) Spectros-
copic and X-Ray Crystallographic Studies. Journal of Molecular Structure, 522,
289-301. https://doi.org/10.1016/S0022-2860(99)00363-4

Li, J.J. (2021). Dienone-Phenol Rearrangement. In: Li, ]J.J., Ed., Name Reactions,
Springer, Cham, 176-178. https://doi.org/10.1007/978-3-030-50865-4_46

Biellmann, J.F. and Branlant, G. (1973) Synthesis and Circular Dichroism of Subs-
tituted Benzoquinones. Bulletin de la Societe Chimique de France, 6, 2086-2090.

Mili¢, D.R,, Kop, T., Juranié, Z., Gasi¢, M.]., Tinant, B., Pocsfalvi, G. and golaja,
B.A. (2005) Synthesis and Antiproliferative Activity of A-Ring Aromatised and
Conduritol-Like Steroidal Compounds. Steroids, 70, 922-932.
https://doi.org/10.1016/j.steroids.2005.07.001

Chenera, B., Venkitachalam, U., Ward, D. and Reusch, W. (1986) Total Synthesis of
Tetracyclic Triterpenes. 2. An Efficient Synthesis of 1,4-Dimethoxy-14a-Methyl-
11-Oxoestra-1,3,5(10)-Triene. Tetrahedron, 42, 3443-3452.
https://doi.org/10.1016/S0040-4020(01)87311-7

Kaliappan, K.P. and Ravikumar, V. (2005) Design and Synthesis of Novel Sug-
ar-Oxasteroid-Quinone Hybrids. Organic Biomolecular Chemistry, 3, 848-851.
https://doi.org/10.1039/b418659a

De Riccardis, F., Izzo, L., Di Filippo, M., Sodano, G., D’Acquisto, F. and Carnuccio,
R. (1997) Synthesis and Cytotoxic Activity of Steroid-Anthraquinone Hybrids. Te-
trahedron, 53, 10871-10882. https://doi.org/10.1016/S0040-4020(97)00693-5

Sayyad, A.A. and Kaliappan, K.K. (2017) Sequential Enyne-Metathesis/Diels-Alder
Strategy: Rapid Access to Sugar-Oxasteroid-Quinone Hybrids. European Journal of
Organic Chemistry, 2017, 5055-5065. https://doi.org/10.1002/ejoc.201700599

De Riccardis, F., Izzo, 1., Tedesco, C. and Sodano, G. (1997) Synthesis of Unusual

DOI: 10.4236/ijoc.2024.141003

66 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.141003
https://doi.org/10.1016/j.toxlet.2013.02.004
https://doi.org/10.1177/10732748221084196
https://doi.org/10.1021/ja01554a026
https://doi.org/10.1016/S0040-4039(01)83043-4
https://doi.org/10.1016/0040-4039(96)00677-6
https://doi.org/10.1016/S0040-4020(97)00910-1
https://doi.org/10.1016/S0022-2860(99)00363-4
https://doi.org/10.1007/978-3-030-50865-4_46
https://doi.org/10.1016/j.steroids.2005.07.001
https://doi.org/10.1016/S0040-4020(01)87311-7
https://doi.org/10.1039/b418659a
https://doi.org/10.1016/S0040-4020(97)00693-5
https://doi.org/10.1002/ejoc.201700599

M. S. M. Aghaei, T. Thiemann

(73]

(74]

[75]

[76]

(77]

(78]

(79]

(80]

(81]

(82]

(83]

(84]

(85]

Cholestane Analogs by Diels-Alder Reaction (A+CD > ABCD). Tetrahedron Let-
ters, 38, 2155-2158. https://doi.org/10.1016/S0040-4039(97)00270-0

Akhrem, A.A. and Titov, A.Y. (1969) Total Synthesis of Steroid. Israel Program for
Scientific Translations, Jerusalem.

De Riccardis, F., Meo, D., 1zzo, I, Di Filippo, M. and Casapullo, A. (1998) Design
and Synthesis of Estrarubicin. A Novel Class of Estrogen-Anthracenedione Hybrids.
European Journal of Organic Chemistry, 1998, 1965-1970.
https://doi.org/10.1002/(SICI)1099-0690(199809)1998:9<1965::AID-EJOC1965>3.0.
CO;2-S

Grieco, P.D., Nunes, J.J. and Gaul, M.D. (1990) Dramatic Rate Accelerations of Di-
els-Alder Reactions. Journal of the American Chemical Society, 112, 4595-4596.
https://doi.org/10.1021/ja00167a096

Ribeiro Morais, G. (2006) Novel Steroidal Derivatives Linked to Biologically Active
Moieties. PhD Thesis, Faculty of Pharmacy, University of Lisbon, Lisbon.

Ribeiro Morais, G., Watanabe, M., Mataka, S., Ideta, K. and Thiemann, T. (2005)
Areno Annelated Estranes by Intermolecular Cycloaddition. Proceedings of the 9th
International Electronic Conference in Synthetic Organic Chemistry, 1-30 Novem-
ber 2005; Sciforum Electronic Conference Series, Vol. 9, A035.

Mancini, L., Vigna, J., Sighel and Defant, A. (2022) Hybrid Molecules Containing
Naphthoquinone and Quinolinedione Scaffolds as Antineoplastic Agents. Mole-
cules, 27, Article No. 4948. https://doi.org/10.3390/molecules27154948

Li, G., Li, Q., Sun, H. and Li, W. (2021) Novel Diosgenin-1,4-Quinone Hybrids:
Synthesis, Antitumor Evaluation, and Mechanism Studies. Journal of Steroid Bio-
chemistry and Molecular Biology, 214, Article ID: 105993.
https://doi.org/10.1016/j.jsbmb.2021.105993

Al Jasem, Y., Khan, M., Taha, A. and Thiemann, T. (2014) Preparation of Steroidal
Hormones with an Emphasis on Transformations of Phytosterols and Cholester-
ol—A Review Mediterranean Journal of Chemistry, 3, 796-830.
https://doi.org/10.13171/mjc.3.2.2014.18.04.15

Kadela-Tomanek, M., Bebenek, E., Chrobak, E., Marciniec, K., Latocha, M.,
Kus$mierz, D., Jastrzebska, M. and Boryczka, S. (2019) Betulin-1,4-Quinone Hybr-
ids: Synthesis, Anticancer Activity and Molecular Docking Study with NQO1 En-
zyme. European Journal of Medicinal Chemistry, 177, 302-315.
https://doi.org/10.1016/j.ejmech.2019.05.063

Kadela-Tomanek, M., Jastrzebska, Chrobak, E., Bebenek, E. and Boryczka, S. (2021)
Chromatographic and Computational Screening of Lipophilicity and Pharmacoki-

netics of Newly Synthesized Betulin-1,4-Quinone Hybrids. Processes, 9, Article No.
376. https://doi.org/10.3390/pr9020376

Kadela-Tomanek, M., Marciniec, K., Jastrzebska, M., Chrobak, E., Bebenek, E., Lato-
cha, M., Kuémierz, D. and Boryczka, S. (2021) Design, Synthesis and Biological Activ-
ity of 1,4-Quinone Moiety Attached to Betulin Derivatives as Potent DT-Diaphorase
Substrate. Bioorganic Chemistry, 106, Article ID: 104478.
https://doi.org/10.1016/j.bioorg.2020.104478

Al Soom, N. (2016) Preparation of Novel Steroidal Conjugates as Potential Diag-
nostic and Therapeutic Agents with an Emphasis on Quinoid and Halogenated Moie-
ties. MSc Thesis, United Arab Emirates University, Al Ain, United Arab Emirates.

Al Azzani, M., Al Soom, N., Iniesta, J. and Thiemann, T. (2015) Facile Access to
Amidoethyl- ~-Benzoquinones. Proceedings of the 19th International Electronic Con-
ference on Synthetic Organic Chemistry, Basel, 1-30 November 2015, 3060.
https://sciforum.net/manuscripts/3060/manuscript.pdf

DOI: 10.4236/ijoc.2024.141003

67 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.141003
https://doi.org/10.1016/S0040-4039(97)00270-0
https://doi.org/10.1002/(SICI)1099-0690(199809)1998:9%3C1965::AID-EJOC1965%3E3.0.CO;2-S
https://doi.org/10.1002/(SICI)1099-0690(199809)1998:9%3C1965::AID-EJOC1965%3E3.0.CO;2-S
https://doi.org/10.1021/ja00167a096
https://doi.org/10.3390/molecules27154948
https://doi.org/10.1016/j.jsbmb.2021.105993
https://doi.org/10.13171/mjc.3.2.2014.18.04.15
https://doi.org/10.1016/j.ejmech.2019.05.063
https://doi.org/10.3390/pr9020376
https://doi.org/10.1016/j.bioorg.2020.104478
https://sciforum.net/manuscripts/3060/manuscript.pdf

M. S. M. Aghaei, T. Thiemann

(86]

(87]

(88]

(89]

[90]

Fujiwara, Y., Domingo, V., Seiple, I.B., Giantassio, R., Del Bel, M. and Baran, P.S.
(2011) Practical C-H Functionalization of Quinones with Boronic Acids. Journal of
the American Chemical Society, 133, 3292-3295. https://doi.org/10.1021/jal11152z

Ahmed, V., Liu, Y., Silvestro, C. and Taylor, S.D. (2006) Boronic Acids as Inhibitors
of Steroid Sulfatase. Bioorganic & Medicinal Chemistry, 14, 8564-8573.
https://doi.org/10.1016/j.bmc.2006.08.033

Dao, K.-L., Sawant, R.P., Hendricks, J.A., Ronga, V., Torchilin, V.P. and Hanson,
R.N. (2012) Design, Synthesis and Initial Biological Evaluation of a Steroidal An-
ti-Estrogen-Doxorubicin Bioconjugate for Targeting Estrogen-Receptor Positive Breast
Cancer Cells. Bioconjugate Chemistry, 23, 785-795.
https://doi.org/10.1021/bc200645n

Kuduk, S.D., Zheng, F.F., Sepp-Lorenzino, L., Rosen, N. and Danishefsky, S.]J.
(1999) Synthesis and Evaluation of Geldanamycin-Estradiol Hybrids. Bioorganic &
Medicinal Chemistry Letters, 9, 1233-1238.
https://doi.org/10.1016/S0960-894X(99)00185-7

Tietze, L.F., Bell, H.P. and Chandrasekhar, S. (2003) Natural Product Hybrids as New
Leads for Drug Discovery. Angewandte Chemie International Edition, 42, 3996-4028.
https://doi.org/10.1002/anie.200200553

DOI: 10.4236/ijoc.2024.141003

68 International Journal of Organic Chemistry


https://doi.org/10.4236/ijoc.2024.141003
https://doi.org/10.1021/ja111152z
https://doi.org/10.1016/j.bmc.2006.08.033
https://doi.org/10.1021/bc200645n
https://doi.org/10.1016/S0960-894X(99)00185-7
https://doi.org/10.1002/anie.200200553

	Steroids, Tri- and Meroterpenoids with a Quinone Structure—A Review
	Abstract
	Keywords
	1. Introduction
	2. Secosteroids of Natural Origin with a Quinoid Subunit 
	3. Mycoleptodiscins
	4. Steroidal Quinones as Reactive Intermediates in the Mammalian Body
	5. Synthetic Steroidal Compounds with a Quinoid Structure in Ring A
	6. Synthetic Steroidal Compounds with Expanded Structures Carrying a Quinoid Moiety
	7. Triterpenoids and Steroids with a Tethered Quinone Moiety
	8. Conclusion
	Acknowledgements
	Conflicts of Interest
	References

