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Preface

This volume contains 10 chapters. The contributions are from researchers fa-
mous in their respective fields and the chapters contain high quality reviews on
topics related to the chemo-biological studies of several different heterocyclic
groups.

The first chapter from Saracoglu reviews the functionalization of indoles
and the pyrroles via Michael additions, as these compounds have potential for
their biological activities.

Insecond chapter Menéndez reviews the chemistry of the welwitindolinones.

Topcu and Demirkiran, in the third chapter, describe the chemistry and
biological studies of lignans from Taxus species, including their biosynthesis
and recent strategies for the synthesis of lignans. Lignans are a very important
class of molecules, as they have a very diverse spectrum of biological activities,
such as antitumour, antiviral, hepatoprotective, antioxidant, antiulcer, anti-
allergen, anti-platelet, and anti-osteoporotic activities.

In next chapter Stizen describes the antioxidant activities of synthetic indole
derivatives and their possible mechanisms of action.

In chapter five Gonzalez et al. presents a comprehensive review on the chem-
istry and biology of the quinoxaline 1,4-dioxide and phenazine 5,10-dioxide
type molecules. They also discuss the mode of action, structure-activity studies
and other relevant chemical and biological properties for such molecules.

In the chapter six, Khan briefly discusses the anti-angiogenic and telomerase
inhibitory activities of quinoline and its analogues.

Liu et al., in chapter seven, briefly reviews some aspects of studies of bioac-
tive marine sponge furanosesterterpenoids from the last 10 years, including
their total syntheses.

Pujol et al. in chapter eight, reviews the chemistry, origin and antiviral
activities of naturally occurring sulfated polysaccharides for the prevention
and control of viral infections such as HIV-1 and -2, human cytomegalovirus
(HCMYV), dengue virus (DENV), respiratory syncytial virus (RSV), and in-
fluenza A virus.

In chapter nine Hamdi et al. describes the synthesis and biological activities
of the heterocyclic and vanillin ether coumarins.

In the last chapter, Orhan et al. reviews their recent findings on antiviral
and antimicrobial heterocyclic compounds from Turkish plants.

Tromsg, Norway 2007 Mahmud Tareq Hassan Khan
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Abstract The Michael reaction has been the subject of numerous reviews. Furthermore,
the first review on anti-Michael addition has been published. The present review focuses
only on the functionalization of indoles and the pyrroles via Michael additions because
of the potential biological activity exhibited by these compounds.

Keywords Catalyst - Conjugate addition - Indole - Michael addition - Pyrrole

Abbreviations

Ac Acetyl

bmim 1-Butyl-3-methylimidazolium

Bn Benzyl

Boc tert-Butoxycarbonyl

BOPCI (Bis(2-ox0-3-oxazolidinyl)phosphinic chloride)
BOX Bisoxazoline

Bu Butyl

"Bu tert-Butyl



'‘BuOK
Bz

BzR
CAN
CNS
DAIB
DCM
DDQ
DEAD
DIBAL-H
DMAc
DMAD
DMAP
DME
DMEF
DMSO
DPMU
ee

Et
EWG
HOMO
Me
MVK
MW
NBS
NMR
NSCLC
Nu

Ph
PPSE
i-Pr
SET

Tf

TFA
THF
TLC
TMSCI
TMSCN

Potassium tert-butoxide
Benzoyl

Benzodiazepine receptor

Ceric ammonium nitrate
Central nervous system
(Diacetoxyiodo)benzene
Dichloromethane
2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
Diethyl azodicarboxylate
Diisobutylaluminum hydride
N,N-Dimethyl acetamide
Dimethyl acetylenedicarboxylate
4-(Dimethylamino)pyridine
1,2-Dimethoxyethane
Dimethylformamide

Dimethyl sulfoxide
N,N’-Dimethylproplenurea
Enantiomeric excess

Ethyl

Electron-withdrawing group
Highest occupied molecular orbital
Methyl

Methylvinylketone

Microwave
N-Bromosuccinimide

Nuclear magnetic resonance
Non-small-cell lung carcinoma
Nucleophile

Phenyl

Polyphosphoric acid trimethylsilyl ester
Isopropyl

Single electron transfer
Trifluoromethanesulfonyl
Trifluoroacetic acid
Tetrahydrofuran

Thin layer chromatography
Chlorotrimethylsilane
Trimethylsilylcyanide

Tol-BINAP 2,2’-Bis(di-4-tolylphosphino)-1,1’-binaphthyl

p-TsOH  para-Toluenesulfonic acid
1
Introduction

N. Saracoglu

Pyrrole (1) and indole (2) moieties occur widely in synthetic and natural
products, either as a simple structural unit or as part of more complex an-
nulated systems [1-9]. The pyrrole derivatives 3 and 4 display antibacterial
activity [1-3]. Marine alkaloids (=£)-B-norrhazinal (5) and (-)-rhazinilam
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(6) possess intriguing antimitotic properties [10-14]. Tryptamine (7) and its
derivatives are present in many naturally and synthetically derived molecules
with interesting biological activities [15]. Serotonin (5-hydroxytryptamine)
(8) is a monoamine neurotransmitter synthesized in serotonergic neurons in
the central nervous system (CNS) and enterochromaffin cells in the gastroin-
testinal tract [16]. Melatonin (9) is an important hormone [16]. Vinblastine
(10), isolated from Catharanthus roseus, has been widely used as an agent for
cancer chemotherapy [17-19] (Scheme 1).

1.1
Indole and Pyrrole Rings: Structure and Reactivity

Pyrrole (1) is an aromatic heterocycle with a five-membered, electron-rich
ring [2]. There are three possible points of fusion to the pyrrole ring, a fact
that has important ramifications for the stability of the systems resulting from
fusion with aromatic nuclei. Fusion of a benzene ring at the b-bond, as in
indole (2), does not perturb the benzene nucleus and thus gives rise to sta-
ble compounds [15]. In contrast, fusion at the c-bond, as in isoindole (11),
interrupts the benzene m-sextet, reducing the aromaticity and, consequently,
the stability of the system. Isoindole (benzo[c]pyrrole, 11) is highly reac-
tive [15,20-24]. Although it belongs to a ten-electron aromatic system, 11 is
very reactive towards cycloaddition reactions. Due to its instability, the isoin-
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dole usually has to be generated in situ and used immediately. Indolizine (12)
is an isomer of indole (2) obtained by the transposition of adjacent carbon
and nitrogen atoms at the a-bond [15] (Scheme 2).

4 3 = 2 N\N=

1 2 11 12

Scheme 2

Indole (2) undergoes electrophilic substitution preferentially at the $(C3)-
position whereas pyrrole (1) reacts predominantly at the a(C2)-position [15].
The positional selectivity in these five-membered ring systems is well ex-
plained by the stability of the Wheland intermediates for electrophilic sub-
stitution. The intermediate cations from B (for indole, 2) and «a (for pyrrole,
1) are the more stabilized. Pyrrole compounds can also participate in cy-
cloaddition (Diels-Alder) reactions under certain conditions, such as Lewis
acid catalysis, heating, or high pressure [15]. However, calculations of the
frontier electron population for indole and pyrrole show that the HOMO of
indole exhibits high electron density at the C3 while the HOMO of pyrrole is
high at the C2 position [25-28] (Scheme 3).

H H
Z/ SD(E <—>@O<E - \6 E Z/ S®<—> Z/@,;
R e N y

N H
intermediate for o attack by E* intermediate for B attack by E*
C} Hg/E CI_KH E K: b_
) o - %/ ) EH - \(’3 EH
H H H H
intermediate for B attack by E* intermediate for o attack by E*
oar1 0052 5o
[% 0217@%
H 0.600 029 N 0.219
1 2

Scheme 3



Functionalization of Indole and Pyrrole Cores via Michael-Type Additions 5

1.2
Michael Addition and its Mechanism

Michael addition, also termed 1,4-, or conjugate-addition, or Friedel-Crafts
alkylation, is the conjugate addition of nucleophilic species (Michael donors)
to o,B-unsaturated systems (Michael acceptor; a,p-unsaturated carbonyl com-
pounds, nitriles, esters, phosphates, sulfones, nitroalkenes and alkynoates
among others) creating a new bond at the p-position [29-36]. The Michael re-
action is one of the most important carbon-carbon and carbon-heteroatom
bond-forming reactions in organic synthesis. In some circumstances, add-
ition at the carbonyl atom occurs (i.e., 1,2-addition). The reactivity of Michael
acceptors can be altered so that 1,4-addition would be circumvented in favor
of the a-position of an o,B-unsaturated system. This is known as anti-Michael
addition, contra-Michael addition, abnormal Michael reaction or substitution
at carbon-a [37]. The regioselectivity of the Michael reaction can be inverted
by groups with strongly electron-withdrawing properties at the p-position
and the reaction gives the a-addition product (Scheme 4).

RK\/& Nu

O -
2addton _ J_ taaddton U<
or ~ R OR > R 0R
/\ﬂ_{ NuH NuH 1
X "
Ri NUNU 1,3-addition| R, = strong EWG
NuH
3
R OR
R1/\iOR 1 ©
Nu o
anti-Michael addition

(o-addition)
X2
Ry OR

Michael addition
(B-addition)

Scheme 4

Normally, the nucleophile or the Michael acceptor needs to be activated
in the Michael additions. To achieve this activation, either the nucleophile is
deprotonated with strong bases or the acceptor is activated in the presence
of Lewis acid catalysts under much milder conditions. Recently, important
advances have been made with Lewis acid catalysts and these developments
continue. Four possible mechanisms are suggested for the catalyst action in
conjugate additions to enones under nonbasic conditions [38]. First is the
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M-, He s M~y
|
R Ro Ro Ry "Nu
13a 13b 13c 13d

Scheme 5

formation of carbonyl of enone-metal ion complexes, such as 13a. In the sec-
ond mechanism, the carbonyl oxygen can be protonated by acid to give 13b.
Another is the direct interaction between double bond and transition-metal
catalysts to yield the activated complex 13c. Finally, free radicals, such as in-
termediate 13d, form with the interactions between metal ion, enone and
nucleophile (Scheme 5).

2
Michael Addition Applications for Indole

2.1
Michael Additions of Indoles to Conjugate Systems by Various Acid Catalysts

The lanthanide salts are used increasingly as Lewis acids in organic synthe-
sis. For the first time, the addition of indole and methyl indole to a series of
Michael acceptors in the presence of Yb(OTf)s-3H,;0 has been achieved at
both high and ambient pressure (Table 1) [39,40] (Scheme 6). While the more
reactive and less sterically hindered electrophiles gave the 3-alkylated indoles
in good to excellent yields under ambient pressure, a significant improvement
in yields and reaction time was observed at high pressure.

Table 1 Reaction conditions for Michael products 17 and 18

Ri 0
\

D

Me
Product Time Yield Pressure Catalyst

(days) (%) (kbar)

17R; =H 7 37 Ambient Yb(OTf);3-3H,0
18 Ry = Me 7 3 Ambient Yb(OTf);3-3H,0
17R; =H 7 56 13 Yb(OTf)s3 - 3H,0
18 R, = Me 7 11 13 Yb(OTf)s - 3H,0
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Yb(OTf)33H,0

% . (2.5 mol %) {
N | MeCN N
R R
2 R=H 15 R=H 73%
14 R=Me 16 R=Me 72%

Scheme 6

Nevertheless, Michael acceptors such as phenyl vinylsulfone, ethyl cinna-
mate, methyl acrylate, acrylonitrile and o,p-unsaturated aldehydes failed to
react in the reaction catalyzed by Yb(OTf); - 3H, 0.

Indium halides have emerged as potential Lewis acids imparting high
regio- and chemoselectivity in various chemical transformations [41-43].
The reactions can be carried out under mild conditions either in aqueous
or in non-aqueous media. Yadav et al. demonstrated a superior catalytic
Lewis acid activity of InCls in the conjugative addition of indole (2) and
2-methylindole (19) (Scheme 7) [44].

Ph
InCls
. o Q1
N R | CH,Chy, 1t N R
H H
2 R=H 20 R=H 87%
19 R=Me 21 R=Me 90%

Scheme 7

2-Indolyl-1-nitroalkanes 22 are highly versatile intermediates for the prep-
aration of several biologically active compounds such as melatonin analogs
23, 1,2,3,4-tetrahydro-B-carbolines 24 and triptans 25 (Scheme 8) [45].

R NHCOR" R No, R
N N N
H H H
23 22 24

NH,
RN

\
NI-Z

Scheme 8
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A general and mild InBrs-catalyzed protocol for the conjugate addition
of indoles to nitroalkenes to give 2-indolyl-1-nitroalkanes was described by
Bandini, Umani-Ronchi and et al. [45]. The process performed in aque-
ous media provides the functionalized indoles in excellent yields (99-65%)
and allows catalyst to be reused several times without loss of effectiveness

(Scheme 9).
Me PR No,
o e O

N H,O/ITHF N

[} [}

H H

26 27 28 88%
Scheme 9

The B-carboline skeleton with its 9H-pyrido[3,4-b]indole (29) is frequently
encountered in pharmacology due to its activity in the central nervous sys-
tem at serotonin receptors. It also shows prominent biological properties at
the benzodiazepine receptor (BzR) [45]. ZK 93423 (30) remarkably amplifies
the agonist activity of such compounds towards BzR. 1,2,3,9-Tetrahydro-f-
carbolines are common precursors of B-carbolines [46]. 1,3,4,9-Tetrahydro-

Me
Bn COQEt
\ N \ N
N N
H H
29 30
%\/QOC InBr3 (10 mol%)
NNy ————
\ HoO/THF (9:1)
H
32 3370%

BnO. H,COPh
Q—§\/O\/\/& InBrs (5 mal?%) \
N ph T————————>

N CH.Cl, 30 min
Me

[ §—Z

34 3597%

Scheme 10
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pyrano|3,4-blindoles, such as pemedolac (31) tested as an anti-inflammatory
agent, are well-known potent analgesic agents [47-49]. The synthesis of
tetrahydro-B-carbolines 33 and tetrahydro-pyrano[3,4-b]indoles 35 were re-
alized via an intramolecular Michael addition catalyzed by InBr3 in excellent
yields, both in anhydrous organic and aqueous media (Scheme 10) [50].

Secondary metabolites and marine sponge alkaloids include bis(indolyl)
motifs [51-54]. A general procedure for the synthesis of 1,3-bis(indol-3-
yl)butane-1-ones was developed by Michael additions catalyzed by InBrs/
TMSCI (chlorotrimethylsilane) (Scheme 11) [55]. The use of 10 mol % TM-
SCI increased the rate of the process, as shown in Table 2. It was proposed
that TMSCI promotes the reaction by dissolving the highly insoluble complex
derived from the acceptor and InBrs.

R@_) A/ﬁi—@ InBrs (10 mol%) R_Q—yk/ﬁi—@
A sciomorey  NAL Y

37 38a R OMe
38b R=H

8 =

Scheme 11

Table2 Optimization for the formation of 38a by Michael additions

Lewis Acid (10%) TMSCI Time Yield
(%) (h) (%)

- - 72 0

AlCl3 - 48 Traces

InCl; - 48 75

InBrs - 48 85

InBr3; 10 24 96

Lewis acidity of InBr3; toward coordination and acid nucleophiles was not
affected. Cozzi et al. described a sequential, one-pot InBrs-catalyzed 1,4-
then 1,2-addition to enones, indicating that this is a versatile catalyst for the
Michael additions [56]. When InBrz (10 mol %) catalyst is used together with
trimethylsilylcyanide (TMSCN), the reactions start by the 1,4-conjugate add-
ition of indoles to a,B-ketones and then finish by the 1,2-addition of TMSCN
to the p-substituted ketones in one pot (Scheme 12).

The natural product asterriquinone A1l (41) and asterriquinone derivatives
containing the 3-indolylbenzoquinone structure exhibit a wide spectrum of
biological activities, including antitumor properties, inhibition of HIV re-
verse transcriptase and as an orally active nonpeptidyl mimetic of insulin
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39 MeSiCN 40 (97%)

Scheme 12

with antidiabetic activity [57-63]. At the same time, InBrs catalyzes effi-
ciently the Michael addition of indoles to p-benzo- and naphthoquinones
under mild conditions to give 3-indolylquinones. The reactions proceed
rapidly at room temperature and in dichloromethane. A probable suggested
mechanism is shown in Scheme 13 [64]. Hydroquinone produced from the
first addition to quinone is oxidized with another equivalent of p-quinone in
the formation of indol-3yl-quinones. However, bis(indolyl)hydroquinone (46)
was obtained by the reaction of the parent benzoquinone with indole under
similar conditions in 80% yield (Scheme 13).

{@*In(l)
R
A/+\‘ —

Scheme 13

Treatment of indoles with 2,5,8-quinolinetriones in the presence of a cata-
lytic amount HCI provided the 3-vinylindole derivatives 48a and 48b, which
could be transformed to polyheterocyclic quinone systems through Diels-
Alder reactions (Scheme 14) [65].

With the exception of Yb(OTf);-3H,0, indium salts and Bronsted
acids, there are several metal-based Lewis acid catalysts available for these
Michael reactions, such as a CeCls-7H;0-Nal combination supported on
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Q_§ . X EtOH
N HCI (trace)
[}

N O reflux, 1h
R O Ry
2 R=H 47a R,=H
14R=Me 47b R,=Me
Scheme 14

silica gel [66,67], solid acid (dry Amberlist-15 as a heterogeneous cata-
lyst) [68], bismuth triflate (Bi(OTf)3) [69], aluminum dodecyl sulfate tri-
hydrate [Al(DS)s]-3H,0 in water [70], PdCl,(CH3CN); in ionic 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim][BF,]) [71], SmI3 [72], het-
eropoly acid (H4[Si(W3019)3]) [73], LiClO4 without solvent [74], aluminum-
dodecatungstophosphate (AIPW1,049) [75], ZnBr; supported on hydoxya-
patite (Zn-HAP) [76], Fe-exchanged montmorillonitrite (K10-FeO) [77],
CuBr; [78], ZrOCl, - 8H,0 as a moisture-tolerant [79], ZrCl4 [80], SnCl, [81]
(Scheme 15, Table 3).

Ph
§ —Qp— O

8 I=
-z
-z

-
[3,]

<—NI

Ph

NO,
Sl

aQI-=

Scheme 15

The high diastereoselective synthesis of multifunctionalized 3,4-dihydro-
coumarins bearing a quaternary stereocenter was developed through tan-
dem Michael additions of indole and its derivatives (1-methyl, 2-methyl,
4-methoxy, 5-methoxy, 5-bromo, 6-benzyloxy) to 3-nitrocoumarines (3-nitro-
chromen-2-one, 6- and 7-methyl-3-nitro-chromen-2-one) followed by methyl
vinyl ketone in a one-pot step. For the tandem Michael additions, after the
first Michael reaction of indole (2) with 3-nitrocoumarine (51) catalyzed



12

Table 3 Some catalysts for Michael addition and reaction conditions

Product

15
15
15
15
15
15
15
15
15
15
15
15
49
49
49
49
49
49
49
49
50
50
50
50
50

Catalyst Solvent
CeCl; - 7H, 0, Nal, SiO, MeCN
Bi(OTf); MeCN
Al(DS);-3H,0 Water
Smls MeCN
H4[Si(W3010)5] MeCN
LiClOy4 No solvent
AIPW12040 MeCN
Zn-HAP MeCN
K10-FeO MeCN
CuBr; MeCN
ZrOCl, - 8H,0 No solvent
ZI‘C14 CH2C12
Amberlist-15 dry CH,Cl,
PdCl,(MECN), [bmim][BF4]
Sml3 MeCN
Zn-HAP MeCN
K10-FeO MeCN
CuBr, MeCN
ZI‘C14 CH2C12
SnCl, No solvent
CeCl; . 7H20, NaI, SiOz MeCN
Bi(OTf)3 MeCN
Al(DS);-3H,0 Water
Sml; MeCN
H4[Si(W3010)3] MeCN

Time

(h)

1.5
24

15 min
1.5
10 min

0.25

8 min
24

\S]

24
0.25
5 min

2 min

2.5
12

25 min

Yield

(%)

96
90
20
95
85
90
96
89
83
45
77
92
95
94
85
70
73
83
96
90
96
80
88
95
90

N. Saracoglu

Refs.

[66,67]
(69]
(70]
(72]
(73]
(74]
(75]
(76]
(77]
(78]
(79]
(80]
(68]
(71]
(72]
(76]
(77]
(78]
(80]
(81]
[66, 67]
(69]
(70]
(72]
(73]

by Mg(OTf), in i-PrOH at 20 °C was completed, methyl vinyl ketone was
added directly for the second Michael addition in the presence of a base
(Scheme 16) [82]. The use of PhsP as base provided a higher yield. In
an analogous manner, pyrrole (1) was used as a good Michael donor for
3-nitrocoumarine (51).

O -

Scheme 16

N T-Z

51

QX

O 1.Mg(OTf), i-PrOH, 20°C

>

NO, 2‘\/8\,Ph3P, DME, 20 °C

(91%)
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The bismuth nitrate-catalyzed Michael reaction of enones with amino
compounds is a very simple and efficient method. This method is totally
independent of solvent or external proton source. The reaction of many
structurally diverse indoles with enones under Bi(NOs3)s-catalyzed condi-
tions afforded products at the 3-position of the indole ring in high yield
when this position was unoccupied. When the 3-position was occupied by
a substituent, the reaction took place at the 2-position of the indole ring
(Scheme 17) [83, 84].

Ph Bn
\ ° {
N N
H

5
Scheme 17

@ T
'hI—Z

55

2-Substituted indoles are potential intermediates for many alkaloids and
pharmacologically important substances. There is a need for yet easier ac-
cess to the methods for the preparation of 2-substituted indoles. Generally,
restricted methods have been reported for the preparation of 2-substituted
indoles. Recently, a new approach for synthesis of 2-substituted indole deriva-
tives with Michael addition was disclosed [84]. This synthesis strategy is
based on a dipole change by transforming the indole ring into a pyrrole
derivative. First, indole reduces the benzene ring but not the pyrrole ring
to form 4,7-dihydroindole (57) and 4,5,6,7-tetrahydroindole. The Bi(NO3)3-
catalyzed Michael reaction of 4,7-dihydroindole (57), which is now a pyrrole
derivative, with a,B-unsaturated carbonyl compounds, followed by oxidation
gave the 2-substituted indole derivatives (60-63) (Scheme 18).

Several iodine-catalyzed organic transformations have been reported.
Iodine-catalyzed reactions are acid-induced processes. Molecular iodine has
received considerable attention because it is an inexpensive, nontoxic and
readily available catalyst for various organic transformations under mild and
convenient conditions. Michael additions of indoles with unsaturated ke-
tones were achieved in the presence of catalytic amounts of iodine under
both solvent-free conditions and in anhydrous EtOH (Scheme 19) [85, 86].
I,-catalyzed Michael addition of indole and pyrrole to nitroolefins was also
reported (Scheme 20) [87].

Recently, many organic reactions have been accelerated by ultrasonic ir-
radiation. The advantageous use of ultrasonic irradiation for activating var-
ious reactions proceeding via single electron transfer or radical mechanisms
is well reported. The procedure provides higher yields, shorter reaction times
or milder conditions for a large number of organic reactions. Ultrasound-
accelerated Michael additions of indoles to unsaturated ketones catalyzed by
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X NO2 |ndo|e2 O ~aNO2
I2 (0.5 mmol)

.
ether, rt, 60 h o O
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67
\ \ @Z’f
N N N e
H H H
50 69 70
Scheme 20

~
-

ceric ammonium nitrate (CAN) [88], para-toluenesulfonic acid (p-TsOH) [89]
and silica sulfuric acid [90] have been published (Scheme 21)
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Ry

Q—§ . R, catalyst, rt \
| »

N
H Re
2

R1

I-=z

rt
SiO,TOH + CISOsH —> |Si0,TOSO;H + HCI

silica sulfuric acid

Scheme 21

2.2
Michael Additions of Indoles Under Basic and Neutral Conditions

Organophosphorus compounds are used in organic synthesis as both direct
catalyst and as ligands for a number of transition metal catalysts [91, 92].
Conjugated acetylenes are used as Michael acceptors, which undergo Michael
reaction with nucleophiles to yield the expected B-adduct. The regioselect-
ivity for Michael additions using triphenylphosphine as a catalyst reoriented
the reaction from the B-addition to the a-addition. Michael additions of in-
dole and pyrrole to ethyl 2-propiolate in the presence of PhsP are unusual
examples of a-addition of an N-nucleophile in the chemistry of indole and
pyrrole. Initially, the treatment of conjugated acetylene with PhsP resulted
in the formation of the vinylphosphonium intermediate. This intermediate
serves as an o-Michael acceptor followed by proton shift and elimination of
triphenylphosphine to give the a-Michael addition product (Scheme 22) [93].
It was shown that triphenylphosphine could serve as a general base catalyst
for Michael additions.

— NuH " COR_Nu + COR
PhP + =—COR — i | PhyP 220" php Y
Nu
73a R=Me
73b R=Et

H* shift
then - PhgP
yCOzR CO;R
! X

CO.R
Y, v 4

74a R=Me 75a R=Me
74b R=Et 75b R=Et

Scheme 22
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The formation of 3-substituted indoles is usually achieved in the acid
catalyzed conditions as mentioned above. The studies concerning the
additions of indoles to electron-deficient alkenes in basic and neutral
media is less known. The Michael additions of dicyclohexylammonium
2-(diethoxyphosphoryl)acrylate (76) to indole and electron-rich indoles pro-
duced regioselectively the 3-substituted indoles (78a-c) in high yield without
any external catalyst. The addition of electron-deficient indoles to acrylate 76
gave N-substituted indoles (80d-e). The formation of 3- and N-substituted
indoles can be explained by the fact that the regioselectivity of the addition
is strongly controlled by electronic effects (Scheme 23) [94]. The conjugate
additions of unsaturated phosphorous molecules 82a and 82b as Michael ac-
ceptors toward indoles have been investigated in both acidic (glacial acetic
acid) and basic (NaH) conditions (Scheme 24 and Table 4) [95]. The results
show that the electron-donating character of the substituent at the C-5 fa-
vors the localization of negative charge at the C-3 atom. On the other hand,
an electron-withdrawing substituent (e.g., nitro) orients the reaction to aza-
Michael addition.

1 ]
P(OEt),

H R
EtO CO,NHy* (CaHiy )y ———13€C 5 WO{NH{(CSH”)Q
CH20|2 rt R

N 1
78-83% H
78a-c
O_) ion-exchange
CH-Clo rt column
2=t ) (98-100%)
73-80%
BOd- P(OEt),
Ion-exchange WOQH
column N~ R
(98-100%) |l|
R 79a R=R,=H
\ 79b R{=HR;=OMe
N 79¢ R1:CH3 R2:H
P(OEt),
COH
81d R=NO,
81e R=CN
Scheme 23

Photoinduced reaction for the 1,4-addition of indoles to enones has
also occurred with modest to excellent yield for cyclic and some acrylic
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Q
9 R P(OEt), R
(EtO)P~_Z .
v e O Op
N N Q
82a 7=P(O)(OEt) |l| P(OEt),
82b Z=CO,Et 83 84
Z

Scheme 24
Table 4 Reaction conditions for Michael adducts 83 and 84
Reaction condition R Z Product Ratio of crude

products (%)

AcOH, reflux H P(O)(OEt), 83a + 84a 56 + 44
F P(0)(OEt), 83b + 84b 63 + 27
OMe P(O)(OEt), 83c + 84c 80 + 20
H CO,Et 83d ca. 100
F CO,Et 83e ca. 100
OMe CO,Et 83f ca. 100
NaH, THE, rt H P(O)(OEt), 84a ca. 100
F P(0)(OEt), 84b ca. 100
OMe P(O)(OEt), 84c ca. 100
H CO,Et 83d + 84d 82 +18
F CO,Et 83e + 84e 65+ 35
OMe CO,Et 83f + 84f 40 + 60
NO, P(O)(OEt), 84g ca. 100

enones [96]. The reaction is performed by irradiation (UVA lamps, ca.
350 nm) of the reactants in CH,Cl, at room temperature under neutral con-
ditions and avoids the necessity to use a Lewis acid or any base. CH,Cl, and
CHClI; are the optimal solvents and electron-withdrawing groups on the in-
dole moiety can suppress this reaction. The photoinduced electron transfer
mechanism for the reaction as shown in Scheme 25 has been proposed. Ac-
cording to this mechanism, the indoles can react through pathways involving
single electron transfer (SET). SET between the triplet exited state of enone
and indole results in the formation of the radical ions, which combine to give
the 1,4-adduct followed by tautomerization.

Conjugate addition of indole to nitroolefins was carried out by thermal
heating in a sealed tube or by addition of indolyl magnesium iodide or mi-
crowave irradiation. The results indicated that the microwave technique is
most efficient with respect to time and yield (Scheme 26) [97].
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i Grignard reaction: 5 min, 71%
ii:Sealed tube: benzene, 120 °C, 48 h, 80%
iii:Microwave irridiation: 2 min, 95%
Scheme 26
23

Enantioselective Michael Additions

The catalytic enantioselective addition of aromatic C—H bonds to alkenes
would provide a simple and attractive method for the formation of opti-
cally active aryl substituted compounds from easily available starting ma-
terials. The first catalytic, highly enantioselective Michael addition of in-
doles was reported by Jorgensen and coworkers. The reactions used o,p-
unsaturated o-ketoesters and alkylidene malonates as Michael acceptors cat-
alyzed by the chiral bisoxazoline (BOX)-metal(II) complexes as described in
Scheme 27 [98, 99].

Catalyst (S)-90c, which is more stable toward air than the copper catalyst
(5)-90a, is an effective catalyst for the formation of 91, with up to 87% ee.
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19

The enantioselective reactions of indoles using alkylidene malonates gave the
alkylation products 92 in excellent yield and with moderate ee.

The enantioselective alkylation of indoles catalyzed by C2-symmetric chi-
ral bisoxazoline-metal complexes 90 encouraged many groups to develop
superior asymmetric catalysts which are cheap, accessible, air-stable and
water-tolerant. Other analogs of the bisoxazoline-metal complex 90 as chiral
catalysts and new Michael acceptors have also been studied. The enantio-
selective alkylations of indole derivatives with o'-hydroxy enones using
Cu(II)-bis(oxazoline) catalysts 93 and 94 provided the adducts in good yields

R
N~ Rs

|
Ry

77b

Scheme 28

SR

z,

0

z

tBu TfO OTf ‘Bu tBy TFO OTf Bu
93 94
OH
R, R
93(10 mol%) {
—_—
CH,Cl,, 25°C N~ Rs
2h R4
95 96 (96%; 97% ee)
R=CH,CH,Ph
R1=R3=H
R,=OMe
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and enantiomeric excess. The catalytic system showed remarkable perform-
ance at 0 or 25 °C, or even at refluxing conditions (40 °C) (Scheme 28) [100].
Enones bearing a branched B-position showed lower selectivity using catalyst
93, but high enantiomeric excesses using catalyst 94. A distorted square pla-
nar geometry around copper is believed to elicit the selectivity as shown in
Fig. 1.

2 -
Me. Me Hy 2 2TfO
Mek 7 CH3

blocked (Re) face—\‘

25

Qu
accessible (Sij) face-/\

H/TMe

Fig.1 Stereochemical model for acceptor-catalyst complex

The additions of indoles to ethenetricarboxylates as Michael acceptors in
the presence of copper(II) complexes (10%) of chiral bisoxazolines (97-100)
under mild conditions gave the alkylated products in high yield and up to
96% ee [101]. The observed enantioselectivity could be explained by sec-
ondary orbital interaction on approach of indole to the less hindered side of
the 102-Cu(II)-ligand complex. The chiral ligands 97-99 of the catalyst gave
similar ee%. The phenyl derivative 100 produced inferior results compared
to 97-99, while (S,S)-2,6-bis(4-isopropyl-2-oxazoline-2-yl)pyridine (101) gave
no reaction (Scheme 29) [56]. The enantioselective alkylation of indoles with
arylidene malonates catalyzed by i-Pr-bisoxazoline-Cu(OTf), was also re-
ported [102].

@?@5 @?@3 @p@

w

ipr R P
R s R=fBu '
99 R=Bn
100 R=Ph o
t
EtO,.C~ 2

EtO,C_-COEt 1* CO.Et
OJ W
N
X |

102 X=OR, R, NR, 103
Scheme 29
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A variety of chiral Lewis acid catalysts generated in situ from (S)-Ph-
bisoxazoline 100 and metal salts, such as Fe(ClO4); - xH,0, CuOTf, Mg(OTf),,
AgOTf, Pd(OAc),, Cu(OTf),, Ni(OTf), and Zn(OTf),, were used to produce
nitroalkylated indoles. The results show that bisoxazoline-Zn(II) complex
109 is the best catalyst and gave fast reaction in excellent yield and high
enantioselectivities. In order to test ligand effect, asymmetric Friedel-Crafts
alkylations of indoles with nitroalkenes were subsequently investigated by
different chiral bisoxazoline 98-101, 104-107 and oxazoline 108 ligands, and
Zn(OTf); as Lewis acid. The ligand 100 was found to be the best ligand for
providing the highest yields and enantioselectivity, whereas the tridentate
pyridine-oxazoline ligand 101 was completely inactive (Scheme 30) [103].

@?@3 @?@

N N
ipr Ph Ph
105 106
\\)\@ £ ]’
N~/ N""pp
Ph \ /
107 108

Scheme 30

A series of chiral C2-symmetric tridentate bis(oxazoline) 110, 112 and
bis(thiazoline) 111, in which a diphenylamine unit links the two chiral ox-
azolines, was used for a more practical and efficient catalytic asymmetric
alkylation of indoles with nitroalkenes (Scheme 31) [104]. The alkylation of
indole with trans-p-nitrostyrene in toluene at room temperature has been
accomplished with 110d-Zn(OTf); or 113-Zn(OTf), as the catalyst. The ob-
tained results show that the NH group in ligands 110-112 is crucial. Indole

s erPandhs

$
% N

R R Ff Ph bh Ph ’Ph Bn Bn

Ly
R
110 111 112 113

a: R=CHMe, b: R=CH,CHMe,
c: R=Ph d: R=CH,Ph e: R=CMej3

Scheme 31
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m-interaction with the NH group between two phenyl groups would direct the
indole to attack the nitroalkenes preferentially.

Enantioselective additions of a,B-unsaturated 2-acyl imidazoles, catalyzed
by bis(oxazolinyl)pyridine-scandium(III)triflate complex, were used for the
asymmetric synthesis of 3-substituted indoles. The complex 114 was one of
the most promising catalysts. The choice of acetonitrile as the solvent and
the use of 4 A molecular sieves were also found to be advantageous. The 2-
acyl imidazole residue in the alkylation products of a,p-unsaturated 2-acyl
imidazoles could be transformed into synthetically useful amides, esters, car-
boxylic acid, ketones, and aldehydes (Scheme 32) [105]. Moreover, the catalyst
114 produced both the intramolecular indole alkylation and the 2-substituted
indoles in good yield and enantioselectivity (Scheme 33) [106]. The complex

| S
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N—d —N</"™ RN NN
TfO/jC\OTf fN\/)
OTf Me
114 115a: R=Me, b: R=Et,
c:R=j-Pr, d: R=nBu,
e: R=CO,Et, f: R=Ph
0 Q
R N Me
+115a 3 ) % Nu
N\ 1md %114 { W J)Mel DVF, 80°C \
—_— —_
N MeCN, 4AMS N 2)NuH, rt N
Me  -40°C, 16 h Me NuH=MeOH, ETOH, Me
14 116a (97%; 98% ee)  i-PrOH, i-PrNHy 17
R=Me Morpholine, PhNH,

Scheme 32
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114 was also an efficient catalyst for the Michael addition of electron-rich
indoles to a,p-unsaturated phosphonates [107].

Several pseudo-C3-symmetric homo- and hetero-trisoxazolines have been
developed and applied successfully in the asymmetric Michael-type alkyla-
tion of indoles with alkylidene malonates. The C3-symmetric trisoxazoline
121a-copper(ClOy4), - 6H,0 complex, as a catalyst, is an air- and water-stable
compound (Scheme 34) [108-110].

R r,‘ Pr Pr, Pr
JI\EA; ’S (\J}\Eﬂ; P P {\1 ,\, /SP
121 & R='F>rR /©
b: R='Bu
Scheme 34

As a parallel to the rapid growth of asymmetric catalysis, chiral imida-
zolidinon-HX salts 124a—c were used as catalysts for Michael-type alkylations
between indoles and o,B-unsaturated aldehydes with high levels of enan-
tioselectivity and reaction efficiency. This chiral catalyst system is the first
reported nonchelating catalyst for indole alkylation. It was assumed that the
catalyst reacts with the unsaturated aldehydes to yield the chiral and highly
reactive iminium intermediate, which influences both the LUMO-lowering
activation of aldehydes and stereoselectivity in the alkylation of indoles
(Scheme 35) [111,112].

/} /\/ﬂ\ 124a (20 mol%)
X >
Me H  CH,CL-H,0

H HX 125 83°C
124 a: HX=TFA
b: HX= p-TsOH
c¢: HX=2-NO,PhCO,H

127 (82%; 92% ee)
Scheme 35
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Aluminum salen complexes have been identified as effective catalysts for
asymmetric conjugate addition reactions of indoles [113-115]. The chiral
Al(salen)Cl complex 128, which is commercially available, in the presence
of additives such as aniline, pyridine and 2,6-lutidine, effectively catalyzed
the enantioselective Michael-type addition of indoles to (E)-arylcrotyl ke-
tones [115]. Interestingly, this catalyst system was used for the stereoselective
Michael addition of indoles to aromatic nitroolefins in moderate enantiose-
lectivity (Scheme 36). The Michael addition product 130 was easily reduced
to the optically active tryptamine 131 with lithium aluminum hydride and
without racemization during the process. This process provides a valuable
protocol for the production of potential biologically active, enantiomerically
enriched tryptamine precursors [116].

( )
— N—
ZIN
do Cl
(R,R)-[Al(salen)Cl] 129 (98%; 80% ee at room temp. for 48 h)
128 (68%; 89% ee at -15°C for 96 h)
\\§ J

LiAIH,
—_—
THF/12 h

131 (58%, 53% ee)
Scheme 36

The supposed mechanism for Al(salen)Cl/amine catalyzed 1,4-addition in-
volves a crucial stereocontrolled formation of an intermediate octahedral
Schiff base-aluminum enolate 132 as depicted in Fig. 2.

or
\
Q—Wb(ﬁw B=amine
B

[Al=Al(salen)
H

132
Fig.2 Intermediate for Al(salen)Cl/amine-catalyzed Michael addition
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In an analogous manner, Al-Schiff base complexes possessing different
chiral backbones for the 1,4-addition of both enones, nitroalkenes and in-
tramolecular were investigated (Scheme 37) [114-116]. For example, while
the base-free protocol of the Al(salen)Cl 128 gave 133 in 80% and 55% ee, Al-
Schiff base complexes 134-137 showed different yields (90, 54, 54 and 38%,
respectively) and enantioselectivity (39, 0, 5 and 23%, respectively). More-
over, the stereocontrolled synthesis of polycyclic indole compounds, such
as tetrahydro-carbolines and their oxygen analogs, via intramolecular pro-
cesses, using Al(salen)Cl and the unprecedented bimetallic Al(salen)Cl-InBr;3
system as promising chiral Lewis acids, has been presented [117].

Qg = {go : og}

{gb d%}

X=adamantyl

Scheme 37

a,B-Unsaturated S-(1,3-benzooxazol-2-yl) thioesters 139 have been synthe-
sized and effectively employed as electrophiles in the stereoselective alky-
lations of indoles in the presence of a catalytic amount of chiral cationic
Tol-BINAP-PA(II) complex 138. The catalyst 138 was prepared in situ from
PdCl,(MeCN); (1 equiv.), (S)-Tol-BINAP (1 equiv.) in toluene and AgSbF¢ (2
equiv.). The 1,4-adducts could be used for the synthesis of key building blocks
bearing asymmetric centers as (R)-141 (Scheme 38) [118].

The simply obtainable thiourea compounds 142-145 were the first organo-
catalysts for the catalytic conjugate addition of indoles with nitroalkenes
to yield optically active 2-indolyl-1-nitro derivative as 2R-50 in fairly good
yields and enantioselectivity. The simple thiourea-based organocatalyst 145
could be easily accessed in both enantiomeric forms from the commercially
available materials. At the same time, the extremely simple methodology has
proved the new approach useful for the synthesis of optically active target
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compounds such as the tryptamine derivative 146 and the 1,2,3,4-tetrahydro-
pB-carboline core 147 (Scheme 39) [119]. The catalyst 145a would act in a bi-
functional fashion and while the nitroalkene is activated by two thiourea
hydrogen atoms, the free alcoholic function of organocatalyst will interact
with the indolic proton through a weak hydrogen bond. Thus, the indole as
nucleophile will attack on the Si face of the nitroolefin, as depicted in Fig. 3.
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H H H H H H OH
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Fs F3
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b: X=0
Ph Ph R
* * *
Qg e == Ot o = Qg
\ N Y Pn
H H H
146 (85ee) R-50 (85ee) 147 (85¢e)

Scheme 39
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Fig.3 Possible bifunctional approach to Michael components of the organocatalyst 145a

Recently, a small library of novel axially chiral bis-arylthioureas 148-161
as chiral organocatalyst has been prepared and evaluated for the asymmet-
ric addition of N-methylindole to nitroolefins. Initial studies have shown that
the relatively simple and readily prepared (S)-154 is the optimal structure

(Scheme 40) [120].

Chiral bis-sulfonamides 162-163 are a new group of organocatalysts for the
enantioselective Friedel-Crafts alkylation of indoles to nitroolefins. The hy-

148 X=0, R=S0,-4-Me-CgH4
149 X=0, R=cyclohexyl

150 X=O, R=C6 5

151 X=0, R=2,6-Me-CgHs
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1154 %59, R=3.5:0F3:Catla
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W B
f e TR
R'NHTTNH O O
o Br

160 R=3,5-C F3-C6H3

NH NH

157 X=0, W=Br, Z=H, R=C4F5 161 R=CgH;
158 X=0, W=Br, Z=Br, R=C4Fs
159 X=0, W=Z=H, R=3,5-CF3-C¢H3

o
H

163a: R=Tf
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drogen bond between the catalysts prepared from the chiral diamines and the
oxygen atoms of the nitroolefin plays a very important role both in activating
the olefin and determining the enantioselectivity of the reaction. The catalyst
is used at only 2% and the reactions proceed in high yields from 64% ee to
> 98% ee after crystallization (Scheme 41) [121].

24
Designs of Natural Products or Possible Biologically Active Molecules

The indole[2,3-a]carbazole is a fundamental nucleus of biologically active
natural products such as K-252a (165), staurosporine 166 and aglycone 167.
K-252a (165) is implicated in the regulation of various cellular processes
including growth, differentiation and antitumor activity. Staurosporine 166

98 Ys®

N
iMe
""”002 Me

165 OH

COgMe

170R Ph 172 R=F’
169 171 R=Me 173 R=Me

N (0]

MeO COzMe
o%}‘ 1% O
NH
175R=Ph =
177 R=Me 178 Eﬂ;
— o 176R=Ph
178 R=Me
179 R=Ph
180 R=Me

Scheme 42
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exhibits hypotensive and antimicrobial activity and aglycone 167 shows in-
teresting antitumor activity (Scheme 42) [122-132]. While 2,2’-bis-indolyl
168 reacted by dimethyl acetylenedicarboxylate (DMAD, 169) in acetonitrile
at 110°C to give Michael addition product 174 as a single isomer in 17%
yield, the reaction of 168 with N-phenylmaleimide (170) gave a fully aro-
matized product 176 and the Michael addition product 175 in low yields.
N-Methylmaleimide 171 treated with bis-indolyl 168 gave a low yield of the
AT2433-B aglycone 178 and the Michael product 177 (45%) as the major
product. The phenylsulfinylmaleimides 172 and 173 reacted rapidly with 168
to give the Michael addition-elimination products 179 and 180. These prod-
ucts were efficiently photocyclized into indolecarbazoles 176 (80%) and 178
(90%) (Scheme 42) [133, 134].

The indole[2,3-a]carbazole 185 possessing the rebeccamycin aglycone
unit [122-132,135,136] was synthesized from the reaction of N-methyl-
maleimide and 2,2'-bisindolyl 181 via Michael type addition. In the presence
of aluminum trichloride, the bisindole reacts to form the Michael adducts 182
and 183. The mono-Michael adduct 182 was dehydrogenated in the presence
of Pd/C in a one pot procedure to produce 184 and 185 (Scheme 43) [137].

Scheme 43

Due to the widespread use of structurally diverse amino acid deriva-
tives in practically all areas of the physical and life sciences, the synthesis
and applications of these compounds are of fundamental importance. Het-
erocyclic B-substituted-a-alanines are non-proteinogenic amino acids that
are widely found in nature [138-147]. Naturally occurring B-amino acids
are also compounds with interesting pharmacological aspects. N,N-Bis(tert-
butyloxycarbonyl)-dehydroalanine methyl ester (186) was reacted at room
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temperature with one equivalent of indole (2) in acetonitrile and six equivalents
of potassium carbonate to give the tryptophan isoester 187. The products of
the reaction with 3-formylindole, 3-methylindole, 7-azaindole, carbazole and
3-carboxy-ethycarbazole are isoesters of the corresponding f3-substituted ala-
nine amino acids 188-192. The products are synthesized in high yields by an
aza-Michael addition of nucleophiles to the acceptor 186 using mild reaction
conditions and simple work-up procedures [148]. New -amino esters 194-195
were synthesized via conjugate additions (Scheme 44) [149].

Nu
NuH /’[
(BochN™ ~CO,Me K,CO/MeCN (Boc)N', 'CO,Me
186 187-192 (c-amino ester)
Nu
NuH
BocHN\)L BOCHN\/y[
COMe . coy/MeCN H CO2Me
193 194-195 (B-amino ester)

— R _
1 CO;Me CO;Me { CO,Me L CO,Me 1 CO,Me
Lo oo oo Lo

N(Boc
N(Boc), (Bock N(Boc), NHBoo NHBoc
187 R=H 190 191 R=H 194 195
188 R=CHO 192 R=CO,Et
189 R=CH,
Scheme 44

Silica-supported Lewis acids are useful catalysts with microwave ir-
radiation for conjugate additions. The silica-supported catalysts are ob-
tained by treatment of silica with ZnCl, [Si(Zn)], Et;AICI [Si(Al)] or TiCly
[Si(Ti)] [150-152]. The Michael addition of methyl a-acetamidoacrylate (196)
with indole (2) under Si(M) heterogeneous catalysis assisted by microwave ir-
radiation afforded the alanine derivative 197 within 15 min and/or bis-indolyl
198, depending on the reaction conditions (Scheme 45) [153]. While the bis-
indolyl product 198 is only formed when Si(Zn) was used as catalyst, the
alanine derivative 197, as a single product is formed under thermal heating
in a yield of 12%. The best yields were observed with Si(Al) (Table 5). The
product 198 was obtained by elimination of acetamide followed by a-Michael
addition between intermediate 199 with a second mole of indole.

Tricyclic compounds containing an indole skeleton fused to another cyclic
or heterocyclic moiety such as 200-202 are well known and display var-
ious pharmacological properties (Scheme 46) [154-160]. 2,3-Dihydro-1,4-
benzooxazine derivatives 203-204 are promising scaffolds for pharmacolog-
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CO,Me MeO.C
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N 4
N .
. -MeCONH, . indole (2)
N [}
K\
Y CO,Me
Vs
N 199
Scheme 45
Table 5 Reactions of indole 2 with 196 using silica-supported Lewis acids
Molar ratio Catalyst  Reaction conditions Product Yield
(indole: methyl
a-acetamidoacrylate) (%)
1:1 Si(Zn) 15 min, 270 W, 80°C 198 37
1:1 Si(Al) 15 min, 150 W, 70°C 197 + 198 39 + 54
1:1 Si(Ti) 15 min, 150 W, 70°C 197 + 198 18 + 22
1:2 Si(Al) 15 min, 90 W, 50 °C 197 + 198 50 +23
1:2 Si(Al) 15 min, 50 °C 198 12
R R
N, N,
Ry //( Rz
(6} </O NH,
N N~ OOt N
| H H
R3
200 201 202
Scheme 46

ically active compounds such as anticancer or central nervous system (CNS)
agents. New 1,4-oxazinoindole structures 205-208 were synthesized by the
Hemetsberger reaction as depicted in Scheme 47 and the reactivity of lin-
ear derivatives was investigated. In order to generate new tetracyclic indole
nuclei, aza-Michael addition of tert-butyl acrylate to compound 205 in the
presence of a catalytic amount of Triton B in N,N-dimethylformamide pro-
vided the N-alkylated derivative. After acidic hydrolysis of the ester with
trifluoroacetic acid in dichloromethane, electrophilic cyclization of acid 209
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was carried out in polyphosphoric acid trimethylsilyl ester (PPSE) in reflux-
ing dichloroethane to give tetracyclic ketone 210. According to the proced-
ure described below, the ketone 211 was synthesized from compound 207
(Scheme 47) [161].

Dopamine receptors can be classified into two main categories as D; and
D, receptors [162-164]. SCH 23390 (212a) and SKF 38393 (212b) are syn-
thetic compounds that act as dopamine D; receptor antagonists and are used
as research tools (Scheme 48) [162-165]. As an extension of the peri-fused
congener of phenylazepinoindole derivative 213, studies on the synthesis
and dopamine receptor binding properties of regioisomeric analogs 214-217
have been described (Scheme 49) [165-168]. While the key reaction step for
the synthesis of 214 and 215 is Pictet-Spengler cyclization, the crucial step

e

. | & & &

=

L3

213 214 215
OH Ph
Ri -Me
N
212a R=Me, R{=CI \ \ Ph
212b R=H, R{=OH N N
. J H
216 217 \/N\
H

Scheme 48
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for compounds 216-217 is the Michael addition reaction [165]. The syn-
thesis of the azepino[4,5-b]indole 216 was achieved by starting from the
indole-2-acetic acid (218). Michael addition product 213 obtained from 218
and B-nitrostyrene was subjected to catalytic hydrogenation using Pd/C in
methanol to reduce the nitro group. Under these conditions, ring closure of
the intermediate primary amine gave the lactam 220. Borane reduction of 220
followed by the reaction of formaldehyde in the presence of NaCNBHj3 re-
sulted in the formation of the N-methyl derivatives 216 and 221. The starting
point for the synthesis of the target compound 217 is the directed metal-
lation of the acetal 222 and Michael addition of the corresponding indolyl
lithium intermediate with B-nitrostyrene to give 223. The compound 217 was
obtained by a similar strategy (Scheme 49) [165].

Ph NO,
N N
218 219
PdIC
MeOH
Ph Ph
2. HCHO
N NaCNBH, N 0
221
NO2 217 "\
CH(OEt) H(OEH),

Scheme 49

Bis(indolyl)alkanes and their derivatives constitute an important part
of bioactive metabolites both synthetic and natural terrestrial and ma-
rine origins [169-174]. Bioactive bis(indolyl)ethylamines 224-226 have re-
cently been reported from marine sources, such as a tunicate and a sponge
(Scheme 50) [169-173]. There are a few synthetic methods for synthesis of
bis(indolyl)ethylamines [175, 176]. But methods are materializing with either
strong reaction conditions or in very low or wide ranging yields.

Recently, the use of 3-(2’-nitrovinyl)indole (227) as a Michael acceptor
with indoles as nucleophile have been reported [174, 177]. Michael reaction
of 227 with eight 3-unsubstituted indoles (2, 14, 19, 228-235) on TLC-grade
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Scheme 50

silica gel, which acts as a mild acidic catalyst, under microwave irradiation
or room temperature gave unsymmetrical bis(indolyl)nitroethanes (236a-h)
in excellent yields (69-86%) (Scheme 51 and Table 6). But, the conjugate
addition of the indole derivatives 233-235 with 227 failed. This situation
was attributed to the fact that silica gel is not sufficiently acidic to catalyze
the desired Michael addition. In order to overcome this difficulty, the re-
actions of 2, 14, 19 and 228-235 with 220 were performed in acetonitrile
under reflux using p-TsOH (25% wt) as the catalyst. Although all indoles gave
the expected unsymmetrical bis(indolyl)nitroethanes, 1-acetylindole (235)

_ NO, R,
Ra ilica gel G
silica ge
) * R ! Hw, 7-12min
N TN or tt, 8-14h
R

227 214,19

228235

Scheme 51

Table 6 Addition products of Michael acceptor 227

Indole R Ry R, R;3 Product
2 H H H H 236a
14 Me H H H 236b
19 H Me H H 236¢
228 Me H Br H 236d
229 Et H H 236e
230 ipr H H H 236f
231 H H Br H 236g
232 Me Me H H 236h
233 H H H Me -
234 Me H H Me -
235 Ac H H H -
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did not provide the expected product. Interestingly, 1-alkylindoles 14 and
228-230 furnished both the expected products (52-63%) and the symmetri-
cal bis(indolyl)nitroethanes as minor products (20-27%) (Scheme 52) [174,
177]. The formation mechanism for the unexpected symmetrical product
237 is shown in Scheme 51. The corresponding unsymmetrical products for
all the reactions are the initial reaction products, which underwent acid-
catalyzed elimination of an indole molecule. Michael addition of the formed
relevant intermediate cation with 1-alkylindole produced the symmetrical
bis(indolyl)nitroethanes as secondary product. The driving force for the
formation of these products is the increased electron density arising from
1-alkylation of the indole.

___NO, Br
N I‘\l MeCN, reflux
H
Me

27 228 236d (56%) 237
' P
: + H+ ,1
1 -Indole (2 . 228
' @ 0 -H

(Michael addition)
Me.® Br
\ NO,
238
Scheme 52

The methodology described above could be successfully applied for the
synthesis of compound 240, containing the core structure of the marine
metabolites 225, and 226 starting from N-acetyltryptamine (239). Further-
more, the symmetrical bis(indolyl)nitroethane 236a, as a model structure,
could be reduced to the corresponding amine, isolated as its N-acetyl deriva-
tive 241 (Scheme 53) [174, 177].

Although p-carbolines, which were mentioned earlier, could be synthe-
sized via tyrptamines, 4-substituted p-carbolines lacking substitution at the
3-position are well represented in the literature. The conjugate additions of in-
dole (2) and 5-hydroxyindole (242) to methyl B-nitroacrylate (243) under the
CeCls - 7H,0 — Nal — SiO; catalyst system are rare examples of the a-Michael
reaction for indoles. The five-step synthesis of 4-substituted p-carboline 248
was reported using Michael addition product 244 (Scheme 54) [66, 67].



36 N. Saracoglu

NHAc
NHAc O \
227 NO,
{ N
N p-TsOH 4
H MeCN, reflux, 5 h HN
239 240
HN O HN O
=~ 1. HCO,NH,4, 10% Pd-C =~
NO, MeOH, reflux, 6 h NHAc
O \ 2. Ac,O/Pyridine, rt, 12 h O \
N N
H H
236a 241
Scheme 53
R R MEOZC
CeCl3H0
% +MeOC ANy WNOZ
N 2 Nal, SiO, N
H
2 R=H 243 244R=H
242 R=0OH 245R=0H
1. Ho/Ra-Ni
2. HCl-dioxane
MeO,C MeO,C
o o2 1. HCHO MeOQ
b N T ienes N\ N Kacos | NHzHC
H reflux N EtOAG H
248 247 246
Scheme 54

The ethyl aluminum dichloride-catalyzed Michael alkylations of some in-
doles with N-(diphenylmethylene)-a,3-didehydroamino acid esters allowed
successful short synthesis of the tryptophan derivative and the 1,1-diphenyl-
p-carboline derivatives, as well as compounds 253 and 252 (Scheme 55) [178].

Due to their interesting complex structure and biological activity, indole
alkaloids such as strychnine (254), vindorosine (255) and vindoline (256)
have attracted considerable attention. Vindoline is a key component in the
preparation of the antitumor drugs vincristine and vinblastine (10) [17-
19,179-183]. These alkaloids include the same tetracyclic core 257 known
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as Biichi ketone (Scheme 56). As a first step for the synthesis of Biichi ke-
tone 257 [184, 185], tryptamine derivative 259 was efficiently prepared by
coupling N-benzyltryptamine (258) with (E)-4-oxo-2-pentenoic acid [186].

A
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NHBn N, _o
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Bn
N (0]
tBUOK THF H
T mec B — 257
N’ o
H
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Scheme 56
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Treating 259 with ‘BuOK in THF at - 78 °C gave the polycyclic adduct 261 in
low yield (14%). Unexpectedly, when 259 was treated overnight with silica gel
in CH;Cl,, imino-spiro compound 260 was provided in good yield (79%). The
base-catalyzed imino-aldol cyclization of 260 at - 78 °C afforded tetracyclic
compound 261 in excellent yield (85%) and as a single diastereoisomer. The
intramolecular Michael addition is the key step for both of these reactions.
The synthesis of the Biichi ketone 257 from compound 260 was achieved
using an eight-step reaction (Scheme 56) [186].

2.5
Miscellaneous Michael Additions for Indoles

Masked o-benzoquinones, as the most accessible type of cyclohexa-2,4-
dienones, are of immense synthetic potential [187-193]. At both room tem-
perature and reflux, the dienones 263 generated in situ from commercially
available 2-methoxyphenols 262 by adding (diacetoxyiodo)benzene (DAIB, 1
equiv.) at 0 °C in MeOH underwent unusual Michael addition to indoles (2,
19, 264) followed by aromatization of the adducts to give highly functional-
ized 2-arylindoles 265a—c in excellent yields (Scheme 57) [193].

Br
OH \
N
OMe paB 264 H
—_—
MeOH, 0°C it or reflux
262a R=CO,Me 263a -c 265a¢ Rq=H, Ry,=Br
262b R=COMe . 265a-c R1=Me, R2=H
262c R=CN hNE 265a-c R{=R,=H
\\ 4

AN : -MeOH

Scheme 57

Due to high efficiency and in some cases even enantioselectivity, solid
state reactions have recently attracted considerable attention to various types
of organic reactions [194-197]. The solid-state Michael reactions between
4-arylidene-3-methyl-1-phenyl-5-pyrazolones 267a-f and indole gave rea-
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sonable yields (40-67%) (Scheme 58). The solid state additions occurred
more efficiently than in solution. While the acceptors with the electron-
withdrawing substituents on the para-position made the addition easier,
electron-donating substituents decreased the reactivity due to the increased
electron density on the methylidene carbon [197].

Synthesis, structure and conformational behavior of cyclophanes are of in-
terest. Synthesis of a novel chiral cyclophane consisting of indole as one of
the core units was achieved [198]. The first bridge of the cyclophane 273 is
formed by a conjugate addition of indole (2) to the unsaturated ketone 269.
An intramolecular N-alkylation reaction of 271 resulted in the formation of
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Scheme 59
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the second bridge to give the targeted cyclophane 272 (44%). Under the reac-
tion conditions, the cyclic dimer 273 is obtained as a second product in yield
of 19% (Scheme 59) [198].

A dynamic NMR study of 272 revealed a ring flipping process that inter-
converts two enantiomeric sets of equilibrating bridge conformers. However,
the conformer search of 272 was carried out at the AMI level using Spar-
tan. The energy differences among for the five conformers was identified as
5 kcal/mol. While the conformer (Cchair» Nchair) possessing both bridges in
the pseudo-chair conformation is the lowest energy. The fifth conformer (tilt-
Chboat-Npoat) is found as the highest energy (Fig. 4). Also, an X-ray analysis of
272 showed that the two aromatic cores are very close [198].

\;\ \i\ \i\ \;\ N\
N/ N NF NF N F N NF

Cchairchhair Cboat,Nchair CchairrNboat choatrNboat ti It'choat‘Nboat
0.00 kcal/mol 0.92 kcal/mol 1.68 kcal/mol 3.65 kcal/mol 4.40 kcal/mol

Fig.4 Conformers of 272

Serotonin (8) mimics have been used effectively as treatments for a variety
of psychiatric illnesses [199-201]. Homotryptamines could be constructed
by multistep routes. One-pot synthesis of homotryptamines 277a-k was
achieved by the conjugate addition of indoles with acrolein in the presence
of the MacMillan organocatalysts (118a, 274) followed by reductive amination
(Scheme 60) [201].

N 1 Xx-CHO
. '\:Ae " 276
e
Ph | Me _ catalyst (118a or 274) 5_4 NMe,
HHX R— / \ -25°C —/ \
118 a HX=TFA N 6\

N 7 N
H 2.NaBH(OAc); H
M
RN 75 Me,NH 2772k
0 Me
N\
Ph ‘ . (118a as catalyst) 277a: R=H, b: R=5-MeO, c: R=5-BnO, d: R=5-F
HHX (274 as catalyst)  277e: R=5-CN, f: R=4-Cl, g: R=5-C|, h: R=6-Cl,
274 HX=TFA i: R=7-Cl, j: R=5-Br, k: R=5-1
Scheme 60

N-Michael addition of indole to achiral Ni(II) complex 278 led to the syn-
thesis of racemic a-amino acid 280 [202]. The first of the two-step reactions is
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realized in the presence of NaH in acetonitrile. The last step is the hydrolysis
of complex 279 to obtain the desired amino acid (Scheme 61).

O N
R \
-'N| @ “"Ni-N 6 NHCI
indole ) N ph N
NaH, MeCN 3 MeOH H/NH; cr
CO,
279 (+)-280

Scheme 61

The three-component reaction of indole (2) with sugar hydroxyaldehyde
281 and Meldrum’s acid 282, with a catalytic amount of D,L-proline, afforded
the 3-substitution product 283 as a single isomer [203]. The substituent pos-
sesses the cis-fused furo[3,2-b]pyranone skeleton. The proline catalyzes the
Knoevenagel condensation of the sugar aldehyde 281 and Meldrum’s acid 282
to provide the alkylidene derivative 284 of Meldrum’s acid. Then a diastereo-
selective Michael addition of indole and an intramolecular cyclization of this
adduct 285 with evolution of carbon dioxide and elimination of acetone fur-
nish the furopyranone in one-pot (Scheme 62).
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The Diels-Alder reactions of 2- or 3-vinylindoles represent an attrac-
tive methodology for the synthesis of many indole alkaloids and annu-
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lated carbazole derivatives [204-217]. Compared with the correspond-
ing 3-substituted compounds, 2-vinylindoles are not easily accessible. Re-
cently, the elegant synthesis of new 2-vinylindole derivatives was described
(Scheme 63) [217]. The synthetic approach is based on the dipole change
of indole toward electrophilic substitution. Michael reaction of 4,5,6,7-
tetrahydroindole (57) with DMAD (169) gave the mixture of addition prod-
ucts 286 and 287 in a 1:2.5 ratio. The next step for the 2-vinylindole
synthesis is the aromatization of the cyclohexadiene ring in 286 (or 287)
by 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in dry benzene for 1 h
at room temperature in a high yield. Also, Diels-Alder reactivity of these
2-vinylindoles has been investigated to provide [c]annelated 1,2-dihydro,
1,2,3,4-tetrahydro and fully aromatized carbazoles. At the same time, it is
noticed that the Michael addition products (286 and 287), when heated rear-
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range to the indole derivative 291 by two sequential hydrogen shifts, as shown
in Scheme 64.

3
Michael Addition Applications for Pyrroles

3.1
Reactions Using Catalysts

Generally, indirect methods are used to prepare 2- and 3-alkyl pyrroles,
which tend to polymerize under most reaction conditions. Recently, sim-
ple and direct methods for the synthesis of 2-alkyl pyrroles were reported
via Michael additions catalyzed by various Lewis acids. InCls is the first
Lewis acid used to give 2-alkylated pyrroles via the conjugate addition with
electron-deficient olefins of pyrrole (1) without polymerization [218]. The re-
actions proceeded smoothly at ambient temperature in excellent yields with
high selectivity. The electron-deficient olefins, such as alkyl-, aryl- and ben-
zyl vinyl ketone, 2-benzylidenemalononitrile, bis(benzylidene) ketone and
B-nitrostyrenes afforded the corresponding 2-alkylated pyrroles (292-299) in
65-80% yields (Scheme 65). By increasing the reaction time and changing the
molar ratio of reactants, the reaction of unsaturated ketones with pyrroles
afforded 2,5-dialkylated products (300-305) in high yields.

Also, aluminum dodecyl sulfate trihydrate [Al(DS)s]-3H,0 is a mild
catalyst for Michael addition reactions of the pyrrole, which is an acid-
sensitive compound, producing high yields without any polymerization
reaction [70]. A rapid entry to C-alkyl pyrroles was supplied through
microwave-assisted addition of pyrroles to electron-deficient olefins using
silica gel supported reagent. This method is fast, efficient, environmen-
tally friendly and solvent-free. However, the use of a catalytic-amount of
BiCl; under the same microwave irradiation facilitates both the produc-
tion of 2-alkylpyrroles from the more hindered electron-deficient olefins
and the reaction of 2-alkylpyrroles to give 2,5-dialkylpyrroles such as 306
and 307 (Scheme 66). In fact, 2-alkylpyrroles show much more reactivity
than pyrrole in the presence of 5 mole% BiCl; under MW [219]. Further-
more, BiClz-catalyzed Michael addition of pyrroles with unsaturated ketones,
2-benzylidenemalononitrile, diethyl 2-benzylidenemalonate and nitroolefins
generated the corresponding adducts in high yields [220].

Molecular iodine-promoted Michael addition is a simple and efficient
method for generating 2-pyrrolyl-2-phenyl-1-nitroalkanes in good yields
(Scheme 67) [86]. Cr™3-Catsan (Cr*3 exchanged commercially available
montmorillonite clay) and ZnCl,, which were first used as Lewis acids for
Michael reactions of pyrrole, showed different selectivity under the same
conditions [221]. In general, while the reactions catalyzed by Cr**-Catsan



44

N. Saracoglu

CN
XM 7 ArA\(
(3 [V —o () o
N N N
H (0] H H Ar CN
292 X=Me 1 295 Ar=Ph
293 X=Ph 296 Ar=4-
294 X=CH,Ph Ar=4-MePh
‘ A X-NOz2
NO
XT(\/@\WX \ 2
N N
o Ili 0 |\_| Ar
300 X=Me 297 Ar=Ph
301 X=Ph 298 Ar=4-MeOPh
302 X=CH,Ph 299 Ar=4-MePh
MeO OMe O
D n_ . 01’
N © N 0
0 H 0 0 H o
303 304
N
N
H (@]
305
Scheme 65
NC /) Ph
N
‘ CN Ph |\ 0
{\ e Sio I\ T 306 (95%)
N BiCl, N
H H 7
1 293 (71%) EtO,C N\ Ph
EtO,C Ph [ 0
307 (95%)
Scheme 66
NO,
I
7\, o oNoe 2 Y
N ether, rt N
H H Ar
1

Scheme 67

297 R=Ph (86%)

298 R=4-MeOPh (76%)
308 R=4-CIPh (79%)
309 R=2-thieny! (85%)
310 R=2-fury (81%)



Functionalization of Indole and Pyrrole Cores via Michael-Type Additions 45

afforded predominantly the 2-alkylpyrrole derivative, ZnCl, gave the 2,5-
dialkylpyrrole derivatives as the main product. ZrCly has emerged as a new,
safe, economical, air- and moisture-tolerant catalyst for Michael additions
(311-314) of 1-(p-anisyl)-2,5-dimethyl-1H-pyrrole (Scheme 68) [79].

o)
Q o Q Q OBz
(0] BzO
]\ I\ I\ ]\
N N N N

p-anisyl p-anisyl p-anisyl p-anisyl
31 312 313 314
Scheme 68

Although N-substituted pyrroles are usually obtained from pyrrolyl anion,
this anion exhibits ambident behavior as a nucleophile (Scheme 69) [222-
224]. When the pyrrole anion is alkylated, 2- and 3-alkylated pyrroles may
form, as well as N-alkylpyrroles. Pyrrole N-alkylation procedures show
limited or no interference from C-alkylation. These limited methods do,
however, require harsh reaction conditions, long reaction time, use of toxic
solvents or catalyst and give low yield. Thus, the development of a mild,
efficient and regioselective pyrrole (1) N-alkylation process is still much
sought. Recently, the reaction of pyrrole (1) with some olefins such as methyl
acrylate, acrylonitrile and methyl vinyl ketone in the ionic liquid, 1-butyl-3-
methylimidazolium hexafluorophosphate ([Bmim][PFg]), in the presence of
KOH were performed and efficiently produced N-Michael adducts 316-318
of pyrrole as the single isomer. KF/Al,03 is also a versatile and green cata-

© O
0~ — 0
y N N

315a 315b 315b
KF/Al,O3
NK/ X COEt '\\l jonic liquid I\L/
CO,Et H SO X X
319 (42%) 1 316 X=CN (80%)

317 X=CO,Me (70%)
318 R=COMe (75%)

Scheme 69



46 N. Saracoglu

lyst system, which catalyzes the reaction between pyrrole and ethyl acrylate
to form aza-Michael adducts 319 (Scheme 69) [225, 226].

3.2
Enantioselective Syntheses

The first example of an enantioselective catalytic conjugate addition for
pyrrole was the reaction of N-methyl pyrrole with (E)-cinnamaldehyde
in the presence of a series of benzyl imidazolidinone-HX salts 320
(Scheme 70) [227]. This reaction provided the desired Michael adduct 323
with excellent enantioselectivity (80-93% ee). The highest yield and enanti-
ocontrol is achieved with catalyst 320d at - 30 °C in 93% ee and 87% yield.
The scope of the organocatalyst has been expanded by modifying both pyr-
role and phenyl substituent on the olefin. A further illustration of the utility
of this organocatalytic conjugate alkylation is the reaction of N-methyl pyr-
role with excess crotonaladehyde, which controls the alkylation at both C-2
and C-5 of pyrrole. Thus, the synthesis of the 2,5-disubstituted pyrrole 324
is accomplished in 98% ee and 90 : 10 selectivity for the C,-isomer. The non-
symmetrical disubstituted pyrrole 325 could be provided with two variations
of unsaturated aldehydes in 99% ee and 90 : 10 anti-selectivity.

0 320 (20 mol%)

! M Ph
)‘ Me €
Me 321 322 323 (80-93% ee)
\
HHX
320 a: HX=NCCH,CO,H
b: HX=Cl,CHCO,H -0 OV\/O\I/\/
¢: HX=Cl;CCO,H
| d: HX=TFA J Me Me Me Me Me Ph
324 (C,:meso 90:10) 325 (anti:syn 90:10)
Scheme 70

The reaction of both pyrrole and N-methylpyrrole (321) with dimethyl
p-nitrobenzylidene malonate (326) in the presence of the catalyst (S)-93
gave the Michael adducts 327-328 in excellent yields (99%) [98], but the
enantioselectivity of the products was quite low (28-36% ee), respectively
(Scheme 71). Regarding catalyst 93, the Michael adduct 329 was obtained
from N-methylpyrrole (321) and the alkylidene malonate in moderate
yield (62%) and low enantioselectivity 18% ee (Scheme 71) [100]. But, the
bis(oxazoline) 93-catalyzed reaction of both pyrrole (1) and N-methylpyrrole
(321) with various o-hydroxy enones 95 as Michael acceptor worked per-
fectly (Scheme 71) [99]. The elaboration of these adducts through sequen-
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tial reduction and oxidative diol cleavage afforded the aldehydes 333-334
(Scheme 72) [100]. Enantioselective Michael additions of pyrrole and indoles
organocatalyzed by chiral imidazolidinones 118 and 320 were explored with
B3LYP/6-31G(d) density functional theory and the enantioselectivities ob-
served with these two catalysts have been explained [228].

A\ 1. BH,THF, 0°C, 3h 7\ H

N OH 2 NalO4-SiO,, CH,Cl, N

Me o) Me R O

330 R=CH,CH,Ph 333 R=CH,CH,Ph (72%; 90% ee)

332 R=i-Pr 334 R=i-Pr (78%; 95% ee)
Scheme 72

Michael addition reactions of racemic 2-(arylsulfinyl)-1,4-benzoquinones
335a-b and enantiomerically pure 335c with N-(tert-butoxycarbonyl)-2-
(tert-butyldimethylsiloxy)pyrrole (336) have been studied under thermal
conditions (in CH,Cl, at - 90°C) in the presence of ZnBr;, BFs;— OEty,
Eu(fod)s and SnCly as the catalysts [229]. Under ZnBr; and BF3 — OEt;, the re-
actions completely afforded the Michael adducts 337 and 338, whereas in the
presence of Eu(fod)s and SnCly the pyrrole[3,2-b]benzofuranes 339-340 were
obtained from a tandem process involving the intramolecular Michael reac-
tion by a cyclization of intermediate 337 and 338 in quantitative yields. The
best results were obtained for the stereoselective formation of 337c (100%
de; 67% yield) by using BF3; — OEt; as the catalyst and the acceptor 335c. Al-
though the reactions of 335b and 335c with Eu(fod)s; directly yielded the
pyrrole[3,2-b]benzofuranes 339b (86% de; 70%) and 339¢ (80% de; 40%) in
a highly stereoselective manner, the mixture of the diastereoisomers 339 and
340 were obtained under SnCly (Scheme 73).
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33
Synthesis of Natural Products

Peramine (352) is a pyrrole alkaloid identified as a major insect feeding
deterrent isolated from perennial ryegrass infected with the entophyte Acre-
monium lolii. Due to the interesting heterocyclic ring system and biological
activity, the synthesis of peramine is attractive [230].

For the synthesis of peramine (352), the key step is the Michael addition
of the potassium salt of the nitroolefin 341 and methyl pyrrole-2-carboxylate
(342) [231]. After the nitro-group of Michael adduct 343 was reduced using
NaBH4 — CoCly, the amine 344 cyclized to the lactam 345 under reflux in
toluene in 88% yield. The elimination of the ethanol with excess of potassium
hydride in THF at room temperature gave the unsaturated lactam 346. After
N-methylation, the amine compound 351 was synthesized using a four-step
reaction. The amine 351 was converted to peramine (352) with excess of S-
methylthiouronium hydrogen sulfate in NaOH (2 M) at room temperature for
48 h (Scheme 74).

Many bromopyrrole alkaloids displaying interesting biological properties
have been isolated from various marine organisms [232]. Longamide (353)
was obtained from the Caribbean sponge Agelas longissima and a Homoxinella
species [233]. Longamide B methyl ester (356) exhibits weak cytotoxic activ-
ity in vitro against some leukemia cell lines [233]. While longamide B (357)
shows modest antibiotic activity against several strains of gram-positive bacte-
ria, hanishin (358) is cytotoxic towards human non-small-cell lung carcinoma
(NSCLC) [234]. Starting from pyrrole, ()-longamide (353) was synthesized in
equilibrium with aldehyde 354 [235]. The reaction of longamide (353) with the
sodium salt of methyl diethylphosphonoacetate afforded longamide B methyl
ester (356) upon a Wadsworth-Horner-Emmons olefination and a facile in-
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tramolecular Michael addition, respectively. While the saponification of ester
356 provided longamide B (357), the racemic form of hanishin (4)-358 is
readily prepared by reacting acid 357 with acidic ethanol (Scheme 75).

The Aspidosperma family of indole alkaloids has inspired many synthetic
strategies for the construction of their pentacyclic framework of the parent
compound aspidospermidine (366), since the initial clinical success of two
derivatives, vinblastine (10) and vincristine, as anticancer agents. The alka-
loids such as (-)-rhazinal (369) and (-)-rhazinilam (6) have been identified as
novel leads for the development of new generation anticancer agents [10, 11].
Bis-lactams (-)-leucunolam (370) and (+)-epi-leucunolam (371) have bio-
genetic and structural relationships with these compounds [236]. Recently,
enantioselective or racemic total syntheses of some of the these natural
product were achieved. One successful synthesis was the preparation of the
tricyclic ketone 365, an advanced intermediate in the synthesis of aspidosper-
midine (366), from pyrrole (1) (Scheme 76) [14]. The key step is the construc-
tion of the indolizidine 360, which represents the first example of the equiva-
lent intramolecular Michael addition process [14,237,238]. The DIBAL-H
mediated reduction product was subject to mesylation under the Crossland-
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Servis conditions. The resulting mesylate reacted with excess sodium cyanide
in N,N’-dimethylproplenurea (DPMU) to give the nitrile. The intramolecular
Friedel-Crafts type cyclization of the hydrolysis product acid 361 provided
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the ketone 362, which incorporates the CDE-ring substructure associated
with aspidospermidine (366). The hydrogenation of the ketone 362 in the
presence of PtO, at 18 °C in acetic acid gave the mixture (1:1 ratio) of the
full-reduction product 363 and the alcohol 364. The oxidation of this mix-
ture with Dess—-Martin periodinane gave the known ketone 365 (28% from
362), which could be separated from the saturated amine 363 by flash chro-
matography. The conversion of the ketone 365 to (£)-aspidospermidine (366)
in one-step was a known process beforehand.

The synthesis of the enantiomerically enriched (74% ee) tetrahydroin-
dolizine 368 is the most crucial step for synthesis of (-)-rhazinal (369),
(-)-rhazinilam (6), (-)-leucunolam (370) and (+)-epi-leucunolam (371) al-
kaloids [239]. The selective intramolecular conjugate additions of pyrrole to
N-tethered Michael acceptors were achieved by using chiral organocatalyst
320c¢ (Scheme 77).
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THEHO N —
= 368
367 (-)-370 X=p-OH
0" H (+)-371 X=0-OH
Scheme 77

Enantioselective Michael additions of pyrroles to o,f-unsaturated 2-acyl
imidazoles were accomplished by Sc(III)triflate-bis(oxazolinyl)pyridine com-
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plex 108 catalysis in optimal yield (98%) and excellent enantioselectivity
(86-95% ee) [105,106]. The 2-acyl imidazole moiety could be transformed
into a range of carbonyl derivatives. This advantageous has been applied to
a short and enantioselective synthesis of the alkaloid (+)-heliotridane (376).
One-pot methylation and cyclization of Michael addition product 373 to
2,3-dihydro-1H-pyrrolizine 374 was performed by using a slight excess (1.1
equiv.) of methyl triflate and DMAP or N,N-diisopropylethylamine (Hunig’s
base), respectively (Scheme 78). The synthesis of (+)-heliotridane (376) was
completed with the hydrogenation of 374 with Rh-Al, 03 to afford hexhydro-
pyrrolizin-3-one 374 in a quantitative yield and subsequent LiAlH, reduc-
tion [106].

34
Miscellaneous Michael Additions for Pyrroles

The synthesis of B-substituted pyrroles from a pyrrolic precursor is quite
difficult, but, there are some primary methods to synthesize B-substituted
pyrroles [240]. For example, a removable electron-withdrawing group at
the a-position or placement of a bulky substituent on the nitrogen orient
electrophilic addition to the B-position. Another one is isomerization of an
a-substituted pyrrole to the corresponding S-substituted pyrrole. In an al-
ternative route, pentaammineosmium nz—pyrrole [Os(NH3)5(4,5-n2—pyrrole)]
complexes undergo alkylation with Michael acceptors predominantly at the
B-position [241,242]. Depending on pyrrole, electrophile, solvent, tempera-
ture, the presence of Lewis acids and concentration, the resulting products are
either Michael addition or 1,3-dipolar cycloaddition. The pyrrole complexes
([Os(NH3)5(4,5—n2—pyrrole)](OTf)z) are prepared from various pyrrole and
[Os(NH3)5(0Tf)](OTf), starting materials in DMAc or in a cosolvent mix-
ture of DMAc (N,N-dimethyl acetamide) and DME (1,2-dimethoxyethane).
Reaction of the 1-methylpyrrole complex 377 with 1 equiv. of methyl vinyl ke-
tone (MVK) (or acrolein) in methanol gave f-alkylation products 378 (or 379)
in high yields. Treatment of pyrrole complexes 380 and 381 with 2 equiv. of
MVK afforded the corresponding 1,3-dialkylated 1H-pyrrole complexes 382-
383. The conjugate addition of 2,5-dimethylpyrrole complex 384 with MVK
in acetonitrile gave a 1:1 ratio of B-alkylated 3H-tautomer 385 along with
a second alkylation product. While the reactions of pyrrole 380 and 1-methyl
pyrrole 377 complexes with 3-butyn-2-one in methanol underwent conju-
gate addition to form products 386 and 387, the reaction of the alkyne with
377 in DMSO gave a new product 388, which follows a retro-Mannich re-
action to generate 386 quantitatively when treated with a protic solvent or
undried reagent grade acetone. When the 2,5-dimethylpyrrole complex 384
reacted with MVK in acetonitrile, two addition products 390 and 385 were
isolated as a 1:1 mixture. When the reaction is monitored in CD3CN, the
compound 390 has been observed as arising from a retro-Mannich reaction
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of 1,3-dipolar cycloaddition product 389, which has been characterized as
a 7-azabicyclo[2.2.1]heptane complex, followed by proton transfer. Decom-
plexation of Michael adduct 378 to give 391 could be achieved in 77% yield
by heating (Scheme 79).

N-Bonded pyrrolyl complex 392 is prepared from the reaction of
(PMe;Ph)3ReCl; with excess pyrrolyllithium in ether at room tempera-
ture [243]. The reaction of 392 with DMAD (169) is the first Michael type
reaction observed for the N-bonded pyrrole complex. The reaction proceeds
at room temperature in the presence of a catalytic amount of acetic acid in
toluene for 3 days (Scheme 80).

M602C

(_f\’:CHCOZMe
Et,0
mer-ReClz(PMePh)s + LINC,H, Tit, 14 N\S DMAD /N\
T | PRs AcOH (cat.) | PRy
ClI~Re~Cl ClI—Re~Cl
RsP PRs R3P PRs
392 R=PMe,Ph 393

Scheme 80

Pyrrole-substituted f-amino ester 394 was synthesized via aza-Michael
conjugate addition (Scheme 81) [149].
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Scheme 81

The Michael addition of methyl a-acetamidoacrylate (196) with pyrrole
(1) under silica-supported Lewis acid (Si(M): Si(Zn), Si(Al) and Si(Ti)) as-
sisted by microwave irradiation (MW) afforded the alanine derivatives 395
and 396 dependent on the reaction conditions (Scheme 81) [153]. Both MW
and thermal activation for pyrrole gave only Michael product 396, whereas
alanine derivatives 395, which are the a-Michael addition product, and 396
were observed with Al and Ti-catalyst. This behavior shows that aluminium
and titanium Lewis acids can form a new acceptor in an irreversible way.
The Si(M) or p-TsOH catalyzed reactions of N-benzylpyrrole 397 with the
acrylate 196 under MW gave the product 398 as sole product. The re-
action yield has been increased by using a catalytic amount of p-TsOH
(Scheme 82).
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4
Conclusion

The indole and pyrrole rings are incorporated into many biologically active
molecules. Therefore, the functionalization of indole and pyrrole cores via
Michael-type additions has been discussed. This chapter especially focuses
on studies of the last 10 years on catalyst systems, enantioselective synthesis
and the design of natural products or biological active molecules as related to
Michael additions of indole and pyrrole.

References

. O’Hagan D (2000) Nat Prod Rep 17:435

2. Black D StC (1996) In: Bird CW (ed) Comprehensive heterocyclic chemistry II, vol

—
S O o N

2. Elsevier, Oxford UK, p 39

. Banwell M, Goodwin TE, Ng S, Smith JA, Wong DJ (2006) Eur ] Org Chem 3043
. Hesse M (1974) Indolalkaloide. Verlag Chemie, Weinheim
. Sundberg R]J (1970) In: Blomquist AT (ed) The chemistry of indoles. Academic, New

York

. Remers WA (1973) In: Houlihan WJ (ed) The chemistry of heterocyclic compounds,

vol 25, chap 1. Wiley, New York

. Bosch J, Luisa Bennasar M-L, Amat M (1996) Pure Appl Chem 68:557

. Hibino S, Choshi T (2001) Nat Prod Rep 18:66

. Knolker H-], Reddy KR (2002) Chem Rev 102:4303

. Banwell M, Edwards A, Smith ], Hamel E, Verdier-Pinard P (2000) ] Chem Soc Perkin

Trans I p 1497

. Baudoin O, Cesario M, Guenard D, Gueritte F (2002) J Org Chem 67:1199
12.
13.
14.

Abraham DJ, Rosenstein RD (1972) Tetrahedron Lett 13:909
De Silva KT, Ratcliffe AH, Smith GE, Smith GN (1972) Tetrahedron Lett 13:913
Banwell M, Smith J (2002) ] Chem Soc Perkin Trans I, p 2613



56

15.

16.
17.
18.
19.

20.
21.
22.
23.
24.
25.

26.
27.
28.
29.

30.

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.

48.

49.
50.
51.
52.
53.
54.
55.

N. Saracoglu

Joule JA, Mills K, Smith GF (eds) (1995) Heterocyclic chemistry, 3rd edn. Chapman
and Hall, London

Speeter ME, Anthony WC (1954) ] Am Chem Soc 76:6208

Noble RL, Beer CT, Cutts JH (1958) Ann NY Acad Sci 76:882

Svoboda GH, Neuss N, Gorman MJ (1959) Am Pharm Assoc Sci Ed 48:659
Yokoshima S, Ueda T, Kobayashi S, Sato A, Kuboyama T, Tokuyama H, Fukuyama T
(2003) Pure Appl Chem 75:29

Chen ZH, Muller P, Swager TM (2006) Org Lett 8:273

Sha C-K (1996) Adv Nitrogen Heterocycl 2:147

LeHoullier CS, Gribble GW (1983) J Org Chem 48:2364

Bonnett R, North SA (1981) Adv Heterocycl Chem 29:341

Chen Y-L, Lee M-H, Wong W-Y, Lee AWM (2006) Synlett, p 2510

Fleming I (1976) In: Frontier orbitals and organic chemical reactions. Wiley, New
York, p 58

Fukui K, Yonezawa T, Nagata C, Shingu H (1954) ] Chem Phys 22:1433

Bandini M, Melloni A, Umani-Ronchi A (2004) Angew Chem Int Ed 43:550

Bandini M, Melloni A, Tommasi S, Umani-Ronchi A (2005) Synlett, p 1199

Trost BM, Fleming I (eds) (1991) Comprehensive organic synthesis, vol 4. Pergamon,
Oxford

Perlmutter P (1992) Conjugate addition reactions in organic synthesis. Pergamon,
Oxford

Mukaiyama T, Kobayashi S (1994) Org React 46:1

Little RD, Masjedizadeh MR, Wallquist O, McLoughlin JI (1995) Org React 47:315
Johnson JS, Evan DA (2000) Acc Chem Res 33:325

Christoffers J (2001) Synlett, p 723

Leonard J (1994) Contemp Org Synth 1:387

Rossiter BE, Swingle NM (1992) Chem Rev 92:771

Lewandowska E (2006) Tetrahedron 63:2107

Wabnitz TC, Yu Q-J, Spencer JB (2004) Chem Eur J 10:484

Harrington PE, Kerr MA (1998) Can ] Chem 76:1256

Harrington PE, Kerr MA (1996) Synlett, p 1047

Loh TP, Wei LL (1998) Synlett, p 975

Loh TP, Pei J, Lin M (1996) Chem Commun, p 2315

Babu G, Perumal PT (2000) Aldrichimica Acta 33:16

Yadav JS, Abraham S, Reddy BVS, Sabitha G (2001) Synthesis, p 2165

Bandini M, Melchiorre P, Melloni A, Umani-Ronchi A (2002) Synthesis, p 1110

Cox ED, Cook JM (1995) Chem Rev 95:1797

Cox ED, Diaz-Harauzo H, Huang Q, Reddy MS, Ma C, Harris B, McKernan R, Skol-
nick P, Cook JM (1998) ] Med Chem 41:2537

Mobilio D, Humber LG, Katz AH, Demerson CA, Hughes P, Brigance R, Conway K,
Shah U, Williams G, Labbadia F, De Lange B, Asselin A, Schmid ], Newburger J,
Jensen NP, Weichman BM, Chau T, Neuman G, Wood DD, Van Engen D, Taylor N
(1988) ] Med Chem 31:2211

Humber LG (1987) Med Res Rev 7:1

Agnusdei M, Bandini M, Melloni A, Umani-Ronchi A (2003) J Org Chem 68:7126
Zhao S, Liao X, Cook JM (2002) Org Lett 4:687

Faulkner DJ (2001) J Nat Prod Rep 18:1

Miyake FY, Yakushijin K, Horne DA (2002) Org Lett 4:941

Jiang B, Yang C-G, Wang J (2002) J Org Chem 67:1396

Bandini M, Fagioli M, Melloni A, Umani-Ronchi A (2003) Synthesis, p 397



Functionalization of Indole and Pyrrole Cores via Michael-Type Additions 57

56.

57.
58.
59.
60.

61.

62.
63.

64.
65.

66.

67.

68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.
79.

80.
81.
82.
83.
84.
85.
86.
87.

88.
89.
90.
91.
92.

93.
94.

Bandini M, Cozzi PG, Giacomini M, Melchiorre P, Selva S, Umani-Ronchi A (2002)
J Org Chem 67:3700

Arai K, Yamamoto Y (1990) Chem Pharm Bull 38:2929

Kaji A, Saito R, Nomura M, Miyamoto K, Kiryama N (1998) Biol Pharm Bull 21:945
Kaji A, Saito R, Hata Y, Kiriyama N (1999) Chem Pharm Bull 47:77

Kaji A, Iwata T, Kiriyama N, Wakusawa S, Miyamoto K (1994) Chem Pharm Bull
42:1682

Alvi KA, Pu H, Luche M, Rice A, App H, McMahon G, Dare H, Margolis B (1999)
] Antibiot 52:215

Kaji A, Saito R, Nomura M, Miyamoto K, Kiriyama N (1997) Anticancer Res 17:3675
Zhang B, Salituro G, Szalkowski D, Li Z, Zhang Y, Royo I, Vilella D, Diez MT, Pelaez E,
Ruby C, Kendall RL, Mao X, Griffin P, Calaycay J, Zierath JR, Heck JV, Smith RG,
Moller DE (1999) Science 284:794

Yadav JS, Reddy BVS, Swamy T (2004) Synthesis, p 106

Lopez-Alvarado P, Alonso MA, Carmen A, Menendez JC (2001) Tetrahedron Lett
42:7971

Bartoli G, Bosco M, Giuli S, Giuliani A, Lucarelli L, Marcantoni E, Sambri L, Torre-
giani E (2005) J Org Chem 70:1941

Bartoli G, Bartolacci M, Bosco M, Foglia G, Giuliani A, Marcantoni E, Sambri L,
Torregiani E (2003) ] Org Chem 68:4594

Bandini M, Fagioli M, Umani-Ronchi A (2004) Adv Synth Catal 346:545

Alam MM, Varala R, Adapa SR (2003) Tetrahedron Lett 44:5115

Fiouzabadi H, Iranpoor N, Nowrouzi F (2005) Chem Commun, p 789

Li W-J, Lin X-E, Wang J, Li G-L, Wang Y-G (2005) Synlett, p 2003

Zhan Z-P, Yang R-F, Lang K (2005) Tetrahedron Lett 46:3859

Murugan R, Karthikeyan M, Perumal PT, Reddy BSR (2005) Tetrahedron 61:12275
Rajabi F, Saidi R (2005) J Sulf Chem 26:251

Fiouzabadi H, Iranpoor N, Jafari AA (2006) ] Mol Catal A Chem, p 168

Tahir R, Banert K, Solhy A, Sebti S (2006) ] Mol Catal A Chem, p 39

Singh DU, Singh PR, Samant SD (2006) Synth Commun 36:1265

Nayak SK (2006) Synth Commun 36:1307

Firouzabadi H, Iranpoor N, Jafarpour M, Ghaderi A (2006) ] Mol Catal A Chem,
p 150

Kumar V, Kaur S, Kumar S (2006) Tetrahedron Lett 47:7001

Arumugam P, Perumal P (2006) Chem Lett 35:632

Ye M-C, Yang Y-Y, Tang Y, Sun X-L, Ma Z, Qin W-M (2006) Synlett, p 1240
Srivastava N, Banik BK (2003) J Org Chem 68:2109

Cavdar H, Saracoglu N (2005) Tetrahedron 61:2401

Wang S-Y, Ji S-J, Loh T-P (2003) Synlett, p 2377

Banik BM, Fernandez M, Alvarez C (2005) Tetrahedron Lett 46:2479

Lin C, Hsu J, Sastry MNV, Fang H, Tu Z, Liu J-T, Ching-Fa Y (2005) Tetrahedron
61:11751

Ji S-J, Wang S-Y (2003) Synlett, p 2074

Ji S-J, Wang S-Y (2005) Ultrason Sonochem 12:339

Li J-T, Dai H-G, Xu W-Z, Li T-S (2006) J Chem Res, p 41

Quin LD (2000) A guide to organophosphorus chemistry. Wiley, New York
Corbridge DEC (1990) Phosphorus, an outline of its chemistry, biochemistry, and
technology, 4th edn. Elsevier, Amsterdam

Yavari I, Norouzi-Arasi H (2002) Phosphor Sulfur Silicon Relat Elem 177:87
Krawczyk H, Sliwinski M (2002) Synthesis, p 1351



58

95.
96.
97.

98.
99.
100.

101.
102.
103.
104.
105.
106.
107.

108.
109.
110.
111.
112.
113.
114.

115.

116.

117.

118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.

129.
130.

131.
132.

133.
134.

N. Saracoglu

Couthon-Gourves H, Simon G, Haelters J-P, Corbel B (2006) Synthesis, p 81

Moran J, Suen T, Beauchemin AM (2006) J Org Chem 71:676

Kusurkar RS, Alkobati NAH, Gokule AS, Chaudhari PM, Waghchaure PB (2006)
Synth Commun, p 1075

Jensen KB, Thorhauge J, Hazell RG, Jorgensen KA (2001) Angew Chem Int Ed 41:160
Zhuang W, Hansen T, Jorgensen KA (2001) Chem Commun, p 347

Palomo C, Oiarbide M, Kardak BG, Garcia JM, Linden A (2005) ] Am Chem Soc
127:4154

Yamazaki S, Iwata Y (2006) ] Org Chem 71:739

Zhou J, Tang Y (2004) Chem Commun, p 432

Jia Y-X, Zhu S-E, Yang Y, Zhou Q-L (2006) J Org Chem 71:75

Lu S-E Du D-M, Xu J (2006) Org Lett 8:2115

Evans DA, Frandrick KR, Song H-J (2005) ] Am Chem Soc 127:8942

Evans DA, Frandrick KR (2006) Org Lett 8:2249

Evans DA, Scheidt KA, Frandrick KR, Lam HW, Wu J (2003) J] Am Chem Soc
125:10780

Zhou J, Tang Y (2002) ] Am Chem Soc 124:9030

Zhou ], Ye M-C, Huang Z-Z, Tang Y (2004) J Org Chem 69:1309

Ye M-C, Li B, Zhou ], Sun X-L, Tang Y (2005) J Org Chem 70:6108

Austin JE, MacMillan DWC (2002) ] Am Chem Soc 124:1172

Paras NA, MacMillan DWC (2002) ] Am Chem Soc 124:7894

Taylor MS, Jacobsen EN (2003) ] Am Chem Soc 125:11204

Bandini M, Fagioli M, Melchiorre P, Melloni A, Umani-Ronchi A (2003) Tetrahedron
Lett 44:5843

Bandini M, Fagioli M, Garavelli M, Melloni A, Trigari V, Umani-Ronchi A (2004)
] Org Chem 69:7511

Bandini M, Garelli A, Rovinetti M, Tommasi S, Umani-Ronchi A (2005) Chirality
17:522

Angeli M, Bandin M, Garell A, Piccinnell F, Tommas S, Umani-Ronch A (2006) Org
Biomol Chem, p 3291

Bandini M, Melloni A, Tommasi S, Umani-Ronchi A (2003) Helv Chim Acta 86:3753
Herrera RP, Sgarzani V, Bernardi L, Ricci A (2005) Angew Chem Int Ed 44:6576
Fleming EM, McCabe T, Connon SJ (2006) Tetrahedron Lett 47:7037

Zhuang W, Hazell RG, Jorgensen KA (2005) Org Biomol Chem, p 2566

Sarstedt B, Winkerfeldt E (1983) Heterocycles 20:469

Hughes I, Raphael RA (1983) Tetrahedron Lett 24:1441

Magnus PD, Sear NL (1984) Tetrahedron 40:2795

Gribble GW, Berthel SJ (1992) Tetrahedron 48:8869

Bergman J, Pelcman B (2004) ] Org Chem 69:7511

Kaneko T, Wong H, Okamoto KT, Clardy J (1985) Tetrahedron Lett 26:4015

Rahman A (ed) (1988) Studies in natural products chemistry. vol 1, Part A. Elsevier,
Amsterdam

Kase H, Iwahashi K, Matsuda Y (1986) J Antibiot 39:1059

Sezaki M, Sasak T, Nakazaw T, Taked U, Iwat M, Watanab T, Koyam M, Ka F,
Shomur T, Kojim M (1985) J Antibiot 38:1437

Hirayama N, Lida T, Shirahata K (1986) Acta Crystallogr 42:1402

Funato N, Takayanagi H, Konda Y, Toda Y, Harigaya Y, Iwai Y, Omura S (1994)
Tetrahedron Lett 35:1251

Barry JF, Wallace TW, Walshe NDA (1993) Tetrahedron Lett 34:5329

Barry JE, Wallace TW, Walshe NDA (1995) Tetrahedron 51:12797



Functionalization of Indole and Pyrrole Cores via Michael-Type Additions 59

135.
136.

137.
138.
139.
140.
141.

142.

143.
144.
145.
146.
147.
148.
149.
150.
151.

152.

153.

154.
155.

156.

157.

158.

159.
160.

161.
162.
163.
164.
165.
166.
167.
168.
169.
170.
171.

Link JT, Raghavan S, Danishefsky SJ (1995) ] Am Chem Soc 117:552

Omura S, Iwai Y, Hirano A, Nakagawa A, Awaya ], Tsuchya H, Takahashi Y, Ma-
suma R (1977) J Antibiot 30:275

Pindur U, Kim Y-S (1996) ] Heterocycl Chem 33:623

Ikegami F, Murakoshi I (1994) Phytochemistry 5:1089

Dunnill M, Fowd L (1965) Phytochemistry 4:935

Shinozaki H, Konishi S (1974) Neuropharmacology 13:665

Evans RH, Francis AA, Hunt K, Martin MR, Watkins JC (1978) J Pharm Pharmac
30:364

lkegami F, Komada Y, Kobori M, Hawkins DR, Murakoshi I (1990) Phytochemistry
29:2507

Juaristi E (ed) (1997) Enantioselective synthesis of f-amino acids. Wiley, New York
Cardillo G, Tomasini C (1996) Chem Soc Rev 25:117

Shinagawa S, Kanamaru T, Harada S, Asai M, Okazaki M (1987) ] Med Chem 30:1458
Kabawata N, Inamoto T, Hashimoto S (1992) J Antibiot 45:513

Matsuura F, Hamada Y, Shiouri T (1994) Tetrahedron 50:11303

Ferreira PMT, Maia HLS, Monteiro LS (1999) Tetrahedron Lett 40:4099

Huck J, Duru C, Roumestant ML, Martinez J (2003) Synthesis, p 2165

Rhodes CN, Brown DR (1993) ] Chem Soc Faraday Trans 89:1387

Cativiela C, Figureras F, Garcia JI, Mayoral JA, Pires E, Royo AJ (1993) Tetrahedron:
Asymmetry 4:621

Cativiela C, Fraile JM, Garcia JI, Mayoral JA, Pires E, Royo AJ, Figureras F (1993)
Tetrahedron 43:4073

de la Hoz A, Diaz-Ortiz A, Gomez MYV, Mayoral JA, Moreno A, Sanchez-
Migallon AM, Vazquez E (2001) Tetrahedron 57:5428

Asselin AA, Humber LG, Voith K, Metcalf G (1986) ] Med Chem 29:648

Nichols DE, Cassady JM, Persons PE, Yeung MC, Clemens JA, Smalstig EB (1989)
] Med Chem 32:2128

Mewshaw RE, Marquis KL, Shi X, McGaughey G, Stack G, Webb MB, Abou-
Gharbia M, Wasik T, Scerni R, Spangler T, Brennan JA, Mazandarani H, Coupet J,
Andree TH (1998) Tetrahedron 54:7081

Daukshas VK, Martinkus RS, Gineitite VL, Urbonene SL (1982) Chem Heterocycl
Compd (Engl Transl) 18:932

Ennis MD, Baze ME, Smith MW, Lawson CE, McCall RB, Lahti RA, Piercey MF (1992)
] Med Chem 35:3058

Andrew M, Birch AM, Bradley PA (1999) Synthesis, p 1181

Partsvaniya DA, Akhvlediani RN, Zhigachev VE, Gordeev EN, Kuleshova LN, Su-
vorov NN, Vigdorchik MM, Mashkovskii MD (1986) Chem Heterocycl Compd (Engl
Transl) 22:1311

Mayer S, Merour J-Y, Joseph B, Guillaumet G (2002) Eur J Org Chem, p 1646
Kebabian JW, Calne DB (1979) Nature (London) 277:93

Barnett A (1986) Drugs Fut 11:49

Setler PE, Sarau HM, Zirkle CL, Saunders HL (1978) Eur Pharmacol Sci 50:419
Kraxner ], Hiibner H, Gmenier P (2000) Arch Pharm Pharm Med Chem 333:287
Yokoyama Y, Matsumoto T, Murakami Y (1995) J Org Chem 60:1486

Efange SMN, Mash DC, Khare AB, Quyang Q (1998) ] Med Chem 41:4486

Gmeiner P, Sommer J, Hofner G (1995) Arc Pharm 328:329

Osawa T, Namiki M (1983) Tetrahedron Lett 24:4719

Fahy E, Potts BCM, Faulkner DJ, Smith K (1991) J Nat Prod 54:564

Bifulco G, Bruno I, Riccio R, Lavayre J, Bourdy G (1995) J Nat Prod 58:1254



60

172.
173.

174.
175.
176.

177.
178.

179.
180.

181.
182.
183.
184.
185.
186.
187.
188.
189.
190.
191.
192.
193.
194.
195.
196.
197.
198.
199.
200.

201.
202.

203.

204.
205.

206.
207.
208.
209.

210.
211.

N. Saracoglu

Bell R, Carmeli S, Sar N (1994) ] Nat Prod 57:1587

Garbe TR, Kobayashi M, Shimizu N, Takesue N, Ozawa M, Yukawa H (2000) J Nat
Prod 63:596

Chakrabarty M, Basak R, Ghosh N (2001) Tetrahedron Lett 42:3913

Denis J-N, Mauger H, Valle’e Y (1997) Tetrahedron Lett 38:8515

Chalaye-Mauger H, Denis J-N, Averbuch-Pouchot M-T, Vallee Y (2000) Tetrahedron
56:791

Chakrabarty M, Basak R, Ghosh N, Harigaya Y (2004) Tetrahedron 60:1941

Spadoni G, Balsamini C, Bedini A, Duranti E, Tontini A (1992) ] Heterocycl Chem
29:305

Bonjoch J, Sole D (2000) Chem Rev 100:3455

Ohshima T, Xu Y, Takita R, Shimizu S, Zhong D, Shibasaki M (2002) ] Am Chem Soc
124:14546

Mori M, Nakanishi M, Kajishima DA, Sato Y (2003) ] Am Chem Soc 125:9801
Gorman M, Neuss N, Biemann K (1962) ] Am Chem Soc 84:1058

Moza BK, Trojanek J (1963) Collect Czech Chem Commun 28:1427

Buchi G, Matsumoto K, Nishimura H (1971) ] Am Chem Soc 93:3299

Ando M, Buchi G, Ohnuma T (1975) ] Am Chem Soc 97:6880

Heureux N, Wouters ], Marko IE (2005) Org Lett 7:5245

Hsu D-S, Rao PD, Liao C-C (1998) Chem Commun, p 1795

Rao PD, Chen C-H (1998) Chem Commun, p 155

Hsu P-Y, Lee Y-C, Liao C-C (1998) Tetrahedron Lett 39:659

Liu W-C, Liao C-C (1998) Synlett, p 912

Carlini R, Higgs K, Older C, Randhawa S, Rodrigo R (1997) J Org Chem 62:2330
Coleman RS, Grant EB (1995) ] Am Chem Soc 117:10889

Hsieh M-E, Rao PD, Liao C-C (1999) Chem Commun, p 1441

Singh NB, Singh NP (1994) Tetrahedron 50:6441

Desiraju GR (ed) (1987) Organic solid state chemistry. Elsevier, Amsterdam

Toda F, Akai H (1990) J Org Chem 55:3446

Li X-L, Wang Y-M, Matsuura T, Meng J-B (1999) ] Heterocycl Chem 36:697

Bodwell GJ, Li J, Miller OD (1999) Tetrahedron 55:12956

Wong DT, Bymaster FP, Engelman EA (1995) Life Sci 57:411

Brodfuehrer PR, Chen B, Sattleberg TR, Smith PR, Reddy JP, Stark DR, Quinlan SL,
Reid ]G, Thottathil JK, Wang S (1997) J Org Chem 62:9192

Denhart DJ, Mattson RJ, Ditta JL, Macor JE (2004) Tetrahedron Lett 45:3803
Belokon YN, Harutyunyan S, Vorontsov EV, Peregudov AS, Chrustalev VN, Ko-
chetkov KA, Pripadchev D, Saygan AS, Beck AK, Seebach D (2004) ARKIVOC iii:132
Sabitha G, Kumar MR, Reddy MSK, Yadav JS, Krishna KVSR, Kunwar AC (2005)
Tetrahedron Lett 46:1659

Pindur U (1988) Heterocycles 27:1253

Pindur U (1995) In: Moody CJ (ed) Advances in nitrogen heterocycles, vol 1. JAI,
Greenwich, p 121

Sundberg R (1996) In: Meth-Cohn O (ed) Best synthetic methods, sub-series key
systems and functional groups indoles. Academic, London

Saxton JE (ed) (1994) The chemistry of heterocyclic compounds, vol 25, Part IV.
Wiley, Chichester

Macor JE (1990) Heterocycles 31:993

Madalengoitia JS, Macdonald TL (1993) Tetrahedron Lett 34:6237

Blechert S, Wirth T (1992) Tetrahedron Lett 33:6621

Wiest O, Steckhan E (1993) Angew Chem Int Ed Engl 32:901



Functionalization of Indole and Pyrrole Cores via Michael-Type Additions 61

212.
213.
214.
215.

216.
217.
218.
219.
220.
221.

222.
223.
224.
225.
226.
227.
228.
229.

230.
231.
232.

233.
234.
235.
236.
237.

238.
239.
240.
241.
242.

243.

Elango S, Srinivasan PC (1993) Tetrahedron Lett 34:1347

Balasubramanian T, Balasubramanian KK (1994) Chem Commun, p 1237

Dufour B, Motorina I, Fowler FW, Grierson DS (1994) Heterocycles 37:1455
Rodriguez-Salvador L, Zaballos-Garcia E, Gonzalez-Rosende E, Sidi MD, Sepulveda-
Arques J, Jones RA (1997) Synth Commun 27:1439

Joseph B, Da Costa H, Merour J-Y, Leonce S (2000) Tetrahedron 56:3189

Cavdar H, Saracoglu N (2006) ] Org Chem 71:7793

Yadav JS, Abraham S, Reddy BVS, Sabitha G (2001) Tetrahedron Lett 42:8063

Zhan Z-P, Yang W-Z, Yang R-F (2005) Synlett, p 2425

Zhan Z-P, Yu J-L, Yang W-Z (2006) Synth Commun 36:1373

Zhang C-X, Wang Y-Q, Duan Y-S, Ge Z-M, Cheng T-M, Li R-T (2006) Catal Commun
7:534

Guida WC, Mathre DJJ (1980) Org Chem 45:3172

Hamaide T (1990) Synth Commun 20:2193

Wang N, Teo K, Anderson HJ (1977) Can J Chem 55:4112

Le Z-G, Chen Z-C, Hu Y, Zheng Q-G (2004) Synthesis, p 1951

Yang L, Xu L-W, Xia C-G (2005) Tetrahedron Lett 46:3279

Paras NA, MacMillan WC (2001) ] Am Chem Soc 123:4370

Gordillo R, Carter J, Houk KN (2004) Adv Synth Catal 346:1175

Arroyo Y, de Paz M, Rodriguez JE, Sanz-Tejedor MA, Ruano JLG (2002) ] Org Chem
67:5638

Rowan DD, Hunt MB, Gaynor DL (1986) ] Chem Soc Chem Commun, p 935
Brimble MA (1990) J Chem Soc Perkin Trans I, p 311

Christophersen C (1985) In: Brossi A (ed) The alkaloids, vol 24. Academic, Orlando,
chap 2

Umeyama A, Ito S, Yuasa E, Arihara S, Yamad T (1998) J Nat Prod 61:1433

Mancini I, Guella G, Amade P, Roussakis C, Pietra F (1997) Tetrahedron Lett 38:6271
Banwell MG, Bray AM, Wills AC, Wong D (1999) ] New ] Chem 23:687

Goh SH, Ali RMA, Wong WH (1989) Tetrahedron 45:7899

Banwell MG, Edwards AJ, Jolliffe KA, Smith JA, Hamel E (2003) Org Biomol Chem
296

Banwell MG, Beck DAS, Smith JA (2004) Org Biomol Chem 2:157

Banwell MG, Beck DAS, Willis AC (2006) ARKIVOC iii:163

Anderson HJ, Loader CE (1985) Synthesis, p 353

Hodges LM, Gonzalez ], Koontz JI, Myers WH, Harman WD (1993) J Org Chem
58:4788

Hodges LM, Gonzalez ], Koontz JI, Myers WH, Harman WD (1995) ] Org Chem
60:2125

DuBois MR, Vasquez LD, Peslherbe L, Noll BC (1999) Organometallics 18:2230



Top Heterocycl Chem (2007) 11: 63-101
DOI 10.1007/7081_2007_063

© Springer-Verlag Berlin Heidelberg
Published online: 4 July 2007

Chemistry of the Welwitindolinones

]. Carlos Menéndez

Universidad Complutense, Departamento de Quimica Orgdnica y Farmacéutica,
Facultad de Farmacia, Plaza de Ramén y Cajal, s.n., 28040 Madrid, Spain
josecm@farm.ucm.es

1 Occurrence of the Welwitindolinones . . . . ... ... ........... 64
2 Biological Properties of the Welwitindolinones . . . ... ... ... ... 65
3 Biosynthesis of the Welwitindolinones . . . ... ... ........... 66

4 Synthetic Efforts Towards Welwitindolinone C

Isothiocyanate (Welwistatin) . . . .. .. ................... 68
41 Introduction . . ... ... ... .. ... 68
4.2 Failed Approaches to the Welwistatin Skeleton . . . . ... ... ...... 69
4.3 Syntheses of the Complete Welwistatin Core . . . .. ... ... ...... 73
4.3.1 Synthesis of the Welwistatin Coreby Wood . . . . .. ... ... .. .... 73
4.3.2 Synthesis of the Welwistatin Coreby Rawal . . . ... ... ... ...... 77
4.3.3 Synthesis of the Welwistatin Core by Simpkins . . . . ... ...... ... 79
4.3.4 Synthesis of the Welwistatin Coreby Funk . . ... ............. 80
4.3.5 Synthesis of the Welwistatin Coreby Shea. . . . . ... .. ... ... ... 84
4.3.6 Synthesis of the Welwistatin Core by Menéndez . . . ... ......... 87
5 Synthesis of Welwitindolinone A Isonitrile . . . . .. ... ......... 88
51 Introduction . . . ... .. ... ... ... ... 88
5.2 Synthesis of Welwitindolinone A Isonitrile by Baran . . . . ... ... ... 89
5.3  Synthesis of Welwitindolinone A Isonitrile by Wood . . . . . ... ... .. 94
6 Conclusion . . . . ... ... . i e 99
References . . .. .. ... ... . .. ... 100

Abstract Marine cyanobacteria are a prolific source of bioactive natural products. The
welwitindolinones are a group of structurally unique metabolites isolated from cyanobac-
teria, containing 3,4-bridged or spiro cyclobutaneoxindole moieties. Due to their chal-
lenging structures and their broad spectrum of biological activities, these compounds
have attracted the attention of synthetic chemists for some time, although so far their
complexity has prevented the completion of total syntheses for most of these natural
products. This chapter is devoted to a discussion of the current knowledge about the
occurrence, biological properties, biosynthesis and synthetic approaches to the welwitin-
dolinones.

Keywords Bicyclo[4.3.1]decanes - Biosynthesis - Indole alkaloids -
Marine natural products - Spiro-fused cyclobutanes
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Abbreviations

ABC ATP-Binding Cassette

ATP Adenosine triphosphate

BOC tert-Butyloxycarbonyl

Brsm Based on recovered starting material
CDMT 2-Chloro-4,6-dimethoxy[1,3,5]triazine
DDQ Dichlorodicyanoquinone

DPPA Diphenylphosphoryl azide

GTP Guanosine triphosphate

HMPA Hexamethylphosphoramide

LDA Lithium diisopropylamide

LHMDS  Lithium hexamethyldisilazide

MDR Multidrug resistance

NMM N-Methylmorphioline

NBS N-Bromosuccinimide

PCC Pyridinium chlorochromate

P-gp 170  Glycoprotein P-170
T2IMDA  Type 2 intramolecular Diels-Alder

TBS tert-Butyldimethylsilyl

TEMPO 2,2,6,6-Tetramethylpiperidine-N-oxyl
Tf Triflate (trifluoromethylsulfonate)
TFA Trifluoroacetate

TMS Trimethylsilyl

TPAP Tetrapropylammonium perruthenate
p-Ts p-Tolylsulfonyl

1

Occurrence of the Welwitindolinones

Welwitindolinones are a family of structurally unusual oxindole alkaloids
obtained from marine cyanobacteria (Fig.1). The first members of this
group were isolated in 1994 by Moore and coworkers, who were study-
ing the lipophilic extracts of the blue green algae Hapalosiphon welwitschii
and Westiella intricata [1]. These extracts exhibited reversing activity to-
wards multidrug resistance (MDR), insecticidal activity against blowfish lar-
vae, and antifungal activity, the first two properties being largely associated
with N-methylwelwitindolinone C isothiocyanate, also known as welwistatin
(1). Some other related 3,4-bridged oxindoles, such as welwitindolinone C
isothiocyanate 2, N-methylwelwitindolinone B isothiocyanate (3) and its nor-
derivative (4), and N-methylwelwitindolinone C isonitrile (5) were also iso-
lated. Besides these compounds, a structurally novel spirocyclobutane oxin-
dole derivative, welwitindolinone A isonitrile (6) was also identified. Subse-
quent work led to the isolation of some other oxidized welwitindolinones
from several Fischerella species. These compounds contain a 3-hydroxy group
(compounds 7 and 8) or an ether link between C-3 and C-14, accompanied by
oxidation of C-13 (compound 9, N-methylwelwitindolinone D isonitrile) [2].
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R Cmpd. Name R Cmpd. Name
CH; 1 N-methylwelwitindolinone C CH; 3  N-methylwelwitindolinone B
isothiocyanate (Welwistatin) isothiocyanate
H 2 Welwitindolinone C H 4  Welwitindolinone B
isothiocyanate isothiocyanate

N-methylwelwitindolinone C Welwitindolinone A
isonitrile (5) isonitrile (6)

7 R=NC N-methylwelwitindolinone D
8 R=NCS isonitrile (9)

Fig.1 Structures of the welwitindolinones

2
Biological Properties of the Welwitindolinones

The lipophilic extracts from Hapalosiphon welwitschii and Westiella intricata
exhibited MDR reversing activity, insecticidal activity against blowfish larvae,
and antifungal activity. The first two properties were largely associated with
welwistatin, while welwitindolinone A isonitrile (6) accounted for most of the
antifungal activity found in the extracts. When all these findings are taken
into account, welwistatin (1) emerges as the biologically more relevant of the
welwitindolinones.

Inhibition of multidrug resistance (MDR) to antitumor agents is one of
the most interesting biological properties of welwistatin. In fact, marine
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cyanobacteria are very interesting in the search for new MDR modulators,
since it has been estimated that about 1% of their extracts have this ac-
tivity. In vitro models with the MDR phenotype have been mainly related
to overexpression of a 170 kD membrane glycoprotein known as P-gp 170,
which is a member of a superfamily of ATP-dependent transport proteins
known as ABC (ATP-Binding Cassette) transporters. Welwistatin inhibits the
P-gp 170-mediated resistance of MCF-7/ADR cells to lipophilic anticancer
drugs such as vinblastine, taxol, actinomycin D, daunomycin, and colchicine
(but not to the less lipophilic cisplatin) at 10~ M doses [3], which represents
a potency 20 to 100-fold higher than that of verapamil, the reference MDR
reversal compound [4, 5]. Although structure-activity relationships have not
been established for P-gp inhibition by welwistatin, the isothiocyanate group
seems to play a very important role, because natural welwistatin analogues
in which an isonitrile group replaced this moiety were inactive; indeed, some
simple isothiocyanates have subsequently been shown to behave as MDR
reversors [6,7]. The interaction of welwistatin with P-gp 170 was corrobo-
rated by photoaffinity labeling of this transport protein with [*H]azidopine in
membranes from SK-VLB-1 cells [3].

Welwistatin also inhibits cell proliferation with reversible depletion of cel-
lular microtubules in ovarian carcinoma cells and A-10 vascular smooth mus-
cle cells by inhibiting the polymerization of tubulin, but it does not alter the
ability of tubulin to bind [*H]colchicine or to hydrolyze GTP [8]. Due to the
cytotoxicity associated with the inhibition of tubulin polymerization, which
is the main mechanism of action of antitumor drugs such as vincristine and
vinblastine, and because P-gp-overexpressing cells show virtually no resist-
ance to welwistatin due to its MDR reversal properties, this natural product
could be a good candidate in the chemotherapy of drug-resistant tumors.

3
Biosynthesis of the Welwitindolinones

The welwitindolinones are biogenetically related to other families of natural
products known as fischerindoles and hapalindoles, as shown in the biosyn-
thetic proposal made by Moore [1] that is summarized in Schemes 1 and 2.
A chloronium ion-induced condensation between isonitrile 10, derived from
L-tryptophan, and polyene 11, derived from geranyl pyrophosphate, would
give the hypothetical intermediate 12, known as 12-epihapalindole E isoni-
trile, which has been proposed as the common precursor of all these chlorine-
containing alkaloids [1,9]. An enzyme-controlled, acid-catalyzed condensa-
tion of the isopropenyl group onto the indole C(2) or C(4) positions would
give the fischerindole 13 or the hapalindole 14, respectively (Scheme 1).

On the other hand, oxidation of the indole system in 12 would give 15,
a direct precursor of the spiro compound 6 (welwitindolinone A isonitrile).
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Scheme 1 Biosynthesis of the fischerindoles and hapalindoles according to Moore

Epoxidation of the cyclohexene bond of the latter to give 16, followed by in-
tramolecular Friedel-Crafts-type chemistry would finally afford compound 4,
containing the welwitindolinone skeleton [1]. The origin of the isothiocyanate
unit in compounds such as 1 is less clear and this group has been proposed

Hsc ¢l
H,C= "

H, .., CHj
CN

E
@ CH, Oxidation
N

H

12-Epihapalindole E
isonitrile (12)

Welwitindolinone A
isonitrile (6)

i Oxidation

N-methylwelwitindolinone C
isothiocyanate (welwistatin)
(1)

Welwitindolinone B
isonitrile (4)

Scheme 2 Biosynthesis of the welwitindolinones according to Moore
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to arise directly from inorganic thiocyanate or by introduction of sulfur into
isonitrile intermediates [10] (Scheme 2).

Some crucial details of this biosynthetic proposal have recently been chal-
lenged. In particular, it has been proposed that the role of 12 as an inter-
mediate is unlikely because of the absence of architectures similar to that
of 12 among the known natural members of the hapalindole-fischerindole-
welwitindolinone family. Instead, fischerindole I has been proposed as the
actual precursor to welwitindolinone A 6, a hypothesis that is supported by
synthetic studies (Sect. 5.2) [11].

4
Synthetic Efforts Towards Welwitindolinone C Isothiocyanate (Welwistatin)

4.1
Introduction

In addition to its biological interest, the structure of welwistatin poses a sig-
nificant synthetic challenge because of its four-ring compact structure in
which an oxindole system and a cyclohexanone are linked through a seven-
membered ring. It also contains four stereogenic centers, including two ad-
jacent quaternary centers, a third quaternary carbon containing the gem-
dimethyl substituent and two unusual and reactive moieties, such as the
isothiocyanate and vinyl chloride functions (Fig. 2).

- Compact, unprecedented ring system

- Bicyclo[4.3.1]decane system about an oxindole

- Four stereocenters, two of them quaternary

- Three quaternary carbons, two of them adjacent

- Gem-dimetyl substituent

- Bridgehead nitrogen function

- Unusual, sensitive functions: isothiocyanate, vinyl chloride

Welwistatin (1)

Fig.2 Main challenges in the construction of welwistatin

A good deal of effort has been devoted to the preparation of derivatives
of the cyclohepta[cd]indole and bicyclo[4.3.1]decane ring systems, that can
be considered related to the ABC and CD ring systems of welwistatin, re-
spectively, but much of this work cannot be translated easily to methods
relevant to welwistatin synthesis. For instance, many successful approaches to
the cyclohepta[cd]indole system are based on intramolecular radical cycliza-
tions [12] or Heck reactions [13]. In many published examples, a substituent
at the indole C-2 avoids the competing reaction at this position, but this de-
vice renders the reaction products inadequate to achieve the oxindole struc-
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ture of welwistatin. Because this work on potential welwistatin fragments has
been recently reviewed [14], it will not be discussed here.

No total synthesis of welwistatin has been completed so far, although
a number of groups have completed syntheses of the complete tetracyclic
framework.

4.2
Failed Approaches to the Welwistatin Skeleton

Several groups have reported the preparation of advanced synthetic inter-
mediates that they were then unable to cyclize to compounds containing the
complete welwistatin framework. In the first published approach to a wel-
wistatin fragment, Konopelski planned the formation of the welwistatin C4-
Cl11 bond through a coupling reaction with a lead (IV) 4-indolyltriacetate
derivative [15,16] and a subsequent aldol-type condensation to form the
C15-C16 bond of the natural compounds. The model cyclohexanone deriva-
tive 18 was arylated very efficiently with the indolyllead reagent 17 to give the
4-substituted indole derivative 19. It is interesting to note that the excellent
diastereoselectivity observed in the formation of 19 was attributed to an at-
tractive interaction between the carbanionic center derived from the interme-
diate B-ketoester and the distal trialkylsilyloxy group. Compound 19 was then

TBDMSO OTBDMS
Pb(OAc);  HsCO:z T H30020§§ Zo
\ i - \
N N
BoC BOC
17 19 (98%)
1.- 200 °C
2.- KOH, CHjl, BugN*r
3.- NBS, t-BuOH
OTBDMS
H3C0,C™ : é0
L
N
CH;
20 (50%)

Scheme 3 Creation of the C15-C16 bond of a welwistatin model compound by C-arylation
of a cyclohexanone derivative
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transformed into oxindole 20 by thermal elimination of the BOC protection,
followed by N-methylation and transformation of the indole ring into oxin-
dole in the presence of NBS and fert-butyl alcohol (Scheme 3), but this com-
pound could not be used as a precursor of the welwistatin skeleton because of
the failure of all attempts to create the C ring by aldol chemistry [17, 18].
This strategy also required the preparation of a suitable precursor of the
welwistatin D ring, as shown in Scheme 4. The starting material for this
endeavor was 4-hydroxycyclohexanone 21, which was transformed into the
corresponding acetal by reaction with the enantiomerically pure hydroben-
zoin 22 as a chiral auxiliary to generate the required stereochemistry at the
welwistatin C(12)-position, leading to compound 25 after subsequent TEMPO
oxidation of the hydroxyl group. Methoxycarbonylation of the 23 anion by its
exposure to methyl carbonate led to the S-dicarbonyl derivative 24, which was
submitted to a standard selenation-oxidation-elimination protocol to create
a double bond conjugated with both carbonyls (compound 25). Lewis acid-
catalyzed conjugate addition of methylmagnesium bromide to this conjugated

Ph Ph
Ph  Ph Ph, Phy ¢
o ) Y 22
"udon 0L NaH, N
TsOH (MeO)QCO
—_—
2) NaOCl, TEMPO HsCO3
OH
21 23 24 (95%)
1) PhSeBr
2) H,0;
Ph Ph  Ph
CH3MgBr, o 0
HsC ZnCl,, TMSCI
-
H3COzc H3COZ
o]
27 (61% from 20) 26 25 (84%)
Hzc%MgBr
CuCN
Ph  Ph

Scheme 4 Synthesis of the welwistatin D ring by Konopelski
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system afforded 26, which contains the welwistatin C-12 methyl substituent.
A selenium-assisted dehydrogenation similar to the one previously applied to
24 gave compound 27, which was then vinylated by diastereoselective conju-
gate addition of vinylmagnesium bromide to give compound 28 [19].

With welwistatin precursor 28 in hand, the synthetic plan involved its ary-
lation with indolyllead triacetate 17 in conditions similar to those established
for the model system 18. However, this reaction failed to give the expected
product 29 (Scheme 5), probably because of the steric hindrance imposed by
the presence of the methyl and vinyl substituents, as shown by the fact that
cyclohexanone derivative 24 gave the reaction in quantitative yield, affording
compound 30 [20].

//4»
Pb(OAc);

A Ph_ Ph
N

\ Ph

BoOC 0.0 :

17
H3CO;
o
24
Pyridine
BoC
30 (98%)

Scheme 5 Failed approach to welwistatin based on a C-arylation reaction

In another failed approach, addition of I1-pyrrolidinocyclohexene 32
to (E)-(1-methyl-2-oxoindolin-3-ylidene)acetophenone 31, followed by acid
hydrolysis, could be controlled simply by changes in the reaction tempera-
ture, and was found to give diastereoselectively compounds 33 or 34. The
latter compound was shown by NMR and X-ray diffraction data to have the
suitable geometry to allow the creation of the crucial bond between the pos-
ition adjacent to the cyclohexanone carbonyl and the oxindole C-4 position.
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However, all attempts to activate the a-position of the cyclohexanone ring in
order to facilitate a subsequent diazotization, which was to be followed by
rhodium carbenoid-mediated aryl C-H insertion onto C-4 [21], were unsat-
isfactory [22]. One of the approaches was based on the generation of the silyl
enol ether 35, but attempts to achieve its «-acylation led only to the formation
of Paal-Knorr-type cyclization products 36. Chemoselective formylation of
34 to 37 was possible by reaction with ethyl formate in the presence of a large
excess of sodium ethoxide, but in situ oxidation of the desired compound 37
to 38, which was the major isolated product, made the reaction unpractical
(Scheme 6).

HCO,Et Phcoci,

NaOMe (excess) l
l TiCly

38 (major)

Scheme 6 Studies on an approach to welwistatin based on an enamine addition onto
a (2-oxoindolin-3-ylidene)acetophenone derivative

In a related example, the desired rhodium carbenoid could be generated
from 3-substituted indole or oxindole derivatives, which are readily accessible
by ytterbium triflate-catalyzed Michael reactions, but several problems were
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found that prevented the formation of the cycloheptane ring via an aryl CH
insertion at C-4. For instance, oxindole substrate 39 gave readily the rhodium
carbenoid 41 in two steps, but this intermediate failed to give the desired CH
insertion to 42. Instead, it was attacked by the oxygen of the oxindole to give
the zwitterion 43, which evolved either to the indolooxepine 44 (a, Scheme 7),
or by intramolecular cyclization (b) to give epoxide 45 that then rearranged
to 46.

Hs3C

o
Hs;C CO,Me H3C
A CcO,Me
o Z / o
N N N
\CH3 CH3 CH3
_ 43 44 (32%)
ron (28 220 ,, "
Rh2(0Ac),( 2 ¢
41 Z=RhL, CH; CH;
. A\
o A\I ¥ CO,Me I\{ OH CO,Me
MeO,C CHs CHj3 CH;
CH; 45 46 (45%)
o
N
R
42

Scheme 7 Failed attempts at the construction of the cyclohepta[cd]indole system based on
a rhodium carbenoid insertion

The attempted cyclization of rhodium carbenoid 47 onto the indole C-4
position was also unsuccessful, and the only observed products were
compounds 48 and 49, arising from insertion onto the indole C-2 pos-
ition (Scheme 8). An attempt to force the desired mode of cyclization by
suppression of the indole C2-C3 double bond also failed, and thus 2,3-
dihydro carbenoid 50 gave only the intramolecular dismutation derivative
51 [23].

43
Syntheses of the Complete Welwistatin Core

4.3.1
Synthesis of the Welwistatin Core by Wood

The preparation of compound 52 represented the first synthesis of an in-
termediate containing the complete welwistatin carbon framework [24]. The
synthetic planning is shown in Scheme 9, and is based on the construction of
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CHj
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Scheme 8 Further attempts at the construction of the cyclohepta[cd]indole system using
rhodium carbenoid chemistry

Isatin CH;

Scheme 9 Retrosynthetic analysis of the welwistatin core by Wood

the seven-membered ring of the 3,4-bridged oxindole core through opening
of the cyclopropane ring of diazo ketone 53, which was prepared by rhodium
carbenoid-mediated aryl C-H insertion in 54.
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Wood’s synthesis started with a Wittig reaction between isatin and ethyl
triphenylphosphoranylidene acetate to give compound 55, which was sub-
mitted to a cyclopropanation reaction through sequential treatment with
isopropyl triphenylphosphorane and methyl iodide [25], giving 56. This
compound was transformed into the «-diazoketone 54 through a four-step
sequence, comprising N-methylation and saponification, followed by con-
version of the acid thus obtained into to the corresponding acid chloride
and final reaction with diazomethane. The initial studies on the planned
intramolecular aryl C-H insertion in compound 54, using Rh,(TFA), as
a catalyst, gave disappointing results, since the reaction gave low yields of
a mixture of compounds 58 and 59, both presumably arising from the com-
mon intermediate 57. After extensive optimization work, it was found that
addition to the reaction mixture of the mildly Lewis-acidic clay montmo-
rillonite K allowed the preparation of the desired 59 in a reproducible 57%
yield, which allowed to proceed with the synthetic plan. Compound 59 was
oxidized with PCC to give the corresponding «-diketone, which, upon treat-
ment with tosyl azide and base, underwent regioselective diazotization to

Et0,C CHa HO CHs
H3C PPh3 CH; 4. ICH5

©\/§=o CH; 2. LiOH (ﬁ
- PPh; (79%

from isatin)

55
56 1. (CICO),
2. CH3N;
(80%)
Nz P cHs
CHj
Rhy(TFA),
-~ [0}
N
CHj3
54

Additive %58 %59

N, CH3 O CH3 Nom? . 15 15
Montmorillonite 0 57
1.- PCC/celite K-10
2-Ts-NH-NH;
(59%)

Scheme 10 Synthesis of a precursor to the cyclohepta[cd]indole system by Wood
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give 53 (Scheme 10). It is relevant to mention at this point that a previous
attempt at the preparation of a cyclohepta[cd]indole derivative from a C-3
substituted oxindole failed at the aryl C-H insertion stage, as previously
mentioned [23].

Compound 53, via generation of its rhodium carbenoid, was coupled
with allyl alcohol to give the non-isolated enol intermediate 60 which un-
derwent a cyclopropane ring-opening to give 61, containing the welwistatin
seven-membered ring. Ethynylation of 61 by addition of an ethynyl Grig-
nard reagent to its keto group afforded compound 62, where the stage was
set for a Claisen rearrangement intended to induce migration of the al-
lyl group to the position where it would allow creating ring D through
a metathesis reaction. Thus, thermal treatment of 62 followed by separa-
tion of the major (98 : 2) diastereoisomer, bearing a «-allyl substituent, gave
compound 63. Partial reduction of the carbon-carbon triple bond with hy-
drogen in the presence of Lindlar’s catalyst gave a suitable substrate for
a ring-closing metathesis that was finally transformed into 52 by treat-
ment with the first-generation Grubbs catalyst (Scheme 11). The tandem
OH-insertion-Claisen rearrangement used in this sequence proved to be of
general value [26].

N, CH3 HZC\/\O CH,
(o)
CH; Ha C/\/

CH;
RhZ(OAc),; g(
o | L

CHs \CH:,

.2

53

60

1.- Hy, Pd-BaSOy,

cl PCyspn
2.- CI'
0 PCYs A (Claisen)
-« -
(55%) (89% from 61)

Scheme 11 Final stages of the preparation of the welwistatin core by Wood
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4.3.2
Synthesis of the Welwistatin Core by Rawal

The preparation of compound 64 and the subsequent installation of a bridge-
head nitrogen function by the Rawal group [27] represented the second
successful synthesis of the complete welwistatin carbon framework. Their
strategy (Scheme 12) was based on the creation of the welwistatin C4-C11
bond through a palladium-catalyzed intramolecular coupling in compound
65, which would be available using a Lewis acid-catalyzed displacement of
the tertiary hydroxyl in compound 66 by a cyclohexenyl silyl enol ether. The
starting material for this route was 4-bromoindole.

H;CO.C B\ M
[ e— o CH3
A\
N
CHj;
65
Br Br HO_ CHs
CHj
\ < \ +
N N
H \
Ts oTMS
66

Scheme 12 Retrosynthetic analysis of the welwistatin core by Rawal

Friedel-Crafts acylation of 4-bromoindole led to 67, which, after protec-
tion by N-tosylation to give 68, was treated with methylmagnesium bromide
and afforded compound 66, which contains the welwistatin C3-C16 bond as
well as its gem-dimethyl substituent at C(16). A Lewis-acid catalyzed dis-
placement of the tertiary hydroxyl in 66 by a cyclohexanone silyl enol ether
afforded intermediate 69, which was then deprotected and N-methylated to 70
(Scheme 13).

In order to facilitate the desired palladium-catalyzed creation of the wel-
wistatin C4-C11 bond, compound 70 was regioselectively transformed into
B-ketoester 65 by treatment with LDA in the presence of HMPA, followed
by addition of Mander’s reagent. The crucial palladium-catalyzed cross-
coupling reaction took place in the presence of palladium acetate, tri-tert-
butylphosphine and potassium fert-butoxide, and afforded compound 64,
which contains the complete welwistatin skeleton. The installation of a nitro-
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Scheme 13 Initial stages of the Rawal route to the welwistatin core

gen function at the bridgehead position of 64, which seems to be essential for
biological activity, was also studied. To this end, the ester group had to be hy-
drolyzed, in order to use the carboxyl function as a starting point for a Curtius
rearrangement. This task proved more difficult than expected, since 64 was
quite resistant to hydrolysis, even under forcing conditions. This low reactiv-
ity was explained considering that the conformation of the bicyclic system, as
studied by X-ray diffraction, imposes severe steric constraints that force the es-
ter group into a position where both faces of the carbonyl are inaccessible to

Br CHs H3CO,C" gr CHs
o CHs 1. LDA, HMPA bo) CH
2. H;€O-CO-CN 3
A\ . A\
N (96%) N
CH; CH;
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0,
(78%) (95%)

CH;
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Scheme 14 Synthesis of the welwistatin core by Rawal
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hydrolytic attack. This problem was solved by the use of nucleophilic dealky-
lation conditions, and thus refluxing 64 in pyridine with an excess of lithium
iodide afforded acid 71 in 95% yield. Treatment of 71 with diphenylphosphoryl
azide (DPPA) gave isocyanate 72, which was found to be remarkably resistant
towards nucleophiles such as benzyl alcohol (Scheme 14).

433
Synthesis of the Welwistatin Core by Simpkins

As part of a project studying bridgehead metalation chemistry, the Simpkins
group became interested in the disconnections for the welwistatin skeleton
shown in Scheme 15. After the failure of all efforts to translate disconnection
(a) into practice, they focused their work on route (b), in spite of its similarity
to the route unsuccessfully attempted by Konopelski [28] (Sect. 4.2).

St
B H ﬁ ©cro
o (@) (b)

Y = O  — D

N N N

R R R

Scheme 15 Retrosynthetic analysis of the welwistatin core by Simpkins

Palladium-catalyzed coupling of cyclohexanone with 4-bromo-1-methyl-
indole, under Buchwald conditions, allowed accessing the starting material
73. Compound 73 was then formylated to 74 using the Vilsmeier-Haak reac-
tion. All attempts to induce an intramolecular base-catalyzed aldol cyclization
of compound 74 were unsuccessful, but acidic conditions led to an equimolec-
ular mixture of two bridged structures, namely compounds 75 and 76, which
can formally be considered as dismutation products of the expected aldol
product. Their formation can be explained by assuming that the initial aldol
reaction leading to 77 is followed by hydroxide elimination to generate the
iminium species 78. Hydride transfer from 77 to 78, as shown in Scheme 16,
would easily explain the formation of the observed products.

In subsequent work, it was found that the reaction conditions could be
modified to give a single product. Thus, carrying out the acid-catalyzed cycli-
zation in the presence of an external source of hydride, such as triethylsilane,
led to compound 75 in 92% yield, while the presence of an hydride acceptor
such as DDQ resulted in the formation of 76 as the sole product, albeit in 45%
yield. Compound 77 was finally transformed into the oxindole derivative 79
by oxidation with N-bromosuccinimide in the presence of tert-butyl alcohol
(Scheme 17).
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Scheme 16 Synthesis of the welwistatin core by Simpkins

434
Synthesis of the Welwistatin Core by Funk

Greshock and Funk have recently disclosed the synthesis of compound 80,
the most advanced welwistatin intermediate prepared to date [29]. Their ap-
proach differs from all others in that it does not start from an indole or
oxindole derivative, but rather is deigned to build the indole ring system at
a late stage, using an in-house developed [30] annelation sequence from in-
termediate 81, which would be available from 82 via an electrocyclic ring
closure reaction that can also be viewed as an intramolecular vinylogous
Michael addition. The bicyclic structure 83 was to be built at the early stages
of the synthesis, also using synthetic methodology developed by the Funk
group [31] (Scheme 18).

Cyclohexanone derivative 85 was chosen as the starting material because
of its ready availability from 3-methylanisole, both in racemic and enan-
tiomerically pure forms [32]. Because of the previously established synthetic
equivalence between 6-bromomethyl-4H-1,3-dioxine and bromomethyl vinyl
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Scheme 18 Retrosynthetic analysis of the welwistatin core by Funk
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ketone [31], its reaction with the kinetic enolate derived from 85 was studied.
It was hoped that this reaction would proceed by axial alkylation from the o
face through a chair conformer possessing equatorial vinyl and trialkylsilyloxy
substituents, since alkylation from the g face would be hampered by a 1,3-
diaxial interaction with the silyloxy substituent. This expectation was fulfilled
in practice, since the reaction of 85 with the bromomethyl dioxine deriva-
tive in the presence of lithium hexamethyl disilazide afforded compound 86
with higher than 10 : 1 diastereoselectivity. Regioselective generation of the
less hindered enolate derived from 86 followed by its cyanation by treatment
with tosyl cyanide afforded compound 87. Thermal degradation of the 1,3-
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oot o1BS H.C OTBS
HC<, 2. LIAIH(0-Bu); 25 HsC
H;C— 3. TBSOTf Et;N
N - -
¢ (74%) (79%
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1. PhSeCl
2. Cs,C0;3
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TBSO
H,C= OTBS
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—_—
Ne (79%)
PhSe
%

1. LIHMDS, ICH3
2. LiIHMDS, ICH3
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Scheme 19 Synthesis of a welwistatin CD fragment by Funk



Chemistry of the Welwitindolinones 83

dioxine ring in 87 through a retro-hetero Diels-Alder pathway afforded 84,
having an unmasked «, f-unsaturated ketone moiety. This set the stage for
the generation of the bicyclo[4.3.1]decane system through an intramolecular
Michael reaction, which was triggered by simple addition of triethylamine to
84 to give compound 88, with no epimerization at the bridgehead position.
Parallel work had shown that the presence of the carbonyl function at the
one-carbon bridge would be troublesome during the electrocyclic ring closure
leading to the indole ring (see Scheme 20). For this reason, chemoselective ac-
tivation of the more reactive carbonyl group of 88 by its transformation into
the corresponding silyl enol ether was followed by stereoselective reduction of
the troublesome ketone carbonyl with LiAlIH(O — tBu)s, and the resulting alco-
hol was protected as a TBS ether to give 89. This compound was transformed
into 90 after its reaction with phenylselenyl chloride followed by equilibra-
tion of the epimeric mixture of selenides in the presence of cesium carbonate.
The a-bromoenone functionality required for the subsequent cross-coupling
step was secured by treatment of 90 with N-bromosuccinimide, which af-
forded compound 92 in a single step, presumably through the intermediacy
of the undetected o-bromo-«-phenylselenylketone 91. Interestingly, the se-
lenide epimeric to 90 afforded only desbromo-92 under the same conditions.
The gem-dimethyl substituent was introduced at this stage by two sequential
enolate methylations, leading to compound 83 (Scheme 19).

L
= I’VH

Scheme 20 Synthesis of a welwistatin ACD fragment by Funk

The Stille coupling of a-bromoenone 83 with the previously known [30]
stannane 93 proceeded uneventfully and gave amidotriene 82, the key pre-
cursor for the planned electrocyclization reaction. Heating 82 in refluxing
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toluene afforded the expected cyclohexadiene derivative, which was dehydro-
genated in situ with DDQ to give compound 94. As previously mentioned, the
product of the electrocyclic ring closure of compound 95 containing a sec-
ond carbonyl group at the one-carbon bridge proved to be unstable under
thermal conditions and evolved through a retro-Michael reaction to give 98
(Scheme 20).

Removal of the N-protecting group in 94 with trifluoroacetic acid fol-
lowed by reductive amination of the resultant aniline with glyoxylic acid af-
forded compound 81, which was transformed into indole derivative 99 using
the conditions previously established in methodological studies by the same
group [30]. Compound 99 was employed to verify the feasibility of introduc-
ing the bridgehead nitrogen function through a Hofmann rearrangement. To
this end, the nitrile function was hydrated in the presence of the Parkins
catalyst 100 [33] to give amide 101, which underwent a Hofmann-type re-
arrangement in the presence of lead tetraacetate [34] that afforded isocyanate
80 (Scheme 21).

C
1. TFA
2. HOC-CO,H, Hj
NaCNBH; Ac,0, Et;N
S EEE—
(67% from 94)
TB.
Hzcgo oTBS

.CH;
CH;  Pb(OAc),

A\ )

78%,

N (78%)
H.

& cHs

80 101

Scheme 21 Final stages of the synthesis of the welwistatin core by Funk

435
Synthesis of the Welwistatin Core by Shea

Lauchli and Shea have recently published a synthesis of the welwistatin core
based on the use of a type 2 intramolecular Diels-Alder (T2IMDA) reaction
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to generate the fused bicyclo[4.3.1]system [35]. Thus, the preparation of com-
pound 102 was planned from precursor 103, where the indole framework
is employed to tether the diene and dienophile components. The synthe-
sis of 103 was planned from alkyne 104, which should be available from
4-bromoindole via Sonogashira chemistry (Scheme 22).

CH2
I’
T2IMDA N A \
v W N
102 103 104

Scheme 22 Retrosynthetic analysis of the welwistatin core by Shea

Once again, a 4-bromoindole derivative was used as the starting material.
Compound 105, prepared by Vilsmeier-Haak formylation of 4-bromoindole,
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Scheme 23 The Shea intramolecular Diels-Alder route to the welwistatin core
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was used as the substrate for a Sonogashira coupling with trimethylsily-
lacetylene, which afforded 106. Deprotection of the acetylene under basic
conditions proceeded with no noticeable problem, and was followed by N-
tosylation to 104. This N-protection step was necessary for improving the
solubility of the material in toluene for the next reaction, which consisted of
an ene-yne metathesis reaction with ethylene in the presence of the second-
generation Grubbs catalyst, leading to compound 105. Addition of vinylmag-
nesium bromide to 105 gave the allylic alcohol 106, which was found to be
more stable than its analogue bearing a methyl group at the indole nitro-
gen, which decomposed rapidly, presumably via a carbocation whose forma-
tion was hampered by the electron-withdrawing tosyl substituent. Manganese
dioxide oxidation afforded vinyl ketone 103, the substrate for the IMDA reac-
tion, which proceeded under remarkably mild conditions and furnished the
desired compound 102 (Scheme 23).

In order to introduce functionality at key positions, an intramolecular
Diels-Alder reaction with furan as the diene component was planned. Suzuki
coupling of the previously mentioned 105 with furan-3-boronic acid 106 gave
compound 107, which was N-tosylated to 108. Construction of the dienophile
portion was performed as in the previous case, by addition of vinylmagne-
sium bromide to give 109, followed by MnO, oxidation to give the cyclization
precursor, which was immediately heated at 120 °C in toluene and afforded
compound 110, which incorporates an oxygen atom at both the ketone and
vinyl chloride positions of welwistatin (Scheme 24).

Br  cHo
N o Pd(PPh3), TsCl, Et;N
Ly 100% ]
N (100%) (84%)
H B(OH),
105 106 108
HgC% MgBr
0 (100%)
o /c:H2
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A\
N (69%)
Ts \Ts

Scheme 24 Further studies on the IMDA route to the welwistatin core
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4.3.6
Synthesis of the Welwistatin Core by Menéndez

Our group is working on a different approach to the welwistatin core that in-
volves the initial preparation of a suitable tricyclic cyclohepta[cd]indole as
a welwistatin ABC fragment, followed by construction of the D ring at a later
stage (Scheme 25). Such an approach has the advantage of allowing the study
of simplified welwistatin fragments in order to contribute to the establish-
ment of structure-activity relationships. Thus, the synthesis of 111, a highly
functionalized derivative of the welwistatin core, was planned involving as the
key step a Michael-intramolecular aldol sequence from compound 112, which
would be prepared by ring expansion from 113, the well-known Kornfeld’s
ketone. This starting material is readily available through an intramolecular
Friedel-Crafts cyclization of 3-(1-pivaloyl-3-indolyl)propionic acid, where the
pivaloyl group plays a crucial role in the regioselectivity of the reaction in
favor of the less hindered C-4 position.

o o
¢ EtOC o
Et0: é \
A\
N
N
CH; o)/\ C(CH3); 0)\ C(CH3)s
111 112 113

Scheme 25 Retrosynthetic analysis of the welwistatin core by Menéndez

As summarized in Scheme 26, transformation of compound 113 to the
desired cyclohepta[cd]indole derivative 112 was achieved in a regioselec-
tive fashion by exposure to triethyloxonium tetrafluoroborate. Treatment
of 112 with acrolein in the presence of potassium carbonate afforded the
Michael adduct 114, which was cyclized to 115 in the presence of DBU. In
the course of these studies, we found that it was possible to achieve hydro-
lysis of the pivaloyl protection in the same synthetic operation to give 116 by
addition of water and an additional amount of DBU. The Michael addition-
intramolecular aldol sequence could be performed in one operation in the
presence of DBU, and this anionic domino process could also be combined
with the hydrolysis of the pivaloyl group in the presence of water-DBU to
give a 93% yield of 116 directly from 112. Although the reaction lacked dia-
stereoselectivity, this is of no consequence since the stereocenter adjacent to
the hydroxyl group is lost during subsequent stages of the sequence. Fur-
ther elaboration of 116 to 111 involved chemoselective N-methylation under
phase-transfer catalysis and oxidation of the hydroxyl group in the presence
of TPAP [37].
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Scheme 26 The domino Michael-aldol route to the welwistatin core by Menéndez

5
Synthesis of Welwitindolinone A Isonitrile

5.1
Introduction

Welwitindolinone A isonitrile also has a number of structural features that
make it a very challenging target, most notably the sterically crowded spiro-
fused cyclobutane ring, which at first sight might seem thermodynamically
unstable (Fig. 3).

- Compact, unprecedented ring system

- Highly strained spiro-fused cyclobutane ring

- Four stereocenters, two of them quaternary

- Three quaternary carbons, two of them adjacent

- Quaternary center with an adjacent chlorine atom
- Gem-dimetyl substituent

Welwitindolinone A
isonitrile (6)

Fig.3 Main challenges in the construction of welwitindolinone A
Two total syntheses of welwitindolinone A isonitrile have been completed

so far. The first of them, due to Baran, uses a ring-contraction strategy to
generate the cyclobutane ring, and is remarkable for the absence of protect-
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ing groups. In the second (racemic) synthesis, the Wood group installed the
cyclobutane ring early in the sequence and then created the spirooxindole
system using a new samarium-mediated procedure.

5.2
Synthesis of Welwitindolinone A Isonitrile by Baran

Work on the total synthesis of welwitindolinone A isonitrile (6) by the Baran
group [11] was inspired by the notion that its biosynthesis does not proceed
from 12-epihapalindole E isonitrile 12, the hypothetical biosynthetic interme-
diate postulated by Moore (Scheme 2), but instead fischerindole I (117) is the
actual precursor to 6 by an oxidative ring contraction. Compound 117 could
arise by dehydrogenation of the cyclohexane ring in the enantiomer of fis-
cherindole G (118). The preparation of the latter compound would involve
a Friedel-Crafts cyclization of intermediate 119, which should be available
from (R)-carvone oxide 120 using a direct indole coupling methodology de-
veloped by the same group [39,40]. Thus, the successful implementation of
the retrosynthetic plan outlined in Scheme 27 would provide access to three
different natural products or their enantiomers, two of them belonging to the
fischerindole class and the third one a welwitindolinone.

N~ H
H ‘CH.
Welwitindolinone A H;C ™73
isonitrile (6) Ent-Fischerindole G
18)

(R)-Carvone
oxide (120) 119

Scheme 27 Retrosynthetic analysis of welwitindolinone A isonitrile by Baran

The studies that eventually led to the synthesis of 6 started by instal-
lation of one of the all-carbon stereocenters by addition of vinylmagne-
sium bromide to the lithium enolate of (R)-carvone oxide 120. This reac-
tion afforded compound 121 as a single isomer, albeit in only 30% isolated
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yield because of a competing reaction derived from attack of the negatively
charged carbon atom of the enolate via an Sy2’ pathway. Chlorination of 121
with N-chlorosuccinimide and triphenylphosphine afforded 122, which has
three of the four stereocenters of the target molecule. Although the over-
all yield of this sequence is modest, it is still higher than that achieved
through a ten-step route previously employed for the preparation of an
epimer of 122 [38]; besides, the method is very fast and can be performed in
a multigram scale. Coupling of 122 with indole using previously established
methodology [39, 40] gave the key intermediate 119 in 55% vyield as a single
diastereoisomer. The Friedel-Crafts cyclization of 119 to 123 proved problem-
atic, and a number of acidic catalysts failed to give a yield higher than 20%
due to the formation of several side products. Eventually, a workable solu-
tion to this problem was found, consisting of the use of Montmorillonite K-10
under microwave irradiation. These conditions gave 40% isolated yield of 123
after one recycling of recovered starting material (57% brsm) (Scheme 28).

fo} oLi HC_ O
HsC, 1. Lhmps | €. 2. H,¢” MgBr Hyc
2 > CH:s ° > CH; (30%) HO IJI,H/CHs
CH, CH; 121 CH:
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CH, CH, (55%)
\CHs / .CH; Hzc\\_ (o)

cl Cl' LHMDS,  H,cl
Mont. K-10 indole, Cu(ll)
o8 - y - R . CH. 5
ﬁ CZ (57% brsm) “H (55%) cl J# "
H3;C 3 CH,
’ N M€ CHe 122
123 119

Scheme 28 Transformation of (R)-carvone oxide into a fischerindole precursor

Reductive amination of compound 123 proceeded with complete dia-
stereoselectivity, which was opposed to the one previously found for the
compound lacking the chloro substituent. Compound 124 thus obtained was
initially considered unsuitable for later stages of the synthesis on stereo-
chemical grounds, and for this reason access to its epimer 125 was sought
using a four-step sequence [38], comprising carbonyl reduction, mesylation
of the resulting alcohol, Sy2 displacement with lithium azide and final re-
duction. Compound 125 was successfully transformed into the corresponding
isonitrile (118) by generation of the corresponding formamide derivative fol-
lowed by dehydration with Burgess reagent. Compound 118 is the enantiomer
of fischerindole G, and access to the naturally occurring isomer should be
straightforward by this sequence using (S)-carvone oxide as the starting ma-
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terial. However, neither 118 nor its formamide precursor could be oxidized
to fischerindole I 117 although a number of oxidants were tested. An attempt
to use an indirect procedure also failed, since the reaction of 118 or its for-
mamide precursor with tert-butyl hypochlorite or dimethyldioxirane gave the
corresponding chloro- or hydroxy derivatives (e.g., 126), but none of them
could be transformed into 117, presumably because the desired reaction in-
volves a syn elimination (Scheme 29).

NaBH;CN,
NH,0Ac
—_—

(48% brsm)

CH2
1. HCO,H,
DMT-MM
2. Burgess
—_—
71%
(71%) N /“H
H p,c 'CHs
(-)-Fischerindole G (+)-Fischerindole I (117)
(118)
: CH, \/
t-BuOCI cNf"sc N 2/\
ci
HsC "“CHj
126

Scheme 29 Synthesis of (-)-fischerindole G by Baran

In view of these results, attention was turned to amine 124, whose deriva-
tives could be hoped to react with electrophiles from the opposite face. In-
deed, formamide 127 gave (+)-fischerindole I (117) in 47% overall yield after
treatment with tert-butyl hypochlorite and triethylamine followed by add-
ition of silica gel deactivated with triethylamine and subsequent exposure to
the Burgess reagent. This transformation presumably takes place by gener-
ation of chloroindolenine 128, anti elimination to give 129, tautomerism to
130 and final dehydration (Scheme 30).

Finally, this chemistry was employed to access welwitindolinone A. This
required the preparation of (-)-fischerindole I, which was achieved using
the same route previously described starting from (S)-carvone. This starting
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Scheme 30 Synthesis of (+)-fischerindole by Baran

H3;C
OHaC \//CHZ cN'™® ”/CHz
(S)-Carvone 4stepi el
oxide >
N~ . H
H H3C CH3
131 (ent-123) 11-epi-Fischerindole G (132)
t-BuOCI
-
(-)-Fischerindole I (133)
TFA
(28%, 10:1)
HsC,
HZCQ\\&
CN N
CLyo
Welwitindolinone A

isonitrile (6)

Scheme 31 Initial synthesis of welwitindolinone A isonitrile from (S)-carvone oxide by
Baran
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material was transformed into 131 and then to (+)-fischerindole I isonitrile
132, which gave the target welwitindolinone A isonitrile by brief exposure to
freshly prepared tert-butyl hypochlorite followed by acidic treatment through
the intermediacy of 133 (Scheme 31). Besides its brevity and the use of some
new synthetic methodology, this route is remarkable for the absence of any
protecting groups. It allowed proposing a new biosynthetic pathway for the
welwitindolinones, and it also served to confirm the absolute configuration of
the natural product 6, which had not been rigorously established.

A revised version of this synthesis has been subsequently developed that
has a higher overall yield and is more easily scalable [42]. Reasoning that the
yield and selectivity problems in the previous route were due to the use of
tert-butyl hypochlorite, the transformation of 11-epi-fischerindole G 132 into
(-)-fischerindole I 133 was carried out in excellent yield by exposure of 132
to DDQ in the presence of water, presumably through the intermediate unsat-
urated imine 136. For the final ring contraction step, it was decided to replace
the previously employed chlorohydroxylation by a hitherto unknown fluoro-
hydroxylation, expecting that the increased hardness of fluorine over chlorine

CN

H3c CH2
!

Xngy Hzo
\ 44%
F- HsC
d(\’e: cN' //CH2

(-)-Fischerindole I (133)

Welwitindolinone A
isonitrile (6)

Scheme 32 Improved synthesis of welwitindolinone A isonitrile by Baran
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would suppress side products derived from the isonitrile function. This was
achieved by treatment with xenon difluoride and water in acetonitrile, pre-
sumably through a domino mechanism involving chemoselective fluorination
of the indole ring to give 137, which is trapped by water to give 138. Elim-
ination of fluoride would then give an azaorthoquinodimethane 139, which
would finally undergo a [1, 5] sigmatropic rearrangement leading to the dia-
stereoselective generation of the spirocyclobutane unit of welwitindolinone
A (Scheme 32).

5.3
Synthesis of Welwitindolinone A Isonitrile by Wood

The retrosynthetic approach to welwitindolinone A isonitrile (6) used by the
Wood group is shown in Scheme 33. After recognition of the possibility of
deriving the vinyl isonitrile fragment from a ketone, the disconnection of 6
to 140 was proposed. A literature report of a samarium (II) iodide-mediated
reductive coupling of acrylates with isocyanates to give amides, which could
be expected to lead to a new spirooxindole synthesis, prompted the discon-
nection of 140 to 141. This compound was to be obtained from the readily
available cyclohexadiene derivative 143, by way of bicyclic ketone 142.

Welwitindolinone A
isonitrile (6)

>< =
H3;C ©

143

Scheme 33 Retrosynthetic analysis of welwitindolinone A isonitrile by Wood

A regio- and stereoselective [2+2] cycloaddition between cyclohexadiene
acetonide 143 and ketene 144 afforded compound 142. The required ary-
lamine unit was introduced by means of the ortho-metallated aniline equiva-
lent 145, after the failure of many other aryl metal species to give the de-
sired transformation. The triazene unit in compound 146 thus obtained was
chemoselectively reduced to the corresponding amine by Ni Raney, and this
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was followed by simultaneous protection of the hydroxyl and amino groups
by formation of the cyclic carbamate 147. Acetonide removal followed by
selective oxidation of the allylic alcohol furnished compound 148. This com-
pound was chosen as suitable substrate on which to prove the feasibility of
generating the spirooxindole system by a new methodology developed for the
purpose of this synthesis (see below). As the initial steps in this endeavor, 148
was first protected as a dithiolane and oxidized under Swern conditions to
give compound 149 (Scheme 34).
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Hacxojij ) c=0 — HC 0o
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H 1. HS(CH5),SH, BF3.Et,0
CH; 2.(COCI),, DMSO, Et;N

“CHj

148

Scheme 34 Synthesis of spirooxindole precursors

Addition of DBU to a solution of 149 in THF induced an elimination re-
action accompanied by loss of a molecule of CO; and provided the unstable
amine 150, which was converted in situ into isocyanate 151 by reaction with
phosgene and triethylamine. After filtration to remove hydrochloride salts,
the solution of 151 was treated with samarium (II) iodide in the presence of
lithium chloride. These conditions, which had been previously determined to
be optimal for spirooxindole generation on a model system, provided com-
pound 152 as an inseparable 7 : 1 mixture of diastereoisomers [43]. The major
component of this mixture was determined by NOE analysis to have the re-
quired configuration, which is consistent with bond formation from the less
hindered, convex face of 151 (Scheme 35).
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Smly, LiCl
(71%, 7:1)

152

Scheme 35 Samarium iodide-promoted synthesis of spirooxindoles related to welwitin-
dolinone A

With a suitable method for spirooxindole generation in hand, attention
was turned to installing the quaternary center bearing the vinyl and methyl
groups and also the adjacent chlorine-bearing stereocenter. An approach
was devised that should address both issues simultaneously, based on the
chloronium-induced semipinacol rearrangement from compound 153 shown
in Scheme 36 [44]. It was hoped that the reaction mechanism would force
methyl migration anti to the chloronium ion (intermediate 154), leading to
the correct relative stereochemical arrangement for the methyl and chlorine
substituents in the reaction product 155. In order to induce chlorination from
the desired, more hindered concave face, the use of a bulky protection of the
neighboring secondary hydroxyl (R group) was planned.

The tertiary alcohol 153 required as the starting material for this sequence
was prepared from compound 148, whose secondary hydroxyl was protected

JE——

153 154 155

Scheme 36 Chloronium-induced semipinacol rearrangement for the installation of the
quaternary stereocenter of welwitindolinone A. Model studies
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as triisopropylsilyl ether. Enone 156 thus obtained was treated with lithium
hexamethyldisilazide to protect the carbamate function as the correspond-
ing lithium amide, and then with L-selectride and N-phenyltriflimide to give
triflate 157. This compound was submitted to a palladium-catalyzed inser-
tion of carbon monoxide in the presence of methanol to give ester 158, which
afforded the desired tertiary alcohol 153 upon treatment with an excess of
methylmagnesium bromide in the presence of cerium trichloride. The crucial
reaction between 153 and a chloronium cation source could now be assayed.
According to plan, treatment of 153 with sodium hypochlorite in the pres-
ence of cerium trichloride gave compound 155 in 78% yield and as a single
diastereoisomer (Scheme 37).

LHMDS,
L-selectride,
~CHs  then PhNTF, TIPSO

CHs — (78% o=( CHs
from 140)
157
Pd. 2( dba)3,
dppf, CO,
CH3;0H

(69%)

Hs CH3MgBr,
CeCls

-~
(96%)

155 153

Scheme 37 Chloronium-induced semipinacol rearrangement for the installation of the
quaternary stereocenter of welwitindolinone A

Deprotection of the secondary hydroxyl in compound 155 was carried out
by exposure to fluorosilicic acid, and this step was followed by reduction of
the resulting §-hydroxyketone moiety by tetramethylammonium triacetoxy-
borohydride to give diol 159 as a single diastereoisomer. Selective dehydra-
tion of the less hindered hydroxyl function by the Martin sulfurane reagent
afforded the desired vinyl group, and the other hydroxyl was oxidized to ke-
tone under Dess—Martin conditions to give compound 160. Application of the
method established in the preliminary studies afforded the desired spirooxin-
dole derivative 140 as a single diastereoisomer. The only transformation that
remained to complete the total synthesis was that of the ketone group of 140
into a vinyl isonitrile, but unfortunately all attempts to carry out this last step
proved futile (Scheme 38).
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Scheme 39 Final steps of the succesful route to welwitindolinone A isonitrile by Wood
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In order to overcome this last hurdle, the decision was taken to install,
prior to oxindole formation, a nitrogen atom that could serve as a precur-
sor to the isonitrile function. To this end, carbamate 160 was transformed
into oxime 162 via a one-pot sequence involving decarboxylation and BOC
protection that was followed by treatment of the enone thus obtained with O-
methylhydroxylamine hydrochloride. However, compounds derived from 162
proved unreactive under the conditions of the previously developed Sml,-
mediated reductive cyclization, and hence an alternative method was neces-
sary. Taking into account the possibility of deprotonating the position « to an
isonitrile function using strong bases, the cyclization of isonitrile isocyanate
166 (Scheme 37) was planned. The preparation of this material started from
162, which was reduced with sodium cyanoborohydride and then formylated
to 163. The reduction step occurred exclusively from the convex face, giv-
ing a compound with the correct stereochemistry for the final deprotonation
step. Reductive cleavage of the N-O bond mediated by samarium (II) iodide
furnished 164, which gave 165 by acid-catalyzed BOC deprotection. Starting
from 165, the isonitrile and isocyanate functions could be obtained in a single
synthetic operation by treatment with phosgene and triethylamine, leading to
166. Exposure of the crude 166 to lithium hexamethyldisilazide gave the ex-
pected final cyclization and furnished the natural product in 47% yield and
as a single diastereoisomer (Scheme 39).

6
Conclusion

The welwitindolinones have proved to be very challenging targets, with no
total synthesis of welwitindolinone C (welwistatin) and only two of wel-
witindolinone A having being completed. Research into welwitindolinone
synthesis has served as the stimulus to discover a number of new synthetic
methodologies that will hopefully prove of value in other areas. It has also
served to shed some light on the biosynthetic pathway of these fascinating
and structurally complex molecules. Work in this field will certainly con-
tinue in the future, aimed at achieving the total synthesis of the elusive
welwistatin, and also the preparation of its analogues for structure-activity
relationship studies. It would also be of great interest to put to test the biosyn-
thetic hypothesis according to which welwitindolinone A is the precursor
to welwistatin.
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Abstract Lignans are widely distributed in nature and exhibit various activities, including
antitumor, antiviral, hepatoprotective, antioxidant, antiulcer, antiallergen, antiplatelet and
antiosteoporotic activities. So far, Taxus species have received a great deal of interest in
regard to their taxane diterpenes rather than their lignans. This chapter will review lignan
biosynthesis and recent strategies in the synthesis of lignans and provide an overview of
isolation and structural elucidation studies of all Tuxus lignans, along with their biolog-
ical activities. About 50 lignans, including neolignans and a few terpenolignans, isolated
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from eight Taxus species, are presented herein. Recent studies on the activities of lignans,
particularly Taxus lignans, are outlined.

Keywords Biological Activity - Biosynthesis - Lignans - Synthesis - Taxaceae - Taxus

Abbreviations

AcOH acetic acid

AIBN 2,2'-azabisisobutyronitrile
Bu butyl

Bn benzyl

DBU 1,8-diazabicyclo[2,2,2]octane
DIBAL-H diisobutylaluminum hydride
DMAD  dimethyl acetylenedicarboxylate
DMSO  dimethylsulfoxide

LDA lithium diisopropylamide
LHMDS lithium hexamethyldisilazide
m-CPBA  m-chloroperoxybenzoic acid

Me methyl

TBAF tetrabutylammonium flouride
TBS t-butyldimethylsilyl

Tf trifluoromethanesulfonyl
THF tetrahydrofuran

TFA trifloroacetic acid

TFE trifluoroethane

Ts p-toluenesulfonyl

Ph phenyl

PIDA phenyliodinediacetate

PIFA phenyliodinebistrifluoroacetic acid
1

Introduction

Lignans are a well-known class of widespread natural phenolic compounds
that exhibit great structural and biological diversity and are commonly found
in vascular plants from various families [1]. They are present at different
levels of abundance in all plant parts, including roots, rhizomes, hardwood,
bark, stems, leaves, flowers, fruits and seeds [2]. Lignans are of considerable
pharmacological and clinical interest and are used in the treatment of can-
cer and other diseases [3]. The extensive pharmaceutical use of lignans is due
to their antitumor, antiviral and hepatoprotective properties as well as many
other beneficial activities.

Yew plants—Taxus species (Taxaceae)—contain lignans and are widely
distributed across the Northern Hemisphere. The family Taxaceae comprises
five genera consisting of Amentotaxus Pilger, Austro Taxus Compton, Pseu-
dotaxus Cheng, Taxus Linn, and Torreya Arn [4]. It is common to indicate
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the region of occurrence of yew species when naming them, which results in
names such as European, Canadian, American or Himalayan yew. However,
there is some confusions over the true identities and nomenclature of the dif-
ferent species of genus Taxus [5]. Since all yews look very much alike, the
presence of only one collective species, namely T. baccata, is often assumed.
One approach used to classify the genus Taxus is based on macroscopic
characters—their morphology (length and shape of needles, etc.)—while
a second approach is based on microscopic characteristics of the plant. Inter-
estingly, two botanical names are used for the Himalayan yew, T. wallichiana
and T. baccata, and the Chinese yew is represented by five species, T. chi-
nensis Rehd., T. yunnanensis Cheng et L.K. Fu, T. mairei Cheng et L.K. Fu,
T. cuspidata Sieb et Zucc, and T. wallichiana Zucc [6]. The first three of
these are considered to be synonymous. However, there is still uncertainty
about which Taxus species are synonymous. Therefore, a better taxonomical
approach may be to combine microscopic, macroscopic and phytochemical
data.

Taxus species are well known due to the antitumor and anticancer activ-
ities of their taxane diterpenoids, which have attracted many researchers to
them [5,7, 8]. In Taxus species (Taxaceae), lignans have been shown to occur
in different parts of the tree, extending from the needles to the roots [5, 8].

The chemical constituents of different Taxus species have been studied
for over a hundred years. This genus has attracted a great deal of interest
because they contain diterpenoids with taxane skeletons and lignans with var-
ious skeletons, as well as biflavonoids, steroids and sugar derivatives with
remarkable biological and pharmacological properties. There are several re-
views on Taxus species, but most cover only their taxane diterpenoids [9],
although two recent reviews cover all types of compounds isolated from Taxus
species [8,10]. The present review may be the first to focus entirely on lignan
constituents of Taxus species.

2
Chemistry and Classification of Lignans

2.1
Chemistry and Nomenclature

The lignans comprise a class of natural products, derived from cinnamic acid
derivatives, which are related biochemically to phenylalanine metabolism.

In 1936, Haworth proposed [11] that the class of compounds derived from
two Bf'-linked C¢Cs units, where the phenylpropane units are linked by the
central carbon (C8) of their propyl side chains, should be called “lignans.” In
the 1970s, McCredie et al. [12] tried to extend the term “lignan” to include the
compounds arising from the oxidative coupling of p-hydroxyphenylpropane
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units, and Gottlieb coined the term “neolignan” [13,14] to refer to two
phenylpropane units linked in a different way to C8-C8'. If the carbon skele-
ton of a lignan has an additional carboxylic ring which is formed by direct
bonding between two atoms of the lignan skeleton, it is called a “cyclolignan.”
There are some definitions regarding lignans and neolignans [15].

However, IUPAC recently [16] recommended that the term “lignan” should
be defined based on Haworth’s 1936 definition and Gottlieb’s 1972 and 1978
extensions, with some adaptations. The nomenclature of the diverse range
of structures classified as lignans depends largely on trivial names and if
necessary the appropriate numbering derived from the systematic IUPAC
name. The term “neolignan” covers [14] lignans and related compounds
where the two C¢Cs units are linked by a different bond to the C-8 to C-
8 bond. The neolignan linkage may include C-8 or C-8 so long as there
are no direct carbon-carbon bonds between the C¢Cs units, and if they are
linked by an ether oxygen atom the compound is termed an “oxyneolignan.”
If there are multiple oxylinkages then bis-, tris-, etc., is used. Higher analogs
of the lignans and neolignans are composed of three or more CsCs units.
The number of CsCs units is indicated by the appropriate prefix placed be-
fore the term “neolignan;” thus there are three C¢Cs units in sesquineolignan,
four C¢C3 units in dineolignan and five C¢C3 units in sesterneolignan [16],
and so on.

2.2
Classification of Lignans

Several classification schemes have been reported in the literature for lignans.
Most of them divide lignans into eight or nine subgroups, including or ex-
cluding neolignans.

A general lignan classification scheme is illustrated in Fig. 1, which is very
similar to that designed by Umezawa recently. He [1] classified the lignans
into eight groups and twelve subgroups based on the way in which oxygen
is incorporated into the skeleton and the cyclization pattern. Neolignans are
not covered by his scheme. There are two additional lignan groups to those
devised by Umezawa in Fig. 1: cyclobutane and benzofuran. In Fig. 1, furan
lignans are depicted with and without 9(9')-oxygen, as shown by Umezawa.
Likewise, dibenzylbutyrolactols are shown separately from dibenzylbutyro-
lactones [1].

All of the groups of lignans have been isolated from Taxus species ex-
cept for the dibenzocyclooctadiene, arylnaphthalene and cyclobutane groups.
Most lignans belong to the dibenzylbutyrolactones, the furofurans and the
dibenzylbutanes. Reports of the isolation of neolignans from Taxus species
are rare in the literature. A benzofuran-type neolignan, 3-O-demethyl-
dehydrodiconiferyl alcohol, was isolated from a Taxus species T. mairei [17].
In addition, three other neolignans have been reported, two of which (named
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Fig.1 Representative skeletons of lignans

taxuyunin A and taxuyunin B) were oxyneolignans isolated from T. yunna-
nensis [18], while the other was brevitaxin from T. brevifolia [19], which has
a diterpene-lignan structure (Table 1).

3
Biosynthesis and Synthesis of Lignans

3.1
Biosynthesis of Lignans

In 1933, Erdtman suggested [20] that the basic lignan structure involved
the coupling of two phenylpropanoid monomer units. Isotope tracer experi-
ments on lignans were later described [2,21,22]. Significant advances have
however been made in the chemistry and biosynthesis of lignans by Lewis
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and Davin [23] and Umezawa [1, 15], especially over the last decade. Lignan
biosynthesis has been found to be closely related to, but fairly distinct from,
the biosyntheses of other phenylpropanoids, such as norlignans, lignins and
neolignans.

A report is about the in vitro formation of the first optically pure lignan
(-)-secoisolariciresinol, from an achiral coniferyl alcohol in Forsythia inter-
media which was used as an enzyme source [24]. From the same Forsythia
intermedia source, (-)-matairesinol was also obtained by the selective oxida-
tion of (-)-secoisolariciresinol in the presence of NADPH and H,0, with an
enzyme preparation [25]. Enzymatic reduction of (+)-pinoresinol to (-)-seco
isolariciresinol via (+)-lariciresinol was also well characterized [26-28]. In
1997, by following approaches described in several reports, Davin et al. iso-
lated [29] a unique protein (dirigent protein) from Forsythia spp., which
led to the enantioselective formation of (+)-pinoresinol by the coupling
of coniferyl alcohol in the presence of laccase/O, or a single-electron oxi-
dant. Based on these studies, it was considered that lignan synthesis medi-
ated by Forsythia dirigent protein and enzymes is well controlled in terms
of stereochemistry. Homologous genes of the dirigent protein have been
found in many plant species, and it seems to be present in almost all plant
species.

Investigations of gymnosperms and angiosperms showed the existence of
a common lignan biosynthetic pathway where it acts as enzymes, particularly
pinoresinol/lariciresinol reductase [30] and secoisolariciresinol dehydroge-
nase [31].

Furthermore, experiments where various plant species are fed labeled
coniferyl alcohol with either [2H] or ['C] have afforded pinoresinol, lari-
ciresinol, secoisolariciresinol and/or matairesinol through what appears to
be a common lignan biosynthetic pathway. As seen in Fig.2, the coup-
ling of coniferyl alcohol produces pinoresinol. This compound is reduced
twice, leading to secoisolariciresinol. The lactone ring is then closed to give
matairesinol, which may be the starting point for all lignans with a lac-
tone ring. This first step in lignan biosynthesis seems to occur in many
plants, and different lignans are formed from matairesinol in many distinct
species—a clear example of divergent evolution [23]. Upstream lignans in
the biosynthetic pathway consisting of pinoresinol, lariciresinol and seco-
isolariciresinol have been isolated from various plant species, and include
both enantiomers. In contrast, all dibenzylbutyrolactone lignans, including
matairesinol, have been identified as optically pure lignans using a chiral col-
umn on an HPLC [22]. A literature survey indicated that all of the dibenzyl-
butyrolactone lignans isolated so far from Thymelaceae plants are dextrorota-
tory [22] and have the same absolute configuration at C8 and C8' with respect
to the carbon skeleton, except for (-)-matairesinol. Sequences of conversion
of coniferyl alcohol to lignans and interconversion of lignans in Thymelaceae
plants are similar to the sequence catalyzed by Forysthia enzymes. However,
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the studies on these plants revealed that the dibenzylbutyrolactone lignans
found in this family of plants, including Wikstroemia sikokiana, are the oppo-
site enantiomers to those that occur in other plant species, such as Forsythia
ssp. [32].

Broomhead and coworkers showed that matairesinol is the precursor of
aryltetraline lactone podophyllotoxin in Podophyllum hexandrum (subclass
Magnoliidae) [33], but this *C labeling experiment on Diphylleia cymosa
indicated that there was no incorporation into the arylnaphthalene lignan
diphyllin. Xia and coworkers showed that matairesinol also serves as a pre-
cursor in the biosynthesis of 6-methoxypodophyllotoxin in Linum flavum
(subclass Rosidae) [34]. Noting the structural similarity between arylnaph-
thalenes and aryltetralins, arylnaphthalenes are considered to be formed by
the dehydrogenation of the corresponding aryltetralins or by the hydroxyla-
tion of aryltetralins followed by dehydration (Fig. 2).

There are also many examples that highlight the stereochemical diversity
of lignan biosynthesis, as observed in a cell-free extract of Arctium lappa peti-
ole [35], which afforded secoisolariciresinol with the opposite antipode (+) to
that formed by Forsythia spp.

A notable example of convergent evolution is the last part of the biosyn-
thesis of 2,7’-cyclolignan [23]. For example, the cytotoxic 2,7'-cyclolignan
podophyllotoxin (Fig. 2) can be found in at least ten plant families, such as
Magnoliidae, Pinales, Dilleniidae, Rosidae and Asteridae. In some of these
families’ genera (for example Juniperus), most of the species produce 2,7'-
cyclolignans, while synthesis seems limited to only one or two species in other
families, such as Anthriscus sylvestris in the Apiaceae, although how exten-
sively all of the species have been investigated is not clear. So far, podophyllo-
toxin has not been isolated from any Taxus species. As a result, the evolution
of the last part of the biosynthesis of 2,7’ -cyclolignan is an interesting subject
for the convergent evolution of biosynthetic pathways. The biosynthesis of
these lignans is only partially understood, but all lignan syntheses start with
the stereospecific coupling of two monolignol units, usually coniferyl alcohol.

As interesting combination of flavonoid and lignan structures is found in
a group of compounds called flavonolignans. They arise by oxidative coup-
ling processes between a flavonoid and a phenylpropanoid, usually coniferyl
alcohol. Silybin, silychristin and silydianin are well-known examples that
are collectively termed “silymarins”, and are isolated from Silybum mari-
anum [36] as flavonolignans.

An optically active dicarboxylic acid lignan (caffeic acid dimer), named
epiphyllic acid was isolated from liverwort as well as its derivatives, which
do not belong to any typical lignan-producing subgroups. They also occur in
some vascular plants, even as a triterpene ester of epiphyllic acid in Rhoipte-
lea chiliantha [37]. The conversion of caffeic acid to epiphyllic acid was
demonstrated by Tazaki et al. [38]. However, little is known about the biosyn-
thesis of this type of lignan in vascular plants yet.
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3.2
Strategies for Lignan Synthesis

The lignans are an important class of natural products derived formally
from the dimerization of substituted 3-phenylpropane precursors. Medicinal
chemists have been especially intrigued by the lignans that display cytotoxic-
ity, since such compounds could provide valuable leads in the search for novel
antitumor agents [39, 40]. Complex lignan prototypes such as steganacin and
podophyllotoxin, as well as simpler lignans, have attracted many synthetic or-
ganic chemists [39-41]. However, most of the work on lignan synthesis has
focused on podophyllotoxin and derivatives rather than other types of lig-
nans [39, 41].

3.21
General Approaches to Lignan Synthesis

There are various approaches to lignan synthesis. Although some of them are
well known reactions that have been used for many years, there are also much
newer approaches too. The approaches are listed and explained below.

3.2.11
Tandem Conjugate Addition Approach

The use of tandem conjugate addition reactions in lignan synthesis was in-
troduced by Ziegler and Shwartz [42]. This methodology was subsequently
extended to permit the synthesis of a wide variety of lignans [43-45] by Pelter
et al. The advantage of this reaction is the generation of the required trans-
2,3-dibenzylbutyrolactone framework in one step. For example, the treatment
of the dithioacetal derivative obtained from piperonal with butyllithium fol-
lowed by butenolide leads to an enolate anion that can be trapped with an
aromatic aldehyde, such as 3,4,5-trimethoxybenzaldehyde, to give a dibenzyl-
butyrolactone (Fig. 3). Thiophenylether substituents can be removed using
Raney nickel. Acid-catalyzed cyclization then yields deoxyisopodophyllo-
toxin [45].

3.2.1.2
Diels—Alder Approach

Diels-Alder reactions have been widely used to synthesize lignans, partic-
ularly the arylnaphthalene and aryltetralin types. This was one of the first
examples of the use of an intermolecular (as opposed to an intramolecular)
Diels-Alder reaction for lignan synthesis. The approach includes the use of
an arylisobenzofuran (Fig. 4) generated in situ as diene and dimethylacetyl-
enedicarboxylate (DMAD) as the dienophile (Fig. 4). The Diels-Alder prod-
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uct (Fig. 4) was subsequently converted to a variety of different compounds,
including epipodophyllotoxine. The advantage of this type of Diels-Alder
reaction is the generation of the 1,2-cis-configuration. One of the first appli-
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cations of this approach was the synthesis of podophyllotoxin derivatives, as
carried out by Rodrigo et al. [46, 47].

3.2.1.3
Radical Carboxyarylation Approach

This is a new concept in lignan synthesis, based on a highly stereoselective
domino radical sequence, which has only recently been developed. The
eight lignans, seven of which are biologically important natural lignans [(-)-
matairesinol, (-)-7(S)-hydroxymatairesinol, (-)-7(R)-hydroxymatairesinol,
(+)-7-oxomatairesinol, (-)-arctigenin, 7(S)-hydroxyarctigenin, and 7(R)-
hydroxyarctigenin], were synthesized in this way by Fischer et al. [48], who
achieved the first asymmetric total synthesis of the four naturally occur-
ring C7-oxygenated lignans. Syntheses of 7(S)-hydroxymatairesinol (isolated
from many plants including Taxus species) and 7(S)-hydroxyarctigenin via
this strategy are shown in Fig. 5. Thus, the synthesis of both isomers of
7-hydroxyarctigenin by Fischer et al. [48] also highlighted the correct as-
signment of natural 7-hydroxyarctigenin, which had previously been re-
ported to be 7(S)-hydroxyarctigenin. This study indicated that natural
7-hydroxyarctigenin should be 7(R)-hydroxyarctigenin, which yields identi-
cal NMR data to those of synthetic 7(R)-hydroxyarctigenin [48].

OP O 0
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Fig.5 Synthesis of 7-hydroxymatairesinol by a radical carboxyarylation reaction
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3.2.14
Biomimetic Oxidative Coupling Approach

Biomimetic oxidative coupling reactions are of interest from a mechanistic
standpoint and provide particularly efficient routes to stegane and isostegane
derivatives.

Apart from one-electron oxidants based on iron(III) or copper(Il), hy-
pervalent iodine reagents such as PIDA (phenyliodonium diacetate) or PIFA
[phenyliodinum bis(trifluoroacetate)] would seem to mimic the enzyme cat-
alyzed steps that occur in nature most closely. Furthermore, reactions involv-
ing these reagents are interesting because they permit the isolation of the
intermediate spirodienones in suitable cases. In fact, in all cases the reactions
follow the expected reaction pathway, either leading directly to an eight-
member product or giving an initial spirodienone, depending on the position
of the phenolic OH group. The synthesis of isostegane is shown in Fig. 6. The
use of PIFA in TFE (2,2,2-trifluoroethanol) afforded a spirodienone that un-
derwent a dienone-phenol rearrangement with TFA (trifluoroacetic acid) to
give isostegane as the major product [49, 50]

PhS_ SPh
MeO CH(SPh), MeO MeO
Ty o e, mo
MeO —>  MeO —_— MeO
o] NaBH, o]
OBn OH
PIFA
TFE
TFA MeO 0
— ‘..\g
MeO 0

(0]

isostegane

Fig.6 Synthesis of isostegane using hypervalent iodine reagent PIFA (taken from [39] by
permission from Kluwer)

3.2.1.5
Intramolecular CH Insertion

There are several approaches that can be used to achieve a 3-methyl-2,3-
dihydrobenzofuran skeleton [51,52], but all of the methods afford only
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the trans-3-methyl-2,3-dihydrobenzofuran as the major product. There-
fore, the synthesis of the intermediate cis-2,3-dihydrobenzofuran derivative
is the key step (Fig.7). Intra- and intermolecular metal carbene C-H
insertion has become a general strategy for the formation of carbocy-
cles and heterocycles [53,54]. Highly valent oxo- and imido-ruthenium
porphyrins are used to perform alkane hydroxylations and amidations
via C—H bond activation [55]. Recently, using aryl tosylhydrazone salts
as the carbene sources, the first ruthenium porphyrin-catalyzed intra-
molecular carbenoid C — H insertion was achieved, which selectively afforded
cis-2,3-disubstituted-2,3-dihydrobenzofurans. A total synthesis of (&£)-epi-
conocarpan was carried out in eight steps with a 20% overall yield from
5-bromo-2-hydroxyacetophenone [56]. Ruthenium(II) porphyrin-catalyzed
intramolecular C — H insertion using aryl tosylhydrazone salt as the carbene
source provided a general route to the key intermediate 5-bromo-cis-2-(4-
methoxyphenyl)-3-methyl-2,3-dihydrobenzofuran with high stereoselectivity
(>98% cis) for the synthesis of neolignan epi-conocarpan. This approach
seems to be practical for the synthesis of neolignans with a cis-2,3-dihydro-
benzofuran skeleton [56].
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3.2.1.6
Intramolecular Radical Cyclization Reaction

The application of a radical cyclization reaction involving epoxides as a tran-
sition metal radical source is one of the most efficient methods for the total
synthesis of various furan and furofuran lignans. Although the structures of
furan and furofuran lignans look simple, obtaining good control over the
stereochemistry in the cyclization step is a challenge to organic chemists.
A short and stereoselective total synthesis of several furan and furofuran lig-
nans was achived by Roy et al. [57]. Figure 8 shows syntheses of a furan lignan
(lariciresinol) and a furofuran lignan (pinoresinol), both in racemic mixtures,
as well as the formation of a dibenzylbutane lignan, secoisolariciresinol,
through the reduction of pinoresinol. The three lignans were isolated from
several Taxus species as well as from many different plant families.
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Fig.8 Synthesis of some furan and furofuran lignans
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3.2.2
Asymmetric Synthesis of Lignans

Asymmetric synthesis of lignans may involve the use of several approaches
like a tandem conjugate addition reaction, a Diels-Alder reaction or a radical
carboxyarylation reaction, as mentioned above.

A stereocontrolled synthesis of the biologically active neolignan (+)-
dehydrodiconiferyl alcohol, which was isolated from several Taxus species,
was achieved via Evans’ asymmetric aldol condensation [58] using ferulic
acid amide derived from D-phenylalanine. The reaction steps are shown in
Fig. 9. This stereocontrolled reaction is also useful for preparing the enan-
tiomer of (+)-dehydroconiferyl alcohol using chiral auxiliary oxazolidinone
prepared from L-phenylalanine. This reaction also enables the syntheses of
other natural products that possess the same phenylcoumaran framework.

Some approaches to the stereoselective synthesis of o-hydroxylated lac-
tone lignans have been reported [59, 60]. As a short and efficient example, the
synthesis of a dibenzylbutyrolactone lignan wikstromol from two diastereo-
selective alkylations of malic acid (+) has recently been reported [61]. In
order to get high stereoselectivity, isoPr malate was chosen for the synthesis
of (+)-wikstromol; its formation in six steps with a 20% overall yield is shown
in Fig. 10.

33
Extraction and Isolation of Lignans

In general, to extract lignans from plants, the first step is to apply polar sol-
vents to different parts of the plants involved. The resulting extracts are then
dissolved in water and re-extracted with nonpolar solvents. Extracts from
Taxus species are obtained in a similar manner to this [1, 3,10].

During the last decade, increasing attention has focused on new and ap-
propriate methods for the analysis of lignans from plant sources and in
body fluids. Conventional chromatographic methods, including reversed-
phase HPLC, still remain the most useful and most commonly applied
techniques [62]. Isolation of lignans from the plant Torreya jackii (fam-
ily Taxaceae) has been achieved by stopped-flow high-performance liquid
chromatography-nuclear magnetic resonance (LC-NMR) spectroscopy [63],
while GC-MS has been used to analyze trimethylsilyl derivatives of the lig-
nans present in galls and shoots of Picea glauca [64]. Among the novel
techniques employed, supercritical CO, has been demonstrated to provide an
effective route to the extraction of lignans from leaves, seeds and fruits of
Schisandra chinensis [65]. Furthermore, micellar electrokinetic chromatogra-
phy (MEKC) was used to separate twelve lignans originating from Phyllanthus
plants [66]. However, conventional methods, including HPLC, have been em-
ployed in general so far to isolate Taxus lignans.
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34
Isolation and Structural Elucidation of Lignans from Taxus Species

Over 40 lignans have been isolated from eight Taxus species to date (Table 1
and 2). «-Conidendrin isolariciresinol, secoisolariciresinol, isotaxiresinol and
lariciresinol are found in several species of the genus Taxus. Indeed, iso-
taxiresinol and secoisolariciresinol are found in all Taxus species.

Table 1 lists crude extracts (mother liquor) of the plants studied; however,
the lignans were generally isolated after re-extractions rather than directly
from the crude extracts. Extraction and isolation details are provided in the
references [68-88] given in Table 1. As seen from the table, crude extracts
were prepared with a polar solvent, mostly ethanol, sometimes water, but
higher diversity was obtained by working with a direct acetone extract of
T. maireii twigs, considering the number of the lignans isolated. An early
study of Taxus lignans by Erdtman and Tsuno reported a brief comparative
examination of several Taxus woods [67].

Lignans were found in the Taxus extracts prepared from bark, heart-
wood, needles, roots, or other parts. In the studies on European yew T. bac-
cata L. carried out by Das et al., the extracts were prepared by extracting
from the needles rather than the heartwood of the plant using a solvent
system CH,Cl, —MeOH (1:1) [70-73], although in the studies on Turk-
ish T. baccata, the extracts were prepared by applying EtOH to the needles
and twigs of the plant [74-76]. So far, after many studies of T. baccata
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extracts [68-76], over 15 distinct lignans have been isolated, but the lignan
diversity is observed to be higher in T. mairei, which is the only species en-
demic to Taiwan [17]. From the latter species, over 35 lignans (two of which
are sesquilignans) have been isolated, which is almost equal to the total num-
ber of lignans isolated from eight other Taxus species. The structures of the
sesquilignans were determined using Iy, 13C (DEPT), COSY, NOESY, HMQC
and HMBC NMR techniques, and FAB-MS spectra. One of them contains
a linkage between dihydrodehydroconiferyl alcohol and another nine-carbon
moiety, and the linkage was determined to be between C8 and C8”. The sec-
ond sesquilignan is constructed from one of the constituents of the plant,
(-)-3,3-dimethoxy-4',8-epoxyligna-4,7,9,9'-tetraol, and a nine-carbon unit.
Both lignans have previously been isolated from Abies marocana and were
named (-)-sesquipinsapol B (+)-sesquimarocanol B; however, they were iso-
lated as their pentaacetate and hexaacetate, respectively, after peracetylation
of the obtained fractions during EtOAc elution of the EtOAc-soluble part of
the crude T. mairei extract. Besides lignans and taxane diterpenoids, many
other types of phenolic compounds, including flavonoids, biflavonoids, sugar-
containing simple phenolics as well as steroids, have been isolated from Taxus
species, as illustrated by the T. mairei study [17].

The formulae of all the lignans isolated from all of the Taxus species inves-
tigated are given in Table 2.

A new lignan, taxumairin, was isolated from the roots of the For-
mosan yew T. mairei, along with the known lignans (-)-«-conidendrin, (-)-
secoisolariciresinol, isotaxiresinol. The structure of the new lignan was char-
acterized as (+)-7,8-trans-8,8'-trans-7',8'-trans-7-(3-ethoxymethyl tetrahy-
drofuran) based on spectral analyses [80].

The American tree T. brevifolia is famous for its well-known taxane diter-
pene alkaloid taxol, and its derivatives have been isolated [5,7,9]. In fact,
brevitaxin, the first known terpenolignan, was also isolated from the twigs
of the Himalayan yew T. brevifolia [19]. Its was identified using spectral
methods, particularly 1-D and 2-D NMR techniques such HMBC and SINEPT
experiments, which were used to establish regiochemistry of the terpene-
lignan linkage.

Although structural elucidation of lignans is not a difficult task, the sim-
ilarities between the structures can create problems. In particular, the de-
termination of stereochemistry at the chiral center requires NOE/ NOESY
NMR experiments and/or X-ray analyses. The enantiomeric excesses of the
known lignans (+)-lariciresinol, (-)-secoisolariciresinol and (+)-taxiresinol,
isolated from Japanese yew T. cuspidata roots, were determined by chi-
ral high-performance liquid chromatographic analyses [78]; except for (+)-
pinoresinol (77% enantiomeric excess), they were found to be optically pure
by Kawamura et al. In an earlier study, the presence of taxiresinol in Taxus
species was reported by Mujumdar et al. [69] after they had isolated it from
the heartwood of T. baccata, although they did not study its stereochemistry.
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Table2 Lignans isolated from Taxus species

Lignan Plant source Refs.
(1) (-)-Secoisolariciresinol Taxus baccata [69-72]
T. brevifolia [19]
T. cuspidata [78]
T. floridana [67]
T. mairei [17,80]
T. wallichiana [86]
T. yunnanensis [88,105]
T. baccata [70,71,74]
(3) 3,4,9,9 -Tetrahydroxy-3',4'-dimethoxylignan  T. baccata [71,73]
(4) 9,9'-Dihydroxy-3',4'-dimethoxy- T. baccata [72,73]
3,4-methylenedioxylign-7-ene (Lignan diol)
OCHg;
(5) 9,9'-Dihydroxy-3,4-dimethoxy- T. baccata [73]

3,4’ -methylenedioxylign-7-ene
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Table 2 (continued)

Lignan Plant source Refs.

(6) 9,9'-Dihydroxy- Taxus baccata [73]
3,4:3',4’-bis-(methylenedioxy)lign-7-ene

T. cuspidata [79]
T. mairei [17,116]
T. cuspidata [79]
T. mairei [17]
T. media cv Hisckii  [84]
T. wallichiana [85]
T. mairei [17]

R; = OH R; = H (R)-(+)7'-Hydroxymatairesinol
R; = H R; = OH (S)-(-)7’'-Hydroxymatairesinol
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Table 2 (continued)

Lignan

(10) Allohydroxymatairesinol

(12) (a) (-)-Nortrachelogenin (8-«-OH)
(b) (-)-Epinortrachelogenin (8-8-OH)

Plant source

T. cuspidata

T. cuspidata*®
T. mairei

T. cuspidata
T. mairei
T. media cv Hicskii

T. cuspidata
T. mairei

T. baccata

Refs.

(79]

[79]
(17]

[76,79]
(17]
(84]

[79]
(17]

(72]

127



128 G. Topcu - O. Demirkiran
Table 2 (continued)

Lignan Plant source Refs.

(15) 4'-O-Demethylsuchilactone T. baccata [72]

T. baccata [73]
T. baccata [73]
(18) Meso-neoolivil T. mairei [17]
HO—,  .—OH
ORA®
(19) Isoliovil T. wallichiana [85]
OH
(0]

H,CO
DS
OCH,

HO
OH



Lignans From Taxus Species
Table 2 (continued)

Lignan

(20) Taxumairin
H H
CoHs0— 1] =

HO

OCHs ,co

(21) Taxiresinol
HsCO
[ I»
HO
"
OH

OH
(22) 9-0-Acetyltaxiresinol

H3CO
PPe:
HO
OH O
OH

OH
(23) Lariciresinol

H,CO.
[ I»
HO
O
OCH;4

OH
(24) (a) (+)-Tanegool (8-H)

e

(b) (-)-8'-Epi-tanegool (a-H)

HQ  OCH,

o

Plant source

T. mairei

T. baccata

T. cuspidata

T. mairei

T. wallichiana
T. yunnanensis

T. mairei

T. baccata
T. cuspidata
T. mairei

T. mairei

129

Refs.

(80]

(69,75, 97]
(78]

(17]

(86]

(88, 105]

(17]

[75]
(78]
(17]

(17]
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Table 2 (continued)

Lignan Plant source Refs.
(25) 3',4,4',7',9-Pentahydroxy-3-methoxy- T. mairei [17]
7,9'-epoxylignan. (3'-0O-Demethyltanegool)
HO  OCHs
HO
OH
N “—H
HO OH
(26) (-)-3,3’-Dimethoxy-4,4',9-trihydroxy- T. mairei [17]
7,9'-epoxylignan-7’-one
HO  OCHs
HO
O 'f,,/o
H,CO  OH
(27) (a) (+)-Pinoresinol (7c-aryl) T. cuspidata [78]
(b) (+)-Epi-pinoresinol (78-aryl) (only pinoresinol)
OH T. mairei [17]
o_7
OCHs
(o
HO
HyCO

(28) 3’-O-Demethylepipinoresinol T. mairei [17]
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Table 2 (continued)

Lignan

(29) D-Sesamin

(33) Isotaxiresinol
HyCO ‘ ‘ CH,OH
HO CH,OH
O OH

OH

Plant source

T. mairei

T. mairei

T. baccata
T. mairei
T. wallichiana
T. yunnanensis

T. mairei
T. wallichiana

T. baccata

T. cuspidata

T. floridana

T. mairei

T. wallichiana
T. yunnanensis

Refs.

(8]

(8]

(73]
(17,80]
(85]
(88]

(17]
(85]

[19, 68-70]
[77,79]
[67]

(17, 80]
(86]

(88]
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Table 2 (continued)

Lignan

G. Topcu - O. Demirkiran

Plant source

(34) (a) Isolariciresinol 34 (b) 3-Demethylisolariciresinol T. baccata

H3CO
: focH3

(35) (-)-3 —Demethyhsolariciresinol—
9'- hydroxyisopropylether

H3CO
—OH
&= CH3

OH

(36) (-)-3- O-Demethyldlhydrodehydrodiconiferyl
alcohol

HO

SO

(37) 2-[2-Hydroxy-5-(3-hydroxypropyl)-

3-methoxyphenyl]

propan-1,3-diol
OH

H,CO oH
Ho O O OH
HO OCH;

(38) Taxuyunin A

OH
OH OH
o)
OH
o)
OH
o)
OH
OCH,

OH

-1-(4-hydroxy-3-methoxyphenyl)-

T. brevifolia
T. cuspidata
T. floridana
T. mairei

T. baccata

T. mairei

T. yunnanensis

T. yunnanensis

Refs.

[70, 74, 97]

(74, 97]

(17]

(88]

(87]



Lignans From Taxus Species
Table 2 (continued)

Lignan

(39) Taxuyunin B

OCH;  OH
o
OCHs
HO o)
HO OH

(40) (-)-Sesquipinsapol B (pentaacetate)
AcO

H,CO

AcO
och, OA°
(41) (+)-Sesquimarocanol B (hexaacetate)
OAc
HsCO
OAc
AcO™

Plant source

T. yunnanensis

T. mairei

T. mairei

T. brevifolia

Refs.

(87]

(17]

(17]

(19]
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The stereochemistry of (+)-taxiresinol was clarified through NOE difference
spectroscopic experiments as (7'S,8R,8'R) in the mentioned study [78].

Recently, an epimer of (+)-taxiresinol was isolated from T. wallichiana, the
Himalayan yew, which is a small medium-sized evergreen tree growing in
the temperate Himalayas, and its absolute stereochemistry was determined as
(7'R,8R,8'R) by single-crystal X-ray spectroscopic analysis [86].

Investigations on the ethanolic extract from the bark of T. yunnanensis led
to the isolation of two new neolignans. One of them was named taxuyunin
A, and has a neolignan structure containing a sugar xylose, while the other
neolignan, taxuyunin B, carries a rare C-3 side chain [87].

Neolignans were also isolated from Taxus species. A new neolignan,
2-[2-hydroxy-5-(3-hydroxypropyl)-3-methoxyphenyl]-1-(4-hydroxy-3-meth-
oxyphenyl) propane-1,3-diol, was isolated from the wood of Taxus
yunnanensis [88].

4
Biological Activities of Lignans

Lignans are found in a variety of foods, vegetables and fruits that have po-
tentially protective effects on human health. Many lignans and neolignans
have been adopted as lead compounds for the development of new drugs.
The importance of lignans in cancer therapy and treatments for other dis-
eases were well covered by Lee & Xiao in a recent review article [3]. Lignans
have shown cytotoxic, antitumor/anticancer, antiviral, antifungal, antileish-
manial, antiangiogenic, hypolipidemic and antirheumatic activities, and are
selective inhibitors of some enzymes, such as 5-lipooxygenase and phos-
phodiesterases IV and V [89]. There is growing interest in this class of
compounds because of their possible weakly estrogenous or estrogen- an-
tagonistic effects [90]. Enterolactone and enterodiol, the two main lignans
identified in human urine and plasma [91], are considered to derive from
colonic bacterial metabolism of the plant-derived precursors matairesinol
and secoisolariciresinol, respectively [92,93]. Both experimental and epi-
demiological studies suggest that high plasma and urinary concentrations
of phytoestrogens, including lignans, are associated with a decreased risk
for hormone-dependent diseases, e.g., breast cancer and coronary heart dis-
ease [94-96]. The main activities of lignans, especially those isolated from
Taxus species, are described below.

One of the most intensely studied Taxus species, due to its biological
activities, is T. baccata L. The needles of this plant have shown hepato-
protective, tranquilizing and sedative properties, presumably related to the
benzodiazepine-like activity of its biflavones. In contrast to the European yew
T. baccata, the Himalayan yew T. wallichiana has a long history of use in
medicines, as well as in coloring materials and as incense [86].
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However, some isolated pure constituents, including lignans and their
extracts, from T. baccata L growing in Turkey were evaluated for various
biological activities [97-102]. Crude extracts prepared from the heartwood
of T. baccata were also evaluated for pharmacological activity, which covers
antiplatelet and vasorelaxing effects. All of the tested extracts exhibited a sig-
nificant inhibitory effect on platelet aggregation induced by arachidonic acid,
collagen and platelet-activating factor at a concentration of 400 pug/mL, but
not thrombin. However, the extracts showed a weak inhibitory effect on high
potassium depolarized smooth muscle [102].

4.1
Cytotoxic Activity

T. baccata L. growing in Turkey was also investigated for various other biolog-
ical activities. Three lignans, (-)-taxiresinol, (-)-3'-demethylisolariciresinol-
9’-hydroxy isopropylether and (-)-3-demethylisolariciresinol, isolated from
the heartwood of T. baccata L., were investigated for cytotoxicity against
a panel of cell lines (breast, colon, ovary, prostate, lung and a normal
adult bovine aortic endothelial cell line) [76]. However, none of the lignans
tested demonstrated much cytotoxic potency compared to the reference drug
etoposide.

Cytotoxic activity assays were carried out on the lignans (-)-«-conidendrin,
(-)-secoisolariciresinol, isotaxiresinol and taxiresinol isolated from For-
mosan T. mairei, which are also found in several Taxus species, and they
exhibited potent cytotoxicity against KB-16, A-549 and HT-29 tumor cell
lines [103].

Antiproliferative Activity

One of the most commonly investigated Taxus species for biological activity is
T. yunnannensis, a tree commonly called “Hongdoushan” and found mainly
in the Yunnan Province in the People’s Republic of China. The wood of T. yun-
nanensis was reportedly used in Chinese traditional medicine according to
several ethnic groups in Yunnan Province [104].

The three lignans (secoisolariciresinol, taxiresinol and isotaxiresinol) iso-
lated as major constituents (along with six taxane diterpenes) from the wood
of T. yunnanensis were evaluated for their antiproliferative activity against
murine colon carcinoma and human fibrosarcoma cell lines [105], and among
the compounds tested (including the taxane diterpenes), the highest activ-
ity was observed for secoisoisolariciresinol against the HT-1080 fibrosarcoma
cell line, with an ECsq value of 5.9 ug/mL, while a taxane, hongdushan C, was
found to be active against 26-L5 murine colon carcinoma.
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4.2
Antitumor/Anticancer Activity

The best example of a lignan used as a lead compound is podophyllotoxin,
an antimitotic compound that binds to tubulin, although podophyllotoxin
has not been isolated from Taxus species,. Etoposide and teniposide are
well-known compounds derived from podophyllotoxin, and their antitumor
activity is due to the inhibition of topoisomerase II.

As reported by Apers et al. [89], podophyllotoxin derivatives can be divi-
ded into two groups in terms of their mechanism of action: 1 Inhibitors
of tubulin polymerization (such as podophyllotoxin), 2 Inhibitors of DNA
topoisomerase II (such as etoposide and teniposide). Combining both phar-
macophores leads to compounds with a dual mechanism of action, such as
azatoxin.

Podophyllotoxin derivatives (cyclolignans) have been used as anticancer
agents as well as immunosuppressive drugs to prevent the rejection of trans-
planted organs [106]. In addition to podophyllotoxin, some other lignans
and neolignans have also been found to act as inhibitors of tubulin poly-
merization. Among dihydrobenzofuran neolignans, 3',4-di-O-methylcedrusin
was obtained as one of the minor constituents of the red latex Croton species
(Euphorbiaceae), called “dragon’s blood” in South America, which exhibited
potential antiproliferative and antitumoral activities [107]. In another study,
a set of dihydrobenzofuran neolignans were screened against a panel tumor
cell line by NCI, and the results showed that the leukemia cell lines and the
breast cancer cell lines were more sensitive to these compounds than other cell
lines [89].

Another lignan, taxiresinol, isolated from Taxus wallichiana, exhibited
notable in vitro anticancer activity against colon, liver, ovarian and breast
cancer [86].

Butyrolactone and bistetrahydrofuran lignans such as matairesinol, nor-
trachelogenin and pinoresinol are also known to possess antileukemia and
cAMP-inhibitory activities [108].

43
Antiviral Activity

Besides antitumor/anticancer activity, lignans are among the most potent
antiviral compounds, although most of the lignans evaluated for antiviral po-
tency belong to families of plants other than Taxaceae [3].
Podophyllotoxin—an aryltetralin lignan—and some other type of lignans,
such as dibenzylbutyrolactones related to arctigenin, dibenzocyclooctadiene
lignans, and dibenzylbutanes have been found to act as antiviral agents, in-
cluding against HIV. Natural and synthetic analogs of podophyllotoxin were
also assayed against various viruses, including HIV, and four aryltetralin lig-
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nans showed significant inhibition of HIV replication, with ECs values below
0.001 M and therapeutic indices greater than 120 [109].

The dibenzylbutyrolactone lignan matairesinol was also found to be an
anti-HIV agent [110], although the sample used in this bioassay was not iso-
lated from a Taxus species. Another dibenzylbutyrolactone lignan, arctigenin,
as well as its unsubstituted benzyl derivative exhibited anti-HIV replication
activity, with ECsq values of 0.16 and 22 pg/mL and therapeutic index values
of 5 and 9.1, respectively [111].

4.4
Antioxidant Activity

Recently, isotaxiresinol and secoisolariciresinol, two major lignans of the
wood T. yunnanensis, have been shown to possess potent DPPH radical
scavenging activity, with ICsy values of 21.7 and 28.9 pM, respectively,
and significant inhibitory activity against nitric oxide (NO) production in
lipopolysaccharide-activated murine macrophage-like J774.1 cells [112].

4.5
Hypoglycemic Activity

Hypoglycemic activity of the H,O and MeOH extracts of the wood of T. yunna-
nensis was investigated in streptozotocin (STZ)-induced diabetic rats because
of its use in traditional medicine as an antidiabetic agent. A 100 mg/kg dose of
the H,O extract significantly lowered the fasting blood glucose level by 33.7%
uponintraperitoneal administration. Three lignans, isotaxiresinol, secoisolari-
ciresinol and taxiresinol, isolated as major components from the active H,0
extract of the wood, were tested for their hypoglycemic effects on the same
experimental model. At a dose of 100 mg/kg (i.p.), isotaxiresinol reduced the
fasting blood glucose level of diabetic rats by 34.5%, while secoisolariciresinol
and taxiresinol reduced it by 33.4% and 20.9%, respectively, showing stronger
effects than a mixture of tolbutamide (200 mg/kg) and buformin [113].

4.6
Hepatoprotective Activity

The effects of secoisolariciresinol and isotaxiresinol on tumor necrosis factor-
o (TNF-«)-dependent hepatic apoptosis, induced by D-galactosamine and
lipopolysaccharide (DGalN/LPS) in mice, were investigated [96]. The results
showed that both lignans prevent D-galactosamine/lipopolysaccharide-induc-
ed hepatic injury by inhibiting hepatocyte apoptosis through blocking TNF-o
and IFN-y production. Similar to secoisolariciresinol and isotaxiresinol, the
hepatoprotective effects of taxiresinol and (7'R)-7'-hydroxylariciresinol (two
tetrahydrofuran-type lignans isolated from the wood of T. yunnanensis) on



138 G. Topcu - O. Demirkiran

DGalN/LPS-induced hepatic liver injury in mice were investigated [114]. They
significantly inhibited hepatocyte DNA fragmentation and apoptotic body
formation at doses of 50 and 10 mg/kg (i.p.). Pretreatment with these two
lignans further suppressed hepatic necrosis, which occurred at a later stage
of DGalN/LPS intoxication, as demonstrated by a significant dose-dependent
reduction in serum glutamic pyruvic transaminase (sGPT) and serum glu-
tamic oxaloacetic transaminase (sGOT) at 8 h after intoxication. Both com-
pounds significantly inhibited the elevation of the serum tumor necrosis
factor-alpha (TNF-alpha) level when applied in doses of 50 and 10 mg/kg.
Moreover, both of these lignans significantly protected hepatocytes from
D-GalN/TNF-alpha-induced cell death in primary cultured mouse hepato-
cytes. These results suggest that both lignans protect the hepatocytes from
apoptosis by inhibiting TNF-alpha production by activated macrophages and
directly inhibiting apoptosis induced by TNF-alpha in D-GalN/LPS-treated
mice [114].

4.7
Antiulcerogenic Activity

The in vivo antiulcerogenic potencies of four lignans, lariciresinol, taxiresinol,
isolariciresinol and 3-demethylisolariciresinol, isolated from the heartwood
of T. baccata growing in Turkey, were investigated on an ethanol-induced
ulcerogenesis model in rats at two different doses, 50 and 100 mg/kg. All
compounds were shown to possess significant antiulcerogenic activity at both
doses. However, the effect of taxiresinol was the most prominent [99].

4.8
Anti-Inflammatory Activity

Five lignans isolated from the heartwood of T. baccata L. growing in Turkey
were evaluated for their anti-inflammatory and antinociceptive activities
in vivo. All of the compounds were shown to possess significant antinocicep-
tive activities against p-benzoquinone-induced abdominal contractions and
significantly inhibited carrageenan-induced hind paw edema in mice [100].

4.9
Antibacterial Activity

The ethanolic extract of Turkish T. baccata heartwood showed significant ac-
tivity against selected gram-negative bacteria and against five out of nine
tested fungi [101].

In another study, three lignans, (-)-taxiresinol, (-)-3’-demethylisolari-
ciresinol-9'-hydroxyisopropyl ether and (-)-3-demethylisolariciresinol, all
isolated from the heartwood of T. baccata L., were tested for antimicrobial
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activity. The two lignans (-)-taxiresinol and (-)-3-demethylisolariciresinol
and the chloroform extract were found to possess antifungal activity, whereas
only the chloroform extract exhibited antibacterial activity against Pseu-
domonas aeruginosa [76].

Crude extracts prepared from different parts of Turkish T. baccata have
also been evaluated for their antimycobacterial activity. A CHCls fraction
of the heartwood and ethanol extract of the leaves exhibited a minimum
inhibitory concentration value (MIC) against Mycobacterium tuberculosis
H3;Ra strain of 200 pg/mL [102].

4.10
Antiosteoporotic Activity

Isotaxiresinol, the main lignan isolated from the water extract of wood of
T. yunnanensis, was investigated for its effect on bone loss, on serum biochem-
ical markers for bone remodeling, and on uterine tissue, using ovariectomized
rats as a model of postmenopausal osteoporosis. After oral administration
of isotaxiresinol (50 and 100 mg/kg/d) for six weeks, bone mineral content
and bone mineral density in total and cortical bones were higher than those
of ovariectomized control rats, and decreases in three bone strength indices
induced by ovariectomized surgery were prevented. The assay showed that iso-
taxiresinol slightly increased bone formation and significantly inhibited bone
resorption without side effects on uterine tissue. These results suggest that iso-
taxiresinol may be useful for treating postmenopausal osteoporosis, especially
for the prevention of bone fracture induced by estrogen deficiency [115].

4.11
Other Activities

The aqueous extracts and constituents of T. yunnanensis showed a remark-
able inhibitory effect on induced histamine release from the human basophilic
cell line KU812. The isolated lignans secoisolariciresinol and taxiresinol were
also found to be antiallergic compounds, but this was not the case for
the new neolignan 2-[2-hydroxy-5-(3-hydroxypropyl)-3-methoxyphenyl]-1-
(4-hydroxy-3-methoxyphenyl)-propan-1,3-diol [88]. Some vasorelaxing and
antihypertensive effects of lignan-containing plant extracts (including Taxus
extracts [103] and pinoresinol diglucoside) were also reported.

5
Conclusions

Although lignans are widely distributed in vascular plants and are a very well-
known class of natural compounds, Taxus lignans have not been investigated
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as much as their taxane diterpenoids in any respect. There is still some con-
fusion over the identities and nomenclature of Taxus species. Lignans exhibit
a remarkable diversity in terms of enantiomeric composition, biosynthesis,
phylogenetic distribution and bioactivity. There is also increasing interest
in the synthesis of lignans as valuable lead compounds for new medicines;
this interest started with podophyllotoxin derivatives, which were synthesized
using tandem conjugate addition and Diels-Alder reactions. Attention is now
focused on the synthesis of neolignans by different approaches involving hy-
pervalent iodine reagents, radical carboxyarylation, or C — H insertion. Based
on a mechanistic approach, biomimetic oxidative coupling reactions seem par-
ticularly efficient routes to the synthesis of stegane and isostegane derivatives.

Lignans have been found in almost all parts of the plants, including bark,
heartwood, needles and roots, unlike other secondary metabolites in the
plants. Considering the number of lignans isolated from Taxus species, it
is not easy to explain the high structural diversity exhibited by lignans in
T. maireii compared to those of other Taxus species. The reason could be tar-
geted isolation, but different type of compounds (such as taxane diterpenes,
steroids and other phenolics) have been isolated from the same plant extract.
On the other hand, there is also some uncertainty over the determinations
of stereochemical centers of natural lignans, particularly in previous studies,
due to the lack of high-resolution NMR measurements. The increase in the
number of synthetic lignans would improve matters, as would the application
of NOE/ NOESY NMR experiments along with single-crystal X-ray spectro-
scopic analysis. Unfortunately, *C NMR spectra are yet to be reported for
most natural lignans.

Over the last decade, most studies of the lignans or lignan-containing
plants, including Taxus species, have focused on their bioactivities. In add-
ition to the well-known antitumor lignan podophyllotoxin, podophyllotoxin
derivatives and other lignans have been investigated for various biological
activities, including cytotoxic, antitumor, antimicrobial, antiviral, antiulcer,
hepatoprotective, and antioxidant properties. In recent years, the extracts
and isolated constituents of Taxus species, especially lignans from T. bac-
cata growing in Turkey, have been assessed for various potential activities
by a Turkish group, and some in vitro and in vivo bioassays have been car-
ried out on extracts from T. yunnanensis and its constituents by a Japanese
group, which may led to discover new lead medicinal drugs in the future.
In one of these studies, the antiosteoporotic activity of taxiresinol was in-
vestigated in vivo; especially its ability to prevent bone fracture induced by
estrogen deficiency, which may lead to advanced investigations into the use
of taxiresinol as a candidate drug for the treatment of postmenopausal osteo-
porosis. In a second investigation, the antiallergic activities of wood extract
and constituents from T. yunnanensis were studied using an in vitro his-
tamine release test, and a higher inhibitory effect was observed for the extract
than its constituents. The results indicated that this activity may be centered
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on the lignans isotaxiresinol, secoisolariciresinol and taxiresinol, which were
found to be the most abundant compounds in the extract. In conclusion, we
can state that lignans and neolignans possess great potential, based on the
results from various pharmacological and biological studies, to provide lead
drugs in the near future.
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Abstract Indole derivatives constitute an important class of therapeutical agents in
medicinal chemistry including anticancer, antioxidant, antirheumatoidal, aldose reduc-
tase inhibitor, and anti-HIV agents. Reactive oxygen species are constantly generated in
the human body and are involved in various physiologically important biological reac-
tions. However, high levels of free radicals can cause damage to biomolecules such as
lipids, proteins, and DNA within cells. Oxidative stress has been implicated in the de-
velopment of neurodegenerative diseases like Parkinson’s disease, Alzheimer’s disease,
Huntington’s disease, epileptic seizures, stroke, and as a contributor to aging and some
types of cancer. Indolic compounds are very efficient antioxidants, protecting both lipids
and proteins from peroxidation and it is known that the indole structure influences the
antioxidant efficacy in biological systems. Due to its free radical scavenger and antiox-
idant properties, synthesis of indole derivative compounds are under investigation to
determine which exhibit the highest activity with the lowest side effects. Epidemiologi-
cal studies have been strongly suggesting that antioxidants can decrease the rate of many
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diseases. However, more clinical studies are required to determine the efficacy and safety
of these compounds. This chapter gives another perspective on antioxidant activities of
synthetic melatonin analogues.

Keywords Indole - Melatonin - Antioxidant activity - Oxidative stress - Mechanism

Abbreviations

ABTS  2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)
AFMK N(1)-acetyl-N(2)-formyl-5-methoxykynuramine
AMK  N'-acetyl-5-methoxykynuramine

CAT  Catalase

COX  Cyclooxygenase

DPPH Diphenylpicrylhydrazyl

EPR  Electron paramagnetic resonance

ESR Electron spin resonance

G6PD  Glucose-6-phosphate dehydrogenase
GPx  Glutathione peroxidase

GR Glutathione reductase

HOCl Hypochlorous acid

LP Lipid peroxidation

LDL  Low-density lipoprotein

MDA  Malondialdehyde

MAO Monoamine oxidase

MPO  Myeloperoxidase

NSAID Non-steroidal anti-inflammatory drugs
RNS  Reactive nitrogen species

ROS  Reactive oxygen species

SAR  Structure activity relationship

SOD  Superoxide dismutase

1
Importance of Reactive Oxygen and Nitrogen Species for Human Body

Free radicals are atomic or molecular species with unpaired electrons that are
highly reactive. They take part in chemical reactions and play an important
role in many chemical processes, including human physiology. Reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS) have gained a lot of
importance because of their active role in many diseases [1,2]. The sources
of ROS generation in different disease settings are of great interest. Despite
the existence of these multiple sources, a large number of studies in the last
decade indicate that a major ROS source involved in redox signaling is a fam-
ily of complex enzymes, namely NADPH oxidases [3].

ROS include oxygen-based free radicals such as superoxide, hydroxyl,
alkoxyl, peroxyl, and hydroperoxyl (Table 1). Other ROS, such as hydrogen
peroxide and lipid peroxides, can be converted into free radicals by transition
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Table 1 List of reactive oxygen and nitrogen species

Reactive oxygen species (RNS)

147

Reactive nitrogen species (RNS)

Radicals Non-radicals Radicals Non-radicals
Hydroxyl Peroxinitrite Nitrous oxide Peroxynitrite

OH ONOO~ NO* OONO~
Superoxide Hypochlorous Nitrogen dioxide Peroxynitrous acid
(07N acid HOCl NOy* ONOOH

Nitric oxide Hydrogen Nitroxyl anion

NO peroxide H,0, NO-

Peroxyl Singlet oxygen Nitryl chloride
ROy’ -1 0, NO,Cl

Lipid peroxyl Ozone Nitrosyl cation
LOO O3 NO*

Alkoxyl Lipid peroxide Dinitrogen trioxide
RO’ LOOH N, 03
Hydroperoxyl Nitrous acid
ROOH’ HNO,

metals. Reactive nitrogen species (RNS) include mainly nitric oxide, nitrogen
dioxide and the potent oxidant peroxynitrite. ROS and RNS are well recog-
nized for playing a dual role as both harmful and beneficial species [4].

The damage to animal or plant cells and tissues caused by ROS is called
oxidative stress, which is caused by an imbalance between the production of
reactive oxygen and a biological system’s ability to detoxify the reactive in-
termediates or repair the resulting damage. A particularly negative side of
oxidative stress is the production of ROS, which includes free radicals.

Nitrosative stress occurs when the generation of RNS in a system exceeds
the system’s ability to eliminate them. Since ROS and RNS are generally highly
reactive, they react with key organic substances such as lipids, proteins, and
DNA [5]. Oxidation of these biomolecules can damage them and may be re-
sponsible to a variety of diseases.

Free radicals are typically formed as a result of normal cellular metabolism,
however, studies have shown that their numbers in the organism increase
when its cells are exposed to harmful environmental influences [6] such as
pollutants [7], sunlight, radiation [8, 9], emotional stress, smoking [10], ex-
cessive alcohol [11], infection [12], and some drugs [13].

1.1
Diseases Associated with Increased Oxidative Stress

The free radicals are often referred to as ROS because the most biologi-
cally important free radicals are oxygen-centered. ROS not only exist in liv-



148 S. Stizen

ing organisms, they also exist in our environment. Combustion sources and
photochemical reactions are the major sources [14]. ROS are continuously
generated in the human body and take place in various physiologically im-
portant biological reactions. However, high levels of free radicals can cause
damage to biomolecules such as lipids, proteins, and DNA within cells, result-
ing in mutations that can lead to malignancy [15]. Damage to DNA by ROS
has been widely accepted as a major cause of cancer [16]. Oxidative stress in-
duces a cellular redox imbalance that has been found to be present in various
cancer cells compared with normal cells. DNA mutation is a critical step in
carcinogenesis and elevated levels of oxidative DNA lesions have been noted
in various tumors [17].

Increased levels of ROS due to oxidative stress have been consistently
found in cardiovascular diseases as atherosclerosis or hypertension [18].
There is certain evidence that the free radicals involved in Parkinson’s disease
are mainly due to the production of increased levels of free radicals during ox-
idative metabolism of dopamine [19]. Oxidative stress, manifested by protein
oxidation and lipid peroxidation (LP), among other alterations, is a char-
acteristic of Alzheimer’s disease [20] and in the pathogenesis of diabetes
related complications. Treatment with antioxidants seemed to be a promis-
ing therapeutic option for these diseases [21]. The inflammatory nature of
rheumatoid arthritis implies that a state of oxidative stress may also exist in
this disease [22,23]. Also, free radicals have a certain role in Huntington’s
disease [24,25], age related degeneration [26], and some autoimmune disor-
ders [27].

Singlet molecular oxygen is one of the major agents responsible for ox-
idative damage in biological systems, including human skin and eyes [28].
Nitrogen oxide is a relatively stable and highly reactive radical that develops
in the organism by oxidation of the guanidine nitrogen of the amino acid
L-arginine by the action of NO-synthase. It participates in a number of phys-
iological and pathological processes [29].

Peroxynitrite has been suggested to be formed from nitric oxide and su-
peroxide in vivo. It is a highly reactive oxidant, and causes nitration on the
aromatic ring of free tyrosine and protein tyrosine residues. It was reported
that peroxynitrite induced various oxidative damage in vitro, for example
LDL oxidation, lipid peroxidation, and DNA strand breakage [30].

2
Enzymatic and Non-enzymatic Antioxidants

Because free radicals are necessary for life, the human body has a number
of mechanisms to minimize free-radical-induced damage and to repair the
damage that does occur, such as the primary enzymes superoxide dismu-
tase (SOD), catalase (CAT), glutathione peroxidase (GPx), and glutathione
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reductase (GR), glucose-6-phosphate dehydrogenase (G6PD), thioredoxin re-
ductase, heme oxygenase and biliverdin reductase, are the most important
antioxidant enzymes. The glutathione system (glutathione, GPx, and GR) is
a key defense against hydrogen peroxide and other peroxides. GPx reduces
hydrogen peroxide by transferring the energy of the reactive peroxides to
a very small sulfur-containing protein called glutathione. Also, when SOD
comes in contact with superoxide, it reacts with it and forms hydrogen perox-
ide that is dangerous in the cell because it can easily transform into a hydroxyl
radical. CAT reacts with the hydrogen peroxide and forms water and oxy-
gen [31].

Other enzymes that have antioxidant properties include paraoxonase [32],
glutathione-S transferases [33], aldehyde dehydrogenases [34], peroxiredox-
ins [35] and the recently discovered sulfiredoxin [36]. The existence of an-
tioxidant enzymes in biological systems proves the importance of oxidative
damage as a real threat to cellular and organismal survival.

Some non-enzymatic antioxidants play a key role in these defense mech-
anisms. These are often vitamins (A, C, E, K), minerals (zinc, selen-
ium), caretenoids, organosulfur compounds, allyl sulfide, indoles, antioxi-
dant cofactors (coenzyme Qjp), and polyphenols (flavonoids and phenolic
acids) [1, 37]. Further, there is good evidence that bilirubin and uric acid
can act as antioxidants to help neutralize certain free radicals [38]. Alpha-
carotene, lycopene, lutein, and zeaxanthine [39] can be considered sub-
groups of carotenoids [40] that are effective antioxidant compounds.

In summary, the human body is constantly exposed to ROS generated from
both endogenous and exogenous sources. Antioxidants, both enzymatic and
non-enzymatic, prevent oxidative damage to biological molecules by various
mechanisms [41].

2.1
Antioxidant Properties of Melatonin

Melatonin, N-acetyl-5-methoxytryptamine, is the main secretory product of
the pineal gland and is released in the circulation in a circadian manner, with
highest concentrations at night. Synthesis of melatonin also occurs in other
areas of the body, including the retina, the gastrointestinal tract, the skin,
bone marrow, as well as in lymphocytes [42]. It is produced to assist our
bodies to regulate our sleep-wake cycles. Natural production of melatonin is
increased by darkness and suppressed by sunlight. Its synthesis and secretion
decrease significantly by middle age and declines even further during old age.
Studies have shown that melatonin modulates biological rhythms [43, 44]. In
addition to sleep, melatonin has many other functions. It is a highly con-
served molecule that acts as a receptor-independent free-radical scavenger
and a broad-spectrum antioxidant. The ability of melatonin to react with free
radicals was first shown in 1993 when Tan et al. [45] identified its interaction
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with hydroxyl radicals. Melatonin and its metabolites successively scavenge
ROS/RNS, which is referred to as the free-radical scavenging cascade. Rapid
melatonin consumption during stress may provide a protective mechanism of
organisms against oxidative damage [46]. O-methyl and N-acetyl residues of
melatonin assist its amphilicity, enabling the molecule to enter all organs and
all subcellular compartments, and crucial for its antioxidant properties [47].
Antioxidative protection exceeds direct interactions with free radicals and
is effective in detoxifying ROS in particular, the hydroxyl radical and the
generation of primary and secondary products in order to eliminate rad-
icals [48,49].

Recent evidence indicates that the original melatonin metabolite may be
N(1)-acetyl-N(2)-formyl-5-methoxykynuramine (AFMK), which also has an-
tioxidant properties. There is a high correlation between the concentration at
which melatonin and closely related indoles exert a direct antioxidant effect
in vitro and a neuroprotective effect [50]. Radical scavenging by indolic com-
pounds is strongly modulated by their functional residues. All indolamines
have a heteroaromatic ring system of high electroreactivity and they only
differ in carrying functional groups in their side chains. These substituents
determine to a great extent the reactivity, potency, and efficiency of rad-
ical scavenging activity [47]. Like other indole derivatives and tryptophan
metabolites, melatonin has redox properties because of the presence of an
electron-rich aromatic ring system, which allows the indoleamine to easily
function as an electron donor. A number of oxygen-centered radicals and
other reactive species have been shown to be capable of oxidizing melatonin
in various experimental systems [51]. Light exposure, either natural or artifi-
cial, causes extremely rapid destruction of melatonin.

According to Tan et al. [45], the methoxy group in the 5th position of
the indole ring keeps melatonin from exhibiting prooxidative activity. If the
methoxy group is replaced by a hydroxyl group, the antioxidant capacity of
this molecule may be enhanced. The changes could be decreased lipophility
and increased prooxidative activity.

SAR studies on melatonin analogues showed that methoxy and amido moi-
eties are important for binding to melatonin receptors; various substituents
on the 2nd position of the indole ring enhance the binding affinity [52-54].
The conformational flexibility of the C-3 ethylamido side chain is probably
responsible for the broad spectrum of biological activities. As a powerful
antioxidant melatonin was shown to have significantly broader actions in-
cluding oncostatic effects [55], immune system stimulation [56], and anti-
inflammatory functions [57, 58].

Melatonin has side effects, but much less so than pharmaceutical sleep-
ing pills. Long-term safety is not known. Prolonged use may have an influ-
ence on sex organs and reduce libido. It may slightly lower blood pressure.
People with the symptoms of severe mental illness, severe allergies, auto-
immune diseases, or immune system cancers such as leukemia should not



Antioxidant Indole Derivatives 151

take melatonin. Despite its possible contribution in regulating many physi-
ological processes, two main problems limit its therapeutic use at present.
The first is a very short biological half life, due to its fast metabolism to
6-hydroxymelatonin and AFMK, and the second is the lack of selectivity of
melatonin at target sites [59, 60].

Melatonin oxidation seems quite important for the production of other bi-
ologically active metabolites such as AFMK and N'!-acetyl-5-methoxykynur-
amine (AMK). AMK interacts with reactive oxygen and nitrogen species, con-
veys protection to mitochondria, inhibits and downregulates COX-2. Thus,
melatonin may be considered as a prodrug [61].

The antioxidant properties of melatonin include scavenging free radicals
and the regulation of the activity of antioxidant and pro-oxidant enzymes. It
seems the potential application of melatonin in an antioxidant therapy could
be complicated by the pharmacokinetic behavior of the molecule, which is
subjected to a limited bioavailability and plasma half-life after oral adminis-
tration [62].

Plasma levels of melatonin could not be delegate of its concentration in
tissues [63], and its half-life in the target tissues could be much lower than
expected. The availability of new compounds having the beneficial proper-
ties of melatonin, but revealing different pharmacokinetic properties could
therefore be useful in the search for good antioxidant efficiency.

3
Synthetic Indole Derivatives having in Vitro Antioxidant Activity

Indole derivatives are biologically important chemicals present in microor-
ganisms, plants, and animals, and represent an important class of therapeuti-
cal agents in medicinal chemistry. Anticancer [64-67], antioxidant [2, 68, 69],
anti-rheumatoidal [70-73], aldose reductase inhibitory [74-76], antibacte-
rial [77-79], antifungal [80, 81], antiviral [82-84], antimalarial [85, 86] and
anti-HIV activities [87-90] can be suggested as the most significant activities
of synthetic indole derivatives. Indolic compounds are very efficient antioxi-
dants, protecting both lipids and proteins from peroxidation, and it is known
that the indole structure influences the antioxidant efficacy in biological sys-
tems [91-93].

In recent years, many physiological properties of melatonin have been
described resulting in much attention in the development of synthetic com-
pounds possessing indole ring [94]. These compounds have structural simi-
larity to melatonin. However, the therapy of oxidative stress-related diseases
has not found satisfactory application in clinical practice. This may be due to
the insufficient efficacy of drugs available, their unsuitable pharmacokinetics,
side effects, and toxicity.
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3.1
Anti-inflammatory Indole Derivatives

Cyclooxygenase (COX) is a rate-limiting enzyme in the synthesis of prosta-
noids from arachidonic acid. Two isoforms of COX have been identified:
COX-1 and COX-2. COX reaction products have long been hypothesized to
participate in the regulation of the cerebral circulation. An indole deriva-
tive indomethacin is an agent that inhibits both COX-1 and COX-2 [95].
Indomethacin pretreatment effectively inhibited free radical production [96].
COX-2 plays a critical role in the inflammatory response and its over-
expression has been associated with several pathologies, including neurode-
generative diseases and cancer. Melatonin has well-documented antioxidant
and immuno-modulatory effects [97,98]. Thus, scavenging activity against
ROS by anti-inflammatory drugs may be of great therapeutical value. Recent
studies have suggested that free radicals may be involved in the pathogenesis of
brain injury and brain edema, and compounds that have free-radical scavenger
activity can reduce brain edema with trauma or ischemia. Stimulation of the
COX activity shows peroxides in biological fluids. Hydrogen peroxide has been
shown to be formed during inflammatory processes and is implicated in its
pathophysiology. These findings imply that non-steroidal anti-inflammatory
drugs (NSAIDs) may be able to scavenge many forms of free radicals.

Electron spin resonance (ESR) study has demonstrated that etodolac
(1,8-diethyl-1,3,4,9-tetrahydropyrano-[3,4-b]indole-1-acetic acid) and in-
domethacin had direct superoxide scavenging activity [99].

In a study NSAIDs indomethacin (2-[1-(4-chlorobenzoyl)-5-methoxy-2-
methyl-indol-3-yl]acetic acid), acemetacin (1-[p-chlorobenzoyl]-5-methoxy-
2-methylindole-3-acetic acid carboxymethyl ester), and etodolac ((£)-1,8-
diethyl-1,3,4,9-tetrahydropyrano-(3,4-b)indole-1-acetic acid) were tested on
different ROS generating systems (Fig. 1). There are some satisfactory results
that confirm that the anti-inflammatory activity of these compounds may be
also partly due to their ability to scavenge ROS and RNS. The observed effect-
ive scavenging activity may contribute to the anti-inflammatory therapeutical
effects [92, 100].

The indolic nitrogen is the active redox center of indoles, due to its lone
pair of electrons [101, 102]. Indeed, if the oxygen replaces the nitrogen in the
indolic ring, the antioxidant activity of the resulting benzofurane is much
lower [47]. Delocalization of this electron pair over the aromatic system
seems to be of great importance for antioxidant activity of indole derivatives.

Evaluation of the scavenging activity for H,O, by NSAIDs, namely indole
derivatives (indomethacin, acemetacin, etodolac), pyrrole derivatives (tol-
metin, ketorolac), oxazole derivative (oxaprozin), indene derivative (sulin-
dac) and its metabolites (sulindac sulfide and sulindac sulfone) was per-
formed by Costa et al. [103]. The obtained results against endogenous antiox-
idants melatonin and GSH demonstrated that all the studied NSAIDs display
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Fig. 1 Chemical structures of indomethacin (1), acemetacin (2) and etodolac (3)

H,0; scavenging activity, although in different degrees. The ranking order of
potency found was sulindac sulfone > sulindac sulfide > GSH > sulindac > in-
domethacin > acemetacin > etodolac > oxaprozin > ketorolac approximately
melatonin > tolmetin. The inhibition of prostaglandin synthesis constitutes
the primary mechanism of the anti-inflammatory action of these drugs. Ac-
cording to the results, the anti-inflammatory activity of NSAIDs may be
partly due to NSAIDs ability to scavenge ROS and RNS [100, 101].
Biochemical responses against free radicals were investigated on N-substi-
tuted indole-2 and 3-carboxamides (Fig. 2) [104-107], which are proposed to
be selective COX-2 inhibitors since they show good binding capability to an
enzyme active site [108]. Also, some indole-3-acetamides have significant an-
tioxidant activity [91, 105]. Especially the compounds that have chlorophenyl
and chloropiperidine as side groups showed the best activity by inhibiting
superoxide radical. The antioxidant profiles of congeners at the 2nd or 3rd
positions of the indole ring were found to be similar, but it can be con-

0 CH,CO-NH-R;
Ry \
N
\ H CO-NH-R,
Ry N
I
N R,

Ry, Ry, Ry: H and halogens R;: phenyl, benzyl, benzoyl derivativatives
R,: phenyl, benzyl, triazine, piperidine derivatives

Rj;: phenyl, benzyl, piperidine derivatives
X

Fig.2 N-substituted indole-2-carboxamides and indole-3-acetamides [105-107]
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cluded that indole-2-carboxamide derivatives are stronger inhibitors for LP
than indole-3-carboxamides. The special effect of the substitution feature at
the 2nd position might be due to the lipophilic groups being involved in the
interaction with the aromatic ring located at position 1.

Also, N-H and N-substituted indole esters (Fig. 3), which were reported
to be COX-2 enzyme inhibitors, have inhibitory activity on LP and superox-
ide anion production [91]. Especially pyrrolidine and o-methylphenyl groups
were found to be the most important side chains (R; group) that elevated
both activities for indole esters.

(e}
R
\ O/ \ (6]
N
| i

R;: phenyl, pyrrolidine piperidine and cyclopropyl derivatives

R,: H, benzoyl derivatives

Fig.3 N-H and N-substituted indole esters [91]

3.2
Fused-Ring Indole Derivatives

One of the most important condensed ring systems is indole. Whether the
indole nitrogen is substituted or not, the favored site of attack is C-3 of the
heterocyclic ring. Bonding of the electrophile at that position permits stabi-
lization of the intermediate by the nitrogen without disruption of the benzene
aromaticity. Indole can exist in two tautomeric forms, the more stable enam-
ine and the 3-H-indole or imine forms. C-2 to C-3 pi-bond of indole is more
capable of cycloaddition reactions then the other pi bonds of the molecule.
Intermolecular cycloadditions are not favorable, whereas intramolecular vari-
ants are often high-yielding.

Stobadine ((-)-cis-2,8 dimethyl-2,3,4,4a,5,9b-hexahydro-1-H-pyrido (4,3b)
indole) is a model drug with pyridoindole structure with cardioprotective
and antioxidant properties [109]. Based on stobadine, (-)-cis-2,8-dimethyl-
2,3,4,4a,5,9b-hexahydro-1H-pyrido[4,3-b]indole (Fig. 4), a well-known an-
tioxidant, free-radical scavenger and neuroprotectant, stobadine derivatives
with improved pharmacodynamic and toxicity profiles were developed [110].
A stobadine molecule was modified mostly by electron donating substitu-
tion on the benzene ring and by alkoxycarbonyl substitution at N-2 position.
Significant antioxidant activity was observed in the new compounds. A link
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Fig.4 General formula of stobadine derivative antioxidant compounds [110]

between the neuroprotective and antioxidant/scavenger properties in the
compounds was suggested. Acute toxicity of some of the new pyridoindoles
was diminished compared to stobadine. Molecular modelling pointed that in-
dole nitrogen, responsible in stobadine and derivatives, was found capable to
react with free radicals, creating a more stable and less-reactive nitrogen-free
centered radical. The pyridoindole molecules extend the range of available
neuroprotectants interfering with oxidative stress in neuronal tissue.

The synthesis [111] and examination of 1-p-toluenesulfonyl-6,7,8,9-
tetrahydro-N,N-di-n-propyl-1H-benz [g]indol-7-amine (TPBIA in Fig. 5) for
behavioral effects in rats related to interactions with central dopamine recep-
tors showed remarkable antioxidant activity. Because TPBIA has increased
lipophilicity, penetrating the blood-brain barrier in a considerable degree was
expected and it was found that it completely inhibits the peroxidation of rat
liver microsome preparations [112].

CH,

Fig.5 1-p-toluenesulfonyl-6,7,8,9-tetrahydro-N,N-di-n-propyl-1H-benz [g]indol-7-amine
(TPBIA) [112]

Studies of influence of the acetamidoethyl side chain on the capac-
ities of melatonin-related compounds to inhibit low-density lipoprotein
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(LDL) oxidation showed that nonanoyl and phenyl derivatives were par-
ticularly active [113]. The capacity of the two melatonin-related com-
pounds DTBHB (N-[2-(5-methoxy-1H-indol-3-yl)ethyl]-3,5-di-tert-butyl-4-
hydroxybenzamide) and GWC20 [(R,S)-1-(3-methoxyphenyl)-2-propyl-1,2,3,
4-tetrahydro-p-carboline] (Fig. 6) inhibit Cu** and free-radical-induced LDL
oxidation was compared to the antioxidant effect of melatonin. The com-
pounds were found considerably more active than melatonin in inhibiting
this oxidation. It can be seen that there is a strong relationship between
the consequence of modifications in the acetamidoethyl side chain of mela-
tonin and the capacity of the resulting molecules to inhibit LP. The re-
placement of the acetamido function by a benzoyl gives highly antioxidant
molecules [114].

OH

/ \ NN

N -
H N\ o

ZT

Iz

GWC20 DTBHB
Fig.6 Molecular formula of GWC20 and DTBHB [114]

Oxidative stress appears to have a central role in the induction of apoptosis
following the exposure of cells to a range of cytotoxic insults. Anti-apoptotic
properties of the antioxidant, 4b,5,9b,10-tetrahydroindeno([1,2-b]indole, in
Jurkat T cells subjected to a number of cytotoxic insults. Peroxide and super-
oxide anion production following UV treatment showed that indole derivative
was found to only partially inhibit superoxide anion production and exhib-
ited strong inhibition of caspase-3 activation in UV [115].

3.3
Indole Derivatives Connected to a Known Antioxidant Molecule

Antioxidants of a different chemical nature have been investigated for use as
therapeutic agents, either alone or in combination. Combination of a known
antioxidant compound with indole ring or melatonin analogue compounds is
a new trend in antioxidant chemistry.

It is known that retinoid-related compounds (Fig. 7) represent classes of
promising antioxidative potential. A series of melatonin retinoids was syn-
thesized using the condensation reaction sequence involving tetrahydrote-
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R;: H, COCF,,
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\ R,: H, OCH;,Br,
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R;: H, CHs, C,Hs, i-Pr, n-Bu, Bn, p-F-Bn, 0,p-diCI-Bn

Fig.7 Chemical structure of tetrahydronaphthalene-indole derivatives [116]

tramethylnaphthalene carboxylic acid and appropriate melatonin-type moi-
eties [116]. These derivatives were reported to be very effective compounds
on LP.

Also, antioxidant properties of conjugates based on indole and lipoic acid
moieties (Fig. 8) were studied. The target compounds showed reasonable
antioxidant properties using rat liver microsomal, NADPH-dependent LP in-

MC@

R: alky and phenyl derivatives

R: H, OCH,, Br, NO,, CH,

R: H, OCH,

Fig.8 Chemical structure of indole a-lipoic acid derivatives [117]
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hibition. Some of the target compounds, especially those containing amidFe
linker at position 5 of the indole ring, proved to be highly effective in in-
hibiting LP compared to «-lipoic acid. Removal of alkyl substituents from
the indole nitrogen resulted drop in the inhibitory activity. Non-substituted
derivatives at position 5 also showed better activity than those with an
electron-donating substituent [117].

Benzimidazole and indole rings and some 6-fluoro-5-substituted-benz-
imidazole derivatives in which indole and 1,1,4,4-tetramethyl-1,2,3,4-tetra-
hydro-naphthalene groups were attached to the 2-position of the benzim-
idazole ring (Fig.9) were synthesized and tested for antioxidant proper-
ties [118]. A connection of both indoles to the benzimidazole ring using
appropriate o-phenylendiamine-related indole derivative with Na;S,05 gave
5-substituted-6-fluoro-2-(5-substituted-1H-indol-3-yl)-1H-benzimidazole
derivatives. These compounds showed very good free-radical scavenging
properties in vitro by determining their capacity to scavenge superoxide an-
ion formation. Compounds that are bear p-phenyl piperazine on the 5th
position of indole ring showed significant activity.

R, R
R cl H
N d N—
/ \ \ h Br
F
R1 ch N— OCH3
N\ A —\
N  N—
/

Iz

H3C'
O
N N—
—/

Fig.9 Chemical structure of indole-benzimidazole derivatives [118]

Asakai et al. [119] reported that bisindolylmaleimide inhibited necrotic cell
death induced by oxidative stress in a variety of primary-cultured cells. Also
structure-activity relationship of bisindolylmaleimide derivatives (Fig. 10)
as inhibitors of H;0;-induced necrotic cell death was studied by Katoh
et al. [120]. Based on the SAR of the bisindolylmaleimides it was hypothesized
that the coplanarity of one indole ring with the maleimide ring is import-
ant for the activity, and it was expected that removal of the second indole
ring would favor such a coplanar conformation. Analogs of indolylmaleimide
derivatives [121] were synthesized and tested for cell death-inhibitory activity
of necrotic cell death induced by H,0,. 2-(1H-Indol-3-yl)-3-pentylamino-
maleimide was the most effective cell-death inhibitor among the compounds.
Heteroatom substitution at the maleimide C3 position was found import-
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R: H, CH;, OCH;, Br, Cl, F

R: H, CH,;

Ry: H, (CH,)3-NH,, (CH,)3N(CHs),

Fig. 10 Analogs of bisindolylmaleimide derivatives [120, 121]

ant, so that the lone-pair electrons could be delocalized on the maleimide
ring.

34
Alkyl and/or Aryl Substituted Indole Derivatives

In the process of screening indole compounds as antioxidant agents, new
properties were discovered for an endogenous species. Indole-3-propionic
acid (IPA) has been identified in the plasma and cerebrospinal fluid of hu-
mans [122]. It was shown that IPA prevented oxidative stress. The radical-
scavenging efficiency of IPA has a better activity of several previously re-
ported antioxidants, including melatonin. Because hydroxyl radicals cannot
be enzymatically detoxified, radical-scavenging compounds have on-site pro-
tection against these reactive radicals [123]. IPA (OXIGON) is a potent anti-
oxidant devoid of pro-oxidant activity. IPA has been demonstrated to be an
inhibitor of beta-amyloid fibril formation and to be a potent neuroprotectant
against a variety of oxidotoxins [124].

Based on IPA, N-H, and N-substituted indole-3-propanamide derivatives
(Fig. 11) have been prepared and their efficiencies were investigated towards
SOD and LP. Compounds have very significant activity on inhibiting SOD as
well as LP [125].

The anti-LP activity and anti-superoxide formation of N-H and N-sub-
stituted indole derivatives (Fig. 12) were evaluated to determine their anti-
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Fig.11 Chemical structure of N-H and N-substituted indole-3-propanamide deriva-
tives [125]
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R1, R3 : H, benzoyl derivatives

R2, R4 : phenyl, pyrrolidine, cyclopropyl, piperidine derivatives

Fig. 12 Chemical structure of N-H and N-substituted indole derivatives [126]

oxidant activity [126]. Most of the compounds exhibit important antioxidant
activity showing considerable inhibition of LP of mouse liver homogenate.
Many studies have established beneficial effects of antioxidants that re-
duce the myocardial infarct size by interventions, which either attenuate the
generation or reduce the effects of reactive oxygen species [127,128]. In-
dole derivatives containing a triazole moiety (Fig. 13) were synthesized [129]
and their antioxidant activity was investigated using methods for interac-
tions of these derivatives with reactive oxygen species in vitro [130-132].
All compounds showed significant activity that possibly depends on the
attachment position of the triazole moiety on the indole nucleus. Some
derivatives that were substituted on the nitrogen of the indolic nucleus
showed better antioxidant properties than melatonin. Also, cardioprotective
efficacy of 3-[(1H-1-indolyl)methyl]-4-amino 4,5-dihydro-1H,1,2,4 triazole-
5-thione that has been proven to show significant antioxidant proper-
ties by inhibiting in vitro non-enzymatic rat hepatic microsomal LP re-
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Fig. 13 Chemical structure of indole derivatives containing a triazole moiety [130, 131]

duced significantly the level of malondialdehyde in rabbits under ischemia-
reperfusion [133].

Indole derivatives, with changes in the 5-methoxy and acylamino groups
(Fig. 14), the side chain position and the lipophilic/hydrophilic balance were
tested for their in vitro antioxidant potency and for their cytoprotective
activity by Mor et al. [134]. Substitutions on the indole ring, which were
highly unfavorable for melatonin receptor affinity, were generally tolerated in
terms of the antioxidant properties of the compounds. Structural modifica-
tions, such as the shift of the methoxy group from the 5- to the 6-position,
the introduction of a bromine in the 2-position and the insertion of the
acetylaminoethyl chain in the 2- instead of 3-position proved favorable for
the antioxidant performance of these compounds. The melatonin analogue
N-[2-(5-methoxy-1H-indol-2-yl)ethyl]acetamide, which proved to be among
the most potent derivative showed, a low-affinity antagonist on melatonin
membrane receptors.

Ry NHR, RiiH COCH;,COCH

Rs \ R,: H, Br
D 5
R3: H, OH, OCH}, OCHchon
R N
‘ H R,: H, OCH,4

Fig. 14 Indole derivatives, with changes in the 5-methoxy and acylamino groups [134]

Investigation of replacement of the 5-methoxy group by substituents with
different electronic and lipophilic properties and methylation of the indole
nitrogen or its replacement by a sulfur atom was evidence for the shift of
the 5-methoxy group to the 4-position of the indole nucleus led to the most
active radical scavenger but much less effective as a cytoprotectant [135].
5-alkoxy-2-(N-acylaminoethyl)indole (Fig. 15) appeared as the key feature
to confer both antioxidant and cytoprotective activity to the structure. An-
tioxidant activity seems essential for cytoprotection, but it is not sufficient,
and there is no statistically significant correlation between the two types
of activity.
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T~ R,: CH;, CH,COOH

Fig.15 2-N-acylaminoethyl derivatives [135]

Some of the tryptamine and N-alkyl-substituted melatonin analogues
(Fig. 16) constituted significant activity against LP [60]. Alkyl substitution of
the first position affects the antioxidant activity changeable due to the substi-
tution pattern at the 5th position of the indole ring. Electron-donor groups of
position 5 of the indole ring might be involved in the interaction with those
located at the 1st position.

CH,CH,NHR;
Re R,:CH3, C,H
\ R,: H, OCH;
Rj: alkyl and phenyl derivatives
N
I
Rs

Fig.16 Tryptamine and N-alkyl substituted melatonin analogues [60]

N-(2-propynyl)2-(5-benzyloxy-indol)methylamine (PF 9601N in Fig. 17),
a novel MAO B inhibitor has shown a neuroprotective effect antioxidant ac-
tivity [136]. This neuroprotective effect could be explained in terms of the
antioxidant capacity of PF 9601N. According to structure-activity relationship
studies, the presence of a benzyloxy group, or a hydroxy or methoxy group, at
position 5 of the indole ring enhanced these antioxidant characteristics, pre-
senting a decreasing order of antioxidant activity of the primary > secondary
> tertiary amines.

R4

\ N Rs
\( Ry, Ry, Ry : H, alkyl derivatives
R, R, : benzyloxy, OCH;, OH
|
Ri

Fig.17 N-alkyl 2-substituted melatonin analogues [136]

HOCI released by activated leukocytes has been implicated in the tis-
sue damage that characterizes chronic inflammatory diseases. The re-
lease of HOCI can be measured by the production of taurine-chloramine.
A group of substituted indole derivatives including indole, 2-methylindole,
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3-methylindole, 2,3-dimethylindole, 2,5-dimethylindole, 2-phenylindole, 5-
methoxyindole, 6-methoxyindole, 5-methoxy-2-methylindole, melatonin,
tryptophan, indole-3-acetic acid, 5-methoxy-2-methyl-3-indole-acetic acid,
and indomethacin was found effective inhibitors of the generation of HOCI.
The neutrophil enzyme myeloperoxidase (MPO) plays an essential part in
the innate immune system by catalyzing the production of HOCI. The results
show that the indole moiety should be considered to be a promising candidate
in the search for new, reversible and selective MPO inhibitors [137].

A series of 2-phenyl indole derivatives (Fig. 18) were prepared using Fis-
cher indole synthesis and their in vitro effects on rat liver LP levels, superox-
ide formation and DPPH stable radical scavenging activities were determined
against melatonin, BHT and «-tocopherol [68]. The compounds significantly
inhibited LP. Compounds bearing electron-withdrawing groups, such as F, Cl,
NO,, had the highest reduction in LP values, since these groups are inductive
electron withdrawing due to their electronegativity and they help the indole
ring to easily interact with free radicals. All of the examined compounds (and
melatonin) had no significant inhibitory effect on superoxide anion forma-
tion, which clearly shows that melatonin and 2-phenyl indole derivatives act
as potent hydroxyl radical scavengers in vitro. Interestingly, compounds that
have a carboxaldehyde group on the 3rd position of the indole showed no
antioxidant activity.

Rz Rs Ry R, ,: H, NO,
R4 ’
\ O Rs R3,4,5,6: H, OH Cl, NOz, NH2, CH3
N
H Rs R,: H, CHO

R

Fig. 18 Chemical structure of 2-phenyl indole derivatives [68]

3.5
Other Antioxidant Synthetic Indole Derivatives

Many studies of melatonin are accompanied on an idea that many of the ef-
fects credited to melatonin may be mediated by some melatonin analogues
or metabolites [138], such as by AFMK, a product of the melatonin antioxi-
dant cascade, which is also a potent scavenger of reactive species [139]. Also,
the melatonin precursor, N-acetylserotonin, or the melatonin metabolite
6-hydroxymelatonin, which was found a better antioxidant than melatonin it-
self by authors Zhang and coworkers [140], is considered Melatonin-related
indoles that protect and defend against both autooxidation and iron-induced
peroxidation of lipids [141].



164 S. Stizen

According to Tan et al. [142], melatonin, as an electron-rich molecule,
may interact with free radicals via an additive reaction to form several sta-
ble end-products. Changes in the aromatic ring of the indolamine could
reduce the antioxidant properties. Although both the 5-methoxy group and
the acetamidoethyl side chain are important in the antioxidant properties
of melatonin, the lack of both side chains implies an antioxidant ability
higher than the lack of each of them separately. Zolpidem (Fig. 19) is a non-
benzodiazepine-related hypnotic with a imidazopyridine structure [N,N,6-
trimethyl-2-p-tolyl-imidazo (1,2-a) pyridine-3-acetamide L-(+)]. Compari-
son with the protection by melatonin and Zolpidem showed that Zolpidem
tartrate was as effective as melatonin in preventing LP in liver and brain tis-
sue, although it did not show in vitro protein protection against oxidation,
contrary to melatonin [143].

N(CH3)2

CH,
-
\ N

Fig.19 Zolpidem [N,N,6-trimethyl-2-p-tolyl-imidazo (1,2-a) pyridine-3-acetamide L-(+)]
[143]

Selective reduction of a double bond in the indole nucleus of melatonin
using NaBH3CN/CF3;COOH system resulted as 2,3-dihydromelatonin (Fig. 20)
with improved antioxidant activity in the model of quenching of DPPH rad-
ical as well as in lipoperoxidation induced by the system Fe/ascorbate in rat
brain homogenates [144].

H3CO NHCOCH;
H
z
e

N
H

Fig.20 Chemical structure of 2,3-dihydromelatonin [144]

Fluvastatin (Fig. 21) is a member of the drug class of statins used to treat
hypercholesterolemia and to prevent cardiovascular disease. It is able to de-
crease ROS, such as hydroxyl radicals and superoxide anions generated by
the Fenton reaction, and by the xanthine-xanthine oxidase system. The an-
tioxidative effect of fluvastatin was thought to have caused not only the scav-
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Fig.21 Fluvastatin (7-[3-(4-fluorophenyl)-1-(1-methylethyl)-1H-indol-2-yl]-3,5-dihydroxy-
hept-6-enoic acid) [145]

OH

enging action of the radicals but also to have inhibited ROS generation by
inhibiting the NADPH oxidase activity. This antioxidative potential of fluvas-
tatin may be beneficial in preventing atherosclerosis [145].

The antioxidant behavior of a series of substituted indoline-2-ones and
indolin-2-thiones (Fig.22) was investigated using an oxygen radical ab-
sorbance capacity assay and 2,2’-azobis(2-amidino-propane) dihydrochloride
as the radical generator. The results indicated that the examined indoline
derivatives had effective activities as radical scavengers and may be consid-
ered as an effective source for combating oxidative damage. The compounds
showed preventive antioxidative action similar to SOD and protective action
against deoxyribose degradation by hydroxyl radical [146].

CH-R
X: oxo and thio
X
N R: flouro,chloro, nitro, methoxy and amino phenyl derivatives,
| imidazole, phenylpropenyl
H

Fig.22 Chemical structure of indoline-2-ones and indolin-2-thiones [146]

4
Indole N-oxides and Analysis
with Electron Spin Resonance (ESR) Spectroscopy

Studying with free radicals is difficult in order to measure steady-state
concentrations because of the extremely short half-life of these chemical
species. Molecules were discovered that could “trap” free radicals, and these
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molecules were called spin traps. The spin-trapping technique [147] facili-
tates the detection of reactive free radicals by electron spin resonance (ESR)
spectroscopy. This method involves the addition of a diamagnetic molecule
(the spin trap), typically an organic nitrone or nitroso compound, to a sys-
tem containing or producing a reactive radical. The trap reacts with the free
radical to give a stable paramagnetic spin adduct that accumulates until it
becomes observable by EPR. Spin trapping is considered one of the best tech-
niques available for characterizing the presence and the nature of reactive
radicals and, in some cases, it is particularly useful for the study of a re-
action mechanism involving radical intermediates [148]. Examination of the
antioxidant effects of indole compounds such as melatonin, tryptophan, and
serotonin, on ROS generation by ESR showed that hydroxy radical scavenging
activity of melatonin was higher than that of serotonin [149].

The spin-trapping technique was used to detect the free radical nitrogen
dioxide in solution using 5,7-di-tert-butyl-3,3-dimethyl-3H-indole N-oxide
and 6-tert-butyl-3,3-dimethyl-3H-indole N-oxide (Fig. 23) [150]. Formation
of an acyl nitroxide radical was observed when the spin-trap solution was
mixed with nitrogen dioxide. The first step of the reaction is likely repre-
sented by the nucleophilic attack of the oxygen atom of an NO; molecule to
the C-2 atom of the indole derivatives with formation of a C-O bond. The spin
adduct thus formed is unstable and rapidly rearranges to acyl nitroxide with
loss of HNO, which decomposes to N,O and water. It was shown that nitro-
gen dioxide, a biologically relevant species, is trapped by electrophilic neutral
compounds such as nitrones by indole derivatives.
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Fig.23 Chemical structure of 5,7-di-tert-butyl-3,3-dimethyl-3H-indole N-oxide (1) and 6-
tert-butyl-3,3-dimethyl-3H-indole N-oxide (2) [150]

Spin trapping/EPR spectroscopy is singular in its ability to characterize
specific free radicals, generated in situ, and identified in animal models in real
time. 2-Alkyl and 2-aryl substituted-3H-indol-3-one-1-oxides (Fig. 24) was
prepared [151,152] and evaluated for its radical trapping properties [153].
Spin trapping and electron paramagnetic resonance experiments demon-
strate the ability of these indolone-1-oxides to trap hetero- and carbon-
centered radicals. Indolone-1-oxide series lacking a B-hydrogen atom gave
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Fig.24 Chemical structures of 2-alkyl and 2-aryl substituted-3H-indol-3-one-1-oxides
[153]

rise highly stable adducts with free radicals. The high stability of spin adducts
of indolone-1-oxide series associated with their strong lipophilicity and low
working concentration make them possible candidates to trap free radicals in
biological systems.

1,1,3-Trimethylisoindole N-oxide (TMINO in Fig. 25) was found as a scav-
enger for several Fenton-derived carbon- and oxygen-centered radicals in-
cluding hydroxyl, formyl and alkyl radicals [154, 155]. The adduct display
good stability and allowing the detection of the expected radicals. Trapping
experiments were also undertaken with nitric oxide, which gave strong EPR
signals attributed to the action of higher oxides of nitrogen. The selectivity
of TMINO towards HO" with respect to superoxide radicals demonstrates its
potential as a useful spin-trap.

\ N—0

Fig.25 Structure of 1,1,3-trimethylisoindole N-oxide [154, 155]

Aromatic aminoxyls having a conjugated benzene ring can react with vir-
tually all kinds of oxygen-centered radicals. Protein peroxyl radicals are well-
known intermediates of free-radical-dependent protein oxidation. Indolinic
aminoxyls were synthesized using appropriate Grignard reagents [156]. 1,2-
dihydro-2-ethyl-2-phenyl-3H-indole-3-phenylimino-1-oxyl and 1,2-dihydro-
2-octadecyl-2-phenyl-3H-indole-3-phenylimino-1-oxyl (Fig. 26) were found
to be a good candidate for substituting vitamin E in biological systems as it
is a good antioxidant protecting membrane phospholipid. Due to high reac-
tivity of aromatic aminoxyls with peroxyl species, very low concentrations are
sufficient to defend cells. The protective effect of these molecules on mem-
brane proteins points to the possibility of applying a new strategy for rational
design of an antioxidant molecule, which would efficiently protect the pro-
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Fig.26 Structure of aromatic indolinic aminoxyls [156]

teins against oxidative stress. It was proved that inhibition of peroxidation of
certain membrane components depends on the length of acyl chain. Short-
side chained aminoxyl derivative inhibits the lipid peroxidation process while
the long chained is an efficient protector against protein oxidation.

5
Electrochemical Investigations of Indoles

The use of electrochemical techniques for the determination of compounds
of pharmaceutical interest is continually gaining in importance [157]. Prac-
tical application of electrochemistry includes the determination of electrode
oxidation mechanisms. Owing to the existing resemblance between electro-
chemical and biological reactions, it can be assumed that the oxidation mech-
anisms taking place at the electrode and in the body share similar princi-
ples [158]. Voltammetric techniques are most suitable to investigate the redox
properties of a new drug. This can give insight into its metabolic fate. Some
metabolites can be differentiated from the parent drug since metabolization
often proceeds through the addition or the modification of a substituent. This
will give rise to additional waves or to a shift of the main wave. Such a situ-
ation may allow the simultaneous determination of the initial compound and
the metabolized drug [159]. This technique in general, and differential pulse
voltammetry in particular, are considered to be useful tools for the determin-
ation of indole derivatives [160, 161].

Electrochemical behavior of indole-3-propionamide derivatives (Fig. 27)
was investigated in order to establish experimental conditions for the elec-
trochemical oxidation and determination of these derivatives using a glassy
carbon electrode [158]. Cyclic voltammetry has been used in studying the re-
dox mechanism that is related to antioxidant activity of the derivatives. The
results showed that the compounds might have profound effects on the under-
standing of their in vivo redox processes and pharmaceutical activity. Indole-
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Fig.27 Chemical structure of indole-3-propionamide derivatives [158]

3-propionamide derivatives like melatonin have a heterocyclic aromatic ring
structure with high resonance stability, which led to suspect antioxidant ac-
tivity in the compounds. Oxidation step of indolic compounds is located on
the nitrogen atom in the indole ring of the molecule, which is electro active in
both acidic and basic media leading finally to hydroxylation of benzene ring.

Some indolylthiohydantoin derivatives that have aldose reductase in-
hibitory activity [75] were investigated electroanalytically by voltammetric
determination. Based on this study, a simple, rapid, sensitive and validated
voltammetric method was developed for the determination of the compounds
that are readily oxidized at carbon-based electrodes. Oxidation of the in-
dolic compounds occurs on the nitrogen atom in the indole ring of the
molecule [162].

| s

N\(
R: H, OCH; CN

NH

Rl: H, COCH3

Fig.28 Chemical structure of 5-(3'-indolyl)-2-thiohydantoin derivatives [162]

Electroanalytically, investigation of some 2-phenyl indole by voltammetric
determination also showed that all derivatives were oxidized in a broad pH
range [163]. All the derivatives were electrochemically reduced from the in-
dole ring as well. Indole reduction is irreversible and occurs in single step.
It has more negative potentials than aromatic nitro group reduction. Inter-
estingly, electrochemical oxidation of 2-phenyl indole derivatives showed that
the indole ring is most likely from dimmers that are oxidized further to poly-
mers in some cases.

Cyclic voltammetry is perhaps the most effective and versatile electroan-
alytical techniques available for the mechanistic study of redox system. The
obtained results from the redox properties of drugs and biomolecules might
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have profound effects on our understanding of their in-vivo redox behavior
or pharmaceutical activity.

Considering all the studies performed, it seems that the oxidation step of
indolic compounds is located on the nitrogen atom in the indole ring of the
molecule which is electroactive in both acidic and basic media leading finally
to hydroxylation of benzene ring.

6
Discussion on Possible Antioxidant Mechanisms
of Melatonin and Related Indole Derivatives

Mechanisms of the antioxidant effects of indole derivatives might involve
dealing with melatonin receptors, which is less likely, and has not been proven
yet or nonreceptor mechanisms such as stimulation of GPx, inhibition of
LP. Moreover, suppression of phospholipase A2 activation, attenuation of tu-
mor necrosis factor-o production, prevention of pathological opening of the
mitochondrial permeability transition pores, and inhibition of sepiapterin re-
ductase, the key enzyme of biosynthesis of tetrahydrobiopterin, the essential
cofactor of nitric oxide synthase, might be involved in the antioxidant mech-
anism of indole derivatives [164]. Recently it was proposed that melatonin
modulates antioxidant enzyme activities via its interaction with calmodulin,
which in turn inhibits downstream processes that lead to the inactivation of
nuclear ROR«x melatonin receptor [165]. In addition to its free-radical scav-
enging activities, melatonin has important actions in oxidative defense by
stimulating enzymes that metabolize free radicals and radical products to in-
nocuous metabolites. Furthermore, several metabolites that are formed when
melatonin neutralizes damaging reactants are themselves scavengers suggest-
ing that there is a cascade of reactions that greatly increase the efficacy of
melatonin [166].

Melatonin and classic antioxidants possess the capacity to scavenge ABTS
radical cation [167]. In terms of scavenging ABTS cation radical, melatonin
exhibits a different profile than that of the classic antioxidants. Classic antioxi-
dants scavenge one or less ABTS cation radical while each melatonin molecule
can scavenge more than one. Intermediates, including the melatoninyl cation
radical, the melatoninyl neutral radical, cyclic 3-hydroxymelatonin and AFMK
seem to participate in these reactions. However, when melatonin is added
to the reaction system in much lower quantities than ABTS cation radical,
the number of radicals scavenged per melatonin molecule is considerably
higher and can attain a value of ten [168]. Under conditions allowing for
such a stoichiometry, novel products have been detected that are derived from
AFMK. The identified substances are formed by re-cyclization and represent
3-indolinones carrying the side chain at C2; the N-formyl group can be main-
tained, but deformylated analogs seem to be also generated.
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The mechanism of melatonin’s interaction with reactive species probably
involves donation of an electron to form the melatoninyl cation radical or
through a radical addition at the site C3. Other possibilities include hydrogen
donation from the nitrogen atom or substitution at position C2, C4, and C7
and nitrosation [169]. The mechanisms by which melatonin protects against
LP most likely involve direct or indirect antioxidant and free-radical scav-
enging activities of this indoleamine [169,171]. 2-Phenyl indole derivatives
have redox properties because of the presence of an electron-rich aromatic
ring system that allows the indoleamine to easily function as an electron
donor. For these derivatives, the possible antioxidant mechanism might be
most probably toward carbon-centered radicals described by Antosiewicz
et al. [172].

Poeggler et al. showed that indole-3-propionate was a potent hydroxyl rad-
ical scavenger [15] and also found that indole-3-acetate, indole-3-lactate and
indole-3-pyruvate derivatives, which have very polar and bulkier side chains,
were poor inhibitors of hydrogen peroxide-stimulated and endogenous basal
MDA formation in vitro. These results confirmed that for antioxidant activ-
ity, not only the indole type aromatic ring is important but also the side chain
containing the amide group. In 2-phenyl indole derivatives, the amide chain
is longer and bulkier than that of melatonin, and this increases the percent
inhibition effect on MDA [173]. Also, Iakovou et al. [174] found that some S-
substituted indol-3-yl ethylamido derivatives, which have similar structures
to the compounds tested, were potent inhibitors of LP. On the other hand, the
lack of methoxy group on the C5 of the indole ring made no significant dif-
ference on in vitro activity [173]. While the lack of a methoxy group at C5
did not significantly affect activity in a recent study [134], LP assay results
showed that structural modifications of the methoxy group or replacing the
methoxy group with a hydroxyl group increased antioxidant activity. There
is still the question of the role of the methoxy group at C5. According to Tan
et al. [142], the antioxidative mechanisms of melatonin seem different from
classical antioxidants such as vitamin C, vitamin E, and glutathione. As elec-
tron donors, classical antioxidants undergo redox cycling; thus, they have the
potential to promote oxidation as well as prevent it. Melatonin, as an electron-
rich molecule, may interact with free radicals via an additive reaction to form
several stable end-products that are excreted in the urine. The substitution of
a hydroxy for the methoxy group led to phenolic compounds endowed with
very high antioxidant activity. Replacing the amide with a ketone function did
not affect the activity, while replacement with an amine group in some cases
resulted in prooxidant compounds.

Examination of 3-indolyl compounds for relationships between antioxi-
dation potential (using in vitro LP assays) and electronic, polar, and steric
parameters, including bond dissociation energies, bond lengths, dipole mo-
ments, electronic charge densities, and molecular size parameters showed
that antioxidant efficacy of 3-indolyl compounds was most strongly predicted
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by molecular size parameters and by the energy of electron abstraction as
calculated from the difference in heat of formation between the parent com-
pound and its cation radical [175].

Nevertheless, all the indole derivatives related to melatonin show some de-
gree of antioxidant activity, revealing differences related to their electronic
distribution and lipophilicity.

7
Conclusions

Drugs possessing antioxidant and free-radical scavenging properties are con-
sidered for prevention and/or treatment of such diseases that are directly
related to the lack of the antioxidant capacity of the organism [2]. The scav-
enging ability of melatonin is related to its structure. This indolamine con-
sists of an electron-rich indole heterocycle and additionally methoxy and
aminoacetyl side chains, which seems to be essential for the radical scaveng-
ing ability of melatonin [176]. Various studies describe melatonin as a potent
hydroxyl scavenger in relation to its structural analogues and also when com-
pared to other antioxidants [47, 177].

Depending on the analyses of structure-activity relationships and elec-
trochemical studies [158,162], the indole nucleus is the reactive center of
interaction with oxidants due to its high resonance stability and very low ac-
tivation energy wall towards the free-radical reactions. However, the methoxy
and amide side chains are also important for indole’s antioxidant cap-
acity [169].

Due to its free-radical scavenger and antioxidant properties, multiple
melatonin-related compounds such as melatonin metabolites and synthetic
analogues are under investigation to determine which exhibit the highest ac-
tivity with the lowest side effects.

These findings could point to new strategies needed in designing new an-
tioxidant indole derivatives with superior capacity that could have an indirect
beneficial effect on the human antioxidant defense system.

Most of the examined compounds, including melatonin, have no signifi-
cant inhibitory effect on superoxide anion formation but do have significant
effects on LP. This shows that melatonin and the melatonin analogue indole
derivatives act more like potent hydroxyl radical scavengers in vitro.

Epidemiological studies have strongly suggested that antioxidants can de-
crease the rate of many diseases [178]. However, more clinical studies are
required to create the efficacy and safety of these compounds. This chap-
ter gives another perspective of antioxidant activities of synthetic melatonin
analogues.
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Abstract Since the beginning of the past century, quinoxaline 1,4-dioxide and phenazine
5,10-dioxide derivatives have been known to be potent bioactive compounds. Maybe the



180 M. Gonzilez et al.

most relevant reported biological property has been their ability to act as bioreductive
agents, selective cytotoxins against hypoxic cells; moreover, other significant activities
have been identified, such as promotion-growth ability, antibacterial, antifungal, antipar-
asite, cytotoxic, as well as herbicide properties. Structure-activity relationship studies
have been performed and important findings have been described. On the other hand,
specific side effects for these compounds have been studied and identified being the
most relevant mutagenic and clastogenic properties. These kinds of compounds have
been also reported as components in the material sciences. This chapter includes old and
more recent methods of synthesis of quinoxaline 1,4-dioxide and phenazine 5,10-dioxide
derivatives, chemical and biological reactivity, biological properties and mode of action,
structure-activity studies and other relevant chemical and biological properties.

Keywords Antibacterial properties - Bioreductive agents - Mutagenic effects -
Phenazine 5,10-dioxide - Quinoxaline 1,4-dioxide

Abbreviations

Bfx Benzofuroxan
Epc First cathodic peak
ESR Electron spin resonance

HCR Hypoxia cytotoxicity selectivity relationship
HIF-1 « Hypoxia-inducible factor 1 «
MDR-TB Multidrug-resistant tuberculosis

MIC Minimum inhibitory concentration
p Potency under hypoxia
PDO Phenazine 5,10-dioxide
PMO Phenazine mono-oxide

Pz Phenazine

QDO Quinoxaline 1,4-dioxide
QMO Quinoxaline mono-oxide
Qx Quinoxaline

ROS Reactive oxygen species

sce Saturated calomel electrode
SI Selectivity index

TB Tuberculosis

WHO  World Health Organization

1
Introduction

Since the beginning of the past century, quinoxaline 1,4-dioxide (QDO) and
phenazine 5,10-dioxide (PDO) derivatives have been described as interesting
biological active compounds reminding its interest in medicinal chemistry
until now. Formally, these compounds are [1,4]diazine 1,4-dioxide deriva-
tives, and specifically QDO should be named as benzo[b][1,4]diazine 1,4-
dioxide and PDO as dibenzo[b,e][1,4]diazine 5,10-dioxide, however, the com-
mon trivial name of the base heterocycle, quinoxaline (Qx) and phenazine
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(Pz), respectively, is accepted by IUPAC. The position of the N-oxide moiety is
indicated as 1,4-, N,N’- or N!,N*-dioxide in the case of Qx or as 5,10-, N,N’-
or N°,N'0-dioxide for Pz. The heterocycles are systematically numbered ac-
cording to Scheme 1.

Q 10
8 t1 9 ' 1
8a 9a py 10a
' ©:Nj . : ©:N\:© :
6 < 3 7 = 3
5 4a N4 g 5a N54a 4
(0] (0]
quinoxaline 1,4-dioxide phenazine 5,10-dioxide

Scheme 1 Systematic numeration of QDO and PDO

The N-oxide functional group is characterized by the presence of a dona-
tive (or coordinate-covalent) bond between nitrogen and oxygen as a result of
the overlap of the nonbonding electron pair on the nitrogen with an empty
orbital on the oxygen atom. Formally this group is neutral, however, nitro-
gen and oxygen possess positive and negative formal charges, respectively.
Consequently, the correct representation should be N* — O~, however in the
formulas of this chapter, the N-oxide moiety will be represented as N — O.
This function, occurring in three important structures such as N-oxide of
tertiary aliphatic or aromatic amines, N-oxide of imines or nitrones, and
N-oxide of nitriles [1,2], could be considered as a masking moiety that
changes physicochemical properties of the parent aza-heterocycle, i.e., proto-
nation capability [3] and dipole moment (Table 1), between others.

Table1 Dipole moments of pyridine, quinoxaline, and phenazine and its N-oxide and
N,N’-dioxide

Dipole moments (D)

System Heterocycle N-oxide? N,N’-dioxide?
Pyridine 2.02°/2.19¢ 4.24 -

Quinoxaline 0.61¢ 2.53 2.27
Phenazine 0.004/0.00¢ 1.76 2.20

2 From [4]
b From [2]
¢ Calculated using density functional theory (B3LYP/6-31G*//B3LYP/6-31G™)
4 From [5]

The occurrence of QDO’s and PDO’s substructures in natural products has
been barely reported, especially from a bacterial source (Fig. 1) [6], being the
described derivatives mainly from a chemical synthetic origin.
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R* 0 OR!
N 1, iodinin, R'-R*= -H
N
2, myxin, R'=-CHj, R%-R*=-H
N R2 3, lomondomycin, R'= -H, R?= -OH, R3= -CHO, R*= -CO,CHj4
1
OH O R®

Fig. 1 Chemical structures of natural PDO derivatives

2
Chemical Syntheses

The main synthetic approaches for the preparation of QDO and PDO until the
middle of the 20th century [7] had been associated with the oxidation of the
parent heterocycles, Qx and Pz, respectively. However, since the description
of the Beirut reaction, by Haddadin and Issidorides [8], the most important
preparation procedure of both heterocycle systems is the expansion of ben-
zofuroxans (Bfxs) with adequate synthons that introduces carbons 2 and 3
for QDO or carbons 1-4a and 10a in the case of PDO. Some other synthetic
procedures have also been depicted, which are described in the next sections.

2.1
Oxidation from the Parent Heterocycles

N-Oxidation is one of the oldest processes in the synthetic approaches of
N-oxide-containing heterocycles. In the preparation of QDO and PDO from
Qx and Pz, respectively, a great number of invention patents have described
the use of different oxidant agents that directly transfer oxygen to nitrogen
atoms. In general, these procedures involved the use of a peracid commer-
cially available or generated in situ from the corresponding acid and hy-
drogen peroxide (Fig.2) [7,9,10]. In order to improve yields, increase the
ratio dioxide/monoxide, and decrease the reaction times, some catalyzers,
such as sodium tungstate, molybdic acid, sodium molybdates or phospho-
molybdic acid, have been combined with hydrogen peroxide (Fig. 2) [11-14].
However, when the first N-oxidation takes place, in the most reactive Qx
or Pz nitrogen, the second nitrogen atom is turned deactivates almost com-
pletely toward any further electrophilic attack, such as the oxygen transfers
processes, producing absence of di-N-oxide in some of the cases. Not only
the second nitrogen of the ring system makes the diazines less reactive than
pyridine toward electrophilic substitutions in the N-oxidized form but also
electron-withdrawing substituents, such as halogens, reduce the reactivity of
the ring nitrogens even further. For example, neither AcOH-30% H,0, di-
oxidizes 2,3-dichloroquinoxaline nor the oxidizer H,SO4/K;S,0s, affording
only 2,3-dichloroquinoxaline mono N-oxide [15]. Recently, it has successfully
been studied different alternative reagents in the oxygen transfer process, for
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R-CO3H / solvents
R= -CH3, -Ph, -Ph-m-Cl, -Ph-0-CO,H

(or R-CO,H / H,0,)

Q
AN N\\ H,0, / catalyzers N N\\
2 1l 1t 2 1l Rt
R R R R
= N// cat.: Na;WO, HpWO, = N//
Nay;MoO,, H,MoO4 HyMoPO7

0

H2804 / Kzszos (?
5 N N\ N y 5 N N\ N 1
R = ~ /_R urea.H,0, R 7 — /_R
N P y
0]

\.  HOF.CHsCN

Fig.2 Syntheses of QDO and PDO from oxidation of Qx and Pz

example the use of the complexes urea - H,O,, as anhydrous H,0; [16], and
HOF - CH3CN, prepared passing a mixture of F»(g) : N2(g) through a mixture
of CH3CN : H,0 at - 15°C (Fig. 2) [15]. This last complex allows producing
the desired products in very short reaction times, from seconds to minutes,
and according to isotopic studies the oxidized species was originated from the
water.

2.2
From Benzofuroxans

In the mid-1960s, Issidorides and Haddadin [8] described an elegant one-
step synthesis of QDO and PDO, and for this first time, tetrahydro-PDO
was described. This procedure was called the Beirut reaction, named after
its origin from the capital of Lebanon. The Beirut reaction involves a con-
densation between adequate substituted Bfx and alkene-type substructure
synthons, particularly enamine and enolate nucleophiles (Fig. 3). The enam-
ine synthons were the first studied reagents in the QDO and PDO synthesis
from Bfx [17-21] preparing the enamines previously or in situ from the cor-
responding carbonyl compound and amines or ammonia gas. On the other
hand, a wide variety of enolates has been described as synthons in the Beirut
reaction [22-31]. For example, B-dicarbonyl synthons yield QDO with 2-
acyl, 2-alkyloxycarbonyl, or 2-carbamoyl substitutions while malononitrile
produces 3-amino-2-quinoxalinecarbonitrile 1,4-dioxide derivatives. When
phenolates are used as enolates, the final product corresponds to PDO. The
reaction proceeds under mild conditions, in general at room temperature,
and inorganic bases, like K;CO3 and NaOH, or organic bases like Et;N
and RONa, have been employed in the enolate’s preparations. Other basic
and also neutral conditions, such as KF — Al, O3, silica gel, molecular sieves,
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Fig.3 Uses of the Beirut reaction in the syntheses of QDO and PDO

and zeolite, have recently been studied as conditions for the reaction be-
tween these methylene-active reagents and Bfx [32-36]. Alkenes, in basic
and neutral medium, have been described as synthons for the Beirut reac-
tion, i.e., styrene derivatives or vinyl acetate, and furthermore acetylenes,
reacting in the presence of amines, have been employed in this process
(Fig. 3) [37-40].

Mechanistically, the Beirut reaction is a heterocycle expansion-process
where the nucleophile attack conducts, after atomic rearrangements, to a new
diazine system. In general, a further elimination—i.e., of H,O, amines,
acetate—aromatizes the new heterocycle.

The Beirut process as a method for preparing QDO and PDO is sometimes
inconvenient. One of the main problems has been evidenced when substi-
tuted Bfxs were used as a reagent for the Beirut reaction. In this case, a mix-
ture of positional isomers, in general non-separable by ordinary chromato-
graphic techniques, of QDO or PDO have been obtained. This finding is the
result of the well-known tautomerism that affects the Bfx reactants at room
temperature (see example in Scheme 2) [41,42]. In general, the tautomeric
equilibrium energy barrier is very low at room temperature and therefore
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R ¢ R2 R2
R! N R! N=0 R N
_o — _ o
N N=0 N
(0]
6, 7-disubstituted 4,5-disubstituted
Bfx Bfx

Scheme 2 Benzofuroxans ring-chain tautomerism

o T X X
7 / MeONa
O
& \N R/ I}J/ = N/
(e} (e}

7-substituted 8-substituted
PDO PDO
R proportion 7:8 | G,%, g
OCH,4 95: 5 -0.78
Cl 63:37 0.11
NO, 40: 60 0.79

Fig.4 Different isomeric 2-amino-7/8-substituted PDO obtained through the Beirut reac-
tion, relationship with electronic substituent characteristics

both N-oxide tautomers co-exist in the reaction medium, producing a mix-
ture of inseparable positional isomers (see example in Fig. 4). However, each
Bfx tautomeric form has different stability that depend on substituent elec-
tronic characteristics. Consequently, a different proportion of isomers could
be experimentally obtained. Recently, in the reaction between 5-substituted
Bfx and p-aminophenol a mixture of the corresponding 7- and 8-substituted-
2-aminophenazine 5,10-dioxide derivatives have been obtained in a isomeric
proportion depending on the Bfx substituent electronic characteristics, a;
(Fig. 4) [43].

Another recognized inconvenience of the Beirut reaction involves the 4/7-
mono and disubstituted Bfx that reacts significantly slower or does not react
at all in producing the corresponding 5/8-mono or disubstituted QDO and
1/4-mono or disubstituted PDO. This is explained by the repulsive effect of
the substituent and the N-oxide in the forming product [44].

Finally, in the PDO preparation through the Beirut reaction, the reactivity
of the phenol is very important to the success of the process. For example, less
nucleophilic phenol, like p-formylphenol dioxalane, does not conduct to the
desired product [45].
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The Beirut reaction has also been employed to prepare 1-hydroxybenz-
imidazole 3-oxides or benzimidazole 1,3-dioxides, when nitroalkanes have
been used as enolate-producer reagent [46,47], and benzol[e][1,2,4]triazine
1,4-dioxides when Bfx reacts with sodium cyanamide [48-50].

23
Other Synthetic Approaches

In 1970, Abushanab described the synthesis of QDO through the con-
densation between o-quinone dioxime and w«-dielectrophile derivatives—
i.e., a-dicarbonyl, «-hydroxycarbonyl, ¢-halocarbonyl, a-epoxycarbonyl, or
a-epoxy halogenide—(Fig. 5) [51, 52]. After this, no more approaches using
this methodology were described.

0]

)J\H/ Q
U
CENOH T/ THF reflux @EN\:[CH3
—
NOH N” > CH,

Fig.5 Preparation of 2,3-dimethylquinoxaline 1,4-dioxide from o-quinone dioxime

3
Reactivity

These heterocycles are especially deactivated toward electrophilic and nucleo-
philic substitution under standard conditions and most of the reactions of
QDO and PDO involve N-oxide modifications or ring-substituent deriva-
tizations. The present section outlines the well-known reactions described
particularly in the last decade.

3.1
Deoxygenation

The reduction of the N-oxide moiety, in order to produce the heterocycle par-
ent compounds Qx and Pz, maybe has been one of the most studied processes
for these systems. In general, the procedures describe mild conditions and
either mono- or di-reduction products are generated. In addition, some ex-
amples of simultaneous deoxygenation and C-reactions have been reported.
In Table 2 are listed substrates, conditions, products, and comments for the
most recent reported deoxygenations.



Quinoxaline 1,4-Dioxide and Phenazine 5,10-Dioxide. Chemistry and Biology 187
Table2 Described processes to reduce, deoxygenate, QDO and PDO
Substrates Conditions Products (yield) Comments Refs.
QDO NayS,04/ Qx (80%) in the case of PDO [53,54]
PDO MeOH-H,0/ Pz (70-90%) reduction PMO
65°C was also isolated

PDO Na;S,03/ Pz (78%) described for [55]
NaOH/H;0 benzo[a]phenazine

dioxide

PDO H,N(HN=)CSO,H/ Pz (76%) - [56]
NaOH/EtOH

QDO Mg/NH,OAc/ Qx (24%) - [57]
MeOH

PDO Zn/NH,OCOH/ Pz (62%) - (58]
MeOH

PDO TiCly Pz (superior to 90%) Different conditions  [59-61]

were studied

QDO L-Ascorbic acid/ QMO (48%), - [62]

H,0 Qx (9%)

QDO Ac,0 1-hydroxyquinoxalin- other reduction- [63]
2(1H)-one (30%), products were
1-acetylhydroxy- obtained in the
quinoxalin- assayed conditions
2(1H)-one (70%)

3.2

Lateral Chain Modifications

Lateral chain modifications on QDO and PDO have been well documented in
the literature. The described reactions have shown modifications in specific
functional group—i.e., acylations, alkylations, decarboxylations, hydrolysis,
rearrangements, substitutions—or the production of a new heterocycle, fu-
sioned or not. Examples of the most recent descriptions are depicted in
Fig. 6 [64-66].

33
Complexation with Metals

The metal complexes of QDO and PDO have been the subject of some stud-
ies since the middle of the 20th century [67]. In these cases, the heterocycle
N-oxide has acted either as a unidentate N-oxide oxygen ligand or as a chelat-
ing or bridging bidentate ligand when heterocycle substituents were involved
in the coordination processes. A wide variety of metals have been used in the
coordination reactions, among Cr(III), Mn(II), Fe(III), Co(II), Ni(II), Cu(II),
and Zn(II).
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Fig.6 Examples of lateral chain modifications of QDO

Recently, other metals have been studied as coordination agents. For
example, Ce(III) and Nd(III) have been coordinated with 2,3-bis(diphenyl-
phosphino)quinoxaline dioxide (L) yielding complexes with the formula CeL,
(NO3)3 . HzO, NdL2 (NO3)3 . 3H20, and [Nsz (NO3)2(H20)]NO3- 1.5H20
which was characterized by X-ray analyses [68]. Other recent studies have in-
volved the use of 3-amino-2-quinoxalinecarbonitrile 1,4-dioxide derivatives as
bidentate ligands coordinating with Cu(II) and with V(IV) as oxovanadium
entities [69, 70]. In both cases, the QDO ligand is deprotonated (Fig. 7).

i:[ INH Cu'" (H,0)x (:E INH VO

-R=-Cl, x=1
-R=-Br,x=0
-R=-CHj, x=2

Fig.7 Cu(II) and V(IV) complexes of 3-amino-2-quinoxalinecarbonitrile 1,4-dioxide
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34
Other Relevant Reactions

The 2-amino-substituted QDO has been converted to [1,2,4]oxadiazolo[2,3-
a]quinoxaline derivatives when it reacts with adequate isocyanate (Fig. 8) [71].
Besides, the oxadiazoloquinoxaline 5-oxide has been employed as intermediate
in the synthesis of QDO 2-carbamate derivatives.

Q Q
= N\ R1 R3_N=C=O = N\ R1 R4_OH = N\ R1
RZ—— | RZ—— | RZ—— |
A = X A ~
N~ “NH, NN N~ “NHCO,R*
i 1
o (¢}

Et;N

.R1—-R2 H @[L

z R -R'= -Ph COPh
N hv -R2=-.COPh
o 1 =
N~ R2 R?
0 COPh
_oxaziridine
intermediate NHCOAr
R'=-R?=-Ar NHCOAr

Fig.8 Synthesis of QDO 2-carbamate derivatives and photochemical reactions of QDO

Other relevant described reactions, which affect the stability [72] and are
related to some adverse effects of these compounds (see below) [73], have
been the photochemical transformations. In fact, QDO undergoes rearrange-
ments in the presence of UV-irradiation, passing through an oxaziridine
intermediate, like an acyclic nitrone (Fig. 8). The final products depend on the
QDO 2,3-substitutions and reaction conditions [72, 74, 75].

4
Structural Studies

4.1
Solid State

Structural studies in solid state have been performed for QDO and PDO
derivatives in terms of X-ray diffraction experiments. According to these
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Table 3 Characteristic crystallographic data of QDO, 2,3-dimethylquinoxaline 1,4-dioxide,
3-ethylsulfonyl-2-phenylquinoxaline 1,4-dioxide, and PDO

Crystallographic findings

Derivative Crystal N-Obond N-O bond
characteristics length order?

Quinoxaline 1,4-dioxide monoclinic 1.29 1.35

2,3-dimethylquinoxaline 1,4-dioxide orthorhombic 1.30 1.31

3-ethylsulfonyl-2-phenylquinoxaline monoclinic 1.28 -

1,4-dioxide

Phenazine 5,10-dioxide monoclinic 1.33 1.30

2 The N— O bond order in pyridine N-oxide hydrochloride is 1.17 [76]

studies, the systems are planar and the N — O bond orders, for both heterocy-
cles, indicate some double-bond character for N-oxide moiety being the bond
orders a little higher than the corresponding value for pyridine N-oxide [76-
78]. Table 3 collects relevant values for some of these derivatives. On the
other hand, it has been evidenced that these systems are able to form com-
plex, through donor-acceptor interactions, with 1,1,2,2-tetracyanoethylene
in methylenchloride solution. In solid state, complexes between this accep-
tor and the donors 2,3-dimethylquinoxaline 1,4-dioxide or phenazine 5,10-
dioxide have been obtained and studied showing the presence of weakly
donor-acceptor interactions. The nature of these weak donor-acceptor inter-
actions is postulated to be both electrostatic and covalent [79].

4.2
Solution

Since the 1970s, general works on the QDO and PDO properties in solu-
tion have been reported in terms of diverse spectroscopic techniques. For
example, electron spectroscopy has allowed studying r-electron charge den-
sities and bond orders of PMO and PDO [80] or QDO intramolecular charge
transfer process through N-oxide moiety [81]. Nuclear magnetic resonance
spectroscopies involving 'H-, 1°C-, and *N-nucleus, have been performed
and N-oxide effects have been studied. Chemical shift changes on position
peri atoms, protons, and carbons, have been the most analyzed aspect [82-
85].

Perhaps the most extensively studied fact in solutions is the QDO and PDO
electrochemical behavior. The next section summarizes some of the studies
performed particularly since the 1970s.
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4.2.1
Electrochemical Behavior

The N-oxide moiety in heterocyclic amine N-oxides, like QDO and PDO,
presents a particular electrochemical behavior. On the one hand, the oxygen
N-oxide atom could suffer loss of one electron, an oxidation process, and on
the other hand, the nitrogen N-oxide atom, like in nitro compounds or ni-
trones, could receive one electron in a reduction pathway (Scheme 3). Both
processes conduct to different reactive entities that have been studied using
different electrochemical and spectroscopic techniques.

oo oo e o

0 0 o
= RN AN / AN
2 1 2 1 2 1
Rl L o ~ R R = r R
) : 3 5
anion radical cation radical

CATHODIC ANODIC
PROCESS PROCESS
Scheme 3 QDO/PDO electrochemical behavior

The cathodic process (reduction) has been studied in different experi-
mental conditions being the potential of the one-electron reaction correlated
with other structural parameters, i.e., with the reduced-product lowest va-
cant orbital energy [86], with the substituent Hammett o parameter [87],
or with the biological activity (see below). Table 4 shows reduction poten-
tials for some QDO and PDO derivatives in different experimental condi-
tions [88, 89].

The anodic process (oxidation) has been studied by electrochemical ex-
periments combining with certain spectroscopies, i.e., electron spin reson-
ance (ESR) [87,90], ultraviolet [91], and visible [92] spectroscopies. Table 4
shows oxidation potentials for some QDO and PDO derivatives in different
experimental conditions. From the ESR studies, the free radicals were charac-
terized in terms of hydrogen and nitrogen hyperfine coupling constants and
g-values [93, 94]. The g-values of the QDO cation radicals are higher than the
values for PDO cation radicals and they are considerably larger than those
of the corresponding anion radicals. These differences were explained by the
spin density on the oxygen N-oxide and the contribution from lone pair elec-
trons. The cation radicals from PDO have been studied for its reactivity both
in dimerization process, generating 1,1’-dimers [95], and as mediators in the
hydrocarbons and alcohols oxidation [92, 94, 96, 97].
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Table4 Electrochemical data of QDO, 2-methylquinoxaline 1,4-dioxide, 2,3-dimethyl-
quinoxaline 1,4-dioxide, 1,2,3,4-tetrahydrophenazine 5,10-dioxide, and PDO

Electrochemical findings
Derivative First reduction First oxidation
potential (V) vs sce potential (V) vs.
indicated electrode

Quinoxaline 1,4-dioxide Eyjp - 1.347 +1.72¢
-1.22b
2-methylquinoxaline 1,4-dioxide Eijp  -145° -
-1.320
2,3-dimethylquinoxaline 1,4-dioxide Ey;;  -1.55% -
- 1390
1,2,3,4-tetrahydrophenazine 5,10-dioxide E;;; - 1.55% -
- 1.36°
Phenazine 5,10-dioxide —1.35% +1.53%f
+1.38

In acetonitrile, working electrode: platinum spiral, sweep rate: 0.1 Vs!,
supporting electrolyte: tetrabutylammonium hexafluorophosphate (0.1 M) [88]
In DME, working electrode: silver wire, sweep rate: 0.1 Vs,

supporting electrolyte: tetraethylammonium perchlorate (0.1 M) [89]

In benzonitrile, working electrode: platinum, supporting electrolyte:
tetrabutylammonium perchlorate, reference electrode: Ag/AgCl [90]
From ESR experiments

In acetonitrile, working electrode: platinum wire, supporting electrolyte:
tetrabutylammonium perchlorate (0.1 M) [94]

Sweep rate: 0.6 Vs~

8 In acetonitrile, working electrode: platinum wire, supporting electrolyte:
LiClO4 (0.1 M), reference electrode: sce [94]

43
Other Studies

A great number of studies related to thermochemical properties of QDO and
PDO derivatives have been recently described by Ribeiro da Silva et al. [98-
103]. These studies, which have involved experimental and theoretical de-
terminations, have reported standard molar enthalpies of formation in the
gaseous state, enthalpies of combustion of the crystalline solids, enthalpies of
sublimation, and molar (N — O) bond dissociation enthalpies. Table 5 shows
the most relevant determined parameters. These researchers have employed,
with excellent results, calculations based in density functional theory in order
to estimate gas-phase enthalpies of formation and first and second N — O dis-
sociation enthalpies [103].
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Table5 Characteristic thermochemical properties of QDO, 2-methylquinoxaline 1,4-

dioxide, 2,3-dimethylquinoxaline 1,4-dioxide, and 2-hydroxyphenazine 5,10-dioxide, de-
termined by Ribeiro da Silva et al.

Termochemical findings?®

Derivative AgHY, (8)®  (DHR(N-0))° DHY o) prr
Quinoxaline 1,4-dioxide 227.14+2.4 255.84+2.0 261.1
2-methylquinoxaline 1,4-dioxide 169.9+£7.2 268.3+4.9 263.4
2,3-dimethylquinoxaline 1,4-dioxide  149.4+4.5 260.9£2.7 265
2-hydroxyphenazine 5,10-dioxide 1206 263t4 265

2 kJ - mol™

b AfH? (g): standard molar enthalpy of formation in the gaseous state
¢ (DHY (N - 0)): molar (N — O) bond dissociation enthalpy

DH(N-0),prr: molar (N—O) bond dissociation enthalpy theoretically calculated using
density functional theory (B3LYP/6-311+G(2d,2p)//B3LYP/6-31G(d))

5
Bioactivity

The QDO and PDO derivatives have shown very interesting biological prop-
erties and its interest in medicinal chemistry has grown in the last three
decades. Maybe the first reported bioactivities have been described in
the mid-1940s involving the QDO veterinary feed growth promotion cap-
acity [104], i.e., compounds 4-7 (Fig. 9), and the animal and human antibac-
terial action of certain synthetic QDO and natural PDO derivatives [105, 106],
i.e., compounds 1-3 (Fig. 1). Currently, the interest in both kinds of bioac-
tivities is still in progress [107] and there are a great number of patent
registrations and commercial formulations concerned with the QDO or PDO
use as antibacterial agents and animal feed additives [108-112]. In this sense
in the final of 1980s Olaquindox (7, Fig.9), which has been marketed as
BayoNox® by Bayer AG (Germany), was authorized throughout the European
Community as a veterinary growth promoter [113].

('3 R’ 4, Quindoxin, Grofas, Celbar, R'= R2= -H
@: X 5, Carbadox, Mecadox, R'= -CH=NNHCO,CHs, R?= -H
/I 6, Dioxidine, R'= R?= -CH,0OH
N™ "R 7, Olaquindox, BayoNox, R'= -CONHCH,CH,OH, R2= -CH,
o)

Fig.9 First QDO patented as antibacterial agent and animal-feed additive

The next sections outline other bioactivities described in the most recent
years.
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5.1
Antibacterial and Antifungal Activity

The findings that demonstrated the activity of compound 4 (Fig. 9) under
anaerobic conditions opened the studies of QDO as specific anti-micro-
organism agents. Anaerobic antibacterial mechanism of compound 4 involves
DNA synthesis inhibition without effects on the RNA and proteins synthe-
ses [114]. It has been demonstrated that compound 6 inhibits Staphylococcus
aureus DNase biosynthesis and plasma coagulase [115].

One of the most recent biological results in the field of QDO as an an-
tibacterial and antifungal agents come from Carta et al. These researchers
found 2-phenylsulfonyl-substituted QDO to be an excellent scaffold against
the nosocomial Enterococcus faecalis and Enterococcus faecium, being com-
pounds 8 and 9 the most representative examples (Fig. 10) [116]. On the
other hand, they have investigated the QDO action against fungus; specifically
they have employed clinically isolated Candida albicans, Candida glabrata,
Candida krusei and Candida parapsilosis as models for their biological evalu-
ations. Compounds 10 and 11 (Fig. 10) were the most actives against C. krusei
fungus [117,118].

0,0 (o] o
[ i | }
N s@ R2 N.__Cl R3 N. _CN
N N S
R N” "CH, R’ N” "CH, R? N R'
o o o
8,R=-F 10, R'=-F, R%= -OFEt 12, R'= -NHCOCHj, R?= R%= -Cl
9,R=-Cl 11, R'=-H,R%=-C| 13, R'= -NHPh, R?= -H, R%= -CI
14, R'= 4-(p-NO,Ph)piperazin-1-yl, R?= R3= -CHj
Actives against Actives against Actives against
E. faecalis and E. faecium C. krusei M. tuberculosis

Fig. 10 Noteworthy QDO with antibacterial and antifungal activities

Recently, Takabatake et al. described the anti-Bacteroides fragilis activity of
a series of 2-hydroxy-1/3-substituted PDO [33].

As a result of the urgency to find new agents for the anaerobic microorgan-
ism Mycobacterium tuberculosis (M. tuberculosis), considerable research with
QDO has been amassed in this field. The next section summarizes the most
significant results in these approaches.

5.1.1
QDO as Antimycobacteria Agents

Tuberculosis (TB), an infection of M. tuberculosis, still remains the leading
cause of death worldwide among infectious diseases. The statistics indicate
that 3 million people throughout the world die annually from TB and there
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are an estimated 8 million new cases each year, of which 95% occur in devel-
oping countries. One-third of the population is infected with M. tuberculosis
and the World Health Organization (WHO) estimates that within the next
20 years, about 30 million people will be infected with the bacillus [119].
The current frontline therapy for TB consists on administering three differ-
ent drugs: isoniazid, rifampin, and pyrazinamide, over an extended period of
time. On the other hand, important therapeutic problems have been recog-
nized with the presence of multidrug-resistant TB (MDR-TB).

At the end of the 1990s, Monge et al. described QDO derivatives series
with extensively substitution patterns possessing excellent anti-M. tubercu-
losis H3;Rv activity. In a first approach 3-amino-2-cyano-substituted QDO
(i.e. 12-14, Fig. 10) was identified as antimycobateria lead system [120-122].
Not only this structural architecture resulted significant for the antibacte-
rial activity but also both N-oxide moieties play a role in the bioactivity
finding that the Qx analogues were inactives [122-124]. Furthermore, tox-
icity against mammal-VERO cells was assessed possessing compound 14
one of the best selectivity index (SI) (SI = ICs vgro/MIC) (MIC: minimum
inhibitory concentration). Further QDO-antimycobacteria-actives new gen-
erations were obtained by changing 3-amino-2-carbonitrile motives by 2-
carboxamide, 2-acetyl/benzoyl or 2-carboxylate ones [125-127]. From these
studies, compounds 15-17 (Fig. 11) have been outstanding, between the 2-
carboxamide derivatives, for its good ECgo/MIC ratio (0.89, 0.42, and 0.14,
respectively), being ECq the lowest concentration effecting a 90% reduction
at 7th treatment day of TB-infected macrophages. In the 2-acetyl/benzoyl-
substituted series, the best results were obtained with 2-acetyl derivatives
highlighting compounds 18-21 activity (Fig. 11) but without improvement
in the ECgo/MIC ratios (0.87, 3.13, 0.80, and 4.29, respectively). Finally, at
the moment, the best results are obtained with the 2-carboxylate-substituted
derivatives. Compounds 22-25 (Fig. 11) exhibited excellent bioactivity pro-
files with moderate to excellent ECgo/MIC ratios (0.56, 2.30, 1.50, and 0.01,
respectively). In addition, compounds 26 and 27 (Fig. 11) were active against

OCHj3

OCHj3
o 9 o o ° 92 0

R2 No N R! Ny CH, R3 N (L NS
N” “CHs N” “CHs R? N “CH, F N
¢} ¢} 0 ¢}

15, R'=R?=-H 18,R'=-H 22, R'=-CH;, R%=R%= -H 28
16, R'= -CH3 R?=-H 19, R'=-Cl 23, R'=-CHj;, R?=-H, R%= -C|
17, R'= -CH; R?=-CI 20, R'=-CH, 24, R'= -Ph, R?= R3= -H

21, R'=-OCH, 25, R'= -Ph, R?= -H, R%= -Cl
26, R'=-CH;, R?= R%= -CH,4
27, R'=-Ph, R?>= R%=-C|

Fig.11 Antimycobacterial QDO
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all the seven of the studied resistant strains, being an excellent chemical can-
didate to develop new agents for MDR-TB.

Carta et al, working with 2-phenylthio/2-phenylsulfonyl-substituted
QDO [117], have evidenced the 3-methyl-2-phenylthio derivatives as the best
antimycobacteria agents [118]. Recently, the authors emphasized the activ-
ity of compound 28 (Fig. 11), which was evaluated against clinical isolated
MDR-TB and non-tubercular MDR-TB [128].

5.2
Antiparasite Activity

Parasitic diseases, such as malaria, leishmaniasis, and trypanosomiasis, af-
fect hundreds of millions people around the world, mainly in underdeveloped
countries. They are also the most common opportunistic infections affecting
patients with acquired immunodeficiency syndrome (AIDS). Malaria occu-
pies the first place but in Latin America, Chagas’ disease (American Try-
panosomiasis) is the most relevant parasitic disease that produces morbidity
and mortality in low-income individuals. Significant advances for the cure of
bacterial, fungal, and viral diseases have been made in the last century. How-
ever, compared to bacterial diseases, development of chemotherapy for the
treatment of parasitic diseases has been hindered since parasitic protozoa are
eukaryotic, so they share many common features with their mammalian host
making the development of effective and selective drugs a hard task. What
is more, the spread of drug-resistant strains and the differences in drug sus-
ceptibility among different parasite strains lead to varied parasitological cure
rates according to the geographical area [129].

QDO derivatives have been evaluated against the parasite Plasmodium
falciparum (P. falciparum) responsible of Malaria and Trypanosoma cruzi
(T. cruzi) responsible of American Trypanosomiasis.

In a first approach, Monge et al. have synthesized a series of QDO and its
Qx-reduced analogues, using traditional methodologies (Fig. 12), and eval-
uate them in vitro and in vivo as anti-P. falciparum agents. For these eval-
uations different strains including drug-resistant ones were employed [53].
The best biological results were observed in 1,4-dioxide derivatives 29 and
30 (Fig. 12). From these results, a second [130] and a third generation [131]
of QDO derivatives with potential antimalarial activity were developed. From
these studies, compounds 31 and 32 (Fig. 12) were highlighted for their activ-
ity on cultures of FcB1 (chloroquine-resistant strain) of P. falciparum.

In other approaches, close to 30 QDO derivatives were carefully selected
from Monge’s more than 200-quinoxaline library in order to evaluate its
anti-T. cruzi activity. The study, performed in two different T. cruzi strains,
showed that compounds 32-35 (Fig. 12) are an excellent starting point for fur-
ther structural modifications [132, 133]. Some reduced derivatives, Qx, dis-
played relevant activities but these compounds could be also toxic in mammal
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Fig.12 Top: Preparation of 2-quinoxalinecarbonitrile 1,4-dioxide and its deoxygenated
analogues actives against P. falciparum. Bottom: Remarkable QDO with anti-T. cruzi and
anti-T. vaginalis activities

cells due to their structural features. In these experiments, the 3-amino-2-
cyano QDO derivatives were very insoluble in water and therefore poorly
active against the parasite in these conditions. Consequently, in order to im-
prove water solubility, the authors prepared vanadyl complexes of the type
[VIVO(L);], where L are 3-amino-2-cyano QDO (Fig. 7) [134]. Complexation
to vanadium leads to excellent antiparasite activity higher than that of the
corresponding free ligands. Structural requirements for anti-T. cruzi activity
were studied in terms of QSAR analysis (see below).

Trichomoniasis is a protozoan infection of the human and bovine gen-
itourinary tracts being the responsible anaerobic protozoan Trichomonas
vaginalis. Recently, Carta et al. reported the synthesis and anti-T. vagi-
nalis (SS22) activity of a series of 6,7-difluoro-3-methyl QDO deriva-
tives [118]. Several 2-phenylthio derivatives were 20 to 30-fold more po-
tent than the reference drug used in the assay, i.e., compounds 36 and 37
(Fig. 12). 2-Phenylsulfinyl analogues maintain the biological activity whereas
2-phenylsulfonyl-substituted QDOs were fewer actives.
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5.3
Selective Hypoxia-Cytotoxic Activity

Because of their rapid growth, cancerous cells can become relatively iso-
lated from the blood supply, and it becomes increasingly difficult for nu-
trients, especially oxygen, to diffuse to them, resulting in hypoxia. There is
evidence that viable hypoxic cells may contribute up to 20% of the tumor
mass [135]. Hypoxic cells are very resistant to radiation damage, and the
same diffusional limitations for oxygen can apply to the cytotoxic drugs used
in chemotherapy, furthermore they appear to accelerate malignant progres-
sion and increase metastasis. However, hypoxic cellular population has an
advantage because a type of compounds known as bioreductive drugs [136].
These drugs are able to undergo metabolism to cytotoxic species exclusively
in the hypoxic conditions. Consequently, this refractory tumoral population
selectively died. Bioreductive drugs belong to different structural entities,
one of them being the N-oxide derivatives [137]. The prototype drug of this
family of compounds is Tirapazamine (Scheme 4), currently in Phase III clin-
ical trials. Tirapazamine produces differential hypoxic cytotoxicity due to
a first step of bioreduction, reversible in oxic conditions, where it is con-
verted into an intermediate that releases a hydroxyl radical, OH’, damaging
DNA [138].

o OH OH:

NZ__NH, -t N:__NH, N.__NH,
QLN = Ly —

v 5 i W

o o{ 0, o (0]
Tirapazamine

Scheme 4 Bioreductive cytotoxic mechanism for Tirapazamine

On the basis of both structural correlation between benzotriazine and
Qx nucleus and mode of action reported for QDO, Monge et al. described
at a first time 3-amino-2-cyano-substituted QDO as selective hypoxic cy-
totoxins, bioreductive compounds, i.e., compounds 38-41 (Table 6) [27]. In
this first approach, the best compounds were the 7-electron-withdrawing
substituted derivatives. Electrochemical properties, assessed via voltammet-
ric studies, showed that as the electron-withdrawing nature of the 6-(7)-
substituent increases, the reduction potential becomes more positive. Com-
pounds with reduction potential more positive are more hypoxia-cytotoxic.
However, due to the poor solubility in water of these derivatives, a new
generation of compounds was designed and synthesized, i.e., compounds
42-45 (Table 6) [28]. In this second generation of compounds it is possible
to highlight derivatives 42 and 45 (Table 6) with excellent hypoxic potency
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Table 6 3-Amino-2-quinoxalinecarbonitrile 1,4-dioxide derivatives described as hypoxic
selective cytotoxins

o 0 . Q
R2 N Malononitrile R2 N. CN 1) t+BUONO,CuCl, pge N. _CN
—IN{ AN —_— AN
: <O EtsN/DMF,0°C ]@[ I ii) HNRPR* j@[ /I
R1 N 3 F{1 N NH, II) HNR°R*, K2C03 R1 N NR3R4
(0] o
38-41 42-46
CuS0,4 5H,0 / EtOH, rt/ VVO(acac), / MeOH, reflux
0 0
N._CN N._CN
7N m 7N
Ot Jp 47 Ot Jo 48
Derivative R! R2 NR3R4 HCR®®,  ES¢ (V)
pac Vs sce
38 H CF3 - 75, 7.0 -0.65
39 Cl Cl - 80, 1.0 -0.62
40 H H - 80, 30.0 -0.88
41 H Cl - 150, 9.0 -0.74
42 H cl NH(CH,),NMe,-HCl-0.25H,0 100, 0.3  nrf
43 H cl NH(CH,)3NMe;,-HCl 250,04  nr
44 H H NH(CH,)3NMe;,-HCl 300,1.0  nr
45 H CF;  NH(CH,);NMe,-HCl-H,0 340,03  nr
46 OCH; Cl 4-(p-NO, Ph)piperazin-1-yl >50,2.0 nr
47 - - - nr, 35.1 nr
48 - - - >15,3.0 -0.78
Tirapazamine - - - 75, 30.0 -0.90

2 Using V79 cells

b HCR: Hypoxia cytotoxicity selectivity relationship, determined as the ratio between the
concentration of drug in air and the concentration of drug in hypoxia that produce 1% of
cell killing

¢ P: potency under hypoxia, defined as the dose in uM which gives 1% of cell survival
with respect to the control

d Epc: Reduction potential

¢ Using cyclic voltammetry

f nr: not reported

(P, see definition in Table 6) and hypoxia cytotoxicity selectivity relation-
ship (HCR, see definition in Table 6), where the basic side chain in the
2-position improves the water solubility of these compounds. Compound
43, one of the most active in vitro derivative, was submitted to in vivo
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pharmacokinetic studies. In these experiments it was found that it has too
short half-life to be used as an anticancer drug. Further structural modifi-
cations were studied by these authors that modified the basic chain in the
3-position of QDO, i.e., compound 46 (Table 6) [30]. Some of these showed
better P than that of the parent compounds, however, the HCRs were not im-
proved. Other approaches with the parent 3-amino-2-cyano QDO compounds
as bioreductive agents have involved metal complexation (Fig. 7) [69, 141].
For example, copper (II) or vanadyl complexes, i.e., compounds 47 and 48
(Table 6), were developed in order to improve the bioavailability and the
pharmacological and toxicological properties of the QDO derivatives. Par-
ticularly, the biological interest of Cu(II) as a coordinating metal relays on
its capacity to be bioreduced into the solid tumor releasing the ligand, in
this case QDO, and consequently producing the killing of tumor cells. On
the other hand, if radioactive Cu isotopes were used in the coordination
process, the generated radiopharmaceutical could act via a dual mechan-
ism of action into the tumoral tissue, namely via radiation damage and the
via-bioreduction process [142]. These complexes were shown to be as po-
tent as the corresponding ligands and selective for the hypoxic conditions
(see examples in Table 6).

In 1995, a series of QDO were prepared from the corresponding Bfx and
evaluated as hypoxic selective cytotoxins and radiosensitizer [143]. For ex-
ample, hydroxamic acid 49 (Fig. 13) is an excellent hypoxia cytotoxic agent
and radiosensitizer in vitro. Recently Gali-Muhtasib et al. investigated the in
vitro ability of three QDO, compounds 18 (Fig. 11), 50 and 51 (Fig. 13) and
one PDO, tetrahydro derivative 52 (Fig. 13), to inhibit cell growth and in-
duce cell-cycle changes in human colon cancer cell line T-84 under normoxic
and hypoxic conditions [144]. Under normoxia, the compounds displayed
mild cytotoxic effects whereas under hypoxia compound 51 was the most po-
tent cytotoxin and hypoxia-selective agent (Pr.g4 = 1.0 uM, HCRT.34 = 100.0).
Compounds 18 and 50 were less cytotoxic but arrested almost 50% of the cells
in the G2M phase of the cell cycle. The PDO derivative, 52, was unable to af-
fect the growth and cycling of cells cultured in normoxia and was the least
potent cytotoxin under hypoxic conditions.

In 2006, another approach in QDO as bioreductive agents was de-
scribed [66]. Figure 13 shows some relevant derivatives of this work (53-55)
being compound 53 the most potent and selective cytotoxin with a HCR
higher than that of compound 40 (Table 6) used for the authors as the stan-
dard. Compounds 54 and 55 were also more selective than the standard.
On the other hand, some derivatives were evaluated as in vitro antitumoral
agents in normoxia against liver carcinoma and brain tumor cells finding
significant activities that justify further in vivo studies.

Recently, Gonzdlez et al. described the synthesis and evaluation as hy-
poxic selective cytotoxins of a series of PDO and its reduced analogues,
Pz, as the generated metabolic products into the hypoxic tissues [54]. Com-
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Fig.13 Top: QDO with selective hypoxia cytotoxic activity. Bottom: PDO, and Pz related
derivative, described as selective hypoxia cytotoxins

pound 56 (Fig. 13) was the most active developed derivative (Py79 = 10 uM,
HCRy79 >10.0). Furthermore, the reduced analogues were, in general, non-
cytotoxic in hypoxia. Consequently, this biological behaviour indicates that
the corresponding parent PDO could be acting as hypoxic selective biore-
ductive compounds, such as Tirapazamine. The unique reduced derivative
that showed cytotoxic effects on hypoxia and on oxia was compound 58
(Fig. 13), and observing its oxic cytotoxicity some interesting feature for par-
ent compound 57 was outlined by the authors. The authors thought that
compound 57 is irreversibly reduced in hypoxic conditions to 58, generates
toxic damage in the hypoxic cells. Whereas its metabolite 58 can migrate
to the surrounding oxic cells and produce damage in this tissue. These re-
sults indicate that the parent PDO 57 could act as selective hypoxic cytotoxic
agent and after the bioreductive trigger a normoxia-antitumoral agent, com-
pound 58. In a second approach, structural modifications were performed
in the 2-hydroxy/amino moiety generating compounds without improved ac-
tivities [145]. Also, DNA-PDO-interaction studies were performed observing
no PDO DNA-interacting capability. Electrochemical and QSAR studies were
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performed in order to explain the substituent-depending differential activi-
ties (see below).

Gates et al. investigated if QDO, non-substituted and 3-amino-2-cyano-
substituted, biological properties were similar to those of TPZ [146, 147].
The results showed that QDOs act in vitro as redox-activated DNA-cleaving
agent under hypoxic conditions. Compound 4 (Fig. 9) was the bioreduc-
tive substrate of xanthine/xanthine oxidase reducing system. For compound
40 (Table 6), the findings indicate that one-electron reduction promoted by
NADPH:cytochrome P450 reductase produces, like Tirapazamine, DNA dam-
age under low-oxygen levels.

On the basis that numerous genes are activated under hypoxia, the most
important of which is hypoxia-inducible factor 1 « (HIF-1 «), Gali-Muhtasib
et al. studied the QDO capacity to reduce the expression of HIF-1 « in T-84
cells [148]. Compound 51 (Fig. 13) reduced the levels of HIF-1 « transcript
and protein expressing compounds 18 (Fig. 11) and 52 (Fig. 13) in a much
lesser proportion.

Furthermore, these researchers have found that compound 51 induces
growth inhibition in T-84 cells due to its ability to induce cell-cycle arrest
and/or apoptosis, while compound 18 blocked more than 60% of cells at the
G2/M phase without inducing apoptosis [149]. Compound 50 (Fig. 13) also
produced G2/M cell-cycle arrest and induction of apoptosis. Studying the
QDO effects on molecules that regulate apoptosis and the G2 to M transition,
18 and 50 inhibited the expression of cyclin B while 51 decreased the levels of
Bcl-2, gene that codifies for the antiapoptotic protein bcl-2, and increased Bax
expression, gene with proapoptotic functions.

In 2005, Lépez de Cerdin et al. found that by using comet assays and flow
cytometry analysis, compound 43 (Table 6) damages DNA under hypoxia and
normoxia conditions [150]. In another study, it has been demonstrated that
compound 43 produces reactive oxygen species (ROS) and oxidative DNA
damage both in normoxic and hypoxic conditions into Caco-2 cells [151]. In
normoxia, a significant increase of ROS was evidenced in a manner dose-
dependent, while in hypoxia high ROS levels were observed at all the studied
concentrations. Furthermore, modified comet assay demonstrated that ox-
idative DNA damage in normoxia and hypoxia was promoted by compound
43.

54
Others Relevant Bioactivities

In addition to the biological properties described in the previous section,
other significant bioactivities have been reported for QDO and PDO deriva-
tives. In Table 7 and Fig. 14, listed examples, bioactivities, comments, and
references for the most recent works are shown.
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Table7 QDO and PDO derivatives miscellaneous bioactivities

Family Examples?® Bioactivity Comments Refs.

QDO 59 antitumoral in vitro assays against [152]
MCF7 (breast), NCI-H460
(lung), SF-268 (CNS) and
leukemia cells
QDO 51° angiogenesis inhibition in vivo studies [153]
PDO 60 site-specific DNA cleavage in the first approach [154, 155]
DNA-oligonucleotides
covalently bonded to
PDO were used

QDO 61,62  herbicidal - [65, 156, 157]
PDO 63 xanthine oxidase inhibition - [158]
QDO 48°¢ insulin-mimetic activity - [70]

2 See structure in Fig. 14
b See structure in Fig. 13
¢ See structure in Table 6
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61 62 63

Fig. 14 QDO and PDO derivatives miscellaneous bioactivities

6
Structure-Activity Relationships

In the 1980s, the first works studying QDO and PDO structure-activity re-
lationship were published describing the relations between antibacterial or
radiosensitizer bioactivity and experimental and theoretical physicochemical
descriptors [159-162]. Afterwards, very few jobs relating to QDO and PDO
structure-activity relationships were described.
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It can be mentioned the work of Cerecetto et al. [133,134] where the
anti-T. cruzi activities of a series of QDO and its vanadyl complexes were cor-
related with theoretical physicochemical descriptors. On the one hand, a clear
two-variable correlation was found between both QDO-antiparasite activity
and theoretical lipophilicity and LUMO energy [133]. The equation confirms
some previously observed aspects, i.e., that the presence of an electron-
withdrawing substituent, like halogen, in 5-8-positions produces more active
compounds. On the other hand, it was found that the anti-T. cruzi response of
a family of QDO-vanadyl complexes depends on the lipophilic properties and
the electronic properties, or,, of 6-7-substituents [134]. Another QSAR study
involving PDO derivatives with selective hypoxic cytotoxicity was performed
by these researchers [145]. In this case, electrochemical properties, expressed
as Ep, together with lipophilicity correlated to the fraction of cell survival
in hypoxia finding that when the redox potential of the N-oxide moiety de-
creases the hypoxic cytotoxicity increase.

Recently, Ribeiro da Silva et al. have described another QSAR study. The
authors studied the substitution influence on the N — O bond dissociation en-
thalpies of a series of QDO and its relationship to antitumor activity [163].

7
Pharmacological Behaviors

In this section two aspects related to QDO and PDO future use as drugs will
be discussed: in vivo metabolic behavior and toxic effects.

7.1
In Vivo Metabolic Studies

Recently, only the in vivo pharmacokinetic studies performed on QDO 43
(Table 6) have been described [140]. Pharmacokinetic parameters without
metabolic data were reported.

7.2
Toxicity Studies

A great number of toxicity studies have been performed that analyze QDO
mutagenic effects [164-167]. For example, compounds 4-7 (Fig. 9) and 2,3-
dimethyl QDO were mutagenic to Salmonella typhimurium (S. typhimurium)
TA 98 and TA 100 in the presence and absence of the rat liver S-9 fraction
(Ames test). Mutagenicity is dependent on the presence of N-oxide moiety
since Qx is not mutagenic whereas QMO exhibits lower mutagenic activ-
ity than compound 4. Furthermore, the mutagenicity of QDO is enhanced
under anaerobic conditions. On the other hand, the clastogenicity of QDO
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was also examined analyzing the metaphase of chromosome aberrations in
bone marrow of mice. Compound 5 (Fig. 9) induces chromosome aberrations
at a dose of 100 mgkg!, compound 7 (Fig. 9) has the same toxic effects at
a dose of 800 mgkg™! whereas compound 64 (Fig. 15), structurally closer to
compound 5, does not produce chromosome-damaging effects, even at a dose
of 1200 mgkg™' [168,169]. Furthermore, compound 5 has a teratogenic ef-
fect and should contribute to fetal malformations and embryo-fetal deaths
in rats [170]. Some deep studies on the mechanism of compound 7 muta-
genicity were performed [171], which determined that 7-induced mutations
show sequence-specificity in which most point mutations occurred at site N
in a 5-NNTTNN-3’ sequence.

@)
N CH=NNHCOCH,CN
oLy
" 64
O
Fig.15 QDO structurally related to carbadox, 5, without clastogenicity

Several authors have reported about the photoallergy of some QDO deriva-
tives. The oxaziridines generated upon UV irradiation (see Fig. 8) are very
reactive with proteins [73]. Compound 40 (Table 6) produces DNA alkali-
labile lesions selectively at 2’-deoxyguanosine positions upon irradiation in
the UV-A region suggesting that this molecule is potentially phototoxic [172].
In another study, DNA photodamage by Tirapazamine, 4 (Fig. 9) and 40 were
compared [173]. Under anaerobic conditions, NADH increased photoinduced
strand breaks in pBR322 plasmid DNA caused by Tirapazamine or 40. For
Tirapazamine, the reactive species is probably nitroxide radical or the hy-
droxyl radical generated from its decomposition. In contrast, DNA damage
by 4 was not affected by NADH, suggesting a different mechanism, possibly
involving a photogenerated oxaziridine intermediate.

8
Others Applications

QDO, PDO, and related compounds are the subject of a great number of in-
vention patents, particularly for its uses in material sciences. For example,
QDOs were included in the formulation of modified unsaturated polymers
and rubbers [174, 175]. Polymers with a QDO substructure as monomeric
unit were used to produce fibers, films, electrochromic elements, electrodes,
semiconductors, and electrolyte solutions for secondary batteries [176-179].
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Abstract Quinoline and quindoline analogs have been shown to exhibit a wide variety of
pharmacological activities, including on different types of cancers. This chapter begins
by reviewing some general aspects of quindoline and its analogs, including their poten-
tial pharmacological and other general uses. The chapter then details several of the latest
findings on the activities of quindoline analogs against a number of specific cancers and
tumor subtypes, as well as angiogenesis. Methods of synthesizing several of these analogs,

which were proposed by subsequent authors, are also discussed.

Keywords Angiogenesis - Cancer - Isoquinoline - Quindoline - Quinoline -
Skraup synthesis - Telomerase

Abbreviations

ALT alternative lengthening of telomere
CAM chicken chorioallantoic membrane
CD circular dichroism

EMSA  electrophoretic mobility shift assay
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HUVEC human umbilical vein endothelial cell
MS multiple sclerosis
TRAP  telomerase repeat amplification protocol

1
Introduction

Quinoline, 1-azanaphthalene and isoquinoline are aromatic nitrogen com-
pounds characterized by a double-ring structure (as shown in Fig. 1) that
contains a benzene ring fused to pyridine at two adjacent carbon atoms [1].
These compounds are stable. Quinoline is a high-boiling liquid and isoquino-
line is a low-melting solid, each with sweetish odor [2].

X X

/ / N
N
Quinoline Isoquinoline

Fig.1 Basic structures of quinoline and isoquinoline

The simplest member of the quinoline family is quinoline itself. It is a hygro-
scopic, yellowish oily liquid that is slightly soluble in water, soluble in alcohol,
ether, carbon disulfide, and readily soluble in many other organic solvents.
It can be obtained through the distillation of coal tar [2]. Quinoline can be
prepared from aniline with acrolein under heated sulfuric acid (the Skraup syn-
thesis [3-6], shown in Scheme 1) [1]. Isoquinoline was also isolated from coal
tar in 1885 [2]. Both of these bases have been known about for a long time.

NH OH
| ’ e AP
_/ -HO = |
+ R
‘ 4\ A8205 X
N N N
H H
H>SO4
Heat, As>Og

Scheme 1 Synthesis of quinoline, starting from acrolein and aniline (Skraup synthesis) [7]

Various quinoline compounds can be prepared by a series of Skraup syn-
theses utilizing different oxidizing agents. Isoquinoline differs from quinoline
at the N position (at 2) [1].
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Quinoline derivatives can also be synthesized by [4 + 2] cycloaddition re-
actions (shown in Scheme 2) [8].

Scheme 2 Synthesis of quinoline derivatives by [4 + 2] cycloaddition reaction [8]

The synthesis of the quinoline ring system by an intermolecular [4 + 2]
cycloaddition involves the Schiff base acting as a diene, with the styrene
derivative acting as a dienophile. The above cycloaddition can also be per-
formed using a cyclic enol ether as a dienophile in order to construct a fused
quinoline ring system; this process is interesting not only from the point of
view of extending the ring, but also because of the occurrence of a number of
physiologically interesting quinoline alkaloids as natural products [8].

A new synthetic route to quinoline N-oxides was proposed by Wrobel
et al. in 1993 (shown in Scheme 3), via cyclization of alkylidene O-nitroaryl-
acetonitriles [9].

CN CN
R2 R2 \ ‘\‘\\\\\\
1 KoCO3 / DMF Ra
_— =
* Ra/\CHo 2 MeSO,Cl/ Py *
N02 NO2
R1 R1
NaOH / CH3OH
CN - .
Rz \ R2
-
/
N Rs
+Or

Ry

Scheme3 Synthetic route to quinolines N-oxides via cyclization of alkylidene O-nitro-
arylacetonitriles [9]
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Substituted quinoline N-oxides have been prepared via the base-induced
cyclization of alkylidene derivatives of O-nitroarylacetonitriles, which are
readily available via the vicarious nucleophilic substitution cyanomethylation
of nitroarenes followed by Knoevenagel condensation [9].

2
Applications of Some Quinolines

Quinoline compounds are widely used as parent compounds to synthesize
other molecules of pharmaceutical interest, especially antimalarial drugs,
fungicides, biocides, alkaloids, dyes, rubber chemicals and flavoring agents.
They have antiseptic, antipyretic, and antiperiodic properties. They are also
used as catalysts, corrosion inhibitors, preservatives, and as solvents for
resins and terpenes. They are used in transition metal complex catalysis
chemistry for uniform polymerization, in luminescence chemistry, and as an-
tifoaming agents in refinery field. Quinaldine, 2-methylquinoline, is used as
an antimalarial agent and to prepare other antimalarial drugs. It is used in
the manufacturing of oil-soluble dyes, food colorants, pharmaceuticals, pH
indicators and other organic compounds. Quinaldic acid, a quinoline with
a carboxylic acid at position 2, is a catabolite of tryptophan (an aromatic side
chain amino acid). Quinazoline, 1,3-diazanaphthalene, is used as a chemical
intermediate when synthesizing medicines and other organic compounds.
The quinazoline structure is present in some antihypertensive agents, such
as prazosin and doxazosin, which are peripheral vasodilators. Quinoxaline,
1,4-diazanaphthalene, is used as a chemical intermediate to synthesize fungi-
cides and other organic compounds [1].

The 3-(2-furoyl)quinoline-2-carbaldehyde has been used as a fluorogenic
reagent for the analysis of primary amines by liquid chromatography with
laser-induced fluorescence detection [10, 11].

3
Pharmacological Activities of Some Quinoline Analogs

Tens of thousands (around 71720) of biological uses of quinoline and its
derivatives have been described in research articles in PubMed (www.pub
med.gov) from 1893 to today.

Imiquimod (Aldara™, a heterocyclic imidazoquinoline amide (the struc-
ture of which is shown in Fig. 2), is an immune response modifier that has
potent antiviral and antitumor activities [12-16]. Imiquimod and resiquimod
(the structure of which is also shown in Fig. 2) have been shown to be topical
immune response modifiers [17]. Imiquimod is approved for the treatment
of actinic keratoses, superficial basal cell carcinomas and warts; it has also
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NH,
N/ N oJ Rb
[ > e
= z
N X/
o OH
Imiquimod H Resiquimod 8-hydroxyquinoline 7-carboxylic acid
C HOOC
NH COOH
cH2 )sNEt,
X
N COOH
/
Quinine Chloroqulme Methoxatm
HO
H3CO
X
/N
H3CO o
N
OCHg ===NCH,
OCH
Papaverine s Morphine
COOH

Ciprofloxacin

Emetine

Fig.2 Molecular structures of some commonly found quinoline analogs with diverse
pharmacological activities

been documented as being used to successfully treat other forms of skin
cancer, such as squamous cell carcinoma in situ, melanoma, and extramam-
mary Paget’s disease [17]. Both also proved to be novel immunomodula-
tors [18].

8-Hydroxyquinoline 7-carboxylic acid (structure shown in Fig. 2) deriva-
tives have been shown to be useful for producing integrase-inhibiting medica-
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ments, to be capable of blocking viral replication in the stages preceding
integration, and if appropriate at this integration stage, these medicaments
can be used to treat retroviral pathologies, in AIDS [19]. Figure 2 shows the
structural features of some commonly found quinoline analogs that are phar-
macologically active and find clinical use.

4
General Methods of Synthesizing Some Quinolines Used Pharmacologically

Chloroquine (structure shown in Fig. 2) is a commonly used synthetic an-
timalarial drug. In 1946, Surrey and Hammer [20] proposed a method of
synthesizing it, which is shown in Scheme 4 [2].

o
_ AOH ‘
a0 _ 2s0C
COOEt Cl N COOEt
cl NH, O cooet” H

Ag.KOH | . CO,
250°C

cl o
X POCl3 ‘
-
Reflux
P
cl N cl N
HaNCH(CH3)(CH2)sNEt, | 180°C
CHs
HN (CHp)3NEty
X
P
Cl N
Chloroquine

Scheme 4 Steps involved in the synthesis of chloroquine proposed by Surrey and Ham-
mer [2,20]

Papaverine is a commonly known opium alkaloid that is a smooth muscle
relaxant and is used as a coronary vasodilator [2]. Scheme 5 shows the syn-
thetic route to papaverine proposed by Pictet and Gams [21] almost a century
ago [2].
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[©)
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Reflux
OCHs
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HaCO'
OCHg
Papaverine OCH3

Scheme 5 Steps involved in the synthesis of papaverine proposed by Pictet and Gams [2, 21]

5
Recently Reported Quinolines Derivatives That Show Anticancer Activities

In recent years, large numbers of quinoline derivatives have been synthesized
and their various significant biological activities, including against different
types of cancers, have been reported. The following section provides some ex-
amples of these very important novel quinoline derivatives and their anticancer
properties, as well as some discussion about synthetic pathways to them.

5.1
Human Telomerase Inhibitors

Telomeres are the specialized structures at the ends of eukaryotic chromo-
somes. Their role is to prevent chromosomal degradation, end to-end fusion
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and rearrangement. However, they shorten after each cellular division be-
cause of incomplete DNA replication, and so they act as a mitotic clock for
permanent proliferation arrest or entry into senescence in normal somatic
cells. The short telomeres are perceived as being damaged DNA that lead
to p53/ATM pathway activation. In tumor cells, a ribonucleoprotein com-
plex termed telomerase enables telomere elongation. This complex—which is
composed of two main components, the telomerase RNA component or hTR,
the RNA template for telomere synthesis, and telomerase reverse transcrip-
tase, the catalytic subunit—is reactivated in the majority of cancers, including
those of the lung [22]. Telomerase stabilisation may be required for cells to
escape replicative senescence and to enable them to proliferate indefinitely.
Because of a very strong association between telomerase and malignancy,
both clinicians and pathologists expect this molecule to be a useful diagnostic
and prognostic marker and a new therapeutic target [23].

Current standard cancer therapies (chemotherapy and radiation) often
cause serious adverse off-target effects. Drug design strategies are therefore
being developed that will target cancer cells more precisely for destruction
while leaving surrounding normal cells relatively unaffected. Telomerase,
which is widely expressed in most human cancers but almost undetectable
in normal somatic cells, provides an exciting and broad-spectrum therapeu-
tic target for cancer treatment [24, 25]. Therapeutic strategies for inhibiting
telomerase activity have involved both targeting components of telomerase
(the protein component, TERT, or the RNA component, TERC) or directly tar-
geting telomere DNA structures. A combination telomerase inhibition ther-
apy has also been studied recently. The TERT promoter has been used to
selectively express cytotoxic gene(s) in cancer cells, and a TERT vaccine for
immunization against telomerase has been tested. The 10% to 15% of immor-
talized cancer cells that do not express telomerase use a recombination-based
mechanism to maintain telomere structure, which has been called the “al-
ternative lengthening of telomeres” (ALT). In view of the increasing study
of telomerase inhibitors as anticancer treatments, it is crucially important to
determine whether inhibition of telomerase will select for cancer cells that
activate ALT mechanisms of telomere maintenance [25].

Agents that stabilize G-quadruplexes have the potential to interfere with
telomere replication by blocking the elongation step catalyzed by telomerase
or the telomerase-independent mechanism, and could therefore act as antitu-
mor agents [26-30].

Caprio et al. (in 2000) reported the synthesis and inhibitory profile of a no-
vel quinoline derivative against human telomerase [27]. The molecule bis-
dimethylaminoethyl is a derivative of quindoline (10H-indolo[3,2-b]quino-
line) (for structure see Fig. 3), an alkaloid from the West African shrub Cryp-
tolepis sanguinolenta, as reported by the authors [27]. The compound exhibits
moderate cytotoxicity and inhibitory activity against telomerase. Utilizing
molecular modelling technology, the authors hypothesized that the inhibitory
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N

A

//// N
H
Quindoline

Fig.3 Molecular structure of quindoline

activity against telomerase was due to the stabilization of an intermediate
guanine-quadruplex complex [27].
The synthetic method reported by Caprio et al. is shown in Scheme 6.

COOH

O, Ndlacelyllmdoxyl 5-bromoisatin 2- bromo 10H-indolo[3,2-b]quinoline-11-carboxylic acid

OH
Decarboxylatlon

n BuLi/THF
Elhylene oxme
/ 2-bromo-10H-indolo[3,2-b]quinoline

Bis-| hydroxyethyl derivative

\\‘ tosyl Cl/ Py
N N oTs N
I Me,NH/DCM
T
N
Bis-tosylate

Bis-dimethylaminoethyl derivative

Scheme 6 Steps involved in the synthesis of bis-dimethylaminoethyl derivative, a novel
human telomerase inhibitor, as reported by Caprio et al. (in 2000) [27]

Zhou and coworkers reported a new series of quindoline derivatives (1-10)
that could be used to develop novel and potent telomerase inhibitors [31]. The
structure of quindoline is shown in Fig. 3.

The interactions of the G-quadruplex of human telomere DNA with these
newly designed molecules have been examined via CD spectroscopy and elec-
trophoretic mobility shift assay (EMSA). The selectivity between the quin-
doline derivative and G-quadruplex or duplex DNA has been investigated by
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competition dialysis. These new compounds have also been investigated as
inhibitors of telomerase through the utilization of the modified telomerase re-
peat amplification protocol (TRAP) assay [31]. The synthetic steps involved
are shown in Scheme 7.

/\/R
Cl HN

X X AN N X
Substituted alkylamine, phenol
P / \ 120 °C
N / N/
——
11-Chloroquindoline derivatives 1-10

1 X =NH, R = Morphoryl

2X =NH, R = N(CHg),

3 X =NH, R = CHN(CHg),

4X=NH,R=0H

5X = NH, R = CH,OH

6 X =0, R = Morphoryl

7X =0, R =N(CHa)s

8 X = O, R = CHaN(CHa),

9X=0,R=0H

10X =0, R=CH,OH

Scheme 7 Steps involved in the synthesis of a new series of quindoline derivatives (1-10)
that yield potent telomerase inhibition [31]

The results from Zhou et al. revealed that the introduction of electron-
donating groups such as substituted amino groups at the C-11 position of
the quindoline significantly enhanced the ability of the molecule to inhibit
telomerase activity (ICsp > 138 uM for quindoline, 0.44-12.3 uM for quin-
doline derivatives 1-10). The quindoline derivatives not only stabilized the
G-quadruplex structure but also induced the G-rich telomeric repeated DNA
sequence to fold into a quadruplex [31].

The authors suggested that the quindoline derivatives might be potential
lead compounds for the development of new telomerase inhibitors [26, 31].

5.2
Antiangiogenic Agents

Angiogenesis is the formation of new blood vessels from pre-existing ones. It
has been shown that, without angiogenesis, a tumor can only reach the size of
1-2 mm?, small enough to be easily resected or treated with conventional cy-
totoxic chemotherapeutic agents [32]. In vitro, linomide inhibited endothelial
cell proliferation and migration [33, 34] as well as invasion through basement
membrane at high concentration (> 100 mg/mL) [32, 33].
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OCHj3 @

CH3

CH3

Fig.4 Molecular structure of tasquinimod, a second-generation orally active quinoline-3-
carboxamide analog [36]

Table 1 Molecular features of the linomide analogs studied by Isaac et al. that exhibit ac-
tivity against prostate cancer [35]

R1
R,
Rs R4 O
Rs
\ T
CHj R3

T O

CH3
Analogs R1 R2 R3 R4 R5 R6
Linomide H H H OH H H
ABR-215025 H H H OH OCHj3 H
ABR-215093 F H F OH OCHj3 H
ABR-215050 H CF3 H OH OCHj3 H
ABR-215851 F F H OH —-0OCH;0 -0CH,0
ABR-215681 F F H OH SCH3 H
ABR-215060 H Cl H OH Cl H
ABR-217518 H CH3 H OH Cl H
ABR-217365 H OCHj3 H OH N(CH3), H
ABR-216974 H H H NH, CH3 H
ABR-217032 H H H NH, OCHj3 H
ABR-217031 H H H NHCHj3 OCHj3 H
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Tasquinimod (structure shown in Fig. 4) is a second-generation orally ac-
tive quinoline-3-carboxamide analog with enhanced potency against prostate
cancer via its antiangiogenic activity. It is presently undergoing clinical tri-
als [35]. Androgen ablation and taxanes are standard therapies for metastatic
prostate cancer [36].

Linomide (N-phenylmethyl-1,2-dihydro-4-hydroxyl-1-methyl-2-oxo-qui-
noline-3-carboxamide, structure given in Table 1) has been proven to be an
immunomodulator [32]. In clinical trials, it has been shown to be a potential
treatment for autoimmune diseases such as rheumatoid arthritis, systemic lu-
pus erythematosis and multiple sclerosis [37-39]. It has also been reported to
possess antiangiogenic activity [33, 40].

Like tasquinimod, linomide yields robust and consistent in vivo growth in-
hibition of prostate cancer models due to its antiangiogenic activity, and it
inhibits of autoimmune encephalomyelitis models of multiple sclerosis (MS).
MS clinical trials were discontinued because of unacceptable toxicity, due to
dose-dependent induction of proinflammation [35].

Recently (in 2006) Isaac and coworkers screened linomide analogs to de-
termine their in vivo potency for inhibiting growth of the Dunning R-3327
AT-1 rat prostate cancer model in rats, and their potency for inhibiting an-
giogenesis in a Matrigel assay in mice [35]. The structures of the studied
linomide analogs are shown in Table 1.

Table2 Structural features and structure-activity relationship of the compounds 11-
16 [32]

Ry o)

N O

Analogs R; R, Rs Ry EDs ICs¢ (in HUVEC
(g/embryo) proliferation, in M)

Linomide CHj CH3 Phenyl OH 60.1 13.95
11 CH3 CH3 CH3 OH 8.5 16.47
12 CH3 H Phenyl OH 18.0 7.2
13 H CH; Phenyl OH 7.5 6.55
14 H H Phenyl OH 0.87 4.0
15 CH3 CH3 Phenyl H > 100 20.58

16 H H Phenyl H > 100 22.26
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Based upon its greater potency (i.e., 30- to 60-fold more potent than lino-
mide) in assays and the lack of any resulting proinflammation in Beagle dog,
ABR-215050 (tasquinimod, structure shown in Fig. 4 as well as in Table 1) was
characterized for dose-response ability in the growth inhibition of a series of
four additional human and rodent prostate cancer models in mice [35]. Phar-
macokinetic analysis following oral dosing indicated that blood and tumor
tissue levels of ABR-215050 as low as 0.5-1 M are therapeutically effect-
ive [35].

OH

X

+ CHZ(COOEt)g

T O

R+
NaH, DMF, 120 °C
2.5h,

OH (0]

T O

Ry
R>R3NH, toluene,
reflux 4 h

OH (0]

N o}

Ry
Linomide and compounds 11-14

Scheme 8 Steps involved in the syntheses of linomide and compounds 11-14 [32]
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Compound efficacy has been correlated with the inhibition of angiogen-
esis in a variety of assays (endothelial capillary tube formation, aortic ring
assay, chorioallantoic membrane assay, real-time tumor blood flow and PO,
measurements, tumor blood vessel density, and tumor hypoxic and apoptotic
fractions) [35].

Shi et al. reported on the synthesis and antiangiogenic activities of lino-
mide and its analogs (compounds 11-16) [32]. Three of the analogs are 3.3-69
times more potent than linomide at inhibiting blood vessel formation in
the chicken chorioallantoic membrane (CAM) [41,42] angiogenesis assay.
These compounds possessed considerable antiproliferative activities against
isolated human umbilical vein endothelial (HUVEC) cells along with with no

CHO

+ CHy(CO2EY),

NO,
lTsOH, toluene, 36 h

CH=C(COOE),

NO;
l Fe/AcOH, 100 °C, 6 h

COOEt

X

H (o]
((i'i)) 'E‘S%Fg"c"f_ow H20, 60 °C, 12h (i) NaOH/MeOH/H0, 60 °C, 12 h
25

" . (i) (1) SOCly;
(2) aniine/DMF, rt, overnight (2) N-methylaniline/DMF, rt, overnight

Iz
o

CONH-Ph CON-Ph
X X

CHg3

I=
o)

o

15
CHgl/NaH/DMF, rt, overnight,

- T2

CON-Ph
X

CHs
T o
CHs
16

Scheme 9 Steps involved in the syntheses of compounds 15-16 [32]
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activity against epithelial-derived prostate tumor cells [32]. The structures of
the compounds 11-16, and their structure-activity relationship, are shown in
Table 1.

Syntheses of the compounds 11-14 and 15-16 are described in Schemes 8
and 9, respectively [32].

6
Conclusion

A large number of pharmacologically active molecules that have found clini-
cal use have been synthesized through the derivatization of quinolines, while
others are simply quinoline analogs. Some of the most recent studies of quin-
doline analogs in relation to anticancer activity were discussed above.

References

1. ChemicalLand21.com (2007) Quinoline product identification webpage.
http://chemicalland21.com/industrialchem/organic/QUINOLINE.htm. (last visited:
8 July 2007)
. Joule JA, Mills K (2000) Heterocyclic chemistry, 4th edn. Blackwell, Oxford, pp 121-
145
. Skraup ZH (1880) Eine Synthese des Chinolins. Berichte 13:2086-2087
. Manske RHF (1942) Chem Rev 30:113
. Manske RHF, Kulka M (1953) Org React 7:80-99
. Wahren M (1964) Tetrahedron 20:2773
. CanovM (2007) http://www.jergym.hiedu.cz/~canovm/mechanic/pravidl2/skr/sk.htm.
(last visited: in February 2007)
. Kametani T, et al. (1985) Synth Commun 15(6):499-505
. Wrobel Z, Kwast A, Makosza M (1993) New synthesis of substituted quinoline N-oxides
via cyclization of alkylidene O-nitroarylacetonitriles. Synthesis 31-32
10. Beale SC, et al. (1990) Application of 3-(2-furoyl)quinoline-2-carbaldehyde as a flu-
orogenic reagent for the analysis of primary amines by liquid chromatography with
laser-induced fluorescence detection. ] Chromatogr 499:579-587

11. Liu X, Yang LX, Lu YT (2003) Determination of biogenic amines by 3-(2-furoyl)
quinoline-2-carboxaldehyde and capillary electrophoresis with laser-induced fluores-
cence detection. ] Chromatogr A 998(1-2):213-219
12. Jobanputra KS, Rajpal AV, Nagpur NG (2006) Imiquimod. Indian ] Dermatol Venereol
Leprol 72(6):466-469

13. Eedy DJ (2002) Imiquimod: a potential role in dermatology? Br ] Dermatol 147(1):1-6

14. Beutner KR, et al. (1998) Imiquimod, a patient-applied immune-response modifier
for treatment of external genital warts. Antimicrob Agents Chemother 42(4):789-
794

15. Beutner KR, et al. (1998) Treatment of genital warts with an immune-response mod-
ifier (imiquimod). ] Am Acad Dermatol 38(2 Pt 1):230-239

16. Ho NT, Lansang P, Pope E (2007) Topical imiquimod in the treatment of infantile

hemangiomas: a retrospective study. ] Am Acad Dermatol 56(1):63-68

NN U s W \S]

\O oo



228 M.T.H. Khan

17. Woodmansee C, Pillow ], Skinner RB Jr (2006) The role of topical immune response
modifiers in skin cancer. Drugs 66(13):1657-1664

18. Dockrella DH, Kinghorn GR (2001) Imiquimod and resiquimod as novel im-
munomodulators. ] Antimicrob Chemother 48:751-755

19. Mousnier A, et al. (2005) Use of quinoline derivatives with anti-integrase effect and
applications thereof (US Patent 20050261 336).
http://www.freepatentsonline.com/20050261336.html. (last visited: 8 July 2007)

20. Surrey AR, Hammer HF (1946) ] Am Chem Soc 68:113

21. Pictet A, Gams A (1909) Chem Ber 42:2943

22. Lantuejoul S, et al. (2007) Telomerase expression in lung preneoplasia and neoplasia.
Int J Cancer 120(9):1835-1841

23. Sampedro Camarena F, Cano Serral G, Sampedro Santalo F (2007) Telomerase and
telomere dynamics in ageing and cancer: current status and future directions. Clin
Transl Oncol 9(3):145-154

24. Cunningham AP et al. (2006) Telomerase inhibition in cancer therapeutics:
molecular-based approaches. Curr Med Chem 13(24):2875-2888

25. Siddiqa A, Cavazos DA, Marciniak RA (2006) Targeting telomerase. Rejuvenation Res
9(3):378-390

26. Zhou JM, et al. (2006) Senescence and telomere shortening induced by novel potent
G-quadruplex interactive agents, quindoline derivatives, in human cancer cell lines.
Oncogene 25(4):503-511

27. Caprio V, et al. (2000) A novel inhibitor of human telomerase derived from 10H-
indolo[3,2-b]quinoline. Bioorg Med Chem Lett 10(18):2063-2066

28. Guyen B, et al. (2004) Synthesis and evaluation of analogues of 10H-indolo[3,2-
blquinoline as G-quadruplex stabilising ligands and potential inhibitors of the en-
zyme telomerase. Org Biomol Chem 2(7):981-988

29. Lemarteleur T, et al. (2004) Stabilization of the c-myc gene promoter quadruplex by
specific ligands’ inhibitors of telomerase. Biochem Biophys Res Commun 323(3):802-
808

30. Yamakuchi M, et al. (1997) New quinolones, ofloxacin and levofloxacin, inhibit telom-
erase activity in transitional cell carcinoma cell lines. Cancer Lett 119(2):213-219

31. Zhou JL, et al. (2005) Synthesis and evaluation of quindoline derivatives as G-
quadruplex inducing and stabilizing ligands and potential inhibitors of telomerase.
] Med Chem 48(23):7315-7321

32. ShiJ, et al. (2003) Structure-activity relationship studies of the anti-angiogenic activ-
ities of linomide. Bioorg Med Chem Lett 13(6):1187-1189

33. Vukanovic], et al. (1993) Antiangiogenic effects of the quinoline-3-carboxamide lino-
mide. Cancer Res 53(8):1833-1837

34. Parenti A, et al. (1996) The effect of linomide on the migration and the prolifera-
tion of capillary endothelial cells elicited by vascular endothelial growth factor. Br
J Pharmacol 119(4):619-621

35. Isaacs JT, et al. (2006) Identification of ABR-215050 as lead second generation
quinoline-3-carboxamide anti-angiogenic agent for the treatment of prostate cancer.
Prostate 66(16):1768-1778

36. Dalrymple SL, Becker RE, Isaacs JT (2007) The quinoline-3-carboxamide anti-
angiogenic agent, tasquinimod, enhances the anti-prostate cancer efficacy of andro-
gen ablation and taxotere without effecting serum PSA directly in human xenografts.
Prostate 67(7):790-797

37. Andersen O, et al. (1996) Linomide reduces the rate of active lesions in relapsing-
remitting multiple sclerosis. Neurology 47(4):895-900



Quinoline Analogs as Antiangiogenic Agents and Telomerase Inhibitors 229

38.

39.

40.

41.

42.

Andersen O, et al. (1996) Linomide reduces the rate of active lesions in relapsing-
remitting multiple sclerosis. Mult Scler 1(6):348

Karussis DM, et al. (1996) Treatment of secondary progressive multiple sclerosis with
the immunomodulator linomide: a double-blind, placebo-controlled pilot study with
monthly magnetic resonance imaging evaluation. Neurology 47(2):341-346

Joseph IB, Vukanovic J, Isaacs JT (1996) Antiangiogenic treatment with linomide as
chemoprevention for prostate, seminal vesicle, and breast carcinogenesis in rodents.
Cancer Res 56(15):3404-3408

Sheu JR, et al. (1998) Effect of U-995, a potent shark cartilage-derived angio-
genesis inhibitor, on anti-angiogenesis and anti-tumor activities. Anticancer Res
18(6A):4435-4441

Brooks PC, Montgomery AM, Cheresh DA (1999) Use of the 10-day-old chick embryo
model for studying angiogenesis. Methods Mol Biol 129:257-269



Top Heterocycl Chem (2007) 11: 231-258
DOI 10.1007/7081_2007_070

© Springer-Verlag Berlin Heidelberg
Published online: 9 August 2007

Bioactive Furanosesterterpenoids from Marine Sponges

Yonghong Liu! (50) - Si Zhang! - Jee H. Jung? - Tunhai Xu®

IKey Laboratory of Marine Bio-resources Sustainable Utilization,

South China Sea Institute of Oceanology, Chinese Academy of Sciences,
510-301 Guangzhou, China

yonghongliu@scsio.ac.cn
2College of Pharmacy, Pusan National University, 609-735 Busan, Korea

3School of Chinese Materia Medica, Beijing University of Chinese Medicine,
100029 Beijing, China

1 Introduction . . . . . .. ... ... 231
2 Linear Furanosesterterpenoids . . . . . . . ... ... ... ......... 232
3 Monocarbocyclic Furanosesterterpenoids . . . . . ... ... ........ 240
4 Bicarbocyclic Furanosesterterpenoids . . . . . . ... ... ... ... ... 242
5 Tricarbocyclic Furanosesterterpenoids . . . . ... ... .......... 245
6 Tetracarbocyclic Furanosesterterpenoids . . . . ... ............ 248
7 Conclusion . . . . .. .. .. e 254
References . . .. .. ... ... ... .. ... e 254

Abstract This review covers the literature published from January 1996 to December 2006
with 133 citations. The emphasis is on furanosesterterpenoids from marine sponges, to-
gether with their relevant biological activities, source organisms, and country of origin.
The first total syntheses that led to the revision of structures or stereochemistries have
been included.

Keywords Bioactive furanosesterterpenoids - Marine sponge

1
Introduction

The sesterterpenoids are a group of pentaprenyl terpenoid substances whose
structures are derivable from geranylfarnesyl diphosphate. Although ses-
terterpenoids are a relatively small group of terpenoids, their sources are
widespread, having been isolated from terrestrial fungi, lichens, higher
plants, insects, and various marine organisms, especially sponges. Sester-
terpenoids exhibit diverse biological properties, such as anti-inflammatory,
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cytotoxic, antifeedant, platelet aggregation, and antimicrobial effects. The
structural conciseness and diverse bioactivity of sesterterpenoids have made
them attractive targets for both biomedical and synthetic purposes [1,2].
This review is of the literature from 1996 to 2006 and describes 245 fura-
nosesterterpenoids from 133 articles. We show structures of furanosester-
terpenoids, and previously reported furanosesterterpenoids where there has
been a structural revision or a newly established stereochemistry. Previously
reported furanosesterterpenoids for which first syntheses or new bioactivi-
ties are described are referenced, but separate structures are generally not
shown. So far, only a few reviews have dealt with the class of sesterter-
penoids: “Sesterterpenoids” [3-5] and “Heterocyclic terpenes: linear furano-
and pyrroloterpenoids” [6]; other general reviews include: “Marine natural
products” [1, 2]. References to other reviews are more appropriately placed in
the following sections.

2
Linear Furanosesterterpenoids

Untenospongin B (1), which was isolated from the marine sponge Hip-
pospongia communis collected from the Atlantic Coast of Morocco, possesses
a broad and strong antimicrobial activity [7]. A Hippospongia sp. from
Goa, India, contained ent-untenospongin A (2) [8]. A Cy; difuranoterpene
3 from a Spanish Mediterranean specimen of Spongia virgultosa was found
to be the enantiomer of (-)-untenospongin B from a Japanese Hippospon-
gia sp. [9]. Comparison of spectral data suggested that the structure of
tetradehydrofurospongin-1 from an Australian Spongia sp. be revised from 4
to 3 [9]. The absolute configuration of the C;; difuranoterpene 5, isolated from
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Fasciospongia cavernosa from the Arabian Sea, has been determined by syn-
thesis of its enantiomer [10]. A specimen of Spongia officinalis from La Caleta,
Cédiz, Spain, contained two additional minor C,; furanoterpenes, the weakly
cytotoxic furospongin-5 (6) and cyclofurospongin-2 (7) [11]. The Cz; nors-
esterterpenoid 8 originally reported with conjugated double bonds has been
revised to 9 on the basis of more complete spectroscopic data obtained from
a sample isolated from an Australian specimen of Spirastrella papilosa [12].
The absolute stereochemistry was determined by degradation and the name
(-)-isotetrahydrofurospongin-1 is proposed for this bisfuranoterpene. A Cy;
furanoterpene, nitenin (10), has been isolated from the Mediterranean sponge
Spongia virgultosa [9]. Isonitenin (11) is an additional C,; difuranoterpene
from a Spanish collection of Spongia officinalis [13]. ent-Kurospongin (12) was
isolated from a Korean Sarcotragus species [14]. A synthesis of ircinin 4 (13)
employed a palladium-catalyzed reaction as the key step [15].

COOH

A furanoterpene designated dehydrofurodendin (14) was isolated from
two different species of Madagascan sponges of the genus Lendenfeldia,
both of which seem to be as yet undescribed [16]. Dehydrofurodendin (14)
has been found to be a potent inhibitor of the HIV-1 RT-associated DNA
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polymerase activities. It should be noted that dehydrofurodendin closely re-
sembles furodendin. Whereas in furodendin there are five double bonds, in
dehydrofurodendin there is an additional double bond at C-16-C-17, proba-
bly resulting from an oxidation occurring at a later stage. Hippospongins E
(15) and F (16) are truncated furanosesterterpenes, which are amides that
incorporate diaminoethane, from Hippospongia sp. of southern Australian
waters [17]. A Korean collection of a sponge of the genus Sarcotragus was
found to contain sarcotins I (17) and J (18) with a unique C,, trinorsesterter-
pene, which might be a degradation product of relevant sesterterpenes [18].
A moderately cytotoxic norsesterterpenoid, sarcotin N (19), was isolated
from a Korean Sarcotragus species. The previously reported sarcotin I (17)
was found to have the 21R configuration [14]. Four unprecedented Cj, ses-
terterpenes, irciformonins A-D (20-23), have been isolated from the marine
sponge Ircinia formosana, collected off the coast of eastern Taiwan. Ircifor-
monins C and D exhibited significant cytotoxicity against human colon tumor
cells [19]. Two trisnorsesterterpenoid lactams, the sarcotragins A (24) and B
(25), were isolated from a Sarcotragus species from Jaeju Island in Korean wa-
ters [20]. Three norsesterterpenoids 26-28, isolated from an Okinawa Ircinia
species, were found to be moderately cytotoxic against KB cells [21]. A new
Cy4 furanoterpene, hippospongin D (29) was isolated from a southern Aus-
tralian collection of the marine sponge Hippospongia sp. [17]. A moderately
cytotoxic norsesterterpenoid, sarcotin O (30), was isolated from a Korean Sar-
cotragus sp. [14].
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Both the (8S,21S,225,23R) and (8R,21S,22S5,23R) isomers of okinonellin B
(31), which is a cytotoxic and antispasmodic agent from Spongionella sp.,
have been synthesized but neither has the same optical rotation as the
natural product [22]. Cytotoxic furanosesterterpene isopalinurin (32) was
reisolated from a marine sponge Psammocinia sp. collected from Ulleung
Island, Korea. The configuration at C-21 has not been previously investi-
gated, and it has now been determined to be R on the basis of CD analy-
sis [23]. Three cytotoxic furanosesterterpenoids, the sacotins A-C (33-35),
were reported from a specimen of Sarcotragus sp. collected at Cheju Island,
Korea [24]. Cytotoxic sesterterpenoids, epi-sacotin A (36) and sarcotins F
(37) and M (38), were isolated from the same Korean Sarcotragus sp. [18].
epi-Sacotin F (39) [14] was found in two Korean Sarcotragus sp. Marine
organisms, particularly sponges, have continued to provide the source of lin-
ear sesterterpenoids. The terminal units often comprise either a furan or
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a tetronic acid moiety. Ircinin-1 (40) induces cell cycle arrest and apopto-
sis in SK-MEL-2 human melanoma cells [25]. Two sesterterpenoids 42 and
43, isolated from an Okinawa Ircinia species, were found to be moderately
cytotoxic [21]. Two additional geometrical isomers, (8Z,13Z,20Z)-strobilinin
(44) and (7Z,13Z,20Z)-felixinin (46), were partially characterized after isola-
tion as their 22-O-acetates from Columbian specimens of L. felix, I. strobilina,
and L. campana [26]. (82,13Z,18S,20Z)-Strobilinin (45) and (7E,12Z,188S,20Z)-
variabilin (47) from a Maltese specimen of I. oros were characterized as
their corresponding 22-O-methyl derivatives [27]. The first asymmetric
synthesis of (18S)-variabilin (41), a furanosesterterpene from the sponge
I variabilis, has been reported [28]. An efficient and stereodefined pro-
cess is described for the first preparation of the marine furanosesterterpene
tetronic acid, (18S)-variabilin, featuring lipase-catalyzed asymmetric desym-
metrization of two types of propanediol precursors incorporating the ter-
pene skeleton. Three new 48-50 and known cytotoxic furanosesterterpenes,
(7E,12E,18R,20Z)-variabilin, (8E,13Z,18R,20Z)-strobilinin, (7E,13Z,18R,20Z)-
felixinin (also known as (7E,13Z,18R,20Z)-variabilin), (87,13Z,18R,20Z)-
strobilinin, and (7Z,13Z,18R,20Z)-felixinin, were isolated from a Korean
marine sponge Psammocinia sp. These compounds were evaluated for cyto-
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toxicity against a small panel of five human tumor cell lines, and most of the
compounds showed toxicity to SK-MEL-2 [23]. The mixture of (8E,13Z,20Z)-
strobilinin/(7E,13Z,20Z)-felixinin displayed significant inhibition of DNA
replication and a moderate antioxidant profile [29]. Cytotoxic furanoses-
terterpenoids, ircinins 1 and 2, sacotins D (51) and E (52) [24], sacotins G
(53) and H (54) [18], (7E,12E,18R,20Z)-variabilin, and (8E,13Z,18R,20Z)-
strobilinin [14], were reported from a specimen of Sarcotragus sp. collected
off Cheju Island, Korea. 22-Deoxy-23-hydroxymethylvariabilin (55) was iso-
lated from the sponge Fasciospongia sp. [30].

Idiadione (56) was synthesized from citronellal, establishing the stere-
ogenic center as S [31]. Cytotoxic sesterterpenoid cacospongionolide D (57)
was isolated from Fasciospongia cavernosa from the Bay of Naples [32].
Thorectolide monoacetate (58), obtained from a New Caledonian marine
sponge identified as a Hyrtios species [33], in contrast possessed anti-
inflammatory properties. The bicyclic lactone astakolactin (59) was obtained
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from specimens of Cacospongia scalaris collected from the Gulf of Astakos,
Greece [34]. An Acanthodendrilla species (Indonesia) provided the cytotoxic
acantholide C (60) [35]. Cytotoxic sesterterpenoid (62)-luffarin-V (62) was
isolated from Fasciospongia cavernosa from the Bay of Naples [32]. Extracts
of the marine sponge Thorectandra sp. have been found to contain cytotoxic
luffarin R (61) and luffarin V (62) [36]. A new sesterterpene 63, related to
luffarins, has been isolated from the sponge Fasciospongia cavernosa, col-
lected in the northern Adriatic Sea. The absolute stereochemistry was de-
termined by application of Mosher’s method [37]. Three Cy5 furanoterpenes,
hippospongins A-C (64-66) were isolated from a southern Australian collec-
tion of the marine sponge Hippospongia sp. Only hippospongin A (64) was
found to be a mild antibiotic, inhibiting the growth of Staphylococcus au-
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reus [17]. Sesterterpenes sarcotrines A (67), B (69), C (71), and D (73), and
epi-sarcotrines A (68), B (70), and C (72) [14, 18] were isolated from the ma-
rine sponge Sarcotragus. Two microbial metabolites of palinurin (reisolated
from a Red Sea sponge Ircinia echinata), palinurine A (74) and B (75), are
produced by the fungus Cunninghamella sp. NRRL 5695 [38]. The possible
transformation of furans to amides (dehydro-3-enepyrrolidin-2- or -5-one)
through a biomimetic reaction is certain to have applications in synthetic
chemistry. Four unstable sulfate esters 76-79 of furanosesterterpenes were
obtained from I variabilis and I. oros of the northern Adriatic Sea [39]. The
22-O-sulfates 80 and 81 of palinurin and fasciculatin, which were toxic to
brine shrimp Artemia salina, were isolated from I variabilis and I. fascicu-
lata, respectively [40]. A sodium salt of pyrroloterpenoid sarcotragin A (24)
was isolated from Sarcotragus sp. collected from Jaeju Island in Korean wa-
ters [20]. A sodium salt of trinorsesterterpene acid sarcotin I (17) [18] and
two sodium salts of terpenoids sarcotrines E (82) and F (83) were isolated
from Korean sponge Sarcotragus sp.

The sponge Ircinia fefix from Columbia has yielded ten fatty acid es-
ters: (18R)-variabilin-11-methyloctadecanoate, (7E,12E,18R,20Z)-variabilin
(52,9Z)-22-methyltricosadienoate, (7E,12E,18R,20Z)-variabilin (5Z,9Z)-tetra-
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cosadienoate, (7E,12E,18R,20Z)-variabilin hexadecanoate, (7E,12E,18R,20Z)-
variabilin 10-methylhexadecanoate, (7E,12E,18R,20Z)-variabilin 15-methyl-
hexadecanoate, (7E,12E,18R,20Z)-variabilin 14-methylhexadecanoate, (7E,
12E,18R,20Z)-variabilin 9-octadecenoate, (7E,12E,18R,20Z)-variabilin octa-
decanoate, and (7E,12E,18R,20Z)-variabilin 2,11-dimethyloctadecanoate
(84-93) [41].

3
Monocarbocyclic Furanosesterterpenoids

In 1980 de Silva and Scheuer reported the isolation of manoalide (94) from
the marine sponge Luffariella rariabilis, which soon afterwards proved to be
a potent analgesic and anti-inflammatory agent. Since then, manoalide has
been considered a very useful pharmacological tool, being by far the most
well-known phospholipase A;(PLA;) inhibitor. Several academic and indus-
trial efforts have focused on developing analogues of manoalide to be used in
anti-inflammatory therapy, and it has been the target of a number of synthe-
ses [42-46]. The absolute stereochemistry of the known anti-inflammatory

94 95
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agent manoalide was determined by comparison of its CD spectrum with
those of synthetic model compounds [47]. Cyclolinteinone (95), a sesterter-
pene from sponge Cacospongia linteiformis, prevents inducible nitric oxide
synthase and inducible cyclo-oxygenase protein expression by blocking nu-
clear factor kappa B activation in J774 macrophages [48]. Two sesterter-
penoids 96 and 97 were isolated from Hyrtios cf. erecta from Fiji but the
major bioactive compounds of this sponge were known [49]. An Okinawan
Luffariella species yielded two new luffariolides H (98) and ] (99) that were
found to be cytotoxic and antimicrobial [50]. An Acanthodendrilla species
(Indonesia) provided the cytotoxic acantholides A (100) and B (101). Acan-
tholide B (101) was antimicrobial [35]. (6Z)-Neomanoalide-24,25-diacetate
(102) was obtained from a Palauan Luffariella species [51]. A Brachiaster
species (Thailand) yielded the same manoalide congener 102, the E isomer
103 [52]. Cyclolinteinol (104) was described as a macrophage activation in-
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hibitor from the Caribbean sponge Cacospongia cf. linteiformis [53]. A new
derivative of manoalide, 24-n-propyl-O-manoalide (105) isolated from Luf-
fariella sp., showed significant cytotoxicity against the HCT-116 cell line by
MTT assay [54]. A new sesterterpenoid 106, related to luffarins, has been
isolated from the sponge Fasciospongia cavernosa collected in the northern
Adriatic Sea [37]. An Acanthodendrilla species (Indonesia) provided the cy-
totoxic acantholides D (107) and E (108) [35].

4
Bicarbocyclic Furanosesterterpenoids

The structure of the former was determined by X-ray crystallographic analy-
sis.

Ircinianin sulfate (110) was isolated as a very unstable metabolite of Ircinia
(Psammocinia) wistarii from the Great Barrier Reef [55]. The absolute stere-
ochemistry and that of (+)-wistarin 109, which are metabolites of two Ircinia
species, was determined by total synthesis from (§)-2-methylpropane-1,3-diol
mono-THP ether [56]. Wistarin (109) has been obtained in 35% yield [57].
(-)-Wistarin (111) from a Red Sea Ircinia sp. is the enantiomer of a metabo-
lite 109 previously isolated from I. wisteria [58]. The absolute configuration
of halisulfate 3 (112), isolated from a Philippines specimen of Ircinia sp., has
been determined by application of the chiral amide method coupled with
chemical degradation procedures [59]. Halisulfate 7 (113) is a sesterterpene
sulfate from a species of Coscinoderma from Yap, Micronesia [60]. Darwinella
australensis collected from NW Australia contained sesterterpenoid sulfates
114-116 that inhibited the cell division of sea urchin eggs, but were not cy-
totoxic to human leukemia cells [61]. An Ircinia species collected at — 70 m

109 110 11
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by dredging in the Gulf of Mexico contained a sesterterpenoid 117 [62].
Stoeba extensa (Japan) gave the cytotoxic halisulfate 7 (113) [63]; the C-
8 stereochemistry of halisulfate 7, originally isolated from a Coscinoderma
species [60], has been revised to that shown (118) on the basis of careful NOE
analysis [63].

A number of bicarbocyclic sesterterpenoids have a carbon skeleton rem-
iniscent of the clerodane diterpenoids. Cacospongionolide B (119) has been
isolated from the Adriatic sponge, Fasciospongia cavernosa. The absolute
stereochemistries of the known anti-inflammatory agent cacospongiono-
lide B (119) was determined by comparison of their CD spectra with those
of synthetic model compounds [47]. Both the natural (+) and unnatural (-)
enantiomers of cacospongionolide B (119) have been synthesized; the natural
enantiomer is more than twice as active as an inhibitor of sPLA, [64]. Palaulol
(120) is an anti-inflammatory sesterterpene which was obtained [65] from
a Palauan Fascaplysinopsis species of sponge. The number of known norses-
terterpene cyclic peroxides has continued to increase. Cacospongionolide E
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(121) is an inhibitor of human secretory phospholipase A, that was isolated
as a minor constituent of Fasciospongia cavernosa from the Adriatic Sea [66].
A Palauan species of Thorectandra yielded the cytotoxic thorectandrols A
(122) and B (123) [67]. All compounds were found to inhibit the protease ac-
tivity of human RAS converting enzyme (hRCE1) and are the first natural
products reported with this activity. Three further cytotoxic sesterterpenes,
thorectandrols C-E (124-126) were isolated from a Thorectandra species col-
lected in Palau [36]. An additional sesterterpene, cacospongionolide F (127),
was isolated from Fasciospongia cavernosa from the northern Adriatic Sea
and its absolute stereochemistry was determined using the modified Mosh-
er’s method [68]. An asymmetric synthesis of (-)-cacospongionolide F (127),
isolated from Fasciospongia cavernosa [69], confirmed the original stereo-
chemical assignments [69]. Dysidea etheria from the Caribbean contained
the sesterterpene dysidiolide (128), which inhibited the cdc25A protein phos-
phatase. The structure of dysidiolide (128) was determined by single-crystal
X-ray diffraction [70]. The absolute configuration of dysidolide (128) has
been determined by total synthesis [71]. Syntheses of (+)-dysidiolide (128)
have been reported [72-81]. The structures proposed for cladocorans A (129)

128 129 R=Ac 131R=Ac
130R=H 132R=H
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and B (130), isolated from the Mediterranean anthozoan Cladocora cespi-
tosa [82], are in question as spectroscopic data of synthetic materials (131
and 132) were not identical to data reported for the natural products [83].
The stereochemistries of sesterterpenes cladocorans A (131) and B (132)
have been revised as 133 and 134 by total synthesis [84], while preparation
and testing of related stereoisomers indicated the series exhibits cytotoxicity
toward a panel of human tumor cell lines [85]. Inhibition of secretory phos-
pholipase A; by cladocorans A and B and their diastereomers almost equaled
that of manoalide [86]. Stoeba extensa (Japan) gave the cytotoxic furanoses-
terterpenoid shinsonefuran (135) [63].

HO

o]

133R=Ac 135
134R=H

5
Tricarbocyclic Furanosesterterpenoids

The synthesis of 136 has been reported [87]. Aplysolide A (137) and its iso-
mer aplysolide B, together with aplyolide A (138), are hydroxybutenolides
obtained from an Aplysinopsis species, and their syntheses were reported [88,
89]. Spongianolide A (139) was synthesized [90, 91]. Cavernosolide (140) has
been isolated from the Tyrrhenian sponge Fasciospongia cavernosa. Caver-
nosolide (140) showed potent activity in the Artemia salina bioassay and
a moderate toxicity in a fish (Gambusia affinis) lethality assay [92]. The
absolute configuration of cavernosolide (140) has been determined [47].

0S0y
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005

139 140

Bioassay-guided isolation of serine protease inhibitors from Coscinoderma
mathewsi yielded the 1-methylherbipoline salt (141) [93]. Lintenolides F
(142) and G (143) are two additional antiproliferative sesterterpenes from
the Caribbean sponge Cacospongia cf. linteiformis [94]. Five potent and se-
lective phospholipase A, inhibitors, petrosaspongiolides M (144), N (145),
P (146), Q (147), and R (148), were obtained from Petrosaspongia nigra
from New Aledonia [95]. Petrosaspongiolide M reduces morphine with-
drawal in vitro [96] and protects against 2,4,6-trinitrobenzenesulfonic acid-
induced colonic inflammation in mice [97]. A structural comparison of the
PLA, inhibitory activity of the petrosaspongiolides was reported [98]. 21-Hy-
droxypetrosaspongiolide P (149) was isolated as an anti-inflammatory agent
from a Spongia sp. from Vanuatu [99]. Three tricarbocyclic sesterterpenoids
150-152 of the cheilanthane class isolated from a Queensland Ircinia sp. were
found to be inhibitors of MSK1 and MAPKAPK-2 protein kinases [100]. Hyr-

OAc
H =

144R=H
142 143 145 R = OAc

146 R=H

147 R =OAc 148 149
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154 R =H 156 R;= CH,0Ac, R, = OAc
153 155R = Ac 157 Ry = CH,0H, R, = OAc
158 R; = CHO, R, = OAc

159 R,=COOH, R, = OAc
160 R; = CH,0H, R, = OH
161 R; = COOH, R, = OH

tiosal (153) was isolated from the Okinawan marine sponge, Hyrtios erecta.
Hyrtiosal (153) was synthesized [101]. The absolute configuration of (-)-
hyrtiosal (153) was determined by synthesis from sclareol [102]. Hyrtios erec-
tus (Hainan Is., China) contained the two formyl hyrtiosal congeners 154 and
155 [103]. Six sesterterpenes, petrosaspongiolides C-]J (156-161), and two
norsesterterpenes 162, were isolated as cytotoxic metabolites of Petrosaspon-
gia nigra from New Caledonia [104]. Related ketal 163 has been isolated
from a sponge originally assigned [105] to the genus Dactylospongia but now
known [106] to be Petrosaspongia nigra. Lintenolides C-E (164-166) are ad-
ditional sesterterpenes from Cacospongia cf. linteiformis from the Caribbean
that inhibit fish feeding [107].

= CH,0Ac

162 163 164
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6
Tetracarbocyclic Furanosesterterpenoids

The scalaranes are amongst the most common sesterterpenoids and are
found in a number of marine sponges, particularly from the family Dicty-
oceratida. They form a closely related series of compounds. In a number of
instances these sesterterpenoids have also been isolated from a nudibranch
that is associated with a sponge, and hence the sesterterpenoid in the nudi-
branch may have a dietary origin. Using bioassay-guided fractionation, het-
eronemin (167) was reisolated as a farnesyl transferase inhibitor from Hyrtios
reticulate [108]. Scalarolide (168) was obtained from Spongia idia. The X-ray
crystallographic data for scalarolides (168), which are metabolites of sponges
of the family Thorectidae, have been reported [109]. These compounds have
an ecological role in preventing predation. Spongia matamata from Palau
contained 12a-acetoxy-19p-hydroxyscalara-15,17-dien-20,19-olide (169) and
121,16 8-diacetoxyscalarolbutenolide (170) [110]. A specimen of Cacospon-
gia scalaris from Tarifa Island, Spain, contained scalarane sesterterpenes
12-epi-acetylscalarolide (171) and 16-acetylfuroscalarol (172) [111]. A Ca-
cospongia sp. from New Zealand contained 12-desacetylfuroscalar-16-one
(173) [112]. Four cytotoxic scalarane sesterterpenes 174-177 were obtained
from a Japanese specimen of Hyrtios erecta: the structure of sesterterpene
174 was determined by X-ray crystallography [113]. A specimen of H. erecta
from the Maldives contained the cytotoxic sesterterpenes sesterstatins 1-5
(178-182): the structures of sesterstatins 4 (181) and 5 (182) were deter-

AcO,
OH

OAc

167 168 169

170 171 172
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175 R = OH
173 174 176 R=H

181 Ry=H, R, =0OH
180 182R;=0H,R,=H 183

mined by X-ray analysis [114, 115]. Spongia agaricina from Cadiz, Spain, con-
tained the sesterterpenes 12,16-di-epi-12-O-deacetyl-16-O-acetylfuroscalarol
(183) and 16-epi-scalarolbutenolide (184) [116]. The X-ray crystallographic
data for 12-epi-scalarins (185), which are metabolites of sponges of the family
Thorectidae, have been reported [109]. A specimen of Coscinoderma math-
ewsi from Pohnpei contained two sesterterpenes 186 and 187 that have an
unusual cis geometry about the B/C ring junction [117]. Two scalaranes,
hyrtiolide (188) and 16-hydroxyscalariolide (189) were obtained from an Ok-
inawan specimen of H. erectus [118]. Hyrtios erecta collected from the Egyp-
tian Red Sea was found to contain salmahyrtisol B (190) and 3-acetyl- and
19-acetyl-sesterstatin (191 and 192), all of which showed significant cytotox-
icity in human cancer cell lines [119]. The pentacyclic diacetate 16-acetoxy-
dihydrodeoxoscalarin (193) was obtained from specimens of Cacospongia
scalaris collected in Greece [34]. A Spongia species collected in Japan yielded
three cytotoxic pentacyclic sesterterpenoids 194-196 [120]. Hyrtios erectus
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HO,
OAc O
(6]
185 186
(e}
OH 0
NS
OH
187 188 189

191 Ry = H, R, = OAc
192 R, = OAc, R, = H

194 195 196

(Hainan Is., China) contained 12a-O-acetylhyrtiolide (197) [103]. A new
scalarane-type pentacyclic sesterterpene, sesterstatin 6 (198), was isolated
from the Republic of Maldives marine sponge Hyrtios erecta. The struc-
ture was elucidated by analyses with HRMS and high-field 2-D NMR spec-
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197 198 199

tra. Sesterstatin 6 showed significant cancer cell growth inhibition against
murine P388 lymphocytic leukemia and a series of human tumor cell lines,
and proved to be the most inhibitory of the series [121]. A new scalarane-
type pentacyclic sesterterpene, sesterstatin 7 (199) was isolated from the
Red Sea sponge Hyrtios erecta. Sesterstatin 7 showed 63% inhibition of
Mycobacterium tuberculosis (H37Rv) [122]. A new scalarane-type sester-
terpene, 12-deacetoxyscalarin 19-acetate (200), was isolated from the Thai
sponge Brachiaster sp., and showed an interesting bioactivity profile in pos-
sessing potent antitubercular activity and being practically inactive in the
cytotoxicity bioassay [52]. The sponge Hyatella intestinalis from the Gulf
of California contains the new scalarane-related sesterterpenes hyatelones
A-C (201-203), together with the new scalaranes hyatolides C-E (204-206)
and 12-O-deacetyl-19-epi-scalarin 207. Hyatelone A has shown activity as

202 Ry=R3=H, Ry = OH

200 201 203 R1=R;=H,R3=0H

204 R; = OH, Ry=H

205 R4 =H, R,=0H 206 207
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a growth inhibitor of several tumor cell lines [123]. Hyrtiosins A-E (208-212)
are five new scalarane sesterterpenes from the South China Sea sponge Hyr-
tios erecta [124]. Three further scalaranetype sesterterpenoids 213-215 were
obtained from a Papua New Guinean specimen of Ledenfeldia frondosa [125].
Three scalarane sesterterpenes 216-218 were isolated from a marine sponge
of the genus Spongia. The isolated compounds showed potent inhibition of
transactivation for the nuclear hormone receptor, FXR (farnesoid X-activated
receptor), which is a promising drug target to treat hypercholesterolemia in
humans [126]. Scalarane-type sesterterpene PHC-5 (219), which has been iso-
lated from a marine sponge Phyllospongia chondrodes collected at Yaeyama
Islands, Okinawa, Japan, increased hemoglobin production in human chronic
myelogenous leukemia cell line K562. This sesterterpene was found to in-
duce erythroid differentiation in K562 cells [127]. Various bis-homoscalarins
that contain extra alkyl groups at C-19 (or C-24) and C-24 have been ob-
tained from sponges. Two homoscalarins, phyllactones H and I, which are
C-24 isomers of the bis-homoscalaranes 220 and 221, have been isolated from
a Chinese species of Phyllospongia [128]. As part of a chemotaxonomic study
of Indo-Pacific foliose sponges, 3-hydroxy-20,22-dimethyl-20-deoxoscalarin
(222) was identified as a metabolite of a Solomon Islands sponge known
either as Phyllospongia vermicularis or Dysidea vermicularis, while the cor-
responding ketone, 3-0x0-20,22-dimethyl-20-deoxoscalarin (223) was char-

208 Ry =Ry =AcO, Ry = R, = H
209 Ry = Ry=H, R, = Ry = AcO 211R;=OH, R, =H
210R;=R3=H, R, =R, = AcO 212R;=H, R, =Ac 213

216 Ry = OAc, R, = CH,0Ac, Rz = OH
217 Ry = OH, R, = CH,0OH, R3 = OH
214 215 218 Ry = OH, R, = Me, R3 = OMe
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0}
OH ¢}

OH

220 Me 260
219 221 Me 268 222

acterized as a metabolite of an Indonesian Carteriospongia sp., although
it had previously been reported without supporting data as a constituent
of Dysidea herbacea [129]. Strepsichordaia aliena from Indonesia contained
bis-homoscalaranes honulactones A-L (224-235) and phyllofolactones H-K
(236-239); honulactones A-D (224-227), for which the structures 225 and
227 were determined by X-ray analysis, were shown to be cytotoxic [130,
131]. Five inhibitors of in vitro HIV-1 envelope-mediated fusion, the phyl-
lolactones A-E (240-244), were obtained from specimens of Phyllospongia

R,0!

224R; =Me, Ry = H, Ry =p-Me 226 R; = Me, R, = COMe, R; = B-Me

225 R, = Me, Ry = H, R; = o-Me 227 R; = Me, R, = COMe, R, = a-Me
228 R = Et, R, = H, Ry = p-Me 232 R = Et, R, = COMe, R; = B-Me

229 R, = Et, Ry = H, Ry = o-Me 233 R, = Et, R, = COMe, Ry = o-Me
230 R, = Me, R, = OH, Ry = p-Me 234 R, = Me, R, = COEt, Ry = p-Me

231 R; = Me, R, = OH, Ry = o-Me 235 R, = Me, R, = COEt, Ry = a-Me

236 R; = Me, Ry =p-Me 240 R, = CH,CH,CHg, R = H

237 Ry = Me, Ry = o-Me 241 R, = CH,CHg, R, =H
238 R = Et, R, = B-Me 242 Ry= Me, Ry = H

239 R, = Et, R, = a-Me 243 R, =CH,CH3, R, = Ac 244
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lamellose [132]. A species of Phyllospongia collected in Indonesia yielded the
scalarane sesterterpenoid 245 [133].

7
Conclusion

Along with the development of new analytical instruments and techniques
over the past 30 years, a variety of furanosesterterpenoids have been iso-
lated and characterized from marine sponges. Further chemical and biolog-
ical studies on these furanosesterterpenoids should contribute to a deeper
understanding of their roles in nature. Also, intensive studies involving the
comprehensive evaluation of these molecules may lead to the creation of
a new field in bioscience. This review has pointed out the continued finding
of new furanosesterterpenoids from marine sponges.
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Abstract The inhibitory action of polyanionic substances on virus replication was re-
ported more than 50 years ago. Seaweeds, marine invertebrates, and higher plants
represent abundant sources of novel compounds of proved antiviral activity. Natural sul-
fated polysaccharides (SPs) are potent in vitro inhibitors of a wide variety of enveloped
viruses, such as herpes simplex virus (HSV) types 1 and 2, human immunodeficiency
virus (HIV), human cytomegalovirus (HCMV), dengue virus (DENV), respiratory syncy-
tial virus (RSV), and influenza A virus. Several polysulfate compounds have the potential
to inhibit virus replication by blocking the virion binding to the host cell. In contrast,
their in vivo efficacy in animal and human systemic infections has undesirable draw-
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backs, such as poor absorption, toxic side effects, inability to reach target tissues, and
anticoagulant properties. At the present time, SPs have been tested in clinical trials as
topical microbicides to prevent sexually transmitted diseases caused by diverse pathogens
including viruses, bacteria, fungi, and parasites. The resistance to antiviral agents that
arises during drug treatment is one of the reasons for the continuous search for new com-
pounds. In this respect, SPs are considered suitable tools to prevent viral infections in
humans and to be used as a new strategy for antiviral chemotherapy.

Keywords Antiviral activity - Chemical structure - Natural sulfated polysaccharides -
Polyanions - Seaweeds

Abbreviations

AIDS  Acquired immunodeficiency syndrome
ARI Acute respiratory infection

CCso 50% Cytotoxic concentration
DENV  Dengue virus

DS Dextran sulfate

GAG Glycosaminoglycan

HA Hemagglutinin

HAART Highly active antiretroviral therapy
HCMV Human cytomegalovirus

HCV  Hepatitis C virus

HIV Human immunodeficiency virus
HN Hemagglutinin neuraminidase
HPV Human papillomavirus

HS Heparan sulfate

HSV Herpes simplex virus

HVEM Herpesvirus entry mediator
ICs 50% Inhibitory concentration
JEV Japanese encephalitis virus
MVEV  Murray Valley encephalitis virus
PIV Parainfluenza virus

RSV Respiratory syncytial virus

SI Selectivity index

Sp Sulfated polysaccharide

SX Sulfated xylan

TBEV  Tick-borne encephalitis virus
TK Thymidine kinase

WHO  World Health Organization
WNV  West Nile virus

YFV Yellow fever virus
1
Introduction

There are many classes of chemical compounds with putative antiviral ef-
fects. One such class is known broadly as sulfated polysaccharides (SPs). They
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include sulfated homopolysaccharides, sulfated heteropolysaccharides, sulfo-
glycolipids, carrageenans, and fucoidans. SPs are believed to be of potential
therapeutic importance because they can mimic sugar-rich molecules known
as glycosaminoglycans (GAGs) present in cell membranes. Examples of GAGs
which are important in mammalian physiology are heparan sulfate (HS),
dermatan sulfate, and chondroitin sulfate. HS receptors on cell surfaces are
important in many physiological and pathological processes and are essential
points for viral entry in susceptible cells. It has been postulated that SPs may
compete for binding sites normally occupied by GAGs and thus inhibit these
processes.

Polysaccharides of biological origin (from yeasts, algae, marine inver-
tebrates, bacteria, higher plants, and fungi) constitute a class of natural
products with low mammalian toxicity that are currently regarded as hav-
ing many biological properties, such as anticoagulant, antithrombotic, anti-
inflammatory, antitumoral, contraceptive, and antiviral activities. They have
diverse functions in their tissues of origin, presenting complex and often het-
erogeneous structures, and therefore they are not easy subjects for structural
determination [1].

Many studies have been conducted to investigate the in vitro antiviral
activity of various SPs. Studies have generally concentrated on synthetic dex-
tran sulfates (DSs), pentosan sulfates, clinically used heparins, and seaweed-
derived carrageenans. Some reviews reported that sulfated homopolysaccha-
rides are more potent than sulfated heteropolysaccharides [2, 3]. In general,
polysaccharides exhibiting antiviral potential are highly sulfated [4].

The marine environment provides a rich source of chemical diversity for
the screening and identification of new compounds with desirable antivi-
ral properties [5, 6]. Of interest in this context are polysaccharides produced
by some species of algae. These compounds have shown promising activ-
ity against a variety of animal enveloped viruses, such as herpes simplex
virus (HSV) types 1 and 2, human immunodeficiency virus (HIV), human
cytomegalovirus (HCMYV), dengue virus (DENV), respiratory syncytial virus
(RSV), human papillomavirus (HPV), and influenza A virus [3]. Previous
studies showed that polysulfates have the potential to inhibit virus replication
by shielding off the positively charged sites of the viral envelope glycopro-
tein which are necessary for virus attachment to cell surface HS, a primary
binding site, before more specific binding occurs to the cell receptors [7, 8].
This general mechanism also explains the broad antiviral activity of polysul-
fates against enveloped viruses. Variations in the viral envelope glycoprotein
region may result in differences in the susceptibility of different enveloped
viruses to this type of compound [3]. On the contrary, other studies showed
that these polysaccharides did not interfere with virus attachment or penetra-
tion, but they did prevent viral protein synthesis [9, 10].

In view of the dramatic situation of the global HIV/AIDS epidemic, and
a possible spread of avian influenza and other viral diseases, the search
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for potent antiviral agents is urgent. Effective antiviral therapeutics are not
available, and the presently approved therapy for HIV (HAART) has been rec-
ognized to be toxic, unable to eradicate the causative virus, and to induce
severe drug resistance [11]. In this situation, more attention should be paid
to the search for antiviral agents present in natural products. Marine algae are
one of the richest sources of bioactive compounds, and need to be thoroughly
investigated [12].

2
Structural Characteristics

2.1
Sulfated Polysaccharides from Red Seaweeds

The major matrix-phase polysaccharides are sulfated galactans. These ga-
lactans consist mainly of linear chains of alternating 3-linked S-p-galacto-
pyranosyl and 4-linked «-galactopyranosyl units, which are classified either
as carrageenans if the 4-linked residue is in the D configuration or agarans
if the 4-linked residue is in the L configuration. A substantial part of the
4-linked residues may exist in the form of a 3,6-anhydro derivative.

2.1.1
Carrageenans

Carrageenans are only seldom pyruvylated or methoxylated. Variations in
their structure originate mainly from their sulfation pattern and/or the ap-
pearance of 3,6-anhydrogalactose [13-15]. Taking into account the sulfation
of the 3-linked unit, carrageenans may be grouped into two main families,
each of them including different idealized structures. In the « family, the
3-linked unit is sulfated in the 4-position and comprises four natural ide-
alized structures which are designated by the Greek letters u-, v-, k-, and
t-carrageenan (Fig. 1). Sulfation on the 2-position gives rise to the A fam-
ily, A- and 6-carrageenan being the corresponding natural idealized struc-
tures (Fig. 2). Recently, it has been reported [16] that Callophyllis hombro-
niana biosynthesizes mainly 0-carrageenan; in C. variegata, 6-carrageenan
was also found, but together with a novel carrageenan backbone consti-
tuted by S-D-galactose 2-sulfate linked to «-D-galactose 2,3,6-trisulfate and
p-D-galactose 2,4-disulfate linked to 3,6-anhydro-a-D-galactose 2-sulfate as
dominant repeating units (Fig. 3) [17]. Native polysaccharides obtained from
various seaweeds are constituted mainly by one of these repeating units, but
more often they are “hybrids” containing the same molecule regions formed
by the “ideal” sequences shown above [13-15].
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Fig.2 Carrageenans of the A family

2.1.2
Agarans

Agarans are typically low in sulfate ester substitution, but those from numer-
ous sources are rich in methyl ether or pyruvate acetal substitution; in add-
ition, glycosyl substitution (galactosyl, 4-O-methyl-L-galactosyl and/or xylo-
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Fig.3 Novel repeating units in the carrageenans from Callophyllis variegata

syl) has also been reported. Due to the complexity and diversity of the substi-
tution pattern, it has not been possible to classify agarans into “ideal struc-
tures”. Actually, only the term agarose has a strict chemical sense (Fig. 4),
whereas other polysaccharides of the group are usually termed according to
the algal species from which they were isolated [13-15]. Figure 4 also shows
the basic structure of the agaran backbone sulfated on the 6-position of the
a-L-galactopyranosyl residue (porphyran).
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OH OH

CH,OH
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OH
Porphyran

Fig.4 Agarose and porphyran repeating units
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213
DL-Hybrid Galactans

As has been mentioned above, in carrageenans the 4-linked residues are in
the D configuration, while in agarans they belong to the L series. However, in
several red seaweeds, galactans which do not fit into this classification were
found. These polysaccharides, called DL-hybrid galactans, contain 4-linked
units in both D and L configuration. Even though there is a lot of circumstan-
tial evidence which suggests the real presence of these hybrids, no absolute
proof of their existence has ever been obtained. Actually, the absolute proof
would be the isolation of oligosaccharide fragments derived from the junction
region of the agaran and carrageenan moieties [14,15,18]. Figure 5 shows
a possible agaran and carrageenan domain in DL-hybrid galactans.

o
o OH
HOCH
Ho CH20H g o
OH
o OH
o]
oH HOCH; o oH
CH,OH
OH
0
-~ o B
OH
A

Fig.5 DL-hybrid galactans: A agaran domain, B junction region, and C carrageenan do-
main

2.1.4
Sulfated Xylomannans

The red seaweed Nothogenia fastigiata synthesizes a complex system of
polysaccharides comprising neutral xylans of the B-p-(1—3), 8-D-(1—4)
“mixed linkage” type, sulfated xylogalactans of the agaran type, and a fam-
ily of «-(1— 3)-linked pD-mannans 2- and 6-sulfated and having single stubs
of B-(1—2)-linked D-xylose [19-21]. Figure 6 shows the general substitution
pattern of these xylomannans. Similar mannan backbones, but sulfated in
the 4- and 6-positions, were detected in Nemalion vermiculare [13,22] and
Liagora valida [13, 23].
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Fig.6 Mannans from Nothogenia fastigiata

2.2
Polysaccharides from Brown Seaweeds

Brown seaweeds are known to produce different polysaccharides, namely
alginates, laminarans, and fucoidans. Fucoidans always contain essentially
L-fucose and sulfate, together with minor amounts of p-xylose, D-galactose,
D-mannose, and D-glucuronic acid [24]. In spite of the many studies attempt-
ing to determine the fine structure of the fucoidans, only a few examples
of regularity were found. The differences in the structural details are not
due to the heterogeneity of the samples but to extreme compositional and
structural dispersion, much larger than that normally found in plant polysac-
charides [15, 24, 25].

When fucoidans of Adenocystis utricularis and Sargassum stenophyllum
were precipitated with cetrimide and the insoluble complexes were subjected
to fractional solubilization in solutions of increasing sodium chloride con-
centration, it was observed that fractions with high percentages of uronic
acid and low sulfate content were dissolved at sodium chloride concentrations
lower than 2.0-2.5 M: these fractions contained major amounts of L-fucose,
D-xylose, and D-galactose, together with mannose and glucose. At higher
sodium chloride concentrations, fractions with high sulfate content and com-
prising mainly fucose and galactose were obtained. Thus, fucoidans may be
grouped into two sets: uronofucoidans and galactofucans [24, 25].

Structural analysis of the galactofucans from Adenocystis utricularis
showed that the fucan constituent was mainly composed of a 3-linked «-L-
fucopyranosyl backbone, mostly sulfated at C-4, and branched at C-2 with
nonsulfated fucopyranosyl and fucofuranosyl units and 2-sulfated fucopyra-
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nosyl residues. The galactan moiety was more heterogeneous, with galactopy-
ranose units linked on C-3 and C-6 and sulfation mostly on C-4 [24].

When Bilan et al. [26] fractionated the crude fucoidan of Fucus evanescens
by ion-exchange chromatography on DEAE-Sephacel, using aqueous sodium
chloride of increasing sodium chloride concentration as eluent, a fraction
which was essentially a homofucan sulfate was isolated. This homofucan
was shown to contain a linear backbone of alternating 3- and 4-linked-o-L-
fucopyranose 2-sulfate residues. Also, some additional sulfation was observed
on C-4 of the 3-linked residues, whereas a part of the remaining hydroxyl
groups was randomly acetylated.

23
Other Polysaccharides

A broad range of polysaccharides have emerged as an important class of
bioactive molecules which occur naturally in a great variety of plants and mi-
croorganisms. Recently, it has been reported that sulfated cellulose could be
used to prevent and treat HPV; however, there is no clear information about
the positions of sulfation [27, 28] or if cellulose is persulfated.

Previous studies revealed that the sodium spirulan isolated from Spir-
ulina platensis consists of 3-linked rhamnopyranosyl, 2-linked 3-O-methyl-
rhamnopyranosyl, and 3,4-linked hexuronopyranosyl residues; the first unit
was sulfated on C-2 or disulfated on C-2 and C-4, and the second one was
sulfated on C-4. Recently, Lee et al. [29] evaluated the effect of partial desul-
fation and oversulfation of this polysaccharide against HSV-1 and HSV-2 (see
below).

3
Spectrum of Antiviral Activity

Natural SPs are effective in inhibiting a wide range of enveloped viruses,
whereas nonenveloped viruses are not significantly susceptible to these com-
pounds. The degree of inhibitory activity varies with the compound and
the virus. The current status of antiviral studies performed with the human
pathogenic viruses more susceptible to these polysulfates is presented in this
section.

3.1
Herpesviruses

HSV was one of the first viruses to be reported as susceptible to the antiviral
action of SPs more than 50 years ago, when the antiherpetic effect of syn-
thetic and natural polyanionic substances was reported [30, 31]. From these
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initial studies, and based on the need to find new antiviral strategies to com-
bat herpetic infections, the more prevalent human pathogens of the family
Herpesviridae, such as HSV type 1 (HSV-1), HSV type 2 (HSV-2), and HCMYV,
have turned out to be one of the main candidate groups for evaluation of
polysulfates [32]. In fact, these herpesviruses represent viral agents highly
susceptible to the effect of SPs. This field of antiviral research came into the
focus of interest of many recently published studies evaluating the inhibitory
effect against herpesviruses of natural polysaccharides isolated from algae,
cyanobacteria, and plants with diverse structural characteristics.

Among algal derivatives, the SPs extracted from red seaweeds represent the
more extensively analyzed type of polyanionic virus inhibitors. In this group,
the highly effective antiherpesvirus compounds include: xylomannans from
Nothogenia fastigiata [21]; carrageenans from Gigartina skottsbergii [33],
Gymnogongrus griffithsiae [34], Meristiella gelidium [35], and Stenogramme
interrupta [36]; galactans from Bostrychia montagnei [37], Gymnogongrus
torulosus [38], Cryptonemia crenulata [34], Callophyllis variegata [17], and
Schizymenia binderi [39]; and agarans from Acantophora spicifera [40].

Although much less studied in their chemical properties and biological
activities than the red seaweeds, the brown and green algae have also been re-
ported as providers of antiviral SPs. In general, sulfated fucans and fucoidans
are the main antiviral polysaccharidic components extracted from Ameri-
can and Asian located brown algae of the species Leathessia difformis [41],
Adenocystis utricularis [24], Stoechospermum marginatum [42], Undaria pin-
natifida [43,44], Sargassum horneri [45], and Sargassum patens [46,47].
Some SPs from the green algae Enteromorpha compressa, Monostroma ni-
tidum, Caulerpa brachypus, Caulerpa okamurai, Caulerpa scapelliformis,
Caulerpa racemosa, Chaetomorpha crassa, Chaetomorpha spiralis, Codium
adhaerens, Codium fragile, and Codium latum, and four synthetic sulfated
xylans (SXs) prepared from the 8-1,3-xylan of Caulerpa brachypus, showed
potent anti-HSV-1 activities with 50% inhibitory concentrations (ICsp) of
0.38-8.5 pgml™!, while having low cytotoxicities. Anti-HSV-1 activities of
SXs were dependent on their degrees of sulfation. Some polysaccharides
obtained from Caulerpa brachypus and Codium latum showed strong anti-
HSV-1 activities even when added to the medium 8 h postinfection [10]. The
compounds mainly containing glucose, xylose, galactose, and arabinose are
promising antiherpetic agents [10, 48, 49].

Microorganisms are also an interesting alternative source of SPs with
antiviral activity against herpesvirus. In particular, calcium spirulan and in-
tracellular and extracellular spirulan-like substances with pronounced and
selective antiviral activity against HSV-1 and HCMV were isolated from
cyanobacteria (previously named blue-green algae), such as Spirulina platen-
sis [50] and Arthrospira platensis [51], whereas marine Pseudomonas species
produced anti-HSV-1 active extracellular GAGs and SPs [52]. Interestingly,
an acidic polysaccharide named nostoflan, isolated from the terrestrial
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cyanobacterium Nostoc flagelliforme, was also found to be active against
HSV-1 and HCMV [53]. Nostoflan might be mainly composed of two types
of sugar sequence and exhibited a selectivity index of 13000, as high as those
corresponding to the most effective SPs. Also naviculan, a polysaccharide
isolated from the diatom Navicula directa, showed antiviral activity against
HSV-1 and HSV-2 [54].

Polysaccharides active against herpesvirus were also obtained from plant
extracts like Prunella vulgaris [55, 56] and Cedrela tubiflora [57]. In an inter-
esting study performed by Liu et al. [58], they reported the anti-HSV activity
of a neutral polysaccharide isolated from a traditional Chinese medicinal
herb, Polygonatum cyrtonema Hua, as well as the hydrolyzed fragment de-
rived from the polymer. The authors demonstrated that oligosaccharides with
a degree of polymerization of 3-5 without branches retained antiviral activity.
Similarly, a low molecular weight substance named PI-88, which is a mixture
of highly sulfated mannose-containing di- to hexasaccharides, inhibited HSV
infection of cells and cell-to-cell spread of HSV-1 and HSV-2 [59]. Compared
to a relatively large heparin polysaccharide, PI-88 demonstrated weaker inhi-
bition of HSV infectivity but more efficient reduction of cell-to-cell spread of
HSV. A tetrasaccharide fraction of PI-88 was the minimum fragment neces-
sary to inhibit HSV-1 infectivity, while a trisaccharide was sufficient to reduce
cell-to-cell spread. These small oligosaccharides, of natural or synthetic ori-
gin, represent a therapeutically valuable alternative to be assayed in systemic
in vivo model infections.

From all this wide spectrum of polysulfates, the red seaweed-derived
polysaccharides represent the most potent and selective antiviral agents
able to block HSV replication in cell culture at concentrations as low
as 0.1-1pugml™! without causing cell toxicity at concentrations up to
1-5mg ml~!. Thus, the selectivity index (SI), i.e., the relationship between the
cytotoxic dose (measured as 50% cytotoxic concentration (CCsg), concentra-
tion required to reduce cell viability by 50%) and the effective antiviral dose
(determined as ICsg, concentration required to reduce virus cytopathic effect
by 50%), is in the order 1000-50 000, values not easy to afford for any com-
pound. Furthermore, carrageenans and galactans are effective inhibitors of
herpesviruses independently of the antiviral assay, either cytopathic effect,
plaque number, virus yield, or antigen expression reduction tests, and, more
importantly, their effectiveness is not significantly affected by the input multi-
plicity of infection. For example, a substantial increase in virus inoculum,
approximately 1000-10 000 times, required for the virus yield experiments in
comparison with plaque reduction assays did not greatly alter the antiviral
effectiveness of diverse types of carrageenans [33], in contrast to the results
obtained with other antiviral drugs. An additional hallmark is the fact that
these selective antiviral polysulfates can be obtained from the sea algae, and
thus they can be prepared and made available in large quantities at low cost.
At this point it must be noticed that both homogeneous purified compounds
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and crude polysaccharide extracts are highly active and selective anti-HSV
agents.

Mode of action studies are consistent with the initial virus attachment
to the host cell receptor as the main target of SPs isolated from natural
sources or of commercial origin [33, 38, 60]. In the antiviral assays performed
in vitro, this class of compounds was effective only when added simultan-
eously with virus or immediately after infection, and usually full inhibitory
activity was achieved only when the compound was present during the virus
adsorption period. For HSV, the initial step in the multiplication cycle is
the binding of the glycoprotein gC, and in some cases the glycoprotein gB,
to cell surface GAGs, preferentially HS chains, which are found in the form
of proteoglycans on cell surfaces or in the extracellular matrix of all mam-
malian organs and tissues [61-63]. After attachment to HS, the viral gly-
coprotein gD binds to a second set of receptors or coreceptors required for
entry and termed herpesvirus entry mediators (HVEMs) [64]. The interaction
gD-HVEMs triggers the fusion of the virion envelope with the cell membrane
to allow virus penetration to the cell cytoplasm. The coreceptors are vari-
able according to the cell type, but always the initial binding to HS allows
concentration of the virus on the cell surface and hence facilitates its subse-
quent binding to the coreceptor and the efficiency of the infection. Thus, the
SP inhibitors of herpesviruses interfere with the interaction of gC with HS by
occupying the sites in the virion envelope necessary for attachment of virions
to HS [65].

The interaction of SP with the external glycoprotein may not only pre-
vent the attachment of virus to the cell receptor blocking adsorption, but
also the possibility of a direct inactivating effect on virion infectivity can
be considered. This virucidal activity is measured by pretreatment of the
virus suspensions with the polysulfates in a cell-free system, and then the
mixtures are diluted and incubated with the cell cultures to determine the re-
maining virus infectivity. In most cases, virion pretreatment with SP did not
produce loss of infectivity. Occasionally, virucidal activity was detected for
some compounds but at concentrations highly exceeding the ICsg, and a no-
ticeable exception of polysulfate with virucidal activity against HSV was the
A-carrageenan from Gigartina skottsbergii [33]. It may be assumed that viru-
cidal polysulfates bind with high affinity to the virion, leading to the forma-
tion of a very stable virion-compound complex without chance of reversibility
when the complex is added to the cell. The irreversible and virucidal action
of the A-carrageenan against HSV-2 seems to be responsible for the protec-
tive effect on vaginal infection in a murine model [66]. Besides, despite the
lack of virucidal activity, the partially cyclized p/v-carrageenan from the
same alga protected mice against intraperitoneal infection with HSV-1 [67].
None of these carrageenans exhibited significant levels of cytotoxicity or anti-
coagulant activity [68]. Zeitlin et al. tested a range of antiviral substances
for their possible effectiveness as vaginal microbicides against genital herpes
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in mice, and found that carrageenan and fucoidan are good candidates for
further development [69].

The serial passage in cell culture of HSV-1 in the presence of increas-
ing concentrations of carrageenans has shown a very slow induction of drug
resistance. In contrast to the behavior of other antiviral drugs such as acy-
clovir, which select very rapidly for highly resistant mutants, several passages
were required to obtain HSV variants with a reduced susceptibility to the
SP [70]. However, the isolation of viral resistant mutants is very slow but
consistent, indicating the requirement of a specific interaction between virus
and polysulfates. In addition, polysulfates were inhibitory against thymidine
kinase (TK) acyclovir-resistant HSV-1 mutants [33,34]. The lack of cross-
resistance to nucleoside analogues is not surprising, given the differential
target of both types of inhibitors. But this finding opens an interesting al-
ternative for the tentative use of SPs in combination with nucleoside ana-
logues against HSV infections, particularly in immunocompromised patients
who require prolonged antiviral treatment and are prone to select for drug-
resistant strains.

3.2
Retroviruses

HIV infection in humans is now pandemic. As of January 2006, the Joint
United Nations Programme on HIV/AIDS (UNAIDS) and the World Health
Organization (WHO) estimate that AIDS has killed more than 25 million
people since it was first recognized on December 1, 1981, making it one
of the most destructive pandemics in recorded history. Antiretroviral treat-
ment reduces both the mortality and the morbidity of HIV infection, but
routine access to antiretroviral medication is not available in all countries.
An alternative therapy to circumvent this problem is the use of polyanionic
substances, which demonstrated a number of promising features as poten-
tial anti-HIV drug candidates. In this respect, various SPs (e.g., heparin,
DS, dextrin sulfate, cyclodextrin sulfate, curdlan sulfate, pentosan polysul-
fate, mannan sulfate, sulfoevernan, and fucoidan) and derivatives thereof
(e.g., O-acylated heparin, polyacetal polysulfate, polyvinyl alcohol sulfate, and
modified cyclodextrin sulfates) have been found to inhibit HIV replication
in vitro at concentrations that are up to 10 000-fold lower than the cytotoxic
concentration [2,71].

These compounds are targeted at the interaction between the viral en-
velope glycoprotein gpl120 and the CD4 receptor. They not only inhibit
HIV-1-induced cytopathogenicity and HIV-1 antigen expression, but also
inhibit the activity of purified reverse transcriptase and RNase H, which
are essential for retrovirus replication [72]. SPs may act synergistically with
other anti-HIV drugs (e.g., azidothymidine (AZT)). They are known to lead
very slowly to virus drug-resistance development and they show activity
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against HIV mutants that have become resistant to reverse transcriptase in-
hibitors, such as AZT, tetrahydroimidazo[4,5,1-jk]-1,4-benzodiazepin-2(1H)-
thione (TIBO), and others [3].

In the search for new sources of anti-HIV compounds it was found that the
SP named naviculan, isolated from Navicula directa, had a marked inhibitory
effect on cell-cell fusion between CD4-expressing and HIV gp160-expressing
cells [54]. The gametic and tetrasporic reproductive stages from the Mediter-
ranean red alga Asparagopsis armata contain sulfated galactans that inhibited
HIV replication in vitro at 10 and 8 ugml™!, respectively, as measured by
HIV-induced syncytium formation as well as reverse transcriptase activity
in cell-free culture supernatant. The maximum antiviral effect involved the
presence of the polysaccharides after or during infection but not before in-
fection [4]. In addition, a synthetic polysaccharide prepared by sulfation of
astragalus polysaccharide, obtained from Astragalus membranaceus used as
a Mongolian herbal medicine, showed high anti-HIV activity and low cyto-
toxicity when assayed in vitro [73].

Many results show that several sulfonated polysaccharides inhibit both X4
and R5 viruses in vitro. HIV-1 isolates from newly infected individuals are
predominantly M-tropic and utilize CCR5 (R5), while T-tropic isolates that
use CXCR4 (X4) evolve later in the course of the disease. Given that these sul-
fonated polysaccharides are negatively charged molecules, it is believed that
their mechanism of action is to bind to the positively charged region of the
viral envelope [74, 75].

A number of reports have suggested that sulfated compounds, such as DS,
bind the V3 loop of X4 viruses more readily than they bind the loop of R5
viruses [76]. Consistent with this is the demonstration that DS fails to inhibit
R5 strains in vitro [75]. Because the envelope of R5 viruses is less positively
charged than that of X4 viruses [77, 78], there is controversy over whether
sulfated polymers will be effective in blocking R5 viruses. Ability to block
R5 viruses is critical for a microbicide, because even if both phenotypes are
transmitted together, it is the R5 viruses that are amplified during the initial
infection [79, 80].

3.3
Flaviviruses

Flavivirus is a genus of the family Flaviviridae composed of nearly 70
arthropod-borne viruses that cause important human diseases, such as yellow
fever virus (YFV), DENV, West Nile virus (WNV), and Japanese encephalitis
virus (JEV). They cause a variety of diseases including fever, encephalitis, and
hemorrhagic fever. In particular, DENV has reemerged in recent years as an
increasingly important public health threat affecting more than 100 countries
worldwide, with nearly 50 million infections each year and over 2.5 billion
people at risk [81].



Natural Sulfated Polysaccharides 273

Flaviviruses are included among the enveloped viruses recently reported as
dependent on cell surface HS to efficiently initiate cell infection. An involve-
ment of HS during attachment and entry through its binding to the virion
envelope glycoprotein E was initially demonstrated for DENV [82] and then
extended to YFV [83], tick-borne encephalitis virus (TBEV) [84], and Murray
Valley encephalitis virus (MVEV) [85], as well as to hepatitis C virus (HCV),
a member of the Hepacivirus genus of Flaviviridae [86].

In accordance with the finding of highly sulfated HS as a putative primary
receptor for these viruses, the effectiveness of heparin to prevent infection
of cultured cells by DENV was demonstrated [82,83,87], whereas diverse
algal SPs were also assayed and found able to block DENV infection. The
effective compounds included galactans [17, 38] and carrageenans [35, 88] ex-
tracted from red seaweeds collected from South America. The ICsq values of
these natural SPs against DENV-2 infection of monkey and human cell lines
were in the range 0.1-1 pg ml™!. Given their lack of toxicity at concentrations
as high as 1 mgml™!, these SPs can be considered very selective antidengue
agents able to inhibit the in vitro replication of DENV-2 at concentrations
that were up to 10000-fold lower than the cytotoxic concentrations. A no-
ticeable property exhibited by the carrageenans and galactans derived from
the seaweed Cryptonemia crenulata was the dependence of their antiviral
activity on the DENV serotype and the host cell [88]. This virus presents
four serotypes which cocirculate worldwide. The serotypes 2 and 3 are very
susceptible to the inhibitory activity of the polysulfates but, unfortunately,
the effectiveness of these compounds against DENV-1 and DENV-4 is very
low or negligible. A similar situation has been described for heparin [89].
With respect to the host cell, the polysaccharides were inhibitors of DENV-
2 and DENV-3 infection in mammalian cells but were inactive in mosquito
cells [88].

Surprisingly, mechanistic studies demonstrated that carrageenans and
galactans act not only by preventing DENV-2 adsorption to the host cell, but
also by blocking the complete process of internalization and release of viral
genome into the cytoplasm. In fact, the pL-galactan hybrid C2S-3 was found
to be an inhibitor of HSV attachment without any subsequent effect in the
HSV multiplication cycle, but the same compound could block both events
of attachment and internalization in DENV-2 infection [88, 90]. Probably, the
dissimilar action against DENV and HSV may be ascribed to differences in
the internalization process between both viruses.

Interestingly, the antiviral activity of HS mimetics against flaviviruses was
also demonstrated in vivo. Two sulfated galactomannans extracted from seeds
of Mimosa scabrella and Leucaena leucocephala, named BRS and LLS, respec-
tively, protected mice against intraperitoneal infection with YFV [91]. More
recently, the oligosaccharide PI-88 was assayed in vitro and in murine models
of flavivirus infection. This low molecular weight compound did not show in
vitro effectiveness but ameliorated disease in JEV and DENV-2 infected mice,
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providing a note of caution about the predictive accuracy of in vitro assays for
the in vivo therapeutic activity [92].

Structure-activity relationship studies carried out with different heparin-
like polyanions, including small polyanions, GAGs, and persulfated GAGs,
have demonstrated the need for a minimum chain size equivalent to the
heparin decasaccharide, as well as a high charge density and structural flexi-
bility for optimal interaction between the polyanion and the E protein of
DENV [93]. The heparin-derived decasaccharide was similar in potency to
heparin with ICsy values of 0.3 ug ml. Taking account of this information
may be helpful for the design of new DENV binding/entry inhibitors with
maximum antiviral effectiveness.

34
Respiratory Viruses

The main causative agents of acute respiratory infections (ARI) in infants and
children are mostly thought to be viruses. When ARIs affect immunocompro-
mised patients or the elderly, the mortality rates are significantly higher than
in immunocompetent individuals. Many types of viruses cause ARI. Among
them, influenza viruses A and B and RSV are very harmful because of the
severity of illness after infection and their high communicability in the hu-
man population [94]. Influenza, commonly known as flu, is an infectious
disease of birds and mammals caused by an RNA virus of the family Or-
thomyxoviridae. In humans, common symptoms of influenza infection are
fever, sore throat, muscle pains, severe headache, coughing, weakness, and fa-
tigue. Typically, influenza is transmitted from infected mammals through the
air by coughs or sneezes, creating aerosols containing the virus, and from in-
fected birds through their feces. Influenza can also be transmitted by saliva,
nasal secretions, feces, and blood.

At the beginning of the infection, the virus particles are attracted to the
cell membrane electrostatically and then bind to a specific receptor via the
hemagglutinin (HA), hemagglutinin neuraminidase (HN), or G proteins of
virions. SPs, which are negatively charged, are thought to disturb nonspecif-
ically the approach and binding of the virions to receptors. Following this
mode of action, DS inhibits the replication of influenza A virus and RSV
but not the replication of influenza B virus, measles virus, or parainfluenza
viruses type 3 (PIV-3) [95].

Fusion experiments with different influenza subtypes (HIN1 and H3N2)
demonstrated that DS (8 and 500kDa) and pentosan polysulfate strongly
inhibit the fusion activity as well as the in vitro replication of influenza
virus [96]. The good correlation of antifusion and antireplication effects
strongly suggests that the antiviral properties of polymeric anions might be
based on their antifusion activity.
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As regards the antiviral compounds derived from microorganisms, the
polysaccharides nostoflan and naviculan proved to be active against in-
fluenza A virus [54,97]. Chemically synthesized oversulfated derivatives of
extracellular GAG and SP, produced by a marine Pseudomonas, prepared
by dicyclohexylcarbodiimide-mediated reaction for both polysaccharides,
showed antiviral activities against influenza virus type A but not against
type B [52].

A natural SP OKU-40 was extracted from the marine microalga Dinoflag-
ellata and was found to inhibit the replication of HIV, RSV, influenza A and
B viruses, measles virus, and parainfluenza viruses type 2 (PIV-2). However,
it did not inhibit the replication of mumps virus or PIV-3 [98]. The action
of negatively charged polysaccharides is not merely one of nonspecific inhi-
bition of the binding of an enveloped virus to receptors. In fact, OKU-40 did
not inhibit the binding of HIV or influenza A virus to the cell membrane, but
it did inhibit the fusion of the membranes of HIV-infected MOLT-4 cells to
those of uninfected cells and the fusion of the influenza A virus envelope to
uninfected MDCK cells [99].

3.5
Papillomavirus

Sexually transmitted HPV infections are very common. Although most HPV
infections do not cause noticeable symptoms, persistent infection with some
genital HPV types can lead to cervical cancer or other anal/genital can-
cers [100]. Another subset of HPV types can cause genital warts. Recent
studies have suggested that condoms are not highly effective in preventing
HPV infection. Although a new vaccine called Gardasil became available, it
will not protect against all genital HPV types and is too expensive for use in
the developing world [101]. Inexpensive HPV-inhibitory compounds (known
as topical microbicides) might be useful for blocking the spread of HPV. Com-
parison of a variety of compounds revealed that carrageenan is an extremely
potent inhibitor for a broad range of sexually transmitted HPVs. Although
carrageenan can inhibit HSV and some strains of HIV in vitro, genital HPVs
are about 1000-fold more susceptible, with ICsy values in the low ngml™!
range. Carrageenan acts primarily by preventing the binding of HPV virions
to cells. This finding is consistent with the fact that carrageenan resembles
HS, an HPV cell-attachment factor. However, carrageenan is three orders of
magnitude more potent than heparin, a form of cell-free HS that has been
regarded as a highly effective model HPV inhibitor.

Since carrageenan might have utility as a topical microbicide for prevent-
ing the sexual transmission of HPVs, it is important to consider the fact that
human vaginal pH is typically below 4.5 [102]. Experiments performed in cul-
ture medium buffered to pH 4.5 or 5.0 with lactic or acetic acid, respectively,
showed that (-carrageenan remained effective for blocking infectivity under
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acidic conditions [103]. Carrageenan can also block HPV infection through
a second, postattachment HS-independent effect. Half of the infectious titer
remained susceptible to inhibition by (-carrageenan for up to 12 h after initial
binding to cells [103].

Although carrageenan was highly effective for neutralizing different gen-
ital HPV types in vitro, it was substantially less potent against several pa-
pillomavirus types tropic for nongenital skin. Since common genital HPVs
occupy a single genus, and nongenital papillomavirus types are phylogenet-
ically distant from the genital types [104], it is tempting to speculate that all
HPVs tropic for the genital mucosa would be comparably susceptible to inhi-
bition by carrageenan. However, the possibility that some genital HPVs might
exhibit natural resistance to inhibition by carrageenan would be an import-
ant factor to consider in the design of clinical efficacy trials. More clinical
trials are still needed to determine whether carrageenan-based products are
effective as topical microbicides against genital HPVs.

4
Structural Requirements for Antiviral Activity

The structural requirements for antiviral activity are the following:

e The molecular weight: It is known that the antiviral activity of SPs in-
creases with the molecular weight, tending to level off after ~ 100 kDa,
and that the highest activity is in the range of 10-100 kDa [15].

e The anionic groups: Most of the seaweed polysaccharides with antiviral
activity carry only sulfate as their anionic group. Nevertheless, in the case
of fucoidans both sulfate groups and uronic acids are present. Sulfated sea-
weed polysaccharides with degrees of sulfation lower than 20-22% usually
do not show activity, unless other structural factors compensate the sulfate
deficiency.

e The sulfate distribution: a low degree of sulfation does not eliminate the
possibility of highly charged zones in the polysaccharide backbone.

e The shape of the carbohydrate chain: The interaction between the sulfate
groups of the polysaccharide and the positive charges of the amino acids
in the HSV-1 gC protein would be increased if the polysaccharide could
not only approach the virus surface but also adapt to it. Examination of
the secondary structures of carrageenans, agarans, DL-hybrid galactans,
xylomannans, and fucans suggests that all of them are random coils at
room temperature but can adopt ordered forms at compelling conditions.

e The influence of the hydrophobic sites: In fucoidans the interaction of
the methyl groups with the hydrophobic pocket of HSV-1 gC seems, in
addition to the electrostatic forces, to be decisive in the binding of the
polysaccharide to the viral protein.
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Those polysaccharides with a sulfate pattern structurally resembling the
negative charge distribution of the binding sites of HS will competitively in-
hibit viral binding. For example, in A-carrageenan sulfation on C-2 of the
3-linked residue and on C-6 of the 4-linked residue mimics the binding sites
of HS. In O-carrageenan the location of the sulfate groups is also adequate.
The polysaccharides from Callophyllis variegata, which showed a potent an-
tiviral activity, fulfill the features of adequate molecular weight and sulfate
arrangement described above [17]. But not only ionic interactions are import-
ant; the contribution of hydrophobic interactions to the binding should also
be considered [15].

The «-(1—3)-linked D-mannans of Nothogenia fastigiata sulfated on C-2
and C-6 also mimic the minimal binding domain of HS. However, the lower
antiviral activity of the fractions with D-xylose side chains suggests that
branching precludes binding to the gC viral protein [21].

5
Antiviral Effectiveness in Humans

Polysulfates suffer from a number of drawbacks which seem to argue against
their potential usefulness in humans. These are short plasma half-life (ap-
proximately 1-2 h), rapid degradation in the gut and in plasma, and a poor
ability to penetrate and target infected tissues and cells [8]. However, high
oral bioavailability can be obtained by appropriate chemical modifications,
as shown for the modified B-cyclodextrin sulfates (mCDS11 and mCDS71).
Sulfated polymers are also notorious for their anticoagulant activity, but
as has been demonstrated with periodate-treated heparin and O-acylated
heparin, this problem can be overcome by appropriate chemical modifica-
tions [71]. Furthermore, several natural SPs with structural characteristics
differing from those of heparin have a potent antiviral action without signifi-
cant anticoagulant properties [3].

Taking into account the above considerations, the SPs were suggested to
be ideal microbicides for topical use [105]. A number of potential candidate
microbicides have been shown to inhibit virus attachment, fusion, and entry
into host target cells for sexually transmitted infections. These include cellu-
lose sulfate, poly(styrene 4-sulfonate), polystyrene sulfonate, polymethylene-
hydroquinone sulfonate, naphthalene sulfonate polymer, and a carrageenan
derived from seaweed (Carraguard) that may prevent viral entry. Several
candidate compounds have already progressed to various stages of clini-
cal trials [106]. Currently, some of them have been formulated and are in
phase II/III clinical trials.

In addition, the majority of microbicide trials are being planned to take
place in Sub-Saharan Africa where the majority of infections occur through
R5 strains of HIV with a high prevalence of clade C viruses [107]. Cur-
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rently, PC-815, a novel combination microbicide containing carrageenan and
the nonnucleoside reverse transcriptase inhibitor MIV-150, is being tested in
a phase I clinical trial [108].

6
Conclusions

In the last few decades, the discovery of SPs from natural sources with
potent antiviral activities has increased significantly, but their clinical ap-
plication against human viral infections is still far from being satisfactory.
The therapeutic perspectives of SPs will probably improve with an adequate
formulation in a clinically useful vehicle. The development of new drug
delivery systems, such as encapsulation in liposomes or nanoparticles, is
a strategy currently gaining attention to improve the in vivo effectiveness
and reduce the adverse effects of polysulfates. The potential of these natu-
ral compounds to prevent a wide spectrum of severe viral diseases warrants
further investigation to ameliorate their administration in systemic virus
infections.
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Abstract We report here the synthesis of newly coumarinic derivatives by using 4-hydroxy
coumarine as starting material. These newly compounds were screened in vitro for their
antimicrobial and antifungal activities. The structures of the synthesized compounds
were proved by IR, 'H NMR, '*C NMR and mass-spectral.

1
Introduction

The varied biological activity of coumarins fused with a benzopyrano pyrim-
idines ring system [1-6] has continued to stimulate a great deal of interest in
the development of new methodologies for the synthesis of multi-substituted
[1]benzopyranopyrimidines.

Recently, 4-chloro-3-formylcoumarin and amino derivatives have been
used in the synthesis of 2-functionalized [1]benzopyrano([4,3-b]pyrrol-
4(1H)-one derivatives via the Fischer-Fink reaction [7]. Although this new
synthesis requires neither protection nor harsh conditions, there are still
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several drawbacks with this synthetic route. First, the competing Knorr-
type transformation might be observed if the amino derivatives possessed
a low electrophilic group or very reactive alkylketone. Second, since the
3-formyl group on the coumarin is highly susceptible to nucleophilic at-
tack, a second attack of an amino derivative may occur, complicating
the products. Third, only 1,2-disubstituted, but not 1,2,3-trisubstituted
[1]benzopyrano[4,3-b]pyrrol-4(1H)-one derivatives, can be prepared by
this synthesis. Thus, an efficient and protection-free synthesis of multi-
functionalized [1]benzopyrano[4,3-b]pyrrol-4(1H)-one derivatives from in-
expensive materials under mild conditions remains to be discovered. There-
fore, it would be useful to create a review of the data, making it available for
ready and easy reference.

2
Synthetic Ring Systems

Several derivatives of the pyran or of fused pyran ring systems are endowed
with different types of biological activities. It has been reported that pyran
derivatives exhibit antimicrobial activity [8], growth stimulating effects [9],
antifungal and plant growth regulation effects [10],antitumor activity [11],
central nervous system (CNS) activity [12,13] and hypotensive effect [14].
Moreover, pyran derivatives are well known for antihistaminic activity [15],
platelet antiaggregating activity and local anaesthetic activity [16-18], an-
tiallergenic effect [19], antidepressant effect [20] and as antiproliferation
agents [21,22]. With this in mind and in continuation of our previous
work [23-29] on the synthesis of newly fused 4-H-pyran using enaminon-
itriles as a starting material, we report the synthesis of a variety of new
benzopyrano pyrimidines along with their antimicrobial activity.

This synthesis involves Michael cycloaddition reaction of the readily avail-
able 4-hydroxycoumarine 1 with o cyanocrotonitrile 2 in ethanolic piperi-
dine to afforded 2-amino-3-cyano-4-methyl-4H, 5H-pyrano-benzopyran-5-
one (3). Treatment of 3 with acetic anhydride for 0.5 h and/or 3 h under reflux
afforded N-acetyl and [1]benzopyrano[3',4":5,6]pyrano(2,3-d) pyrimidine-
6,8-dione derivatives (4) and (5a), respectively. Also, interaction of 3 with
benzoyl chloride or formic acid gave the corresponding pyrimidine deriva-
tives (5b,c) while its treatment with formamide afforded the aminopyrimi-
dine derivative (6).

On the basis of spectral data, structure 5B was excluded. Structure 5A was
established on the basis of IR spectrum, which showed an absorption band
at 1665 (5a), 1659 (5b), 1790 cm™! (5¢) characteristic to (CO). The 'H NMR
spectrum which revealed a broad single at 3 7.47 ppm (5a) and at 7.33 ppm
(5¢) characterised for NH proton. Structures 3-6 were established by spectral
data and analogy with our previous work (Scheme 1).
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Scheme 1 Preparation of compounds 3, 4, 5A, 5B and 6

The enaminonitrile (3) proved to be a useful key intermediate in the
synthesis of a variety of new pyranopyrimidine, pyranotriazolopyrimdine
and pyranopyrimidotriazine derivatives. Thus, treatment of 3 with tri-
ethylorthoformate - Ac,O - gave the corresponding ethoxymethyleneamino
derivatives (7). Hydrazinolysis of 7 in ethanol at room temperature yielded
9-amino - 8,9-dihydro-8-imino-7-methyl-6H,7H-[1]benzopyrano[3’,4:5,6]-[3,
2-d]pyrimidie-6-one (8a).

Aminolysis of 7 with aliphatic primary amines gave the correspond-
ing pyranopyrimidine-6-one derivatives (8b-d), while dimethylamine gave
the dimethylaminomethyleneamino derivative (9). Ammonolysis of 7 in

H;C /CH3
N
CHOEt )
N7 NN N
CN CN
oYy oY Snu oYy
X CH; X CH, X CH,
0”0 0o~ O o~ 0
7 8 a, R = NH, 9
b, R = CH,
¢, R=Bu
d, R = PhCH,

Scheme 2 Preparation of compounds 7, 8 and 9
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methanol gave 8-amino-7-methyl-6H, 7H-[1]benzopyrano[3’,4’ : 5,6]pyrano-
[2,3-d]pyrimidine-6-one (6) (Scheme 2).

Treatment of 8a with some carboxylic acid chlorides gave the correspond-
ing 14-methyl-2-substituted 13H,14H-[1]Benzopyrano[3’,4’: 5,6]pyrano|3,2-
e] [1,2,3]triazolo-[1,5-c]pyrimidine-13-one (10b-e), while cyclocondensation
of 8a with ethylcyanoacetate and diethyloxalate gave the corresponding 2-
cyanomethyl and diethyloxalate gave the corresponding 2-cyanomethyl and
2-ethoxycarbonyl derivatives (10f,g), respectively. Also, (8a) was reacted
with triethyl orthoformate, affording the corresponding (1,2,4) triazolo-[1,5-
c]pyrimidine-13-one derivative (10a). Structures 7-10 were established by
spectral data and analogy with our previous work (Scheme 3).

N

N

%

(0]
A CH;
o~ O

10 (a-g)

a,R=H e, R = C4H,Cl-p
b, R =CH; f, R = CH,CN
¢, R=CH,Cl g, R=CO,Et
d,R=Ph

Scheme 3 Structure of compounds 10

Instead of the anticipated formation of the triazolopyrimidine derivative
13 [30-33], the reaction of 8a with ethylchloroformate, through nucleophilic
displacement followed by spontaneous hydrolysis of the ester intermediate 11,
led to the corresponding carbamic acid derivative 12 (Scheme 4).

Interaction of 8a with ethylchloroacetate in methanolic sodium methoxide
leads to cyclocondensation with elimination of EtOH and HCI, affording the
triazine-3,14-dione derivative (14), while 8a was reacted with alcoholic CS,-
KOH to give 14-methyl-2,3-dihydro-13-oxo-2H,13H,14H-[1]Benzopyrano
[3',4':5,6']pyrano[3,2-e]-[1,2,4]triazolopyrimidine-2-thione (15) (Scheme 5).

Finally, treatment of 8a with aromatic aldehydes gave the pyrimidine
derivatives 16a—c instead of the expected triazolopyrimidine derivatives such
as (10d,e) [34-36].

Derivatives of 2-aminothiazolines are important pharmacological com-
pounds and precursors in the synthesis of medications [37], such as the
antibiotic sulfathiazole and the anthelmintic thiabedazole. Moreover, recent
research indicates that they are also inhibitors of enzymes, such as kinurenin
3-hydroxylase [38]. On the other hand, derivatives of 4-hydroxy-chromen-2-
one are known as anti-coagulants and antitumor compounds [39-41]. The
2-aminothiazolines are obtained by means of the Hantzsch reaction [42-44],
which is the reaction of @-haloketones with thioureas.
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For these reasons, in the present work, the reaction of 3-(2-bromoacetyl)-
4-hydroxychromen-2-one (18) with thioureas, thioacetamides and ammo-
nium dithiocarbamate have been investigated. Compound 18 was synthesized
from 3-acetyl-4-hydroxychromen-2-one (17) and used as a suitable synthone
for further reactions. The 4-hydroxycoumarin nucleus is very susceptible to
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electrophilic substitution [45, 46] and the preparation of 18 using bromine is
difficult and isnt regiospecific.

Thus, 3-acetyl-4-hydroxychromen-2-one (17) reacts with bromine in
a conventional manner (bromine/acetic acid) to give substitution prod-
ucts at the aromatic nucleus as the major product [47,48]. For example,
3-acetyltropolone and 4-acetyltropolone were reacted with bromine to afford
the corresponding substitution products at the tropolone nucleus as the main
products [49, 50]. For this reason, 17 was treated with phenyltrimethylammo-
nium tribromide [51-53] (Scheme 6). The reaction was carried out at room
temperature using tetrahydrofuran as the solvent. The structure of 18 was
determined on the basis of spectral data and elemental analysis.

OH oH 0o
Br
N PhTAPBr, N
THF, 25°C, 15 min
o o o o
17 18

Scheme 6 Preparation of 3-(2-bromoacetyl)-4-hydroxychromen-2-one 18

The compound 3-(2-Bromoacetyl)-4-hydroxychromen-2-one (18) reacts
with thiourea to afford 3-(2-amino-thiazol-4-yl)-4-hydroxychromen-2-one
hydrobromide (19a). This reaction was carried out in boiling ethanol for
30 min. Compound 19a also gave positive coloration with iron(III) chloride
solution (Scheme 7). In the reaction of compound 18 with 1-methylthiourea
under identical experimental conditions as above, 4-hydroxy-3-(2-methyl-
aminothiazol-4-yl)chromen-2-one (19b) in 67% yield was obtained. In
a similar manner, 18 reacted with three arylthiourea derivatives affording
the corresponding 3-(2-arylthiazol-4-yl)chromen-2-ones (19c-e) in different
yields (70, 63 and 74%, respectively). The derivatives formed in these reac-
tions were identified as 4-hydroxy-3-(2-phenylaminothiazol-4-yl)chromen-2-
one(19c), 4-hydroxy-3-(2-p-tolylaminothiazol-4-yl)chromen-2-one (19d) and
4-hydroxy-3-2-(4-methoxyphenylamino)thiazol-4-yl)chromen-2-one  (19e).
The identities of these compounds were established by spectral data and
elemental analysis.

The reaction of 18 with thioacetamide and thiobenzamide gave 4-
hydroxy-3-(2-methylthiazol-4-yl)chromen-2-one (20a) and 4-hydroxy-3-(2-
phenylthiazol-4-yl)chromen-2-one (20b). The derivatives 20a were isolated in
72 and 74% yield, respectively (Scheme 8).

Finally, compound 18 was also reacted with ammonium dithiocarbamate
to give 4-hydroxy-3-(2-mercaptothiazol-4-yl)chromen-2-one (21) (Scheme 9).

Treatment of 2-amino-4-(4'-chlorophenyl)-3-cyano-4H,5H-pyrano[3,2-
c][1] benzopyran-5-one (22) [54, 55] with triethyl orthoformate in acetic an-
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Scheme 8 Reaction of compound 18 with thioacetamide and thiobenzamide

hydride at reflux afforded 4-(4'-chlorophenyl)-3-cyano-2-ethoxymethylene-
amino-4H,5H-pyrano|3,2-c][1]benzo-pyran-5-one (23). Hydrazinolysis of
the latter in ethanol at room temperature yielded 9-amino-7-(4'-chloro-
phenyl)-8,9-dihydro-8-imino-6H,7H-[1]benzopyrano[3’,4": 5,6]-pyrano[2,3-
d]pyrimidine-6-one (24) (Scheme 10).

Refluxing compound 24 with triethyl orthoformate afforded the [1,2,4]tri-
azolo[1,5-c]pyrimidine 25a, while with acetyl chloride or chloroacetyl chlo-
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Scheme 10 Preparation of compounds 22-25

ride compounds, 25b and 25c were formed, respectively. Reaction of 24 with
ethyl cyanoacetate and diethyl oxalate afforded the heterocycles 25d and
25e, respectively, while with benzoyl chloride, the 2-phenyl derivative 25f
was obtained (Scheme 1). Structure 25 was established by spectral data and
analogy with our previous work [56,57]. When 24 was treated with methyl
chloroformate for 30 min, the methoxycarbonyl derivative 26a was formed,
while heating of 24 with methyl chloroformate under reflux for 6 h afforded
[1,2,4]triazolo[1,5-c]pyrimidine 26b via elimination of methanol from 26a.
The structure of 26b was supported by an independent synthesis from 26a
and ethanol under reflux for 5h. When 24 was treated with ethyl chloro-
formate, an intermediate bis(ethoxycarbonyl) derivative was formed, which
eliminated ethanol to furnish the ester 26d. Treatment of 24 with carbon
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disulfide in alcoholic potassium hydroxide solution gave the 2-thione deriva-
tive 26¢ (Scheme 11).

N %N/NHCOZMe y N AN/NHCOZEt
oY NH oYy NCO,Et
N Ar CICO2Me CICO,Et N NAr
0”0 0 0
26a Cs,

- EtOH
CO,Et
MeOH P o~ ]\4
NN Y—x NN =0
0" N SN o Ny SN
. AN Ar N Ar
B 0”0 0”0
26 bye oxZs 26d

Scheme 11 Reactivity of compound 24

Interaction of 24 with ethyl chloroacetate in methanolic sodium methox-
ide afforded the triazin-3,14-dione derivative 27. The alternate structure 28
was excluded on the basis of spectral data [58,59]. Based on the reaction
conditions, (sodium methoxide) structure 27 is thought to result from the ini-
tial formation of a sodium salt on the less basic imino nitrogen atom, which
cyclizes into 27 with elimination of NaCl and EtOH (Scheme 12). The IR spec-
trum of 27 showed a characteristic C = O absorption band at 1650 cm™,

N
NZ N7 %CHR NAN’H o
S
o NH oy \Nf
X Ar X
Ar
0”0
29 o e
a, R=Ph 7
b, R = C¢H,OMe-p RCHO 24 CICH,CO,Et
¢, R =C¢H,Cl-p
NAN-N s H
\>_Ph NZ N7
o XN N
Y V4 o) N” 70
N Ar ’ A Ar
o~ "0 o~ o

Scheme 12 Interaction of 24 with ethyl chloroacetate and aromatic aldehydes
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whereas if structure 28 were correct, one would expect an absorption band
for the carbonyl band at a higher frequency than that observed for 27. The
'H-NMR spectrums revealed a singlet at §4.95 ppm, characteristic for the
methylene proton.

The reaction of 24 with aromatic aldehydes gave pyrimidines 29 (Scheme 12)
instead of the anticipated formation of triazolopyrimidines such as 25f. The
proposed structures of 29 were also supported by the spectral data.

2.1
Antibacterial Activity

Newly synthesized compounds 22, 23, 25c-e, 26d and 29e were screened in
vitro for their antimicrobial activities against Gram positive bacteria Staphy-
lococcus aureus (NCTC-7447), Bacillus cereus (ATCC-14579) and Gram nega-
tive bacteria Serratia marcesens (IMRU-70) and Proteus merabitis (NTCC-
289) using the paper disk diffusion method for the antibiotic sensitivity tech-
nique [60]. The tested compounds were dissolved in N,N-dimethylformamide
(DMF) to obtain a 1mg/mL solution. The inhibition zones of microbial
growth produced by different compounds were measured in millimeters at
the end of an incubation period of 48 h at 28 °C. DMF alone showed no inhi-
bition zone.

An ampicillin standard (25 mg) was used as a reference to evaluate the
potency of the tested compounds. The results are illustrated in Table 1.

Table 1 Antibacterial activity of some compounds

Comp. Staphylococcus  Bacillus Serratia Proteus
Aureus cereus Marcesens Merabitis
(NCTC-7447) (ATCC-14579)  (IMRU-70) (NTCC-289)

22 23 19 18 20

23 22 24 24 23

25¢ 23 22 23 22

25d 22 19 24 22

25e 23 22 25 23

26d 24 22 21 23

29%e 18 20 24 21

Ampicillin 26 25 26 27

2.2

Antifungal Activity

Newly synthesized compounds 22, 23, 25c-e, 26d and 29e were screened for
their antifungal activity against two species of fungi, Aspergillus ochraceus
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Wilhelm (AUCC-230) and Penicillium chrysogenum Thom (AUCC-530) using
the paper disk diffusion method [60]. The tested compounds were dissolved
in DMF to get a 1 mg/mL solution. The inhibition zones were measured in
10~ m at the end of an incubation period of 48 h at 28 °C. A standard of my-
costatin (30 mg) was used as a reference and the results are shown in Table 2.

Table2 Antifungal activity of some compounds

Comp. Aspergillas ochraceus Penicillium chrysogenum
Wilheim (AUCC-230) Thom (AUCC-530)
22 14 16
23 19 16
25¢ 19 19
25d 19 13
25e 19 20
26d 15 17
29e 19 18
Mycostatin 22 24

The synthesis of heterocycles fused with a chromone moiety has attracted
much attention because of their pharmacological importance [61]. 2-Alkyl-
/aryl-amino-3-formylchromone 30 has been utilized recently in the synthesis
of several heterocycles [62]. 3-(Arylaminomethylene)chroman-2,4-dione 31
(R" = aryl) has been transformed into tricoumarols and coumarinoquino-
lines [63]. Considering 3-(alkyl-/aryl-aminomethylene)chroman-2,4-dione 31
to be a very good precursor of heterocycles fused at the 3,4-position of 1-
benzopyran, we became interested in synthesizing 3-(alkylaminomethylene)
chroman-2,4-diones 31 (R" = alkyl), which are expected to be more reactive
than 31 (R’ = aryl). B8-Alkylamino-o,8-unsaturated ketones have been utilized
in the synthesis of different heterocycles [64]. Our earlier method for the syn-
thesis of 31 (R" = aryl) using K-10 montmorillonite and aromatic amines [65]
with 32 is difficult to accomplish with aliphatic amines. A report on the ther-
mal rearrangement of nitrone 33e to 34e (70%) and 34e (25%) gave us an
impetus to utilize this rearrangement as a route to our target system 31(R’
= alkyl). Recently, we reported a one-pot synthesis of 34 (R" = alkyl or aryl)
from 32 and some differences in the reactivity of N-alkyl- and N-aryl nitrones
33 towards hydrolysis reactions [66].

In continuation of our studies on the reactivities of nitrones 33, we re-
port herein the solvent directed rearrangement of nitrones 33 to 34 and/or 31
and conversion of 5 (R’ = alkyl) to coumarino [3,4-d]-isoxazole. Nitrones 33
(R" = alkyl) were prepared by reaction of 32 with nitroalkanes 35 and Zn in
the presence of HOAc in EtOH under an inert atmosphere. Nitrones 33 Were
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heated under reflux in different solvents for varying times to obtain 34 and/or
31 (Table 3).

It was observed that polar solvents facilitated the formation of 34, whereas
nonpolar solvents allow the formation of both 34 and 31. The rearrangement
of 33b to 34b takes place in 7 h when heated under reflux in methanol, but
needs only 2 h in ethanol (entries 1, 2 and 3), which indicates that higher tem-
peratures facilitate this rearrangement. However, the same transformation
is incomplete even after heating under reflux for 41 h in benzene (entry 4).
Thus, the polarity of the solvent also has some effect on the rearrangement.
To check the necessity for a protic solvent, the same transformation was also

Table 3 Compounds 34 and 31 prepared from nitrones 33 by heating in different solvents

Entry Nitrones R R’ Medium Time/h % Yield Yield E:Z  Mp of 31
of 342 of 31 of31 (°C) (E+Z2)

1 33a H Et MeOH 7 98 - - -
2 33b Me Et MeOH 7 95 - - -
3 33b Me Et EtOH 2 98 - - -
4 33b Me Et CgHg 41° 30 40 2:5 188-90
5 33b Me Et CH3CN 2 90 - - -
6 33b Me Et Acetone 30 80 - - -
7 33a H Et MeOH/TsOH 5 95 - - -
8 33b Me Et Toluene 14 20 60 1:3 186-88
9 33b Me Et Xylene 2 10 70 2 188-90
10 33b Me Et Benzene/TsOH 1 90 - - -
11 33b Me Et AcOH® 4.5 90 - - -
12 33a H Me Xylene 2 10 70 2:5 184-86
13 33c H Me Xylene 2 20 65 1:2 194-96
14 33b Me Me Xylene 2 15 72 1:2 192-94
15 33f H Ar? Toluene 6 15 70 5:2 194-97
16 33g Me Ar? Toluene 7 17 70 1:2  186-90
17 33g Me Ar¢ Xylene 2 10 85 1:2 188-90
18 33e H Ph MeOH 14 - - - No reaction
19 33f H Ar¢ MeOH 20 - - - No reaction
20 33g Me Ar¢ MeOH 20 - - - No reaction
21 33g Me Ar?¢ EtOH 4 90 - - -
22 33g Me Ar? Benzene/TsOH 4 60 - - -
23 33g Me Ard CH3CN 2 90 - - -
24 33g Me Ar¢ AcOHC® 10 95 - - -

2 All compounds have the same mp and mmp with authentic samples
b 10% unreacted starting material was recovered

¢ Reactions were carried out at room temperature with stirring

4 Ar stands for CgHyMe-p
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carried out in dipolar aprotic solvents. The rearrangement was complete in
2 h when heated at reflux in acetonitrile (entry 5) and for 30 h in acetone
(entry 6). By comparing the rearrangements in MeOH and acetone, it is clear
that a protic solvent has little effect on this rearrangement, however, the out-
come of the rearrangement depends on the polarity of the solvent and also
on the temperature. On heating in benzene (entry 4), 33 gave a mixture of
34b and 31b. Like compound 31 (R = aryl), 3;5 compound 31 (R" = alkyl)
showed a single spot on TLC, however, 'H NMR measurements showed a di-
astereomeric mixture (E and Z) [67]. The higher deshielding effect on the
B-H when cis to the ester function in an «,8-unsaturated ester compared to
an «,B-unsaturated ketone [68] helped to distinguish the E and Z isomers.
From these observations, it is presumed that although the transformation of
33 to 34 is guided by both the polarity of the solvent and heating, the trans-
formation of 33 to 31 is only thermally controlled. Based on this, the above
rearrangement was carried out in toluene and xylene (entries 8 and 9), where
the reaction times were 14 h and 2 h, respectively. The yield of 31 was also
found to increase by changing the solvent from toluene to xylene. Interest-
ingly, the rearrangement of 33b in benzene was complete in 1h by adding
a trace of p-toluene sulfonic acid. Compound 34b was the only product
(entry 10). The addition of TsOH to a methanolic solution of 33a also en-
hanced the reaction rate (entry 7). The rearrangement of 33b to 34b can also
be accomplished by stirring 33b in AcOH at room temperature (entry 11).
The N-aryl nitrones 33e-g were also heated under reflux in various solvents
(entries 15-23). The results are similar to those using the N-alkyl nitrones 3a-
d. In most cases the aryl nitrones needed a longer rearrangement time than
the alkyl nitrones. The aryl nitrones are less susceptible to rearrangement in
comparison to alkyl nitrones. Aryl nitrones (33e-g) failed to rearrange when
heated under reflux in methanol for 20 h (entries 18-20), though 33g read-
ily rearranged to 34g in good to excellent yields when heated under reflux
in ethanol, acetonitrile or benzene-TsOH (entries 21-23). As with alkyl ni-
trones, aryl nitrone 33g also underwent rearrangement to 34g when stirred
in AcOH at room temperature (entry 24). Considering the mechanism for the
formation of 34 and 31 from 33 (Scheme 1), it is observed that during the
formation of 34, the pyran ring opens to form 35 (Scheme 13, path a) fol-
lowed by a 1,5-H-shift. This route is facilitated by the polarity of the solvent.
In contrast, formation of 32 requires a tandem electrocyclic ring closure and
a 1,5-H shift (Scheme 1, path b), both of which are thermally allowed pro-
cesses. The above experiments enabled us to synthesize 34 (R = alkyl) or 31
(R" = alkyl) selectively from 33 (R’ =alkyl). Compound 31 (R’ = alkyl), having
a balkylamino-o,8-unsaturated ketone moiety, produced coumarino|3,4-d]
isoxazole 36 [69] in quantitative yield when heated with hydroxylamine hy-
drochloride in ethanol at reflux for 2 h. Similar treatment of 31 (R = alkyl)
with phenylhydrazine hydrochloride produced the hydrazone derivative 37
(Scheme 14).
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4-aryloxy methyl and heteroaryl coumarin derivatives are known for
their anti-inflammatory activity [70-72]. Previously, we have reported
that vanallinyl ethers of 4-bromomethyl coumarins can exhibit good anti-
inflammatory activity and low acute toxicity [73]. As an extension of our in-
terest for the search of new heterocyclic moieties as potent anti-inflammatory
agents devoid of side effects such as ulcerogenic activity, we have synthesized
a series of o-alkylated coumarin derivatives. We aimed to synthesize a series
of heterocyclic moieties like benzofuran, chromone and 4-hydroxy coumarin,
which were linked to coumarin moiety at 4th position by ether linkage. These
coumarinyl ethers were investigated for analgesic and anti-inflammatory ac-
tivity.

According to our previous reports [74,76], the anti-inflammatory ac-
tivity of ethers of 4-bromomethyl coumarins can be significantly modi-
fied by using different aryl systems. Here we have modified the aryl moi-
eties to heterocyclic moieties like chromone, benzofuran and coumarin
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ring, which were synthesized for further investigation. 4-(Bromomethyl)
coumarins 38 were synthesized by the Pechmann cyclization of phenols with
4-bromoethyl acetoacetate [77]. The 4-bromomethyl coumarin reacted with
2,4-dihydroxyacetophenone gave a corresponding 4-(4’-acetyl-3'-hydroxy-
phenoxy methyl) coumarin 39a-d. The reaction of the 39a-d, which un-
derwent Kostanecki synthesis [78] using sodium acetate and acetic an-
hydride, gave the corresponding chromonyl ethers 40a-d. The benzofu-
ranyl ethers 4la-d were obtained by the treatment of phenacyl bromide
with corresponding 4-(4'-acetyl-3'-hydroxy-phenoxy methyl)-coumarin [79]
(Scheme 14). The 4-hydroxy coumarinyl ethers were synthesized by the re-
action of 39a-d with diethyl carbonate and sodium using the Boyd method
of synthesis [80]. The compound 42a was also prepared by another route
using 4,7-dihydroxy coumarin with 4-bromomethylcoumarin in the presence
of K,COs3 in dry acetone under stirring conditions (Scheme 15).
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The required 4,7-dihydroxy coumarins were prepared from resorcinol
using known methods [81]. Postulated structures of the newly synthesized
compounds 39a-d, 40a-d, 41a-d and 42a-d were in agreement with their IR,
'H NMR spectral and elemental analysis data. In the IR spectrum of com-
pound 39a, (R = 6-CH3) exhibited prominent bands around 1709, 1648 and
3042 cm™! due to carbonyl lactone of coumarin, carbonyl of acetophenone
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and OH stretching vibrations. The lower stretching of OH and carbonyl of
acetophenone were observed due to the intramolecular hydrogen bonding be-
tween OH and COCH3. In the 'H NMR spectrum, the two sharp singlets at
d 2.49 and 2.67 are due to 6-CH3 and COCH3 protons, respectively. The OH
proton was observed at the down field region at d 12.87.

The compound 40a, 41a and 42a (R = 6-CH3) showed the absence of OH
stretching in IR at 3000-3400 cm™! and absence in 'H NMR at § 12-13. This
means that the free OH present in the 4th position has undergone cyclization
to respectively afford chromone and benzofuran. However, the compound 42
showed presence of OH in the IR spectrum at 3444 cm™!, which is due to the
presence of 4-hydroxy moiety. The absence of peak in the down field region
at 6 12-13 and presence of an additional peak is observed at § 5.50 due the
OH of 4-hydroxycoumarin in the NMR spectrum. The compound 41a (R = 6-
CH3) showed three peak the IR region at 1720, 1648 and 1633 Cm™! assigned
as lactone carbonyl of coumrin, lactone carbonyl of chromone, and carbonyl
of COCH3. The NMR spectra showed the presence of three singlets at § 2.33,
2.45 and 2.54 are due to the methyl of chromone, coumrin and COCHj3 re-
spectively indicating the formation of 3-acylated product. It was worthy to
note that the addition of equimolar quantity of acetic anhydride the reac-
tion does not precede instead the addition of excess amount of the acetic
anhydride forms the acylated chromone. The IR spectrum of compound 6a
showed the two stretching bands at 1720 and 1702 Cm™' due to the carbonyl
stretching of two coumarins moities. The OH stretching is observed as broad
band at 3444 Cm™'. The NMR spectrum showed the presence of two C3~H of
coumarin at 6.06 and 6.66, the OH proton observed as singlet at § 5.50.

3
Conclusion

In conclusion, we have synthesized 4 (R" = alkyl/aryl) in excellent yield com-
pared to earlier reports by modifying the solvent for the rearrangement of 33.
A synthetic route to previously unreported 3-(alkylaminomethylene)chroman-
2,4-diones 31 (R’ = alkyl) with moderate yields has been revealed and those
compounds have been shown to be the synthetic equivalents of the versatile
substrate 3-formyl-4-hydroxycoumarin.

Furthermore, eight 3-(thiazol-4-yl)-4-hydroxychromen-2-one derivatives
were prepared in good yields in the reaction of 3-(2-bromoacetyl)-4-
hydroxychromen-2-one with thioureas, thioacetamide, thiobenzamide and
ammonium dithiocarbamate. The obtained coumarin derivatives can be used
as potentially bioactive compounds and as precursors in the synthesis of
medications.

A new series of heterocyclic ethers were synthesized. The analgesic and
anti-inflammatory activities of these compounds were comparable with the
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drugs standardly used. The benzofuranyl ethers of coumarins were found to
be the most active amongst all of the compounds and chloro and methoxy
substitution in coumarin rings increased this activity.
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Abstract Antibiotic resistance has become a problem since the discovery of antibiotics.
Not long after the introduction of penicillin, Staphylococcus aureus, which can be also
transmitted to humans via milk and milk products, began developing penicillin-resistant
strains. Therefore, one approach that has been used for the discovery of new antimicro-
bial agents from natural sources is based on the evaluation of traditional plant extracts.
Natural products have played a pivotal role in antibiotic drug innovation and include
aminoglycosides, cephalosporins, macrolides, cycloserine, novobiocin, and lipoproteins.
However, only a few antiviral agents are available on the market. To this purpose, we have
screened a great number of herbal extracts along with some pure natural substances and
obtained interesting findings. This chapter covers the results of our rigorous search for
new antiviral and antimicrobial alternative compounds from a number of Turkish plants.

Keywords Antimicrobial - Antiviral - Cytotoxicity - Natural compound - Plant extract

Abbreviations

AIDS  Acquired immunodeficiency syndrome
AMP  Ampicillin

ATCC  American type of culture collection

CPE  Cytopathogenic effect

FLU Flucanozole

GC-MS Gas chromatography-mass spectrometry
HIV ~ Human immunodeficiency virus

HSV  Herpes simplex virus type-1

KET  Ketocanozole

MAL  N-(Methylsuccinyl)-anthranoyllycoctonine
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MDBK Madin-Darby bovine kidney

MIC  Minimum inhibitory concentration

MNTC Maximum non-toxic concentration

MRSA Methycillin-resistant Staphylococcus aureus
OFX  Oflaxocin

PI-3  Parainfluenza type-3

SAR  Structure-activity relationship

TNF  Tumor necrosis factor

WHO  World Health Organization

1
Introduction

Since their discovery during the twentieth century, antimicrobial agents (an-
tibiotics and related medicinal drugs) have substantially reduced the threat
posed by infectious diseases. On the other hand, antibiotic resistance can be
defined as the ability of any microorganism to withstand the effects of an an-
tibiotic, which is a specific type of drug resistance and evolves naturally via
natural selection through random mutation [1, 2]. The antibiotic action is an
environmental pressure; those bacteria that have a mutation allowing them
to survive will live on to reproduce. They will then pass this trait to their
offspring, which will be a fully resistant generation [3, 4]. Without doubt, an-
tibiotic resistance is a global issue. Because of cross-continental travel of both
humans and goods, antibiotic-resistant bacteria are spread from one country
to another. Therefore, antibiotic resistance has been called one of the world’s
most pressing public health problems.

Much evidence supports the view that the total consumption of antimi-
crobials is the critical factor in selecting resistance. Paradoxically, underuse
through lack of access, inadequate dosing, poor adherence, and substandard
antimicrobials may play as an important role as overuse [5, 6]. Since misuse of
antibiotics jeopardizes the usefulness of essential drugs, decreasing inappro-
priate antibiotic use is the ideal way to control resistance [7]. Natural selection
of penicillin-resistant strains in a bacterium known as Staphylococcus au-
reus began soon after penicillin was introduced in the 1940s. Recently more
hospital-acquired infections are becoming resistant to the most powerful an-
tibiotics available, such as vancomycin, which emerged in the United States in
2002, presenting physicians and patients with a serious problem [8]. A num-
ber of cases of community-associated methycillin-resistant S. aureus (MRSA)
have also been reported, including cases in patients without established risk
factors [9].

Modern medical science and practice have something of an armory of
effective tools, ranging from antiseptics and anesthetics to vaccines and an-
tibiotics. However, one field has been weak in finding drugs to deal with viral
infections, although viral diseases have affected humans many centuries. The
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emergence of antivirals is the product of a greatly expanded knowledge of
the genetic and molecular function of organisms, allowing biomedical re-
searchers to understand the structure and function of viruses.

On the other hand, herbal medicine is the oldest form of healthcare known
to mankind and has been used by all cultures throughout history. The World
Health Organization (WHO) estimates that 4 billion people, 80% of the world
population, presently use plants for some aspect of primary health care. WHO
also notes that of 119 plant-derived pharmaceutical medicines, about 74% are
used in modern medicine in ways that correlate directly with their traditional
uses as plant medicines by native cultures.

In our ongoing study on the plant extracts and their pure compounds from
Turkish medicinal plants, we have so far screened a number of plant extracts
and pure components for their antimicrobial and antiviral activities. In this
chapter, we intend to cover the recent results obtained from our antimicro-
bial and antiviral studies on heterocyclic compounds isolated from several
Turkish medicinal plants and marine organisms.

2
Terpene-Type Compounds

Although biodiversity in terrestrial environments is extraordinary, oceans
covering more than 70% of our planet represent a greater diversity of life.
A small number of marine plants, animals, and microbes have already yielded
over 12000 novel compounds [10]. Among them, a great number of sub-
stances of marine origin have been reported to possess antimicrobial activity
such as loloatins A-D, myticins A and B, psammaplin A, etc., which have been
covered in several excellent reviews [10-12].

In our previous study, ten terpene-type compounds, which we isolated
from the marine sponges Ircinia spinulosa and Spongia officinalis of the
Aegean Sea collection, were assayed against the American-type culture col-
lection (ATCC) strains of Bacillus subtilis (6633), S. aureus (6536), Pseu-
domonas aeruginosa (9027), and Escherichia coli (8739) by the disk dif-
fusion method [13]. The results were evaluated by comparing the inhi-
bition zones of the compounds, namely, furospinulosin-1, furospongin-1,
2-(hexaprenylmethyl)-2-methylchromenol, heptaprenyl-p-quinol, 12-epi-de-
oxoscalarin, 1,4,44-trihydroxy-2-octa-prenylbenzene, demethylfurospongin-
4, 4-hydroxy-3-octaprenylbenzoic acid, 4-hydroxy-3-tetraprenylacetic acid,
and 11-B-acetoxy-12-en-16-one. We found that furospinulosin-1, furospong-
in-1, 2-(hexaprenylmethyl)-2-methylchromenol, and heptaprenyl-p-quinol
did not exhibit any inhibition against those bacterium strains, whereas
12-epi-deoxoscalarin (1) exerted a weak activity against B. subtilis and S. au-
reus, causing inhibition zones of 12 and 11 mm in diameter, respectively
(Fig. 1). Demethylfurospongin-4 (2), 4-hydroxy-3-tetraprenylacetic acid (3),
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and 11-B-acetoxy-12-en-16-one (4) were also active against Gram-positive bac-
teria (Fig. 1). Among them, 4-hydroxy-3-tetraprenylacetic acid (3) was the most
effective causing 20 mm of inhibition zone (Fig. 1). None of the compounds
tested had an ability to inhibit E. coli. Owing to scarcity of the compounds, only
one concentration (0.5 mg/disk) could be tested. In conclusion, we suggested
that this assay should be better with higher yield, if repeated.

In a similar study reported previously, 23 hydroquinone and quinone
derivatives from the sponge Ircinia spinulosa were tested for their antibac-
terial activity, and relevant structure-activity relationships (SAR) were es-
tablished [14]. As a consequence, SAR studies indicated that the optimum
length of side chain in the compounds for antibacterial activity should be
5-15 carbon atoms, which is in accordance with our most effective com-
pound, 4-hydroxy-3-tetraprenylacetic acid (3). Besides, it was reported that
long-chain alcohols exert higher antimicrobial activity compared to the cor-
responding acids and aldehydes [15]. Similarly, a relationship between an-
tibacterial activity and the structure of aliphatic alcohols was described,
which suggested that maximum activity against S. aureus might be depend
on the number of carbon atoms in hydrophobic chain. This should be less
than 12, but as close to 12 as possible [16]. However, according to the study
of Inoue et al., this finding did not support the anti-Stapylococcus effect
of the aliphatic terpene alcohols, farnesol, nerolidol, and plaunotol, which
may result from configuration of functional groups and double bonds that
affected activity [17]. Therefore, in that study, it was concluded that anti-
Stapylococcus activity depends not only on aliphatic side chains, but also on
the configurations of functional groups and double bonds. Possibly, the dif-
ference observed in the antibacterial effect of our compounds might be due
to this reason as well.

2.1
Flavonoids

Flavonoids are a group of polyphenolic compounds ubiquitous in many
plants, in which they occur as the free forms, glycosides, as well as as methy-
lated derivatives. In addition to their diverse biological activities, there is an
increasing interest in flavonoids due to their anti-infective properties [18].
For instance, the flavonoids quercetin and kaempferol, as well as the flavonoid
glycosides rutin and isoquercitrin, were reported to have antibacterial and
antifungal activities [19]. Quercetin and kaempferol are known to be the most
common flavonols present in many plants, and occur in different glycosidic
forms. In many studies, they or their various glycosides have been proved to
possess antimicrobial activity or, in other words, the antimicrobial activity
of plant extracts (e.g., Rubus ulmifolius, Combretum erythrophyllum, Morus
alba, Trollius chinensis, and propolis) has been attributed to quercetin and
kaempferol [20-25].
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In one of our recent studies, we examined antimicrobial and antivi-
ral activities of four flavonoid derivatives, namely, scandenone (5), tiliro-
side (6), quercetin-3,7-0-a-L-dirhamnoside (7), and kaempferol 3,7-O-a-L-
dirhamnoside (8) as shown in Fig.2. These were tested against E. coli,
P. aeruginosa, Proteus mirabilis, Klebsiella pneumoniae, Acinetobacter bau-
mannii, S. aureus, B. subtilis, and Enterococcus faecalis, as well as the fungus
Candida albicans by the microdilution method [26]. In addition, both DNA
virus Herpes simplex (HSV) and RNA virus Parainfluenza (PI-3) were em-
ployed for antiviral assessment of the compounds using Madin-Darby bovine
kidney (MDBK) and Vero cell lines.

All four compounds were found to be most active against S. aureus and
E. faecalis, with a minimum inhibitory concentration (MIC) of 0.5 pg/mL,
followed by E. coli (2 ug/mL), K. pneumoniae (4 pg/mL), A. baumannii, and
B. subtilis (8 ug/mL). P. mirabilis and P. aeruginosa were the most resistant
bacteria against the compounds (16 and 32 pg/mL, respectively). Notably, an-
tibacterial activity of the compounds was as potent as ampicillin (AMP) and
oflaxocin (OFX) towards S. aureus and E. faecalis. These compounds also pos-
sessed quite remarkable antifungal activity against C. albicans, as much as
ketocanozole (KET) (1 pg/mL).

As shown in Table 1, none of the compounds had the ability to inhibit HSV,
while only quercetin-3,7-0-a-L-dirhamnoside had inhibitory activity against
PI-3 in the range 8-32 ug/mL of maximum and minimum cytopathogenic
effect (CPE) inhibitory concentrations, respectively. The inhibitory concen-
tration range of this compound is on a vast scale, which resembles that
of oseltamivir (32 to < 0.25 ug/mL). Besides, its maximum non-toxic con-
centration (MNTC) (64 ng/mL) was observed to be better than oseltamivir
(32 pg/mL).

One of the undisputed functions of flavonoids and related polyphenols is
their role in protecting plants against microbial invasion, which accumulate
phytoalexins in response to microbial attack plants. Moreover, it is evident
that a structure-activity relationship exists between the various flavonoids
and their antimicrobial activity in most cases. A large number of antimicro-
bial flavonoids have been reviewed brilliantly and their SARs discussed [27-
32]. The majority of antifungal flavonoids have been observed to have either
isoflavonoid, flavan, or flavanone structures such as maackiain, mucronula-
tol, luteolin 7-(2”-sulfatoglucoside), etc., which is consistent with our data
on flavonoids. Accordingly, the presence of a phenolic group in the flavonoid
structure suggests that it is necessary for antimicrobial activity. Interest-
ingly, increasing the number of hydroxyl, methoxyl, or glycosyl substituents
resulted in the steady loss of antifungal effect of the flavonoids [33]. In the re-
view of Bylka et al. [34], it was suggested that the antibacterial effect towards
Gram-negative bacteria is higher with flavones, while flavonoids containing
two or three hydroxy groups in rings A and B are more active in inhibition of
Gram-positive bacteria. However, in our study, all four flavonoid derivatives,
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Table 1 Antiviral activity and cytotoxicity of the flavonoid derivatives screened

MDBK cells Vero cells
Compounds MNTC CPE inhibitory MNTC CPE inhibitory
conc. vs HSV conc. vs PI-3
Max. Min. Max. Min.

(ng/mL)(ug/mL)  (ug/mL)  (ug/mL)(ng/mL)  (ug/mL)

Scandenone 64 - - 64 - -
Tiliroside 64 - - 64 -
Quercetin-3,7-0-a- 64 - - 64 32

L-dirhamnoside

Kaempferol-3,7-0-a- 64 - - 64 - -
L-dirhamnoside

Acyclovir 16 16 <0.25 - - -
Oseltamivir - - - 32 32 <0.25

consisting of one prenylated isoflavone and three flavonol glycosides, exhib-
ited an equal strength of antibacterial and antifungal activities, independent
of their structural substitutions.

Recently, flavonoids have been investigated from the viewpoint of their an-
tiviral effect, particularly against the human immunodeficiency virus (HIV),
the causative agent of acquired immonodeficiency syndrome (AIDS). Among
them, quercetin has been shown to be effective against divergent virus
types by many researchers, which supports our data on quercetin-3,7-O-
a-L-dirhamnoside [26]. In one of the earliest studies, oral application of
quercetin in mice was found to display a protective effect towards intraperi-
toneal encephalomyocarditis, Mengoy,1, and Mengoy virus infections, but not
against intracerebral challenge with Mengoym virus. It was not virucidal and
did not interfere with Mengo virus replication in L cells [35]. The poten-
tiative interaction of quercetin with murine o/f interferon in mice against
Mengo virus infection [36] was also proved. Moreover, quercetin was re-
ported to greatly enhance the antiviral effect of tumor necrosis factor (TNF)
that produces a dose-dependent inhibition of vesicular stomatitis virus, En-
cephalomyocarditis virus, and HSV type-1 replication in WISH cells [37].
In another study, the effect of different substituents of quercetin and lute-
olin on the ability to inhibit the HSV type-1 replication in RK-13 cells was
studied [38].

In conclusion, our results demonstrated that scandenone, tiliroside,
quercetin-3,7-0-a-L-dirhamnoside, and kaempferol-3,7-O-a-L-dirhamnoside
possessed severe antibacterial and antifungal activities, whereas only quer-
cetin-3,7-0-a-L-dirhamnoside exerted noticeable anti-PI-3 activity.
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2.2
Alkaloids

2.2.1
Diterpene Alkaloids

The genus Consolida, Aconitum, and Delphinium (Ranunculaceae) are well-
known to be rich in diterpene alkaloids, which possess a diverse range of
biological activities. These plants have also been the cause of poisonings,
which primarily occur in cattle as well as human beings, due to toxicity
of their alkaloids. In one of our recent studies, five diterpenoid-derivative
alkaloids, lycoctonine (9), 18-O-methyllycoctonine (10), delcosine (11), 14-
acetyldelcosine (12), and 14-acetylbrowniine (13) (as shown in Fig. 3) were
screened for their antibacterial, antifungal, and antiviral activities [39].

Once more, HSV and PI-3 were employed for antiviral assessment of the
compounds using MDBK and Vero cell lines. Their MNTC and CPE values
were determined using acyclovir and oseltamivir as the references. Besides
antibacterial and antifungal activities, the alkaloids were tested against E. coli,
P. aeruginosa, P. mirabilis, K. pneumoniae, A. baumannii, S. aureus, and
B. subtilis, as well as the fungus C. albicans by the microdilution method as
compared to the references AMP, OFX, and KET.

The results pointed out that these alkaloids possessed the highest antibac-
terial activity against K. pneumoniae and A. baumannii at 8 ug/mL con-
centration (Table 2), whereas they were moderately active to the rest of the
bacteria. However, all the alkaloids tested were highly effective against C. albi-
cans in a comparable manner to KET in the antifungal screening. Conversely,
a selective inhibition was observed towards PI-3 virus by these alkaloids,
while they were entirely unsuccessful on inhibition of HSV (Table 3).

PI-3 inhibitory activity of the alkaloids was fairly analogous to that of
oseltamivir, ranging between 8-32 ug/mL as minimum and maximum in-
hibitory concentrations for the CPE. Our results showed that the alkaloids
possessed rather high antifungal activity against C. albicans and a compelling
antibacterial effect only against K. pneumoniae and A. baumannii, while they
exerted a strong inhibition against PI-3.

Even though much is already known about the toxicity of diterpene alka-
loids that contribute to the toxicity of Consolida, Delphinium, and Aconitium
species, no antiviral study has been so far reported on this type of alkaloids.
Therefore, no SAR studies have been encountered by us on the antiviral or
antimicrobial activities of these alkaloids. However, a quantitative SAR analy-
sis performed on a number of diterpene alkaloids isolated from an Aconitum
sp. indicated that biological activity of these alkaloids may be related to their
toxicity rather than to a specific pharmacological action [40]. In a current
study on 43 norditerpenoid alkaloids from Consolida, Delphinium, and Aconi-
tum species against several tumor cell lines, lycoctonine and browniine were
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Table 3 Antiviral activity and cytotoxicity of the diterpene alkaloids

MDBK cells Vero cells
Alkaloids MNTC CPE inhibitory =~ MNTC CPE inhibitory
conc. vs HSV conc. vs PI-3
Max. Min. Max. Min.

(ng/mL)(ng/mL)  (ug/mL)  (ug/mL)(ng/mL)  (png/mL)

Lycoctonine 64 - - 32 32 8
18-0-methyllycoctonine 64 - - 64 32 1
Delcosine 64 - - 64 32 1
14-Acetyldelcosine 64 - - 64 32 1
14-Acetylbrowniine 64 - - 64 32 1
Acyclovir 16 16 <0.25 - - -
Oseltamivir - - - 32 32 <0.25

found to be active among those screened [41]. In contrast to this data, ly-
coctonine and 14-acetyl derivative of browniine in our study showed a lesser
amount of cytotoxicity on MDBK and Vero cell lines at 64 jug/mL. Gonzales-
Coloma et al. studied antifeedant activity and toxicity of some diterpene
alkaloids (15-acetylcardiopetamine, cardiopetamine along with its amino al-
cohol, the B,y unsaturated ketone, and the acetylated ketone derivatives)
from Delphinium sp. on the insects Spodoptera littoralis and Leptinotarsa de-
cemlineata [42]. Results of the study showed that the C13 and C15 hydroxy
substituents are essential features of the active molecule, while the C11 ben-
zoate group enhanced the biological effect on both insect species, where all of
our alkaloids lacked those two substituents.

In a taxonomic study done in 2002, lycoctonine-type alkaloids isolated
from three Delphinium species were classified into three groups accord-
ing to the degree of their toxicity: N-(methylsuccinyl)-anthranoyllycoctonine
(MAL)-type with high toxicity, lycoctonine-type with moderate toxicity, and
7,8-methylene-dioxylycoctonine (MDL)-type with low toxicity [43]. In that
paper, it was reported that the moiety attached to C14 is quite important for
the toxicity of these alkaloids, which is also in accordance with our present
data. Furthermore, other functionalities on these molecules are also notable
in terms of toxicity. It was noticed that the tertiary nitrogen, anthranilic acid
substitution, and C1 moiety affect the toxicity degree within those alkaloids.
For instance, when the methylsuccinyl group is removed from MAL (which
then converts to lycoctonine), lycoctonine becomes 93 times less toxic.

Briefly, our report was the first on antiviral, antibacterial, and antifun-
gal activities of lycoctonine, 18-O-methyllycoctonine, delcosine, 14-acetyl-
delcosine, and 14-acetylbrowniine. Furthermore, our data also suggest that all
of the diterpene alkaloids are worthy of being evaluated for their antimicro-
bial and antiviral activities for future-promising results.
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2.2.2
Isoquinoline Alkaloids

In our recent work, we focused on investigation of antiviral activity
of 33 isoquinoline alkaloids and seven derivatives of them, which are
classified as protopine-type [protopine (14) and P-allocryptopine (15)],
benzylisoquinoline-type [(+)-reticuline (16) and (+)-norjuziphine], benzo-
phenantridine-type [sanguinarine (17), norsanguinarine, and chelidimerine
(18)], spirobenzylisoquinoline-type [fumarophycine (19), fumarophycine
acetate, (-)-corpaine, (&£)-sibiricine (20), sibiricine acetate, (=+)-dihydro-
sibiricine, (+)-fumariline, (-)-dihydrofumariline, (+)-parfumine, parfumine
acetate, dihydroparfumine acetate], phtalideisoquinoline-type [a-hydrastine
(21), (+)-bicuculline, (-)-bicuculline, and (-)-adlumidine], aporphine-type
[(+)-bulbocapnine (22) and (+)-isoboldine], protoberberine-type [berber-
ine (23), (-)-stylopine, (-)-canadine, (-)-sinactine, (-)-ophiocarpine (24),
ophiocarpine-N-oxide, corydalmine, palmatine, (4)-corydalidzine, dehydro-
corydaline, and dehydrocavidine], cularine-type [(+)-cularicine (25), oxocu-
larine, oxosarcocapnine, and oxosarcocapnidine], and an isoquinolone [cory-
daldine (26)], against HSV and PI-3 using MDBK and Vero celllines [44], whose
isolation procedures were described elsewhere [45-50] (Figs. 4 and 5). More-
over, the alkaloids were also tested against E. coli, P. aeruginosa, P. mirabilis,
K. pneumoniae, A. baumannii, S. aureus, and B. subtilis, as well as the fungus
C. albicans by the microdilution method, for their antibacterial and antifungal
activities.

According to our findings, all types of the alkaloids appeared to be
more active to Gram-negative bacteria than to Gram-positive ones. Most
of the alkaloids, including protopine, B-allocryptopine, chelidimerine, fu-
marophycine, (£)-sibiricine, sibiricine acetate, (+)-dihydrosibiricine, par-
fumine acetate, a-hydrastine, (+)-bulbocapnine, berberine, (-)-canadine,
(-)-ophiocarpine, ophiocarpine-N-oxide, corydalmine, oxosarcocapnidine,
and corydaldine, showed significant inhibition on K. pneumoniae and A. bau-
mannii, in particular, better than the rest of the Gram-negatives, at 8 jug/mL
concentration as compared to AMP (2 pg/mL). All of the alkaloids, regardless
of their structural differences, inhibited E. coli and P. mirabilis with MIC of
32 ug/mL, while they inhibited S. aureus at 64 ug/mL. Interestingly, the alka-
loids that were found to inhibit K. pneumoniae and A. baumannii at 8 pg/mL
also had remarkable inhibition on C. albicans (4 pg/mL), while a notable
occurrence of antifungal activity was observed with the rest at 8 ug/mL con-
centration.

The tested isoquinolines were observed to display a selective inhibition
against PI-3 as seen in Table 4, except for (+)-isoboldine, (-)-stylopine,
and (&£)-corydalidzine, that were totally ineffective against both viruses.
Protopine, P-allocryptopine, chelidimerine, fumarophycine, o-hydrastine,
(+)-bulbocapnine, (+)-isoboldine, (-)-sinactine, palmatine, dehydrocoryda-
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Fig.5 continues from Fig. 4

line, dehydrocavidine, (+)-cularicine, oxocularine, and oxosarcocapnine were
completely inactive against HSV, whereas maximum CPE concentrations of
the rest were the same as acyclovir (16 pg/mL). However, the alkaloids were
revealed to be less cytotoxic than acyclovir on MDBK cells, (-)-canadine
being the least cytotoxic alkaloid (128 pg/mL). The most active alkaloid
with anti-PI-3 effect was shown to be protopine (1-32ug/mL), followed
by fumarophycine (2-32 pug/mL), chelidimerine, (+)-bulbocapnine, and (-)-
ophiocarpine (4-32 pug/mL), as well as p-allocriptopine and oxosarcocapni-
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Table 4 activity and cytotoxicity of the isoquinoline alkaloids studied

MDBK cells Vero cells
Alkaloids MNTC CPE inhibitory =~ MNTC CPE inhibitory
conc. vs HSV conc. vs PI-3
Max. Min. Max. Min.

(ng/mL)(ng/mL)  (ug/mL)  (ug/mL)(ng/mL)  (png/mL)

Protopine 64 - - 32 32 1
p-Allocryptopine 64 - - 32 32 8
(+)-Reticuline 32 16 - 64 32 16
(+)-Norjuziphine 32 16 - 64 32 16
Sanguinarine 32 16 - 32 32 16
Norsanguinarine 32 16 - 32 32 16
Chelidimerine 64 - - 32 32 4
Fumarophycine 64 - - 32 32 2
(-)-Fumarophycine 32 16 - 64 32 16
acetate

(-)-Corpaine 32 16 - 64 32 16
(+£)-Sibiricine 32 16 - 64 32 16
Sibiricine acetate 32 16 - 32 32 16
(%)-Dihydrosibiricine 32 16 - 64 32 16
(+)-Fumariline 32 16 - 64 32 16
(-)-Dihydrofumariline 32 16 - 64 32 16
(+)-Parfumine 32 16 - 64 32 16
Parfumine acetate 32 16 - 64 32 16
(-)-Dihydroparfumine 32 16 - 64 32 16
diacetate

a-Hydrastine 64 - - 64 32 16
(+)-Bicuculline 32 16 - 64 32 16
(-)-Bicuculline 32 16 - 64 32 16
(-)-Adlumidine 32 16 - 64 32 16
(+)-Bulbocapnine 64 - - 32 32 4
(+)-Isoboldine - - - - - -
Acyclovir 16 16 <0.25 - - -
Oseltamivir - - - 32 32 <0.25
Berberine 64 - - 32 - -
(-)-Stylopine - - - - - 16
(-)-Canadine 128 - - 64 32 16
(-)-Sinactine 32 16 - 64 32 16
(-)-Ophiocarpine 64 - - 32 32 4
Ophiocarpine-N-oxide 64 - - 32 32 16
Corydalmine 64 - - 64 64 32
Palmatine 32 16 - 32 32 16
(£)-Corydalidzine - - - - - -
Dehydrocorydaline 32 16 - 64 - 16
Dehydrocavidine 32 16 - 64 32 16

(+)-Cularicine 32 16 - 32 32 16



Antimicrobial and Antiviral Activities of some Natural Compounds 319

Table 4 (continued)

MDBK cells Vero cells
Alkaloids MNTC CPE inhibitory =~ MNTC CPE inhibitory
conc. vs HSV conc. vs PI-3
Max. Min. Max. Min.

(ug/mL)(ug/mL)  (ug/mL)  (png/mL)(jug/mL)  (ug/mL)

Oxocularine 32 16 - 64 32 16
Oxosarcocapnine 32 16 - 64 32 16
Oxosarcocapnidine 64 - - 32 32 8
Corydaldine 64 - - 32 32 16
Acyclovir 16 16 <0.25 - - -
Oseltamivir - - - 32 32 <0.25

dine (8-32 pg/mL). The alkaloids tested exhibited lower or the same degree
of cytotoxicity as oseltamivir (32 ug/mL) against Vero cells.

A number of antimicrobial, antiviral, antitumoral, antimalarial, and cy-
totoxicity studies have been so far reported on various derivatives of natu-
ral or synthetic isoquinoline alkaloids [51-57]. In one study, antimicrobial,
cytotoxic, and anti-HIV activities of 26 simple isoquinolines and 21 ben-
zylisoquinolines were investigated. The results showed that a quaternary ni-
trogen atom of isoquinoline or dyhydroisoquinoline type may enhance the
potency of antimicrobial activity and cytotoxicity, whereas anti-HIV activity
was higher with tetrahydroisoquinolines [58]. In the study of Cui et al., simple
isoquinolines, 15 of which were of 1-benzylisoquinoline-type and 19 of which
were of protoberberine-derivatives, were screened against Epstein-Barr virus
early antigen (EBV-EA) activation induced by 12-O-tetradecanoylphorbol-
13-acetate (TPA), which is considered to be an indicator of antitumor-
promoting activity. The study was carried out using Raji cells and all 1-
benzylisoquinolines and 11 of the protoberberines exerted higher inhibitory
activity than B-carotene [59]. Regarding the structure-activity relationship, it
was concluded that the inhibitory activity of 1-benzylisoquinolines increased
as the number of hydroxyl groups on the aromatic ring increased and, ad-
ditionally, the size of substituents at the C8 and C13, as well as type and
position of the oxygenated substituents on A and D rings, influenced the virus
inhibition. Moreover, derivatives of the isoquinoline skeleton attached with
carboxamide moiety were declared to be the potent and selective inhibitors
of human cytolamegavirus [60].

In another study, the structure-activity relationships of berberine and
its derivatives were examined for their antibacterial activity. Among the
13-alkyl-substituted and the 13-unsubstituted protoberberinium salts, an in-
crease in antibacterial activity was observed with the 13-ethyl-9-ethoxyl, the
13-ethyl, and the 13-methyl derivatives against S. aureus by eight-, four-,
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and twofold, respectively, over berberine, which suggested that steric effects
played an noteworthy role in the antibacterial activity [61]. Additionally, re-
placement of methoxyl groups at the C2 and the C3 of ring A by a methylene-
dioxy group caused a boost in activity. In this report, it was stated that the
quaternary nitrogen atom (such as in protoberberinium salts) an alkylsub-
stituent at C13, and a methylenedioxy function at C2 and C3 are required
for enhanced antibacterial activity. In a study by Nakamoto et al., berberine
was revealed to have a strong antifungal effect against C. albicans, C. tropi-
calis, and C. glabrata, respectively, which is in accordance with our data on
berberine [62]. In a recent publication, a high occurrence of antibacterial
activity in berberine was shown towards E. coli, K. pneumoniae, P. aerugi-
nosa, P. fluorescens, S. aureus, Salmonella typhi, Enterococcus sp., and Serratia
marcescens, showing a better activity than streptomycin at 50 ug/mL by pa-
per disc diffusion method. Consequently, berberine was concluded to be
responsible for the high antibacterial activity of Coscinium fenestratum [63].
However, we found that berberine was only active against K. pneumoniae
and A. baumannii by microdilution method, which might result from the
application of two different methods. In another former study, berberine
obtained from Berberis heterophylla was tested against the ATCC strains of
S. aureus, Enterecoccus faecalis, P. aeruginosa, E. coli, and C. albicans by agar
diffusion method at 50, 100, and 200 pug/mL concentrations. The alkaloid was
highly active against S. aureus at 100 and 200 pg/mL, whereas it did not pos-
sess any inhibitory effect against E. faecalis, P. aeruginosa, and E. coli [64].
This data was consistent with ours for berberine in the case of E. coli and
P. aeruginosa. It was not active to S. aureus, which might again be the result
of the use of two dissimilar methods. In the same work, antifungal activity
screening was performed with berberine using the clinical strains of several
Candida sp. such as C. albicans, C. glabrata, C. haemulonii, C. lusitaniae,
C. krusei, and C. parapsilosis. Being the most active to C. krusei, followed
by the rest in decreasing degrees of effectiveness, berberine was expressed
as a novel antifungal agent.

In one report, protopine and a-allocryptopine isolated from Glaucium
oxylobum were tested for their antifungal activity against Microsporium ca-
nis, M. gypseum, Tricophyton mentagrophytes, Epidermophyton floccosum,
C. albicans, Aspergillus niger, and Penicillium sp. [65]. Among these fungi,
protopine exerted low activity against M. canis and T. mentagrophytes,
while a-allocryptopine had low activity towards M. gypseum and good in-
hibition of E. floccosum. In contrast, protopine was found to be inactive
against C. albicans, whereas this alkaloid had a high inhibition against the
same fungus in our study (4 pg/mL). a-Allocryptopine was also inactive
against C. albicans, whose p-counterpart exhibited a very good antifungal
effect against C. albicans. This may reasonably be due to the a- and B-con-
formation of the compound. In a previous study, the molluscicidal activity
of Argemone mexicana seeds were tested against the snail Lymnaea acumi-
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nata, which led to isolation of protopine and sanguinarine as the active
components [66].

From the structure-activity point of view, a few features about the iso-
quinoline alkaloids investigated herein can be pointed out. The quaternary
nitrogen atom found on some of the isoquinolines such as dehydrocorydaline,
dehydrocavidine, berberine, sanguinarine, and palmatine may have an effect
on the decrease of antiviral activity. On the other hand, the synergistic in-
teraction among the isoquinoline alkaloids isolated from E vaillantii may be
stated to contribute to the higher antiviral activity of this extract. Protopine-
type alkaloids seem to display a higher antiviral effect than the rest.

3
Conclusion

From ancient to modern history, traditional plant-based medicines have
played an important role in health care. Many countries in Africa, Asia, and
Latin America still rely on traditionally used herbal medicines for primary
health care needs. On the other hand, the complex nature of plant extracts
and the high probability of competing or synergistic bioactivities within
the same extract mean that these results represent the starting point for an
activity-guided search for active plant metabolites. It is also evident that
a structure-activity relationship exists between the various chemical struc-
tures and their antimicrobial activity in most cases. However, antiviral agents,
unlike antibacterial drugs which may cover a wide range of pathogens, tend
to be narrow in spectrum, and, unfortunately, have a limited efficacy. Histori-
cally, the discovery of antiviral drugs has been largely fortuitous. Spurred on by
success with antibiotics, drug companies launched huge blind-screening pro-
grams with relatively little success. Besides, lead compounds were modified by
scientists in an attempt to improve bioactivity. However, there is still a great
need to develop more effective antiviral and antimicrobial drug molecules.

As a conclusion, these findings provide additional evidence for the sup-
position that the assays mentioned above play the part of useful primary
screening in the survey of bioactive natural products. For the reasons out-
lined above, it is very important to focus on plants to discern novel antivi-
ral/antimicrobial compounds. Therefore, we truly hope that our studies, as
well as similar reports by different researchers, may help find new antimicro-
bials/antivirals from herbal sources.
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Cyclobutanes, spiro-fused 63
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Cyclooxygenase (COX) 152
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DNA, damage 148
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Epiphyllicacid 114
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Ethyl 2-propiolate 15

Etodolac 153
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Flaviviruses 272
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Fumariline 315
Fumarophycines 315
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Glucose-6-phosphate dehydrogenase
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Glutathione peroxidase (GPx) 148
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Hepatoprotective activity, lignans
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Herpes simplex virus (HSV) 259
Herpes viruses 267
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Hippospongin 234
HIV 259
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HSV 259
Human cytomegalovirus (HCMV) 259
Human immunodeficiency virus (HIV)
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Idiadione 237
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Indole N-oxides 165
Indole-2-carboxamides 153
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-, anti-inflammatory 152

-, antioxidants 156
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Influenza A virus 259
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Ircinia formosana 234

Ircinia spinulosa 305
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Nitrogen oxide 148
Nitrogen species, reactive 146
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