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Preface

“Bioactive Heterocycles III” provides readers with a comprehensive overview
of the most recent breakthroughs in the field of heterocycles. This volume
contains 8 chapters written by experts in their respective fields from all over
the world. The chapters summarize years of extensive research in each area,
and provide insight in the new themes of natural product research. Many of the
contributors illustrate their laboratory experiences. It’s obvious that readers
will gain exciting and essential information from the volume.

In the first chapter, Kayser et al. describe the chemistry, biosynthesis and
biological activities of artemisinin, one of the most promising antimalarial
molecules, and its related natural peroxides. They present new strategies of
producing artemisinin that utilize fascinating technologies. as Additionally,
the pharmacokinetic profile and the development of new drug delivery systems
on Plasmodium infected erythrocytes are presented .

Khan describes some aspects of sugar-derived heterocycles and their pre-
cursors which are utilized as the inhibitors against glycogen phosphorylases
(GPs), and are responsible for the release of mono-glucose from poly-glucose
(glycogen) in the second chapter. The inhibitors of GP could help to stop or
slow down glycogenolysis as well as glucose production. Ultimately, the whole
process will result in the recovery from diabetes of NIDDM patients.

In his contribution, Verma studies quantitative structure-activity relation-
ship (QSAR) and proposes several interesting QSAR models of heterocyclic
molecules having cytotoxic activities against different cancer cell lines, which
could in turn clarify the chemical-biological interactions of such compounds.

Alamgir et al., in the fourth chapter, review the recent progress of the
synthesis, reactivity and biological activities of benzimidazoles. Additionally,
they describe several new techniques and procedures for the synthesis of the
same scaffold.

In the fifth chapter, Khan reviews the essential role of the enzyme Tyrosinase
in human melanin production, covering various related clinical problems.
Finally, he describes the role of some inhibitors of this enzyme, themselves of
heterocyclic origin, including biochemical features of the inhibition.

In the next chapter, Demirkiran describes the xanthones from Hypericum
species and their synthesis and biological activities such as monoamine oxidase
inhibition, antioxidant, antifungal, cytotoxic and hepatoprotective activities.
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Within their contribution, Clerici et al. explain the chemistry of biologically
active isothiazoles. They also present a range of different SAR studies, from
well known to newly characterized compounds designed to improve their
biological activities. In the same chapter, they also describe the agrochemical
applications of the same pharmacophore.

In the final chapter, Gambari et al. summarize the structure and biological
effects of furocoumarins. The authors mainly focus on linear and angular
psoralens. Borrowing from their laboratory experiences, they describe the
interesting biological effects of such compounds on cell cycle, apoptosis and
differentiation as well as their use for the treatment of S-thalassemia.

Tromsg, Norway 2007 Mahmud Tareq Hassan Khan
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Abstract Artemisinin is a heterocyclic natural product and belongs to the natural prod-
uct class of sesquiterpenoids with an unusual 1,2,4 trioxane substructure. Artemisinin is
one of the most potent antimalarial drugs available and it serves as a lead compound in
the drug development process to identify new chemical derivatives with antimalarial op-
timized activity and improved bioavailability. In this review we report about the latest
status of research on chemical and physical properties of the drug and its derivatives. We
describe new strategies to produce artemisinin on a biotechnological level in heterologous
hosts and in plant cell cultures. We also summarize recent reports on its pharmacoki-
netic profile and attempts to develop drug delivery systems to overcome bioavailability
problems and to target the drug to Plasmodium infected erythrocytes as main target cells.

Keywords Biosynthesis - Biochemistry - Pharmacokinetics - Synthesis - Analytics
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Abbreviations

AACT acetoacetyl-coenzyme A thiolase
A. annua Artemisia annua
AMDS amorpha-4,11-diene synthase

A. thaliana  Arabidopsis thaliana
CDP-ME 4-(Cytidine 5'-diphospho)-2-C-methyl-p-erythritol
CDP-MEP  4-(Cytidine 5'-diphospho)-2-C-methyl-p-erythritol 2-phosphate

cMEPP 2-C-Methyl-p-erythritol 2,4-cyclodiphosphate

CMK 4-(Cytidine 5'-diphospho)-2-C-methyl-p-erythritol kinase
CMS 2-C-Methyl-p-erythritol 4-phosphate cytidyl transferase
CoA coenzyme A

CYP71AV1  cytochrome P450 71AV1
DMAPP dimethylallyl diphosphate

dppl S. cerevisiae phosphatase dephosphorylating FPP (gene)
DXP 1-deoxy-p-xylulose 5-phosphate pathway

DXR 1-deoxy-D-xyluose 5-phosphate reductoisomerase

DXS 1-deoxy-p-xylulose 5-phosphate synthase

E. coli Escherichia coli

erg9 S. cerevisiae squalene synthase (gene)

frfl flowering promoting factor (gene)

FPP farnesyl diphosphate

EPPS FPP synthase

G3P glyceraldehyde 3-phosphate

GPP geranyldiphosphate

GPPS geranyldiphosphate synthase

HDS 1-Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase
HMBPP 1-Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate
HMG-CoA  3S-Hydroxy-3-methylglutaryl-CoA

HMGR 3-hydroxy-3-methylglutaryl CoA reductase

HMGS 3-hydroxy-3-methylglutaryl CoA synthase

IDS isopentenyl diphosphate/dimethylallyl diphosphate synthase
IPP isopentenyl diphosphate

IPPi isopentenyl diphosphate isomerase

ipt isopentenyl transferase gene from Agrobacterium tumefaciens
MCS 2-C-Methyl-p-erythritol 2,4-cyclodiphosphate synthase
MDD mevalonate diphosphate decarboxylase

MEP 2-C-Methy-p-erythritol 4-phosphate

MK mevalonate kinase

MPK mevalonate-5-phosphate kinase

MPP mevalonate diphosphate

MS medium Murashige and Skoog medium

MVA 3R-Mevalonic acid

MVAP mevalonic acid-5-phosphate

OPP paired diphosphate anion

P falciparum Plasmodium falciparum

S. cerevisiae ~ Saccharomyces cerevisiae

sue S. cerevisiae mutation rendering efficient aerobic uptake of ergosterol
upc2-1 upregulates global transcription activity (mutation)
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1
Chemistry

For thousands of years Chinese herbalists treated fever with a decoction of
the plant called “qinghao”, Artemisia annua, “sweet wormwood” or “annual
wormwood” belonging to the family of Asteraceae. In the 1960s a program
of the People Republic of China re-examined traditional herbal remedies on
a rational scientific basis including the local qinghao plant. Early efforts to
isolate the active principle were disappointing. In 1971 Chinese scientists fol-
lowed an uncommon extraction route using diethyl ether at low temperatures
obtaining an extract with a compound that was highly active in vivo against
P. berghei in infected mice. The active ingredient was febrifuge, structurally
elucidated in 1972, called mostly in China “qinghaosu”, or “arteannuin” and
in the west “artemisinin”. Artemisinin, a sesquiterpene lactone, bears a per-
oxide group unlike most other antimalarials. It was also named artemisi-
nine, but following IUPAC nomenclature a final “e” would suggest that it
was a nitrogen-containing compound that is misleading and not favoured
today.

Artemisinin and its antimalarial derivatives belong to the chemical class of
unusual 1,2,4-trioxanes. Artemisinin is poorly soluble in water and decom-
poses in other protic solvents, probably by opening of the lactone ring. It is
soluble in most aprotic solvents and is unaffected by them at temperatures
up to 150 °C and shows a remarkable thermal stability. This section will fo-
cus on biological and pharmaceutical aspects; synthetic routes to improve
antimalarial activity and to synthesize artemisinin derivatives with differ-

(1.1) dihydroartemisin; R = H (a + B)

(1.2) artemether; R = CHj3 (83)

(1.3) arteether; R = CH,CHj; (B)

(1.4) artelinate; R = CH,C¢H4COONa (3)
(1.5) artesunate; R = COCH,CH,COONa (ot)

Fig.1 Artemisinin and its derivatives
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ent substitution patterns are reviewed elsewhere [1,2]. Most of the chemical
modifications were conducted to modify the lactone function of artemisinin
to a lactol. In general alkylation, or a mixture of dihydroartemisinin epimers
in the presence of an acidic catalyst, it will give products with predom-
inantly S-orientation, whereas acylation in alkaline medium preferentially
yields «-orientation products (Fig. 1). Artemether (Fig. 1.2) as the active in-
gredient of Paluther® is prepared by treating a methanol solution of dihy-
droartemisinin with boron trifluoride etherate yielding both epimers. The
main goal was to obtain derivatives that show a higher stability when dis-
solved in oils to enable parenteral use. The a-epimer is slightly more ac-
tive (ECsp = 1.02 mg kg‘1 b.w.) than the B-epimer (ECsp = 1.42 mgkg™') and
artemisinin itself (ECso = 6.2 mg kg‘l) [3]. Synthesis of derivatives with en-
hanced water solubility has been less successful. Sodium artesunate, Ar-
sumax® (Fig. 1.5) has been introduced in clinics and is well tolerated and less
toxic than artemisinin.

1.1
Trioxane and Peroxides in Nature

Besides artemisinin more than 150 natural peroxides are known in nature.
The presence of the typical peroxide functions is not related to one natu-
ral product group and occurs as cyclic and acyclic peroxides in terpenoids,
polyketides, phenolics and also alkaloids. The most stable are cyclic per-
oxides, even under harsh conditions and artemisinin is a nice example of
this. Artemisinin can be boiled or treated with sodium borohydride with-
out degradation of the peroxide function. In contrast, acyclic peroxides are
rather unstable, form hydrogen peroxides and are easily broken by metals or
bases.

Most natural peroxides have been isolated from plants and marine organ-
isms, and terpenoids have attracted the most interest because of the struc-
tural diversity that they cover. In an excellent review by Jung et al. [4], an
overview is given and it should be stressed that Scapania undulata, which
is a bryophyte found in the northern parts of Europe, biosynthesizes amor-
phane like natural products with a cyclic peroxide (Fig. 2.1) structurally
related to the well known artemisinin. There is less information about the bi-
ological activity of natural peroxides from plant origins, but some reports in-
dicate its use against helminth infections, rheumatic diseases and antimicro-
bial activity. Natural cyclic peroxides from marine sources (Fig. 2) have been
tested for a broad range of activities including antiviral (Aikupikoxide A),
antimalarial, antimicrobial activity and cytotoxicity (Fig. 2.2). A second im-
portant natural product group are polyketides and it is interesting that all of
the isolated polyketide-derived peroxides are from marine sources. Due to the
high flexibility in the carbon chain and the presence of hydroxy substituents,
a high chemical diversity can be documented ranging from simple and short
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(2.2) Aikupikoxide-D from Diacarnus erythraenus

(2.3) Peroxyacarnoic acid A from Acarnus bicladotyloata

Fig.2 Natural peroxides

peroxides like haterumdioins in Japanese sponge Plaktoris lita to more com-
plex structures with long chain derivatives like peroxyacarnoic acids from
the sponge Acarnus bicladotylota (Fig. 2.3). Most of the polyketide-derived
peroxides show a high cytotoxic activity and moderate activity against mi-
croorganisms.

As expected due to chemical instability the number of acyclic peroxides is
lower. Most of them occur as plant derived products, but also in soft corals
like Clavularia inflata, hydroperoxides with potent cytotoxicity exist. Inter-
estingly the bioactivity disappeared when the hydroperoxide function was
deleted. It must be noted that most of natural hydroperoxides in plants are
found in the group of saponins from Panax ginseng or Ficus microcarpa,
which are used in ethnomedicine in South East Asia.
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2
Biosynthesis

2.1
Biosynthesis in Artemisia Annua

2,11
Biochemistry

Two pathways are employed in plants for the production of isoprenoids, the
1-deoxy-D-xylulose 5-phosphate pathway (DXP) localized to the plastid and
the mevalonate pathway present in the cytosol (Fig. 3) [5]. These pathways
are normally used to produce different sets of isoprenoids, sesquiterpenoids,
sterols and triterpenoids, among others being reserved for the mevalonate
pathway, while the diterpenes and monoterpenes are produced by the DXP
pathway. However, there is recent evidence that the pathways have some
crosstalk on the isopentenyl diphosphate (IPP) level [5].

The first step taken in the biosynthetic pathway of artemisinin was the
cyclization of the general mevalonate pathway originated sesquiterpenoid
precursor farnesyl diphosphate (FPP) into (IS, 6R, 7R, 10R)-amorpha-4,11-
diene by amorpha-4,11-diene synthase (AMDS) (Fig.4) [6-8]. The crys-
tal structure of this sesquiterpene synthase is not known. From all plant

Fig.3 Isoprenoid biosynthetic pathways in plant cells. The mevalonate pathway is rep-
resented in the cytosol; the MEP pathway in the plastid. Biosynthesis of artemisinin
is depicted in detail. The long dashed arrow depicts transport. The dash punc-
tured arrow depicts an unknown or putative enzymatic function. The single arrow
depicts a single reaction step. Multiple arrows depict several reaction steps. Abbre-
viations of substrates: CDP-ME, 4-(Cytidine 5'-diphospho)-2-C-methyl-D-erythritol;
CDP-MEP, 4-(Cytidine 5'-diphospho)-2-C-methyl-D-erythritol 2-phosphate; cMEPP, 2-
C-Methyl-D-erythritol 2,4-cyclodiphosphate; DMAPP, Dimethylallyl diphosphate; DXP,
1-Deoxy-D-xylulose 5-phosphate; FPP, Farnesyl diphosphate; GPP, Geranyl diphosphate;
HMBPP, 1-Hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate; HMG-CoA, 3S-Hydroxy-3-
methylglutaryl-CoA; IPP, Isopentenyl diphosphate; MEP, 2-C-Methy-D-erythritol 4-
phosphate; MPP, Mevalonate diphosphate; MVA, 3R-Mevalonic acid; MVAP, Mevalonic
acid-5-phosphate. Shortenings of enzymes: AACT, Acetoacetyl-coenzyme A (CoA) thio-
lase; AMDS, Amorpha-4,11-diene synthase; CMK, 4-(Cytidine 5 -diphospho)-2-C-methyl-
D-erythritol kinase; CMS, 2-C-Methyl-D-erythritol 4-phosphate cytidyl transferase;
CYP71AV1, Cytochrome P450 71AV1; DXR, 1-deoxy-D-xylulose 5-phosphate reductoi-
somerase; DXS, 1-deoxy-D-xyluose 5-phosphate synthase; FPPS, Farnesyl diphosphate
synthase; GPPS, Geranyl diphosphate synthase; HDS, 1-Hydroxy-2-methyl-2-(E)-butenyl
4-diphosphate synthase; HMGR, 3-hydroxy-3-methylglutaryl CoA reductase; HMGS,
3-hydroxy-3-methylglutaryl CoA synthase; IPPi, Isopentenyl diphosphate isomerase;
IDS, Isopentenyl diphosphate/Dimethylallyl diphosphate synthase; MCS, 2-C-Methyl-D-
erythritol 2,4-cyclodiphosphate synthase; MDD, Mevalonate diphosphate decarboxylase;
MK, mevalonate kinase; MPK, mevalonate-5-phosphate kinase
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Fig.4 A Cyclization of FPP to amorpha-4,11-diene by AMDS as described by Kim et al.
and Picaud et al. [10, 11]. B Cyclization of FPP to helmonthogermabicradienyldiphosphate
synthase carbocation

sesquiterpene synthases known, only the 5-epi-aristolochene synthase from
tobacco has been elucidated [9]. In contrast, the mechanism behind the cycli-
zation of FPP into amorpha-4,11-diene has been proven by Picaud et al. and
Kim et al. through the use of deuterium labeled FPP (Fig. 4) [10, 11]. Differing
from the bicyclic sesquiterpene cyclases §-cadinene synthase from cotton [12]
and pentalene synthase [13], which produce a germacrene cation as the first
cyclic intermediate, AMDS produces a bisabolyl cation. FPP is ionized and
the paired diphosphate anion (OPP) is transferred to C3 giving (3R)-nerolidyl
diphosphate. This intermediate allows rotation around the C2-C3 bond to
generate a cisoid form. The cisoid form brings C1 in close proximity to
Cé6 allowing a bond formation between these two carbon atoms thus result-
ing in the first ring closure and a bisabolyl cation. The formed cation is in
equilibrium with its deprotonized uncharged form, which is interesting be-
cause it implies a solvent proton acceptor and stands in contrast to studies
discussing properties of the active site of an investigated trichodiene syn-
thase [14]. Rynkiewicz and Cane came to the conclusion that the active site
is completely devoid of any solvent molecule that would quench the reac-
tion prematurely [14]. In a second report from the group of Vedula et al. the
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authors draw the conclusion from their results that terpene cyclization reac-
tions in general are governed by kinetic rather than thermodynamic rules in
the step leading to formation of the carbocation [15]. In the bisabolyl cation,
an intermediate in the reaction towards amorpha-4,11-diene, a 1,3 hydride
shift to C7 occurs, leaving a cation with a positive charge at C1 (FPP number-
ing). Through a nucleophilic attack on C1 by the double bond C10-C11 the
second ring closes to give an amorphane cation. Deprotonation on C12 or C13
(amorphadiene numbering) gives amorpha-4,11-diene.

The three-dimensional structures of three non-plant sesquiterpene syn-
thases reveals a single domain composed entirely of «-helices and loops
despite the low homology on amino acid sequence level [14,16,17]. The
secondary elements of 5-epi-aristolochene synthase, a plant sesquiterpene
synthase, conform to this pattern with the exception of two domains solely
composed of a-helices and loops. It is reasonable, but still a matter of debate,
to extrapolate these data to the case of amorpha-4,11-diene synthase, which
will probably only display «-helices and loops once the crystal structure has
been solved.

A further element shared by all sesquiterpene synthases is the need for
a divalent metal ion as cofactor. The metal ion is essential for substrate bind-
ing but also for product specificity. The metal ions stabilize the negatively
charged pyrophosphate group of farnesyl diphosphate as illustrated by the
crystal structure of 5-epi-aristolochene synthase [9]. The highly conserved se-
quence (I, L, V)DDxxD(E) serves to bind the metal ions in all known terpene
and prenyl synthases (Fig. 5) [18-22]. A further interesting property among
terpene synthases is that the active sites are enriched in relatively inert amino
acids, thus it is the shape and dynamic of the active site that determines cata-
lytic specificity [23].

Picaud et al. purified recombinant AMDS and determined its pH optimum
to 6.5 [24]. Several sesquiterpene synthases show maximum activity in this
range; examples are tobacco 5-epi-aristolochene synthase [25,26], germa-
crene A synthase from chickory [26] and nerolidol synthase from maize [27].
Terpenoid synthases are, however, not restricted to a pH optimum in this
range. Intriguing examples are the two (+)-6-cadinene synthase variants from
cotton, which exhibit maximum activity at pH 8.7 and 7-7.5, respectively [28]
and 8-epi-cedrol synthase from A. annua [29] with the pH optimum around
8.5-9.0. The authors further investigated the metal ion required as cofac-
tor for AMDS as well as substrate specificity. The kinetics studies revealed
keatK;! values of 2.1 x 10 pM~' s7! for conversion of FPP at the pH opti-
mum 6.5 with Mg?* or Co?* ions as cofactors and a slightly lower value of
1.9 x 107 uM~! st with Mn?* as a cofactor. These very low efficiencies are
common to several sesquiterpene synthases but substantial differences have
been reported. The synthase reached a kcatKr‘n1 value of 9.7 x 102 uM~! s for
conversion of FPP at pH 9.5 using Mg?" as a metal ion cofactor. This increase
in efficiency is interesting and shows the broad window in which the enzyme
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Fig.5 Computerized 3D structure of amorpha-4,11-diene. Residues marked with red be-
long to the conserved metal ion binding amino acid sequence IDxxDD. The 3D model
of the amorphadiene synthase (AMDS) courtesy of Wolfgang Brandt, Leibniz Institute of
Plant Biochemistry Halle, Germany

can work, something that may prove to be industrially usable but that phys-
iologically does not have a meaning in the plant. The increase in efficiency
is not linear as the maximum activity of AMDS is around pH 6.5-7.0 with
a minimum at pH 7.5. The established pH optimum of 6.5 is in line with the
range established for AMDS isolated from A. annua leaves [30]. AMDS did
not show any relevant activity in the presence of Ni**, Cu?* or Zn?*. In the
presence of Mn?* as cofactor, AMDS is capable of using geranyldiphosphate
(GPP) as substrate although with very low efficiency (4.2 x 107 pM~' s7! at
pH 6.5). Using Mn?" as a cofactor also increased the product specificity of
AMDS to ~ 90% amorpha-4,11-diene with minor negative impact on effi-
ciency. Under optimal conditions AMDS was proven to be faithful towards the
production of amorpha-4,11-diene from FPP, converting ~ 80% of the sub-
strate into amorpha-4,11-diene, ~ 5% amorpha-4,7 (11)-diene and ~ 3.5%
amorpha-4-en-7-ol together with 13 other sesquiterpenes in minute amounts.
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Bertea et al. [31] postulated that the main route to artemisinin is the
conversion of amorpha-4,11-diene to artemisinic alcohol, which is fur-
ther oxidized to artemisinic aldehyde (Fig.3). The C11-C13 double bond
in artemisinic aldehyde was then proposed to be reduced giving dihy-
droartemisinic aldehyde, which would upon further oxidation give dihy-
droartemisinic acid. The authors supported their conclusion by demonstrat-
ing the existence of amorpha-4,11-diene, artemisinic alcohol, artemisinic
aldehyde and artemisinic acid together with the reduced forms of the
artemisinin intermediates in leaf- and glandular trichome microsomal pel-
lets, by direct extraction from leaves and through enzyme assays. Interest-
ingly, they could not show any significant conversion of artemisinic acid into
dihydroartemisinic acid regardless of the presence of cofactors NADH and
NADPH thus strengthening the hypothesis that reduction of the C11-C13
double bond occurs at the aldehyde level. In view of these results it is very
likely that artemisinic acid is a dead end product that cannot be converted
into artemisinin in contrast with some literature [32], unless reduced to di-
hydroartemisinic acid.

Recently, two research groups cloned the gene responsible for oxidizing
amorpha-4,11-diene in three steps to artemisinic acid (Fig. 3) [33, 34]. This
enzyme, a cytochrome P450 named CYP71AV1, was expressed in Saccha-
romyces cerevisiae (S. cerevisiae) and associated to the endoplasmatic reticu-
lum. The isolation and application of this cytochrome P450 is described fur-
ther below. Further research that will clarify whether additional cytochrome
P450s or other oxidizing enzymes are present in the native biosynthetic path-
way and where the reduction of the C11-C13 double bond occurs are still
open fields of exploration.

Several terpenoids including artemisinin and some of its precursors and
degradation products have been found in seeds of A. annua [35]. In its
vegetative state, secretory glandular trichomes [36] are the site of produc-
tion of artemisinin. Recently, Lommen et al. showed that the production of
artemisinin is a combination of enzymatic and non-enzymatic steps [37].
The authors followed the production of artemisinin and its precursors on
a level per leaf basis. The results showed that artemisinin is always present
during the entire life cycle of a leaf, from appearance to senescence and that
the quantity steadily increases as would be expected for an end product in
a biosynthetic pathway. Interestingly, the immediate precursor to artemisinin,
dihydroartemisinic acid [38] was more abundant than other precursors, in-
dicating that the conversion of dihydroartemisinic acid into artemisinin is
a limiting step. It was also shown that dihydroartemisinic acid is not con-
verted to artemisinin directly. The authors argue, in line with other litera-
ture [38], that this might be due to a temporary accumulation of the putative
intermediate dihydroartemisinic acid hydroperoxide (Fig. 3). The observation
that artemisinin levels continued to increase at the same time as the numbers
of glandular trichomes decreased further supports the idea that the final step
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of artemisinin formation is non-enzymatic. Wallaart et al. were able to show
that conversion of dihydroartemisinic acid to artemisinin is possible when
using mineral oil as reaction solvent instead of glandular oil (Fig. 3) [39]. By
adding dihydroartemisinic acid and chlorophyll a to mineral oil and expos-
ing the mixture to air and light, a conversion of 12% after 120 hours was
achieved. In absence of mineral oil a conversion of 26.8% was achieved. Wal-
lart et al. were later able to show that the hypothesized intermediate between
dihydroartemisinic acid and artemisinin, dihydroartemisinic acid hydroper-
oxide, could be isolated from A. annua and upon exposure to air for 24 hours
at room temperature yielded artemisinin and dihydro-epi-deoxyarteannuin B
(Fig. 3) [40].

2.1.2
Genetic Versus Environmental Regulation of Artemisinin Production

The genetic regulation of the biosynthesis of artemisinin is poorly under-
stood on the single pathway level. The situation is further complicated be-
cause there are several FPP synthase (FPPS) and 3-hydroxy-3-methylglutaryl
CoA reductase (HMGR) isoforms making optimization options more versa-
tile and complex. The active drug component in A. annua was isolated in
the 1970s but it was only during the last eight years that key enzymes in the
committed biosynthetic pathway of artemisinin have been cloned and char-
acterized (Fig. 3) [6-8,33,34]. However, the genetic variation contributing
to the level of artemisinin production has been investigated to some extent.
The genetic variation is reflected in the existence of at least two chemotypes
of A. annua. Wallaart et al. showed that plant specimens from different ge-
ographical origins had a different chemical composition of the essential oil
during the vegetative period [41]. The authors distinguished one chemotype
having a high content of dihydroartemisinic acid and artemisinin accompa-
nied by a low level of artemisinic acid and a second chemotype represented
by low artemisinin and dihydroartemisinic acid content together with a high
level of artemisinic acid. With the aim of increasing the artemisinin produc-
tion the authors induced tetraploid specimens from normal high producing
diploids using colchicine [42]. This led to higher artemisinin content in the
essential oil but to a 25% decrease in artemisinin yield per m? leaf biomass.
Only a few studies have investigated the effect of singular genes on
artemisinin production. Wang et al. overexpressed the flowering promoting
factor (fpfl1) from Arabidopsis thaliana in A. annua and observed 20 days
earlier flowering compared with the control plants but could not detect any
significant change in artemisinin production [43]. From this it can be con-
cluded that the event of flowering has no effect on artemisinin biosynthesis,
an idea supported by a later study performed by the authors in which the
early flowering gene from A. thaliana was overexpressed in A. annua [44]. In
contrast, when an isopentenyl transferase gene from Agrobacterium tumefa-
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ciens (ipt) was overexpressed in A. annua, the content of cytokinins, chloro-
phyll and artemisinin increased two- to three-fold, 20-60% and 30-70%,
respectively [45]. By overexpression of endogenous FPP in A. annua, Han
et al. established a maximum 34.4% increase in artemisinin content corres-
ponding to 0.9% of the dry weight [46]. Similarly, a two- to three-fold increase
in artemisinin production was obtained using a FPP from Gossypium ar-
boreum [47].

To assess the genetic versus environmental contributions to artemisinin
production, quantitative genetics was applied by Dealbays et al. [48]. Vari-
ance manifested in a phenotype or a trait like a chemotype is the sum of
the genetic and environmental variance. The genetic variance can in its turn
be divided into additive genetic variance, dominance variance and epistatic
variance. Additive variance is a representation of the number of different
alleles of a trait, dominance variance the relation between dominant and re-
cessive alleles and epistatic variance the relation between alleles at different
loci. Broad-sense heritability of a trait is defined as the variation attributed
to genetic variance divided by the total variance in traits. In their experi-
ments Ferreira et al. estimated a broad-sense heritability of up to 0.98 [49].
Delabays et al. confirm the broad-sense heritability of artemisinin to be be-
tween 0.95 and 1 [48] and that the dominance variance of 0.31 was present
in the experiment. This implies that there are great variations between the
same alleles, which besides a genetic based existence of chemotypes, sup-
port a mass-breading selection program of A. annua to produce a high yield
artemisinin crop. With the breeding program CPQBA-UNICAMP aiming at
improvement of biomass yields, rates between leaves and stem, artemisinin
content, and essential oil composition and yield in A. annua, genotypes pro-
ducing 1.69 to 2.01 g m?~! have been obtained [50].

2.1.3
Cell Culture

One biotechnological research focus is to utilize hairy root cultures as
a model of study and for the production of artemisinin. Hairy roots are
genetically and biochemically stable, capable of producing a wide range of
secondary metabolites, grow rapidly in comparison with the whole plant and
can reach high densities [51, 52]. It is an interesting approach but is currently
hampered by the difficulties in scaling up the production to industrial propor-
tions. Scaling-up of A. annua hairy root cultures has been shown to produce
complex patterns of terpenoid gene expression pointing towards the difficulty
of obtaining a homogeneously producing culture [53]. In their study Souret
et al. compare the expression levels of four key terpenoid biosynthetic genes,
HMGR, 1-deoxy-D-xylulose 5-phosphate synthase (DXS), 1-deoxy-D-xyluose
5-phosphate reductoisomerase (DXR) and FPPS (Fig. 3), in three different
culture conditions: shake flask, mist bioreactor and bubble column bioreac-
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tor. In shake flask conditions all key genes were temporally expressed but only
FPPS had a correlation with artemisinin production. This is not surprising
because the terpenoid cyclase has often proven to be the rate limiting step
in a terpenoid biosynthetic pathway. Expression of the genes in both biore-
actor types were similar or greater than the levels in shake flask cultures. In
the bioreactors, the transcriptional regulation of all the four key genes were
affected by the position of the roots in the reactors, but there was no corre-
lation with the relative oxygen levels, light or root packing densities in the
sample zones. Medium composition and preparation has been proven to af-
fect the production of artemisinin in hairy root cultures. Jian Wen and Ren
Xiang showed that the ratio of differently fixed nitrogen in Murashige and
Skoog medium (MS medium) had a great impact on artemisinin level [54].
The optimal initial growth condition of 20 mM nitrogen in the ratio 5: 1
NO* /NH*" (w/w) produced a 57% increase in artemisinin production com-
pared to the control in standard MS medium. Weathers et al. determined
optimal growth at 15mM nitrate, 1.0 mM phosphate and 5% w/v sucrose
with an eight-day old inoculum but the production of artemisinic acid was
not detected using phosphate at higher concentrations than 0.5mM [55].
This implies that it is very difficult, if even possible, to optimize hairy root
growth and terpenoid production at the same time; there has to be a trade
off between biomass and product formation. As artemisinin is a secondary
metabolite it is reasonable to assume that this compound will only be pro-
duced in significant amounts when the primary needs of the tissue have been
covered. An extended phase of biomass formation would mean a procras-
tinated production of secondary metabolites. Interestingly, Weathers et al.
found that artemisinic acid was not detected when arteannuin B was pro-
duced (Fig. 3). They suggest that artemisinic acid is degraded by a peroxidase
to arteannuin B, which can be converted into artemisinin [55, 56]. This to-
gether with another observation that an oligosaccharide elicitor from the
mycelial wall of an endophytic Colletotrichum sp. B501 promoted artemisinin
production in A. annua hairy roots together with greatly increased perox-
idase activity and cell death makes it tempting to see a peroxidase in the
biosynthetic pathway from (dihydro)artemisinic acid to artemisinin [57].
Dhingra and Narasu purified and characterized an enzyme capable of per-
forming the peroxidation reaction converting arteannuin B to artemisinin
(Fig. 3) [56]. Conversion was estimated to be 58% of the substrate on mo-
lar basis. Sangwan et al. were able to show conversion of artemisinic acid
into arteannuin B and artemisinin using horse radish peroxidase and hydro-
gen peroxide on cell free extracts from unmature A. annua leaves [58]. On
the other hand, it has been found that in chickory the lactone ring forma-
tion in (+)-costunolide is dependent on a cytochrome P450 hydroxylase using
germacrene acid as the substrate [59].

Sugars are not only energy sources but also function as signals in
plants [60,61]. Westers et al. performed a study in which autoclaved ver-
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sus filter sterilized media were used with the conclusions that filter sterilized
media give higher biomass and more consistent growth results, as well as
better replicable terpenoid production results, although the yields of these
secondary metabolites decreased [62]. The authors explain the inconsis-
tent results accompanying autoclaved media with variable hydrolysis of
sucrose. By carefully choosing nutrient composition, light quality and type
of bioreactor the artemisinin production level can reach up to approximately
500 mg L' [63,64]. Ploidity is another factor to consider. De Jesus-Gonzales
and Weathers produced tetraploid A. annua hairy roots by treating normal
diploid parents with colchicine and thereby obtained a tetraploid hairy root
producing six times more artemisinin than the diploid versions. Tetraploid
plants have also been made using colchicine, which led to a 39% increase in
artemisinin production averaged over the whole vegetation period compared
to diploid wild type plants [42].

2.2
Heterologous Biosynthesis

There are currently two main research strategies for production of artemisi-
nine that are being intensively pursued. One is to increase production in the
plant by bioengineering or through breeding programs, the second strategy is
to utilize microorganisms in artificial biosynthesis of artemisinin. The group
focusing on plant improvement brings forward the advantages of low produc-
tion costs and easy handling, disregarding infestation and pest problems and
additional costs for containment to prevent ecological pollution. The group
favouring heterologous production of artemisinin in microoranisms admits
higher production costs at the moment compared with artemisinin isolated
from the plant but points to the advantages of efficient space versus produc-
tion ratio, complete production and quality control, and a continuous supply
of artemisinin possible only with sources not dependent on uncontrollable
factors such as weather. In the two following chapters we give examples of
the progress of the heterologous production of isoprenoid and artemisinin
precursors in microorganisms.

2.2.1
Heterologous Production in Escherichia Coli

Of the two existing isoprenoid biosynthetic pathways (Fig. 3), DXP is used
by most prokaryotes for production of IPP and dimethylallyl diphosphate
(DMAPP) [65,66]. With the available knowledge of the genes involved in
the DXP pathway, several groups have studied the impact of changed ex-
pression levels of these genes on the production of reporter terpenoids.
Farmer and Liao reconstructed the isoprene biosynthetic pathway in Es-
cherichia coli (E. coli) to produce lycopene, which was used as an indication
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of an increase or decrease in isoprenoid production levels [67]. By over-
expressing or inactivating the enzymes involved in keeping the balance of
pyruvate and glyceraldehyde 3-phosphate (G3P), the authors established that
directing flux from pyruvate to G3P increased lycopene production making
the available pool of G3P the limiting precursor to isoprenoid biosynthe-
sis. Kajiwara showed that overexpression of IPP lead to increased production
of their terpenoid reporter molecule beta carotene [68]. Kim and Keasling
investigated the influence of DXS, DXR, plasmid copy number, promoter
strength and strain on production of the reporter terpenoid lycopene and
were able to show a synergistic positive effect upon overexpression of both
genes [69]. These kinds of strategies have all led to a moderate increase
in production of terpenoid reporter molecules. Martin et al. hypothesized
that the limited increase in isoprene production may be attributed to un-
known endogenous control mechanisms [70]. By introducing the heterolo-
gous mevalonate pathway from S. cerevisiae into E. coli these internal con-
trols were bypassed and isoprenoid precursors reached a toxic level. The
introduction of a codon optimized AMDS alleviated this toxicity and led
to production of amorpha-4,11-diene at the level of 24 pg caryophyllene
equivalent mI~! [70,71]. Genes, such as transcriptional regulators, that are
not directly involved in the isoprenoid biosynthetic pathway have also been
shown to have a similar impact on production levels of terpenoid reporter
molecules [72]. This can be expected because the isoprenoid biosynthetic
pathway is tightly intertwined with the energy metabolism of the cell. The
design strategy of the construct used can have a great influence on precur-
sor production, as shown by Pfleger et al. [73]. By tuning intergenic regions
in the mevalonate operon constructed by Martin et al. a seven-fold increase
in mevalonate production compared with the starting operon conditions was
recorded [70]. Brodelius et al. went a step beyond manipulating isolated
genes, singular or multiple, in the biosynthesis of isoprenoids. By fusing
FPPS isolated from A. annua and epi-aristolochene synthase from tobacco,
the extreme proximity and, therefore, very short diffusion path led to a 2.5
fold increase in epi-aristolochene compared to solitary epi-aristolochene syn-
thase [74]. Heterologous production of cyclized terpenoids is efficient but
the following modification to form oxygenated plant terpenoids in E. coli
seems to be a great bottleneck. Carter et al. engineered GPP biosynthesis
coupled with the monoterpene cyclase limonene synthase, cytochrome P450
limonene hydroxylase, cytochrome P450 reductase and carveol dehydroge-
nase in E. coli with the expectation of producing the oxygenated limonene
skeleton (-)-carvone [75]. Production of the unoxygenated intermediate
limonene reached 5mgL™" but no oxygenated product was detected. The
authors argue that this limitation may be due to cofactor limitations and
membrane structural limitations in E. coli compared to plants. Hence, sev-
eral research groups have turned to yeast for the heterologous expression
of complex biosynthetic pathways.
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222
Heterologous Production in Saccharomyces Cerevisiae

Fungi use the mevalonate pathway to produce all their isoprenoids. Lessons
learned on the manipulation of the genes involved in the yeast mevalonate
pathway were useful to increase the production of isoprenoids in E. coli as
discussed above. Jackson et al. used epi-cedrol synthase converting FPP as
a reporter gene for ispoprenoid production [76]. By overexpressing a trun-
cated version of HMGR in a S. cerevisiae mutant (upc2-1, upregulates global
transcription activity) taking up sterol, in the production, an increase from
90 pg L7! to 370 g L of epi-cedrol was obtained. Overexpression of a native
FPPS gene did not, however, improve the levels of epi-cedrol. As in the at-
tempt of heterologous production of the oxygenated terpenoid epi-cedrol [75]
in E. coli, an attempt to reconstruct early steps of taxane diterpenoid (tax-
oid) metabolism in S. cerevisiae produced taxadiene but did not proceed
with cytochrome P450 hydroxylation steps [77]. Structural limitations of the
membrane or co-factor limitations such as NADPH do explain this result.
The authors discussed that poor expression of the heterologous plant cy-
tochrome P450 genes might be an explanation to this pathway restriction.
Another angle mentioned by the authors is a possible inefficient coupling
and interaction between the endogenous yeast NADPH-cytochrome P450
reductase and the plant cytochrome P450 hydroxylase. This severely lim-
its the transfer of electrons to the cytochrome P450 hydroxylase and leads
as a consequence to premature termination of the pathway. Ro et al. intro-
duced several genetic modifications in S. cerevisiae and were able to produce
the oxygenated terpenoid artemisinic acid [34] at 100 mgL™! titre. This was
achieved by optimized oxygen availability, downregulation of squalene syn-
thase (erg9), which thus reduced endogenous consumption of the FPP pool,
introduction of the upc2-1 mutation, overexpression of FPPS and a catalytic
form of HMGR, inducible expression of AMDS, cytochrome P450 71AV1 and
a cytochrome P450 reductase from A. annua. More than 50 mg L™! amorpha-
4,11-diene was produced in yeast engineered for overexpression of truncated
HMGR and AMDS in a upc2-1 yeast mutant genetic background. An addi-
tional two-fold to three-fold increase in the amorphadiene level was obtained
through knock out of squalene synthase, but a marginal increase was har-
vested with additional overexpression of FPPS. Teoh et al. showed that oxy-
genation of amorphadiene to artemisinic alcohol and artemisinic alcohol to
artemisinic acid was possible at proof of principle levels using cytochrome
P450 71AV1 and a cytochrome P450 reductase from A. thaliana [33,78].
Takahashi et al. chose a similar strategy to create a yeast platform for the
production and oxygenation of terpenes [79]. A yeast mutant in squalene syn-
thase (erg9), which is capable of efficient aerobic uptake of ergosterol from the
culture media, produced 90 mgL™! farnesol, which is the dephophorylated
form of FPP unaccessible for cyclization through terpene synthases. This mu-
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tant, when engineered with various single terpene synthases, was capable of
producing around ~ 80- ~ 100 mgL~! sesquiterpene varying with the ter-
pene synthase introduced. After additional engineering with hydroxylases, up
to 50 mg L~! hydroxylated terpene and 50 mg L~! unmodified terpene product
were obtained. Knocking out a phosphatase (dppl) known to dephosphory-
late FPP [80] and additional upregulation of the catalytic activity of HMGR
did not yield an increase in terpene production compared to the erg9/sue
yeast mutant. The authors note that a larger part of the farnesol is phospho-
rylated in a dppl mutant with a FPP function as a negative feedback signal
on the mevalonate pathway suppressing the flux of carbon through the iso-
prene pathway [79, 81]. Inserting a terpene cyclase diverts the pool of FPP
and relieves the feedback inhibition, which leads to an increase in carbon
flux through the pathway almost matching the erg9/sue yeast mutant. In the
erg9/sue mutant, a low but continuous flow through the mevalonate pathway
led to higher production of terpenoids. Takahashi et al. also illustrate the
importance of the design strategy of the expression vectors for optimal ter-
pene production. Physically separating the cytochrome P450 reductase and
the cytochrome P450 hydroxylase led to a very low yield of oxygenated ter-
penoid. On the other hand, expression vectors where the reductase preceded
the hydroxylase gene on the same plasmid yielded approximately 50% coup-
ling of oxygenation to hydrocarbon. Physically linking the terpene synthase
with the hydroxylase was unsuccessful using both N-terminal and C-terminal
fusion. Lindahl et al. showed that there are great differences in the production
of amorphadiene depending on genomic or episomal expression [82]. The
authors compared the production of amorpha-4,11-diene using the terpenoid
synthase cloned in the high-copy number glactose inducible yeast plasmid
pYeDP60 with the terpenoid synthase using the same galactose inducible pro-
moter integrated into the genome of S. cerevisiae CEN PK113-5D. It was found
that the yeast with an integrated AMDS grew at the same rate as the wild
type, while the yeast carrying AMDS episomally had a slightly lower growth
rate; yet the episomal system produced 600 pug L' amorpha-4,11-diene com-
pared to 100 pg L™! for the integrated system. This is an expected result that
shows that in the case of integrated AMDS the enzyme activity is the limit-
ing factor, while in the episomal system substrate availability is the limiting
factor.

2.3
Growth of Artemisia Annua in Fields and Controlled Environments

Studies have been made where the intrinsic capacity of A. annua to pro-
duce artemisinin under various environmental conditions was explored. Ram
et al. [83] undertook a study in which A. annua was grown with varying
plant densities during the winter-summer season of one year in a semiarid-
subtropical climate with no interculture and no fertilization. At a population
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density of 2.22 x 10° plants ha™! 7.4 kg of artemisinin were obtained and 91 kg
of essential oil. By increasing the plant density two-, four- and eight-fold an
increase of artemisinin by one-and-a-half-, two- and two-and-a-half-fold was
observed at the same oil yield level. Interestingly, the suppression of weeds was
positively correlated with the increase in artemisinin production. Weeds, how-
ever, do not seem to be a trigger for artemisinin production because treatment
of A. annua with herbicides removed weeds but did not influence artemisinin
yields [84]. Kumar et al. showed [85] that multiple harvesting of A. annua
grown in the subtropical Indo-Gangatic plains unsurprisingly increased the
total yield of artemisinin but also increased the production of artemisinin in
leaves as averaged over the separate sampling events. This trend was more
expressed the later in the year the seeds were sown, confirming a study per-
formed by Ram et al. [86]. The effect of post-harvest treatment of A. annua on
artemisinin content was investigated by Laughlin in a study using A. annua
grown and harvested in temperate maritime environment in Tasmania [87].
The experiments included drying of the cut-off plants in situ, in the shadow,
indoors in the dark or in a 35 °C oven (used as a comparison base). Drying
in situ did not give any concentration difference in artemisinin content com-
pared to oven treatment. The authors noted a trend for sun-, shade- and dark
drying for 21 days to give higher artemisinin levels than oven drying although
artemisinic acid levels were unaffected.

Under greenhouse controlled conditions, Ferreira investigated the im-
pact of acidity and macronutrient deficiency on biomass and artemisinin
yield [88]. Acidic soil and low levels of nitrogen, phosphor and potassium
reduced, as expected, the leaf biomass to 6.18 g per plant. Providing lime
to increase pH and addition of the macronutrients nitrogen, phosphor and
potassium gave a biomass of 70.3 g per plant. Potassium deficiency was shown
to have the least negative effect on biomass accumulation and the most posi-
tive effect on artemisinin production. Plants grown under potassium deficient
conditions were compared with plants grown under full addition of lime
and macronutrients. This comparison did not detect any significant change
in artemisinin production between the two growth conditions. The author
concludes that under mild potassium deficiency conditions, a similar produc-
tion of artemisinin can be obtained per ha as when fertilizing the soil with
potassium. Potassium fertilization can thus be omitted in acidic soil growth
conditions, decreasing the production costs as stated by the author, but this
would also decrease the environmental pressure.

3
Synthesis of Artemisinin, Derivatives and New Antiplasmodial Drugs

Ever since artemisinin was isolated as the active compound against malaria,
organic chemists have been trying and succeeding to produce the drug in
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the reaction flask. This has been performed with variable success but the
general conclusion is still that it is a great scientific achievement but eco-
nomically not attractive. A recent synthetic route to artemisinin involves 10
reaction steps from (+)-isolimonene to (+)-artemisinin with a final yield of
a few percent [89]. Yet this result is considered a success in terms of yield
and stereochemistry precision. In contrast, conversion of artemisinic acid
into artemisinin is simple and can be done with photooxygenation in or-
ganic solvent [90]. In their study Sy and Brown describe the role of the
12-carboxylic acid group in spontaneous autooxidation of dihydroartemisinic
acid to artemisinin [91]. The mechanism is further developed in an accom-
panying paper by the authors [38]. Artemisinin, however, has very poor
solubility in both oil and water and, therefore, despite its antiplasmodial ac-
tivity it not suitable as a drug. The development of artemisinin derivatives
and completely synthetic analogues is described in a review by Ploypra-
dith [92]. In the first attempts to improve the solubility of artemisinin the
ketone was replaced with other bigger polar groups forming ester derivates of
artemisinin. Depending on the attached groups, the first generation derivates
showed solubility in either oil or water. The derivates sodium artesunate and
artelinic acid are still in use due to their efficiency in clearing severe malaria
infections. However, these first generation derivates are labile in acid envi-
ronments, have a short half-life and some derivates have been shown to have
neurotoxic effects. The second generation of semi-synthetic analogues was
produced from artemisinin or artemisinic acid with the goals of improve-
ment in metabolic and chemical stability, bioavailability and half-life. Two
main streams were developed in the second generation of semi-synthetics.
One group retained the acetal C10-oxygen, a second strategy was to reduce
the acetal to an aliphatic group with increased acid stability. Of these two
groups there are monomers and dimers. The dimers are interesting not only
because they have a high antiplasmodial activity, but also because of their
antineoplastic features.

Artemisinin with its crucial endoperoxide bridge is not the only natural
compound exhibiting antiplasmodial activity. An example of the biosynthe-
sis of antiplasmodial endoperoxidic compounds is plakortin, a simple 1,2-
dioxane derivative, which is produced by the marine sponge Plakortis sim-
plex [93]. This compound shows activity against chloroquine-resistant strains
of Plasmodium falciparum (P. falciparum) at submicromolar level.

Several synthetic simplifications have been made as the knowledge of the
mode of action of artemisinin has developed. In a review by Ploypradith
selected strategies are reported [92]. One line is to omit the lactone ring
which is considered to be less important if at all for antiplasmodial activ-
ity. Molecules that completely abandon the structure of artemisinin and its
precursor only retaining the peroxide bond as a crucial functional phar-
macophore are numerous. These molecules are easy to make but unfortu-
nately display significantly reduced activity against malaria compared with
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artemisinin. As discussed in the introduction, they have a short half-life and
poor chemical stability. A further dimension added in the synthesis of syn-
thetic antiplasmodial was the idea to add multiple endoperoxide bridges
within a molecule ring rather than adding them up as dimers with a linker
in between. These tetraoxacycloalkanes showed a several-fold increase in ef-
ficiency against malaria compared to artemisinin, yet had a lower toxicity in
mouse models. Design and synthesis of selected tetraoxanes are described in
an article by Amewu et al. [94].

4
Analytics

The detection and structural elucidation of terpenes has been hampered by
the often very low amounts and complex mixtures formed in plants. The spec-
trum of extraction methods and analytical methods has increased the ease
and speed with which these problems can be solved. The choice of the ex-
traction protocol greatly influences the yield and composition of the isolated
product, as well as cost and time factors [95]. Peres et al. compare soxhlet,
ultrasound-assisted and pressurized liquid extraction of terpenes, fatty acids
and vitamin E from Piper gaudichaudianum Kunth [96]. The authors con-
clude that the method pressurized liquid extraction decrease the total time of
extraction, the solvent use and handling compared to the other two methods.
Furthermore, it was determined that pressurized liquid extraction extracted
terpenes more efficiently than the other two methods. Lapkin et al. com-
pare extraction of artemisinin using hexane, supercritical carbon dioxide,
hydrofluorocarbon HFC-134a, several ionic liquids and ethanol [97]. Hexane
was found to be simple and at a first glance the most cost efficient but is
characterized by lower rates and efficiency compared to all other methods, in-
cluding safety and environmental impact issues. The new techniques based on
supercritical carbon dioxide, hydrofluorocarbon HFC-134a and ionic liquids
consistently showed faster extraction cycles with higher recovery in addition
to enhanced safety and decreased negative impact on the environment com-
pared to hexane and ethanol extraction. With some process optimization, the
authors predict that ionic liquid and HFC-134a extraction can compete with
hexane extraction also on economical terms. In their review article Christen
and Veuthey compare the extraction techniques supercritical fluid extraction,
pressurized solvent extraction and microwave-assisted extraction and the de-
tection methods gas chromatography, tandem mass spectrometry, HPLC-UV,
-EC and -MS, as well as ELISA and capillary electrophoresis [95]. The use of
evaporative light scattering detector is mentioned as a tool for detection of
non-volatile non-chromophoric compounds. Common to all these methods is
the trend toward mild operating conditions in order to avoid degradation of
the analytes, isolation of one compound in complex mixtures and time and
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price reduction compared to traditional extraction methods. ELISA is accu-
rate and is usable for screening of large plant populations but is laboursome
and expensive compared to standard GC and HPLC based methods [98]. It
is likely that this method will win stronger support in assessing the drug
susceptibility of P. falciparum [99]. A simple, fast and selective method of
quantification of artemisinin and related compounds was developed by Van
Nieuwerburgh et al. [100]. This method makes use of HPLC-ESI-TOF-MS/MS
technology and has a recovery of > 97% for all measured analytes. Peng et al.
compared the use of GC-FID and HLPC-ELSD for detection of artemisinin in
leaves [101]. Both methods are valuable for routine measurements because
they are cheap, easy to use and do not require derivatization of artemisinin
for detection. Both methods had a high sensitivity at ng level and produced
reproducible results of artemisinin from field plants with a correlation coef-
ficient of r? = 0.86 between the two methods. Another interesting simple and
rapid method circumventing the problems with thermolability, lack of chro-
mophoric or fluorophoric groups, low concentration in vivo and interfering
compounds in planta of artemisinin detection is the method developed by
Chen et al. [102]. Artemisinin is converted on-line to the strongly absorb-
ing compound Q292 through treatment with NaOH. The obtained product is
analyzed with capillary electrophoresis in 12 minutes, allowing a sampling
frequency of 8 h™!. With this work, Chen et al. show that it is possible to deter-
mine the artemisinin content based on the unstable UV-absorbing compound
Q292, thus omitting the traditional time-consuming step of acidic conver-
sion of Q292 to the stable UV-absorbing compound Q260 before analysis. The
HPLC-MS method in selective ion mode developed by Wang et al. is another
interesting cheap, sensitive and fast method for the detection and quantifi-
cation of artemisinin in crude plant extracts [103]. The obtained linearity of
detection in this method is about 5-80 ng ml™! for artemisinin with an analy-
sis time of 11 min per sample.

An old method that has been revived is the use of thin layer chromatog-
raphy plates for the detection of sesquiterpenoids [104, 105]. While this kind
of detection is qualitative and preferably to be used as quick determination
of yes/no cases, more comprehensive and qualitative methods are needed for
research purposes.

Ma et al. made a fingerprint of the volatile oil composition of A. annua
by using two-dimensional gas chromatography time-of-flight mass spectrom-
etry. With this method, approximately 700 unique peaks were detected and
303 of these were tentatively identified [106]. As a comparison, only 61 peaks
were detected using GC. This type of comprehensive metabolic fingerprint-
ing will ease detection of genes that are directly or indirectly relevant for
the biosynthesis of artemisinin in experiments utilizing gene upregulation or
downregulation mechanisms.

There is some discussion about the synergistic effects on clearing of the
parasite P. falciparum from infected patients using extracts from A. annua.
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Bilia et al. describe the importance of flavonoids in interaction between
artemisinin and hemin [107]. Hemin is thought to play a role in the activa-
tion of artemisinin. It is thus of value to develop a method that can analyze
artemisinin and flavonoids simultaneously. Bilia et al. developed a method
based on HPLC/diode-array-detector/MS delivering just that [108].

5
Medicinal Use

The mode of action of artemisinin is subject to intense research [109-116].
Currently, the hypothesis supporting radical ion formation from artemisinin
on the peroxide bridge is favoured.

Traditionally, artemisinin is administered as a tea infusion. With the ad-
vent of combination therapies using artemisinin as an isolated compound it
is necessary to compare the kinetic characteristics of each delivery method.
Rith et al. studied the pharmacokinetics and bioavailability of artemisinin
from tea and oral solid dosage forms [117]. Interestingly, artemisinin was
absorbed faster from herbal tea preparations than from oral solid forms,
supporting the importance of flavonoids as synergistic factors. Neverthe-
less, bioavailability was similar in both treatments. Because only about 90 mg
artemisinin was contained in 9 g A. annua and uptake of artemisinin through
the human gut is very poor, only about 240 ng ml~' was detected in plasma,
a tea infusion is not recommended by the authors as a replacement for
modern formulations in malaria therapy. This confirms the study of pharma-
cokinetics of artemisinin performed by Duc et al. [118]. Duc et al. proposed
to increase the dose of artemisinin until adequate plasma levels are reached
to compensate for poor bioavailability and rapid elimination, as no adverse
effects were detected. This might prove a risky strategy because artemisinin-
induced toxic brainstem encephalopathy has been observed in a patient
treated for breast cancer with artemisinin [119]. The adverse effects were re-
versible and no permanent damage was detected. Toxicity of antimalarials
including artemisinin derivatives is described in a review article by Taylor
et al. [120]. In a pilot study Mueller et al. studied the efficacy and safety of
the use of A. annua as tea against uncomplicated malaria [36]. Treatments
were efficient but still less efficient compared to the traditional quinine; an
average of 74% were cleared after seven days of treatment compared to 91%
treated with quinine. As noted by the authors, recrudescence rates were high
in the groups treated with artemisinin and they therefore recommend com-
bination therapies, which is in line with the recommendation from WHO.
However, the choice of combination partner in the combination therapies is
a delicate question, which is exemplified in the study of Sisowath et al. [121].
In a recent review article the mechanism behind antimalarial drug resistance
is covered [122]. Interestingly, resistance can be reversed [123]. It is obvious
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that the clearance of the parasite through tea preparations will depend on the
amount of artemisinin present in the plant. Only approximately 40% of the
available artemisinin in the plant was recovered in tea infusions, as shown in
another study by Miiller et al. [124]. Here it was demonstrated that malaria
infested patients who were given tea preparations for two to four days showed
a recovery of 92% within four days, a remarkable improvement compared
with the previously mentioned study [36].

An overview of older (up to 1999) artemisinin derivatives is given in
the article by Dhingra et al. [125]. All these derivatives were developed
with the aim of obtaining a more efficient remedy against malaria. How-
ever, more recently artemisinin and its derivatives have been attributed
intriguing functions other than antiplasmodial activities. In a study on fla-
viviruses Romero et al. describe the antiviral property of artemisinin [126].
Zhou et al. observed the derivate 3-(12-8-artemisininoxy-phenoxyl) succinic
acid (SM735) to be strongly immunosuppressive in vitro and in vivo [127].
Artemisinin derivatives have also been shown to have strong antineoplastic
properties [128-131].

6
Pharmacokinetics

A characteristic of artemisinin and its related endoperoxide drugs is the rapid
clearance of parasites in the blood in almost 48 hours. Titulaer obtained
pharmacokinetic data for the oral, intramuscular and rectal administra-
tion of artemisinin to volunteers [132]. Rapid but incomplete absorption of
artemisinin given orally occurs in humans with a mean absorption time of
0.78 h with an absolute bioavailability of 15% and a relative bioavailability
of 82%. Peak plasma concentrations reached after one to two hours and the
drug is eliminated after three hours. The mean residence time after intra-
muscular administration was three times that when given orally. Other routes
of administration, for example rectal or transdermal, are of limited success,
but for the treatment of convulsive malaria in children artemether in a rectal
formulation is favoured. Artesunate acts as a prodrug that is converted to di-
hydroartemisinin. When given orally the first pass mechanism in the gut wall
takes places metabolizing half of the administered dose. Oral artemether is
rapidly absorbed reaching maximum blood levels (Crax) within two to three
hours. Intramuscular artemether is rapidly absorbed reaching Cpax within
four to nine hours. It is metabolized in the liver to the demethylated deriva-
tive dihydroartemisinin. The elimination is rapid, with a half-life time (T >)
of four hours. In comparison, dihydroartemisinin has a T/, of more than ten
tours. The degree of binding to plasma proteins varies markedly according to
the species considered. The binding of artemether to plasma protein was 58%
in mice, 61% in monkeys and 77% in humans. Radioactive labelled artemether
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was found to be equally distributed in plasma as well as in red blood cells,
indicating an equal distribution of free drug between cells and plasma.

From the toxicological point of view artemisinin seems to be a safe drug
for use in humans. In animal tests neurotoxicity has been documented, but
as yet this side effect has not been reported in humans [133]. A major dis-
advantage of the artemisinin drugs is the occurrence of recrudescence when
given in short monotherapy. So far no resistance has been observed clin-
ically, although it has been induced in rodent models in vivo. The mech-
anism of action is different from the other clinically used antimalarials.
Artemisinin drugs act against the early trophozoite and ring stages, they are
not active against gametocytes, and they affect blood-stage but not liver-
stage parasites. The mode of action is explained by haem or Fe?*, from
parasite digested haemoglobin, catalysing the opening of the endoperoxide
ring and forming free radicals. Malaria parasites are known to be sensi-
tive to radicals because of their lack of enzymatic cleaving mechanisms. The
mechanism of action and the metabolism of reactive artemisinin metabolites
is shown in Fig. 6.

Alkylation of proteins

Formation of metabolites

Fig.6 Mechanism of the action of artemisinin drugs. Active metabolites and formation of
reactive epoxide intermediates
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7
Drug Delivery

Drug delivery of artemisinin and its derivatives is not as easy as known for in-
tracellular microorganisms like Leishmania sp., Mycobacterium tuberculosis
or Listeria monogynes. P. falciparum and related species are facultative intra-
cellular parasites that mainly persist in erythrocyte as host cells. Drug tar-
geting of infected erythrocytes is not well known and it does not seem to be
a major area of interest for pharmaceutical technology to identify new strate-
gies to deliver artemisinin or other antiplasmodial drugs to this target site.
A literature search revealed no publication using liposomes, microemulsions,
nanoemsulsions, microparticles or nanoparticles for targeting or drug deliv-
ery. Most formulation strategies have been focused on the improvement of
the poor solubility of artemisinin (< 5 mg L™! H,0). One interesting approach
has been published in detail, documenting the approach to increase solubil-
ity with cyclodextrines. Cyclodextrines are cyclic oligosaccharides consisting
of six, seven or eight glucose molecules forming a-, 8-, or y-cyclodextrine,
respectively. Cyclodextrines form pores with an inner diameter ranging from
0.5 to 0.8 nm where lipophilic drugs may be incorporated, thereby increasing
their distribution in water. While the lipophilic compound is shielded inside,
hydroxyl groups on the outer surfaces create an overall hydrophilic charac-
ter for this inclusion complex. For experimental purposes, artemisinin has
been formulated with different cyclodextrines to improve its solubility and
oral absorption leading to increased bioavailability [134]. Solubility diagrams
indicated that the complexation of artemisinin (85%, 40%, and 12%, «-, 8-,
or y-cyclodextrine, respectively) and the three different types of cyclodex-
trines occurred at a molar ratio of 1: 1, and showed a remarkable increase
in artemisinin solubility [134]. In a bioavailability study by the same authors
B-, or y-cyclodextrines seem to be superior to commercial Artemisinin 250
and increased oral bioavailability with a mean of 782 nghml™! to 1329 and
1131 nghml‘1 (B-, or y-cyclodextrine, respectively). However, the poor sol-
ubility was still a critical parameter for significantly improved oral bioavail-
ability [135].

8
Conclusion

Artemisinin is a potent antimalarial drug belonging to the chemical class
of sesquiterpenoid endoperoxide lactones. Its poor solubility in water and
organic phases has led to a focus on the development of derivatives to-
wards increased solubility, metabolic and chemical stability and bioavail-
ability [92]. A common feature of the first generation of artemisinin deriva-
tives was the replacement of the ketone with bigger polar groups to form



Artemisinin and Related Natural Peroxides 27

ester derivatives (Fig.1). Among these, sodium artesunate and artelinic
acid are still in use. Unfortunately, other common features of the first
generation artemisinin derivatives are instability in acid environment and
a short half-life. Some derivatives also have a neurotoxic effect. The sec-
ond generation of semi-synthetic artemisinin derivatives target improved
metabolic and chemical stability, bioavailability and half-life. In parallel
with the progressive understanding of the mode of action of artemisinin,
synthetic simplified antimalarial compounds have been developed. Several
promising candidates based on synthetic simplified molecules containing
multiple peroxide bridges within one ring, which show higher activity
against malaria and lower toxicity compared with artemisinin, have been
reported [92].

Two genes have been isolated from the biosynthetic pathway of artemisinin:
The first is the amorpha-4,11-diene synthase and the second enzyme in
the pathway is cytochrome P450 71AV1, which catalyzes three consecutive
oxygenation steps on the amorphane skeleton [33,34]. This opens up the
way for molecular biotechnology strategies aiming towards artificial biol-
ogy, making use of heterologous gene expression in optimized hosts and the
improvement of artemisinin yield in transgene A. annua through genetic en-
gineering. With the knowledge of nucleotide sequences, protein functions
and characteristics, the evolution of the genes identified in the biosynthetic
pathway is a possible and logical next step to follow for increased levels
of the artemisinin precursors amorpha-4,11-diene and oxygenated forms
thereof. Great improvement in the yield of amorpha-4,11-diene and other
early precursors has been made with the aid of genetic engineering and
optimization of culture conditions. There are currently two main research
lines followed in parallel with a third line favouring artificial biology strate-
gies, with the aim of increased artemisinin production compared to the wild
type plant: The use of cell cultures is a field that combines culture opti-
mization and genetic engineering and the second line employs traditional
plant breeding through which the genetic dominance over environmental
impact on artemisinin production can be exploited. All strategies show po-
tential for substantial improvement and it is currently not settled which, if
any, approach is better in terms of economy, environmental impact, yield,
safety and production flow. The recent developments in detection and sep-
aration technologies of terpenoids should aid swift progress in screening
mutants and complex networks in which the artemisinin biosynthesis path-
way is embedded.

The traditional administration of artemisinin as a tea of the plant A. an-
nua is a cheap, easily accessible source for malaria plagued countries but an
unreliable cure due to the fact that the artemisinin level in planta is very low
and varies considerably between plants and batches. Additionally, absorp-
tion through the human gut is rapid but inefficient and liver induction of
cytochromes P450s will not allow repeated drug courses. The most efficient
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administration is intramuscular injection, as the drug then has a mean res-
idence time three times longer than the orally administrated drug. Because
intramuscular administration requires medical personnel, is painful and gen-
erally disliked by patients, other delivery strategies require urgent research, to
increase the solubility of artemisinin.
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Abstract Non-insulin-dependent diabetes mellitus (NIDDM or Type II diabetes) is
a multifactorial metabolic disorder in which hepatic glucose production is increased.
Glycogenolysis and the main regulatory enzyme glycogen phosphorylase (GP) are respon-
sible for the release of mono-glucose from poly-glucose (glycogen, as stored form in the
liver). This protein possesses several binding pockets or cavities that regulate the catalytic
functions of GP. So obviously, the inhibitors of GP will stop or slow down glycogenolysis
as well as glucose production and ultimately the whole process will result in the recovery
of diabetes in NIDDM patients. Glucose is one of most important regulators of GP, and
glucose analog inhibitors (GAIs) have shown very promising activity for the inhibition of
GP. There have been a large number of GAIs reported in last few decades that are promis-
ing for the control of NIDDM. This review briefly describes some aspects of GP and its
relation with GAIs, mostly containing heterocyclic building blocks.

Keywords Glycogen phosphorylase - Glucose - Glucose analog inhibitors - NIDDM -
Sugar-derived heterocycles
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Abbreviations

AMP  Adenosine mono-phosphate

ATP Adenosine tri-phosphate

CNS Central nervous system

G1P Glucose-1-phosphate

G6P Glucose-6-phosphatase

GA Glucose analogs

GAI Glucose analog inhibitor

GK Glucokinase

GIcNAc  N-Acetylglucosamine

GLP-1  Glucagon-like polypeptide 1

GP Glycogen phosphorylase

GS Glycogen synthase

NIDDM Non-insulin-dependent diabetes mellitus
PDB Protein databank

Pi o-Phosphate

PK Phosphorylase kinase

PLP Pyridoxal 5'-phosphate

QSAR  Quantitative structure-activity relationship

1
Introduction

Type 2 diabetes (non-insulin-dependent diabetes mellitus, NIDDM) is a mul-
tifaceted metabolic disease with hyperglycemia as its recognizable feature.
The liver is a key tissue in overall metabolic regulation and the hepatic glu-
cose output is elevated in NIDDM patients. Experimental data recommends
drugs that inhibit or lower the hepatic glucose production as efficient an-
tihyperglycemic agents [1,2]. Current treatments for NIDDM rely on diet,
exercise, hypoglycemic drugs intended to reduce hyperglycemia, etc., and if
these fail insulin itself, which ultimately suppresses glucose production [3, 4]
in liver. The present medications have inadequate efficiency and acceptability
and noteworthy mechanism-based side effects [4, 5]. As a consequence there
is a sustained exploration for molecules that could improve treatment and
give a better life to diabetic patients.

Glycogenolysis, which is the release of monomeric glucose from its poly-
meric storage form called glycogen, is a key contributor to hepatic glucose
output. Glycogen phosphorylase (GP) is the key enzyme catalyzing this pro-
cedure [1,2]. A molecular target intended at reducing unnecessary glucose
assembly from liver engages the inhibition of GP of human carbohydrate
metabolism, which is of particular significance for the mobilization of glyco-
gen deposits [4].

The most modern technologies have been utilized to discover a way of
exploiting the possibility of GLP-1 (glucagon-like polypeptide 1) for the treat-
ment of NIDDM. This demonstrates how discoveries of novel binding pockets
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on GP and GK as the result of drug discovery programs have led to increased
understanding of these key metabolic enzymes, and also to potential new
therapies for NIDDM [1].

The recent advances, especially during last few years, in different het-
erocyclic glucose analog inhibitors (GAIs) and their precursors are briefly
discussed in this chapter, including their biological activities against this very
important enzyme GP, from different perspectives.

2
Glycogen Metabolism

Liver is the major source of blood glucose. Hepatic glucose is produced from
two pathways [6, 7]:

Glycogenolysis - the breakdown of glycogen

Gluconeogenesis - de novo glucose synthesis

Glycogenolysis can explain why more than 70% of the hepatic glucose created
by gluconeogenesis is cycled during the collection of glycogen preceding the
start of efflux in the liver cells [6, 7]. Hepatic glucose productivity is synchro-
nized by an intricate coordination of enzymes. The most important dogmatic
enzyme of this coordination is glycogen phosphorylase (GP), and only the
phosphorylated enzyme (known as GPa) has noteworthy biochemical activ-
ities in living systems [7]. Figure 1 show the pathway of gluconeogenesis in
liver.

Glycogen '

Glycogen synthase (GS)|| Glycogen phosphorylase (GP)

G1P

Glycogenolysis

G6Pase Glycolysis Tricarboxylic acid
cycle

Glucokinase

Gluconeogenesis

C3 precursors .

Fig.1 Flowchart of gluconeogenesis in liver cells, which explains the role of GP and GS in
the interconversion between glucose and glycogen (modified from Somsak et al. 2003) [7]
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Fig.2 Typical example of glycogen (numbers in gray show the numbering system)

Glycogens are polymers of glucose residues linked by a(1 — 4) glycosidic
bonds, mainly, and a(1 — 6) glycosidic bonds at branch points. Figure 2
shows a typical example of glycogen, where the glycogen chains and branches
are longer than shown. This is stored as glycogen predominantly in liver and
muscle cells.

H\C/O
OH
8
+/
N CH;3
H OH H
Glucose-1-phosphate (G1P) Pyridoxal phosphate (PLP)
(|5P
H,N—CH—C—O0H
2 (CHz)s
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\P o
CH, / \O X
| 0
CH
[ " e
NH, H 3
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Fig.3 Structures of the molecules involved in the glycogenolysis process. Here PLP is
a derivative of vitamin B6 and serves as prosthetic group for GP; PLP is apprehended at
the active site by a Schiff base linkage, formed by reaction of the aldehyde of PLP with
the e-amino group of a Lys residue
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GP catalyzes phosphorolytic cleavage of the a(1 — 4) glycosidic linkages of
glycogen, releasing G1P as reaction product:

Glycogen(nresidues) + P; — glycogen(n —- 1residues) + G1P

Figure 3 shows the structures of the molecules that are involved in the
glycogenolysis process.

3
Glycogen Phosphorylase (GP) as a Novel Target and its Role

The carbohydrate reserve of most metabolically active cells in the animal
kingdom is glycogen, a glucose polymer. The cellular demands to convert
glycogen and o-phosphate (P;) to G1P are met by GP, one of the most com-
plex and finely regulated enzymes yet encountered [8]. In the liver, GIP is
mostly converted by phosphoglucomutase and glucose-6-phosphatase (G6P),
which is released for the benefit of other tissues, the CNS in particular relies
on glucose as its major source of energy [4, 9].

GP is an allosteric enzyme that exists in two interchangeable forms [10]:
GPaHigh activity, high substrate affinity, and predominantly “R” state
GPbLow activity, low affinity toward the substrate, and predominantly “T”

state [10].

The allosteric activators (like AMP) or inhibitors (like ATP, G6P, glucose or
caffeine) can alter the equilibrium between a lower active “T” state to a more
active “R” state or vice versa [4, 10]. The molecular structures of T and R
states of GP have been illustrated through the X-ray diffraction studies, which
have shown that the conformational transformations take place following the
commencement of the muscle enzyme and its translation from the T to R state
by phosphorylation or AMP [4, 11-15].

There are three mammalian GP isoenzymes, termed “muscle”, “brain”,
and “liver” according to where they are expressed [7]. All are encoded by
different genes, located on human chromosomes 11, 20, and 14, respec-
tively [7, 16]. All the isoenzymes can be converted from the inactive (GPb)
form to the active (GPa) form through the phosphorylation of Ser14 by phos-
phorylase kinase (PK) [7].

Several inhibitor binding sites have been identified in GP [4,17-19]:

Ser14-phosphate recognition site

Allosteric site, which binds activator AMP and the inhibitor G6P,
Catalytic site, which binds substrates G1P and glycogen, and the inhibitor
glucose and glucose analogs (GA)

Inhibitor site, which binds caffeine and related molecules

Glycogen storage site

Novel allosteric inhibitor site, which was discovered recently [4, 17-19]
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In this chapter the main topic for discussion are the GAIs of GP, so of
the above mentioned binding sites, the main concern is the catalytic site.
This catalytic site is a deep cavity located at the center of the whole protein,
15 A from the protein surface, and close to the essential cofactor pyridoxal
5'-phosphate (PLP) It has been probed with glucose and GAIs [4].

In 1976, Fletterick et al. [20] first reported a model of the polypeptide
backbone of the dimer of GPa, which was built from a 3 A resolution electron
density map resulting from the X-ray diffraction analysis of native tetrago-
nal crystals and two heavy atom isomorphous substitution derivatives [20].
The active site, of which there are two/dimer, is shared between the two
subunits at their interface and comprises a pocket-like region within a “V”-
shaped framework of two a-helices [20]. Within this region are found the
binding sites for the substrates, GIP and arsenate, a competitive inhibitor
UDP-glucose, and the allosteric effector AMP [20]. The site of metabolic con-
trol, Ser-14 phosphate, is hydrogen-bonded to a side chain on the outside of
one of the a-helices forming the active site and is 15 A from the AMP binding
site [20].

Maltoheptaose, a glycogen analog and substrate for these enzymatically ac-
tive crystals, binds in a second region of interest. Fletterick et al. suggested
that this polysaccharide binding site may represent a storage site where phos-
phorylase is bound to the glycogen particle in the muscle cell. The polypep-
tide chain in a third region has the same topological structure as has been
observed for the nucleotide binding domains in the dehydrogenases [20].

Fig.4 Crystallographic structures of A GPa (PDB code 1gpa) [13], and B GPb (PDB code
1gpb) in 2.9 and 1.9 A resolutions, respectively. Here, GPa contains four chains and GPb
contains one [21]. The figure was created using the Accelrys DS Visualizer, version 1.6
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Fig.5 A PLP molecule is bound in a catalytic domain of GPa (1pga) [13]. Here, the pro-
tein structure of GPa is shown in solid ribbon model and the GPa-bound PLP is shown in
ball and stick model. The figure was created using the Accelrys DS Visualizer, version 1.6

Adenine or adenosine (but not the AMP) bind here in a position similar to the
adenine ring of NAD in the dehydrogenases, while glucose binds 17 A away in
an interior crevice near the center of the monomer [20].

Figure 4 shows the 3D structures (X-ray crystallographic) of GPa (1gpa)
[13] and b (1gpb) [21]. GPa contains four chains and is bound with PLP
(shown in Fig. 5) at the catalytic domain [13].

4
The Role of GP Inhibitors

The isozymes of GP from muscle and liver are well characterized [22], but
very less information is available about the brain-specific isozyme [23]. The
crystal structures of human liver GPa and b are also known, which aids
in the recognition of the binding modes of effector molecules [24, 25]. For
convenience, most research has been accomplished with rabbit muscle GP;
however, cloning and expression of human liver GP [26] has paved the way
for investigations with the real target [7]. Figure 6 shows the crystal struc-
ture (3D) of human liver GPa, which contains several active sites, including
the active site for the GP inhibitors. Figure 7 shows some early developed GP
inhibitors [7].
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Fig.6 Flat ribbon structure of human liver GPa (PDB code 1EMS6). GP is a homodimeric
enzyme, subject to allosteric control. It changes between “relaxed” (active) and “tense”
(inhibited) conformations. N-Acetylglucosamine (GIcNAg, in space-filling CPK model),
a glucose analog, is contiguous to PLP (in space-filling CPK model) at the active site
in the 3D structure of the GPa. A class of molecules (inhibitors, in space-filling CPK
model) developed for treating NIDDM inhibit the liver phosphorylase allosterically. These
inhibitors bind at the interface of the dimer, stabilizing the inactive (“tense”) conform-
ation [20]

9,

Cl

(H3C),HCOOC COoO

Cl \ o
N

—
o

HaC” N Ccoo" N
| N m/OH
CH,CHs H o
Bay W 1807 CP320626
H
Cl \ o . H N
N
N/\/ \/\o/\/
N H 3 \
H
CP526423 cl

Fig.7 Some potential GP inhibitors against GPa. Bay W 1807, CP320626, and CP526423
exhibited potent inhibition against GPa with ICsg values of 10.8 nM (against rabbit muscle
GPa) [27], 205 nM (human liver GPa) [28], and 6 nM (human liver GPa) [24]

A large number of reviews have described the inhibition of GP, the role
of GP inhibitors as oral antihyperglycemics (or oral hypoglycemics), as well
as the GAIs [4, 7,29-35]. Prof. Nikos G. Oikonomakos and his research team
(National Hellenic Research Foundation, Athens, Greece) have reported huge
numbers of discoveries of GP inhibitors over the last decades [27, 36-93].
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4.1
Glucose

In certain physiological circumstances, glucose performs as a controller of
GP by alleviating the less active T state of the enzyme through binding to
the catalytic center [94]. It is an effective allosteric inhibitor for both the
GPa and GPb with K; values in the low millimolar range (2.0 and 1.7, re-
spectively) [71, 76, 95]. Figure 8 shows the molecular structures of the a- and
B-D-glucoses.

OH OH

HO HO

OH OH

OH
A B

Fig.8 Molecular structures of A a- and B B-D-glucose [71, 76, 95]

Glucose, on binding at the catalytic domain, upholds the less active T state
by stabilization of the bunged pose of the 280s loop that obstructs the access
for the substrate (e.g., glycogen) to the catalytic site [4].

5
Glucose Analog Inhibitors (GAIs) Against GPs

Figure 9 shows some of the early discovered GAIs against GPs, where experi-
mental ICsy values calculated from A and B are 25.3 and 16.3 mM [71], respec-
tively. For C, D, E, and F, the IC5y values were found to be 2.6, 0.032, 0.081,
and 0.14 mM, respectively, [70]. For H, K, and L, the ICsy values were found
to be 0.65, 0.44, and 0.37 mM, respectively, [72]. For compound I, the ICsq
value was 0.014 mM [96], for compound ] the ICsy value was 0.053 mM [66],
and for compounds M and N the ICsy values were 0.0286 and 0.0031 mM,
respectively [97].

5.1
D-Glucose Analogs

A number of B-D-glucose analogs were designed using the program GRID [98],
which can predict energetically favorable substitutions and determine proba-
ble interaction sites between a functional group probe (e.g., hydroxyl, amino,
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Fig.9 Molecular structures of some of early discovered GAIs [7]

methyl, etc.) and the enzyme surface [4]. Figure 10 shows structures of some
of the $-D-glucose analogs.

5.2
Glycosylidene Analogs

Several glycosilidene analogs with spiro-hydantoins and spioro-thiohydan-
toins exhibited potent inhibition against GPs. Figure 11 shows some of the
examples.

For compounds A and B, the activities decreased due the replacement of S
instead of O [97, 99]. Their K; values were 3.1 and 5.1 pM, respectively. This
means that O is more important for its binding with GP. But for C and D al-
most opposite results were observed, where their K; values were >11.5 and
> 10 mM, respectively. The difference between A, B and C, D is the lack of the
methoxy (= CH,OH) group at the sugar ring, which resulted in almost com-
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Hydroxyethyl beta-| D -glucoside (25.3 mM)  Beta-azidomethyl-1- deoxyglucose (15.2 mM)
OH

// \\OH O;\OH
H;;NH;C CH,OH HstNHz CH,OH

Beta-aminomethyl- 1 -deoxyglucose (16.8 mM) Beta-aminoethyl-1-deoxyglucose (4.5 mM)

OH OH
HO, QOH HO, QOH
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NCH,C CH,OH R o CH,OH
Beta-methylcyano- 1—deoxyg|ucose (9.0 mM) Gentiobiose

(6-O-beta-glucopyranosyl-beta
-D-glucose) (16.3 mM)

Fig.10 Molecular structures of some of the B-D-glucose analogs (their ICsy values are
shown in parenthesis) (modified from Oikonomakos et al. 2002) [4]
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|

Fig.11 Molecular structures of glycosylidene analogs experimentally proved as GP in-
hibitors [7]

plete loss of the inhibitory activity against GP. This shows that the = CH,OH
side chain at the sugar ring is much more important than that of the O or S at
the R position [97, 99, 100].

Substitutions of N-9 in the spirohydantoin as shown in compounds E to H
(see Fig. 11) fetched about no enhancement of the inhibition. Their K; values
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the 280s loop (res. 281-286)

Glucopyranose
spirohydantoin

Fig.12 Glucopyranose spirohydantoin (a pyranose analog of the potent herbicide, hydan-
tocidin) has been identified as the most potent glucose analog inhibitor of GPb (PDB
code 1A8I). Here, the molecule is bound in GPb at the small regions of the 280s and 380s
loops [62]. The small molecule glucopyranose spirohydantoin is shown here as a stick
model, the particular loops are shown in solid ribbon, and some other related parts of the
protein GPb are shown in simple line models. The figure was created using the Accelrys
DS Visualizer version 1.6

were 1.2, 0.039, 0.146 and 0.55 mM, respectively [101]. Alteration of the sugar
ring to a furanoid structure as in I and J led to very weak binding, in agree-
ment with previous interpretations with epimers and deoxy derivatives of
D-glucose [7, 95, 102, 103]. The findings with C, D, I, and J, underline and con-
firm the high specificity of the GP active site towards a fully OH-substituted
hexopyranoid sugar moiety of D-gluco configuration [7].

Figure 12 shows a crystal structure of a GP-glucopyranose spirohydantoin
complex at 1.8 A resolution (PDB code 1A8I) [62].

5.3
N-Acyl-B-p-glucopyranosylamides

Molecules having structural building blocks of the hydantoin moiety simi-
lar to A (K; =0.032mM), in Fig. 13, can also bind with GPs [7]. Due to
a novel synthetic approach [104], it has become possible to synthesize and



Sugar-derived Heterocycles 45

OH OH o
HO HO OH

HN_ _CF
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Fig. 13 Molecular structures of the N-acyl-B-D-glucopyranosylamide analogs [7]

explore anomeric pairs of N-trifluoroacetyl-D-glucopyranosylamine D (K; =
0.71 mM) and H (inactive) (for structures see Fig. 13) [7]. Compared to A,
the presence of the — CF3; group in D significantly decreased the inhibitory
activities against the enzyme GP, and the anomer H had totally lost the
inhibition [7, 99]. These findings support the significance of structural build-
ing blocks of N-acyl-B-D-glucopyranosylamides. A hydrophobic amide side
chain [104] in C (K; =0.341 mM) and F (K; = 0.225 mM) exhibited weaker
inhibitory profiles [7, 99]. Introduction of a naphthyl group, as in the case
of G (Ki =9.7 uM) resulted in a rather better inhibitor [7,99]. These series
of synthetic compounds and their in vitro experimental results recommend
that analogous molecules with long aliphatic and/or hydrophobic side chains
should be explored [7, 99].

5.4
N-Acyl-N’-B-p-glucopyranosyl Ureas

Analogs of N-acyl-N’-B-p-glucopyranosyl urea (compounds A-D in Fig. 14)
[7,53], can be regarded as “open” hydantoins [7]. Whereas the N-acetylated
molecule A (K; = 0.305 mM) [53] proved a weaker inhibitor than urea [7], in-
creasing the hydrophobicity of the acyl side chain makes the binding stronger
For example, the experimental K; values of compounds B-D in Fig. 14were
found to be 5.6, 13.0, and 0.4 uM, respectively [53]. The 2-naphthoyl urea
(compound D, K; = 0.4 uM) is to date the best glucose analog inhibitor against
rabbit muscle GPb [7].
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OH OH
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H

E R =N
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Fig. 14 Molecular structures of N-acyl-N’-B-D-glucopyranosyl ureas [7]

Placing the hydrophobic moiety farther from the sugar makes the bind-
ing stronger by more than one order of magnitude, although this distance
must have an optimum, since compound E is a weak inhibitor. At 0.625 mM
concentration, the observed inhibition was only ~ 45% [7].

These discoveries suggest that properly situated large non-polar groups are
able to fit into the B-channel next to to the active site of the enzyme GPs [7].

A different means of “opening” the hydantoin ring is presented by the
molecule F (Kj =0.016 mM) [105] (for molecular structure see Fig. 14).
Though there has not yet been a synthetic counterpart of F in the N-
acyl-glycosylamie series, a comparison with molecule A (from Fig. 13 (K; =
0.032 mM) shows that the presence of the carboxamido group (- CONH,) in
the a position may be beneficial for binding with GP [7].

5.5
D-Gluco-heptulosonamide Analogs

Hydroxyamide (compound A in Fig. 15, K; = 3.1 mM) can be considered
a fusion of a-D-glucose and 2,6-anhydro-heptonamide, though the bifuc-
tional anomeric center brought about a significant decrease in the inhibi-
tion in comparison to both these two molecules [99]. The carboxamido-
glucoside B (see Fig. 15, ~ 25% inhibition at 0.625 mM) of opposite anomeric
configuration proved to have less inhibitory activity against rabbit muscle
GPb [7].
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OH OH
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HO NH, HO ~
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Fig. 15 Molecular structures of D-gluco-heptulosonamide analogs [7, 99]

6
Concluding Remarks, Future Challenges, and Recommendations

The inhibition of GP has established a potential approach in revising the ex-
ploitation of this enzyme, which is one of the most important key regulators
of blood glucose levels. It suggests a new perception for combating NIDDM as
an epidemically intensifying metabolic disorder. A motivating point about GP
is that it has multiple binding pockets in its protein structure, which allows it
to be targeted through diverse effectors [4, 7].

Theoretical (computational) calculations can also offer quantitative de-
scriptors of physicochemical properties of the molecular structures, mo-
lecular interactions, and thermodynamics of interactions. Principally, exten-
sive studies on the catalytic site of GP have been exploited in theoretical
QSAR studies [4]. The techniques engaged correlate biochemical behav-
iors with the known crystallographic structures, and map regions around
the inhibitor molecule and added water molecules to improve the in silico
prediction [106-110].

Physicochemical explorations with glucose analogs have shown prospec-
tive blood glucose lowering in animal experimentations that are devoid of
any noticeable signals of hypoglycemia. Since the inhibition of human liver
GP also has metabolic significance, it is relatively certain that these com-
pounds will lead to the development of novel inhibitors of GP and thus to
a novel treatment for NIDDM or to an add-on to existing treatment [7]. Large
numbers of molecules have been reported to possess moderate to potent in-
hibitory profiles against different types of GPs. Now it is time to prove their
clinical efficacy and their specificity. Before going to clinical trials it is neces-
sary to optimize the targeted molecule(s) for their safety profiles. So, there
are questions of in vitro, and acute and chronic in vivo toxicity studies. As
most of the potent inhibitors are synthetic in origin, the amounts of the par-
ticular molecules are not a big issue. There have been some reports published
on the in vivo studies of some potential molecules on different mammalian
models [22,29,111-120], but these data are not sufficient to lead to clinical
trials. There is a need for long-term chronic toxicity studies on higher ani-
mals and also for genotoxic studies, which are also extremely important for
long-term treatments.
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Abstract Cancer is an important area of interest in the life sciences because it has been
a major killer disease throughout human history. Heterocyclic molecules are well known
to play a critical role in health care and pharmaceutical drug design. A number of
heterocyclic compounds are available commercially as anticancer drugs. Interest in the
application of structure-activity relationships has steadily increased in recent decades.
Thus, development of the quantitative structure-activity relationship (QSAR) model on
the cytotoxicity data of heterocyclic compound series against various cancer cell lines
should be of great importance. In this chapter, an attempt has been made to collect the
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cytotoxicity data on different series of heterocyclic compounds against various cancer
cell lines. The data is discussed in terms of QSAR to understand the chemical-biological
interactions.

Keywords Cancer - Heterocycles - Hydrophobicity - Molar refractivity - QSAR

Abbreviations

Clog P Calculated hydrophobicity of the whole molecule (calculated logarithm of parti-
tion coefficient, P, in n-octanol/water)

Mlog P Experimental hydrophobicity of the whole molecule

b4 Calculated hydrophobicity of the substituent

CMR  Calculated molar refractivity of the whole molecule

MR Calculated molar refractivity of the substituent

MgVol Calculated molar volume of the whole molecule (McGowan volume)

MW Molecular weight

NVE  Number of valence electrons

log 1/C Inverse logarithms of the biological activity

LOO Leave-one-out

MRA  Multiple regression analysis

QSAR  Quantitative structure-activity relationship

1
Introduction

Cancer is becoming a very serious public health problem in the USA and
other developed countries. The American Cancer Society estimates every year
the number of new cancer cases and deaths expected in the USA and com-
piles the most recent cancer incidence data from the National Cancer Institute
and mortality data from National Cancer for Health Statistics. A total num-
ber of 1372910 new cancer cases and 570280 deaths were expected in the
USA in 2005. Currently, about 25% of deaths in the USA are due only to
cancer [1].

Cancer is not one disease, but a large group of diseases characterized by
uncontrolled growth and spread of abnormal cells. Cells in different parts
of the body may look and work differently but most of them go through
a predictable life cycle - old cells die, and new cells arise to take their place.
Normally, the division and growth of cells is orderly and controlled but if this
process gets out of control for some reason, the cell will continue to divide
and develop into a lump (abnormal swelling), which is called a tumor. These
tumors are considered either benign or malignant. A benign tumor does not
spread, or metastasize to the other parts of the body and is considered non-
cancerous. A malignant tumor, on the other hand, can spread throughout the
body and is considered cancerous. When malignant cells break away from
the primary tumor and spread into another part of the body, the resulting
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new tumor is called a metastasis tumor. Some cancers, like leukemia, do not
form tumors. Instead, these cancer cells involve the blood and blood-forming
organs, and circulate through other tissues, where they grow.

There are several major types of cancer:

e Carcinoma - cancer that begins in the skin or in tissues that line or cover
internal organs, e.g., breast, colon, lung, mouth, prostate, throat etc.

e Sarcoma - cancer that begins in bones, cartilage, fat, blood vessels, mus-
cles or other connective or supportive tissue

e Leukemia - cancer that starts in blood-forming tissues such as the bone
marrow, and causes a large number of abnormal blood cells to be pro-
duced and enter the bloodstream

e Lymphoma - cancer that is found in the lymphatic system

e Germinoma - cancer derived from germ cells, normally found in the tes-
ticle and ovary

e Glioma - cancer related to the brain cells etc.

Most of the cancer forms are designated on the basis of their occurrence in
the particular part of the body, e.g., breast cancer, brain cancer, bladder can-
cer, liver cancer, lung cancer, ovarian cancer, stomach cancer, vaginal cancer
and so on. Different types of cancer can behave very differently. For example,
lung cancer and breast cancer are very different diseases. They grow at differ-
ent rates and respond to different treatments.

There are four major possibilities for the treatment of the cancer: (i)
surgery, (ii) radiation, (iii) immunotherapy, and (iv) chemotherapy. Surgery
cannot be applied when the disease is spread throughout the body, and radi-
ation therapy damages not only the cancerous cells but also the normal cells.
Thus, chemotherapy is of major importance, although immunotherapy (ma-
nipulation of the immune response) holds encouraging promise, but is still
in an infant stage. Heterocyclic molecules are well known to play a critical
role in health care and pharmaceutical drug design. A number of heterocyclic
compounds are already available as anticancer drugs, e.g., anastrozole, cy-
tarabine, cytoxan, etoposide, femara, fluorouracil, hexalen, ifosfamide, ima-
tinib, methotrexate, paclitaxel, temodar, vincristine, xeloda (Table 1). How-
ever, clinical application of these drugs has encountered problems such as
multidrug resistance, side effects, and secondary and/or collateral effects.
Thus, there has been increasing interest in discovering and developing new
heterocyclic molecules that are expected to be used either in place of, or in
conjunction with, existing drugs.

QSAR analysis is an essential method for correlating the properties of a se-
ries of molecules with their biological activities and to predict the activities
of new compounds. Thus, interest in the application of the QSAR paradigm
has steadily increased in recent decades and we hope that it may be useful
in the design and development of heterocyclic molecules as new anticancer
drugs. In the present chapter, an attempt has been made to collect the cy-
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Table 1 Heterocyclic compounds as anticancer drugs®

Name of drug Structure of drug
Anastrozole
H3C
Arimidex (B) N 3 CN
~ "N
CHj
pZ
N
H;C CN
CHj
Cytarabine H.N. _N. _O
Cytosar-U (B) A \(
x_N.__0O
) OH
HO OH
Cytoxan NH
Cyclophosphamide (G) (\ .0
(o P\N
g g
Cl

Etoposide OH
Toposar H;CO OCHg

VePesid (B)

Femara CN
Letrozole (G)

R. Verma

Type of
cancer

Breast
cancers

Variety of
cancers

Variety of
cancers

Variety of
cancers

Breast
cancers
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Table 1 continued

Name of drug

Fluorouracil
Adrucil

Carac, Efudex
Fluoroplex (B)

Hexalen
Altretamine (G)

Ifosfamide
Ifex (B)

Imatinib
Gleevec (B)

Methotrexate
Rheumatrex
Trexall(B)

Structure of drug

ZT

HN

57

Type of
cancer

Variety of
cancers

Ovarian
cancers

Variety of
cancers

Leukemia and
gastrointes-
tinal cancers

Variety of
cancers
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Table 1 continued

Name of drug Structure of drug Type of
cancer
Paclitaxel AcO O OH Variety of
Onxol e cancers
Taxol (B)
Temodar o) Various
Temozolomide (G) )]\ brain
HSC\N N/%N cancers
|
Ns /I—I\_ _NH
N 2
(@)
Vincristine Variety
Oncovin DSC of cancers
Vincasar PFS (B)
Xeloda Breast
Capecitabine (G) cancers

? From BCCA Cancer Drug Manual, which is freely available at
http://www.bccancer.bc.ca/HPI/DrugDatabase/DrugIndexPro/default.htm
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totoxicity data on 17 different heterocyclic compound series against various
cancer cell lines. These are discussed in terms of QSAR to understand the
chemical-biological interactions.

In the 44 years since the advent of this methodology [2], the use of
QSAR (one of the well-developed areas in computational chemistry) has
become increasingly helpful for understanding many aspects of chemical-
biological interactions in drug and pesticide research, as well as in toxicology.
This method is useful in elucidating the mechanisms of chemical-biological
interaction in various biomolecules, particularly enzymes, membranes, or-
ganelles, and cells, as well as in humans [3-5]. It has also been utilized for the
evaluation of absorption, distribution, metabolism, and excretion (ADME)
phenomena in many organisms and whole animal studies [6]. The QSAR ap-
proach employs extrathermodynamically derived and computational-based
descriptors to correlate biological activity in isolated receptors, cellular sys-
tems, and in vivo. Four standard molecular descriptors are routinely used in
QSAR analysis: electronic, hydrophobic, steric, and topological indices. These
descriptors are invaluable in helping to delineate a large number of receptor-
ligand interactions that are critical to biological processes [3,7]. The quality
of a QSAR model depends strictly on the type and quality of the data, and
not on the hypotheses, and is valid only for the compound structure anal-
ogous to those used to build the model. QSAR models can stand alone to
augment other computational approaches or can be examined in tandem
with equations of a similar mechanistic genre to establish their authenticity
and reliability [7]. Potential use of QSAR models for screening of chemical
databases or virtual libraries before their synthesis appears equally attrac-
tive to chemical manufacturers, pharmaceutical companies, and government
agencies.

2
Materials and Methods

All the data/equations have been collected from the literature (see individual
QSAR for respective references). C is the molar concentration of a compound
and log 1/C is the dependent variable that defines the biological param-
eter for the QSAR equations. Physicochemical descriptors are autoloaded,
and multiregression analyses (MRA) used to derive the QSAR are executed
with the C-QSAR program [8]. Selection of descriptors is made on the ba-
sis of permutation and correlation matrix among the descriptors (to avoid
collinearity problems). Details of the C-QSAR program, the search engine,
the choice of parameters and their use in the development of QSAR models
have already been discussed [9]. The parameters used in this chapter have
also been discussed in detail along with their application [3]. Briefly, Clog P
is the calculated partition coefficient in n-octanol/water and is a measure of
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hydrophobicity, and 7 is the hydrophobic parameter for substituents. o, o*
and o ~are Hammett electronic parameters that apply to substituent effects on
aromatic systems.

Bl1, B5 and L are Verloop’s sterimol parameters for substituents [10]. B1
is a measure of the minimum width of a substituent, B5 is an attempt to
define maximum width of the substituent, and L is the substituent length.
CMR is the calculated molar refractivity for the whole molecule. MR is
calculated from the Lorentz-Lorenz equation and is described as follows:
[(n2 -1)/(n? + 2)] (MW /), where n is the refractive index, MW is the mo-
lecular weight, and 6 is the density of the substance. MR is dependent
on volume and polarizability. It can be used for a substituent or for the
whole molecule. A new polarizability parameter, NVE, was developed, which
is shown to be effective at delineating various chemico-biological interac-
tions [11-14]. NVE represents the total number of valence electrons and is
calculated by simply summing up the valence electrons in a molecule, that is,
H=1,C=4S8i=4N=5"P=5,0=6, S =6, and halogens = 7. It may
also be represented as: NVE = n, + n, + np, where 7, is the number of elec-
trons in the o orbital, n, is the number of electrons in 7 orbitals, and n, is
the number of lone pair electrons. MgVol is the molar volume for the whole
molecule [15]. The indicator variable I is assigned the value of 1 or 0 for spe-
cial features with special effects that cannot be parameterized, and has been
explained wherever used.

In QSAR equations, n is the number of data points, r is the correlation co-
efficient between observed values of the dependent and the values predicted
from the equation, r? is the square of the correlation coefficient and repre-
sents the goodness of fit, g is the cross-validated 72 (a measure of the quality
of the QSAR model), and s is the standard deviation. The cross-validated
r? (qz) is obtained by using leave-one-out (LOO) procedure [16]. Q is the
quality factor (quality ratio), where Q = r/s. Chance correlation, due to the
excessive number of parameters (which increases the r and s values also),
can, thus, be detected by the examination of the Q value. F is the Fischer
statistics (Fischer ratio), F = fr?/ [(1 - rz)m], where f is the number of de-
gree of freedom f =n - (m + 1), n is the number of data points, and m is
the number of variables. The modeling was taken to be optimal when Q
reached a maximum together with F, even if slightly non-optimal F values
have normally been accepted. A significant decrease in F with the introduc-
tion of one additional variable (with increasing Q and decreasing s) could
mean that the new descriptor is not as good as expected, that is, its intro-
duction has endangered the statistical quality of the combination. However,
the statistical quality could be improved by the introduction of a more useful
descriptor [17-19]. Compounds were assigned to be outliers on the basis of
their deviation between observed and calculated activities from the equation
(> 2s) [20-22]. Each regression equation includes 95% confidence limits for
each term in parentheses.
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3
QSAR Studies

3.1
Acridine

DACA {N-[2-(dimethylamino)-ethyl]acridine-4-carboxamide; NSC 601316}
(I X = Y = H) is a DNA-intercalating agent and dual topoisomerase (topo)
I/II inhibitor currently in clinical trial as an anticancer drug. Substitutions
in the acridine ring of DACA have significant effects on biological activ-
ity; most 7-substituted DACA analogues had cytotoxicities similar to DACA,
whereas most 5-substituted derivatives were more cytotoxic but relatively less
effective against JLo and JLp cell lines than the wild-type JL¢. Cell line stud-
ies showed that the 5,7-disubstituted analogues of DACA retained both the
broad-spectrum effectiveness of the 7-substituted derivatives and the higher
cytotoxic potency of the 5-substituted derivatives. Spicer et al. [23] published
the cytotoxicity data of compound I against six cancer cell lines (P388, LLTC,
HT-29, JLa, JLc and JLp). From their published cytotoxic data of compound I
against murine P388 leukaemia cells, we derived Eq. 1 (Table 2):

log 1/C = 1.43(20.35)Clog P - 3.30(40.68)MRx + 3.13(£1.19) (1)
n=10, r>=0.949, s=0.146,
q* =0.876, Q=6.671, Fy7;=65.127

The major conclusion to be drawn from the above QSAR is that Clog P (cal-
culated hydrophobicity of the whole molecule) promotes the cytotoxic activ-
ity. MRy refers to the molar refractivity of X-substituents. Since MRy is pri-
marily a measure of the bulk of X-substituents, a negative coefficient (- 3.30)
suggests steric hindrance. We also obtained very similar QSAR models (using
the same descriptors Clog P and MRx) from the cytotoxic data of compound I
against five other cancer cell lines (LLTC, HT-29, JL4, JLc, and JLp), which
suggests that compound I may target to the involvement of similar kinds of
enzymes and/or DNA binding in each of these six cancer cell lines.

Telomerase is an attractive target for the design of new anticancer drugs.
Harrison et al. [24] synthesized a series of 3,6-disubstituted acridines (II)
on the basis that inhibition of telomerase occurs by stabilizing G-quadruplex
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Table 2 Biological and physicochemical parameters used to derive QSAR Eq. 1

log1/C (Eq. 1)

No. X Y Obsd. Pred. A Clog P MRx
1 H H 7.01 7.21 -0.20 3.10 0.10
2 Cl H 6.60 6.62 -0.02 3.84 0.60
3 H Cl 8.19 8.27 -0.08 3.84 0.10
4 CH3 H 6.48 6.40 0.08 3.60 0.56
5 H CH3 8.19 7.92 0.27 3.60 0.10
6 Cl Cl 7.57 7.65 -0.08 4.56 0.60
7 Br Br 7.14 7.14 0.00 4.86 0.89
8 CH3 CH3 7.21 7.11 0.10 4.10 0.56
9 Cl CHj3 7.25 7.33 -0.08 4.34 0.60

10 CHj3 Cl 7.47 7.46 0.01 4.34 0.56

structures formed by the folding of telomeric DNA. Equations 2 and 3 were
derived from the cytotoxic data of these compounds (II) against CH1 (human
ovarian carcinoma) and SKOV-3 (human ovarian carcinoma) cells, respec-
tively [21].

Cytotoxic activities of compound II against CH1 (human ovarian carci-

noma) cells:
X/\)J\H O N/O HJ\/\X

II

log 1/C = 0.19(%0.05)Clog P + 4.33(0.31) )
n=15 1*=0.832, s=0.183,
g*=0.765, Q=4.984, Fy3=64381

Cytotoxic activities of compound II against SKOV-3 (human ovarian carci-
noma) cells:

log 1/C = 0.16(=£0.04)Clog P - 0.57(=£0.18)MgVol + 6.87(40.63) . (3)

n=13, r*=0.893, s=0.095,

g* =0.775, Q=9.947, Fy19=41.729

Although the same compounds (IT) were used in the formulation of QSAR
(Egs. 2 and 3), two different types of equations were obtained. These results
suggest that these compounds (II) may target an enzyme of one kind in hu-

man CH1 and another kind in human SKOV-3 ovarian carcinoma cells, or that
a different mechanism is involved.
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From the cytotoxic data [25] of another set of acridine derivatives (III)
against CH1 human ovarian carcinoma cells, Eq. 4 was derived [21]:

0]

N 4
SN

I

log 1/C = 0.69(£0.40)7ry — 1.05(0.37)CMR + 16.23(3.53) . (4)
n=10, r>=0.882, s=0.140,
7> =0.729, Q=6.708, F,7=26.161

The above QSAR suggests that wy (calculated hydrophobicity of Y) pro-
motes the cytotoxic activity. A negative coefficient of CMR (overall molar
refractivity) suggests steric hindrance.

3.2
Benzimidazole

Several bibenzimidazoles and tribenzimidazoles have recently been identi-
fied as topoisomerase I poisons. Kim et al. [26] synthesized a number of
5-substituted terbenzimidazoles (IV) and evaluated as mammalian topoiso-
merase I poisons and for cytotoxicity against a human lymphoblastoma cell
line, RPMI-8402. We used cytotoxic data of these compounds (IV) against
RPMI-8402 and derived Eq. 5 (Table 3):

X N
o N
N |
H N

H
N
HN—/
v
log 1/C = 1.62(£0.71)7rx — 0.40(£0.26)7x > + 5.14(0.40) (5)

n=12, r*=0.808, s=0.515,

q* =0.664, Q=1.746, Fy9=18.938

optimum mx =2.01(1.61 - 3.42)

outliers: X = propyl; NH;

This is a parabolic correlation in terms of wx, which suggests that the cy-

totoxic activities of compounds IV against RPMI-8402 cells first increase with
an increase in hydrophobicity of X-substituents up to an optimum value of
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Table 3 Biological and physicochemical parameters used to derive QSAR Eq. 5

log 1/C (Eq. 5)

No. X Obsd. Pred. A X
1 I-Naphthyl 5.90 6.31 -0.41 3.07
2 2-Naphthyl 6.80 6.31 0.49 3.07
3 Phenyl 6.72 6.76 -0.04 1.96
e Propyl 4.82 6.68 -1.86 1.55
5 Br 5.79 6.23 -0.44 0.86
6 Piperidine 6.20 6.22 -0.02 0.85
7 Cl 5.89 6.08 -0.19 0.71
8 F 5.77 5.35 0.42 0.14
9 H 5.30 5.14 0.16 0.00

10 OCHj3 6.10 5.10 1.00 -0.02

11 NO, 3.94 4.65 -0.71 -0.28

12 CN 3.87 4.08 -0.21 -0.57

13 OH 3.82 3.87 -0.05 -0.67

142 NH, 4.21 2.53 1.68 -1.23

2 Not included in the derivation of QSAR Eq. 5

7x = 2.01 and then decrease. The propyl group has a flexible nature in terms
of conformation, which may represent its steric flexibility and behavior as an
outlier. The other derivative (X = NH;) is much more active than expected by
more than three times the standard deviation and is also considered to be an
outlier. This anomalous behavior may be attributed to its nature as an aniline.
This could result in the hydrogen abstraction or be involved in microsomal
N-oxidation [4, 27].

3.3
Benzothiazole

Chung et al. [28] evaluated the cytotoxic activities of 2-[(substituted-1,3-

benzothiazole-2-yl)aminomethyl]-5,8-dimethoxy-1,4-naphthoquinones (V)
against SNU-1 cells. From these data Eq. 6 was derived [29]:

Y
m O  OCHs
X SEY
H

O  OCHs
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log1/C = 0.32(20.14)rx + 8.41(40.05) (6)
n=8, r>=0.835 s=0.047,
¢* =0.727, Q=19.442, F,¢=30.364

This study shows that only substituents X of the phenyl ring contact the
hydrophobic space. The positive coefficient of 7x(0.32) suggests that the com-
pounds with highly hydrophobic X-substituents will be more active.

34
Camptothecin

In 1985, It was reported by Hsiang et al. [30] that the cytotoxic activity of
camptothecin (CPT) was attributed to a novel mechanism of action involving
the nuclear enzyme topoisomerase I, and this discovery of unique mechanism
of action revived the interest in CPT and its analogues as anticancer agents.
From the cytotoxic data [31] of camptothecin derivatives (VI) against SKOV-3
human ovarian cancer cells, Eq. 7 was derived [21]:

log1/C = 6.90(%3.25)CMR - 0.33(£0.14)CMR? - 28.31(%18.62) (7)
n=10, r*=0.921, s=0.278,

g* =0.723, Q=3.452, F,;=40.804

optimum CMR = 10.50(9.65 - 10.90)

This is a parabolic correlation in terms of CMR, which suggests that the
cytotoxic activities of camptothecin derivatives (VI) against SKOV-3 cells first
increase with an increase in molar refractivity up to an optimum CMR value
of 10.50 and then decrease. Clog P cannot replace CMR. Substituting log P for
CMR in Eq. 7 gives a very poor fit, indicating interaction in non-hydrophobic
space (Clog P vs. CMR = 0.036)



66 R. Verma

3.5
Flavonoid

Flavonoid toxicity to HeLa tumor cells was reported by Mori et al. [32] From
these data, Eq. 8 was derived [33]:

log 1/C = 0.34(%0.09)MlogP + 3.60(=0.16) (8)
n=11, r*=0.899, s=0.131,
q*=0.847, Q=7.237, Fp9=280.109

The above equation predicts the cytotoxic activities of following flavonoids
against HeLa cells: galangin, fisetin, quercitin, myricetin, apigenin, eriodic-
tyol, kaempferol, morin, taxifolin, catechin, epicatechin. Mlog P is the meas-
ured hydrophobicity of the flavonoids. Hydrophobicity is found to be the
single important parameter for this data set, which shows the compound’s
ability to cross the membranes. The linear Mlog P model suggests that the
highly hydrophobic flavonoids will be more active.

3.6
Indole

Due to interesting biological activities, unique chemical structures, and low
availabilities of marine indole alkaloids, indoles have been considered an at-
tractive field in medicinal chemistry for the discovery of new drugs. In an
efforts to search for novel antitumor agents, Jiang et al. [34] synthesized
a number of indolylpyrimidines and indolylpyrazines and evaluated their
cytotoxicities against a panel of 60 human tumor cell lines. QSAR results sug-
gest that the most important determinant for the cytotoxic activities of these
compounds (Fig. 1) against different cancer cell lines is the hydrophobic pa-
rameters of the whole molecules. We present here two QSAR equations (Egs. 9
and 10) for the cytotoxic activities of these compounds (VII-XI) against SF-
539 (CNS) and UO-31 (renal) cancer cell lines, respectively. The biological
and physicochemical parameters used to derive these equations are listed in
Table 4.

Cytotoxic activities of compounds VII-XI against SF-539 (CNS) cancer
cells:

log 1/C = 0.44(%0.10)Clog P + 3.26(40.48) 9)
n=8, r2=0.950, s=0.177,
g* =0.934, Q=5.508, Fj¢=114.000

Cytotoxic activities of compounds VII-XI against UO-31 (renal) cancer
cells:
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Fig.1 Structure of compounds used in the development of QSAR Egs. 9 and 10

Table4 Biological and physicochemical parameters used to derive QSAR Egs. 9
and 10

log1/C (Eq.9) log1/C (Eq. 10)
No. Substituents Obsd. Pred. A Obsd. Pred. A Clog P
VII Meridianin D 449 451 -0.02 4.73 478 -0.05 2.86
(R=Br)
VIIla R;=O0OMe 6.80 6.80  0.00 6.24 6.29 -0.05 8.15
Rz =Ts
VIIIb R;=R;=H 536  5.11 0.25 540 518  0.22 4.25
VIIIc R; =Me 493 520 -0.27 516 524 -0.08 4.45
R,=H
VIIId R; =OMe 515 5.11 0.04 526 5.18  0.08 4.24
R,=H
IX R=Ts 554 536 0.18 536 534  0.02 4.82
X R=H 447 4.53 -0.06 467 480 -0.13 291
XI R=H 538 550 -0.12 543 544 -0.01 5.16

Ts 502 Ph(4 - CH3)
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log 1/C = 0.29(%0.07)Clog P + 3.96(+0.32) (10)
n=8, r>=0.950, s=0.118,
g* =0.888, Q=8.254, Fj¢=114.000

The linear Clog P models suggest that the highly hydrophobic molecules
will be more active.

3.7
Isatin

Isatin (1H-indole-2,3-dione) is an endogenous compound identified in hu-
mans. This class of compounds possesses a wide range of biological activ-
ities [35] that include antiallergic, anticancer, anticonvulsant, antidiuretic,
antithrombotic, antitubercular, antiviral, anxiogenic, immunosuppressant,
muscle relaxant, and sedative activities. Vine et al. [36] synthesized a var-
iety of isatin derivatives (XII) and evaluated their cytotoxic activities against
the human monocyte-like histiocytic lymphoma (U937) cell line in vitro. We
used these cytotoxic data to develop QSAR Eq. 11 (Table 5):

O
X
(e}
Z
XTI
log 1/C = 0.71(=£0.20)Clog P + 2.99(-£0.39) (11)

n=13, r*=0.844, s=0.267,

7> =0.774, Q=3.442, Fyj; =59.513

outlier: X=NO,, Y=Br, Z=H

It is interesting to note here that there is a high mutual correlation between
Clog P and CMR (r = 0.899). Thus, it is very hard to predict for this data set if
it is a positive hydrophobic or polarizability effect. We derived Eq. 11a with

CMR and finally preferred Eq. 11 on the basis of their statistics, which are
better than those of Eq. 11a:

log 1/C = 0.66(£0.32)CMR + 1.61(£0.94) (11a)
n=13, r*=0.654, s=0.397,
g* =0.540, Q=2.038, Fy ;5 =20.792
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Table 5 Biological and physicochemical parameters used to derive QSAR Eq. 11

log1/C (Eq.11)

No. X Y Z Obsd. Pred. A Clog P
1 H H H 3.25 3.58 -0.33 0.83
2 Br H H 4.19 4.20 -0.01 1.69
3 H Br H 4.13 4.20 -0.07 1.69
4 H H Br 4.08 4.20 -0.12 1.69
5 F H H 4.01 3.68 0.33 0.97
6 I H H 4.27 4.38 -0.11 1.95
7 NO, H H 3.88 3.40 0.48 0.57
8 OCH3 H H 3.38 3.52 -0.14 0.75
9 Br H Br 4.98 4.81 0.17 2.55

10 Br Br H 4.94 4.67 0.27 2.35

11 I H I 5.11 5.18 -0.07 3.07

12 Br H NO, 3.59 4.01 -0.42 1.43

132 NO, Br H 4.77 3.87 0.90 1.23

14 Br Br Br 5.17 5.14 0.03 3.02

# Not included in the derivation of QSAR Eq. 11

3.8
Isoquinoline

Sami et al. [37] synthesized a series of (4, 8, 9, 10, or 11)-X-2-[2'-(dime-
thylamino)ethyl]-1,2-dihydro-3H-dibenz[de,h]isoquinoline-1,3-diones (XIII)
and evaluated their cytotoxic activities against a number of cancer cell lines.
From the cytotoxic data of these compounds against OVCAR-3 ovarian and
UACC 375 melanoma cancer cells, QSAR Egs. 12 and 13 were developed re-
spectively [21, 38].

Cytotoxic activities of compound XIII against OVCAR-3 ovarian cancer
cells:

log1/C = - 0.53(20.21)Clog P - 1.98(+0.35)I (12)
~ 0.31(=£0.10)B5x_4 + 9.84(=£0.98)

n=18, r*=0.926, s=0.14,

q>=0.858, Q=4.497, F314=58.396

Cytotoxic activities of compound XIII against UACC 375 melanoma cancer
cells:
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N
O N (0]
11
10 X2 X4
X -
9N S =5
8 7 6
XIII
log 1/C = - 0.97(40.24)Clog P - 1.99(40.37)I (13)

- 0.27(40.12)B5x_4 + 11.72(+1.12)
n=20, r*=0.898, s=0.252,
g* =0.803, Q=3.760, Fs15=46.954

I is an indicator variable, which acquired a value of 1 for X = OH and 0
for the others. The negative coefficient of the indicator variable suggests an
unfavorable cytotoxic effect for the presence of X = OH against these can-
cer cell lines. B5x_4 represents the sterimol parameter for the largest width
of the groups at position 4, indicating unfavorable steric effect. The nega-
tive coefficient with Clog P suggests that highly hydrophobic molecules (XIII)
will be less active. QSAR Egs. 12 and 13 are very similar to each other, which
suggest that compounds XIII may target an enzyme of similar kind in hu-
man OVCAR-3 ovarian and UACC 375 melanoma cancer cells, or that a very
similar mechanism is involved.

In an another study, the cytotoxicities of a series of 3-arylisoquinolines
(XIV) against SK-MEL-2 melanoma cells were published by Cho et al. [39].
Using their data Eq. 14 was developed [38]:

log 1/C = 0.43(%£0.15)Clog P + 0.40(£0.19)Lx_¢ + 2.35(x0.74) (14)
n=12, r*=0.901, s=0.107,
q* =0.805, Q=8.869, Fy9=40.955
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Lx_¢ is the sterimol length parameter for X-6 substituents and its positive
coefficient suggests that increasing the length of X-6 substituents increases
the activity.

3.9
Oncodazole

Kruse et al. [40] synthesized a series of oncodazole analogues (XV) and eval-
uated their cytotoxic activities against monolayer B16 melanoma cells. From
these data Eq. 15 was obtained [38]:

log 1/C = 0.86(£0.38)Clog P + 2.77(£0.65)MR-4' (15)
- 0.76(£0.23)MR-4'2 - 0.63(2£0.42)7-1 + 2.54(£1.09)

n=18, 1*=0.913, s=0.364,
q>=0.767, Q=2.625 Fy3=34.106
optimum MR-4’ = 1.82(1.67 - 2.06)

In this equation, MR-4’ is the calculated molar refractivity of the sub-
stituents at position 4’ whereas -1 is the calculated hydrophobic parameter
of the substituents at position 1. This equation contains a positive correla-
tion with Clog P and a negative correlation with 7-1, so one should preserve
a hydrophilic group at N1 while boosting the molecule’s overall hydrophobic-
ity. The parabolic nature of this equation in terms of MR-4" suggests that the
value of MR-4’ should be ~ 1.82 for the maximum cytotoxicity against B16
melanoma cells.

3.10
Paclitaxel

Paclitaxel (XVI; X = C¢Hs, Y = CH3) is a well-known anticancer drug for the
treatment of different kinds of metastatic tumors. Despite its success in the
chemotherapy, there are demands to improve its efficacy as well as lower its
toxicity. The QSAR of paclitaxel derivatives suggest that the key modification
at certain positions may result in the significant improvement of its activ-
ity. The cytotoxic activities of a series of paclitaxel derivatives (XVI) against
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prostate cancer (PC3) were evaluated by Baloglu et al. [41]. From their data,
we developed Eq. 16 (Table 6):

Table 6 Biological and physicochemical parameters used to derive QSAR Eq. 16

Z
e

0NNV W

\\]

10
11
12
13
14
15
16%
172
18

2 Not included in the derivation of QSAR Eq. 16

log1/C =10.13(+£2.52)Clog P - 0.97(+0.24)Clog P - 19.13(+6.52)
r* =0.853,
Q = 4.459,

n=16,
q* = 0.764,

outliers :

X

CeHs

CeHs

CeHs

CeHs

CeHs
(CH;)4CHj3
2-Furyl
(CH;)4CH3
(CH2)4CH3
(CH2)4CH3
(CH2)4CH3
O(CH,)3CH;
0O(CH,)3CH;3
0O(CH;)3CH;
2-Furyl
2-Furyl
2-Furyl
2-Furyl

XVI

s=0.207,

Y

CH,
CH = CH(CH3);
CH = CHCH;,
CH,CH,
CH,CH,CH;,
CH;

CH3

CH(CH3)2

CH = CHCH;,
CH,CH,
CH,CH,CH;,
CH = CHCH;
CH,CH,
CH,CH,CH;,
CH(CH3)2

CH = CHCH3
CH,CH,
CH,CH,CHj3;

F2’13 =37.718
optimum ClogP = 5.24(5.15 - 5.34)
X =2-Furyl, Y = CH = CHCH3s;

log 1/C (Eq. 16)

Obsd.

7.09
7.25
7.25
7.34
7.34
7.23
5.65
6.54
6.80
7.33
6.66
6.24
7.24
6.64
7.34
6.40
7.33
7.46

Pred.

7.16
7.30
7.23
7.41
7.12
7.40
5.69
6.82
6.66
7.19
6.44
6.73
7.23
6.52
7.17
7.25
6.78
7.33

A

-0.07
-0.05
0.02
-0.07
0.22
-0.17
-0.04
-0.28
0.14
0.14
0.22
-0.49
0.01
0.12
0.17
-0.85
0.55
0.13

(16)

X =2-Furyl, Y = CH,CH3

Clog P

4.73
5.57
5.67
5.26
5.79
5.19
3.91
6.02
6.12
5.72
6.24
6.08
5.67
6.20
4.75
4.84
4.44
4.97
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This is a parabolic correlation in terms of Clog P, which suggests that
the cytotoxic activities of paclitaxel derivatives (XVI) against prostate can-
cer (PC3) cells first increase with an increase in the hydrophobicity up to an
optimum Clog P of 5.24 and then decrease.

3.11
Phenanthredin

A series of esters and amides of 2,3-dimethoxy-8,9-methylenedioxy-benzo[i]
phenanthridine-12-carboxylic acid (XVII) was synthesized by Zhu et al. [42]
as potent cytotoxic and DNA topoisomerase I-targeting agents. From their cy-
totoxic data of these compounds against P388/CPT45 (CPT-resistant) cell line,
we developed QSAR Eq. 17 (Table 7):

XVII

log1/C =- 0.25(40.12)MRx - 1.08(=0.40)I + 8.07(30.48) (17)
n=15 1*=0.861, s=0.273,

> =0.771, Q=3.399, Fy1,=237.165

outliers: X = OCH,CH3; OCH,CH,CH,;N(CH3),

MRy is the calculated molar refractivity of X-substituents and its nega-
tive coefficient suggests steric hindrance. I is an indicator variable, which
acquired a value of 1 for amides and 0 for the esters. The negative coeffi-
cient of the indicator variable suggests an unfavorable cytotoxic effect for the
amide derivatives against this cancer cell line. It is interesting to note here that
there is a high mutual correlation between wx and MRx (r = 0.877). Thus, it is
very hard to predict for this data set if it is a positive hydrophobic or polariz-
ability effect of the X-substituents. We derived Eq. 17a with MRx and finally
preferred Eq. 17 on the basis of their statistics, which are better than those
of Eq. 17a:

log1/C =- 0.31(£0.19)7rx - 1.35(20.46)I + 7.57(40.43) (17a)
n=15 r*=0.805 s=0.324,
7> =0.715, Q=2769, Fy13=24.769
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Table7 Biological, physicochemical, and structural parameters used to derive QSAR
Eq. 17

log1/C (Eq.17)

No. X Obsd. Pred. A MRx I
1  OCH,CHj; 5.49 7.80 -2.31 1.08 0
OCH,CH;N(CH3); 7.48 7.47 0.01 2.38 0

3 OCH(CH;)CH,N(CHj3), 7.70 7.36 0.34 2.84 0
OC(CH3),CH,;N(CH3), 6.89 7.24 -0.35 3.30 0

58 OCH,CH,CH,;N(CH3), 6.60 7.36 -0.76 2.84 0
6 NHCH,CH,;N(CHj3); 6.49 6.34 0.15 2.59 1
NHCH(CH;)CH,;N(CHj3), 6.11 622  -0.11 3.06 1

8  NHCH,CH(CH;3)N(CHj3), 6.27 6.22 0.05 3.06 1
N(CH3)CH,CH,;N(CH3), 6.52 6.22 0.30 3.06 1

10  NHCH,CH,N(C,Hs), 6.43 6.10 0.33 3.52 1
11 NHCH,CH,;NCH;3(CH,Ph) 5.56 5.71 -0.15 5.10 1
12 NHCH,CH,;N(CH,Ph), 5.19 5.08 0.11 7.62 1
13 N(- CH,CH,CH,CH; -) 6.48 6.47 0.01 2.05 1
14 N(- CH,CH,CH,CH,CH; -) 6.00 6.36 -0.36 2.51 1
15 N(- CH,CH,;N(CH3)CH,CH; -) 5.87 6.26 -0.39 2.88 1
16 NHCH,CH,CH;N(CH3), 6.47 6.22 0.25 3.06 1
17  N[CH,CH,;N(CHs3),], 5.59 578  -0.19 4.82 1

# Not included in the derivation of QSAR Eq. 17

3.12
Phenazine

A series of bis[(phenazine-1-carboxamide)propyl]methylamines (XVIII) was
synthesized by Spicer et al. [43] and their cytotoxicities evaluated against
a panel of tumor cell lines. From the cytotoxic data of these compounds
against P388, LLc, and JL¢ cancer cells, QSAR Egs. 18, 19, and 20 were de-
veloped, respectively [44].

6 4
7 X N\ 3 N\ N
8 | N 2 2 J X
FON N
9
H e H

XVIII
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Cytotoxic activities of compound XVIII against murine P388 leukemia
cells:

log 1/C = 6.26(+£5.11)Clog P - 0.42(£0.37)Clog P? (18)
+0.51(£0.35)Lg — 1.25(£0.47)Esg - 17.85(£17.73)

n=17, r*=0.838, s=0.356,
7> =0.762, Q=2.571, Fyp=15519
optimum ClogP =7.37(6.94 - 10.25)

Cytotoxic activities of compound XVIII against murine Lewis lung carci-
noma (LL¢) cells:

log1/C =11.62(%£5.01)Clog P - 0.79(£0.37)Clog P? (19)
~ 1.08(:0.45)Esq — 35.12(£17.71)

n=17, r*=0.845 s=0.357,
> =0.617, Q=2.575, Fs;3=23.624
optimum ClogP =7.32(7.09 - 7.77)

Cytotoxic activities of compound XVIII against human Jurkat leukemia
wild-type (JL¢) cells:

log1/C =5.86(£3.21)Clog P - 0.40(£0.23)Clog P? (20)
+0.43(£0.22)Lg — 1.08(£0.29)Esg - 15.69(£11.16)

n=18, r*=0.903, s=0.226,
¢*=0.837, Q=4.205 Fy43=30.255
optimum ClogP =7.38(7.09 - 8.11)

The Egs. 18, 19, and 20 for the different cell lines are very similar to each
other, which suggests that similar modes of enzyme and/or DNA binding may
be involved. Clog P becomes a descriptor of great importance, with close
agreement in these three examples on an optimum value of Clog P ~ 7.4.
Esg is the Taft’s steric constant for the 9-substituents while Lg is the sterimol
length parameter for the 8-substituents. The Esg confirms a positive steric ef-
fect. Bearing in mind that the more sterically hindering the substituent, the
more negative its Es-value, the negative coefficient with the 9-substituents
shows that substitution at position 9 makes more effective compounds. Pos-
itive coefficient of Lg suggests that increasing the length of 8-substituents
increases activity.
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3.13
Podophyllotoxin

Duca el al. [45] synthesized a series of 4-B-amino-4’-O-demethyl-4-desoxy-
podophyllotoxins (XIX) as DNA topoisomerase II inhibitors and also evalu-
ated their cytotoxicities against L1210 cell line. From the cytotoxic data of
these compounds, we developed Eq. 21 (Table 8):

o}
HNJ\O/X

XIX

log1/C = 1.22(%0.46)7rx - 0.32(£0.11)7% + 5.74(40.45) (21)
n=11, r*=0.880, s=0.101,

q*=0.676, Q=9.287, Fyg=29.333

optimum mx = 1.93(1.74 - 2.07)

outliers: X = CH,Ph; CH,Ph(4-F)

Table 8 Biological and physicochemical parameters used to derive QSAR Eq. 21

log1/C (Eq.21)

No. X Obsd. Pred. A X
1 CH3 6.74 6.70 0.04 1.09
2 CH,CHj3 6.85 6.89 -0.04 1.62
3 (CH;)3CHj3 6.64 6.74 -0.10 2.68
4 (CH;,)3Cl 6.82 6.92 -0.10 2.01
5 CH,CH = CH, 6.96 6.92 0.04 1.87
6 CH;C=-CH 7.05 6.90 0.15 1.69
7 (CH;),0CHj; 6.85 6.77 0.08 1.24
8 CH,CH[- O(CH,)3CH, -] 6.85 6.91 -0.06 2.11
9 CH,CH;,;N(- COCH,CH,CO -) 6.36 6.46 -0.10 0.73
102 CH,Ph 6.57 6.92 -0.35 1.90
112 CH,Ph(4 - F) 6.44 6.91 -0.47 2.05
12 CH,CH,Ph(4 - F) 6.41 6.29 0.12 3.33
13 CH,Ph(2,4-Clp) 6.24 6.29 -0.05 3.33

2 Not included in the derivation of QSAR Eq. 21
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This is a parabolic correlation in terms of wx, which suggests that the cy-
totoxic activities of compounds XIX against L1210 cells first increase with
an increase in hydrophobicity of X-substituents up to an optimum value of
x = 1.93 and then decrease.

3.14
Pyrrole

Pyrrole-based chemotherapeutic agents have a long drug history, which in-
cludes antiinflammatory, antihelminthic, antimycotic, and antibiotic drugs.
Furthermore, the pyrrole moiety has been incorporated in several non-
nucleoside reverse transcriptase inhibitors and antiproliferative agents, as
well as the DNA minor groove binders Distamycin A and Tallimustine. In
recent years, the in vitro anticancer activity of diazopyrroles and triazenopy-
rroles has been reported. A number of agents of this class are under intensive
development by research groups throughout the world. Cocco et al. [46] syn-
thesized a series of N-phenyl-3-pyrrolecarbothioamides (XX) and evaluated
their cytotoxic activities against melanoma cell lines. Utilization of the cyto-
toxic data of these compounds, QSAR 22, 23, and 24 were developed [38].

Cytotoxic activities of compound XX against MALME-3M melanoma cells:

log 1/C = 0.12(20.03)Clog P + 4.29(0.11) (22)
n=8, 1r*=0.953, s=0.039,
g*=0910, Q=25.031, Fj¢=121.660

Cytotoxic activities of compound XX against UACC-257 melanoma cells:

log1/C = 0.09(+£0.03)Clog P + 4.43(40.11) (23)

n=9, r2=0.920, s=0.042,
q* =0.862, Q=22.837, Fy7=280.500
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Cytotoxic activities of compound XX against SK-MEL-28 melanoma cells:
log 1/C = 0.24(£0.06)Clog P + 3.86(0.25) (24)

n=10, r*=0.919, s=0.112,
g*=0.881, Q=8.559, Fyg=290.765

Linear Clog P correlations are the more significant models.

3.15
Quinocarcin

Cytotoxic activities of quinocarcin derivatives (XXI) against HeLa cells were
reported by Saito et al. [47]. From their data Eq. 25 was obtained [33]:

COOH

log1/C = 0.51(%0.21)Clog P - 0.24(40.12)B5x + 8.81(+0.85) (25)
n=10, r*=0.894, s=0.375,
g* =0.828, Q=2.521, F7;=29.519

B5x is the sterimol parameter and expresses the largest width of X-sub-
stituents. Its negative coefficient (-0.24) suggests a negative steric effect.

3.16
Quinoline

Deady et al. [48] synthesized a series of substituted N-[2-(dimethylamino)-
ethyl]-11-oxo-11H-indeno[1,2-b]quinoline-6-carboxamides (XXII) and also
evaluated their cytotoxic activities against three cancer cell lines. From the

o] 10
1 _ 8 Y
20 > CHs
X = N
3 4 o ”/\/ “CHs
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cytotoxic data of these compound against JLc and LL cancer cell lines, we
developed Egs. 26 and 27 (Table 9).

Cytotoxic activities of compound XXII against Human Jurkat leukemia
(JL¢) cells:

log1/C = 0.23(£0.18)7x + 0.55(40.23)CMR + 0.27(£0.16)I + 2.40(-1.02)
(26)
n=12, r*=0905 s=0.095,
g*=0.700, Q=10.011, F3g=25.404
outlier: X=2-0CH;
Cytotoxic activities of compound XXII against murine Lewis lung carci-
noma (LL) cells:

log1/C = 0.69(£0.43)CMR + 0.81(40.33)I - 4.63(+0.22) (27)

n=12, r*=0.822, s=0.187,

g* =0.650, Q=4.845, F9=20.781

outlier: X=4-0CH;

ClogP vs. CMR: r=10.243

7x is the sum of the hydrophobicity of X-substituents. A small hydropho-
bic effect of the X-substituents was observed against human Jurkat leukemia
(JLc) cells but not against murine Lewis lung carcinoma (LL) cells. CMR is the

most important determinant for the cytotoxic activities of these compounds
(XXII) against both cell lines and cannot be replace by Clog P.

3.17
Quinolone

From the cytotoxic data of Soural et al. [49] for 2-oxo-2-phenylethyl-3-
hydroxy-4-oxo-2-phenyl-1,4-dihydroquinoline-7-carboxylates (XXIII) against
A549 and CEM cancer cell lines, we derived QSAR Eq. 28 and Eq. 29 respec-
tively (Table 10).

XXIII
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Cytotoxic activities of compound XXIII against A549 cancer cells:

log1/C =1.13(£0.39)Clog P - 0.80(=£0.62)I + 1.34(£1.02) (28)

n=9, r*=0.892, s=0.320,
q*=0.738, Q=2.950, Fp4=24.778
outlier: X=2-NO,

Cytotoxic activities of compound XXIII against CEM cancer cells:

log 1/C = 0.93(20.41)Clog P + 1.53(%1.48) (29)
n=9, r*=0.806, s=0.387,

g* =0.695, Q=2.320, F;7=29.082

outlier: X=2-NO,

The major conclusions to be drawn from the above QSARs are that the hy-
drophobicity of the whole molecules promotes the cytotoxic activities. I is
an indicator variable, which acquired a value of 1 for X-substitution at the
2 position and 0 for X-substitution at other positions. The negative coeffi-
cient of this indicator variable suggests an unfavorable cytotoxic effect for the
presence of substituents at the 2 position against A549 cells, as represented
by QSAR Eq. 28. Both equations have one outlier (X = 2-NO;) that is more
cytotoxic than expected; it may be possibly due to the hydrogen bonding.

In an another study, the cytotoxic activities of a series of quinolone deriva-
tives (XXIV) against OVCAR-3 human ovarian cancer cells were published by
Li et al. [50]. Using their data Eq. 30 was obtained [21]:

XXIV

log 1/C = 1.52(££0.55)Clog P - 3.06(0.86)B1x + 8.55(+1.25) (30)
n=12, r*=0.891, s=0.328,
g*=0.780, Q=2.878, Fy9=236.784

Bly is the sterimol parameter for the smallest width of X-substituents; it
has a negative sign indicating that steric interaction at the X-substituents of
the phenyl ring is unfavorable.
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4
Validation of the QSAR Models

QSAR model validation is an essential task for developing a statistically valid
and predictive model, because the real utility of a QSAR model is in its ability
to predict accurately the modeled property for new compounds. The follow-
ing approaches have been used for the validation of QSARs Egs. 1-30:

e Fraction of the variance: The fraction of the variance of an MRA model is
expressed by 72. It is believed that the closer the value of 7 to unity, the bet-
ter the QSAR model. The values of r? for these QSAR models are from 0.806
to 0.953, which suggests that these QSAR models explain 80.6-95.3% of the
variance of the data. According to the literature, the predictive QSAR model
must have % > 0.6 [51, 52].

e Cross-validation test: The values of g> for these QSAR models are from
0.617 to 0.934. The high values of q* validate these QSAR models. From the
literature, it must be greater than 0.50 [51, 52].

e Standard deviation (s): s is the standard deviation about the regression
line. The smaller the value of s the better the QSAR model. The values of
s for these QSAR models are from 0.039 to 0.515.

e Quality factor or quality ratio(Q): The high values of Q (1.746-25.031) for
QSAR models suggest the high predictive power for these models as well as
no over-fitting.

e Fischer statistics (F): Fischer statistics (F) is the ratio between explained
and unexplained variance for a given number of degree of freedom. The
larger the F value the greater the probability that the QSAR equation is sig-
nificant. The F values obtained for these QSAR models are from 15.519 to
121.660, which are statistically significant at the 95% level.

o All the QSAR models also fulfill the thumb rule condition that (number of
data points)/(number of descriptors) > 4.

5
Conclusion

In this chapter, an attempt has been made to present a total of 30 QSAR
models on 17 different heterocyclic compound series (acridine, benzimi-
dazole, benzothiazole, camptothecin, flavonoid, indole, isatin, isoquinoline,
oncodazole, paclitaxel, phenanthridine, phenazine, podophyllotoxin, pyrrole,
quinocarcin, quinoline, and quinolone) for their cytotoxic activities against
various cancer cell lines. The QSARs have been found to be well correlated
with a number of physicochemical and structural parameters. The most im-
portant parameter for these correlations is hydrophobicity, which is one of the
most important determinants for the activity.
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Out of 30 QSAR, 27 contain a correlation between cytotoxic activity
and hydrophobicity. A positive linear correlation is found in 19 equations
(Egs. 1-4, Eq. 6, Eqgs. 8-11, Eq. 14, Eq. 15, Egs. 22-26, and Egs. 28-30).
The coefficient with the hydrophobic parameter varies considerably, from
a low value of 0.09 (Eq.23) to a high value of 1.52 (Eq. 30). These data
suggest that the cytotoxic activity might be improved by increasing com-
pound/substituent hydrophobicity. A negative linear correlation is found in
three equations (Eq. 12, Eq. 13, and Eq. 15), and the coefficients range from
-0.97 (Eq. 13) to - 0.53 (Eq. 12). Less hydrophobic congeners in these com-
pound families might display enhanced activity (note: Eq. 15 contains a pos-
itive correlation with log P and a negative correlation with 7 -1, so one
should preserve a hydrophilic group at N1 while boosting the molecule’s over-
all hydrophobicity). Parabolic correlations with the hydrophobic parameter
of the substituents are found in two equations (Eq. 5 and Eq. 21), which re-
flect situations where activity increases with increasing hydrophobicity of the
substituents up to an optimal value and then decreases. These are the en-
couraging examples, where the optimal values of 7 (hydrophobic parameter
of the substituents) are well defined at 2.01 and 1.93, respectively. Parabolic
correlations with the molecule’s overall hydrophobicity are found in four
equations (Eqs. 15-18). The optimal log P for these equations are 5.24, 7.37,
7.32, and 7.38, respectively.

Other parameters (molar refractivity of the molecules/substituents, molar
volume, Taft’s steric constant, and Verloop’s sterimol parameters) also appear
in several QSAR. In some cases, these parameters correlate all of the observed
variations in activity, but they do not seem to play as important a role as
hydrophobicity for the data sets that we have examined.
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Abstract Benzimidazole is a biologically important scaffold which displays important bi-
ological activities. Recent progress in the synthesis and bioactivity of benzimidazoles is
reviewed. New synthetic procedures, including microwave-assisted synthesis, solid phase
synthesis, natural product synthesis, and synthesis of bisbenzimidazoles are briefly de-
scribed. Functionalization and cyclization reactions of benzimidazoles lead to a wide
variety of novel benzimidazole structures. Selected bioactivity, such as anti-infective,
anti-inflammatory, antitumor and receptor agonist/antagonist activities are presented.

Keywords Benzimidazole - Bioactivity - Bisbenzimidazole - Chemical reactivity -
Microwave synthesis
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Abbreviations

AIDS  Acquired Immunodeficiency Syndrome
CCly carbon tetrachloride

CNS central nervous system

DEAD  diethyl azodicarboxylate

DMAP 4-dimethylaminopyridine

DME  dimethyl ether

DMF  N,N-dimethylformamide

DNA  deoxyribonucleic acid

EtOAc ethyl acetate

HIV Human Immunodeficiency Virus

ICso half-maximal inhibitory concentration
MeOH methanol

MIC minimum inhibitory concentration
MW microwave

NBS N-bromosuccinimide

NMDA N-methyl-p-aspartic acid
PEG polyethylene glycol

PPA polyphosphoric acid
PPh;  triphenylphosphine
TBDMS tert-butyldimethylsilyl

1
Introduction

Benzimidazole is a fused aromatic imidazole ring system where a benzene
ring is fused to the 4 and 5 positions of an imidazole ring. Benzimida-
zoles are also known as benziminazoles and 1,3-benzodiazoles [1,2]. They
possess both acidic and basic characteristics. The NH group present in ben-
zimidazoles is relatively strongly acidic and also weakly basic. Another char-
acteristic of benzimidazoles is that they have the capacity to form salts.
Benzimidazoles with unsubstituted NH groups exhibit fast prototropic tau-
tomerism, which leads to equilibrium mixtures of asymmetrically substituted
compounds [1].

The benzimidazole scaffold is a useful structural motif for the development
of molecules of pharmaceutical or biological interest. Appropriately substi-
tuted benzimidazole derivatives have found diverse therapeutic applications
such as in antiulcers, antihypertensives, antivirals, antifungals, anticancers,
and antihistaminics [3]. The optimization of benzimidazole-based struc-
tures has resulted in various drugs that are currently on the market, such
as omeprazole 1 (proton pump inhibitor), pimobendan 2 (ionodilator), and
mebendazole 3 (anthelmintic) (Fig. 1). The spectrum of pharmacological ac-
tivity exhibited by benzimidazoles has been reviewed by several authors [3-6].

Since the publications of these reviews, a number of new methods for the
synthesis of benzimidazoles have been discovered and reported; such work
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Fig.1 Pharmacologically active benzimidazole drugs

continues due to their wide range of pharmacological activities and their
industrial and synthetic applications. The present review focuses on the syn-
thetic methodologies and biological activities of the benzimidazoles reported
from 2000 to early 2007.

2
General Synthetic Methodologies for Benzimidazoles

Traditionally, benzimidazoles have most commonly been prepared from the
reaction of 1,2-diaminobenzenes with carboxylic acids under harsh dehydrat-
ing reaction conditions, utilizing strong acids such as polyphosphoric acid,
hydrochloric acid, boric acid, or p-toluenesulfonic acid [7]. However, the use
of milder reagents, particularly Lewis acids [8], inorganic clays [9], or min-
eral acids [6], has improved both the yield and purity of this reaction [10]. On
the other hand, the synthesis of benzimidazoles via the condensation of 1,2-
diaminobenzenes with aldehydes requires an oxidative reagent to generate
the benzimidazole nucleus. Various oxidative reagents, such as nitroben-
zene, benzoquinone, sodium metabisulfite, mercuric oxide, lead tetraacetate,
iodine, copper(II) acetate, indium perfluorooctane sulfonates, ytterbium per-
fluorooctane sulfonates, and even air, have been employed for this pur-
pose [11]. Moreover, a variety of benzimidazoles could also be produced via
coupling of 1,2-diaminobenzenes with carboxylic acid derivatives such as ni-
triles, imidates, orthoesters, anhydrides or lactones [12].

Alternatively, benzimidazoles have also been prepared from 2-nitroanil-
ides, in a two-step process. In the first step, the nitro group is reduced
using one of many possible reagents (such as zinc, iron, tin(II) chlo-
ride, hydrogen, or Raney nickel). The second step involves the ring clo-
sure of the 2-aminoanilide derivative with either a carboxylic acid or an
aldehyde [2, 10, 13]. However, this procedure sometimes requires multistep
reactions to prepare the starting anilides, resulting in compromised yields
and purity. In recent years, some innovative and improved pathways for the
synthesis of benzimidazoles have been developed and these are discussed in
the following sections.
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2.1
Benzimidazole Ring Closure

Various substituted benzimidazoles have been synthesized in very good
yields in solvent-free conditions from 1,2-diaminobenzene and aldehydes in
the presence of titanium(IV) chloride as a catalyst. The method is appli-
cable to most aromatic, unsaturated and aliphatic aldehydes and to substi-
tuted 1,2-diaminobenzenes without significant differences [14]. Several other
catalysts, namely iodine [15], hydrogen peroxide [16], zirconyl(IV) chlo-
ride [17], boron trifluoride diethyl etherate [18], ytterbium perfluorooctane
sulfonates [19, 20], zeolite [11,21], and L-proline [22], have been effectively
used for the synthesis of benzimidazole derivatives.

A palladium-catalyzed N-arylation reaction provided a novel synthesis
of benzimidazoles 5 from (o-bromophenyl)amidine precursors 4 under mi-
crowave irradiation. The route was found to be flexible with respect to various
substituents and allows for the preparation of highly substituted benzimi-
dazoles, including N-substituted examples (Scheme 1) [23]. The method was
later improved and optimized to achieve the rapid formation of benzimida-
zoles in high yield [24]. It has been found that 50% aqueous dimethyl ether
(DME) is an optimal solvent for the reaction and that catalyst loading of pal-
ladium can be reduced to 1 mol %.

Pd,(dba) R,
2 3 N
N BLN’RZ PPhg, base, MW XN R = 5-NO,, 5-H, 5-OMe, 3-Me
R 2L Ri= _|_»—Rs Rp=Me, Ph,iPr
N=Ng,  HeO.DME N R3 = Me, Ph
4 5

Scheme 1 Palladium-catalyzed synthesis of N-arylbenzimidazole

Imidazole o-quinodimethane intermediate 8, synthesized from 2-bromo-
4,5-bis(bromomethyl)imidazole derivative 7 via N-bromosuccinimide-medi-
ated bromination of imidazole 6 undergoes a Diels-Alder reaction with sev-
eral symmetrically and asymmetrically substituted dienophiles to yield the
benzimidazole derivatives 9-12 in moderate yields [25]. The annulations of
the aromatic systems depicted in Scheme 2 illustrate the ability of this reac-
tion to give a variety of benzimidazoles.

2.2
Microwave-Assisted Synthesis of Benzimidazoles

The use of microwave irradiation as a source of heat in synthetic chem-
istry has been heralded as a promising method of increasing productivity
and quality and reducing reaction time since its first use by Gedye et al. in
1986 [26]. It has become a focal point in chemical synthesis in recent years in
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Scheme 2 Synthesis of benzimidazoles by Diels-Alder reaction

terms of sustainable and green chemistry for improved resource management
and the need to develop environmentally benign processes. Of particular im-
portance is the reduction in the amounts of solvents and hazardous chemicals
required to perform chemical reactions enabled by this approach, and its
more efficient use of energy [27]. Since 1995, various substituted benzim-
idazole derivatives have been synthesized through microwave heating [28].
In this section, selected literature on the synthesis of benzimidazole by mi-
crowave technology is discussed.

Recently, 2-alkyl- and 2-aryl-substituted benzimidazole derivatives 15 have
been synthesized from 1,2-diaminobenzene dihydrochloride 13 and its cor-
responding acids 14 in the presence of polyphosphoric acid using microwave-
assisted methods (Scheme 3). The reaction time required for the synthesis of
benzimidazole derivatives 15 was reduced to minutes by this method com-
pared to conventional synthesis, which required up to four hours of heating
to complete the reaction. Furthermore, it was found that the application
of microwave irradiation increased yields by 10-50% (Table 1). It has been

NH2.HC| R PPA N
L e+ X L
NH,.HCI OH MW N
H
R = H, Me, Ph, 4-NH,CgHj, 4-CICgH,
13 14 15

Scheme 3 Synthesis of alkyl and aryl benzimidazoles under microwave conditions
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Table1 Yield and reaction time for benzimidazole synthesis using microwave irradi-
ation [29]

15R = RT Yield (%) MW Yield (%)
H 2h 80 1min 20s 92
Me 45 min 48 1min 20 s 89
Ph 4h 34 4 min 30s 84
4-NH, CgHy4 4h 57 5 min 95
4-CIC¢Hy4 4h 43 4 min 30s 89

proposed that microwave heating easily provides the energy of activation
required for the chemical reaction [29]. A similar one-pot high-yield proced-
ure for the generation of 2-substituted benzimidazoles from the esters using
ethane-1,2-diol as a solvent has been described [7]. Moreover, the single-step
synthesis of benzimidazoles from a range of other diamines and carboxylic
acids under microwave irradiation conditions has been developed, which pro-
vided a practical and efficient method for the high-throughput synthesis of
2-substituted benzimidazoles [12].

In addition, benzimidazoles containing furyl and aryl substituents at the
C-2 position have been synthesized from 1,2-diaminobenzene and the cor-
responding carboxylic acids under microwave irradiation in the presence of
artificial zeolites and catalytic amounts of DMF, used as the catalyst and
energy transfer medium respectively. With this microwave technique, the re-
action time was greatly shortened and the products were obtained in higher
yields with easier workup than conventional heating methods [21].

Conventional condensation of 1,2-diaminobenzene 16 with 6-fluoro-3,4-
dihydro-2H-chroman-2-carboxylic acid 17 under Phillips’ conditions or using
Eaton’s reagent (1:10 mixture of phosphorus pentoxide/methanesulfonic
acid) yielded 2-(6-fluorochroman-2-yl)-1H-benzimidazole 18 (Scheme 4) [30].
However, irradiating the reaction mixture containing polyphosphoric acid as
a catalyst with microwaves afforded the compound 18 in comparable yields in
a matter of three minutes [30].

E:[NHZ HooC >_<:Q,
NH

16 17

Scheme 4 Reagents and conditions: a 4 N HC], reflux, 6 h, 85%; b MW, PPA, 100 W, 170 °C,
3 min, 85%; or ¢ Eaton’s reagent, 100 °C, 5h, 80%

Recently, microwave-assisted synthesis of eighteen 2-(alkyloxyaryl)-1H-
benzimidazole derivatives 20 related to the natural stilbenoid family has been
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Scheme 5 Synthesis of 2-(alkyloxyaryl)-benzimidazole

reported (Scheme 5) [31]. These bioisosteric benzimidazole analogs 20 have
been synthesized in high yields through a rapid three-component reaction
starting from commercially available aldehydes 19 and 1,2-diaminobenzene
16, and sodium metabisulfite in the absence of solvent. The in vitro spas-
molytic activity of these compounds on the spontaneous contractions of the
rat ileum suggests that bioactivity of these compounds depends upon the
presence of oxygenated groups attached at C-2 and/or C-4 of the phenyl ring
respectively [31].

Recently, a facile, rapid one-pot procedure for the generation of 2-
substituted benzimidazoles 23 directly from 2-nitroanilines 21 using a mi-
crowave procedure has been demonstrated (Scheme 6). An advantage of this
approach is that the intermediate N-acyl derivatives 22 need not be isolated
prior to cyclization [10].

@NOZ SnCl,.2H,0 NHy E:EN%
—_— R2
R; NH, R,COOH N)LRz R N
MW, 130°C, 5 min H 1 H
21 22 23

R; =H, 4,5-dimethyl, 5-OH, 5-OMe, 5-COOH, 5-CN, 5-CF3, 4,6-dichloro
R2 =H, Me, CF3

Scheme 6 Synthesis of 2-substituted benzimidazoles from 2-nitroanilines

Classical condensation-cyclization reactions using 1,2-diaminobenzenes
24, 2-mercaptoacetic acid 25 and appropriately substituted aromatic aldehy-
des 26 in dry benzene under reflux required a long reaction time to afford
the thiazobenzimidazoles 27, which are potent anti-HIV agents, by Scheme 7.
On the other hand, the microwave-assisted synthesis of 1H,3H-thiazolo[3,4-
a]benzimidazoles 27 was completed in toluene within 12 minutes [32].

Furthermore, a versatile and efficient microwave-promoted combinatorial
library synthesis of two long alkyl chain benzimidazoles from o-substituted
amines and fatty acids employing either bentonite, alumina or silica gel as
solid supports has been developed [33]. Bismuth chloride [34], montmoril-
lonite clay K-10 [35] and silica impregnated with sulfuric acid [36] have also
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Scheme 7 Synthesis of thiazobenzimidazoles

been reported to act as inorganic catalysts for the benzimidazole ring closure
reaction under microwave irradiation conditions.

23
Synthesis of Bisbenzimidazoles

Bisbenzimidazole derivatives such as Hoechst 33258 (also known as Pibenz-
imol) 28 (Fig.2) is a A/T base pair selective compound that binds in the
minor groove of DNA [37]. To investigate its full potential, a number of ben-
zimidazole Hoechst motifs have been synthesized and evaluated for various
biological activities [38-40].

OMe
bk
o N
N N N 2
N \ \
+@ H N R1
H’N H 41 R4 = n-Bu, cyclopentane, 2-methylfuran
Me OH

R, = i-Pr, cyclopentane
28 Hoechst 33258 R3 = Ar (2-F, 2-Br, 4-NO,, 4-MeS, 5-Cl), cyclohexane

Fig.2 Examples of some bisbenzimidazoles

Mann and coworkers have synthesized a new class of head-to-head bisben-
zimidazoles 31 as DNA minor groove binding agents [41]. This new class of
6,6'-bisbenzimidazoles 31 was synthesized in moderate yields by the conden-
sation of 3,3',4,4'-tetraaminobiphenyl 30 with requisite aromatic aldehyde in
nitrobenzene under reflux for 8-12 hours (Scheme 8).

In order to target the minor groove of a longer sequence in the A/T rich re-
gion, the previous group also synthesized a novel dimeric bisbenzimidazole
35 where the two bisbenzimidazole rings are linked together via an appro-
priate linker [42]. The benzimidazole 33 was first obtained by condensation
between 4-methoxybenzoic acid and 3,3'-diaminobenzidine tetrahydrochlo-
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N N H,oN NH
O Oz Raney Nickel, H, 2 2
HQNH O NH, Acetone, RT HZNH O NH,
29 30

@ #@@

PhNO,, reflux, 8-12 h

31 X=0H, OMe

Scheme 8 Synthesis of head-to-head bisbenzimidazole

ride 32 (Scheme 9). The compound 33 was then condensed with the diester 34
to provide the desired dimeric bisbenzimidazole 35.

The microwave-enhanced synthesis of symmetrical and asymmetrical
bis(benzimidazol-2-yl)methanes 38 from appropriately substituted benz-
imidazole 2-acetic acid 36 and substituted-1,2-diaminobenzene 37 under
solvent-free conditions without any catalyst has been performed in good
yields (Scheme 10) [43]. The symmetrical bis(benzimidazol-2-yl)methanes
40 have similarly been prepared by one-step condensations of malon-

OMe
HzN NH, H,N H7/©/
. NH sy MeOCsH.COOH /
2 2 10% PPMA, 2h  HzN O O N

32 33

@
@

I\I/Ie

N

10% PPMA
6h
o O

Me—N 35

EtO,C CO,Et
2 34 2

Scheme 9 Synthesis of a dimeric bisbenzimidazole 35
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Scheme 10 Synthesis of 2,2'-bisbenzimidazolylmethanes

amide 39 with appropriately substituted-1,2-diaminobenzene [44]. A similar
microwave-assisted method for the synthesis of 2,2'-bisbenzimidazoles using
1,2-diaminobenzene 16 and oxalic acid or malonic acid in polyphosphoric
acid has also been reported [45].

Combinatorial parallel synthesis of head-to-tail bisbenzimidazoles 41 has
been performed using polymer-immobilized 1,2-diaminobenzenes (Fig. 2).
The PEG-bound diamines were N-acylated at the primary aromatic amino
group with 4-fluoro-3-nitrobenzoic acid. The substituted amides were cy-
clized to benzimidazoles under acidic conditions. Successive reduction and
cyclization with various aldehydes yielded 5-(benzimidazol-2-yl)benzimid-
azoles. Finally, the desired products 41 were released from the polymer sup-
port to afford the bisbenzimidazoles in good yields and with high purity [46].

3
Benzimidazole Natural Products

Benzimidazole-derived alkaloids are rare in nature, and only a few exam-
ples of these natural products can be found in the literature. On the other
hand, the occurrence of the imidazole skeleton in various natural sources
is quite common [47-49]. The benzimidazole alkaloid kealiiquinone (Fig. 3)
has been isolated from a yellow button-like Micronesian sponge species of
Leucetta [49].

Recently, Nakamura et al. successfully synthesized a regioisomer of keali-
iquinone (Scheme 11) [50]. 1-Methyl-2-phenylthio-1H-imidazole 44 was first
converted into the 5-substituted imidazole 45, then the benzylic hydroxyl
group in 45 was protected by a tert-butyldimethylsilyl (TBDMS) group, and
bromination with N-bromosuccinimide gave the bromide 46. Lithiation by
tert-butyllithium at the 4-position of 46 followed by trapping with 3,4-
dimethoxy-2-(methoxymethoxy)benzaldehyde gave the tetrasubstituted imi-
dazole 47 as a diastereomeric mixture. Acetylation of the hydroxy group of 47
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Fig.3 Benzimidazole alkaloid kealiiquinone 42 and its regioisomer 43
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Scheme 11 Reagents and conditions: (a) LTMP, DME-THF; (b) p-anisaldehyde; (¢) TBDM-
SCl, DME 12h, 60°C; (d) NBS, THE, 7h, 0°C; (e) tert-BuLi, n-pentane, Et;O, 1h,
-78 °C; (f) 3,4-dimethoxy-2-(methoxymethoxy)benzaldehyde, Et,0, 3 h, -78 °C; (g) Ac,0,
EtsN, CHCLs, 3h, 0°C; (h) PPA, Ac,0, 12h, 0°C; (i) K,CO3, MeOH-H,0, 3 H, r.t;
(j) TBDMSCI, DME, 6 h, 60 °C; (k) benzyl bromide, EtOAc, 6 h, reflux; (I) aq. K,CO3, 1h,
80°C; (m) Pd(OH),/C, H, (4.2 kg/cm’z), 48 h, r.t; (n) TBAE, THE 5 min, r.t.; (0) O,
salcomin, 1 h, r.t.

and cyclization with polyphosphoric acid in the presence of acetic anhydride
gave the tricyclic compound 48. Alkaline hydrolysis of the ester group of 48
followed by conversion of the phenolic hydroxy group into a TBDMS group
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afforded the silyl ether 49. Quaternization of 49 with benzyl bromide followed
by heating in aqueous potassium carbonate successfully afforded the 2-oxo
compound 50. The benzyl group and the TBDMS group of 50 were removed
by Pd/C-catalyzed hydrogenation followed by treatment with TBAF, and the
product was auto-oxidized in the presence of salcomin in THF to give the de-
sired regioisomer of kealiiquinone compound 43 [50]. The kealiiquinone 42
and its synthetic regioisomer 43 both have relatively weak activities against
a panel of 39 human cancer cell lines but are considered to have a unique
mechanism of action [50].

Makaluvamines (pyrroloiminoquinones) 51 (Fig. 4) isolated from a Fi-
jian sponge in the early 1990s display in vitro cytotoxicity against human
colon tumor cell lines and also inhibit human topoisomerase II in vitro. The
benzimidazole analog of this indole-based marine natural product, imidazo-
quinoxalinone 52, has been synthesized starting from p-methoxydiacetanilide
(Scheme 12) [51]. Treatment of the dinitration product 54 of p-methoxy-

HS
N
N

A\ )—Me

RHN N H,N N
o Me o

51 Makaluvamines 52 Imidazoquinoxalinones

R = H, 2-hydroxyphenylethyl,
2-hydroxyphenylethenyl
Fig.4 Makaluvamine and its benzimidazole analog
MeO,SO,

S,

OMe 0 NH
O,N g O,N O,N NO,
HNO3 H2N MeSOZCI
Ac,0 Pyridine
O

Me\n/N\n/Me Me\n/N\"/Me Me Me\n/NH
O O O O ]
53 54 55 56
Me
Ac.
HN Y }\Nﬂ
N
HoN NH AcHN N “Ac NH
Ha Ac,0 48% HBr Fremy salt oxidation
Pd/C Pyridine
NH, NHAc NH,
57 58 59

Scheme 12 Synthesis of imidazoquinoxalinone
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Fig.5 Adenophostin and its benzimidazole analog

diacetanilide 53 with ethanolamine resulted in the formation of aminoethanol
compound 55. Conversion of the alcohol 55 to mesylate 56 followed by catalytic
reduction of the nitro group afforded the tetrahydroquinoxoline 57. Peracety-
lation of quinoxoline 57 afforded a stable amide 58, which upon acid-catalyzed
cyclization yielded the precursor benzimidazole 59. Finally, Fremy salt oxida-
tion of benzimidazole 59 afforded the iminoquinone 52.

In comparison with the natural inositol 1,4,5-triphosphate, the adeno-
phostins 60 (Fig. 5) exhibit higher receptor binding activity and Ca?* mo-
bilizing potencies and thus have significant biological importance. A total
synthesis of a benzimidazole analog of adenophostin A 61 has been described
by Shuto et al. [52].

4
Functionalization of the Benzimidazole Molecule

4.1
Substitution at the N-1 Position

N-substituted benzimidazoles 62 and 63 (Fig. 6) have been reported to show
anti-hepatitis B virus activity, and thus several derivatives of novel benz-
imidazoles 62 and 63 have been prepared by Li et al. [53]. The precursor
benzimidazoles readily undergo N-substitution reactions with sulfonyl chlo-
rides in dichloromethane using DMAP as a base, whereas methylation can

o)
(¢]] N Cl N Cl N
Cl N o cl N o) cl N
R R

R

R = MeSO,, Ts, Me, 4-Me-benzyl R = MeSO,, Ts, Me, 4-Me-benzyl R = Me, Et
62 63 64

Fig.6 N-substituted benzimidazoles
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be achieved by potassium carbonate in DMF or sodium hydroxide in ace-
tonitrile. Several N-alkyl benzimidazole derivatives 64 behave as selective
androgen receptor antagonists [54].

Ionic liquids have been reported to accelerate slow N-benzylation reac-
tions of benzimidazole 65 utilizing dibenzyl carbonate 66 as an alkylating
reagent (Scheme 13) [55]. An additional rate enhancement was observed
when microwave irradiation was applied in this reaction to afford the N-
benzylbenzimidazole 67.

MeCN, 85°C, 23 h

N\ Q ionic liquid N\
> o+ L >
N ©/\O O/\© 10 mol% DABCO N
66 @

65 67

Scheme 13 N-benzylation reaction via dibenzyl carbonate

4,2
Direct Coupling at the C-2 Position

Functionalization of C — H bonds of heterocycles to C-arylation is an import-
ant synthetic reaction that is used to build important bioactive structures. Re-
cently palladium and copper-mediated C-2 arylations of benzimidazole with
aryl iodides under ligandless and base-free conditions have been described
(Scheme 14) [56]. These reactions show complete selectivity under these con-
ditions and allow for the use of substrates containing base-sensitive groups
without their prior protection, such the NH group of benzimidazoles [56, 57].
The aryl-substituted benzimidazole compounds were obtained in high puri-
ties and yields within 48 hours, and the scheme was also applicable to other
azoles.

N Pd(OAc),, Cul N
Sa Rt -
R DMF, 140°C N
H

65 68 69
R =H, 4-OMe, 4-CF3, 4-NO, 2-Me

R

Scheme 14 Palladium-catalyzed direct C-2 coupling

A similar general method for the rhodium-catalyzed direct coupling of
benzimidazoles with aryl bromides or iodides has also been developed under
microwave-assisted conditions, and it has shown to provide rapid access to
medicinally relevant compounds. Both electron-rich and electron-poor aryl
iodides were observed to couple with tricyclohexylphosphine. The desired
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arylated products were obtained in good yields by conventionally heating
the reaction mixtures in sealed tubes. N-Heterocyclic carbene/rhodium com-
plexes were considered to be intermediates during C — C bond formation [58].

4.3
Doebner-Von Miller Reaction at the C-7 Position

Imidazoquinolines 71 have been synthesized in good yield by coupling ben-
zimidazole 70 with dimethyl trans-2-ketoglutaconate under Doebner-Von
Miller reaction conditions in dichloromethane (Scheme 15). The compound
71 was demethylated using hydrobromic acid in glacial acetic acid, re-
esterifed with methanolic hydrochloric acid, and oxidized to afford benzim-
idazole quinone 72 [59].

OMe OMe ) HBr, AcOH

OMe OWO OMe iy MeOH, H* o

N o N iy Fremy salt, MeCN O N
- b e
N CH2C|2 N N
H2N H N H N H
P
Me0,C~ > “co,Me MeO,C CO,Me

70 71R=H, Me 72R=H, Me

Scheme 15 Doebner-Von Miller reaction at C-7 position

44
Cyclization Between the N-1 and C-2 Positions

Various benzimidazole derivatives can be fused between the C-2 and N-1
positions in order to build novel heterocyclic ring systems. For example, the
reaction of 2-cyanomethylbenzimidazole 73 with hydrazonoyl halides 74 in
the presence of triethylamine led to the formation of pyrrolo[1,2-a]benzimid-
azoles 76 (Scheme 16) [60]. It has been suggested that the reaction starts with
the nucleophilic substitution of the halogen by the benzimidazole carban-
ion to give intermediate 75, which upon cyclization via elimination of water
gives the desired cyclic pyrrolobenzimidazoles 76. On the other hand, the re-
action of hydrazonoyl chlorides 77 with 2-cyanomethylbenzimidazole 73 in
sodium ethoxide afforded pyrazole-3-carboxylate 80, which upon treatment
under triethylamine yielded the pyrazolopyrrolobenzimidazole 81. The prod-
uct was also obtained by the direct reaction of 2-cyanomethylbenzimidazole
73 with hydrazonoyl chlorides 77 in the presence of triethylamine.
Dzvinchuk has synthesized several pyrido[1,2-a]benzimidazoles (84, 86
and 88) via reactions of 2-acylmethylbenzimidazole 82 (Scheme 17). Treat-
ment of 82 with malononitrile led to the formation of the dicyanomethylene-
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Scheme 16 Synthesis of pyrrolobenzimidazoles
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Scheme 17 Synthesis of pyrido[1,2-a]benzimidazoles
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substituted compounds 83, which by intramolecular addition of the ben-
zimidazole imino group to the nitrile gave the pyridobenzimidazoles 84.
The similar reaction of 2-acylmethylbenzimidazole 82 with ethoxymethylen-
emalononitrile yielded the pyridobenzimidazoles 86 by the cyclization of
the intermediate compound 85. On the other hand, attachment of the 2-
acylmethylbenzimidazole 82 to triethylorthoformate joins two benzimidazole
molecules of the starting keto compound at the active methylene group to
give the intermediate 87, which then undergoes cyclocondensation of a benz-
imidazole imino group at the keto group to give the substituted pyridobenz-
imidazoles 88 [61].

Polyheterocyclic structures such as benzimidazoquinazolines 91 made up
of two fused heterocyclic rings often possess potent biological activity, like
antiproliferative and DNA-intercalator activity [62], antifertility activity [63],
anticonvulsant activity, and myorelaxant activity [64]. These benzimid-
azoquinazoline compounds 91 have been obtained by the condensation of
2-cyanobenzothiazoles 89 or benzoxazoles 89 with 2-(2-aminophenyl)benz-
imidazole 90 under microwave conditions in the presence of graphite as
a catalyst [65].

N N : N
graphite, MW
Lo L) == (L
X N N
H 1N =N
N=

89 90 X 91
X=8,0
R = H, 6-F, 6-Me, 6-OMe, 6-NO2, 4,7-Me, 4,7-OMe

R

Scheme 18 Synthesis of polyheterocyclic benzimidazoquinazolines

The intermediate 1,3-dipolar nitrile imines 93, generated in situ from hy-
drazonyl chloride 92, have been reacted with 2-chloromethylbenzimidazole
94 in the presence of triethylamine and silica gel under microwave irradiation
for four minutes to afford the synthesis of the novel tricyclic benzimidazole
system 95 [66].

Radical cyclizations of nucleophilic N-alkyl radicals 96 onto the benzim-
idazole 2-position, mediated by tributyltin hydride and activated by quater-
nizing the pyridine-like N-3 of imidazole with camphorsulfonic acid, have
recently been reported (Scheme 20) [67]. These new five-, six- and seven-
membered homolytic aromatic substitutions of nucleophilic N-alkyl radicals
onto the benzimidazole-2-position occurred upon the use of large excesses
of the azo-initiator, 1,1’-azobis(cyclohexanecarbonitrile), to supplement the
non-chain reaction. The intermediate 97 aromatizes in high yields to the cy-
clized benzimidazoles 98.

Microwave irradiation has been shown to strongly accelerate the rhodium-
catalyzed intramolecular C — H bond coupling of benzimidazole alkenes 99 to
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Scheme 19 Synthesis of novel tricyclic benzimidazole
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Scheme 20 Intramolecular homolytic aromatic substitution mechanism
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Scheme 21 Microwave-assisted intramolecular coupling reaction

cyclic benzimidazoles 100 and 101. These products were formed in moderate
to excellent yields with reaction times of less than 20 minutes. Additionally,
the use of microwave irradiation allowed the reactions to be performed with-
out any solvent and purification and with minimal precautions to exclude
air [68].

4.5
Solid Phase Synthesis

The use of solid phase synthesis has been directed towards high-speed syn-
thesis and biological screening of diverse libraries as part of the drug dis-
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covery process. The widespread use of solid phase synthesis is due to its
advantages of inexpensive apparatus, easy workup and filtration. Thus, it has
become an increasingly popular tool for combinatorial synthesis as well as
green chemistry in recent years [69,70]. From a combinatorial chemistry
perspective, the benzimidazole scaffold allows the stepwise incorporation of
diverse functionality with control over regiochemistry, making it a suitable
target for library synthesis using solid and solution phase approaches as well
as parallel polymer-assisted synthesis [10, 71-75].

Resin-bound iminophosphoranes 103 derived from the reaction of resin-
bound 2-aminobenzimidazole 102 with triphenylphosphine oxide were
reacted with aryl isocyanates in an abnormal aza-Wittig reaction with
a chemoselectivity that depends on the reaction temperature and the na-
ture of the aryl isocyanate (Scheme 22). The mechanism considered for
the solid phase synthesis reaction involves the loss of triphenylphosphin-
imide instead of triphenylphosphine oxide, resulting in the formation of
isocyanates instead of carbodiimides as intermediates. Optimization studies
revealed that employing electron-poor aryl isocyanates at high temperature
leads to 95% of the abnormal aza-Wittig products 3-aryl 2,4-dioxo-1,3,5,-
triazino[1,2-a]benzimidazoles 104 [76].

(0]
o] 0 0 +>=NR2
N N N
O_HJ\(:E S—NH, O‘HJ\@[ S—N=PPh, _b,O_HJ\(:E \>—N—|I=Ph3
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102 103 R R,
‘ -PhsP=NR,
Ry R, (0] Ro Q2
3-Methoxypropyl Ethyl O >—N o 0 +/\—_NRz
Isopropyl Phenyl HoN N _ >= c O—N NO o
2! N H N=C=0
Butyl Cyclohexyl A\
Hexyl 4-Nitrophenyl N N
Cyclohexyl 4-Methoxyphenyl 104 R Ry

Scheme 22 Solid phase synthesis of triazinobenzimidazoles (reagents and conditions:
(a) PPhs, DEAD, THE 25 °C, 3 days; (b) R;NO, toluene, 25 °C, 2 days; (c) HE anisole,
0°C, 1.5 hour)

Using polymer-immobilized liquid phase synthesis and controlled mi-
crowave irradiation, trisubstituted bisbenzimidazoles have been prepared
and released with good yield and purity [77]. Furthermore, a wide range of
benzimidazole derivatives have been synthesized with excellent yields and
purities by simple washing and filtration using liquid phase synthesis on
a soluble polymer support [78].
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4.6
Benzimidazole-Derived Metal Complexes

Recently, neutral dimeric zinc(II) complexes have been constructed from
phenolic benzimidazole derivatives containing N and O donor atoms. These
complexes exhibited a trigonal-bypyramidal geometry [79]. Pal recently re-
ported a benzimidazole N-donor dinuclear palladacycle complex 105 [80]
(Fig. 7). The X-ray crystal structure revealed that the two bisbenzimida-
zole ligands assembled through complexation to two palladium (II) ions to
give a compressed rectangular metallamacrocycle. The complex effectively
catalyzed Suzuki cross-coupling reactions in methanol at room tempera-
ture [80]. Moreover, a series of nickel(II) complexes 106 and 107 ligated by
2-(2-benzimidazole)-pyridine derivatives and nickel dichloride hexahydrate
have been prepared [81]. Interestingly, benzimidazole-derived copper(II) and
nickel(IT) complexes have revealed antibacterial, antifungal and DNA interca-
lator activities [82], whereas lanthanide(III) complexes exhibited seed germi-
nation inhibition activity [83].

\ O
@E <:> j@ 106 R;=H, Me; R, = Me, EtO

Fig.7 Some benzimidazole-metal complexes

5
Biological Activities of the Benzimidazole Analogs

5.1
Anti-infective Agents

5.1.1
Antibacterial and Antifungal Agents

The search for compounds with antibacterial activity has gained increas-
ing importance in recent times, due to growing worldwide concern over
the alarming increase in the rate of infection by antibiotic-resistant mi-
croorganisms [84]. Owing to the current importance of developing novel
antimicrobials and the varied bioactivities exhibited by benzimidazoles, sev-
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eral reseachers have investigated the antimicrobial activities of benzimidazole
derivatives.

2-Mercaptobenzimidazole derivatives are known to possess varied biolog-
ical activities [85]. Recently, an efficient and rapid synthesis of novel ben-
zimidazole azetidin-2-ones 108 has been established [86], and antibacterial
screening revealed that all newly synthesized azetidin-2-ones 108 exhibited
potent antibacterial activity against Bacillus subtilis, Staphylococcus aureus
and Escherichia coli. In general, compounds 108a, 108i and 108;j exhibited
more pronounced antibacterial activity than compounds 108b-h, with bet-
ter activity against both Gram-positive and Gram-negative bacteria (Fig. 8).
Among all of the compounds investigated, 108i and 108j exhibited the great-
est antibacterial activity against Gram-negative E. coli as compared to the
antibiotic streptomycin [86]. Benzimidazole benzyl ethers 109 have exhib-
ited good antibacterial activity against S. aureus and antifungal activity
against Candida albicans and Candida krusei. In general the dichlorophenyl-
substituted benzimidazoles 109e, 109f, and 109h showed the best antibac-
terial (MIC 3.12 pug/mL) and antifungal (MIC 12.5 pg/mL) activity [87]. In
addition, 5-fluoro benzimidazole carboxamide derivatives 110 [88] and ben-
zimidazole isoxazolines 111 [89] have been reported to show antibacterial
and antifungal activities. N-alkylated or acylated derivatives of benzimida-
zole 18 also exhibited good antibacterial activities [30]. Numerous other
reports of benzimidazole derivatives with antimicrobial activities have been
published [90-99].

H o cl N o

108 R 108 R

a  4NO, f 2-OMe ;°9§_H

b 3,4,5-(OMe), g 4-OMe boAF

¢ 2-OH h  2-Cl b

d  3-OH i 3Cl ¢ 4

e  4-OH i 4cCl 3 i
f  2.6-di-Cl
g 25-di-Cl
h  3.4-di-Cl

e
Iz =z
ot
YI
(@]
&L
z. 2T

110

1
N-methylpiperazine H
3-methylpiperidine  n-propyl
4-methylpiperidine  cyclopropyl
morpholine

111
R =H, 4-OMe, 4-Cl, 4-NO,,
4-NMe,, 3,4,5-tri-OMe, 3,4-di-OMe

Fig.8 Some antimicrobial benzimidazole derivatives



108 M. Alamgir et al.

5.1.2
Anthelmintic Agents

Anthelmintic resistance is almost cosmopolitan in distribution and it has
been reported in almost all species of domestic animals and even in some par-
asites of human beings. All of the major groups of anthelmintics have encoun-
tered variable degrees of resistance from different species of gastrointesti-
nal nematodes [100]. Bearing in mind previous benzimidazole anthelmintics
(e.g., albendazole, mebendazole), the search for new anthelmintic drugs is be-
ing actively pursued. Synthetic benzimidazole piperazine derivatives exhib-
ited 50% anthelmintic activity in mice infected with Syphacia obvelata [101].
Furthermore, piperazine derivatives of 5(6)-substituted-(1H-benzimidazol-2-
ylthio) acetic acids 112-114 [102] and benzimidazolyl crotonic acid anilide
115 have shown good anthelmintic activity [103] (Fig. 9).
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112 113 114 115

Fig.9 Benzimidazole anthelmintic agents

513
Antiretroviral Agents

Reverse transcriptase is a key enzyme which plays an essential and multi-
functional role in the replication of HIV-1 and thus constitutes an attractive
target for the development of new drugs that could be used in AIDS therapy.
A combination of reverse transcriptase and protease inhibitors is an effective
approach to the treatment of AIDS [32]. However, side effects and the clinical
emergence of resistant mutants suggests an increasing need for novel antiviral
drugs.

Thiazolobenzimidazoles 27 proved to be a highly potent inhibitor of HIV-
1-induced cytopathic effects. Structure-activity relationship studies showed
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that the C-1 substituents in benzimidazole greatly influence the interaction
of the active compound with the receptor. Substitution on the benzene-fused
ring influences the inhibitory potency depending on the nature and position
of the substituent; the presence of a methyl group at C-3 is favorable to the
pharmacological profile [104].

5.2
Anti-inflammatory and Antiulcer Agents

Structure-activity relationship studies of the 5,6-dialkoxy-2-thiobenzimid-
azole derivatives 116 have revealed that compounds 116a-116k possess pro-
nounced anti-inflammatory properties [105] (Fig. 10). Using the carrageenan
model, the most significant anti-inflammatory effects were observed for com-

EtO N S N

S—sMe N @E >R,

e - Salie
>_R R1

119
11eR 17 R =Ts, COPh;
a P R, = CCl3, CH,Ph, CH,Ph
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d  4-FCgH, o NG
e 4-CICgH, N\>\ . >
f  3-ClCgH, S 3
g 2-pyridyl (0] »/K/R
h  3-pyridyl N
e o O 'S
Jk 2:fu|r3|ny R = 4-FCgHy, 2-furyl, 3-pyridyl 120 \\/O
O2N n-Pr. N
o i 0
HoN HN
), vy
OEt OEt
121 Cinitapride 122 Cinitapride related benzimidazole
L, gn
b \
=N 2 =N 2
HN s\>‘
R4
123 124
R1 = H, C|, OMe R1 = Me, Et‘ CHQPh
Ry Ry=H,Cl, Me R,=H, Cl

Fig. 10 Anti-inflammatory benzimidazole derivatives
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pounds 116a, 116d, 116h, 116i, and 116j. While using the bentonite model, the
maximum activities were observed for compounds 116e and 116h. These re-
sults indicated that benzimidazoles are promising leads for the development
of new anti-inflammatory agents.

Pyrimidobenzimidazole 117 [106] and dioxinobenzimidazothiazol-9-ones
118 [107] exhibited anti-inflammatory and analgesic activity, as evaluated by
carrageenan-induced rat paw edema and phenylquinone-induced writhing
tests. In addition, N-benzoyl and N-tosyl benzimidazole compounds 119
showed significant anti-inflammatory activity, as indicated by ear swelling in-
duced by xylene in mice, and their ulcer indices were all lower than those of
aspirin [108]. Furthermore, N-morpholinomethylbenzimidazole 120 and its
derivatives have been recently reported to show significant anti-inflammatory
activity [99].

Despite the success of several commercial benzimidazole proton pump
inhibitors for the treatment of ulcer disease, work is still in progress to
discover new benzimidazole-derived antiulcer drugs. Cinitapride (121)-
related benzimidazole derivatives 122 have been prepared and studied
for their antiulcerative activity [109]. In addition, 1,3-disubstituted 3,4-
dihydropyrimido[1,6-a]benzimidazoles and 3-substituted 3,4-dihydropyr-
imido[1,6-a]benzimidazol-1(2H)-thiones exhibited good gastric antisecre-
tory activity (> 50% inhibition) [110].

53
Cytotoxic and Antitumor Agents

In cancer chemotherapy there is currently much interest in the design of small
molecules that bind to DNA with sequence selectivity and noncovalent interac-
tions [37]. A possible lead for this new class of compounds is Hoechst 33258 28
(Fig. 2), which recognizes A/T sequences in human DNA and is also an effective
inhibitor of mammalian DNA topoisomerase [37]. Several structure-activity
relationship studies have been performed on the Hoechst motif. The replace-
ment of the terminal piperazine ring with an amidinium, an imidazoline or
a tetrahydropyridinium group significantly reinforces the affinity of the drug
for the A/T stretches [111]. The corresponding trisbenzimidazole derivative
prepared by the addition of one more benzimidazole unit to the structure of
Hoechst 33258 exhibits high A/T-base pair selectivity [112].

Novel bisbenzimidazoles with general formula 125-128 incorporating ben-
zimidazole, pyridoimidazole, and imidazoquinone moieties as one of the
units of bisbenzimidazole with a piperazinyl functional group have been syn-
thesized (Fig. 11) [113]. The series of bisbenzimidazoles contains different
leaving groups along with p-methoxy substituents. The latter may be ex-
pected to have some influence on the nitrogen lone pair and consequently
on the binding characteristics of the ligand. These novel bisbenzimidazoles
are found to be actively cytotoxic against many human cancer cell lines, with
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Fig.11 Cytotoxic benzimidazole derivatives

Glsp values of between 0.01 and 100 wM, especially in the cases of renal can-
cer, CNS cancer, colon cancer, melanoma, and breast cancer cell lines. The
pyridoimidazole compounds 125 and 127 are generally more potent. The
derivative 128, characterized by the presence of a p-quinone moiety, a char-
acteristic feature found in the bioreductively activated alkylating agent mito-
mycin C, exhibits enhanced cytotoxic activity. This biological result suggests
that the modification of the bisbenzimidazole structure by the incorporation
of a quinone moiety might have significant potential for the development of
bioreductive quinone-based drugs [37].

Furthermore, novel head-to-head bisbenzimidazole compound 31 binds
with high affinity to the minor groove of double-stranded B-DNA with
a strong preference for A/T-rich regions. The bisbenzimidazole 31 showed
potent growth inhibition in human ovarian carcinoma cell lines (ICsy =
200-300 nM), with no significant cross-resistance in two acquired cisplatin-
resistant cell lines and a low level of cross-resistance in the p-glycoprotein
overexpressing doxorubicin-resistant cell line. In addition, compound 31 was
found to have significant in vivo activity in the allowed fiber assay and tumor
xenografts (CH1 cells) [37, 41, 114].

The bioactive benzimidazolequinone 131 has been synthesized by
demethylation of the dimethoxybenzimidazole 129 followed by facile oxida-
tion of the intermediate dihydroxy compound 130 by ferric chloride to yield
the quinone 131 in excellent yield (Scheme 23). Synthesis of the related ben-
zimidazolequinones 134 was achieved by dinitration of 132 followed by the
reduction of 133 and oxidation as above. The benzimidazole-6,9-dione 134
has been found to be 300 times more cytotoxic towards the human skin fi-
broblast cell line in the MTT assay than the clinically used bioreductive drug,
mitomycin C. Attaching methyl substituents onto the quinone moiety in-
creased reductive potential and decreased cytotoxicity and selectivity towards
hypoxia [67].

In addition, the alkyl-linked bisbenzimidazole 135 [115] and thiazolyl-
benzimidazole-4,7-diones 136 [116] exhibited cytotoxic activity against tu-
mor cell lines (Fig. 12).
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54
Enzyme and Receptor Agonists/Antagonists

Several benzimidazole derivatives have been reported to act on various en-
zymes and receptors. Some examples of benzimidazoles acting as agonists or
antagonists of various receptors and enzymes are listed in Table 2.

6
Conclusions

Conventional synthetic methods remain the mainstream routes for the syn-
thesis of benzimidazoles. However, a few novel synthetic methodologies for
the synthesis of benzimidazole have been reported in the time frame selected
for this review. The popularity of microwave-assisted synthesis has been in-
creasing rapidly since it enables the effective synthesis of benzimidazoles and
its analogs. A wide variety of benzimidazole analogs have been synthesized,
and several of these look promising for further drug discovery efforts.
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Table 2 Benzimidazole derivatives that act on enzymes/receptors

Compound Enzyme/receptor
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Table 2 (continued)

Compound Enzyme/receptor

Monoamine
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Table 2 (continued)

Compound Enzyme/receptor Activity Refs.

Tyrosine phosphatase 1B  Inhibitory [53,130]

R; = 2-(benzothiazolyl), 2-(phenylsulfonyl)
R, =H, Me, CI, F, Br
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Abstract Tyrosinase is a copper-containing bifunctional metalloenzyme, widely dis-
tributed around the phylogeny. This enzyme is involved in the production of melanin and
some other pigments in humans, animals, etc. Abnormal accumulation of melanin, which
is due to the overexpression of the enzyme, is called hyperpigmentation and underexpres-
sion is called vitiligo, which is a major skin problem around the world. The inhibitors
of this enzyme have been utilized in cosmetics, especially as depigmenting agents in the
case of hyperpigmentation. They are also involved in several other disease conditions. In
the last few decades a large number of tyrosinase inhibitors have been discovered and
reported by several groups including ours. This chapter principally emphasizes the dis-
covery of some interesting inhibitors, mainly of heterocyclic origin, and their impacts on
drug discovery; some of the inhibitors might not be heterocyclic but their chemistry is
quite interesting in terms of the inhibition.

Keywords Tyrosinase inhibitors - Agaricus bisporus - Polyphenol oxidase -
Hyperpigmentation - Vitiligo - Melanogenesis - Alkaloid
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Abbreviations

CO Catechol oxidases
EC Enzyme Commission
PO Phenol oxidases

PPO Polyphenol oxidases

1
Introduction

Tyrosinase or polyphenol oxidase (EC 1.14.18.1) is a bifunctional, copper-
containing enzyme widely distributed on the phylogenetic tree. This enzyme
uses molecular oxygen to catalyze the oxidation of monophenols to their
corresponding o-diphenols (cresolase activity) as well as their subsequent ox-
idation to o-quinones (catecholase activity). The o-quinones thus generated
polymerize to form melanin, through a series of subsequent enzymatic and
nonenzymatic reactions [1-3].

This enzyme is involved in many biological processes, such as defense,
mimetism, protection from UV light, hardening of cell walls in fungi or ex-
oskeleton in Arthropods, and in general the production of melanins [4]. This
process is involved in abnormal accumulation of melanin pigments (hyper-
pigmentation, melasma, freckles, ephelide, senile lentigines, etc.). Therefore,
tyrosinase inhibitors have been established as important constituents of cos-
metic materials, as well as depigmenting agents for hyperpigmentation [5].

Tyrosinase may also play an important role in neuromelanin formation in
the human brain, particularly in the substantia nigra, and could be central
to dopamine neurotoxicity as well as contributing to the neurodegeneration
associated with Parkinson’s disease [6]. Melanoma-specific anticarcinogenic
activity is known to be linked with tyrosinase activity [7].

Tyrosinases are often referred to as phenolases, phenol oxidases (PO),
polyphenol oxidases (PPO), or catechol oxidases (CO), etc., depending on the
particular source and also on the authors who have described any particular
enzyme. The term tyrosinase is usually adopted for the animal and human
enzymes, and refers to the “typical” substrate, tyrosine. PPO is perhaps the
most suitable general definition [8]. The enzyme extracted from the edible
(champignon) mushroom Agaricus bisporus is usually referred to as tyrosi-
nase, and its high homology with the mammalian ones renders it well suited
as a model for studies on melanogenesis. This enzyme has been thoroughly
characterized [8]. Nowadays, mushroom tyrosinase has become popular be-
cause it is readily available and useful in a number of applications [9].

Additionally, the enzyme is also responsible for the detrimental enzymatic
browning of fruits and vegetables [10] that takes place during senescence or
damage at the time of postharvest handling, which makes the identification
of novel tyrosinase inhibitors extremely important. Nevertheless, besides this
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role in undesired browning, the activity of tyrosinase is needed in other cases
(raisins, cocoa, fermented tea leaves) where it produces distinct organoleptic
properties [9].

Tyrosinase oxidizes phenol in two steps [11]:

e Phenol is oxidized to catechol (o-benzenediol).
e This catechol is subsequently oxidized (by tyrosinase) to o-quinone.

Tyrosinase shows no activity for the oxidation of p- and m-benzenediols.
Laccase, which catalyzes the oxidation of o-, m-, and p-benzenediols to the
corresponding o-, m-, and p-quinones, is used for the detection of these
benzenediols. Thus, coimmobilization of tyrosinase and laccase allows the de-
tection of several phenolic compounds [11]. Several authors have presented
a large number of research and review papers on the structural and kinetic
aspects of the enzyme tyrosinase [12-14].

2
Biosynthesis of Melanin

The biosynthetic pathway for melanin formation, operating in insects, ani-
mals, and plants, has largely been elucidated by Raper [15], Mason [16], and
Lerner et al. [17]. The first two steps in the pathway are the hydroxylation of
monophenol to o-diphenol (monophenolase or cresolase activity) and the ox-
idation of diphenol to o-quinones (diphenolase or catecholase activity), both
using molecular oxygen followed by a series of nonenzymatic steps result-
ing in the formation of melanin [15, 18, 19]. The whole pathway for melanin
biosynthesis is shown in Scheme 1.

3
Tyrosinase Inhibitors

Tyrosinase inhibition may be a potential approach to prevent and control the
enzymatic browning reactions and improve the quality and nutritional value of
food products [20]. Tyrosinase also plays a major key role in the developmen-
tal and defensive functions of insects. Tyrosinase is involved in melanogenesis,
wound healing, parasite encapsulation, and sclerotization in insects [21-23].
For these reasons, in recent years the development of tyrosinase inhibitors has
become an active alternative approach to control insect pests [20]. Addition-
ally, it is now well-recognized that tyrosinase inhibitors are important for their
potential applications in medical and cosmetic products [24-26].
Furthermore, the inhibitors may be clinically used for the treatment of
some skin disorders associated with melanin hyperpigmentation and are also
important in cosmetics for skin whitening effects [27-42], so there is a need
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Scheme 1 Melanin biosynthetic pathway [15, 18, 19]

to identify the compounds that inhibit mushroom tyrosinase activity [9]. The
molecular structures of some mushroom tyrosinase inhibitors are shown in
Fig. 1.

In the next sections some of the promising classes of tyrosinase inhibitors
are discussed with especial emphasis on heterocyclic origin; a few of them
may not be heterocyclic but their inhibition pattern and chemistry is highly
interesting.

3.1
Xanthates

Very recently Saboury et al. (2007) reported the tyrosinase inhibitory poten-
tials of four sodium salts of N-alkyl xanthates [43] (see Fig. 2). The xanthates
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Fig.1 Molecular structures of some mushroom tyrosinase inhibitors

have been synthesized and examined for their inhibition of both creso-
lase and catecholase activities against mushroom tyrosinase, taking 4-[(4-
methylbenzo)azo]-1,2-benzenediol (MeBACat) and 4-[(4-methylphenyl)azo]-
phenol (MePAPh) as substrates (for structures see Fig. 3) [43].

By using Lineweaver-Burk plots the authors found that four xanthates ex-
hibited different patterns of mixed, competitive, or uncompetitive inhibition.
For the cresolase activity, 1 and 2 demonstrated uncompetitive inhibition but
3 and 4 exhibited competitive inhibition [43]. For the catecholase activity, 1
and 2 showed mixed inhibition but 3 and 4 showed competitive inhibition
against tyrosinase [43]. The xanthates (compounds 1, 2, 3 and 4) have been
classified as potent inhibitors against tyrosinase due to their K; values of 13.8,
11.0, 8.0, and 5.0 uM, respectively, for the cresolase activities, and 1.4, 5.0,
13.0, and 25.0 uM, respectively, for the catecholase activities [43]. The authors
concluded that, for the catecholase activity, both substrate and inhibitor can
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Fig.2 Molecular structures of four N-alkyl xanthates reported by Saboury et al. [43]

o
09

MeBACat MePAPh

Fig.3  Structures of 4-[(4-methylbenzo)azo]-1,2-benzenediol (MeBACat) and 4-[(4-
methylphenyl)azo]-phenol (MePAPh) used by Saboury et al. as synthetic substrate in their
studies against mushroom tyrosinase [43]

be bound to the enzyme with negative cooperativity between the binding
sites, and this negative cooperativity increases with increasing length of the
aliphatic tail of these compounds. The length of the hydrophobic tail of the
xanthates has a stronger effect on the K; values for catecholase inhibition than
for cresolase inhibition. Increasing the length of the hydrophobic tail leads to
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a decrease of the K; values for cresolase inhibition and an increase of the K;
values for catecholase inhibition [43].

3.2
N,N-Unsubstituted Selenourea Derivatives

Recently, Ha et al. (2005) reported the inhibitory potentials of N,N-unsubsti-
tuted selenourea derivatives 5-8 on tyrosinase. Three types of N,N-unsubsti-
tuted selenourea derivatives exhibited an inhibitory effect on the DOPAoxi-
dase activity of mushroom tyrosinase. For the structures of these selenourea
derivatives (5-8), see Fig. 4. Compound 8 exhibited 55.5% inhibition at a con-
centration of 200 uM (ICsp = 170 pM). This inhibitory effect was higher than
that of reference compound kojic acid (39.4%, for structure see Fig. 1) [44].
Interestingly, this compound (8) was identified as a noncompetitive inhibitor
by Lineweaver-Burk plot analysis. In addition, 8 also inhibited melanin pro-
duction in melan-a cells [44].

Se Se

Se Se
H;C C,H
\ 25 )K )J\ )K
NH, \rlxj NH, N NH,

ll\l N NH,
CHs CoHs

5 6 7 8

Fig.4 Molecular structures of N,N-unsubstituted selenourea derivatives exhibiting tyrosi-
nase inhibitory activities [44]

33
Selenium-Containing Carbohydrates

Ahn and coworkers recently (2006) reported the potency of selenium-con-
taining carbohydrates on depigmentation, based on the direct inhibition
of mushroom tyrosinase [45]. The structures of these selenium-containing
compounds are shown in Fig.5. Among them two selenoglycosides, 11
(bis(2,3,4-tri-O-acetyl-B-D-arabinopyranosyl) selenide) and 16 (4’-methyl-
benzoyl 2,3,4,6-tetra-O-acetyl-D-selenomanopyranoside), have been found to
be effective depigmenting compounds against mushroom tyrosinase [45]. In
enzyme kinetic studies, compound 11 exhibited a competitive inhibition ef-
fect which was found to be similar to that of kojic acid [45]. At 100 and 150 pM
concentration, 16 exhibited an uncompetitive inhibition pattern [45].

The authors also performed studies of the same compounds in melan-
a cell-originated tyrosinase inhibition assays, which showed that 16 was a
less potent inhibitor than the kojic acid [45]. Compound 11 showed a similar
kind of inhibitory effect as kojic acid in the melan-a cell-originated tyrosinase
inhibitory assay [45].
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Fig.5 Structures of the selenium-containing carbohydrates: 9, bis(2,3,4,6-tetra-O-
acetyl-B-D-glucopyranosyl) selenide; 10, bis(2,3,4,6-tetra-O-acetyl-B-D-galactopyranosyl)
selenide; 11, bis(2,3,4-tri-O-acetyl-B-D-arabinopyranosyl) selenide; 12, bis(1,2:3,4-di-
O-isopropylidene-6-deoxy-B-D-galactopyranosyl) selenide; 13, 4'-methylbenzoyl 2,3,4,
6-tetra-O-acetyl-D-selenoglucopyranoside; 14, 4'-methylbenzoyl 2,3,4,6-tetra-O-benzoyl-
D-selenoglucopyranoside; 15, 4'-methylbenzoyl 2,3,4,6-tetra-O-acetyl-S-D-selenogalacto-
pyranoside; 16, 4'-methylbenzoyl 2,3,4,6-tetra-O-acetyl-D-selenomanopyranoside; 17,
4'-methylbenzoyl 2,3,4,6-tetra-O-acetyl-D-selenorhamnopyranoside; 18, ethyl 2,3,4,6-
tetra-O-acetyl-B-D-selenoglucopyranoside [45]

Compound 16 showed dose-dependent cytotoxicity in a study of inhibi-
tion of melanin synthesis by melan-a cell lines. The cellular survival rate was
found to be low after treatment with 20 uM of 16 [45]. Compound 11 in-
hibited melanin synthesis in the melan-a cells at a concentration of 10 uM.
The inhibition of melanin synthesis by 11 was found to be similar to that of
phenylthiourea, which is a well-known melanin synthesis inhibitor [45]. The
authors concluded that compound 11 is a new candidate for the development
of depigmenting agents [45].

34
1,3-Selenazol-4-one Derivatives

Koketsu et al. (2002) reported the DOPAoxidase activities of the 1,3-selenazol-
4-one derivatives 19-24 against mushroom tyrosinase [46]. All of these com-
pounds exhibited 33.4-62.1% inhibition of DOPAoxidase activity at a con-
centration of 500 uM. Their inhibitory effects were higher than that of ko-
jic acid (31.7%) [46]. 2-(4-Methylphenyl)-1,3-selenazol-4-one (19) exhibited
the most potent inhibitory effect among them in a dose-dependent manner.
Enzyme kinetic studies showed that compound 19 showed competitive in-
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Table 1 The structure-activity relationships of the 1,3-selenazol-4-one derivatives 19-24
against mushroom tyrosinase [46]

Se

R
Ry

A

N
Compound Substitutions ICs (in wM)

Ry Ry R3

19 —CHs; -H -H 333.2
20 —CH; — CH,CH; _H 384.3
21 —CHj —CH; _CH; > 500
22 -H -H -H 478.1
23 -Cl -H -H 498.0
24 - OCHs; -H -H > 500

hibition against tyrosinase [46]. The structure-activity relationships of the
1,3-selenazol-4-one derivatives 19-24 are shown in Table 1.

3.5
Oxadiazole Derivatives

Khan et al. (2005) performed and reported tyrosinase inhibition studies of
a combinatorial library of 2,5-disubstituted-1,3,4-oxadiazoles (25-43) [47].
The library of oxadiazoles was synthesized under microwave irradiation [47].
The synthetic steps involved for these compounds are shown in Scheme 2.
Among the compounds from the library, 29 (30-[5-(40-bromophenyl)-1,3,4-
oxadiazol-2-yl]pyridine, for structure see Fig. 6) exhibited the most potent
(ICs5p = 2.18 M) inhibition against tyrosinase, which has found to be more
potent than the standard potent inhibitor L-mimosine (ICsy = 3.68 uM, for
structure see Fig. 1) [47].

Table 2 shows the structure-activity relationships of the compound li-
brary of the 2,5-disubstituted 1,3,4-oxadiazoles 25-43 against the enzyme

(e} (6] N—N
J o e T
(hor (1)
R NHNH;, R’ OH R o R

25-43
() POCI; or (Il) POCI5 Al,O5

Scheme 2 The steps involved in the synthetic process of the library of 2,5-disubstituted
1,3,4-oxadiazoles 25-43 [47]
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Fig.6 Structural features of compound 29 (30-[5-(40-bromophenyl)-1,3,4-oxadiazol-2-

yllpyridine) [47]

Table 2 The structure-activity relationships of the compound library of 2,5-disubstituted

1,3,4-oxadiazoles (25-43) [47]

Compound

25
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31

32

R/

CeHs

0—N02C6H4

0-BrCgHy

m—BrC6H4

p—BI‘C5H4

3-Pyridinyl

CH,Cl

CHCl,

Structure of the compound
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0
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||
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||
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N
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@A\ O/]\CHCIZ
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ICso (in pM)

3.18
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6.04

2.18

3.29

4.18

4.01
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Table 2 (continued)

Compound

33

34

35

36

37

38

39

40

41

42

43

R/

CCl;

p-CH3CgHy

1-CyoH7

CeHs

0-BrCgHy

m-BrCeHy

p-BrC6H4

CHCl,

CCl3

p-CH3CgHy

2C10H7

Structure of the compound

N——N

ICso (in uM)

3.98

10.40

3.23

8.71

5.16

7.18

7.82

7.28

6.21

6.43

7.81
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tyrosinase. The authors deduced that for a better inhibition, electronegative
substitution is essential, as most probably the active site(s) of the enzyme
contains some hydrophobic site and the position of the substitution also plays
a very important role in inhibition, maybe due to the conformational space.
The electronegativities of the compounds have been found to be proportional
to the inhibitory activity [47].

3.6
Diterpenoid Alkaloids

Shaheen et al. (2005) reported lycoctonine-type norditerpenoid alkaloids iso-
lated from the aerial parts of Aconitum laeve Royle, swatinine, delphatine,
lappaconitine, puberanine, and N-acetylsepaconitine [48]. They performed
and reported the anti-inflammatory, antioxidant, and tyrosinase inhibition
studies of all these compounds, in which lappaconitine (ICsyp = 93.33 uM) and
puberanine (ICsp =205.21 M) were found to be active against the enzyme
tyrosinase [48].

In another report Sultankhodzhaev et al. discussed the tyrosinase in-
hibitory potentials and structure-activity relationships of 15 diterpenoid
alkaloids with the lycoctonine skeleton, and their semisynthetic deriva-
tives [49]. At least three of them, lappaconitine hydrobromide (44, ICs5y =
13.3 uM), methyllycaconitine perchlorate (45, ICso = 477.84 M), and aconine
(46, IC5p = 220.7 uM), were found to be active against tyrosinase [49]. Their
structures are shown in Fig. 7.

.. pOCHj3

.....

"MIOCH;

C=0

I z
©/NHCOCH3 OINVO HOW N
HsC
44 45

Fig.7 Structures of the tyrosinase inhibitory diterpenoid alkaloids: lappaconitine hydro-
bromide (44), methyllycaconitine perchlorate (45), and aconine (46) [49]

46
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3.7
Napelline-Type Alkaloids

Sultankhodzhaev et al. reported the tyrosinase inhibitory pattern of six
napelline-type alkaloids [49], and only two compounds exhibited some in-
hibition against tyrosinase. Napelline (47) exhibited moderate inhibition
(ICsp = 167.66 pM) of the enzyme. The presence of a benzoyloxy group at C-1,
as in compound 48 (1-O-benzoylnapelline), maybe potentiated the inhibitory
activity (ICsp = 33.10 uM) against tyrosinase [49]. It is interesting to note that
free hydroxyl groups at C-12 and C-15 were crucial for better potency. Acyla-
tion at C-12 and C-15 of other compounds (not shown here), or replacement
of the hydroxy function (not shown here), results in total inactivation against
tyrosinase [49]. The structures of the compounds are shown Fig. 8.

CH3

47 48

Fig.8 Structures of the two tyrosinase inhibitory napelline-type alkaloids (napelline, 47,
and 1-O-benzoylnapelline, 48) [49]. The structures of the inactive compounds are not
shown

Recently (2006), the quantitative structure-activity relationship (QSAR)
modeling of the same compounds based on their atomic linear indices, for
finding functions that discriminate between the tyrosinase inhibitor com-
pounds and inactive ones, has been reported by the same group [50].

3.8
Coumarinolignoids

In 2004, Ahmad and coworkers reported a new coumarinolignoid, 8'-epi-
cleomiscosin A (49), together with the new glycoside 8-0-8-D-glucopyranosyl-
6-hydroxy-2-methyl-4H-1-benzopyran-4-one (50), isolated from the aerial
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parts of Rhododendron collettianum [51]. These authors also reported the iso-
lation of cleomiscosin A (51), aquillochin (52), and 5,6,7-trimethoxycoumarin
(53) from the same plant. Their structures are shown in Fig. 9.

H;CO CH,OH

o]
o
OH
HO
50
OCHjz H3CO o]
\ H3CO \
© o o
HsCO
HO
OCH, OCHg OCHj
H3CO N
H3CO o] o]
53

Fig.9 Molecular structures of 8-epi-cleomiscosin A (49), 8-O-B-D-glucopyranosyl-6-
hydroxy-2-methyl-4H-1-benzopyran-4-one (50), cleomiscosin A (51), aquillochin (52),
and 5,6,7-trimethoxycoumarin (53), isolated from the aerial parts of Rhododendron col-
lettianum [51]

Tyrosinase inhibition studies of the same compounds and their structure-
activity relationships have also been investigated and reported. The com-
pounds exhibited potent to mild inhibition activity against the enzyme. Es-
pecially, compound 49 showed strong inhibition (ICso = 1.33 pM) against the
enzyme tyrosinase, as compared to the standard tyrosinase inhibitors ko-
jic acid (ICsp = 16.67 M) and L-mimosine (ICsp = 3.68 uM), indicating its
potential use for the treatment of hyperpigmentation associated with the
overexpression of melanocytes.
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3.9
Lignans

Recently, Haq and coworkers (2006) isolated eight lignans from the methanol
extract of Vitex negundo [52]: negundin A (54), negundin B (55), 6-hydroxy-
4-(4-hydroxy-3-methoxy)-3-hydroxymethyl-7-methoxy-3,4-dihydro-2-naph-

thaldehyde (56), vitrofolal E (57), (+)-lyoniresinol (58), (+)-lyoniresinol-3c-
O-B-p-glucoside (59), (+)-(-)-pinoresinol (60), and (+)-diasyringaresinol
(61). The structures of these compounds (shown in Fig. 10) were elucidated
unambiguously by spectroscopic methods including 1D and 2D NMR analy-
sis, and also by comparing experimental results with literature data [52].

HaC o HiCO R HsCO cHO
0= U,
HO HO ICH,0H o
55R = CH,0H
SIS
OCH, OCH, OCH,

\ OCHj

OH OH OH
54 oH 37
HsC CH,OH
2
0 o
] R
“UCH,0R
HO z H H
58R =H R
59R = beta-D-glucose 0" 60R=H
61R =OCHj4

OH OCH;

Fig. 10 Structures of the lignans (54-61) reported by Haq and coworkers [52]

The tyrosinase inhibitory potency of these compounds was also evaluated
by the authors and attempts were made to justify their structure-activity re-
lationships [52]. Their inhibitory potential is shown in Table 3. Compound 58
was found to be the most potent (ICsy = 3.21 uM), while other compounds
demonstrated moderate to potent inhibitions [52]. It was reported that the
substitution of functional group(s) at the C-2 and C-3 positions and the
presence of the — CH,OH group play a vital role in the potency of these com-
pounds. Compound 58 can act as a potential lead molecule to develop new
drugs for the treatment of hyperpigmentation associated with the high pro-
duction of melanocytes [52].
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Table 3 The structure-activity relationships of the lignans reported by Haq and coworkers
against the enzyme tyrosinase [52]

Lignans ICs0 (in pM)
54 10.06

55 6.72

56 7.81

57 9.76

58 3.21

59 Not active
60 15.13

61 5.61

4

Conclusion

Most of the above mentioned research results suggest that there is extensive
ongoing research work on mushroom tyrosinase. This is due to the vast range
of clinical and industrial applications and also to the easy availability of the
enzyme. To accomplish these targets, diverse molecules from both natural
and synthetic sources have been investigated in the last few decades. Percep-
tibly, much more endeavor is still desirable in this direction for the discovery
of better and potent inhibitors. Overall, much more research work on mush-
room tyrosinase is required to find the role of this enzyme in other unknown
fields, which will be accommodating in designing or improving enzymatic
activities for various applications [9].

Besides being used in the treatment of some dermatological disorders as-
sociated with melanin hyperpigmentation, tyrosinase inhibitors have found
an important role in the cosmetics industry for their skin whitening effect
and depigmentation after sunburn [5,37,41,53-70]. However, more tangi-
ble research work with human tyrosinase is essential from a clinical point of
view. An additional important clinical application of mushroom tyrosinase
includes its role in the treatment of vitiligo, as the enzyme acts as the marker
of this disease [65,71,72]. A number of studies have been conducted on ani-
mal models, but still more research has to be done to cure vitiligo in human
beings [9].
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Abstract There has been an increasing interest in the genus Hypericum, because it is
a source of a variety of compounds with different biological activities. Xanthones are
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one of these compounds within Hypericum species. Recently, growing attention has been
given to these heterocyclic compounds containing oxygen because of their many inter-
esting pharmacological and biological properties, such as monoamine oxidase inhibition
and antioxidant, antifungal, cytotoxic, and hepatoprotective activities.

Keywords Xanthones - Hypericum - Pharmacological properties - Biosynthesis - Synthesis

Abbreviations

AA Arachidonic acid

ABTS  2,2'-Azinobis(3-ethylbenzothiozoline-6-sulfonate)
AcOH  Acetic acid

APTT  Active partial thromboplastin time reagent
CcC Column chromatography

CL Chemiluminescence

CoMFA Comparative molecular field analysis

COX  Cyclooxygenase

CPC Centrifugal partition chromatography
DMSO Dimethyl sulfoxide

EDs Effective dose

h Hour
HPLC High-pressure liquid chromatography
ICsp Inhibitor concentration

MAO  Monoamine oxidase
MCPBA meta-Chloroperoxybenzoic acid

MIC Minimum inhibition concentration
PG Prostaglandin
PT Prothrombin time reagent

QSAR  Quantitative structure-activity relationship
RP Reverse phase
TEAC Trolox equivalent antioxidant capacity

1
Introduction

Xanthones are secondary metabolites commonly occurring in a few higher
plant families. Their high taxonomic value and their pharmacological prop-
erties, such as monoamine oxidase inhibition, in vitro toxicity, and in vivo
antitumor activity, have provoked great interest [1].

Their structures are related to those of flavonoids and their chromato-
graphic behavior is also similar. While flavonoids are frequently encountered
in nature, xanthones have been found in a small number of families. They
occur in eight families, namely in the Gentianaceae, Guttiferae, Polygalaceae,
Leguminosae, Lythraceae, Moraceae, Loganiaceae, and Rhamnaceae. Exten-
sive studies on xanthones have been made in the Gentianaceae and Guttiferae
families [2]. A number of species of Hypericum genus (Guttiferae) contain
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xanthones which have been reported to possess several biological activi-
ties [3].

The aim of this chapter is not only to provide a review of the distribution of
xanthones in Hypericum genus, but also to cover some more specific aspects
such as biosynthesis, chemotaxonomic significance, biological activities, and
synthesis.

2
Chemistry and Classification of Xanthones

2.1
Chemistry

Chemically xanthones (9H-xanthen-9-ones) are heterocyclic compounds with
the dibenzo-y-pyrone framework (1, Fig. 1). The xanthone nucleus is num-
bered according to a biosynthetic convention with carbons 1-4 being as-
signed to acetate-derived ring A and carbons 5-8 to the shikimate-derived
ring B. The other carbons are indicated as 4a, 4b, 8a, 8b, 9, and 9a for struc-
ture elucidation purposes [4].

0]
8 8a 8b1

7 2
BO Os
54bO

4a4

Fig.1 Dibenzo-y-pyrone (1)

2.2
Classification of Xanthones

Xanthones isolated to date can be classified into five major groups [5]:

Simple oxygenated xanthones
Xanthone glycosides

Prenylated and related xanthones
Xanthonolignoids

Miscellaneous

Vi b=

2.2.1
Simple Oxygenated Xanthones

They can be further subdivided into six groups depending on the degree
of oxygenation pattern of the basic skeleton. Genus Hypericum contains all
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R7 (0] R1
ROSOY
O R3
Rs Ry
R1=R3=R4=Rs=Rg=R;= H, R,=OH; 2-hydroxyxanthone (2)
R1=R3=R4=Rs=R7=H, R,=OMe, R5=0H; 5-hydroxy-2-methoxyxanthone (3)
R1=R;=0OMe, R3=R5=Rg=R;=H, R,=0OH; 4-Hydroxy-1,2-dimethoxyxanthone(4)
R{=R3=OMe, R,=R,=Rs=H, Rg=R;=0H; 6,7-dihydroxy-1,3-dimethoxyxanthone(5)

R1=Rg=R;=OMe, R4=Rs=H, R,=R3=0H; 2,3-Dihydroxy-1,6,7-trimethoxyxanthone(6)
R4=0H, R,=R3=R,;=Rs=Rg=0OMe;1-hydroxy-2,3,4,5,7-pentamethoxyxanthone(7)

Fig.2 Examples of oxygenated xanthones

classes of oxygenated xanthones except for the hexa-oxygenated (examples of

each class are given in Fig. 2):

(a) Mono-oxygenated xanthones: They are unusual and only a small number
of mono-oxygenated xanthones have been isolated from natural sources
up to now. 2-Hydroxyxanthone (2) can be given as an example of this
class [6,7].

(b) Di-oxygenated xanthones: They are more common derivatives of xan-
thones. 5-Hydroxy-2-methoxyxanthone (3) was isolated from Hypericum
roeperanum [8].

(c) Tri-oxygenated xanthones: They can be more frequently encountered in
nature. 4-Hydroxy-1,2-dimethoxyxanthone (4) was isolated from H. gemi-
niflorum [9].

(d) Tetra-oxygenated xanthones: They are more numerous than tri-oxygen-
ated xanthones. To date many tetra-oxygenated xanthones have been
isolated. 6,7-Dihydroxy-1,3-dimethoxyxanthone (5) isolated from H. gem-
iniflorum [9] can be shown as an example of tetra-oxygenated xanthones.

(e) Penta-oxygenated xanthones: Only a small number of this class was found
in nature. 2,3-Dihydroxy-1,6,7-trimethoxyxanthone (6) was isolated from
H. geminiflorum [10].

(f) Hexa-oxygenated xanthones (7) [11]: They have the highest degree of oxy-
genation observed so far and only a few compounds were identified. No
hexa-oxygenated xanthones have been isolated from Hypericum species.

2.2.2
Xanthone Glycosides

They might be divided into O-glycosides and C-glycosides according to the

nature of the glycosidic linkage:

(a) O-Glycoside xanthones: Although most O-glycoside xanthones have the
sugar moiety attached to position 1 of the xanthone nucleus, which is dif-
ficult to explain considering the vicinity of the carbonyl function, since
this might create a strain, it is also possible to observe the glycosyl moi-
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ety at any position of the xanthone nucleus. They are easily hydrolyzed
in enzymatic or acid environment [13]. Only four O-glycoside xanthones
have been isolated from Hypericum species. One of them is patuloside A
(8) isolated from H. patulum [12].

(b) C-Glycoside xanthones: They are more resistant to hydrolysis compared
with O-glycoside xanthones, but their occurrence is very much limited.
Mangiferin (9) [5] was the first glycoside xanthone isolated in 1908
from Mangifera indica (Anacardiaceae) and has also been isolated from
H. montbretii Spach. for the first time from genus Hypericum [14].

O OH
HO I (@) i o
OH 0 OH

HO.
OH

HO
Scheme 1 3-0-B-D-Glucopyranosyl-1,5,6-trihydroxyxanthone; patuloside A (8)

OH

HO OH
O OH

HO ‘ ‘ 0 OH
HO O OH

Scheme 2 2-B-D-Glucopyranosyl-1,3,6,7-tetrahydroxyxanthone; mangiferin (9)

223
Prenylated Xanthones

The family Guttiferae appears to produce a large number of xanthones with
isopentenyl and geranyl substituents. Prenylated xanthones 10 [15] and the
corresponding pyranoxanthones 11 [16] have been reported to occur in
H. japonicum and H. brasilianse, respectively.

O OH
HO (0] I OH
OH

Scheme 3 1,3,5,6-Tetrahydroxy-4-(3-methyl-2-butenyl)-xanthone; ugaxanthone (10)
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OH O

8990
O

OH
Scheme 4 6-Deoxyjacareubin (11)

224
Xanthonolignoids

They are a relatively rare group of natural products and principally occur
in some genera of the Guttiferae family: Kielmeyera, Caraipa [17], Psoros-
permum [18], and Hypericum [19]. These compounds are very close in the
skeletal patterns formed from the association of the xanthone nucleus and
the lignoid pattern (coniferyl alcohol or syringenin). The most representative
ones are cadensin D (12) [15, 19] and kielcorin [15, 19].

(0]
9os &
(0] (6]
0 OCHj
HO OH

OCH,
Scheme 5 Cadensin D (12)

2.2.5
Miscellaneous

Besides these groups, some xanthones with unusual substitutions have been
isolated from different plant sources including lichens, which could not be

classified in the usual manner. These compounds have been grouped as
miscellaneous. We can show a chloride compound, 4-chloro-3,8-dihydroxy-

CH; O OH
HO ‘ o ‘ OCH,
cl

Scheme 6 4-Chloro-3,8-dihydroxy-6-methoxy-1-methylxanthone (13)
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O OH
9o
OCH;  SO4H

Scheme 7 1,3-Dihydroxy-5-methoxyxanthone-4-sulfonic acid (14)

6-methoxy-1-methylxanthone (13) from H. ascyron [20] and a sulfonated
xanthone (14) from H. sampsonii [21] as examples of this group.

3
Biosynthesis and Synthesis of Xanthones

3.1
Biosynthesis

The biosynthetic pathways to xanthones have been discussed for 40 years.
Biosynthetically, the xanthones of higher plants are formed from shikimate
and acetate origins [22]. Thus phenylalanine, which is formed from shiki-
mate by losing two carbon atoms from the side chain, is oxidized to form
m-hydroxybenzoic acid. This combines with three units of acetate (probably
via malonate) to produce the intermediate. Suitable folding and ring clo-
sure gives a substituted benzophenone, which generates the central ring of
the xanthone moiety by an oxidative phenol coupling reaction [23]. Atkinson
et al. [24] and Gupta and Lewis [25] performed some experiments on Gen-
tiana lutea and obtained an important proof for this pathway. When plants
were fed *C-labeled phenylalanine, the label was observed only in the ring B
(Fig. 3). Conversely, feeding of '4C-labeled acetate incorporated the label into
ring A.

The other mechanisms for the intramolecular reaction of benzophenone
involve quinone addition [26], dehydration between hydroxyl groups on
acetate- and shikimate-derived rings (2,2'-dihydroxybenzophenone) [27], or
spirodienone formation and subsequent rearrangement to form the xan-
thone [22, 28].

With the pioneering isolation of maclurin, 2,4,6,3',4’-pentahydroxybenzo-
phenone, together with 1,3,5,6- and 1,3,6,7-tetrahydroxyxanthone from the
heartwood of Symphonia globulifera (Guttiferae), the biogenetic role of
maclurin as precursor in xanthone biosynthesis was discussed by Locksey
et al. [29]. Then, the following studies on the biosynthesis of xanthones
in Guttiferae were reported by Bennett and Lee [30]. Cinnamic acid, ben-
zoic acid, m-hydroxybenzoic acid, malonic acid, and 4'-deoxymaclurin as the
intermediate benzophenone were found to be efficient precursors. This ap-
peared to be also true for xanthone formation in cultured cells of H. patulum.
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3 acetate units
NH,
= (e}
COOH HO COCH

HO
O O
Shikimate-acetate intermediate

OH
HO OH HO. OH
— L« O
HO
O OH O OH
2,3',4,6-tetrahydroxybenzophenone

|

OH
COGY UG
Boecy
O OH O OH

1,3,5-trihydroxyxanthone 1,3,7-trinydroxyxanthone

o)

Fig.3 Biosynthetic pathways leading to the parent xanthones 1,3,5- and 1,3,7-trihydroxy-
xanthone

It has been suggested that the xanthones isolated from H. patulum cultures
could be biosynthesized from 4’-deoxymaclurin or maclurin [31-33].
Further investigation of xanthone biosynthesis was carried out by Beer-
hues with the detection of an enzyme named benzophenone synthase from
cultured cells of Centaurium erythraea [34]. The formation of 2,3,4,6-
tetrahydroxybenzophenone, which is a central step in xanthone biosynthesis,
was shown in cell-free extracts from cultured cells of C. erythraea (Fig. 4).
As part of their continuing study the same research group have reported
the detection and partial characterization of another enzyme named ben-
zophenone 3'-hydroxylase, leading to the formation of 2,3',4,6-tetrahydroxy-
benzophenone in cultured H. androsaemum cells as well as benzophenone
synthase. In contrast to the enzyme from C. erythraea, benzophenone syn-
thase from H. androseamum acts more efficiently on benzoyl CoA than
3’-hydroxybenzoyl CoA which is supplied by 3-hydroxybenzoate:CoA lig-
ase [35]. In C. erythraea, 2,3',4,6-tetrahydoxybenzophenone is converted to
1,3,5-trihydroxyxanthone by xanthone synthase; however, in H. androsae-
mum, it is cyclized to 1,3,7-trihydoxyxanthone. Since these two isomers
are precursors of the majority of higher plant xanthones [36], 2,3,4,6-

Fig.4 Postulated reaction mechanism of xanthones in cell cultures of C. erythraea and
H. androseamum
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tetrahydoxybenzophenone (THBP) represents a central intermediate in xan-
thone biosynthesis [37]. The formation of these isomers was explained by the
regioselectivity of xanthone synthases, which are cytochrome Py5p enzymes
catalyzing the coupling of benzophenone in both cell cultures. The reaction
mechanism underlying the regioselective intramolecular benzophenone cy-
clizations has been previously proposed by Lewis [23] to be an oxidative
phenol coupling. This mechanism involves two one-electron oxidation steps
(Fig. 4). The first one-electron transfer and deprotonation generate a phe-
noxy radical whose electrophilic attack at C-2" or C-6’ leads to the cyclization
of benzophenone. These intermediate hydroxy-cyclohexadienyl radicals are
transformed by the loss of a further electron and proton to 1,3,5- and 1,3,7-
trihydroxyxanthones. The results indicate that THBP is oxidatively coupled
via the ortho position to the 3’-hydroxy group in C. erithraea, but via the para
position to the 3'-hydroxy group in H. androsaemum. These observations in-
dicated that THBP was the preferred substrate of xanthone synthases, and it
was suggested that an oxidative phenol coupling mechanism was strongly fa-
vored by the presence of the ortho-para directing 3'-hydroxy group of THBP
which originated from 3-hydroxybenzoic acid [38].

One of the other pathways of xanthone biosynthesis is dehydration be-
tween the hydroxyl groups of the acetate and shikimate derived rings
(2,2’-dihydroxybenzophenones) via intermediates such as O-pyrophosphates
[22,39]. Up to 2001, however, there was no evidence for in vivo formation
of polyhydroxyxanthones from benzophenones by a dehydration mechanism.
In the herb H. annulatum, Kitanov et al. found the co-occurrence of large
amounts of hypericophenoside (15) together with 1,3,7-trihydroxyxanthone,
gentisein (16). The benzophenone O-glycoside 15 was easily transformed
into gentisein (16) by acid or enzymatic hydrolysis (Fig. 5). This fact sup-
ports the evidence that 2,4,5,6-tetrahydroxybenzophenone-2'-O-glycoside

D-glc oH ©
- - "
HO

OHHO

H,0 OH O
) °”
HO (@)
(16)

Fig.5 Transformation of hypericophenoside (15) to gentisein (16) by a dehydration mech-
anism
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is a precursor of 1,3,7-trihydroxyxanthone. With these results it can be
concluded that some xanthones are formed in vivo by dehydration of 2,2’
dihydroxybenzophenones. This is a spontaneous reaction which appears to be
regulated by deglucosylation of the precursor, which is a benzophenone with
O glycosylation ortho to the carbonyl function [40]. The deglucosylation oc-
curs at an earlier stage of the benzophenone biosynthesis before cyclization
of two rings [40].

In the case of C-glycosylxanthones, it has been suggested that mangiferin
is biogenetically related to flavonoids. Indeed, often mangiferin co-occurs
with related C-glycosyl flavonoids [13]. Fujita and Inoue have reported
the biosynthesis of mangiferin in Anemarrhena asphodeloides Bunge (Lili-
aceae) [41]. The results showed that the xanthone nucleus is really formed
from a flavonoid-type C¢-Cs precursor coupled with two malonate units. All
the carbon atoms of phenylalanine as well as cinnamic acid and p-coumaric
acid are incorporated into the xanthone nucleus, but benzoic acid is clearly
not on the pathway which is distinct from that of normal xanthones
(Fig. 6). Glycosylation seems to occur at the benzophenone stage and is
followed by oxidative cyclization. For many years, the glycosylated ben-
zophenone was considered as a hypothetical intermediate. Tanaka et al.
found evidence confirming this postulated benzophenone intermediate [42].
3-C-B-D-Glucosylmaclurin, which is a benzophenone C-glycoside, was iso-
lated together with mangiferin in Mangifera indica. Moreover, 2,3,4,5,6-
pentahydroxybenzophenone-4-C-glycoside, isolated for the first time from
nature, was also recently found together with mangiferin in Gnidia involu-
crata [43]. These results are important evidence for the hypothesis of Fujita
and Inoue.

0} (0] 1)
A
OH _— OH oxidation HO X OH
NH, . - .
HO HO

Phenylalanine

p-coumaric acid Caffeic acid
o O OH
2 acetate Hojij/jil HO“
units Ie) _— O O
HO HO o HO HO OH
maclurin

J C-Glucosylation

O OH O OH
HO. E i Glc cyclisation HO“E‘GIC
HO (0] OH HO HO OH

Mangiferin 3-C-glucosylmaclurin

Fig.6 Biosynthetic pathways leading to mangiferin
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3.2
Synthesis of Xanthones

Since xanthones are from natural origins, they have limited type and position
of substituents imposed by the biosynthetic pathways. Synthesis of new com-
pounds enables enlargement of the possibilities of having different natures
and positions of substituents on the xanthone nucleus. This will allow us to
have different structures with a variety of biological activities. Based on these
considerations, many xanthone compounds have been synthesized in recent
years. In this section, the general methods for synthesizing xanthones and the
synthesis of some pharmacologically important xanthones from genus Hyper-
icum will be presented.

3.21
Standard Methods for the Synthesis of Xanthones

The standard methods for the synthesis of xanthones are via the benzophe-
none 17 and diaryl ether intermediates 18 (Fig. 7). The intermediate ben-
zophenone derivatives 17 can be obtained by condensation between an ortho-
oxygenated benzoic acid and an activated phenol, in the presence of phospho-
rus oxychloride and zinc chloride (a) [44]. This intermediate is also accessible
through condensation by the Friedel-Crafts acylation of appropriately substi-
tuted benzoyl chlorides with phenolic derivatives (b) [45]. Then the oxidative
or dehydrative processes cause the cyclization of 2,2’-di-oxygenated ben-
zophenone to xanthone (c) [46].

The other method can be carried out via a suitable diaryl ether interme-
diate 18, which can be obtained from the condensation of a phenol and an

N COOH A W C00C A~ - COOMe N
‘// - R P * | JR | = * | R
R OR HO I{ OR RO F{ Br HO

o HOOC

OH
)AS B¢
\/ \/\R AN O\
R R
(18)
X 0 dy

Fig.7 General methods for the synthesis of xanthones (taken from [50] by permission
from Elsevier)
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o-chloro or -bromobenzoic acid. Then this biphenyl intermediate converts
to the xanthone with ring formation by a one-step reaction with lithium di-
isopropylamide [47] or by acetyl chloride (e) [48]. Since this method was
successfully applied for the first time to the synthesis of euxanthone by Ull-
mann and Pauchaud [49], it is called Ullmann synthesis.

The general methods for the synthesis of xanthones were shown as Fig. 7
by Pedro et al. [50]. The other well-known methods for synthesizing xanthone
derivatives have also been mentioned below.

Asahina-Tanase Method

This is a useful method for the synthesis of some methoxylated xanthones
or xanthones with acid-sensitive substituents [51]. Recently Vitale et al. [52]
modified the procedure as shown in Fig. 8.

o}
©\ OOCH3 1) n-BuLi OCH3
o 2)CO, o

3)NH,CI
Fig.8 Asahina-Tanase method [52]

Tanase Method

The Tanase method enables the synthesis of polyhydroxyxanthones. It has
been used for the preparation of partially methylated polyhydroxyxanthones
with pre-established orientation of some substituents, for example, the syn-
thesis of 1,3-dihydroxyxanthone (Fig. 9) [53].

3.2.2
Synthesis of Prenylated Xanthones

1. O-prenylated xanthones: They have been obtained by O alkylation of a
hydroxyxanthone with prenyl bromide in the presence of potassium car-
bonate [54-56], but very little work has been done in this area.

2. Three methods of C prenylation are known. They are as follows:

(i) C prenylation with 2-methylbut-3-en-2-ol in the presence of boron
trifluoride in ether. Only one case has been reported in the literature
with 1,3-dihydroxyxanthone leading to prenylated xanthones 19-21
(Fig. 10) [57].

(ii) The reaction of 1,3-dihydroxy-5,8-methoxyxanthone with prenyl bro-
mide in the presence of sodium methoxide yields a mixture of O- and
C-prenylated xanthones 22-24 (Fig. 11) [58].

(iii) Another method of prenylation of the aromatic ring starts with an
O prenylation followed by a C prenylation by Claisen rearrangement
(Fig. 12) [55].
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@ ’ H,SO O © O
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O OH
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OH OAc

o OoH 2) oH o OAc

Fig.9 Synthesis of 1,3-dihydroxyxanthone with the Tanase method [53]

(19) Ry=Prenyl, R,=H 8%
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Fig.10 C prenylation with 2-methylbut-3-en-2-ol [57]

prenylbromide (21) R1=R,=R3=prenyl 4%

NaOMe/MeOH O O (22) Ry=Ry=prenyl R3=H 4%
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Fig.11 C prenylation with prenyl bromide in the presence of strong base [58]
o}
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2CO3 Kl, A(15h) o o
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Fig.12 C prenylation through Claisen rearrangement [55]
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3.23
Synthesis of Xanthones Isolated from Genus Hypericum

2-Hydroxy-5,6,7-trimethoxyxanthone, which was isolated for the first time
from H. ericoides, was successfully synthesized by Gil et al. [59]. The synthesis
was performed from the new benzophenone precursor 25 (Fig. 13). Com-
pound 25 was prepared by Friedel-Crafts acylation of 1,2,3,4-tetramethoxy-
benzene with 2,5-dibenzyloxybenzoic acid and oxalyl chloride. When ben-
zophenone 25 was heated with MesNOH, 5-benzoyloxy-2-hydroxy-2',3',4,5'-
tetramethoxybenzophenone (25) underwent cyclization to 2-benzyloxy-5,6,7-
trimethoxyxanthone (26) [60]. Hydrogenolysis of this compound with H,/Pd-
C [61] finally afforded 2-hydroxy-5,6,7-trimethoxyxanthone (27) which is
identical to natural xanthone [60].

(0]
MeO
e . C|oc:©/OCHzPh ACl;  MeO OCH,Ph
MeO OMe PhH,CO Et,O MeO O O
M
OMg e OH

OMe
(25)
(CH3)4NOH/A
o 0]
MeO OCH,Ph H, /Pd-C MeO ! ! OCH,Ph
MeO O o O MeO O
OMe (27) OMe (26)

Fig. 13 Synthesis of 2-hydroxy-5,6,7’ -trimethoxyxanthone [59]

The xanthonolignoid kielcorin (35) has been isolated from several Hy-
pericum species [15,19]. Gottlieb et al. accomplished the synthesis of kiel-
corin in low yield by oxidative coupling of 3,4-dihydroxy-2-methoxyxanthone
and coniferyl alcohol with silver oxide [62]. Then, a facile synthesis of
kielcorin (35) from readily available materials 3-benzyloxy-4-hydroxy-2-
methoxyxanthone (30) and ethyl 2-bromo-3-(4-benzyloxy-3-methoxyphenyl)-
3-oxopropionate (31) was carried out by Tanaka et al. [63]. The start-
ing material 30 was synthesized by benzylation of 4-formyl-3-hydroxy-2-
methoxyxanthone (28) followed by treatment with m-chloroperbenzoic acid
in CH,Cl, (the Baeyer-Villager reaction). Compound 30 was then condensed
with 31 in acetonitrile in the presence of potassium fert-butoxide to give 32
in 74% yield; this product was subjected to catalytic hydrogenation, afford-
ing a debenzylation product 33. Reduction of 33 with lithium borohydride in
THF at 0 °C provided an inseparable mixture of alcohols (34a,b). The mix-
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ture 34a,b cyclized upon heating in acetic acid in the presence of concentrated
hydrochloric acid to furnish kielcorin (30% yield) and cis-kielcorin with 3%
yield (Fig. 14).

o 0
OO0 oo
o OR CHCl, o) OCH,Ph
CHO (30) CHO
— (28)RH
K,CO4/ K*OC(CHy)o/ COOEt
BrCH,Ph L~ (29) R: CH,Ph CH4CN Br
PhH,CO
OCH; (31)
o o)
OCH,4 O O OCHs
O o O oH o) OCH,Ph
Eto0C—_-© _Hz— E100C—©
o)
0 Pd-C
(33) (32)
ng ~ OCHs PhH,CO OCHs
LiBH,4
THF

OCH
3 OCH;
HCI/CHCOOH O O
OR o o
HOH,C— O OVKQ:OCHs
HO™ OH
ocH, @4

Kielcorin  (35)
Fig. 14 Synthesis of kielcorin [63]

Recently, a study on the synthesis of novel natural secondary allylic alcohol
derivatives was carried out by Helesbeux et al. [64]. The photooxygenation-
reduction sequence was applied in the prenylated xanthone series; also
6-deoxyisojacareubin, which was already isolated from H. japonicum, was
synthesized in this work. 1,3,5-Trihydroxyxanthone (39) was synthesized
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via a polymethoxybenzophenone intermediate, easily obtained by Friedel-
Crafts acylation. Thus, 2,3-dimethoxybenzoyl chloride (36), prepared in situ
from the corresponding acid in the presence of oxalyl chloride, reacted
with 1,3,5-trimethoxybenzene (37) to give 2-hydroxy-2',3',4,6'-tetramethoxy-
benzophenone (38) with 86% yield (Fig. 15). As already described by Quil-
lian [45], a mono-demethylation occurred on the ring provided by the
acid moiety in the position ortho to the carbonyl function. Then subse-
quent base-catalyzed cyclization [65] of 38 led to 1,3,5-trimethoxyxanthone
(39) with 93% yield along with methanol elimination. Demethylation of 39
was completed in the presence of iodhydric acid and phenol [66, 67] lead-
ing to 1,3,5-trihydoxyxanthone (40) with 95% yield. In the presence of an
aqueous potassium hydroxide solution, 40 reacted with 4-bromo-2-methyl-2-
butene to give prenylated derivatives 41-43, already known as natural prod-

0 OCH; O
H;CO OCH;
o, AICl
o
HaCO OCH,  CHCl O
OH

OCH,
OCH3
(36) (37) (38) OCHs
Me,N*OH j
O OH OCHj3
3-methylbut-2-enyl bromide O O HI, phenol
(¢} reflux OCHj3
KOH
OH (40) OCH3

(39)

O OH
=
- L
OH (0] OH
OH
(42) 41)

) hv, O, tetraphenylporphine, CH,Cl, 15 °C
2) PPhj3, CH,Cl,

O OH O OH

o, - o
(o} OH o o

OH OH x

(44) 6-deoxyisojacareubin (45)

Fig. 15 Synthesis of 6-deoxyisojacareubin
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ucts (Fig. 15). When the photooxygenation-reduction sequence conditions
were applied to C-4-monoprenylated xanthone 42, two products were ob-
tained (Fig. 15): secondary allylic alcohol 44, and as major product with 17%
yield the pyranoxanthone 45 already known as a natural compound named
6-deoxyisojacareubin [15].

The C-2-monoprenylated xanthone 41 gave caledol (46), which is a sec-
ondary allylic alcohol, as oxidation product (Fig. 16) and similar experimen-
tal conditions led to the xanthone 47 and dicaledol (48) from (C-2, C-4)-
diprenylated xanthone 43 (Fig. 17).

O OH O OH
O O = 1) hv, O,, tetraphenylporphine
o OH 2) PPh; CH,Cl, O o O OHOH
OH (1) OH (46)

Fig. 16 Synthesis of caledol (46) by photooxygenation reaction

O O Z 1) hv, O,, tetraphenylporphine
o) OH 2) PPhy, CH,Cl,

@47) (48)

(43)

Fig.17 Photooxygenation reaction of 43

4
Isolation and Structures of Xanthones from Hypericum Species

4.1
Isolation Methods

Xanthones can be found in all parts of the plant. Extraction of xanthones
from Hypericum species is usually carried out on dried plant material. The
classical method using increasingly polar solvents has been used effectively.
Lipophilic xanthones were generally separated by silica gel column chro-
matography (CC). For the polar xanthones, such as glycosidic and those
containing hydroxyl groups, polyamide column chromatography, gel filtra-
tion chromatography on Sephadex LH-20, reversed-phase chromatography by
preparative HPLC on an RP-18 column, and centrifugal partition chromatog-
raphy (CPC) have been successfully employed.

Table 1 shows the part of the plant, the extracts containing xanthonoids in
Hypericum species which have been worked, and the analytical methods used.
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Table 1 Analytical methods for the isolation of xanthones from Hypericum species

Plant source Plant part used Extraction Analysis Refs.
H. androseamum Roots CHCl3: MeOH Si gel CC [68]
H. annulatum  Aerial parts EtOAc Polyamide, Sephadex LH-20 [40]
H. ascyron Whole plant CHCl3 Si gel, sephadex LH-20, ODS [20]
H. balearicum  Twigs and leaves Acetone Si gel [69]
H. beanii Aerial parts CH,Cl, Sephadex LH-20 CC [70]
H. brasiliense Root and stem CH,Cl, Sephadex LH-20 CC [16]
H. canariensis  Aerial parts CHCl3 Si gel CC [19,71]
H. chinense Leaves Hexane Si gel CC, Toyopearl HW-20, [72]
HPLC
H. chinense Stems EtOAc Si gel CC, Toyopearl HW-20, [72]
HPLC
H. erectum Aerial parts CHCl3 Si gel CC [73]
H. ericoides Aerial parts Ether Si gel CC [60]
H. geminiflorum Aerial parts MeOH Si gel CC [9]
H. henryi Aerial parts CHCl3 Polyamide, Sephadex LH-20 [15]
cC
H. hookerianum Woody stems CHCl3 Si gel column [74]
H. inodorum Not defined CHCl3 Si gel column [75]
H. japonicum  Whole plant CHCI3 Si gel CC, Sephadex LH-20  [76]
CC
H. japonicum  Aerial parts EtOAc Si gel, polyamide, [15]
Sephadex LH-20 CC
H. japonicum  Aerial parts CH,Cl, Si gel CC, polyamide CC [15]
H. maculatum  Not defined CH,Cl, Si gel CC [77]
H. mysorence  Leaves and twigs Ether Si gel CC [78]
H. mysorence Timber CHCl3 Si gel CC [79]
H. patulum Cell cultures EtOAc Flash CC on Si gel [80]
H. patulum Cell cultures CH,Cl, Flash CC on Si gel [80]
H. perforatum  Callus Hexane Si gel CC [81]
H. reflexum Aerial parts CHCl3 Si gel CC [82]
H. roeperanum  Roots CH,Cl, Sephadex LH-20, HPLC on  [8]
RP-18
H. sampsonii Whole plant EtOH Sephadex LH-20 [21]
H. sampsonii Whole plant EtOAc Si gel CC [83]
H. scabrum Aerial parts EtOAc Si gel CC, Sephadex LH-20, [84]
Toyopearl HW-20, Si gel
HPLC
H. styhelioides  Leaves BuOH Sephadex LH-20, RP-HPLC  [85]
on C18
H. subalatum Whole plant EtOH Charcoal CC, Si gel CC [86]

H. umbellatum  Aerial parts EtOAc Sephadex LH-20 [87]
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4.2
Isolated Xanthones from Hypericum Species

Table 2 presents the structures of xanthones isolated and the Hypericum
species from which they were obtained.

43
Structural Elucidation of Xanthones

'H and '3C NMR spectroscopies are the most useful methods in the structure
elucidation of xanthones. 'H NMR spectroscopy has been used for the deter-
mination of the substituents on each ring and it also gives information about
the oxidation pattern. The observation of the signal at §12-13 in the spec-
tra shows chelated OH with hydroxyl substitution at position 1 or 8. When
these positions are unsubstituted, aromatic protons appear between §7.70 and
8.05 [101].

Application of the nuclear Overhauser effect (NOE) to the aromatic system
may be used to determine the positions of substituent groups. The recently
developed two-dimensional techniques, which can be found in numerous ap-
plications in the xanthone field, are very useful for the determination of these
compounds. 1*C NMR analysis has played a major role in the rapid structure
elucidation of xanthones. It gives information about the substitution pattern
of aglycon and also about the positions of the glycosidic chains on aglycon, as
well as the configuration and conformation of interglycosidic linkages [2].

The 1*C NMR spectra of a great number of naturally occurring xanthones
have been reported and all chemical shifts assigned [102-104]. The carbonyl
carbon shift is very important for identifying the oxygenation pattern of xan-
thone derivatives. The general observation is a decrease in electron density at
the carbonyl carbon due to chelation:

1. Double chelation (1,8-di-OH): carbonyl carbon §184
2. Monochelation (1- or 8-OH): carbonyl carbon §178-181
3. No chelation: carbonyl carbon §174-175

13C NMR spectroscopy has now become a routine method for the structure
elucidation of new xanthones. Hambloch and Frahm introduced a computer
program called SEOX 1, which rapidly identifies unknown xanthones with
the help of additivity rules that represents a remarkable facility in structure
elucidation [105].

The UV spectrum varies in a characteristic manner depending on the
oxygenation pattern. It is basically useful for locating free hydroxyl groups
on the xanthone nucleus. Particularly, a free hydroxyl group at position 3
or position 6 can be easily detected by addition of NaOAc, which results in
a bathochromic shift of the 300-345-nm band. A strong base such as NaOMe
is capable of deprotonating all phenolic hydroxyl groups except those at-
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Table2 Structures of xanthones isolated from Hypericum species

1

2

3

4

5

Compound

Bijaponicaxanthone

OH O

Plant source

H. japonicum

Jacarelhypherol A: diasteromer of bijaponicaxanthone H. japonicum

Jacarelhyperol B: 6-deoxy

Cadensin D

H. japonicum

H. japonicum

H. canariensis and
H. mysorense

159

Refs.

(15]

(88]

(88]

(89]

[19,90]
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Table 2 (continued)

Compound Plant source Refs.

6 Calycinoxanthone D; H. roeperanum [8]
1,3,5,6-tetrahydroxy-4-lavandulylxanthone

OH O
oL
(0) OH
OH
|
7 4-Chloro-3,8-dihydroxy-6-methoxy-1-methylxanthone  H. ascyron [20]
8 Deprenylrheediaxanthone B: 1,2-dihydro-5,9,10-tri- H. japonicum and  [8,15]

hydroxy-1,1,2-trimethyl-6H-furo[2,3-c]xanthen-6-one  H. roeperanum

O OH
OH

9 5-0-Methyldeprenylrheediaxanthone B H. roeperanum [8]

10 6-Deoxyisojacareubin: 6,11-dihydroxy-3,3-dimethyl- H. japonicum [15]
3H,7H-pyrano|2,3-c]xanthen-7-one

O OH
O I O
OH AN

11 1,2-Dimethoxyxanthone H. mysorense [79]

12 1-Hydroxy-7-methoxyxanthone H. mysorense [79]
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Table 2 (continued)

Compound Plant source
13 2-Hydroxy-3-methoxyxanthone H. mysorense
14 2,3-Methylenedioxyxanthone H. mysorense

o000

O

0]
15 2,5-Dihydroxyxanthone H. canariensis
16 5-Hydroxy-2-methoxyxanthone H. inodorum,
H. roeperanum
17 2-Hydroxy-5-methoxyxanthone H. canariensis,
H. androsaemum

18 5-(1,1-Dimethyl-2-propenyl)-3,6,8-trihydroxy-1,1- H. erectum

bis(3-methyl-2-butenyl)-1H-xanthene-2,9-dione
19 H. patulum
20 Gemixanthone A H. geminiflorum

CHO 4
L
HO (0) (0]
@) OH
HyCO OCH;

OH

161

Refs.

(79]
(91]

[71]
(8,75]

[68,71]

(73]

(32]

(9]
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Table 2 (continued)

Compound Plant source Refs.
21 2-Hydroxyxanthone Hypericum spp. [71,79]
22 2-Methoxyxanthone Hypericum spp. [20]
23 Hypericanarin H. canariensis [19]

H. canariensis [92]
25 Hyperxanthone: 5,9-dihydroxy-3,3-dimethylpyrano- H. sampsonii [93]
[3,2-a]xanthen-12(3H)-one
HO ‘ 0) O OH
(0]
] A
26 Hyperireflexin H. reflexum [82]

(e}
(0] N

27 Hyperxanthone B H. scabrum [84]
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Table 2 (continued)

Compound Plant source Refs.
28 Hyperxanthone A (1’-deoxyhyperxanthone) H. scabrum [84]
HO o} O OH
OH O
OH
29 Jacarelhyperol A H. japonicum [88]
O OH
>(\j'° Toon 2
0 ii.ﬂ o ﬂ'i] o OH
OH O
30 Jacarelhyperol B: 6-deoxyjacarelhyperol H. japonicum [88]
31 Kielcorin (&£) form Hypericum spp. [3,15,19]
32 Methoxykielcorin H. reflexum [82]

HO OH
HsCO il o ﬂ[i o
OCH,

(0]

33 Maculatoxanthone H. maculatum [77]

\

OH
o) 0) OH
yoes
HO O
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Table 2 (continued)

Compound Plant source Refs.

34 Paxanthone B H. patulum [32]

35 Paxanthonin H. patulum [33,94]
(0] OH ’
HO ‘ o O OH
OCHs
36 5-O-Demethylpaxanthonin H. patulum, [8,85,94]

H. roeperanum, and
H. styphelioides

37 5-O-Demethyl-6-deoxypaxanthonin H. styphelioides  [85]
38 2,3-Dihydroxy-1,6,7-trimethoxyxanthone H. geminiflorum  [10]
O  OCH;
HyCO o) OH
39 3,6-Dihydroxy-1,5,7-trimethoxyxanthone H. geminiflorum  [10]
40 Roeperanone (+),(E) form H. roeperanum [8]
O OH

[ Lo
0

HO
OH
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Table 2 (continued)

Compound Plant source
41 Subalatin H. subalatum
OCH;
HO OH
o) OCH,
4984
OH
(6]
42 1,4,6-Trihydroxy-3-methoxy-2-prenylxanthone H. sampsonii
O OH
I
HO o OCH,
OH
43 Morusignin D; H. patulum

1,3,6-trihydroxy-5-methoxy-2-prenylxanthone

O OH
L IC”
HO (0) OH
_0O

44 1,3,5,6-Tetrahydroxy-4-prenylxanthone; ugaxanthone H. japonicum

45 2,3,6,8-Tetrahydroxy-1-prenylxanthone H. androsaemum
and H. patulum

|
OH O
QL
HO o) OH

46 Hyperxanthone C; 2,3,6,8-tetrahydroxy- H. scabrum
1-(2-hydroxy-3-methyl-3-butenyl)xanthone

47 Patuloside A; 1,5,6-trihydroxyxanthone H. patulum
3-0-B-D-glucopyranoside

165

Refs.

(86]

(83]

(33]

(15]

(32, 68]

(84]

(12]
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Table 2 (continued)

48

49
50
51
52

53
54
55
56
57

58

59

O. Demirkiran

Compound Plant source Refs.
Patuloside B; 1,5,6-trihydroxyxanthone 3-O-[a-L- H. patulum [12]
rhamnopyranosyl-(1 — 2)-a-D-glucopyranoside]
O OH OH
O OH
HO (¢) o © OH
OH 0 o)
HO
OH
HO
6,7-Dihydroxy-1,3-dimethoxyxanthone H. geminiflorum  [9]
3,6-Dihydroxy-1,7-dimethoxyxanthone H. ascyron [20]
1,6-Dihydroxy-5,7-dimethoxyxanthone H. subalatum [95]
1-Hydroxy-5,6,7-trimethoxyxanthone H. perforatum ssp. [81]
Perforatum
2,4-Dihydroxy-3,6-dimethoxyxanthone H. reflexum [82]
4-Hydroxy-2,3,6-trimethoxyxanthone H. reflexum [82]
2,7-Dihydroxy-3,4-dimethoxyxanthone H. subalatum [95]
7-Hydroxy-2,3,4-trimethoxyxanthone H. ericoides [60]
Padiaxanthone H. patulum [94]
Patulone; 3,6,8-trihydroxy-1,1-bis(3-methyl-2- H. patulum [96]

butenyl)-1H-xanthene-2,9-dione

N =
OH O

(o)
(L
HO (0] OH

Toxyloxanthone B; 5,9,11-trihydroxy-3,3-dimethyl- H. androsaemum, [68]

pyrano [3,2-a]xanthen-12(3H)-one H. patulum

A O OH
OGS
HO 0] OH
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Table 2 (continued)

60

61

62

63

64

65

66

Compound

Paxanthone

3-O-Methylpaxanthone

Hyperxanthone E

O OH
Isojacareubin
N O OH
oo
(6]
OH

5-O-Methylisojacareubin

2,6,8-Trihydroxy-1-(2-hydroxy-3-methyl-3-
butenyl)xanthone: hyperxanthone D

HO O OH
OO
(@) OH

4-Hydroxy-1,2-dimethoxyxanthone

Plant source

H. patulum

H. perforatum ssp.
Perforatum

H. scabrum

H. japonicum and

H. roeperanum

H. roeperanum

H. scabrum

H. geminiflorum

167

Refs.

(31]

(81]

(84]

8, 15]

(8]

(84]

(9]
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Table 2 (continued)

Compound

67 1,2,5-Trihydroxyxanthone
68 1,5-Dihydroxy-2-methoxyxanthone
69 1,3,7-Trihydroxyxanthone: gentisein
70 Xanthohypericoside: 1,7-dihydroxyxanthone
3-0-B-D-glucopyranoside
OH O

”
(o) (@)
OH

O
OH

OH OH
71 1,5-Dihydroxyxanthone 6-O-8-D-glucopyranoside
72 1-Hydroxy-6,7-dimethoxyxanthone
73 2-Hydroxy-3,4-dimethoxyxanthone
74 3-Hydroxy-2,5-dimethoxyxanthone
75 3,6-Dihydroxy-2-methyoxyxanthone
76 1,3,5-Trihydroxyxanthone-4-sulfonic acid;

5-0-B-D-glucopyranoside

O OH
980w
SO3H

HO O
HO OH
OH

77 1,3-Dihydroxy-5-methoxyxanthone-4-sulfonic acid
78 Jacarelhyperol D

OH O

bi ko

OH
O
O OH

79 4,6-Dihydroxy-2,3-dimethoxyxanthone

Plant source

H. balearicum
H. roeperanum

Hypericum spp.

H. annulatum

H. japonicum
H. mysorense
H. sampsonii

H. androsaemum

H. reflexum
H. sampsonii

H. sampsonii
H. japonicum

H. chinense

O. Demirkiran

Refs.

(69]
(8]
(3]
(97]

(21]
(98]

[99]
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Table 2 (continued)

Compound Plant source Refs.
80 2,6-Dihydroxy-3,4-dimethoxyxanthone H. chinense [99]
81 6-Hydroxy-2,3,4-trimethoxyxanthone H. chinense [99]
82 3,6-Dihydroxy-1,2-dimethoxyxanthone H. chinense [99]
83 4,7-Dihydroxy-2,3-dimethoxyxanthone H. chinense [99]
84 3,7-Dihydroxy-2,4-dimethoxyxanthone H. chinense [99]
85 1,6-Dihydroxyisojacareubin-5-O-B-D-glucoside H. japonicum [100]
86 3,6,7-Trihydroxy-1-methoxyxanthone H. japonicum [100]

tached at positions 1 and 8. These hydroxyls can be detected by the complex
formed on addition of AICl3 which is stable to HCl. Ortho-dihydroxyl groups
similarly may give this complex, but can be distinguished from the former by
the instability of the complexes in HCI [2].

Mass spectrometry (MS) has not been applied extensively to the study
of naturally occurring xanthones, but the mass spectral data provide valu-
able information about the structure elucidation of xanthones. As well as
electron impact MS, which is a routine technique for the structure eluci-
dation of xanthones, recently developed soft ionization techniques, such as
desorption-chemical ionization MS (D/CI-MS) and fast atom bombardment
MS (FAB-MS), are of great interest for the analysis of glycosides. Molecu-
lar ion peaks can be observed without derivatization. Tandem MS/MS can
be extensively employed in directly characterizing constituents of complex
mixtures. Recently, xanthone profiles of H. perforatum cell cultures were iden-
tified by HPLC-MS/MS analysis [106].

5
Biological Activities of Xanthones Isolated from Hypericum Species

The study of xanthones in Hypericum species is interesting not only for the
chemotaxonomic investigation but also from the pharmacological point of
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view. Several biological properties, such as strong and selective inhibition
of MAO-A, in vitro toxicity, in vivo antitumor activity, as well as antibac-
terial and antifungal activities, have been attributed to xanthones [2]. Also,
the xanthones isolated from genus Hypericum have been found to possess
various biological activities. These pharmacological properties are explained
below.

5.1
MAO Inhibitor Activity

Monoamine oxidase (MAO), which exists as two isoenzymes, MAO-A and
MAO-B, plays a key role in the regulation of some physiological amines [107]
and acts by desamination of some neurotransmitters, such as catecholamine,
serotonin, or tyramine, as shown in Fig. 18 [108]. Inhibitors of MAO are used
as antidepressive drugs [107].

MAO

o}
R ){L + Hy0, + NH3

R™ 'H

/\NH2 + 02 + Hzo
Fig. 18 Mechanism of desamination of monoamine by MAO

The antidepressive activity of H. perforatum has been demonstrated in
vivo [109]. This activity was first explained by the presence of hyper-
icin, which has been shown to inhibit MAO-A and B in vitro [110]. But
recent investigations indicate that certain xanthones and flavonoid agly-
cones which have potent MAO inhibitory properties may have a more im-
portant contribution to play in the antidepressive activity of H. perfora-
tum [111]. As evidence confirming these investigations, the xanthones of
H. brasiliense showed differing degrees of inhibition of MAO-A and B. More-
over, they seemed to act in a reversible and time-independent manner. The
tetracyclic xanthone, 6-deoxyjacareubin, was more potent versus MAO-A
and MAO-B than the tricyclic xanthone 5-hydroxy-2-methoxyxanthone. 1,5-
Dihydroxyxanthone emerged as the most potent and selective inhibitor, with
an ICsq value of 0.73 pM for MAO-A and a selectivity index of 0.01. Thus, the
internally H-bonded hydroxyl group might be operative in the mechanism of
inhibition. These activities may have relevance in the search for new drugs
suitable for the treatment of depression [16].

Recently, 59 xanthones (= 9H-xanthen-9-ones) of natural or synthetic ori-
gin were investigated for their inhibitory activity toward MAO-A and MAO-B.
The majority of the compounds demonstrated reversible, time-independent
activities, with selectivity toward MAO-A. The most active inhibitor (1,5-
dihydroxy-3-methoxyxanthone) had an ICsy of 40 nM. 3D-QSAR studies re-
vealed the importance of an OH substituent in position 1 or 5 instead
of a MeO substituent and the contrary is true for position 3, where MeO
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substituents lead to more active compounds than OH substituents. The
CoMFA/GOLPE procedure provided information about the importance of
an electron-rich zone between positions 4 and 5, and the unfavorable ef-
fect of an electron-rich zone around position 7. The ALMOND procedure
showed the importance of the distance between two H-bond acceptor groups
in modulating activity. These promising MAO inhibitory activities should
be confirmed by in vivo experiments for the design of new antidepressant
drugs [112].

5.2
Antifungal Activity

All the isolated compounds, including xanthones from H. brasiliense, are
antifungal against Cladosporium cucumerinum. The minimum quantities
of y-pyrone (hyperbrasilone), 5-hydroxy-1-methoxyxanthone, 6-deoxyjacar-
eubin, and 1,5-dihydroxyxanthone required to inhibit growth of the fungus in
the bioautographic assay on TLC plates were 3, 3, 3, and 0.25 pg, respectively.
Propiconazole, a triazole antifungal agrochemical, was active at 0.1 pug in the
same bioassay [16].

The isolated compounds from H. roeperanum were tested for their anti-
fungal activity against Candida albicans and Cladosporium cucumerinum in
TLC bioautographic assays [113,114]. The minimum amount of xanthones
2-deprenylreediaxanthone B, 5-O-methyl-2-deprenylrheediaxanthone B, cal-
cinoxanthone D, roeperanone, and 5-O-demethylpaxanthonin required to
inhibit the growth of C. albicans on TLC plates was 1 g, whereas xan-
thone 5-O-methylisojacareubin showed antifungal activity at 5ug. The ref-
erence compounds amphotericin B and miconazole were active at 1 and
0.001 pg, respectively. It must be noted that the crude dichloromethane ex-
tract did not show activity against C. albicans at the usual test level of 100 pg
owing to the low concentration of the xanthones in H. roeperanum. None of
the xanthones from H. roeperanum inhibited growth of C. cucumerinum at

10 pg [8].

5.3
Cytotoxic Activity

According to the first report of sulfonated xanthonoids which were isolated
from H. sampsonii, xanthones 1,3-dihydroxy-5-methoxyxanthone-4-sulfonate
and 1,3-dihydroxy-5-0-B-D-glycopyranosylxanthone-4-sulfonate exhibited
significant cytotoxicity against the P388 cancer cell line. They were evaluated
for cytotoxicity proportion against the P388 cancer cell line and were found
to be moderately active (EDsg of 3.46 and 15.69 umol L, respectively). By
contrast, VP-16 (positive control) had an EDsg of 0.064 jumol L™! [21].
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5.4
Coagulant Activity

The compounds from H. japonicum were tested for their coagulant activ-
ity in in vitro systems. They were found to exert an interesting coagulant
activity. Compound 1,5-dihydroxyxanthone-6-0--D-glucoside showed activ-
ity by promoting coagulation of PT (prothrombin time reagent) and iso-
jacareubin showed anticoagulation of APTT (active partial thromboplastin
time reagent) [15].

5.5
Antioxidant Activity

The xanthone compounds 1,3,5-trihydroxy-2-(2',2'-dimethyl-4'-isopropenyl)
cyclopentanylxanthone, 5-O-demethyl-6-deoxypaxanthonin, and 5-O-de-
methylpaxanthonin, as well as 3,5-dihydroxybenzophenone-4-§-D-glucoside
and 3-geranyl-1-(3-methylbutanoyl)phloroglucinol isolated from the leaves of
Hypericum styphelioides, were evaluated for their antioxidative properties in
Trolox equivalent antioxidant capacity (TEAC) and chemiluminescence (CL)
assays.

The free-radical-scavenging activity of compounds was evaluated in the
TEAC and CL assays. The first measures the relative ability of antioxidant sub-
stances to scavenge the radical cation 2,2’-azinobis(3-ethylbenzothiozoline-6-
sulfonate) (ABTS'*) as compared to a standard amount of the synthetic an-
tioxidant Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid).
The CL assay measures the inhibition of iodophenol-enhanced chemilu-
minescence by a horseradish peroxidase/perborate/luminol system. Trolox
was used as the reference antioxidant. The results showed that xanthones
exhibited free-radical-scavenging activity at potency levels comparable to
those of reference antioxidant compounds quercetin and rutin, while the
benzophenone and phloroglucinol type compounds had more moderate
activities [87].

5.6
Antimicrobial Activity

Isojacareubin, which was found for the first time in H. japonicum, exhibited
antimicrobial activity together with a new isopentenylated flavonol, salothra-
nol. The antimicrobial test was carried out by the agar-well method using
Staphylococus aureus. The compounds were examined as a 50% DMSO so-
lution. The activity was expressed by the inhibitory diameter, which was
measured after incubation for 18 h at 37 °C. The minimum inhibitory concen-
trations (MICs) of isojacareubin and salothranol were 125 ug/mL [77].
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5.7
Anti-inflammatory Activity

The five xanthone compounds, demethylpaxantonin, patulone, garcinone B,
tripteroside, and 1,3,5,6-tetrahydroxyxanthone, purified from a callus tissue
culture of H. patulum were evaluated for their anti-inflammatory activity.

It is very important in anti-inflammatory drug development to search
for natural leading compounds which exert the following pharmacological
actions: (1) prevention of release of prostaglandins (PGs), major chemical
mediators in the regulation of inflammation, by direct inhibition of the en-
zymes responsible for arachidonic acid (AA) and PG biosynthesis, including
phospholipase A; and cyclooxygenase-2 (COX-2); and (2) suppression of
transcription control of genes encoding enzymes responsible for PG biosyn-
thesis or inflammatory cytokines. Two compounds were found with such
pharmacological actions: garcinone B, which inhibits both A23187-induced
PGE; release and LPS-induced NF-«B-dependent transcription, and patu-
lone, which prevents COX-1 activity and A23187-induced PGE; release, rais-
ing the possibility of its anti-inflammatory action. These results suggested
that garcinone B could become a neuropharmacological tool to elucidate in-
tracellular signaling pathways involved in inflammation [115].

5.8
Use of Some Hypericum Species Containing Xanthones

It has been observed that a growing number of Hypericum species containing
xanthones exhibit various biological properties and are used as chemother-
apeutic agents in indigenous medicine for the treatment of many diseases.
Typical examples are given below:

e Hypericum was widely used in the folk medicine of a number of European
countries as a shooting agent, an antiphlogistic in the treatment of inflam-
mation of the bronchi and the urogenital tract, a hemorrhoid treatment,
and a healing agent in the treatment of traumas, burns and scalds, ulcers
of various kinds, and other local and general illnesses [116].

e In the Canary Islands, various species of Hypericum genus have been used
in folkloric medicine as a vermifuge, diuretic, and wound healer, as well as
a sedative, antihysteric, and antidepressant agent [117].

e H. perforatum Linn. is used as an antiseptic or anthelmintic in Sri Lanka
and India [118].

e H. japonicum Thunb. has been used in Chinese herbal medicine for
the treatment of some bacterial diseases, infectious hepatitis, and tu-
mors [119].

e Stems, leaves, and flowers of H. ericoides are used in Valentian folk
medicine [74].
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e H. ascyron is used in the treatment of numerous disorders, such as ab-
scesses, boils, headache, nausea, and stomach ache in Chinese herbal
medicine [119].

e H. patulum has been used in Chinese herbal medicine for the treatment of
hepatitis, bacterial diseases, and nasal hemorrhage [119].

e H. roeperanum is employed, alone or in association with various plants, to
cure female sterility [120].

e H. sampsonii is a herbal medicine used in the treatment of blood statis, to
relieve swelling, and as an antitumor herb in Taiwan [121].

e H. scabrum is one of the most popular medicinal herbs in Uzbekistan and
is used in the treatment of bladder, intestinal, and heart diseases, rheuma-
tism, and cystitis [122, 123].

e H. styphelioides has been employed in traditional Cuban herbal medicine
as a depurative, diaphoretic, diuretic, and tonic against blennorrhea, cold,
cough, and dysmenorrhea and for the treatment of arthritis, rheumatism,
hepatitis, herpes, and syphilis [124].

e Today this medicinal plant is used for these traditional purposes, but it is
also largely used for the treatment of depression [118].

6
Conclusion

The recent widespread interest in the antidepressant activity of H. perfora-
tum has encouraged the investigation of secondary metabolites from other
Hypericum species. Since species of this genus occur widely in the temperate
regions of the world, they have been used as traditional plants in various parts
of the world. They produce several types of secondary metabolites, including
flavonoids, biflavonoids, xanthones, anthraquinones, prenylated phloroglu-
cinols, and benzophenones. Among these compounds xanthones show out-
standing biological activities, such as monoamine oxidase inhibition and
cytotoxic and antitumor properties, although they are relatively rare in na-
ture in comparison with other phenolic compounds. For this reason these
compounds have provoked great interest.

In this chapter, as well as the methods currently used for the isolation,
separation, and structure elucidation of xanthones, their biosynthesis, syn-
thesis, and importance as therapeutic agents was also discussed. The use of
recently developed chromatographic techniques will provide characterization
of these compounds and lead to the discovery of new xanthones. There are
still many xanthones waiting to be discovered and evaluated by researchers
for their many more biological activities.
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Abstract The isothiazole ring as well as the corresponding benzo- and heterocondensed
rings are present in many chemically interesting compounds. The isothiazole ring can
be a substituent of a bioactive scaffold or the pharmacophore of bioactive molecules.
New compounds have been designed, synthesised and tested towards different biological
targets and, in many cases, they display interesting pharmaceutical activities. Different
SAR studies are reported starting from already known isothiazole derivatives or from
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new compounds characterised by a particular substitution pattern aiming to improve the
biological activity. Agrochemical applications are also reported.

Keywords Benzisothiazoles - Biologically active compounds - Isothiazoles -
Pyridoisothiazoles - Saccharins - Sultams

1
Introduction

The importance of isothiazoles and of compounds containing the isothiazole
nucleus appears to have grown over the years. New synthetic approaches and
unprecedented reactions have recently been reported and numerous techni-
cal and pharmaceutical applications have been discovered [1-6]. This review
is based on the fact that the isothiazole ring is present in many chemically
interesting compounds that display biological activity. The isothiazole ring
can be a substituent of a bioactive scaffold or the pharmacophore of bioac-
tive molecules. A great number of SAR studies have been carried out starting
from already prepared isothiazole derivatives or from new compounds char-
acterised by a particular substitution pattern aiming to ameliorate the bio-
logical activity. Among the benzisothiazoles the best-known derivative is the
noncaloric sweetener saccharin [7]. Due to the large amount of literature on
this compound and its biological activity, it is considered in this review only
for particular and original applications.

Regarding other isothiazole derivatives, different activities have been
claimed such as antimicrobial, antibacterial, antifungal, antiviral, antipro-
liferative and anti-inflammatory activities. They have also been tested as
inhibitors of proteases, for the treatment of anxiety and depression, for their
action on the 5-HT receptor, and as inhibitors of aldoso reductase. Patented
compounds for agrochemical applications are of old interest. This review is
concerned with recent results, mainly limited to the last decade. Previous ref-
erences have been taken into account only if they are of particular relevance
or necessary for a better understanding of the text. Furthermore, patents have
been included only if they add important information to the existing scientific
literature. Articles exclusively dedicated to biological investigations without
chemical interest have not been considered.

The review is divided into four main chapters concerning isothiazoles, sul-
tams, benzisothiazoles and benzisothiazolones of biological interest. In these
last two cases, heterocondensed compounds are included. In each chapter, the
corresponding dioxides as well as partially hydrogenated rings are consid-
ered. For each class of compounds, the following is reviewed: i) procedures
by direct synthesis of the above rings pointed out as synthetic methods A-V,
and ii) the reactivity insofar as related to biologically interesting transform-
ations of functional groups present on the isothiazole ring or related to the
functionalisation of the isothiazole nucleus with a proper pharmacophore.
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A chapter on biological applications of selected compounds has also been
inserted in which the main activities are depicted and in which, for each class
of bioactive compounds, the lead compound has been selected. A short ac-
count of the main biological mechanisms in which the target compounds are
involved has also been reported when of strong relevance.

2
Isothiazoles

Isothiazoles constitute a relatively novel class of heterocyclic compounds, the
first preparation being reported in the mid 1950s [8]. The rapid progress in
their chemistry and intense studies on the synthesis and chemical conversion
of their derivatives are due primarily to the extraordinarily broad range of
useful properties manifested by various representatives of this class of com-
pounds. Data on the chemistry of isothiazoles are documented in several
monographs and reviews disclosing both synthetic and reacting aspects [1-6].
Below only few general synthetic methods based on the construction of the
ring are reported if useful for the preparation of compounds characterised
by a claimed activity. Analogously, the reactivity of the isothiazole system is
related to the preparation of active or potentially active compounds.

Many 3-heterosubstituted isothiazoles characterised by interesting biolog-
ical applications have been prepared, in which the heteroatom can be oxygen,
sulphur, nitrogen and a halogen. In particular, depending on the substitution
at the nitrogen atom, the oxygen substituted compounds can exist as enoles,
when nitrogen is unsubstantiated, or as isothiazol-3(2H)ones when nitrogen
is substituted.

2.1
Synthesis of Carbon Linked Isothiazoles

The well-known synthesis from 3-halogeno-«,8-unsaturated aldehydes 1 and
ammonium thiocyanate, via intermediate 2, is very useful for the prep-
aration of substituted isothiazoles 3 and for fused analogues (Scheme 1,
Method A) [1,2].

A number of modifications of this method has been described. For ex-
ample, the alkinyl carbonyl compounds 4 and Na,S,03 afforded the dithion-

R2__CHO R2. _CHO R?
11 "SCN, DMF I NHs ;/ \\N
R Cl R1 SCN —— R! g
1
2 3

Scheme 1 Synthesis of isothiazoles: Method A
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ites 5 then cyclised in liquid NH3 to the corresponding isothiazoles 6 [1,2]
(Scheme 2, Method B).

2
- R2 NazS;0s, AcOH R R NH3 FR
O acetone, Hx0, -5°C Naosssw from -60t0 25°C  R! S,N
4 5 6

Scheme 2 Synthesis of isothiazoles: Method B

Several antifungal 4-arylisothiazoles 7 (25-54% yields) were prepared
taking advantage of the classical procedure described in Method A [9]
from 1 (R! =H, R®=Ar) and ammonium thiocyanate in DMF. 4-(2-
Methoxyphenyl)isothiazole (9) was also prepared from the corresponding
2-nitro derivative 7 (Ar = 2-NO,Ph) in 26% overall yield via intermediate 8
(Scheme 3) (see Sect. 4.1, analogue compounds of brassilexin.

Ar,
= 1. NaNOy, H,S0,

P l’\\N Ar = 2-NO,Ph o

ST ench o, HN N T Meo

2, M2YY,
HCI, MeOH s’N 2. CHaNy Et0 s’N
7

Ar = Ph, 2-CIPh, 2-MePh, 2-NO,Ph, 8 .

1-naphtyl, 2-naphtyl

Scheme 3 Synthesis of 4-arylisothiazoles

The 5-substituted isothiazole 12 is a substrate for viral HSV-1 thymidine
kinase [10]. The isothiazole ring was built according to Method B start-
ing from the alkinyl aldehyde 11 prepared from 2’-desoxy-5-iodouridine 10
and propiolaldehyde diethyl acetal in presence of (PdCl,(PhsP),), Cul and
TEA at 50 °C. Acetal intermediate (91%) was formed, which was then depro-
tected with aqueous AcOH (80%) giving aldehyde 11 (51%). Its reaction with
Na,S,03 in acetone/H,0/AcOH afforded a cis/trans mixture of a thiosulfate
(1:1, not isolated) then treated with liq. NH3 at — 70 °C to give 12 (13%)
(Scheme 4).

N
o) 1. HCCCH(OEY, ©OMC § o 78 o
| (PACls(PhgP)y), Ny 1-NazS:0s NH
NH Cul, TEA, 50°C | acetone/H,0/AcOH | Y
| A T ACO N/go e o HO N0
AcO N" 70 2 aq. AcOH c 2. NHjs lig., - 70°C
10 aco M HO 12

AcO

Scheme 4 Synthesis of 2’-deoxy(5-isothiazol-5-yl)uridine
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The synthesis of isothiazoles 13a,b (R = H, 30% yield, R = Me, 38%
yield) was performed according to the same Method B from the propioalde-
hyde 4 (R' =R? =H) or 1-butin-3-one 4 (R' = H, R? = Me). Compounds
13a,b were then transformed into the regioisomeric phosphonium salts 14a-
b, which are the key intermediates for the preparation of several antimi-
crobic agents based on a carbapenem structure [11]. Compounds 13a was
transformed into the phosphonium salt 14a through formylation (n-BuLi,
DMEF, 73%), reduction with NaBHy4 (83%), substitution of the hydroxy group
with bromine (PPhs, CBry, 80%) and reaction with PPhs (63%). On the
other hand, 13b was first brominated (NBS, AIBN, CCly, 45%) and then
transformed into the phosphonium salt 14b (63%) as reported in Scheme 5.
The preparation of 1-8-methylcarbapenems 17a,b, bearing isothiazoloethenyl
moieties al C-5 position of the pyrrolidine ring, was achieved using as
key reaction the Wittig reaction from salts 14 and aldehyde 15 operating
with NaHMDS as the base in THF at - 78 °C. Alkenes 16a,b were iso-
lated in 76 and 73% yield, respectively. The E-isomers were obtained ex-
clusively. Mesylates 16 were then used for the preparation of carbapenem
derivatives 17.

1. n-BuLi, DMF, THF, -78°C
2. NaBH,, THF at

.
3. PPhg, CBry, CH,Clp, -20°C Br PheP S
1. NayS;03, ACOH R 4 PPhg MeCN 14a

-

RZ
_ tone/H,0, -5°C <—§
Rl—— g acetone/H,0, J \N .
(o} s~ PPh; Br
2. NH3 from -60 to 25°C
4 13a:R=H 1. NBS, AIBN, CCly, A f
R'=R?=H 13b: R = Me S/N
1_ 2 _ .
R'=H, R2=Me 2. PPhg, MeCN 126
CHO | NaHMDS
THF, -78 °C
B MsO Cl\’:ﬁdloc

HO L iy Me AT 15 B

Me - N )

N

NS NH
o MsO"__ Nalloc
CO2H
17a:A=S,B=N 16a:A=S,B=N
17b:A=N,B=S 16b:A=N,B=8

Scheme 5 Synthesis of 1-8-methylcarbapenems with an isothiazoloethenyl side chain

2.2
Synthesis of 3-Heterosubstituted Isothiazoles

The main method for the formation of the 3-heterosubstituted isothiazole
ring is, even today, a ring closing reaction based on the formation of an S - N
bond [1,2].
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The well-known synthesis based on the oxidative cyclisation of dithiopro-
pionamides 20, obtained from acids 18 via dichlorides 19, is considered an ef-
ficient and simple procedure affording good yields of isothiazol-3(2H)ones 21
(Scheme 6, Method C). Different reagents were tested aiming to ameliorate the
yield and the efficiency of the strategy depending on the different dithiopro-
pionic acids 18 and amines used in the process. This synthetic approach was
also used for the preparation of the corresponding benzoderivatives [1, 2, 4].

R2 o

Cl R3NH.
2 % (-S-CHR'CHR2CONHRY), — [/

R S

21

SO
(-S-CHR'CHR2CO,H), (-S-CHR'CHR2COCI),
18 19 20

,N~R3

Scheme 6 Synthesis of isothiazol-3(2H)ones: Method C

The Methods D outlined in Scheme 7 are also based on S—N bond for-
mation. Thioenols 23 and enamines 24, prepared from p-ketoamides 22,
represent the starting compounds in a number of procedures based on oxida-
tive cyclisation with different reagents. 3-Hydroxy substituted isothiazoles 25
can be obtained this way [1, 3].

H2S SH O oxidative
Method D1 ~ _ OH
o o HCl R NH,  cyclization
S & L
R NH, R~ S
R'HN O 1. HyS 25
22 ; 2
R'NH 2. Br
Method D2 2 R)\/U\ NHy o
24

Scheme 7 Synthesis of 3-hydroxy substituted isothiazoles: Methods D

A different synthetic pathway, which is useful for the preparation of 4-
cyano-isothiazoles 28-31 substituted at C-3 with different heteroatoms (Hal,
S, 0), is exploited by Methods E (Scheme 8). These procedures start from
dicyanomalonate 26 and different electrophiles giving the key intermediates
27a-d, subsequently cyclised to the isothiazole-4-carbonitriles 28-31. A num-
ber of modifications of these procedures are known and are very useful
for obtaining different starting materials for the preparation of isothiazole
derivatives of biological interest [1, 2, 4].

Several antibacterial compounds containing substituted 3(2H)-isothia-
zolones as scaffold and, among them, a series of 3(2H)-isothiazolones 32,
substituted at the nitrogen atom with an aryl moiety functionalised with
groups that are different in hydrophobicity, size, steric and electronic param-
eters, were prepared (Scheme 9). They were synthesised adopting Method C
starting from dithiodipropionamides 20 (R! = R? = H, R? = Ar). By incre-
mental addition to 20 of a dichloromethane solution of sulfuryl chloride, as
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NC Cl
RCHO NC\T(CN S,Cly \
CHR Py, A R / S,N Method E1
27a »
NC_  OH
NC_ CN
CS5, NaOH | 1. HyOaMeOH -
2. Mel/MeOH MeS s’N Method E2
CN NaS SNa
( 27b 29
CN NC_ CN NG
Ip, Pyridine XH
2 | I N Method E3
Nas” HN—-R RCONH™ g’
] 30
27¢ <3 s
NC
NC_ CN Hy0 OH
| I\ Method E4
Base R s
HS" R i’
27d

Scheme 8 Synthesis of 4-cyano-3-heterosubstituted isothiazoles: Methods E

an oxidizing agent, a mixture of isothiazolones 32a and 32b, unsubstituted
and chloro substituted in position 5, respectively, was obtained [12]. The
authors found that by manipulation of the stoichiometry SO,Cl,/amide, a dif-
ferent distribution of the products 32a/b was observed. The use of an excess
of SO,Cl, favours the formation of chloro compounds 32b, while the 1:1
stoichiometry favours the formation of 32a which were obtained in variable
yields (16-70%) depending on the aniline derivative.

0
20 S0:Cle [‘/( 32a: X = H; 32b: X = Cl
CH,Cl, 0-10°C X S,N\Ar Ar = Ph-4-R
R'=R2=H R = NO,, CI, Alkyl, CO,R’, OR', NR,', SMe
R3 = Ar

Scheme 9 Synthesis of 2-aryl-isothiazol-3(2H)ones

A similar synthetic scheme was adopted by Nadel [13] to prepare isoth-
iazolones 34 and 35 from L-cystine derivatives transformed into the cor-
responding cystine bis-N-(methylamides) 33a-c (EtOCO,Cl, TEA in CH,Cl,
then MeNH;/H;,0, 69-73%) (Scheme 10). As reported in Table 1, several
parameters were evaluated in order to find the best reaction conditions to
produce the different isothiazolone derivatives 34 (43-63%) or 35 (52-66%).
As by-products, the polyhalogenated compounds 36 and 36’ (not separable)
were formed in some instances. Finally, the deprotection of the amino group
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RO,CNH RO,CNH ROZCNH Cl 0 RO,CNH_ C! O
it hat w L
~<SCH20HCONHMe>2 SO.Cl, N-Me cl ~Me C| ~Me
NHCO:R 34a-c 35a-c 3Ga-c 36'a-c
33a-c
aR=-Me R Bnl HBVACOH R _ gn| HB/ACOH
"= 25°C 25°C
c:R=Bn
RHN o] RHN o)
I f I( R<
N- N- a:R=H
g Me c” s Me piR=Bn
37a,b 38a,b

Scheme 10 Synthesis of 4-amino-isothiazol-3(2H)ones

Table1 Summary of ring closing reactions of the amino blocked cystine bis(methyl-
amides)

33  Solvent SO,Cl,/45  Rate of feeding Temp. Product
Molar ratio (mL/h) (°C)

33a CH,Cly/CeHy, (1:1) 4 9.6 3540 34a

33a hexane 6 19.2 30 35a

33b CHCl, 3.5 3.4 boiling 34b

33b CCly 6.5 20.8 25 35b

33c CH,Cly/CeHyp (1:1) 4 6.4 3540 34c

33¢ CHCI; 6.5 31.2 50 35¢

33a CCly 7 20 35-40 34a + 35a + 36/36'a
33b CCly 7.5 20 20 34b + 35b + 36/36'b
33¢ CCly 7.5 25 55 34c¢ + 35c + 36/36/c

of 34c and 35c was performed using a mixture of HBr in AcOH and com-
pounds 37 (78%) and 38 (65%) were formed (Scheme 10).

Recently, a series of analogues of thio-THIP (4,5,6,7-tethrahydroisothia-
zolo[5,4-c]pyridine-3-ol see Sect. 6), 5-(4-piperidyl)isothiazol-3-ol 41 and
5-(1,2,3,6-tetrahydro-pyrid-4-yl)isothiazol-3-ole 43 were developed basing
their preparation on the same general strategy as described in Method D1
from the enolised 8-thioxoamide 39, as shown in Scheme 11. Oxidation of 39
with I, under basic conditions afforded 40, which was deprotected to give 41
by treatment with HBr in AcOH. Compound 42, obtained from 40 by alky-
lation of the oxygen atom followed by bromination (EtBr, K;COs, then NBS)
and was dehalogenated and deprotected by treatment with 48% HBr to give
the target compound 43 [14].

Isothiazol-3-ones 46 were prepared and their activity was evaluated on
different serine proteases [15]. The key isothiazole salts 44 were prepared
according to Method A by reacting isothiocyanate intermediates 2 and sev-
eral aniline derivatives operating in AcOH in the presence of HClO4. They
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-N
S- "{ SN
~ N OH
'2 KzCOs HBr, AcOH
HN
EtOH

OMe

1. EtBr, K2003
2.NBS
s-N

\
s-N =~
Br |\ _ HBr4s% OM

Scheme 11  Synthesis of 5-(4-piperidyl)- and 5-(1,2,3,6-tetrahydro-pyrid-4-yl)isothiazol-
3-ols

MeCOQN

R’ R

N H202 AcOH EtOH
| /N+ R*
R2 S 80° C

ClO4 RS
44

Scheme 12 Synthesis of substituted 2-aryl-isothiazol-3(2H)ones

were oxidised to peroxides 45 with H;O, in AcOH and then transformed
(EtOH, reflux) into isothiazol-3-ones 46 in moderate to good yields (20-65%)
(Scheme 12).

2.3
Reactivity of Isothiazoles

A series of new HIV protease inhibitors were designed and synthesised [16]
(Scheme 13). One of the most active compounds is derivative 53 func-
tionalised with the 3,5-dimethylisothiazole-4-methylamide ring. The latter
was synthesised from the commercially available ethyl 5-amino-3-methyl-
isothiazole-4-carboxylate 47, which was converted into the 5-methyl deriva-
tive 48 (40%) by treatment with first isoamyl nitrite and I, and then with
Me4Sn and PdCl, (PPhs);. Its reduction with LiAlHy4 followed by treatment of
the alcohol intermediate with CBry4, Ph3P, NaNj3, afforded the azido interme-
diate then reduced to amine 49 with Ph3P (39%). By condensation of amine
49 with 50 (EDC, HOAT, DIEA, 60%), 51 was formed then hydrolyzed at the
lactone function (LiOH, H, O, dioxane), protected at hydroxyl group (TBSOTH,
AcOEt, DIEA), condensed with 52 (HBTU, DIEA, HOAT cat.) then deprotected
at the oxygen atom with BuyNF to give 53.

An efficient synthesis of DNA binding tetrameric acid derivatives 57 [17],
consisting of an isothiazole and three N-methylpyrrole carboxamide units,
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1.LiAIH,, THF, 0°C
Et0,C Me, isoamyi nitrite, I,  E102C Me ;- CBr:Phsp, Nan, HeNCHz  Me EDC, HOAT, DIEA
/Y CHCls A l/—( DMF, 25°C N CH,Clp, 25°C
HN"2g = Me N —— Me S,N Ph
a7 2 MesSn, PdCly(PPhg), s 2 PhaP THF/HO, 25°C I
toluene, A MeNNWV o Yo
HO,C
Ph 1. LiOH, H,O/dioxane, 25°C OH Ph OH 50
2. TBSOTY, AcOEY, DIEA, 25°Gyye_ S\ H =
sS— 3. HBTU, DIEA, HOAT cat., AN N,.
MeX/N . DMF, 25°C me” Y g
M T 0”0 A © o
LA NH O” °NH
4-\ @\/j\OH
o
NH Me o 52 Me
/ \ / \
Me—Ng-N 4.BusNF, THF, 25°C Me—~g-N
51 53

Scheme 13 Synthesis of new HIV protease inhibitors

was performed and various substituents at both termini were introduced
(Scheme 14). The coupling of trimeric N-methylpyrrole amino acid 54 with
isothiazole 55 (HBTU in DMF and i-Pr,EtN, 91%) resulted in the desired
tetramer 56. The two amino groups were then introduced in sequence by per-
forming a “one pot” reaction. First Cl-5 was selectively substituted by the
proper amine operating in presence of BOPCl and NMP/i-Pr,EtN. Then the
amide function was formed using a large excess of a second amine and 57 was
obtained. Benzisothiazole derivative 58 was also prepared [18].

s-N
P S-N H
N oy ~CoeH Wl
H Cl ¢] N
/N\ OH 55 a © m H 1. R'NH,, BOPCI, NMP, i-Pr,EtN, 37°C
I ! O
Me O ig?TEltJr\]Dzhgfc Me O3 5 ReNH, (20 equiv.), 60°C
-2 )
56
R'= (CHy)nNH, (n = 2,3,6); o
(CHR)sNHCy; (CHp)2-2-Py; H
NHR? (CH2)2-4-Py; (CH2);0R! (R'= H, Et); —\
(CHz)Morpholinyl N | ¢ N INHCH)—N O
o) R?= (CHa)sNMe; (n = 3,4); s N —
8 (CHuNHy; (CHa)p2-Py; Me O,
57 (CHp)2-4-Py; (CH2)30R" (R'= H, Et); 58
(CHy)Morpholinyl (n = 2,3)

Scheme 14 Synthesis of tetrameric acid containing isothiazole and pyrazole rings

Many isothiazoles containing an amino acid functionality, analogues of
isoxazole-based molecules, acting on glutamate receptors have been prepared
in the last two decades. The isothiazole ring has mainly been synthesised
according to Method D1. Afterwards, functionalisation of the ring was per-
formed affording the biologically interesting target compounds, which can
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be divided into two groups: i) isothiazoles with the characteristic amino acid
group at C-4 and ii) isothiazoles with the characteristic amino acid group at
C-5. The methodologies for the synthesis of such compounds are described in
the following.

i) Isothiazoles with the characteristic amino acid group on C-4 [19]. Thio-
AMPA (61a) and thio-ATPA (61b) were synthesised as outlined in Scheme 15.
Compounds 25, prepared from 23 with I, as oxidizing agent, were treated
with trioxane, HBr/MeOH affording 59a,b (27%, 39% respectively). Several
reaction conditions (times and temperatures) were tested in attempts to in-
crease the yields without appreciable results. Dimethyl acetamidomalonate
reacted easily in basic conditions with 59a,b affording 60a,b which were
deprotected under acidic conditions providing thio-AMPA (61a, 28%) and
thio-ATPA (61b, 31%). Chiral chromatographic resolution of 61b was also
performed (Scheme 15).

MeO,C NHAc HO,C_ NH,
OH B o MeO,C o OH
A 1,3,5-trioxane AcNHCH(COzMe) aq. TFA N
| N —— ] NCHOMe ———————~= | 'NCH,OMe ——— [ 'N
R~ S  HBr,MeOH p-~g NaH, DMF R™ S R” S
25a-c 59a,b 60a,b 61a,b
“R= a: R=Me
;.: E; I;flgu (thio-AMPA)
c: R=CO,Me b: R= Bu
(thio-ATPA)

Scheme 15 Synthesis of thio-AMPA and thio-ATPA

From 60a the isothiazole amino acids 66 and 67a,b were synthesised
as outlined in the Scheme 16 [20]. Treatment of 60a with BF3'Et,O in the
presence of Ac;O and subsequent heating under reflux of the intermedi-
ate product in methanolic sodium methoxide provided the 3-isothiazolol 62
(60% yield). Alkylation of 62 with ethyl chloroacetate gave a reaction mix-
ture containing two main components 63 (26%) and 64 (31%), which were
deprotected using 1M TFA to give 66 (14%) and 67a (31%), respectively.
The synthesis of 65 by alkylation of compound 62 with diethyl 4-toluene-
sulfonyloxymethylphosphonate under basic conditions was accompanied by
extensive decomposition products. Compound 65 was thus obtained in a low
yield (15%) without the formation of the isomeric N-alkylated product and
then deprotected to give the target phosphono-amino acid 67b (32% yield).

ii) Isothiazoles with the characteristic amino acid group at C-5 [19]. The
functionalisation of C-5 with an amino acid function linked to the ring
through a methylene bridge was accomplished by elaboration of a preexist-
ing carboxy group. Methylation of 25¢ (R = CO,Me) followed by reduction
and substitution of alcohol with SOCl, provided 68, which was further con-
verted into the fully protected compound 69. The deprotection of 69, which
required conc. HBr, was accompanied by a marked decomposition of the
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AcHN_ (COzMe), HoN CO.H
9 TFA 2
| NCH,CO,Et | NCH,COpH
Me” S Me” S
63 66
AcHN_ (CO,Me), AcHN_ (CO2Me),

OH OCH,CO,Et
1. BF5.0Ety, Ac,0 H,N_ COH

60a — -~ =" ijéN — B —
N TFA 1
R Me , ) OCH,R
2.0.1 M NaOMe/MeOH e S Me~ =S 2
A\
62a 64 | N
S

Me
HCI
AcHN_ (COzMe), 67a R' = CO.H
OCH,PO(OEt), 67b R! = PO(OH),
| N
Me S
65

Scheme 16 Synthesis of thio-AMPA and thio-ATPA derivatives

product and provided 70a as the hydrobromide (25%). Bromination of 69
and deprotection by refluxing in 4 M HCI for a period of less than 4h, re-
sulted in a pronounced decomposition and in a low yield (20%) of 70b as the
hydrochloride (Scheme 17).

OR! OR! R2 OR!
1.Mel,KoCO3 || N ACNHCH(CO:Me),, [ N 70b: 1. Bra, 2. 4M HCI N
25¢ g g 14
2. NaBH, NaH 70a: 48% aq. HBr
3. 80Cl Cl s AcHN” (COaMe), HO:C™ “NH,
R'=Me 69 70a: R'=Me, R2%= H
R'= Me 70b: R'= Me, R? = Br

Scheme 17 Preparation of S-isothiazol-5-yl alanines

Differently from the case reported above (compounds 70), thioibotenic acid
derivativeslike 75 and 83a-g, NO theisothiazole analogues of ibotenicacid, were
prepared taking advantage of a general methodology enabling the direct intro-
duction of a substituent in the 5-position of 3-(benzyloxy)isothiazoles 71 [21].
The reaction of a series of electrophiles (E1-6) with 71 in the presence of LDA
(1.1equiv., 0.1 M in Et;O) produced compounds 72a-d (54 -68% yields). When
an amino acid synthon, i.e. 73, was used in the reaction as the electrophile, the
protectedamino acid 74 (36%) was obtained. The ester 74 was hydrolyzed under
basic conditions and subsequent treatment with HBr in AcOH removed the Boc
and benzyl groups to give compound 75 (18%) (Scheme 18).

The 4-substituted Thio-Ibo derivatives 83a-g (Scheme 20) were prepared
with similar chemistry from the corresponding 4-substituted 3-benzyloxy-
isothiazoles 76, 77 and 78 synthesised as outlined in Scheme 19. The use
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OBn

Q 1.1 equiv. LDA, 15 min, Et,0, -78°C N E2:
| N | N E3:
S 2. 1.1 equiv electrophile (E1-6) R S

15 min ES5:
71 72a-d

OBn
EtO,C LDA, Et,0, -78°C

{ , Et0,
+ E<,N Meo,c. N
S S

Me
73 71 NHBoc

74

NBoc

Scheme 18 Preparation of «-isothiazol-5-yl alanine

i-PrMgCl, RCHO, THF
77a: (from 76¢) 84%
OBn 76a : NCS, MeCN, 58%
76b : NBS, MeCN, 88%

Q 1. LiOH, THF, rt
2. HBr, AcOH, rt

77c: (from 76¢) 26% or (from 76b) 43%

191

: PhACHO 72a: R = PhCHOH 65%
PhCOCI R =PhCO 0%

PhCOCN R = PhCO 0%

E4: MeOCOCN 72b: R = MeCO 56%
DMF 72c¢: R =HCO 54%

gs: (=0 72dR =<:>4OH

68%

OH

A\
Ho,c. || N
Me s
NHs
75

x  OBn 77b: (from 76c) 86%
:NBS, , <
I I
S 76c:ICl, K,CO3, CHCI; 82%

S
71 76a: X =Cl
76b: X =Br
76c: X =1

iPrMgCl, DMF, THF

78d: MeB(OH),, PdCl,(PPhg)o)
(from 76¢) 82%

KoCO3, DMF, MW, 160°C

77a: R = Me
77b: R =Ph
77c: R=Bn

TFA, Et3SiH, DCM

32% from 76b 78a 70%:78b 54%
78e : PhB(OH),, PACIo(PPh),, 78¢ 65%
K>COg, DMF 94% from 76¢
OBn OB
78a: R = Et
OHC_("" NaBH, MeOH  HO ( \ it
LN Y | N 78¢: R = Ph(CHp)s
S S S 78d: R = Me
79 80 78e: R=Ph
Scheme 19 Synthesis of 4-substituted 3-benzyloxyisothiazoles
R OBn OBn OH
\ LDA , -78°C, Et,0 ., 1.LOH, THF N
| N 22 EO.C || N o, LN
S Et0,C_COE EtO,C S 2.HBr,AcoH 02 s
,Y 81 NHBoc HoN
76,77,78 Boc 82a-g 83a-g

Scheme 20 Synthesis of 4-substituted Thio-Ibo

of 3-O-protected-isothiazolols 71 as key reagents to functionalise the C-4
position represent a convenient approach. Compound 71 can be synthe-
sised through cyclisation reaction of 3,3-dithiodipropionamide according to
Method C followed by O-protection. The benzyl protecting group in com-
pound 71 did not withstand acidic halogenation conditions and the syntheses
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of 76a-c were accomplished employing non-acidic conditions (ICl or NCS
or NBS). The 4-iodo 76¢ or 4-bromo 76b compounds were suitable starting
materials for magnesium-halogen exchange followed by Grignard reactions
with various aldehydes leading to alcohols 77. Treatment of 77 with TFA and
Et;SiH gave the respective isothiazoles 78a—c. However, the final step was
not applicable for the synthesis of the methyl compound 78d; for this rea-
son alcohol 80 was effectively prepared via aldehyde 79 and various reductive
methods were tried aiming to the synthesis of 78d from 80, but all were un-
successful. Due to the difficulty of reducing the alcohol functionality in 80,
the possibility of introducing the methyl group by a Suzuki cross-coupling
reaction from 76 was investigated. Microwave heating and the use of methyl
boronic acid and PdCl,(PPhs); limited by-product formation sufficiently to
give an isolated yield of 32% of 78d. Standard aryl-aryl Suzuki reaction was
applied to give the phenyl compound 78e in excellent yield.

Starting from 76, 77, 78, in the presence of LDA (1.1 equiv., 0.1 M in Et;0),
the 2-(N-t-butoxycarbonylimino) malonic acid diethyl ester (81) was added
and the desired products 82a-g were obtained. The hydrolysis of the ester
functionality and the deprotection of nitrogen and oxygen atoms gave 83a-
g as the zwitterion upon treatment of the corresponding hydrobromides with
propylene oxide.

Isothiazole esters of phosphorothioic acid were prepared for their inter-
est as harmful organism-controlling agents [22]. Numerous examples of these
compounds are patented and the syntheses of the isothiazole nucleus were
usually done by the way of Method E4 or slightly modified methodologies. As
examples of the above interesting derivatives, the preparation of compounds
84 and 85 are reported in Scheme 21. Compound 31 was treated with anhy-
drous K,COs in acetone and dialkyl-chlorothiophosphate was added afford-
ing 84. For the preparation of 85, compound 31 was firstly transformed into
the corresponding carbamoyl derivative (H,SO4), which was treated in DMF
with NaH and subsequently made to react with dialkyl-chlorothiophosphate.

B
NC o’FI>—0Fz1
(R10),P(=S)Cl Bt OR'
NC  OH "
KoCO3 or NaH, acetone 84
g e
R .
S 11
31 1. H2804 A H,NOC_ ~ O-P-OR!
R = Me, Ph, n-Bu N\ OR'
2. NaH, (R'0),P(=S)ClI R N
DMF S
85
R' = Me, Et

Scheme 21 Synthesis of alkyl 3-isothiazolyl-thiophosphonates
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3-Hydroxy-4-carboxyalkylamidino-5-amino-isothiazole ~ derivatives 87
were discovered as potent MEKI inhibitors (Scheme 21) [23-25]. 5-Amino-
isothiazoles 86 were prepared according to Method E3 from the isothio-
cyanate, which was treated with cyanoacetamide (KOH in DMF) and then
cyclised with bromine. By reaction of the nitrile group with an amine, usu-
ally cyclohexylmethylamine, in EtOH at reflux, the corresponding amidines
87 were formed. Following the same synthetic scheme a series of amidine
compounds of general formula 88 were also prepared [26].

NHR!
NG OH HN OH
l/—\f\‘ R'NH,, EtOH, 90°C Y
RNH™ s’ RNH™ g~
86 87
R = n-Pr, 4-MeO-Bu, iPr, 3-morpholinyl-(CHy)s, R' = Cyclohexyl-CHy, R = 4-Me-Ph, 2-MeO-Ph
cyclohexyl-CHy,2-thienyl-(CHy),, Ph-(CHy)s, 3- or 4-Cl-Ph; 3- or 4-Br-Ph; 2-F-Ph; 3-O,N-4-CI-Ph,
4-HO-Ph-(CHy)z, MeCH(Ph), 3-Py, pyrazolyl, Ar 4-0,N-2-MeO-Ph, 2,4-Me,-Ph, 3,5-Cl-Ph, 2,4-Cl,-Ph

Ar = 2- or 3- or 4-Me-Ph; 2- or 3- or 4-MeO-Ph;
2- or 3- or 4-OoN-Ph, 4-NC-Ph, 2-F3C-Ph, 4-EtO,C-Ph,
3-Br-Ph, 4-CI-Ph, 3,5-Clo-Ph, 2,5-Cl,-Ph, 2,4-Cl,-Ph,

3-F5C-4-CI-Ph NHR®
X HN OH X =0,NH, CHp, CO, S, SOp, CMe,, N=N
Ri _,(j/ \@\ :i_\( R3 = alkylalcohols, alkylamines,alkyldiols, alkyl
) / N R'=H,CLF,Me
R? HN s R2 = Cl, F, CFs, NMey
88

Scheme 22 Synthesis of 3-hydroxy-4-carboxyalkylamidino-isothiazoles

Starting from 86 (R = Ph), a mixture of 3-methoxy compound 89 and 3-iso-
thiazolone 90 was obtained using NaH and Mel (Scheme 23) [23].

NC OMe NC o)
NaH, Mel, DMF RNH™ g~ RNH™ °8" Me
25°C 89 90

Scheme 23 Methylation of 3-hydroxy-isothiazoles

An alternative and more general approach to functionalisation at C-5 with
the nucleophilic group was found from sulfone 91, which derives from ox-
idation of 29 (H,0, in Ac;0/AcOH). By the way of a nucleophilic substi-
tution reaction with the proper nucleophile, compounds 92 were prepared
(Scheme 24) [23].

3-Chloroisothiazoles 28 functionalised with a cyano group at C-4 were the
starting materials for the preparation of a series of molecules characterised
by antiviral activity [27]. Depending on the substituent at C-5, they were
prepared in 60-72% yields according to Method E1. They were then function-
alised at C-3 both with an amino group and with a thio group. The reaction of
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NC OH NC OH NC OH
ﬂ _HOp I\<N _ NuH/B0°C ﬂ
MeS~ 8~ AcyO/AcOH MeSO,” s’ 30% NaOH Nu™ g~
29 91 or EtOH 92

Nu = PhOPhO, 4-i-Pr-PhO,
piperidinyl

Scheme 24 General procedure for nucleophilic substitution at C-5

chloroisothiazole 28 with secondary amines in EtOH at reflux gave derivatives
93 (70-84%). Instead, the functionalisation at C-3 with a sulphur atom was
made by making 28 react first with Na,5-9H,O0, affording the intermediate 94.
Intermediate 94 can be also prepared by condensation of O-alkyl thioates 95
with CH,(CN), in EtONa/EtOH and treatment with Sg at reflux (Method E)
(Scheme 25).

NC  NRy' NC CI
m R>'NH, EtOH i Na,S-9H,0
l N 2 N N\

R! ‘ 1 - MeOH/H,0

s R S A NC S

93 28

2/ \:N
R21N = Me2N, R1 S/
pyrrolidinyl, OR2 1. EtOH/Na/CH,(CN), 94
i 1

morpholiny, R 254
piperidinyl S

95
R’ = cyclohexyl, 2-thienyl,
2-pyridyl, 4-BnOPh

Scheme 25 Preparation of 4-cyano-isothiazole synthons

From 94, several compounds were generated such as the 3-thioalkyl com-
pounds 96 (40-67%) by reaction with alkyl bromides. Intermediate 94 was
also treated with HCI, iodine, 1,3-dibromopropane or with ethyl chlorocar-
bonate affording the mercaptane 97 (68%), the disulfide 98 (45%, n = 0),
compound 99 (37%, n = 3) and the thiocarbonate 100 (67%), respectively. By
a partial hydrolysis of the nitrile group with H,SO4 at reflux, carboxamides
101a-b (92%) were prepared from 96. The same reagents 96 can be trans-
formed into methyl esters 102 (Scheme 26).

Because compound 96 (R! = Me, R = BnOPh) exhibited a broad antipicor-
navirus spectrum of action, it was selected as a model and a series of new
functionalised aryl compounds 104 (66-82%) was synthesised from com-
pound 103, which was functionalised at the oxygen atom with a proper chain
operating in acetone in the presence of K,CO3 at reflux (Scheme 27) [27].

Anti-inflammatory compounds 107 and 108 (Scheme 28) were prepared
from the known amino acid 105 following three different strategies, the first



Chemistry of Biologically Active Isothiazoles 195
HoNOC SR? NC SCO,Et NC S(CH2)nS CN
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1 ! N I N ! N N, \
R s Ph g’ Ph” s s~ “Ph
»s 101 100 98,99:n=0,3
R =Me, Et, Pr n=0:lp R = Ph, CIPh,
n=3: Br(CHa),Br  ClyCeHa, 4-MeCeHa,
4-MeOPh, 4-CF3Ph,
A | HoSO4 CICOE naphtyl, pyridyl
> 1. KOH/H,0 o .
Me201_<SR ethylene glycol NC SR RX NC S EtOH NC SH
| N Z/ \ | N “hol -
P g 2.MeOHHCI  pi-~g N R1l N HCl . l\ oM
102 9 Y 97
R? = Me, Et, Pr, (CH2)X
X = CN, CO,Et, OH, Br
n=123
Scheme 26 Chemical applications of synthon 94
NC SMe ROY'(CHZ)H-Br NC  SMe
3 \
/ N / N
S acetone, KoCOg3, A S
HO 103 Y =CHp, O ROY'(CHz)n—O 104
n=1,2,3,4

R = H, NO,, CO,Et, CN

Scheme 27 Synthesis 4-cyano-3-methylthio-5-substituted isothiazoles as potential antipi-

cornavirus agents

1. R®COCI, pyridine

2.R'R2NH, DCC, DMF
Me CONR'R?

R' = H, Me, Et R2 = Ar, Alkyl, pyridyl,
6-methyl-2-pyridyl, 5-methyl-2-pyridyl,

R'=H CH,CO,Et, CH(CH,)Ph, CH(Me)CO.Me,
s~ “NHCOR?®
1. SOCl,
Me COLH 107 o e
; # 2 RIRNHR'=H R® = 4-CI-Ph, Ph, Me, R* = 4-CI-Ph, Et, /Pr
3
N\ \ NH 3. R°COCI R1R2NH
S 2 pyridine or ethanol
105
1. R®COCI, pyridine Q Me CO,R*
2. dehydrating agent, Me o] R4OH N/ {
N N/)\RB *s” “NHCOR?
toluene or CH.Cl, or THF S
106 108

Scheme 28 Synthesis of 5-acylamino-isothiazol-4-carboxylic acid derivatives

one consisting in the preparation of 4-carboxamides via 4-carbonyl chloride,
then acylated to nitrogen in position 5. Alternatively, 105 can be firstly re-
acted with acyl chloride affording 5-carboxyamides then converted into 107
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with amines in DMF/DCC. The same 5-carboxyamides can be converted into
the semi-anhydride 106 under the influence of dehydrating reagents such as
SOCl,, DCC, POCl3, and ethyl chloroformate in solvents such as benzene,
toluene, chloroform, methylene chloride and THF. Oxazinone 106 was used
to obtain the diamides 107 and the proper ester 108 by reacting with alco-
hols [28].

Other 5-carboxamidoisothiazoles, which are interesting as insecticides,
functionalised with a chloro atom in position 4, were prepared with a stan-
dard procedure [29, 30]. Some of them were prepared by reacting 109b with
an acyl chloride in boiling xylene. Alkylation of 110 with several alkyliodides
or bromides resulted in the formation of both the N-substituted isomeric
product 111a and b [31] (Scheme 29). In order to obtain exclusively the struc-
tures 111a, the alkyl group was introduced at the amine stage using reductive
amination on 109b affording 112, which was subsequently acylated. To en-
hance biological selectivity, other derivatives were prepared with substituents
at the o-methylene position [32]. Compound 110 was converted to the enam-
ineamide 113, via the Mannich intermediate, followed by substitution of the
dimethylamino group with several amines. The same Mannich intermediate
was transformed into derivatives 114.

Me R'cocCI cl Me ol Me
Xl,{ R' = 4-CF3-PhO-PhCH, I\( R2l or R2Br ﬁ cl Me
N — -
N 1 . N + 2
. xylene, reflux R'COHN™ ~g 1 . NR
H:NT s Y R ocN2 S Rloc-N"g
NCS 109a X =H 110 R 111a 111b
CCl, 109b X =Cl 1. (MeO),CHNMe,
2.113: RNH,, HCI, THF, H,0 R'coCI

114: KIO4, THF/H,0 then R' = 4-CF3-PhO-PhCH,

RNH,EtOH, A
113: X = CHNHR cl Me
R = Me, Me-d3, Et, Et-d5, n-Pr, i-Pr, i Me — XC(OE)3 or F’hCHO109b
n-Bu, CHaCH=CH,, 0o N NI —
CHacyclopropyl, benzyl, 4-t-Bu- 4F30-PhOPhC~6*N S/N R2HN s XNE?/IHeA Ettogh
benzyl, CH,CO,Et, CH,OMe, ‘* H T
CH,OEt, propargyl, CH,CN, ) 12
CHQCHQOH, CHZCOZH, CHQCOQN& 113,114 R= = Et, n-Pr, Bn

114: X =NR, R = OMe,
OCH,;CH=CH,, NHCONH,, NHTs

Scheme 29 Synthesis of 5-carboxamido-4-chloroisothiazole

CP 547, 632 was identified as a potent inhibitor of the VEGFR-2 and
basic fibroblast growth factor (FGF) kinases [33, 34] (Scheme 30). The syn-
thesis of this compound, and of several other derivatives, starts from com-
pound 115 prepared according to Method E3. The hydrolysis of benzyl
ether of 115 (H;SO4) followed by alkylation with 2,6-difluoro-4-bromo-
benzylalcohol in THF/DEAD/P(Ph); afforded the intermediate 116, which
was reacted with 4-pyrrolidin-1-yl-butylamine affording the target com-
pound CP 547, 632.
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A similar chemistry was employed for the preparation of a series of isoth-
iazoles 117 and 118 under study as TrkA kinase inhibitors (Scheme 30) [35].

Br.
HoN 1. HoSO4 conc. D
BnO (0] 2. DEAD, P(Ph)s THF HoN HzN/\/\/
o "
d

N \ N/lk F THF, 50 °C

N™ >opPh BrQCHgOH Jk
F

115

o

Br

CP-547,632 R! = 4-CI-PhCHp, 2-CI-PhCHy, 4-Cl-

PhCH,CH(Me), CyclohexylCH,
Het = 2-pyr, 3-pyr, 4-pyr, 4-

R! HoN

>3 R! HoN pyrimidinyl,
R? Oo R; =4-CLPh, >_S
NN R2=H, Me, Et, iPr, \(l \(\/L
s H NHR? ro_ ’\fA]-ePr, CF3, Ph /Het H N~ >oMe
117 RZ=H

118

Scheme 30 Synthesis of CP 547,632 and TrkA kinase inhibitors

Following Method D2, 119 (Scheme 31) was obtained, which could be
transformed into the corresponding 3-ketoderivative 120 with POCl3 and
then with Na;Cr,07/H,SO4. Transformation of 120 afforded 4-amino deriva-
tives 121 [37].

1. MeONa NHR - on
OH 4 POCI,, HsPO, O Gl 2 121a: NH,;0Ac, NaCNBHs, HBI/ACOH, £
2 NeeCrOy, HaSO, éj\( 121b: MeNH,, NaGNBH;_HBI/AcOH | S,N
S S/N
121aR=H
119 120 121b R = Me

Scheme 31 Synthesis of 4-amino-3-hydroxy-4,5,6,7-tetrahydrobenzo[d]isothiazoles

A series of 4-hydroxy-4,5,6,7-tetrahydroisothiazolo[4,5-c]pyridines 124
and 125 were synthesised and pharmacologically characterised as confor-
mationally restricted mAChR ligands (Scheme 32) [38]. Their synthesis
was based on the corresponding enamines 122 transformed according to
Method D2 into isothiazoles 123. From 123 with different alkylating reagents
and employing proper conditions (RX, K;COs3, BusNHSO4; RX, K;COs3;
R,S04, BuyNHSO4; NaOH, CH;N;) 124 was obtained (R*> = Boc), which was
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OR?
1 Metnoa D2 OH 1. Alkylating reagents R3 PR
0N NH, 2. HBI/ACOH (33%) Boc. . 8
? 3. (Boo),0, K2CO N N 2HCLERO YT N
R2 ’}‘H B —— g R2 IS
RZ
R! CHgPh e Rl
122 123 HCOOH 124 R®=H
R = Me, Et, R' = H, Me, CH0, A 125
R2 = Me, H, R' = Me, H 2 =
© R*=Me,H 124:R8=H, Boc
125: R® = Me,
R = CH,CCH, CHyCH=CHj,
CH,CN

Scheme 32 Synthesis of 3-alkoxy-4,5,6,7-tetrahydroisothiazolo[4,5-c]pyridines

deprotected to nitrogen (R* = H) and then methylated at the nitrogen atom
to afford 125 (HCHO/HCOOH at reflux).

24
Synthesis of 2,3-Dihydro-, 4,5-Dihydro- and Isothiazole S,S-Dioxides

24.1
Isothiazole and dihydroisothiazole S,S-dioxides

The main synthetic method to prepare the isothiazole S,S-dioxide ring and
analogous dihydro compounds takes advantage of the intramolecular con-
densation with different electrophiles of the anion generated in position «
to the SO, group. A very interesting class of isothiazoles is represented by
the 4-amino-2,3-dihydroisothiazole S,S-dioxide series 127. These compounds
were synthesised from 126 through the well-studied [39] procedure known as
CSIC (carbanion-mediated-sulfonamide-intramolecular cyclisation) shown
in the Scheme 33 (Method F).

1
R1 R2 HN R R2
< DBU or NaH, MeCN "2 .
NCT NR* T | NR
R3CH,—SO. RS
2 2 d/ 0
126 127

Scheme 33 General synthesis of 4-amino-2,3-dihydroisothiazole S,S-dioxides: Method F

An intramolecular cyclisation is also at the basis of the synthetic strategy
outlined in Scheme 34 (Method G), which can afford 2,3-dihydroisothiazoles
129 from 128 operating with NaH, DMF (Scheme 34) [40-42].

When the starting compounds are sulfonylamidines 132, prepared via
a cycloaddition reaction of azide 130 and enamine 131, 3-aminosubstituted-
4,5-dihydroisothiazol S,S-dioxides 133 can be obtained by base catalyzed in-



Chemistry of Biologically Active Isothiazoles 199

(0] 1 1
R R Rr2
N 5 R
RPTC-R*  NaH, DMF R
NR | NR*
R3CH,—SO R®” S
2 2 d/ 0

128 129

Scheme 34 General synthesis of 2,3-dihydroisothiazole S,S-dioxides: Method G

tramolecular cyclisation (Method H). Substitution of the hydroxy group with
a halogen (compound 134) followed by dehydrohalogenation, affords the cor-
responding unsaturated isothiazole S,S-dioxides 135 [43] (Scheme 35).

R'CH,SO,N5

R' O I
11 g
130 EtOH ArCO.__N-SO,CHR' BUOK Hil-§s5 KeCOs l S‘NO
i T\;? THE AN AT
PhCH=C~COAr 2 e X I NR
NRp 2
131 135
X = OH 133
SOCL [ Y Zcitsa

Scheme 35 General synthesis of 3-amino-isothiazole S,S-dioxide derivatives: Method H

Isothiazole dioxides 135 are the key intermediates for the preparation
of a series of compounds for which the inhibitory activity on protein far-
nesyltransferase from Tripanosoma brucei was evaluated (Scheme 36) [44,
45]. Compounds used in these studies belong to two different classes in
the isothiazole dioxide series. The first class includes 3-dimethylamino-4-(4-
methoxyphenyl)-isothiazole §,S-dioxides 135, unsubstituted or methyl sub-
stituted on C-5, respectively [43], or functionalised at C-5 with substituents
ranging from alkenyl to aryl or heteroaryl groups. The second class consists
of a series of 3-dimethylamino-4-(4-methoxyphenyl)-isothiazole S,S-dioxides
and the corresponding 4,5-dihydro derivatives whose main feature is an
S-atom as a linker between the isothiazole moiety and the substituent.

The 5-bromo derivative 136 was the key starting material for the prepar-
ation of both classes of compounds. It was obtained from 135 (R = H) by
addition of bromine to the C4-C5 double bond followed by elimination of
HBr, which can be spontaneous or induced by TEA. Stille reaction on 136
(BuzSnR, (Ph3P),BnCIPd) performed in toluene afforded the vinyl compound
137 (70%), the ethenyl derivative 138 (86%), and the aryl or heteroaryl com-
pounds 139 (45-70%). Isothiazoles 140 functionalised at C-5 with an isoxa-
zoline ring were prepared by a regioselective cycloaddition reaction starting
from the vinyl derivative 137 and nitrile oxides [46].

The Michael addition of different mercaptans to isothiazoles 135 and 136
was regioselective and occurred at C-5 [47]. The addition to 135 of mer-
captans gave a mixture of trans (major isomer) and cis diastereomers 141
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1.0 1.0
RS 1. Bry, CCly Br S
| N _ | N
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Scheme 36 General reactivity of 3-amino-5-bromo-isothiazole S,S-dioxide derivatives

(60-90%). Compound 136 gave the addition elimination products 142 with
methyl thiolate (R = Me, 68%) or mercaptans (R = alkyl, aryl and heteroaryl,
31-88%) in CH,Cl,/DMEF. The use of sodium thiolate in MeOH afforded 143,
which was alkylated at a sulfur atom to give 142 (R = Bn 79% yield, R =
farnesyl 47% yield) using alkyl bromides and a base.

Analogues 145 and 146, unsubstituted at C-4, were prepared as in-
hibitors of rat aortic myocyte proliferation [45] starting from isothiazoles
144 (R! = H, Cl) bearing different amino groups at C-3. Compounds 144
were synthesised from the corresponding isothiazolones prepared according
to Method C followed by reaction with POCl; and NHj3; and oxidation of the
sulfur atom with 3-chloroperbenzoic acid (Scheme 37) [48]. By reacting 144
(R! = H) with mercaptans, dihydro isothiazole derivatives 145 were formed
in 40-91% yield. Through an addition-elimination process, compounds 146
(56-89%) were obtained from 144 (R! = Cl) and mercaptans.

According to Method F 4-amino-2,3-dihydroisothiazole S,S-dioxides 127
were synthesised through base-catalyzed ring closure starting from a variety
of alkylsulfonamides 126 (Scheme 38). Several compounds belonging to this
class have been studied for their potential anti-HIV activity [49-51].
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Scheme 37 Reactivity of 3-alkylamino-isothiazole S,S-dioxides with mercaptans

7 X

= DBU or NaH MeCN it H,N MGJC\
NSO,CH,R j\)<
CN ”“ R=H, Me, Ph, X =H, 4-Cl, 3-Cl
126 127

Scheme 38 Synthesis of 4-amino-2,3-dihydroisothiazole S,S-dioxides

More recently, several studies on alkanesulfonamides located on monosac-
charide backbones have been performed due to the biological interest of spiro
products like 150 (Scheme 39) [49]. These new bicyclic systems were used as
glycone precursor for aza analogues of TSAO RT inhibitors. Several families of

0 O

0-g=0 \}—4 <
o 5 7 NH 7 NH
RO/\Q “O 1. Thymine, HMDS, N— N
(NH,)2804, 13°C o 0 O— O TBDMS, imidazole, DMF
NC" NH RO .OR! RO/\Q"OR

CHs—80, 2 MeOH, Hy0, A

NC NH NC NH
147a,b Me—S. Me—S,
a:R=Bn 4o o
b:R=Bz
148a,b 149a,b
O 148 R'=H 0
149 R' = TMS
;/ NH 2/ f
BnQ o N&O LDA THF, -78°C or =
.OR! '
Ne” NH 1. Boc,O, DCM, pyridine 2. LDA THF, -78°C
Me—”S\\
O O

149¢  R'=TMBDS

Scheme 39 Synthesis of aza analogues of TSAO RT inhibitors
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compounds, depending on the substitution at both N-3 and N-2”, were syn-
thesised. Sulfite derivatives 147 as endo and exo mixtures (endo/exo 1:1 to
3:2) were prepared by reaction of the corresponding dihydroxy derivatives
with SO(Im); in THE. Compounds 147 were treated with silylated thymine in
dry conditions at 125 °C to give a mixture of regioisomeric 2'-O-silylated and
2’-hydroxy-5-methyluridine derivatives 148a,b and 149a,b. After protection of
148a as TBDMS giving 148c followed by cyclisation using LDA in THEF, com-
pound 150 (R = H) was obtained (Method F). Alternatively, the protection as
N-Boc derivative of 148c and subsequent cyclisation afforded compound 150
(R= Boc). Several aza derivatives were evaluated for their inhibitory activity
against HIV-1 (IIIg) and HIV-2(ROD).
2,3-Dihydro-4-ethylaminomethylisothiazole S,S-dioxide (151) is the key
compound for the preparation of a large series of compounds like 156 de-
signed as growth hormone secretagogues (GHSs) (Scheme 40) [52]. Their
synthesis is based on the coupling of derivatives 151, prepared according to
Method G, with the opportune carboxylic acid derivatives and subsequent

R1
Me R? EtHN R
1. NBS, CCly, AIPN R2
| NH
A TS, 2. EtOH, EtNH, | NH
"0 S
Ar 0 \O
129 o
151
R
Ne) NHR!
EtNH Me . DCC, HOB Me_ _NHBoc
Me R NHR ' o Me—T
\O CHQC|2, r CO-H
[ NH 4 _— NEt Me =~ ——=
s, CO,H € Dce, HOBH
d 0 152a-c | NH CHyCly, rt
151a R'=Boc )
cl a: R = CHpAr-X
b: R = Ph, Het cl

c: R =CH(Me)Ph
153a-c: R' = Boc

/g/ TFA, CHCly, 1t E» 154a-c:R'=H
NHR‘

NEt Me 156a R = CHAr-X X =4-F, 3-F, 2-F, 4-Cl, 4-CF3, 4-OCF3, 4-Cl-2-F, 2-Cl-4-
F, 4-CN, 2-CN, 2-Me, 2-CONHjy, 2,3-Cly, 2,3-F», 2,4-F5, 2,5-F», 3,5-F; 2,6-
F»,2,6-Cly, 2,4,5-F3, 2,3,5-F3, 2,3,6-F3 2-CI-3,6-F5, 2-Cl-6-F, 2,6-F»-3-Me
| NH 156b R =Ph, 2-pyridyl, 3-pyridyl, 4-pyridyl, 4-(3,5-dimethyl)oxazolyl,
i \\O 4-(2-methyl)thiazolyl, 4-thiazolyl, 3-thienyl, 2-thienyl,
o 156¢ R = CH(Me)Ph

cl
155a-c R' = Boc
156a-cR'—H _ | HCI, EtOH, it

Scheme 40 Synthesis of growth hormone segretatgogues (GHSs) based on the 2,3-
dihydroisothiazole nucleus
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deprotection steps. Among the large number of differently substituted deriva-
tives claimed in the patents [40-42], the synthesis of D-serine derivatives 156
are reported starting from 151a as shown in Scheme 40.

24.2
Isothiazol- and Dihydroisothiazol-3-One S,S-Dioxides

Formation of the C — N bond through a cyclisation process is the key step for
the synthesis of the isothiazolone S,S-oxide ring 158 from the corresponding
157 according to Method I, which is also general for dihydroderivatives and
for benzisothiazolones [1, 2].

COR R ?
(o~ o
SO,NH, S,
157 00
158

Scheme 41 Synthesis of isothiazol-and dihydro-isothiazol-3-one S,S-dioxides: Method I

This scaffold characterises several potent mechanism-based inhibitors of
HLE (see Sect. 5.3) such as tetrahydrobenzisothiazolones 162 (R = alkyl, n =
1) [53], which were prepared according to Method I from 159, oxidised with
Cl, in AcOH to the corresponding intermediates, which were transformed
into the sulfonamides 160. Their cyclisation with MeONa afforded isothia-
zoles 161 (70-80% overall yield). The functionalisation of the nitrogen atom
was performed using PhSCH,Cl and (¢-Bu)4NBr (70-80%) followed by treat-
ment of the intermediate with SO,Cl, in CH,Cl, giving the N-chloromethyl
intermediate (60-80%). Their reaction with the benzoic acid derivative in ba-
sic conditions afforded compounds 162 (50-60%) (Scheme 42). Compounds

R R R
COzMe CO.Me O 1. PhSCH,CI, TBABr
‘ 1. Cla(g), HoO ‘ 2 MeONa ft( toluene, 110 °C
- NH ——————
MeOH l /

SCHaPh o AcOH, ag. NHg SO,NH, (n) //S\\ 2. SO,Cly/CHLCly
159 THF 160 0
161
R o
K>,CO3/DMF/TBABr Q ¢l
T A~
i | N"TO
) R |
COH oo C
Cl 162
R =H, Me, Et, iPr
n=0-2

Scheme 42 Synthesis of 4,5,6,7-tetrahydrobenzo[d]isothiazolones



204 F. Clerici et al.

162 (R = H, n = 0.2) were also prepared from the available intermediates 161
(n=0.2).

The analogue norbornane compound 165 was obtained from bromo
isothiazolone dioxide 163 and cyclopentadiene, which gave the intermedi-
ate cycloadduct (95%), which was transformed into derivative 164 (40%
overall yield) by reduction of the double bond followed by elimination of
hydrogen bromide and deprotection (48%). The latter was converted to
the target dichlorobenzoate 165 as described before for compounds 162
(Scheme 43) [53].

Bre 1 @ E 0 o ¢
_ 4 .
LN — NH ——= 4 NVOWJQ

163 164 165

Scheme 43 Synthesis of norbornane-isothiazole derivative 165

Following Method I simple isothiazolidin-3-one S,S-dioxide derivatives of
general formula 166 were synthesised from intermediates like 157 [54]. The
functionalisation of nitrogen gave 167 (Scheme 44).

1. CICH,SPh, TEA

R 280Ckor R P R'= /By, Bn R2 = Ph; 2,6-Cl,Ph; 2-
r/{NH & i MeCO,Ph: CH=CHPh; (CHy)Ph;
//5’\\0 3. Nal, acetone ’/S\O OCOR2 CH,S(0),Ph, n = 0-2; trans CH=CHSPh;
0 4.RCOH, DBU, CHy,Cl, O ¢is CH=CH(O),SPh, n = 0,1.
166 167

Scheme 44 Synthesis of isothiazolidin-3-one §,S-dioxide derivatives

Phosphate derivatives 168 (Fig.1) were also prepared starting from
racemic 4-i-propyl-2-bromomethyl-isothiazolidin-3-one S§,S-dioxide and di
n-butyl- and benzyl phosphate in the presence of DBU [55].

Fig.1 N-Methylen-isothiazolidin-3-one S,S-dioxide phosphate

Functionalisation of the isothiazol-3-one §,S-dioxide system at C-5 pro-
vided several interesting derivatives. An example regarding the synthesis
of some protein tyrosine phosphatase inhibitors [56] is reported below in
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Scheme 45. Peptides containing the IZD heterocyclic pTyr mimetics were syn-
thesised in 10-11 linear steps from readily available starting materials such as
5-chloro-isothiazol-3-one 169, synthesised according to Method C, and amino
acid derivatives 170. The key synthetic reaction was a novel Suzuki coupling
of chloroheterocycle 169 with 4-phenylalanineboronic acid 170 to afford the
fully protected scaffold 171. The N-terminus of 171 was subsequently elab-
orated via peptide coupling and the dipeptide 172 was deprotected to give
inhibitor 173. The 4,5 double bond of 172 was reduced, isomers were sep-
arated, and each of them was further elaborated to afford compounds 174
(Scheme 45).

o} o
BOCHN\_)‘J\R BOCHN\_)J\R

: o) Pd(dpofsCl : for 171a:
A DC(IVIpng(ZDOi 0 o -4MHCudioxane, 98%
B \R""B“ “Goxane. 80°C 8”2 BocPhe, EDC, HOAY,
(OH)2 e hats | NtBu DIEA, DMF/CH,Cly, 84%
NH,CO3, 170a:R=OH 46q 171aR=NH,, O

(Bocs0), 170b: R = NH,

171bR=0B
o7% b OBn

Ph

o)
Ph AcHNj\H/HN\_)kNHR

, . )
BocHN/ng o 1. TFA , dioxane, (i-Pr)3SiH O\‘S”/O
N\//( 2. AcOH, EDC, HOAL, DIEA, \

0 T NH, DMF/CHCl, 173 | NH
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o] 1. Hp, Pd/C, MeOH, 96% HN
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172 3. AcOH, EDC, HOAt, DIEA, Q.0

o DMF/CH,Cly S
174 NH

o)

Scheme 45 Synthesis of peptidomimetics 173 and 174 containing the isothiazolidin-3-one
§,S-dioxide scaffold

From the optimisation of the above compounds, potent nonpeptidic benz-
imidazole sulfonamide inhibitors were disclosed [57]. The synthesis followed
the route previously depicted. The ester 171b was reduced and deprotected
giving 175 in high yield and its coupling with substituted phenylendiamine
176 followed by cyclisation under acidic conditions afforded the desired ben-
zimidazole 177. Careful control of the temperature was critical because ring
closure at higher temperatures proceeded more rapidly but returned mixtures
of diastereomers at the a-centre of the amino acid. The (R/S)-IZD diastere-
omers were easily separated by chiral HPLC to afford two discrete isomers.
Both diastereomers were further elaborated to the final compounds providing
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Scheme 46 Synthesis of peptidomimetics 178 and 179 containing the isothiazolidin-3-one
S,S-dioxide scaffold

an active (S) and inactive pair. The removal of Boc group with TFA furnished
the free amine, which was acylated with a variety of reagents under mild con-
ditions to give amides, ureas, sulfonamides and carbamates 179 (Scheme 46).

3
Sultams

y-Sultams are useful heterocycles for asymmetric synthesis and medicinal
chemistry. Several compounds of biological interest containing the sultam
moiety were synthesised and in many cases their preparation can be per-
formed by simple functionalisation of the unsubstituted sultam or by modi-
fication of preexisting functional groups. Most compounds are N-substituted
sultams but there are also several interesting derivatives substituted at C-2,
C-3 or/and C-4. Some examples of the synthesis of sultams with a particular
substitution pattern were reported.
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3.1
Synthesis of Sultams

Various protocols for the synthesis of the substituted sultams have been de-
veloped using as the ring formation step either C—N, C-C or C-S bond
formation [1, 2]. Very often the cyclisation of a -aminosulfonyl chloride deriv-
ing from nucleophilic substitution of an opportune amine on a y-halosulfonyl
chloride is used. In such a case the resulting sultam can be substituted or not at
the ring nitrogen depending on the amine used in the process (Method J1). In
the case of y-aminopropanethiols oxidation of the thiol function and cyclisa-
tion was donein a one-step procedure (Method J2) (Scheme 47). Alarge number
of different combination of reagents were used in the sultam ring synthesis
based on this procedure and will be described for each significant compound.

NH
XCH2CH,CH,S0,Cl 2 RHNCH,CH,CH,S0,Cl ~ P3se _ Method J1
0
X = halo E\ <
gen 0
|
HS~CHoCHoCHoNHR oxidation  cyclization ) Method 12
180

Scheme 47 Synthesis of sultams: Method |

Recently developed powerful methodologies for the generation of these
cyclic sulfonamides include pericyclic reactions as the intramolecular Diels—
Alder reaction affording bi- or polycyclic sultams (Method K) (Scheme 48).

N //o R2

Q\S/,O ‘R2 1) tBUOK, -78°C. THF RN XS~ 1) NaH, THF
Me™°~N| H
Boc 2) R1\/\CHO 182a-e 2) =~ pr
181
(0]
O\\ //O R2 y Q‘S//o p \\S//O
RS-\’ PhMe, 145°C @N—RZ ©L\/N_R2
) ™ + ™ -
— 2-3 days R H R H
183a-e 184a-e 184'a-e

182, 183,184, 184' a R' =H R2=4-CI-Bn
182, 183,184, 184' b R' = Me R? = 4-CI-Bn
182, 183,184, 184' ¢ R' = Ph R2 = 4-CI-Bn
182, 183,184, 184' d R' = Ph ﬁz =n-Bu

N
182,183,184, 184' e R = NQ R2 = 4-CI-Bn

Scheme 48 Synthesis of polycyclic sultams via Diels-Alder reaction: Method K
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Such a procedure has been exploited for the synthesis of several derivatives
for which an anti-inflammatory activity has been claimed [58]. A deriva-
tive under study as the Histamine H3 antagonist was prepared by the ther-
mal intramolecular Diels-Alder reaction of a triene derivative of buta-1,3-
diene-1-sulfonic acid amide. 1,3-Butadiene sulfonamides 182 (a: 67%, b: 69%,
c: 99%, d: 51%) were prepared by the base mediated condensation of N-Boc-
methanesulfonamides (181) with a series of aldheydes. N-akylation of 182 to
give trienes 183 (a: 69%, b: 76%, c: 82%, d: 59%) was achieved by reacting the
sodium salts with allyl bromide in THF at reflux. The intramolecular Diels-
Alder reactions of compounds 183 were performed at 145 °C in toluene in
a sealed vessel under argon. Under these conditions compounds 184 and 184’
were obtained in good yields (a: 76% ratio 6: 1, b: 71% ratio 6: 1, ¢: 92% ratio
3:1,d: 87% ratio 3:1).

3.2
Reactivity of Sultams

N-Unsubstituted y-sultams can be easily substituted at the nitrogen ring by
alkylation, arylation or acylation. Arylation can be performed efficiently via
copper promoted chemistry by using arylboronic acids. Alkylation is usu-
ally performed with halogen derivatives by using bases such as K,CO3, NaH,
TEA. In some cases good results were obtained from hydroxy substituted
compounds and DEAD/PPhj; [59, 60].

Synthesis of sultam hydroxamates prepared as potential anti-inflammatory
agents was accomplished as shown in Scheme 49 by applying the method-
ology already described (Method C). Racemic homocystine 185 was oxi-
dised to the sulfonyl chloride and cyclised. The resulting sultam 186 was
arylated or alkylated affording 187a-e (a: R = 4-Ph—Ph, 13%; b: R = 4-
PhCH,O - Ph, 26%; c: R = Ph — PhCH,CH>, 88%; d R = PhCH,OPhCH,, 44%;
e: R = PhCH;OPhCH,CH,). Deprotection of oxygen in 187b,d,e and trans-
formation of the phenolic group of 188 into OTf followed by Suzuki reaction
gave the bis-aryls 189a-c. When 188 was treated with 4-(hydroxymethyl)-
or with 4-(chloromethyl)-2-methylquinoline, 190 was formed (Scheme 49).
Treatment of 187 and 190 with basic hydroxylamine gave the corresponding
hydroxamates 191.

Enantiopure homochiral sultams were prepared from chiral alcohol 192a
that was converted to the thioacetate 192b (R = AcS) prior to chlorine oxida-
tion, selective N-Boc removal and cyclisation to 193. A similar chemistry as
that reported in Scheme 49 afforded the target compound 194b (R = NHOH)
(Scheme 50).

A novel series of HIV protease inhibitors containing the sultam scaffold
197 has been synthesised [61]. Compound 197 was prepared (Scheme 50)
starting from the thioacetate 195 prepared as described in the literature [61].
The usual oxidation/chlorination one-pot process (Method JI) with Cl, gas



Chemistry of Biologically Active Isothiazoles 209

Ar-B(OH),, Cu(OAc), 187a,b
Et3N, mol sieves, CHoClo

Cly, EtOH/CHC|3 HOCH,CH,Ph-Ph S
_ EtgN, CHCl3, 5°C _ T YR TR N O
S CchHg(;HNHg DEAD, P(Ph); THF MeOZC
COMe| » 75% yield MeOQC
1as 1gs  PCHAOPRCHOL o0 187ace

KoCOs, BuNI, DMF

PhCH,OPhCH,CH,Br,_  187e

NaH, THF/DM
0
1. THO, i-ProEt, /E\,S\\ .
O 189a: Ar = 4-MeOPh
CHZClo, 77% Me0,C~ N 189b: Ar = 3,5-Clo-Ph
(CHz)n  189c: Ar =2-MeOPh
2. Pd(AcO)y, |
. o ArB(OH), = ]
Hy, 5%MeOH o (Ph)3P, KoCOs «
Pd BaSO, N toluene
187b,d,e MeO,C N A
quantitative (CHz)” g
189 /E\ 0
/ S<
X ! = MeO,C~ N ©
XHL—\ N (CHo)n
HO
188
X = OH, DEAD, P(Ph)s, THF
X = Cl, KCO3, MeCN —
65% O—HC— N
190
0
NH,OH, HCI, MeOH /E\ S
187a-e,190 20 0 TEEL L HINOC o
191

Scheme 49 Synthesis of sultam hydroxamates
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Scheme 50 Synthesis of homochiral sultams 194
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in AcOH/aq. HCl produced sulfonyl chloride 195b (95%). The Cbz group was
removed (48% HBr/AcOH) and the cyclisation to 196 (58%) was performed
using TEA. The benzyl substituent was introduced starting from the N-Boc
derivative, obtained from 196 (Boc; O/THF), which was treated with LDA and
BnBr in THEF. Finally, the nitrogen atom was deprotected (TFA/CH,Cl;) and
the isothiazolidine §,S-dioxide 197 was isolated. Compound 197 was then
coupled with epoxide 198 using NaH in DMF at 80 °C. A partial isomerisa-
tion occurred and a mixture of trans/cis epimers (3 : 1) was formed (the trans
isomer 199 is shown in Scheme 51).

CHyPh
Preile ;:THEBA%ﬁgH ) 1. Boc,O/THF
CszH)\AX ST L (M 2. LDA/BnBr/THF
s? -
d o 3. TFA/CH.Cl,

195a: X = SAc
Cl/ACOHHClag. [__ 1951 X = 50,1 198

PhCH
<CHePh C OH cHpn  OH
/(_\ NaH/DMF,80 °C /(T 2NH :
PhcHy g7 o~ PhCH; ,S:NJ\)\W ’
// \O o PhCH, H = O’ \O le}
199

197 MN"
198

Scheme 51 Synthesis of 3,5-dibenzyl-N-substituted sultams

By the same chemistry based on the reaction of 3-chloropropanesulfonyl
chloride with amines as shown in Method J1, compounds 201 [62] and 203
were prepared from amines 200 and 202, respectively (Scheme 52). Fur-
ther alkylation of 203 with methyl iodide resulted in the formation of 204.
Removal of the Boc group in 203 and 204 with HCI followed by coup-
ling with N-Boc-D-(4-Cl)Phe under EDC conditions gave 205. Removal of
Boc protection followed by EDC coupling with N-Boc-Tic and subsequent
Boc removal furnished 206a and 206b [63]. Compound 201 showed anti-
inflammatory activity, whereas 206a and 206b were synthesised as selective
human melanocortin subtype-4 receptor ligands.

Taking advantage of the nucleophilic character of the C-5 atom due to the
electron-withdrawing effect exerted by the SO, group, condensation reactions
with aldheydes are possible giving rise to the alkylidene derivatives [64, 65].
By this way, through an aldol condensation, antiarthritic drug candidates,
were prepared. The N-substituted sultam ring, from the cyclisation process,
was condensed with 3,5-di-t-butyl-4-hydroxybenzaldehyde affording the cor-
responding adducts 207 as diastereomeric mixture. Treatment of the crude
aldol adducts with a catalytic amount of pTsOH resulted in dehydration and
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a
- 205a R =H
206b R = Me 205aR=H
Scheme 52 Synthesis of N-functionalised sultams as selective human melanocortin

subtype-4 receptor ligands

removal of the MOM group yielded an E/Z mixture of 5-benzylidene-y-
sultam derivatives 208. Starting from the N-unprotected sultam 208, several
alkylated or acylated derivatives were formed by introduction of an alkyl
or acyl substituent at the nitrogen atom. The use of the p-quinone methide

R CHO
HOD/ OHO\\S’/O Rt

H o 0
S
0.0 R! 7 NN
g” R? N-R I; N-R
N-R
L HO HO
R2
180 R?
207 (E + Z) 208
Bu
~ “OMOM R = Me, Et, Pr, i-Pr, cyclo-Pr, i-Bu, 4-CI-Ph, 2-pyridyl, 3-
pyridyl, 4-pyridyl, OMe,OBn, PMB, CH,CH,OH,
0 CH;CHyNMe, CH,CO,H, Ac, CONHOH, CONMeOMe,OH
Bu R' = +-Bu,i-Pr,OMe, H R?= t-Bu, i-Pr, OMe, H
209

Scheme 53 Synthesis of 5-benzylidene-y-sultam derivatives
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derivative 209, generated from the corresponding benzaldehyde, allows to ob-
tain a single E-isomer (R = Et), via a 1,6-Michael addition (Scheme 53).

By a Wittig-Horner reaction, alkylidene derivatives 212 were similarly
prepared and tested on Plasmodium falciparum. Phosphonates 210 were ob-
tained from sultams 180 by using (EtO),POCI and LDA at - 78 °C and used
in a Wittig-Horner reaction with Boc-Phe-CHO (nBulLi in THF) affording 211
(E: 60%, Z: 16-29%) after deprotection of the nitrogen atom (TFA in CH,Cl,).
The dipeptides 212 (56-88%) were obtained by condensation of 211 with N-
Boc-1-leucine-N-hydroxysuccinimide ester in presence of TEA in THF and
deprotection of nitrogen with TFA in CH,Cl,. Carbamates 212 (R = PhCH3)
were obtained in low yield from 212 (R = H) and 4-morpholinecarbonyl chlo-
ride in presence of TEA in THF (Scheme 54) [66].

0P 0,0  1.nBuliTHF/ H o, 0

S on LDA/THF/-78 °C  (Et0),(O)P S.p _Boc-PheCHO HoN_ W&C/N a
/ (Et0)2POCI L 2. TFA/CH,Cl, Bn

180 210 211

R=Ph, Bn
)OJ\ Bu H o)
1. N-Boc-L-leucine-N-hydroxysuccinimide ester )ﬁrNH Pi=4
TEA/THF then TFA/CH,Cly (N N Y N-R
o oS 0  Bn
2 Al TEATHF 212

o/

Scheme 54 Synthesis of 5-alkylidene-y-sultam dipeptides

4
Benzisothiazoles

Examples of new synthetic approaches to the benzisothiazole ring are related
to compounds characterised by a particular substitution pattern or to heter-
obicyclic derivatives. Instead, the preformed benzisothiazole ring was exten-
sively used for the preparation of biological compounds functionalised with
several heterosubstituted chains at C-3 or at the nitrogen atom. Naphtho[1,8-
c,d]isothiazole (naphtosultam) represents the most used ring when function-
alisation at the nitrogen atom with pharmacophores was done.

4.1
Synthesis of Benzisothiazoles and Heterobicyclic Isothiazoles

S,S-Dioxo-2,3-dihydrobenzo[d]isothiazol-5-yl-pyrazole (215) [67], an anti-
inflammatory agent, was synthesised from compound 214 by treatment with
CBry, PhsP and aqueous NaHCOs3. Preparation of the reagent 214 was ac-
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\ Ph-4-OMe
HCIHN. o o U E O
NH . " <
4-MeOPh)J\/lLCF3 N Ph-4-OMe N-N
1. PPh3/CBI'4, CHQC|2,rt
EtOH, 60°C \H
CH,OH CH,OH 2. aq. NaHCO;;’ rt P \:
SO,NH; SO,NH, 0
213 214 215

Scheme 55 Synthesis of S,S-dioxo-2,3-dihydrobenzo([d]isothiazol-5-yl-pyrazole

complished as shown in Scheme 55 by simple coupling of phenylhydrazine
hydrochloride 213 with 1-(4-methoxyphenyl)-3-trifluoromethyl-1,3-propane
dione in EtOH.

Benzo[d]isothiazoles 220 and 221 (Scheme 56) were synthesised as oxi-
dosqualene cyclase inhibitors. By reaction of fluorobenzophenones 216 with
potassium benzylthiolate followed by S-chlorination, cleavage of the ben-
zyl group with SO,Cl, and reaction with NH3, compound 217 was formed.
Methoxy deprotection and alkylation with 1,6-dibromohexane gave interme-
diate 218, which was converted to 220 with N-allylmethylamine. Intermediate
218 was oxidised to the S,S-dioxide 219 and then functionalised at C-6 afford-
ing 221. Similarly, benzo[d]isothiazole 223 was prepared from benzophenone
222 [68].

F o
1. +BuOK, BnSH, THF, rt )
O O 2. S0,Clp, CH,Cly, 1t O O 1. BBrg, CHyCly, -78°C to rt
MeO Br MeO Br
216

3. NHg, EtOH, rt 2. Br(CHp)eBr, 10% NaOH,
217 n-BugNBr, CHoCly, 1t
Y M
Y:S/'\{ Y=S-N
X MeNHAIlyl, DMA, rt X p
@ )
Br{CHy):0 Br AN ,000 o
KMnO,/SiO, 218 Y = lone pair 220 Y = lone pair
CHCly, 1t 219Y=0 21Y=0

‘ ‘ —_ ’O ‘
MeO Br (H2C)e Br

Scheme 56 Synthesis of 3-aryl substituted benzisothiazoles as oxidosqualene cyclase in-
hibitors

A series of benzisothiazoles S,S-dioxides functionalised with a nitrogen-
linked chain at C-3 and with different substituents on the benzene ring, which
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are particularly useful in the treatment of pain, inflammatory hyperalgesia,
and urinary disfunctions, were patented [69]. As an example, the synthesis
of compounds 226 was reported (Scheme 57). From substituted chloropyri-
dine derivatives and by using a Suzuki reaction, the bis-aryl derivatives 224
were synthesised. Their treatment, in sequence, with SO,Cl,, aq. NH4OH, 1 M
NaOH and with KMnOy afforded the 3-hydroxy-benzisothiazoles 225. Their
reaction with POCI; followed by treatment of the corresponding 3-chloro in-
termediates with a proper amine gave 226.

Rx 1. SO,Cly/0 to 110°C OH NH(CH)nAr
E B 2. ag. NH,OH, 25°C 8 1-POCK, 90°C N
N - Ty N )
3.1 MNaOH, 80°C /= B 2. ACH)NH,, THE S
Me 4. KMnO, ( thenTEA, THF < o
224 R 225 226

Scheme 57 Synthesis of 3-aminosubstituted benzisothiazoles S,S-dioxides

Potential new inhibitors of Leptospheria maculansi mediated detoxifi-
cation of phytoalexin brassilexin were designed and synthesised by anal-
ogy with the heteroaromatic structure of isothiazolo[5,4-b]indole (bras-
silexin) [9]. The above ring was replaced by quinolino[5,4-b]-isothiazole 227,
benzothiophene[5,4-b]-isothiazole 230 and the simple benzoisothiazole 232
rings. In addition, 4-arylisothiazoles 7 resulting from disconnecting the “a”
bond of the indole ring of brassilexin and replacing the NH group ortho to
isothiazole with different substituents were prepared (see Sect. 2.1). Even if
the synthesis of the above ring is known in general, some changes in the

Vg N7 S
X

brassilexin: X =N 227
sinalexin: X = NMe

Br 1. BuLi, Et,O CHO
2. DMF N
\ \ NH,4SCN, DMF N g
S 3. BuLi i

4. Brp hexane
228 229 230

cHo - t-BuSH, K,CO3 DMF

@( 2. NH,OH-HCI, NaOH, EtOH, H,0 ©j\\N
<

NO, 8. Ac,0, AcOH
231 232

Scheme 58 Synthesis of benzothiopheneisothiazole and benzisothiazole
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use of the reagents were made aiming to improve the yield or to find less
harsh conditions or to simplify the purification processes. A new synthetic
approach was adopted for the preparation of 230 starting from 3-bromo-
benzo[b]thiophene 228 was treated with #-BuLi then quenched with DME
After bromination in basic conditions, 229 (35% overall yield) was obtained
and then heated with NH4SCN affording 230 (11%). Aiming to avoid several
chromatographic steps and to increase the yields, the synthesis of unsubsti-
tuted 1,2-benzoisothiazole 232 (64%, overall yield), starting from aldehyde
231, was revisited. New conditions are reported in Scheme 58.

4.2
Reactivity of Benzisothiazoles and Heterobicyclic Isothiazoles

Several compounds of biological interest containing the benzisothiazole ring
were prepared and, in many cases, well-known starting materials were used.
In general, their chemistry is related to the simple functionalisation of preex-
isting substituents. They can be divided into two main classes, i.e. benzisoth-
iazoles functionalised at C-3 or at nitrogen. The majority of C-3 function-
alised compounds bears a nitrogen atom directly linked to C-3 or a carbon
chain containing a nitrogen. Other heteroatoms can be directly linked to C-3,
such as oxygen and sulphur.

4.2.1
3-Carbon Linked Benzisothiazoles

Vicini et al. reported on the preparation of hydrazones 234 obtained from
the condensation of a proper aldehyde with 1,2-benzisothiazole hydrazide
derivatives 233 characterised by a different length of the linker chain
(Scheme 59) [70] and their antimicrobial [71,72] and anti-inflammatory [73]
activities were evaluated. Both theoretical and experimental lipophilic indices
were calculated and QSAR studies were also reported [70].

(CH,),CONHNH; (CH,),CONHNH=CHAr
R W ArCHO, 70-80°C R W
s HCI, H,0, AcONa EtOH s
233 234
R=H, Me Ar = Ph, 2-CI-Ph, 3-CI-Ph, 4-CI-Ph, 2-NO,-Ph,
n=0,1 3-NO,-Ph, 4-NO-Ph, 2-HO-Ph, 4-MeO-Ph,

4-HO-3-MeO-Ph, 3,4-OCH,0-Ph, 2-furyl, CH=CHPh

Scheme 59 Synthesis of hydrazones of hydrazido benzisothiazole derivatives

Below two examples of benzisothiazole derivatives characterised by anti-
inflammatory activity functionalised at C-3 with a heterocyclic ring, which
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was built starting from homologous nitrile compounds 238 and 242b, are
given. Compound 238 was prepared by using two different synthetic strate-
gies starting from the available 3-chlorobenzisothiazole (see Sect. 4.2.2) con-
densed with both ethyl cyanoacetate and phenylacetonitrile in EtOH/Na af-
fording 235 and 238 (R! =Ph,R = H), respectively [74]. The alkylation of 235
with Mel gave 236 hydrolyzed and esterified to 237 (R! = Me), then trans-
formed into nitrile 238 (R! = Me), by treatment first with NH4OH and then
with P,0s5. Compound 235 was directly hydrolyzed in aqueous DMSO to
238 (R! = H). Tetrazolyl derivatives 239a,b were prepared by treatment of
238 with NaN3 in DMF in the presence of NH4Cl. The benzisothiazolylalka-
noic acids 240 were simply prepared by alkaline hydrolysis of the corres-
ponding nitriles. From ethyl 2-(1,2-benzisothiazol-3-yl)-acetate (237, R! = H)
some new 2-(1,2-benzisothiazol-3-yl)ethylamine derivatives 241 were synthe-
sised and their putative histaminergic activity was investigated [75]. 2-(1,2-
Benzisothiazol-3-yl)ethanol was obtained by reduction of ester 237 (LiAlHy,
Et,0), which was treated with SOCI, to obtain the chloro derivative, and then
reacted with a suitable amine in EtOH affording the targeted compounds 241
(Scheme 60).

1
R, co,Et

CH
1. NaOH A R\©j<
N
N 2. H,S0,, EtOH, A s
R'--COEt R' = Me 237 R' = Me
R
\N R! 1. 30%NH4OH, MeOH, H,0O
Sl \CHCN 2. PZOS, CgHgC|4
R \
235R"=H N
Mel, Na, EOH [ 5ae R1 - e e S
R =H, Me CI NO, 238
R =H, Me, Cl, NO,,
R'=H, Me, Ph
NaN3
NH,CI, DMF
R 4 R! N-p -
\CHCOZH CH_</ K‘ CHQCHZNR R
R -
N N ;
s s S
240 239a,b 24
R= H, Me, C|, N02 CHZCOZH a:R= H, Me, C|, N02 NR2R32 NH2, NHMe,
R1 — Hy Me,Ph ' R1 = H, Me NM62, NMe3+

b:R=H,R'=Ph

Scheme 60 Synthesis of 3-tetrazolyl- and 3-carboxymethyl-benzisothiazoles

Benzisothiazole 3-carboxamide 242a was converted, through the inter-
mediate nitrile 242b, into the thioamide 242¢ (POCI3; then NH3/H,S), the
key starting material for the preparation of several 2-(1,2-benzisothiazol-
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Scheme 61 Synthesis 2-(1,2-benzisothiazol-3-yl)-thiazolyl-4- or 5-acetic acid derivatives

3-yl)-thiazolyl-4- or 5-acetic esters 243 and 245 obtained by reaction with
bromo ketoesters. The hydrolysis of the ester function gave acids 244 and 246
(Scheme 61) [76].

4.2.2
3-Heterosubstituted Benzisothiazoles

A large number of biologically interesting compounds were synthesised
from two key reagents represented by 3-chloro-1,2-benzisothiazole (248) and
3-amino-2-benzisothiazole (249) (Scheme 62). The chloro derivative was pre-
pared from 1,2-benzisothiazolone (247) obtained according to Method C
from 2,2'-dithiosalicyclic acid (SOCl,, DMF, toluene, 75 °C; Cl,, CH,Cl,, then
NH4OH). By adding POCI; to 247 and heating it gradually to 120 °C, the
3-chloro derivative 248 was obtained (77% yield) [77]. Other recent prepar-
ations of 248 are claimed in several patents [78, 79].

Ol HGONH,, NHs NHCOMe NCOMe
POCI3 AW sealed vessel HCI conc. NHZOH
,NH — N /
120°C S 140-150°C ’ EtOH A AcONa EtOH
Scheme 62 Synthesis of 3-chloro- and 3-amino-1,2-benzisothiazole

The preparation of 3-amino-1,2-benzisothiazole 249 can be done in dif-
ferent ways. A well-known method started from 248, which was treated
with a formamide solution containing NH3 [80] (Scheme 62). An alterna-
tive method started from hydroxylamine and N-(3H-benzo[c]1,2-dithiol-3-
ylidene) acetamides (250) (obtained from 248 and thioacetic acid), and gave
N-(3-benzisothiazolyl)acetamide (251) (52-62%) hydrolyzed to amine 249
(48-88%) [81].
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Several 3-amino substituted benzisothiazoles, in which the amino group
is involved in the formation of an amide, amidino, imino, guanidino groups
or is a part of a cyclic amine (e.g. piperazine) were prepared and evaluated
for different activities. 3-Amidinobenzisothiazole compounds 252 displayed
remarkable analgesic action and an interesting antiphlogistic action that is
often dissociated from antipyretic activity [82]. Their antimicrobial activity
in vitro was also evaluated [83]. The main procedure for their preparation
involved a nucleophilic addition of 3-amino-1,2-benzisothiazoles 249a,b to
the carbon of selected nitriles used both as reagent and solvent. The major-
ity of the target compounds were obtained by heating the amine with the
suitable cyanide and acidic catalyst enhancing the CN group reactivity (i.e.
SnCly or AICl3). Guanidino derivatives 253 and formamidino compounds
254 were prepared by reacting 249a,b with cyanamine in HCl and N,N-
dimethylformamide dimethylacetal in benzene, respectively (Scheme 63).

R2CN R1 S \RZ
N
NH, SnCly or AICl3 S

R ( 252: R'= H, Me; R? = H, Me, CHoCH=CH, Ph
N CH.Cl,cyclopropyl, cyclopentyl, 2-pyridyl
S 253: R'= H, Me; R? = NH,

249 'NMe;
N=C

N

a:R'=H (MeO),CHNMe,  R! ( H
b:R'=Me — > N
S

254 R'=H, Me

Scheme 63 Synthesis of 3-amidino- and 3-guanidino-1,2-benzisothiazoles

3-Aminoarylidene-1,2-benzisothiazol 255 were also prepared from
3-aminobenzisothiazole 249 and an opportune aldehyde (Scheme 64). This

255a R' = H; R2 = 2-Cl
255b R' = H; R? = 3-Cl
— g2 255cR'=H;R?=4-Cl

NH, N=CH 9 255d R' = H; R2 = 3-NO,
R! R! \_7/ 255e R' = H; R2 = 4-NO
Q ArCHO N ; 2
\@N \©f<N 255f R = H; R?= 2-OH
S AorBorCorD s 255g R' = H; R2 = 2-OH-3-OMe
249 255 255h R' = H; R2 = 4-OH-3-OMe
A = EtOH, Piperidine, 3h, A 255h R' = H; R? = 4-OMe
B = Benzene, pTSA, 6h, A 255i R' = Me; R? = 2-Cl
C =benzene, 5h, A 255j R' = Me; R%= 3-Cl
D = EtOH, MeCOzH, 15 min, A 2551 R! = Me; R2= 2-OH

255m R' = Me; R2= 4-OMe

Scheme 64 Synthesis of 3-aminoarylidene-1,2-benzisothiazoles
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reaction was not always straightforward and different experimental condi-
tions (A, B, C or D) were developed [73].

There is a large literature concerning the preparation and the evaluation
of the 3-(piperazinyl)-1,2-benzisothiazole derivatives 258 (Tables 2, 3) substi-
tuted at nitrogen atom with different oxygen functionalized chains [84-88]
as antipsychotic agents. Three main synthetic strategies were adopted
for their preparation (Scheme 65). The first one used as key reagent the
3-(piperazinyl)-1,2-benzisothiazole (256), which was appropriately alkylated
to introduce a chain of suitable length (n =2, 3, 4) affording the intermediate
257 and then made to react with the characteristic terminal group (reagent
RZ) affording 258. Some examples of the very large number of derivatives that
have been synthesised are given in Table 2 (entries 1-9). The second strat-
egy took advantage of reagents 259a,b from which compounds of type 258
(Table 2, entries 10-12) were prepared. The use of reagent 259b gave a mixture
of two regioisomers (entries 11 and 12).

X(CHa)nY

R—(CHp),Y R—(CH2y—N N MNeg
RZ ——————— R—(CHy), - —(CH2)h—
256 S
260
258
X R
SN NL X(CHa)Y NN N/
HN N—¢ S — = Y—(CHx)n-N N—¢ 'S SN N
— TEA, MeCN, A — 4

256 257 259a: X=BrR=H
259b: X =OMs R = Me

Scheme 65 Synthesis of 3-(piperazinyl)-1,2-benzisothiazole derivatives 258

According to the third strategy, the chain was first linked to the terminal
characteristic group (intermediate 260) and then the piperazinylbenzisothia-
zole (256) was alkylated with the whole substituent 260 affording 258 (Table 3
entries 1-5).

3-Phenylpropionic acid derivatives of general formula 261, function-
alised at C-2 with a 3-heterosubstituted benzisothiazole, were patented
for use in the treatment and/or prevention of peroxysome proliferator-
activated receptor gamma (PPARgamma) mediated diseases [89]. Only the
synthesis of the 3-sulfur linked compound 264 (40%) was extensively de-
scribed starting from methyl 3-[4-(benzyloxy)phenyl]-2-chloropropionate
(263) and benzoisothiazol-3(2H)-thione (262) operating in the presence of
MeONa/MeOH (Scheme 66).
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Table2 Antipsychotic 3-(piperazinyl)-1,2-benzisothiazole derivatives 258 (part I)
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Table 2 (continued)

Entry n Y RZ

12 4 -

258, R:

(o) R(CHz)n =
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0]

Table 3 Antipsychotic 3-(piperazinyl)-1,2-benzisothiazole derivatives 258 (part II)
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Scheme 66 Synthesis of 2-hetero-(benzisothiazol-3-yl)(3-phenyl)propionic acids

Benzisothiazole moieties substituted at C-3 with an oxygen are also present
in compounds studied for g-adrenoceptor blocking activity such as 266 [90].
These compounds were prepared as racemic mixtures from 265 by a coupling
reaction of the epoxide function of the benzene ring with the various amine
derivatives (Scheme 67).

MeO \/OCH2<| a. alkylamine, 110°C MeO ==\ OCH,"CHCH,NHR
P © "N\ OH
N‘s b. arylalkylamine, 80°C N‘s
265 266

o)
R = CH(Me),, cyclohexyl, Bn, (CHy)2Ph, H CGZ @N oo
(CH5)2Ph-NHSO,Ph-OMe 2 SO,Ph-OMe

Scheme 67 Synthesis of 3-methoxybenzisothiazolyl substituted propanolamines

423
2-Substituted Benzisothiazoles and Naphtosultams

S,S-Dioxo-2H-naphtho[1,8-c,d]isothiazole (naphtosultam) is in general the
more represented ring of this class of nitrogen functionalised compounds.
A series of naphtosultams 268 substituted at nitrogen with a functionalised
C-7 and C-8 chain were patented for their anti-cell-proliferation activity
(Scheme 68) [91]. They were prepared from naphthalenesultam 267 and
a w-bromo-hexanoic or -heptanoic acid benzyloxy-amides in the presence
of K,COs. The resulting intermediates were reduced with H, and Pd/BaSO4
giving 268 (60-70%).

The naphtosultam derivatives 270 characterised by anti-inflammatory ac-
tivity are strictly correlated to the above compounds. They were prepared via
intermediate 269, obtained by reaction of 267 with dibromoalkyl compounds
followed by treatment with the proper amine (Scheme 68) [92].
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1. Br(CH,),NHOBNn

KoCOg, DMF, 120°C L I
0= ~N~(CH,),CONHOH

2. H,, Pd/BaSO4 MeOH @)
’ ’ 268
=
0=9—NH ~—YR OO
0 Br(CHo)nBr U HN/\/ =

oﬁg\N\ /NfYR

267
NaH, DMF O‘g‘N\(CHz)nBr

269 270

Scheme 68 Synthesis N-naphtosultam-substituted alkanoic acid hydroxyamides and alkyl-
amines

Aryl sulfonamides were targeted as potential anti-MRS pharmacophores of
1-B-methylcarbapenems characterised by antimicrobic activity (Scheme 69).
The functionalisation of carbapenem 272 with naphtosultam as well as with
other isothiazole derivatives was achieved through a Mitsunobu reaction, tak-
ing advantage of the acidity of the arylsulfonamide function. The reaction
of bis(allyl)protected hydroxymethylcarbapenem 271 and the proper sulfon-
amido compound in THF and in the presence of DEAD or DIAD and PhsP
afforded 272 (average yield: 49%). The deprotection of oxygen atoms per-
formed with a mixture of Pd(Ph3P)3;, Ph3P, BuCHEtCO,H, BuCHEtCO,Na
afforded 273 (average yield: 67%) [93].

AllocO AllocO H Me R Pd(PhgP)s, PhgP
NH 302 NSOZRZ BuCHEtCO,H, BuCHEtCO,Na
"DEAD or DIAD CH,Cl,, AcONa, 0 °C
PhsP, THF

o7¢ CORAlY o COZAlyl
o)
Me R1
NSO,R? —N_ | —N{D —N
R 0/’8\\ o//s\\ o\
73C02Na _,{,\ R
o 9 [] 0 )e
—N ' - |
O//S‘(‘g 045\:\) ,/3

Scheme 69 General synthesis of carbapenems functionalized with benzisothiazole §,S-
dioxide rings
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In this case, the naphthosultamyl-methyl group was also selected as a good
candidate and the structure was optimised to improve water solubility, phar-
macokinetics and chemical stability. The Mitsunobu reaction of carbapenem
271 with a series of homologous silyloxyalkyl-1,8-naphtosultams 274 pro-
duced compounds 275 in good yields. Deprotection of the O-silyl group
(TfOH, THF/H,0, 55-65% from 271) followed by activation of the hydroxy
group as mesylate (n = 1: MsCl, TEA then Nal) or triflate (n =2, 3: Tf,0,
2,6-lutidine) gave compounds 276. Their reaction with substituted DABCO
salts (n = 1: AgOTf, MeCN; n = 2, 3: MeCN) followed by deprotection of oxy-
gen atoms using the above reported McCombi procedure or, preferably, using
dimedone as allyl scavenger (Pd(PhsP)s;/PhsP, dimedone, iPr,NEt, DMF)
gave the cationic zwitterion products 277 (24-72%) purified by tandem ion-
exchange and reverse-phase chromatography [94]. Being biologically opti-
mised the linker between naphtosultam and amino group, and aiming to

/E\j
AllocO H H Me HN‘sl /_(CHz)nOSiRg AllocO HH Me

Me - OH 0% = 274 : N\s —1 (CHo)1OSiRs
g N/ DEAD 5 N/ 073
CORAllyl PhsP, THF AllylO,C 13
271 n=1-
275 R _Me, Et
AllocO Me
1. TIOH, THF, H, b
2.n=1: MsCl, TEA, CH.Cl,, 0 °C then Nal, acetone N/

=23 -lutidi -20° o
n = 2,3: Tf,0, 2,6-lutidine, CH.Cl», - 20 °C AllyIO,C

—_

.N"\NR TfO"
/

n = 1: AgOTf, MeCN OH iy Me Q .
n=2,3: MeCN B N _(CHg)n_N//\/\NR or
N/ _S = _/
2. Pd(PhsP)s, PhsP,BuCHELCO,H g 0%
BUCHEtCO,Na, DMF, 0 to 25°C NaO,C
or 277
Pd(PhgP)s, PhaP, dimedone R = Bn, Pr, (CH,)30H, CH,CONH,, CH,CONHPh
ProNEt, DMF,25°C
1. 2,6-lutidine, Pd(OAG),, (BuO)sP, NMP, 35°C
2. TfOH, H,0, IPA (pH = 2.6)
3. pH = 6.85 MOPS buffer, 5 % Pd/C, 40 psi H,
4. PhSO3Na, H,0, IPA
TesO M
HH e +
" - @NCHQCONH2
+ N\)
N/ +
o OCO,Bu NH |
PpNPO,C S 2 TiO®
279 278

Scheme 70 Synthesis of carbapenems containing the naphtosultam scaffold



Chemistry of Biologically Active Isothiazoles 225

minimise manipulations with the sensitive carbapenem, the next synthetic
challenge was the coupling of the preformed naphthosultam intermediate
278, prepared as described in the literature, to carbapenem 279. Com-
pound 277 (L-786, 392, R! = CH,CONH,) was obtained in 97% yield [95]
(Scheme 70).

424
Reactivity of Heterobicyclic Isothiazoles

Nucleosides 282-293 functionalised with the imidazo[4,5-d]isothiazole ring
were prepared by reaction with different glycosides and their cytotoxic activ-
ity was evaluated (Scheme 71) [96]. Studies concerning the regiochemistry of
the formation of the B-N-glycosyl bond between the sugar and the nitrogen
atom of the imidazole ring were performed. The sodium salts of imidazo[4,5-
dlisothiazoles 280a-e, generated in situ using NaH, were condensed with
different chloro sugars 281a,b. From the «-chlorodesoxyribose derivative

R1

N X TolO N N S

N 4 \

S TNy e e
NTN

Cl 281a RO RO
e Lo o
RO RO

Base 282a-e: R = Tol Base 283a-e: R = Tol

NaH, MeCN
HO OH

nubularine MeOH 284a-e: R=H MeOH 285a-c,e: R=H
BnO OBn =)
R! N
y \ L N— S
N Cl 281b N>/I \>_R2 2 \
2 N 4
N\>\/'[ )R ono 5N R {NLN
S N NaH, MeCN RO— BnO RO—BRO a1
280a-e k J
a:R'=Me, R2=H RO RO
b: R' = Me, R? = SMe
c:R'=H, R% = SMe BCls 286a-e:R=Bn  BCl 287c,e: R=Bn

288a-e: R=H 289a-c.e: R=H
d:R' = Me, R2 = SBn CHxCl, CH,Cl,

e:R'=H, R2=SBn

H1
N
TN _ge N— S,
N?I >R R~ || N
S N N /
RO RO »
281c: X = OAc;
gBSﬁiy:-l;(Mfgr-l;-f’ MeCN RO OR RO OR
NaH, MeCN
NH3 290a,b,d: R=Bz NHj3 291a: R=Bn
MeOH 292a-d: R=H MeOH 293a:R=H

Scheme 71 Synthesis of imidazo[4,5-d]isothiazole-containing nucleosides
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281a, a mixture of N-6 and N-4 B-nucleosides 282 and 283 (63-88%) then
deprotected affording 284 and 285 (27-94%). The regiochemistry was gov-
erned by steric principles, as heterocycles bearing both 3- and 5-substituents
gave primarily the N-6 nucleosides, while less hindered derivatives afforded
the N-4 and N-6 products approximately in 1: 1 ratio. The glycosylation of
280 with the more hindered «-chloroarabinose derivative 281b is more re-
gioselective and the N-6 nucleoside derivatives 286 were formed (46-68%)
together with lesser amounts of the N-4 isomers 287 (4-30%). In particu-
lar, starting from 280c,e, which do not have a substituent at C-3, compounds
287c¢,e were obtained in 24% and 30% vyields, respectively. A small amount
of the corresponding o-anomers of 286 (3-5%) and 287c (20%) and 288e
(7%) were detected (‘\H NMR). The benzyl group was then removed af-
fording the nucleosides 288a-e and 289c,e. Apart from compound 289a, the
5-substituted compounds were subject to decomposition and were isolated
in very low yields. The glycosylation of 280a,b,d with B-p-ribofuranose 281c
was performed by in situ generation of the N-silyl derivatives with N,O-
bis(trimethylsilylacetamide) ion followed by glycosylate with TMSOT( as cat-
alyst and compounds 290a (37%) and 291a (23%) were formed. The reaction
was not successful starting from 5-substituted 280b—d. When the reaction
of 280b,d and 281c was directly performed in presence of TMSOT, the sin-
gle N-6 regioisomers 290b and 290d were isolated in 52 and 21% yields,
respectively. Deprotection of compounds 290ab,d and 291a with methanolic
ammonia provided the nucleosides 292a,b,d and 293a in good yield. The N-6
isomer 292c¢ (11%) was prepared via the sodium salt of 280c (MeONa/MeOH),
which was treated with bromo sugar 281d (large excess) to give 290c, which
was then deprotected.

To synthesise potent inhibitors of MMP-13 and MMP-9 with selectivity ver-
sus MMP-1 and TACE, the isothiazole derivatives 297 were prepared [97] as
outlined in the Scheme 72. The bicyclic heteroaryl system of 297 was acces-
sible by condensation of the isothiazole 109a with diethyl ethoxymethylen-
emalonate followed by thermally induced cyclisation to give alcohol 294.
Treatment with POCI3 converted the hydroxy substituent to a chloro group

OMe
OMe
N _/ Ny 7
N\
: CH, SO,
EtOC. _CO,Et CH, SO» N
Me | R Me Ny N R®
E10,C._ N 206 HOHNOC L
[(N OEt | ¥ ‘ N
HaN" g 120-150°C NS 1. NaH, DMF NT S
Dowtherm reflux 2. NaOH
294R=0H 3.(COCI)
109a POCI[ 295 R=GI 4 NHOM 297

Scheme 72 Synthesis of isothiazolopyridine hydroxamic acids
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and 295 was formed. The anion of the sulfonamide 296 displaced chlorine
from the pyridine ring. Hydrolysis of the ester with NaOH followed by acti-
vation of the acid with oxalyl chloride and reaction of the intermediate acid
chloride with hydroxylamine gave the hydroxamic acids 297.

5
Benzisothiazolones

In this chapter benzisothiazolones and benzisothiazolone S,S-dioxides are
separately treated. According to the large amount of literature already avail-
able on the second group of compounds (saccharin derivatives), most of all
for their interest as sweetener, here only some examples of synthesis or reac-
tivity that appear particularly appealing are considered. Regarding the ben-
zisothiazolones, not oxidised at the sulphur atom, several synthetic methods
were described and substitutions with different alkyl or heteroalkyl chain at
the nitrogen atom considered. In many cases competitive N- and O-alkylation
was observed. 3-Oxoisothiazolo[5,4-b]pyridines were also considered.

5.1
Synthesis of Benzisothiazol-3-One S,S-Dioxides

Methods L and M were the common methods used to prepare NH saccha-
rins 300 (R? = H). Starting from substituted diethylbenzamides 298 (Methods
L) (Scheme 73) bearing at the benzene ring a 4-iso-propyl or a 4-methoxy
group or alkoxy groups in one of the four positions of the ring, intermediates
299 (80-84%) were prepared by introducing a sulfonamido group at the or-

1 1

R R
\x~CONEtz  Buli, TMEDA, THF, -78 °C  \x ~CONEt
| | Method K: R? =H
= S0,,S0,Clp,NH4OH Z>50,NH, R! = /Pr, AlkylO

298 299
R! = /Pr, AlkylO
AcOH, A
R! " 1 1. CISOgH (10 equiv.), -20°C, 1th  R?
X Me HslO¢ (8 equiv.), CrO3 (cat.) H/\/ then 0-25°C X Me
| MeCN, A | 'NR2 |
Z SONH e, X Ssg 2 BUuNH,/TEA 025°C &
2INH2 o 3. H5lOg (7 equiv.), CrO3 (10 mol%)  gga
301 300 Ac,0 (7 equiv.), MeCN rt
Method L: R2 =H R? = tBu
R' = 6-Cl, 5-Cl, 4-Cl, 7-Cl, 6-Br, 5-Br, R' =6-Cl, 5-Cl, 4-Cl, 7-Cl, 6-Br,5-Br, 6-
6-F, 5-F,6-SO2Me, 6-SO2NH, 6-NO, F, 5-F, 6-SO,Me, 6-SO,NHt-Bu, 6-NO,

5-NO,, 7-NO,, 5-Cl-6-Me, 6-+-Bu

Scheme 73 Synthesis of benzisothiazolone S,S-dioxides: Methods L and M
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tho position (BuLi in TMEDA then, in sequence, SO;, SO,Cl, and NH4OH).
By heating of 299 in acetic acid, 300 (R? = H) was obtained in 90-95% yield
(Scheme 73) [98].

The practical and general Method M (Scheme 73) starts from various sub-
stituted o-toluenesulfonamides 301, which were oxidised to the correspond-
ing substituted saccharin derivatives 300 (R* = H) by refluxing with 8 equiv.
of H5IOs and a catalytic amount of CrO3 in MeCN. A higher catalyst load-
ing of CrO3 was required for complete oxidation of substrates with strong
electron-withdrawing groups.

In some cases, starting from the substituted toluene 302, it is possible
to perform a “one-pot reaction” (Scheme 73) with formation of the N-t-
butyl saccharine derivatives, the N-t-butyl group being very useful as an
N-protecting group for the preparation of other protected saccharin deriva-
tives. N-¢-Butyl-o-methyl arenesulfonamides were easily prepared by chloro-
sulfonation of substituted toluene derivatives with chlorosulfonic acid. The
resulting sulfonyl chlorides were treated with t-BuNH; to afford the N-t-
butyl-o-toluenesulfonamide derivatives, which were subjected to the oxida-
tion step without purification, affording 300 (R? = t-Bu) [99].

The preparation of the saccharin derivative 305 (Scheme 74), substituted
with thiomethyl group at C-5 and directly functionalised at nitrogen with
a chain containing the bromo atom at C-4', was prepared according to
Method N. The substituted sulfonamide 304 was prepared by reaction of
303 in sequence with CISOsH, 4-aminobutanol and 2,3-dihydropyran. 304
was ortho-lithiated and carbonylated and the corresponding intermediate was
finally cyclised, deprotected at the oxygen atom and transformed into the
N-bromobutylsaccharin 305 [100].

SO,NH(CH,),OTHP

1. CISOsH 1. n-BuLi then CO, o
2. NHp(CHy)4,0H 2. TEA/MeOCOCI MeS
| N—(CHp)4Br
3. 2,3-dihydropyrane, p-TsOH 3. p-TsOH Sy,
SMe SMe 4. PhgP, CBr, go
303 304 305

Scheme 74 Synthesis of N-4'-bromobutylsaccharin: Method N

Method N was also applied to the preparation of the naphto[1,2-d]- and
naphto[2,3-d]isothiazole §,S-dioxide nuclei (NiT) by ortho-carbonylation of
2-(N-t-butyl)naphtalenesulfonamide (306). A mixture of three compounds
307a,b and 308 was obtained, which were separated by chromatography and
treated with PPA resulting in the corresponding naphtoisothiazoles. The com-
pounds were then reacted with ethyl bromo acetate and hydrolyzed to esters
309a,b and 310 as shown in Scheme 75. The nitration of ethyl ester of 309
(fuming HNOs) gave regioisomeric esters hydrolyzed to 311a,c. Alternatively,
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COzH

SO.NHC(CHg)s SO,NHC(CHs)s SO,NHC(CHg)s
e .
nBuLi, CO, R CO,H
306 THF
307a:R=H 308
307b: R = COH
g1 © CHC0-H 1. PPA 1. PPA
§=0 2. BrCH,CO,Et, DMF 2. BrCH,CO,Et, , DMF
X \b 3. HCI 3. HCI
I o OHE0n
N
R? &0 O\\S,/O
90L& DXL woncon
311a: R'=NO, R?=H R
311b: R'=NH, R2=H
] 309a: R=H [e)
311c: R! =H, R?= N02 309b: R = COzH 310
311d: R' =H, R®= NH, 309c: R = CO,CH,COzH

Scheme 75 Synthesis of naphto[1,2-d]- and naphto[2,3-d]isothiazolone S,S-dioxide deriva-
tives

the nitrocompounds were first reduced to the corresponding amines and then
hydrolyzed to 311b,d (H;, Pd/C) [101].

Another two methods (Methods O, P) were reported to obtain saccharin
derivatives from heterocylic starting materials.

The preparation of all four mononitro aromatic derivatives of 1,2-
benzisothiazol-3-one §,S-dioxide was reported. As an example, the prepar-
ation of the 5-nitrosaccharin 314 (Method O) from nitro-1H-benzo[d][1,3]
oxazine-2,4-dione 312 is outlined in the Scheme 76. Starting from 312, which
was treated with K,CO3 in MeOH, the methyl 2-amino-5-nitrobenzoate 313
was formed. The amino group was transformed into the diazonium salt
(NaNO; in AcOH/HCI). Its reaction with CuCl, and sulphur dioxide afforded
the corresponding sulfonyl chloride, which was added to cold concentrated
ammonium hydroxide and 314 was isolated in 74% yield [100].

0 o 0N 0
OQN@O 1. KxCOg O2Ndom:a 1. NaNO,, AcOH, HCI Q{W
<
H’go 2. MeOH NH, 2. CuCly 2H,0, SO, $o
3. NH,OH, AcOH/H,0
312 313 314

Scheme 76 Synthesis of nitro-substituted benzisothiazolone S,S-dioxides: Method O

Saccharin substituted at nitrogen with an OR group can be obtained
in good yield starting from O-sulfobenzoic anhydride 315 according to
Method P, via the synthon O-carbethoxybenzenesulfonyl chloride 316, which
was condensed with the corresponding O-alkylhydroxylamine to give inter-
mediates 317a,b,c. Thermal cyclisation, either neat or in refluxing AcOH,
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afforded 319a,b from 317a,b. The synthesis of N-hydroxysaccharin 319¢ could
not be done by deprotection of 317a,b but through protection of compound
317c as the dihydropyranyl derivative 318. Its cyclisation in smooth condi-
tions (i-butyl chloroformate, TEA) followed by acid-catalyzed removal of the
THP group afforded 319¢ (61% yield) (Scheme 77) [102].

o} (0]
B 1. EtOH then NHq COEt 317a: 170°C neat 7 N-or
S/\ 2. SOCl, DMF 317b: AcOH, A 8
1~0 ! S/X 70
(0} oo (0]
315 319a R=Me
316: X =Cl 319b R = CH,Ph
RONH,'HCI, 319¢ R=0H
NaOH 317a: X = NHOMe
317b: X = NHOCH,Ph 1. i-BuOCOCI, TEA
317c: X = NHOH 2. TFA
1. dihydropyran, TsOH, THF 317¢ CO.H
2. 6N NaOH, dioxane, A, then H*| @( H
sbo-()
O/ \O O
318

Scheme 77 Synthesis of N-hydroxy-benzisothiazolone S,S-dioxides: Method P

Compounds 321 (Scheme 78) were prepared as potential protease in-
hibitors [103] according to Method Q using the 2-sulfobenzoic anhydride 315,
which by reaction with alanine or S-benzyl-L-cysteine methyl esters gave in-
termediates 320 directly treated with PCls at 80 °C. Compounds 321a (16%,
racemic) and 321b (11%) were formed, respectively. As a by-product in the
case of the cysteine starting material, compound 321c was formed.

o) 0
PCls, 80 °C
©fL oo PEEE L Ol
"TEA, ACOEL 503H 'S, COsMe S, COMe
321a:R=H 321c
AA = CI *HsNCHMeCO,Me, CI *HzNCH(CH,SCH,Ph)CO,Me 321b: SCH,Ph

Scheme 78 Synthesis of methyl N-saccarinyl acetate derivatives: Method Q

5.2
Synthesis of Benzisothiazol-3-Ones and Heterobicyclic Isothiazolones

1,2-Benzisothiazol-3-ones 323 and 3-oxoisothiazolo[5,4-b]pyridines 324 were
prepared by modification of known synthetic protocols and, usually, the
N-substituted compounds were obtained directly. Different reagents were
used to achieve this synthetic target according to Methods C, M-T. The



Chemistry of Biologically Active Isothiazoles 231

main synthetic procedure follows the general Method C using the 2,2'-
dithiobis(benzoic acid) (322) as building block, which after activation of the
carboxylic function and reaction with different nitrogen donors gave the
1,2-benzisothiazol-3-one derivatives 323 (Scheme 79). 3H-1,2-Benzodithiole-
3-thione 325 and pyrido derivative 326 are the starting materials for the prep-
aration of 1,2-benzisothiazol-3(2H)-thione 327 and 3-oxoisothiazolo [5,4-
blpyridine 328, respectively, by reaction with a proper amino derivative
(Method R). The thione derivatives are not stable and can equilibrate in so-
lution affording 3-imino compounds 327" and 328'. The transformation of
323 into the corresponding thione 327 was possible by using the Lawesson’s
reagent (Scheme 79).

Lawesson's
COzH (f( _reagent (j\)(
9(OAc),

RNH,
N ,

3/2 Method C X Method Q X
322 323: X = CH 327: X=CH 327 X =CH 325: X = CH
324: X =N 328: X =N 328" X =N 326: X =N

Scheme 79 Synthesis of 1,2-benzoisothiazol-3(2H)-ones and 3-oxoisothiazolo[5,4-b]pyri-
dines: Methods C and R

According to both Methods C and R, a series of 1,2-benzisothiazol-3(2H)-
ones 329 and the corresponding thiones 330, substituted at the nitrogen atom
with a chain having a hydroxy group, were prepared and tested as antimi-
crobics (Scheme 80). Compounds 329 were prepared through a “one-pot”
procedure starting from 322 [104, 105]. The reaction of thione 325 with hy-
droxyamines gave compounds 330, which are in equilibrium with 330’ [105].
Depending on the nature of the amine, the solvent polarity and the tempera-
ture, different ratios of the two isomers were obtained. Using ethanolamine as
coupling reagent a dynamic equilibrium occurs in solution, making the iso-
mers inseparable. This last synthetic approach was unsatisfactory in the case
of compounds 330, where X = (Me),CCH,, Me(CH,OH)CCH, which were
prepared in better yields by treating the corresponding compounds 329 with
the Lawesson’s reagent.

1. SC}SCC o Lawesson's S N-X-OH
2. Cl/CCly reagent EtOH or xilene
322 . @N-X-OR N-X-OR =——= g 525
3. NHp-X-OH I toluene S g NHy-X-OH
329 330 330’

X = (CHp)z, (CHp)3, CH,CHMe, (Me),CCH,, Me (CH,OH)CCH,
Scheme 80 Synthesis of 2-hydroxyalkyl-1,2-benzoisothiazol-3(2H)-ones and thiones
(S-(R*, R*))-3-Methyl-2-(oxo0-3H-benzo[d]isothiazol-2-yl)pentanoic acid

(332) (Scheme 81) was prepared by using Method C on a pilot scale (amount
of 332 produced: 37 Kg) from 322, which was transformed into the dichloride
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1. SOC|2 toluene/DMF Bry, AcOH COZ
! S-S 2
322
2. NH -30°

/Y\COZH - :
/\(\COZH /ﬁ/\COZH
331

THF, NaHCOg3, 60°C

Scheme 81 Synthesis of (S-(R*, R*))-3-Methyl-2-(oxo-3H-benzo[d]isothiazol-2-yl)penta-
noic acid

(toluene/DMF/SOCI,, 83%). Several esters of leucine were used and reacted
with the dichloride, but the best result was found using L-leucine itself. The
choice of the reaction solvent was critical and THF was found to give the
product in satisfactory yield and purity. The addition to the reaction mixture
of a base such as NaHCO3 at 60 °C improved the yield and purity: com-
pound 331 was obtained in 75% yield, without epimerisation at the amino
acid stereocentre. The oxidative cyclisation of 331 afforded compound 332 in
74% yield [106].

From 322 and using Method C, a large class of benzisothiazolones, named
BITA1-3, substituted at nitrogen atom with an aryl or heteroaryl nucleus
bearing a SO, group at the para position were prepared and tested for anti-
HIV activity (Fig. 2) [107].

o)
NH N=
&N@SOZNHR R = H, COMe, COPh, COPh-4-SO,NH,, —' 4\\) ﬂx
S NH2 =

BITA1 X = Cl, OMe
R R
4<R1 R! N-Y — >/_\§\ HN._N
N N
Y %\N}RZ ot Notwe Ny S
OMe R® X=8,Y=N,R=Me X=0,R=Me

R'= Rp=H R'=R2=R3=H § = %’ \\((z%ﬂ,M'?RH: Ve X =NHPh, R=H
R'=H,R;=OMe R'=Me, R2=R3=H
R'= Ro= Me R'=R%=H, R2= OMe

R'=R%=Me, R?=H
S, S o)
OIS -somm L O-2<0m
o e}

BITA2 BITA 3
_ R = H, COMe, NO,, SO,Ph-4-NHCOMe, COPh-4-OMe, COPh-
X = CHa, (CHo)p, CHoCONH 4-NO,, COPh-3,5-NO,, CO-2-thiophenyl, SO,CH,-Ph-2-NO»

Fig.2 Synthesis of BITA compounds

A different way was used to build the N-amino substituted benz-
isothiazolone nucleus from chlorocarbonylphenylsulfenylchlorides (333)
(Method S) which, on reaction with N-Boc-hydrazine in pyridine and
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ether gave compounds 334. The deprotection was achieved using TFA
and N-amino-benzisothiazol-3-ones 335 were isolated in 70-75% yields
(Scheme 82) [71-73].

(0] (0]

R COCl  NH,NHBoc R TFAHO
"NNHBoc "NNH,
SCI Et,0, Py S rt S

333 334 335
R=H, Me

Scheme 82 Synthesis of 2-N-amino-benzisothiazolones: Method S

Pyridoisothiazolones and the corresponding thiones were prepared ac-
cording to Method R and used for evaluations in vitro of anti-micobacterium
activity. 3H-1,2-Dithiol-[3,4-b]pyridin-3-thione (326) was transformed into
the corresponding oxo compound 337 (98%) with Hg(OAc); in AcOH [108].
The reaction of 336 with hexylamine gave the thioamide intermediate, which
was then oxidised with I, in basic conditions affording 338, which equili-
brates to 338’ in different solvents such as DMSO, DMF, acetone and H,O.
From 337, N-hexylisothiazolo[5,4-b]pyridine-3-(2H)-one (339) (36%) was
prepared using the sequence shown above (Scheme 83) [109].

X X S

1. CgH13NHy EtOH, A A =

AN 6113INM2, ’ X=S AN

‘ /S (j\){NCGHKB (IQNCGHK;
N/ S 2.NaHCOg, I, EtOH N S “~g

N

Hg(OAc), 336: X = 338: X=5 '
AcoO, rt ,:> 337: X = 339: X=0 338

Scheme 83 Synthesis of N-hexylpyridoisothiazol-3-ones and -3-thiones

The above authors also reported on the synthesis of N-butylthieno[3,2-
clisothiazole-3(2H)-thione (342) from compounds 341 according to Method R
(Scheme 84). The latter was obtained from 2-chloroacrylonitrile and ethylth-
ioglycolate in a EtOH/EtONa solution affording 340 (80%). Then it was trans-
formed into 341 (32%) by reaction with i) NaNO, ii) potassium ethyl xan-
togenate and iii) P4S;0. The reaction of 341 with n-butylamine followed by
oxidation with I,, afforded a mixture of 342 and 343 (57%) [110].

CO,Et

S S NBu
<’/\|[ 1. NapNO,_ HCI, 0°C s | 1. n-BuNH,, EtOH {;J\)( {SIKS
S N-Bu +
2 HSCSOE(, NaxCO3 N\ g™ 2., \ g N\
342 343

NHz 3 P4S10, Py, A
340 341

Scheme 84 Synthesis of butylthieno[3,2-c]isothiazole-3(2H)-thione
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An efficient method to prepare N-substituted pyridoisothiazol-3-ones is
shown in Scheme 85 (Method R). It employs a readily available starting ma-
terial and inexpensive reagents, and can be carried out on a large scale
without purification of the intermediate. Commercially available mercapton-
icotinic acid (344) was converted into mercaptonicotinamide by sequential
treatment with thionyl chloride, buffered NH4OH and NaBHy. The use of
NaBH,4 improved the yield by reducing the disulfide bis-amide preventing
its disproportionation in the reaction mixture. 2-Mercaptonicotinamide (345)
was oxidatively cyclised to the 2H-pyridoisothiazolone 347a in H,SO4, which
acts as oxidant and solvent. This avoids use of chlorine, hydrogen peroxide
or peracids to effect this transformation [111]. Similarly, a large number of
pyridoisothiazol-3-ones 347b, substituted with a functionalised benzyl group
at the nitrogen atom, can be prepared from the 2-(benzylthio)nicotinamides
346, which were synthesised by standard methods [112]. This method is par-
ticularly useful when the substituted benzylamine is readily available and the
alkylation at nitrogen of compound 347 is not feasible because of the instabil-
ity of the benzyl halide (Method D1I). The oxidative cyclisation of 346b to 347b
was carried out in one step by heating with sulfuryl chloride. Some selected
examples are listed in Scheme 85.

(e} (0] o] 0
| A oH 1.S0CIy, toluene, A dj\NHZ HySO,4 ‘ X NR SO,Cl, | X NHCH,Ar
e~ 7 o, = S/ tol bz
N7 SH 2. NH4OH, NH,CI, N~ TSH 100°C N oluene N
NaBHs szaReH © oL
a. =
344 345 347b: R = CHoAr 346

Ar = Ph, 2,5-MeO,CgHs, 4-(3-MeO,C)CsHaN,
2-(5-HN,4C)C4H0, 2-(5-HN4C)CsH,S,

Scheme 85 Synthesis of pyridoisothiazol-3-ones: Method R

N-Substituted pyridoisothiazolones 351 and 352 displayed a high in-
hibitory activity of H+/K+ ATPase in vitro but non in vivo (see Sect. 6).
A study was undertaken on finding prodrugs that are more stable at neu-
tral and weakly acidic pH than pyrido derivatives and that are converted into
the active isothiazolopyridines only in the acid department of the parietal
cells. These prodrugs were identified in nicotinamides 349 [113]. S-Alkyl-
nicotinic acids 348 were prepared by condensation of 2-mercaptonicotinic
acid 344 with the corresponding benzyl chlorides operating in DMF or with
the corresponding benzyl alcohols under acidic conditions (HCl/acetone).
Their reaction with i-BuNH, by the use of EDC (procedure A) or with
4-aminopyridine and oxalyl chloride (procedure B) gave the nicotinamides
349 then oxidised with m-CPBA to sulfoxides 350. The conversion of 350
(R! = i-Bu, Py) into the respective N-i-butyl (351) or -pyridyl (352) isothia-
zolopyridines was done and a study on the efficacy of R as a leaving group was
performed (Scheme 86).
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A: i-BuNH,, EDC, CH,Cl
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R' = -Bu, NHPy

R = Bu, i-Pr, Bn, CH(Ph),, CH(4-MePh),, CH(Me)(4-MeOPh), CH(Me)(2-
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Scheme 86 Synthesis of pyridoisothiazol-3-ones: Method T
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Scheme 87 Synthesis of isothiazoloquinolone derivatives
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SAR studies were performed on compounds containing the 9H-isothia-
zolo[5,4-b]quinoline-3,4-dione (ITQ) nucleus and it was found that some of
them are potent antibacterial agents (see Scheme 101) [114, 115]. They were
prepared from compound 353, which was treated with cyclopropyl isothio-
cyanate in DMF and then with Mel. Compound 354 (94%) was obtained and
treated with in NaH in DMF to give the isothiazolo[5,4-b]quinoline com-
pound 355 (93%). Its treatment with anhydrous NaSH gave the corresponding
mercaptan (84%), which was directly cyclised without purification to 356
(85%) in the presence of hydroxylamine-O-sulfonic acid. Microwave-assisted
Suzuki-Miyaura cross-coupling of the ITQ nucleus 356 with the desired aryl-
boronic esters or acids afforded derivatives 357, typically, in 30-50% yield
after HPLC purification (Scheme 87).

5.3
Reactivity of Benzisothiazol-3-Ones and Benzisothiazol-3-One S,S-Dioxides

Several functionalisations were introduced at the nitrogen atom of benziso-
thiazol-3-ones and 3-oxo-isothiazolo[5,4-b]pyridines of general formula 358,
in which n = 0 or 2, adopting two main synthetic strategies consisting in i) the
formation of the sodium salt, which was then reacted with electrophiles to
directly give the compound 359 (Method U), or ii) the preparation of key
reagents in which the nitrogen atom of saccharin was substituted with an acti-
vated methylgroup (intermediate 361), which was then reacted with a proper
nucleophile affording 362 (Method V). The choice of the above methods is
strictly dependent on the kind of chain. The main limitation of Method U
is related to the possibility to obtain the product of N-alkylation 359 and of
the O-alkylation 360. This occurs particularly for non-oxidised compounds
(n =0) (Scheme 88).

R\ (0] R Nu

X n=0 X

[/réN—Nu —— [\TN Method U
X~ 7S, x~ 8,

359 ©)n 360 (©)n

(©)n R o R 0
\ AN () NuH \ AN /()n
358 [ NX ——— [ J_ N"""Nu  Method v
X = CH,N X~ S x° 8
n=02 O O
361 362

Scheme 88 Synthesis of N-substituted saccharin key reagents: Methods U and V

When Method V was adopted, the nitrogen atom was functionalised with
both the chloromethyl and bromomethyl groups. By treating saccharins 363
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with PhSCH,Cl and TEBABr [116] or i-Pr,NEt [117] in toluene at reflux, com-
pounds 364 were obtained, which were then treated with SO,Cl, in CH,Cly,
and the chloromethyl compounds 365 (80-90%) were formed. Alternatively,
365 were prepared from the corresponding alcohols 366 with SOCIl, [118].
The bromomethyl derivatives 368 (95% overall yield) were obtained by treat-
ing 363 with chloromethyl pivalate and Hiinig’s base affording 367, then
treated with HBr in acetic acid (Scheme 89) [116].

R R 0 R 2
|\ A PhSCH;CI @ﬁ(N g SO : N
Z~s ProNEt or TBAB Z=s. CHCl, S\
fole) toluene o0
363 364 365
ProNEt BuCO,CH,CI SOCl,
MeCN Et,0, 0°C
R\ o o R o R 7
X N A
| N /\OktBu HBr/AcOH @E«'N “SCH,Br @ﬁ{N/\OH
= /,S‘\ 7 /,S\\ //S\\
OO0

Scheme 89 Synthesis of saccharin key reagents

A large number of molecules containing the benzisothiazolone S,S-dioxide
scaffold (BIT) of the general formula 369 were prepared to find molecules
characterised by protease inhibition activity (Fig. 3). Analogous isothiazole
derivatives are reported in Sect. 2.4.2. SAR studies were done both consid-
ering the substitution pattern of the benzene ring and, most of all, the sub-
stituent on the nitrogen atom represented by the CH,LG group, in which
LG is a different leaving group such as substituted benzoic acids, amino

o [96]
X=H
@‘(Nj LG = OR, OHet, OCOR, R' = OEt R2= R%=H
s Le OPO(R), SOzR R'=/Pr,R2=R3=H
00 [115] R'=R?=0Me, R®=H
369 R' = iPr, R2 = R% = H, X = O-(CHy),-4-morpholinyl R'=R3=0OMe, R2=H
R' = iPr, RZ = H, R® = OMe, X = O-(CH,),-1-pyrrolidinyl R' = OEt, R? = H, R® = OMe
R" o R' = iPr, R? = H, R® = OMe, X =OCH,CO,H R' = OPr, R2=H, R® = OMe
R2 O Ol R'-Pr,R2=H, R®= OMe, X =SO;NMe(CHp):NMe, ~ R! = R® = OMe, RZ = H
N0 R' = iPr, R? = H, R® = OMe, X =SO,-1-piperazinyl-4-Me R'=R2=H, R® = OMe
R 4 R' = iPr, R? = H, R® = OH, X =SO,-1-piperazinyl-4-Me  [117]
do cl [96] R'=/Pr,R?=H,R®=F
X R'=R2=OEt, R? = H, X = O-(CHj),-4-morpholinyl R' = iPr, R2 = H, R® = OMe
370 R' = R? = OEt, R® = H, X = O-(CHy),-1-pyrrolidinyl R' = iPr, R? = H, R® = NMe,

R' = OEt, R? = H, R® = OMeX = O-(CHy)o-4-morpholinyl R' = /Pr, R? = H, R® = 1-Me-4piperazinyl

Fig.3 General formula of several protease inhibitors and 3-oxo-1,2-benzisothiazolone-
3(2H)-yl]methyl benzoate S,S-dioxide derivatives
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acids, hydroxy-heterocycles or cyclic enolates, phosphinates or phosphonates
and sulfinates. The above compounds were prepared directly from saccharin
derivatives or, generally, from the key reagents 365 and 368 by reaction with
nucleophiles. The reaction of chloroderivatives 365 with 2,6-dichlorobenzoic
acids, having a further meta-substituent, in the presence of K;CO3/TEBABr in
DMF afforded compounds 370 (75-95%) [98, 117, 119].

A library of N-(acyloxymethyl)benzisothiazolone §,S-dioxide derivatives
371 and 372, in which the acyl group represents a para substituted ben-
zoate or an amino acid or a dipeptide, was prepared using parallel synthetic
methods and automated purification, when possible, starting from bromo
compound 368 (R = H) and 300 commercially available carboxylic acids
using, as reaction conditions, K,CO3/DMF (23 °C) or K,CO3/MeCN (60 °C)
or i-Pr,EtN/DMF (23 °C), depending on the solubility of the acid [120]. Se-
lected compounds are shown in Fig. 4.

0 o) o o)
@Z{NAO)K@ N/\OJ\R
//S\\ 25\
o] R oo
371 372
R = NHCbz, CONH(CH,)2Ph, NHCO(CH,)2Ph, R = (CH),NHR', n = 1-5, R" = Cbz, Boc
CHoNHCONHPh, CH,NHCO,Ph, NHCONHCH,Ph, R = L-Ala-Gly-N-Cbz, -Gly-Gly-N-Cbz,

CHoNHCOCH,Ph, NH,, CHo,NHCO2CH,Ph, O(CH,),0Ph  Ny-Boc-N;Cbz-L-lysine, N:Boc-N3-Cbz-D-lysine
Gly-B-Ala-NCbz, B-Ala-B-Ala-NCbz

Fig.4 Selected compounds of a library of N-(acyloxymethyl)benzisothiazolone §,S-oxide
derivatives

Aiming to avoid basic treatment, which causes instability of these deriva-
tives, an alternative synthetic approach was found that operates in the solid
phase [121]. To prepare libraries of acyl N-(acyloxymethyl)benzisothiazolone
S,S-dioxides, those authors applied split/pool methodology. Two different se-
ries of compounds were prepared such as compounds 376 containing an amino
acid group acylated at the nitrogen atom. According to strategy I shown in
Scheme 90, a series of structurally diverse carboxylic acid derivatives were pre-
pared from supported aldehyde 373 condensed with different protected amino
acids in the presence of NaBH(OAc);3 to afford intermediate 374, which was
then acylated affording 375. After hydrolysis of ester and reaction with bromo
derivative 368 (R = H) in PTC conditions, compounds 376 were obtained.

A different series of carboxylic acid derivatives 379 was prepared according
to strategy II (Scheme 91) starting from 373, which was treated with an alky-
lamine in reductive conditions. The acylation of amine 377 gave 378, which
was transformed into amide 379 by condensation with 368 (R = H). According
to the protocol depicted in Scheme 91, the elaboration of the intermediated so
formed gave 379.
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Scheme 90 Solid phase synthesis of N-(acyloxymethyl)benzisothiazolone S,S-dioxide de-
rivatives: strategy I
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Scheme 91 Solid phase synthesis of N-(acyloxymethyl)benzisothiazolone §,S-dioxide de-
rivatives: strategy II

Both chloro- and bromomethyl aryl substituted derivatives 365 and 368
were used for the preparation of N-(heteroaryloxymethyl)benzisothiazolone
S,S-dioxide derivatives 380, obtained in low to good yields, using differ-
ent bases (NaH/DME, CsCO3/DMF, i-Pr,NEt/DMF, MTBD/MeCN). This way,
compounds containing cyclic enolates were also prepared (Fig. 5) [116, 122].

Benzisothiazolones with a phosphonate leaving group were also prepared.
Substituted chloro derivatives 365 were used to prepare the dialkyl phos-
phates 381a and dialkyl phosphinate 381b by using a proper dialkyl phos-
phate or dialkyl phosphinate in CH,Cl, in the presence of TEA. Only the
yield (66%) of compound 381 (R! = 4-i-Pr, 6-OMe; R? = OFEt) is reported
(Fig. 6) [123].

SAR studies were performed to find the more active tetrazolyloxy substi-
tuted compounds 382, and the 4-i-propyl-6-methoxy derivative showed an
improved activity and blood stability (Fig. 6) [119].
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Fig.6 N-(Phosphoxymethyl)- and N-(tetrazolylmethyl)benzisothiazolone S,S-oxide de-
rivatives

Benzisothiazolones 385 containing sulphur leaving groups were prepared
via thioderivatives 383 [103, 124]. The functionalisation of the nitrogen atom
with a sulphur containing chain was achieved in two different ways depend-
ing on the substituent linked to the sulphur atom. The first one consists
in the reaction of sulfides 384 (R* = Me, Ph) with the sodium salt of sac-
charin 363 (R = H) in DMF affording 383. Alternatively, compounds 383
(25-60 overall yields) were prepared from the chloromethyl derivative 365
(R = H) and the appropriate mercaptan in the presence of DBU/MeCN or
TEA/THF. Thiophenol reacted with bromo derivative 368 (R = H) in the pres-
ence of TEA. Sulfones (n = 2) or sulfoxides (n =1) 385 were prepared with
m-chloroperbenzoic acid and their distribution depended on the stoichiom-
etry of the oxidant and on the kind of R! and R? on 383 (Scheme 92).

Dithiocarbamates 386a (10-62%) or O-alkylthiocarbonates 386b (37-46%)
were prepared from potassium N,N-disubstituted dithiocarbamates or potas-
sium O-alkyl dithiocarbonates and 365 (Scheme 92). Their antimicobacterial
activity was checked [118].

Several N-(4-substituted piperazin-1-yl-alkyl)benzisothiazol-3-one §,S-
dioxides of general formula 387, which were studied as 5-HT;4 receptor
ligands, were prepared (Scheme 93). They are described in a patent applica-
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Scheme 93 N-(4-Substituted piperazin-1-yl-alkyl)benzisothiazol-3-one §,S-dioxides

tion [125] and were obtained according to Method U starting from saccharin
363 (R = H), which was deprotonated with NaH and alkylated with a func-
tionalised piperazine. This way, 6-chloro compound DU 125530 was obtained
and was claimed as the most active. Compounds 389 were obtained according
to the Method V by alkylation of saccharin 363 (R = H) with dihaloalkanes
to afford 388, which was then condensed with 4-alkyl-piperazines to obtain
the final products 389. Syntheses were performed by microwave heating to
obtain the compounds in better yields (80-95%) than those obtained by con-
ventional heating [126, 127].
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A concise asymmetric synthesis of the 2-(aminomethyl)chroman deriva-
tive repinotan (392), a potent 5-HT;4 receptor agonist, has been described
(Scheme 94) [128]. In this case, the synthetic pathway is also based on the alky-
lation of the saccharin nitrogen followed by reaction with a suitable amine as
outlined in Method V. The synthesis started from allylphenol. Rearrangement
of the double bond (PdCl,(MeCN),, CH,Cl,, A) afforded the correspond-
ing styrene, which underwent a Mitsunobu reaction with the commercially
available (S)-2-hydroxy-3-buten-1-yl p-tosylate providing the requisite diene
390 (64%). An RCM reaction was performed using 0.2 equiv. of Grubb’s
catalyst and 2-(hydroxymethyl) chromene 391a (78%) was obtained as p-to-
luenesulfonyl ester and then transformed into 2-(aminomethyl)chroman 391b
(83%). Its alkylation with N-4-bromobutylsaccharin followed by conversion to
the hydrogen chloride salt provided repinotan 392 as a pure enantiomer.

o

1. | N=(CHy)4Br
S

| go HCl
f Cla(PCys);Ru=CHPh m DMSO @(j H Oy@
- X ” Y
o .,/,/OTS CH.Cl» (o) 1 2. HCI, E,0 o s \(CHz)A/N\/SQO
%
(0]

390 1. NaN3 DMSO 391a:X = OTs
c Repinotan 392

2. Hp, Pd/C, MeOH 391b: X = NH,

Scheme 94 Synthesis of Repinotan

Compounds 393 and 394 were prepared from 5- or 6-substituted N-
bromobutylsaccharin and the proper amine 397, 400 and the commercial
available meperidine 401, following Method V (i-Pr,NEt or EtsN, DMF)
(Scheme 95) [129]. Amine 397 was obtained from 2-aminophenol 395, which
was reductively alkylated with N-Boc-piperidone affording 396 (90%). Its
cyclisation with triphosgene and deprotection of nitrogen provided piperi-
dine 397 (90%). Concerning the preparation of amine 400, the synthesis
consisted first in a palladium mediated coupling of either phenylboronic
acid or phenyltrimethyl stannane 398 with enoltriflate 399, which gave the
4-phenylsubstituted racemic amine cis-400 (80-90% overall yield) after re-
duction of the alkene intermediate and deprotection of nitrogen. The base
catalyzed epimerisation of cis-400 to the trans epimer at carboxy linked car-
bon was reported. The chiral HPLC separation of racemic cis-400 was done
as well as the chemical resolution of the corresponding cis-acid using (S)-a-
methylbenzylamine as the resolving agent. Racemic 393a was also separated
by chiral HPLC (Chiralcel OD column).

The direct alkylation of the nitrogen atom of salt 402a with 1-(3-iodo-
propyl)-3,7-dimethylxanthine afforded compound 403 (80%), which antago-
nised glutamate induced neurotoxicity [130] (Scheme 96).
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There is a particular interest in the study of several alkanoic acid deriva-
tives of benzo- and naphto[1,2-d]- or naphto[2,3-d]isothiazole-3-one S,S-
dioxides as ARIs (Aldoso reductase inhibitors) [131, 132]. As usual, the syn-
thesis of target benzo derivatives was performed starting from the sodium
salt of saccharins 402b,c which were alkylated with an halogeno ester as out-
lined in Scheme 96 affording compounds 404a,b. Different substituents on the
benzene ring such as the 4-nitro group transformed both into hydroxylamine
derivative 405a or into amine 405b, depending on the reductive conditions.
The latter was hydrolised to acid 405¢ or acylated to give amides 405d. The 6-
amino group in compound 404b was also acylated and a series of amides 406
were obtained (Scheme 96).

Other alkanoic acid derivatives, i.e. the naphto[1,2-d]- and naphto[2,3-
dlisothiazole-3-one §,S-dioxide derivatives 309 and 310, as well as the nitro
and the amino compounds 311, have already been cited in Scheme 75.

N-Acetylsaccharinyl acid derivatives 408, which are structurally related
to COX-2 inhibitor celecoxib, were designed and synthesised [133] from
N-saccharinyl acetate 407a, prepared via the reaction of ethyl bromoacetate
with sodium saccharin by heating the reactants in DMF (see [133]). Its trans-
formation into the corresponding hydrazide 407b and subsequent reaction
with ethyl acetoacetate, S-diketones and maleic anhydride, afforded the het-
erocyclic compounds 408 [134] (Scheme 97).

(0] O 0

dicarbonyl No_Me N Me
©%NCH200R __compound _ NCH,COR  R: N}J Ng HNN |
S EtOH, AcOH cat. /S\\
A or AcOH do Al °© o
1_
NH,NH, — 407a: R = OEt 408 R' = Me, Ph

EtOH, A 407b: R = NHNH,

Scheme 97 Synthesis of N-alkylheterosubstituted saccharins

The carbon chain functionalised with the chromone nucleus characterises
the patented saccharin derivatives 412 as agents for treating disorders of
the central nervous system. As an example, the synthesis of (R)-(-)-[2-
[4-(benzyl [7-(benzyloxy)-6-methoxy-3,4-dihydro-2H-chromen-2-yl]methyl-
amino)-2-butynyl]-1,2-benzisothiazol-3(2H)-one S,S-dioxide (412: R! = H,
R? = OMe, R® = OH) is reported. The reaction of (R)-(-)-[N-benzyl-N-
[7-(benzyloxy)-6-methoxy-3,4-dihydro-2H-chromen-2-yl|methylamine (410)
was performed in the presence of paraformaldehye/Cu(OAc), and alkynyl
saccharin 409, prepared from the sodium salt of saccharine and the alkynyl
bromide. Compound 411 (90%) was obtained and reduced with H, and10%
Pd/C in MeOH/HCI affording 412 (R! = H, R? = OMe, R®> = OH) (64%)
(Scheme 98).
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Scheme 98 Synthesis of (chromenyl)methylaminobutyryl-1,2-benzisothiazol-3(2H)-one
S,S-dioxides

To increase the hydrophilicity of compounds 329 and of the corresponding
thio compounds 330, the hydroxy group was transformed and benzisoth-
iazolones 413 and thiones 414/414’ functionalised with a carbamate chain
were prepared (Fig. 7). Their activity against representative bacterial and fun-
gal strains was tested. The reaction of 329 with a series of isothiocyanates
was done in presence of DABCO in xylene, and compounds 413 were ob-
tained in 75-90% yields [104]. The reaction of 330 with the same reagent
was performed using DABCO or Fe(acac)s; as catalyst in benzene at reflux
and the mixture of carbamates 414/414’ was obtained and separated by col-
umn chromatography. Equilibration between 414/414 takes place in DMSO
or acetone/water [105].

(0] S N(CH,).-OCONHR
()\\)éN-X-OCONHR ©jz</N(CH2)2-OCONHR ©f1<,s
S S S
X = (CHy)a, (CHp)3, CH,CHMe R = Et, n-Pr, i-Pr,n-Bu, tBu

R = Alkyl, Cycloalkyl,Aryl

Fig.7 N-2-Hydroxyalkyl-benzisothiazol-one and -thione carbamic esters

4-Arylpiperazin-1-ylalkyl chains are the common feature of a series of
isothiazolo[5,4-b]pyridine derivatives 418 and 419 and of the corresponding
S,S-dioxides 420, tested as antimicrobials. Two reagents were used to alky-
late 415a,b, i.e. the chloroalkylpiperazine 416 and the quaternary salt 417
(Method U). A mixture of compounds of N-alkylation 418a-c (47-53%) and
O-alkylation 419a-c (8-11%) was isolated from 415a. Instead, using isothia-
zolopyridine S,S-dioxide 415b, only isomers 418a-c (42-65%) were formed.
Compounds 418d (42%) and 419d (11%) were obtained using 417 as chain
donor (Scheme 99) [135].
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Scheme 99 Synthesis of N-(4-arylpiperazin-1-ylalkyl)-3-oxo-isothiazolo[5,4-b]pyridines

Another strategy was used to obtain a large number of saccharin ana-
logues substituted at the nitrogen atom with polyfunctionalised chains
(Scheme 100). In this case, compounds 421 [136], 422 [137], 423 [138] and
424a containing a saturated chain [139] were first prepared according to
known procedures by substitution of the nitrogen atom of 415 with a proper
linker. Instead, 424b (40%) was obtained by reaction of 415 with trans 1,4-
dibromo-2-propene in MeCN and using K,COs; as the base [135].

Compounds 425 (50-85%) were obtained from intermediate 421 (not iso-
lated) by reaction with different cyclic amines [135,136]. Indeed, epoxide
422 afforded compounds 426 (40-70%) containing hydroxy amine func-
tionalised chains [139]. For the preparation of 427 (11%), 423 was first
transformed into the corresponding acyl chloride using SOCl,, then reacted
with 1(hydroxyethyl)-4-phenylpyperazine. Instead, from 424a,b, containing
the unsaturated and saturated chin, respectively, compounds 428a (70%) and
428b (55%) were formed by reaction with N-(2-pyridinyl)pyperazine and
o-methoxyphenyl-pyperazine.

The alkylation of the ITQ nucleus of general formula 429 is reported in
a patent as well as the parent compounds 357 (see Sect. 5.2) [140]. They were
prepared as inhibitors of bacterial DNA synthesis and replication. As the par-
ent benzisothiazolones, a mixture of N- and O-alkyl derivatives 430 and 431
(major isomer) was obtained performing the reaction in DMF and CsCO3 at
25 °C (Scheme 101).

The reaction of N-amino compounds 335 with a series of substituted ben-
zaldehydes, 1-furanaldehyde and cinnamaldehyde, operating in the classical
conditions (H,O/EtOH/AcONa, 70 °C) afforded 2-benzilidene-amino com-
pounds 432 (57-89%) [70-72] which were tested as antimicrobials and anti-
fungals (Fig. 8).
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R 2 a: R = H; Ar = 2-F-Ph, 3-F-Ph, 4-F-Ph, 3-HO-Ph, 4-HO-Ph
Ph, 2-CI-Ph, 3-CI-Ph, 4-Cl-Ph, 2-NO,-Ph, 3-NO,-Ph, 4-NO,-Ph, 2-HO-Ph,
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432a,b 2-HO-Ph, 4-MeO-Ph, 4-HO-3-MeO-Ph, 3,4-OCH,0-Ph, 2-furyl, CH=CHPh

Fig.8 N-(Benzylidene-amino)-benzisothiazolones

6
Biologically Active Compounds

While saccharin remains one of the most important, widely used and best
known isothiazole derivatives, many other isothiazole derivatives manifest
a broad spectrum of useful properties and have applications in several fields.
In these compounds the isothiazole ring can be both the pharmacophore or
a scaffold with no direct biological activity. In order to obtain biologically ac-
tive compounds, different approaches were used, which are represented by
random library screenings of different heterocycle containing molecules, or
by rational design. In this last case, bioisosteric replacement of isoxazole ring
in known pharmacological active compounds was widely used and, although
the isothiazole moiety is markedly less acidic and more lipophilic, this ap-
proach very often led to active compounds.

Below isothiazole derivatives are classified according to their activity and
for each section the most active compounds are cited. When important,
a short account of the mechanism of the action is discussed.

Pesticides. Isothiazoles are known as harmful organism-controlling agents
and have been widely cited as agrochemicals since the 1970s [22, 141]. Recent
developments in this field are represented by 5-thio-isothiazole derivatives
433, which are claimed as termite controlling agents [142] and by 5-amino-
isothiazole derivatives 434. Among them, derivative 434a possesses pesticidal
activity against the larvae of Spodoptera littoralis, Heliothis armigera, Plutella
xylostella [143], compound 434b is claimed as a pesticide against Plasmopara
viticola on vines [144] and compounds of general formula 434c (R!' =l R?
= substituted alkylaromatic group) are claimed as strongly active insecticides
with good compatibility with crops [145].

Substituted N-(5-isothiazolyl)phenylacetamides 110 (R! = CH,PhOPh-4-
CF3) possess an excellent broad spectrum of activity against insects by acting
on mitochondrial respiration as inhibitors of MET at Complex 1 (NADH
dehydrogenase), but they have been found to be toxic to fish. In order to
improve safety to non-target organisms various N-alkylated derivatives 111a
were synthesised as proinsecticides [32], while derivatives 114 (X = NHR, R
= OMe, OCH,;CH=CH;, NHCONH,;, NHTs) substituted at the «-methylene
position were prepared to enhance selectivity [33].

Antimicrobial. The antimicrobial activity of 1,2-benzisothiazoles and of
3-isothiazolones has been intensively studied and various derivatives are
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known to be effective against a wide range of bacteria and fungi. The bio-
logical activity of such compounds arises from their ability to readily pass
into membranes and fungal cell walls and then react with important intracel-
lular sulphur containing proteins, or simpler molecules, such as glutathione,
causing impairment of the cell function. The S-S bond formation with a bi-
ological target is strictly related to the lability of the S—N bond [105]. The
mechanism of this reaction involves a nucleophilic attack by the sulphur atom
at the sulphur atom of the isothiazolone, followed by the cleavage of the S— N
bond to give the ring opened amidodisulfide, which reacts further with the
same nucleophile to give the mercaptoacrylamide (Scheme 102). This causes
the cell’s death.

0o 0 o) o o}
" Nue GSH { Nme NHMe GSH NHMe NHMe
! . 0 \ \
s , s s SH
R R 1sGH R &g R R
+ G232H+

Scheme 102 Mode of action isothiazolones

The extent of activity of mononuclear isothiazoles, is strictly dependent
on the nature and position of substituents on the heterocyclic ring. 5-Chloro-
N-methylisothiazolone 21a (R! = Cl, R =H, R3> = Me), the main active
component of the commercial biocide Katon [2], is several orders of magni-
tude more active against bacteria and fungi with respect to the correspond-
ing 4-Cl-N-alkylisothiazolones. Unfortunately, 21a is a strong skin sensitiser
and this unlikely characteristic is due to its ability to react with histidine
and lysine, two nucleophilic amino acids that are present in epidermal pro-
teins. This interaction causes chemical modifications of such proteins, leading
to allergic contact dermatitis. Curiously, the 5 unsubstituted derivative is
a very weak sensitiser, as it reacts exclusively with thiol nucleophiles [146].
4-Benzylamino-2-methylisothiazolones unsubstituted (37b) or chloro substi-
tuted on C-5 (38b) were prepared, but their activity is lower with respect to
21a [13].

The general interest in BIT derivatives has shifted to their industrial ap-
plication as biocides even if the parent BIT compound is not recommended
for pharmaceutical, cosmetic, and toiletry preparation because it is a skin
sensitiser. Nevertheless, many BIT derivatives have been prepared in the last
years and extensive studies on the influence of substituents in the molecule
on biological activity led to the conclusion that their activity results from
a concurrence of steric effects and S — N bond reactivity induced by electronic
effects of the substituents [105]. As examples, hydrazones 432 were assayed
against gram-positive bacteria and gram negative bacteria and on PRS but
they were less active or comparable to BIT and possess an activity equal or
superior to the reference drugs ampicillin and miconazole [71]. The substi-
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tution of sulphur for oxygen in the keto-benzisothiazole system (compound
414) increases the strength of the S— N bond and lowers the antibacterial
activity with respect to keto derivatives [105, 147, 148]. These compounds
were found to be less active than reference compounds (cefotaxime, gen-
tamicin). A series of compounds 413 were prepared in order to enhance
lipophilicity and to facilitate membrane crossing but they were less active
than BIT [149]. Some of them were active in vitro against anti-Mycobacterium
avium [105].

In the last years other isothiazole derivatives showing antimicrobial activ-
ity and with a different mode of action have been prepared. 4-Arylpiperazin-
1-ylalkyl chains are the common feature of a series of thiazolo[5,4-b]pyridine
derivatives 418 (Ar = Ph, 3-Cl — Ph) characterised by both antimicrobial and
CNS activity. [135]. 3-Amidinobenzisothiazole compounds 252 (R! = Me,
R? = CH, — CH = CH,) are active against gram positive bacteria and yeasts.
The unsaturated aliphatic moiety is essential for antimicrobial activity [83].
A small library of minor groove binding ligands 57 (R! = H,N(CH,);, R? =
(CH;)4NMe;) consisting of a four heterocyclic ring core was synthesised. The
position of basic groups in the molecule strongly influences the antimicrobial
activity and DNA binding affinity [17].

ITQs have tricyclic structures comprising a quinolone nucleus with an an-
nelated isothiazolone ring, which replaces the archetypal 3-carboxylic group
of typical quinolones. ITQs inhibit type II topoisomerases, such as DNA gi-
rase and topoisomerase IV. The first examples were synthesised in the late
1980s but they exerted mammalian cytotoxicity [150]. Recently compounds of
type 429a,b (X = CH, N) have been prepared and tested on MRS. Consider-
ing the ITQ nucleus, the addition of a methoxy group at C-8 on compounds
429a increased the activity, while the removal of fluorine at C-6 or replace-
ment of C-8 carbon with a nitrogen (compounds 429b) compromised activity
against MRS. For amino groups linked to C-7 in compound 429, the activity
decreased in the order 6-isoquinolinyl > 4-piridinyl > 5-dihydroisoindolyl >
6-tetrahydroisoquinolinyl. The most active compound is 429a (R! = H, R? =
F, R? = 2-methyl-4-pyridyl, R* = OMe). By modulating the substituent at C-7
it is possible to reduce cytotoxicity [115, 151].

Carbapenem derivatives of general formula 434 acylate a broad spectrum
of PBP with high affinity, and they are rapidly bactericidal, with potent ac-
tivity against methicillin sensitive staphylococci. In addition the carbapenem
nucleus is resistant to most serine B-lactamases [152]. Attached to the car-
bapenem nucleus is a lipophilic side chain, which is further substituted with
a cationic group. The lipophilic component provides for potent binding to
the target penicillin binding proteins, including the MRS. Unfortunately, first
generation derivatives provoked immune responses in toxicological tests. In
compound 277 (n = 2, R = CH,CONH3) the presence of a naphtosultam side
chain, attached to the carbapenem through a metylene linker, lowers the im-
munotoxicity. The expulsion of the side chain occurs when the B-lactam has
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acylated the surface of red blood cells (“Releasable Hapten” hypothesis). Con-
sequently, the red blood cells are not labelled with the potential immunogenic
naphtosultam side chain [94, 95,152]. Also carbapenem 17a exerts potent
antibacterial activity, excellent stability and a good pharmacokinetics pro-
file [11].

Antiviral and antitumor. Purine nucleosides analogues have been inves-
tigated as antitumor and antiviral agents. Bioisosteric derivatives of nucle-
obases have been proposed. In particular, as the sulphur atoms is analogous
to a — CH = CH - group because of its steric and electronic properties, dif-
ferent imidazo[4,5-d]isothiazoles 292 (R! = H, Me; R?> = H, SMe, SBu) have
been synthesised. All compounds were cytotoxic at micromolar concentra-
tions, but showed no antiviral activity on human cytomegalovirus and herpes
simplex virus type 1 [96]. The nucleoside analogue 12 was also prepared, but
showed none antiviral activity nor cytotoxicity [10].

Aza-TSAO is a bioisosteric derivative of the spiro nucleoside TSAO
(Fig. 9), which is a potent HIV-1 inhibitor. The bioisosteric replacement
leads to less active compounds [49]. The binding mode of several aza-TSAO
derivatives of type 150 which show HIV RT inhibitory activity, was in-

NC_~ OCH.F R ¢l
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R/Z;<N RZCONH g N
433 434a,c
RS: Me, thiocyclopentyl, trimethylsilylmethylthio, 434a: R' = CN, R2 = 3-CI-Ph
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LRl = 2 _ o X B
3-methylphenoxy, p-chlorophenylthio, 434b: R' = Me, R = 2-propyl-benzofuran-5-yl

434c: R' = Cl, R? = substituted alkylaromatic group

HsC

celecoxib

Fig.9 Biological active compounds
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vestigated by a thorough conformational search at the MM, HF and DFT
level [153]

Compound 332 is an antriretroviral agent that interferes with the HIV-1
nucleocapsid protein, a highly conserved zinc finger protein. It affects the
zinc finger region causing rapid extrusion of zinc and subsequent denatura-
tion of the viral protein [106].

Compound 53 is a potent HIV protease inhibitor, which is more active than
indinavir [16].

Isothiazole-4-carbonitrile derivatives exert antiviral activity, showing dif-
ferent selectivity depending on the substituents on the ring [25]. Compound
86 represents a novel class of active-site inhibitors of hepatitis C virus (HCV)
NS5B polymerase. They act by preventing proper positioning of natural tem-
plate in the active-site, by disrupting the suitable entry path of initiating
rNTP substrate and by locking the C-terminus into an inactive conform-
ation [27, 154, 155]. The most active compound is the N-3,5-dichlorophenyl
compound, which has an ICs of 200 nM and ECsy of 100 nM.

3-Thio derivatives 96 (R = Ar, R! = H, Me) are active against picor-
naviruses, such as rhinoviruses and enteroviruses, but also against HIV. The
biological activity depends on the presence of bulky substituents at the para
position of the phenyl ring and of the presence of a low molecular thioalkyl
chain at 3. These compounds act by interfering with early events of viral repli-
cation and it has been postulated that they have a capsid-binding activity and
that they induce some conformational changes in the binding site [27].

Antifungal and antimycobacterial. Brassilexin and the sinalexin (see
Scheme 58) are the most potent antifungal phytoalexins produced by crucifer
plants. Many fungal pathogens, i.e. Leptospheria maculans, have evolved en-
zymatic systems that are able to detoxify phytoalexins. Potential inhibitors of
brassilexin detoxification were used to protect plants against the fungal in-
vader. The indole-isothiazole fused-ring system of brassilexin was replaced
with quinoline-isothiazole 227, benzothiophene-isothiazole 230, isothiazoles
7 and benzisothiazole 232. Compound 227 and 230 displayed the strongest
growth inhibitor activity [9].

The equilibrium mixture of compounds 342 and 343 shows antimicotic
and antibacterial activity in vitro [110].

Dithiocarbamate 386a and dithiocarbonate 386b show activity against My-
cobacterium tuberculosis and antitumor activity [118].

Compounds of type 135 and 141 have been synthesised as inhibitors of
PFT, an enzyme that catalyses the transfer of the farnesyl group from farne-
syl pyrophosphate to the cysteine SH in the protozoan parasite Trypanosoma
brucei, the causative agent of African sleeping sickness. The parent com-
pound 140 (Ar = (2,4,6-trimethylphenyl) is the most active (ED5g 10 pM) [44,
45]. This class of compounds has been tested also on mammalian PFTase
and some of them showed inhibitory activity. In particular, none of the di-
hydroderivatives affects the enzyme in a concentration-dependent manner,
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while compounds with a C4-C5 double bond and sulfanyl substituents (142)
showed both inhibitory and antiproliferative activity by inhibiting G0/G1
phase of the cell cycle. The activity in such compounds is affected by two
principals factors such as the planarity of the isothiazole ring and the nature
of substituent at the 5-position [25].

Anti-inflammatory. The conventional NSAID’s exert they activity by in-
hibiting the COX enzyme, which synthesises prostaglandins, the major
mediators of inflammation. Two isoforms of this enzyme were identified:
the constitutive COX-1 and the inducible COX-2. Celecoxib is a selective
COX2 inhibitor, which was recently removed from the market for its cardio-
vascular toxicity. Compound 408 (R = 3-methyl-5-phenyl-pyrazol-1-yl) is
a N-benzesulfonamide analogue of celecoxib with higher analgesic and anti-
inflammatory activity [133]. Instead the benzisothiazolyl analogue 215 of
celecoxib is a selective inhibitor of COX-1 [67]. Compound 208 (R! = R? =
t-Bu, R = Et) is a potent inhibitor of cyclooxygenase-2 and 5-lipooxigenase
as well as of production of IL 1 [64, 65]. Compound 246 (R! = 4-Cl-Ph, R? =
CH,CO,H) is an arylacetic acid derivative that exerts high anti-inflammatory
activity [76].

Compound 107 (R! = H, R? = R? = 4-Cl-Ph) possesses antiviral ac-
tivity, and different derivatives containing its scaffold have been tested as
anti-inflammatory and immunosuppressant agents. Electron withdrawing,
lipophylic and small substituents such as Cl or Me of the aromatic group
in the carboxamide fragment increase immunosuppressant activity [28, 29].
Compounds 255 and 234 have been tested in vitro and in vivo for anti-
inflammatory activity. Hydrazones are more active than Schiff bases [73].
Pyridoisothiazolones represent a class of compounds with high analgesic ac-
tivity. For example, derivatives 426 (R = Ar) have analgesic action two to ten
times more potent than acetylsalicylic acid. [136]

The aryl derivatives 347b inhibit the IL-18 induced cartilage breakdown
associated with osteoarthritis. These compounds are relatively resistant to re-
ductive metabolism by liver microsomial preparations and act by interfering
with the proteolytic activation of matrix metalloproteinases [112].

Inhibitor of H*/K* ATPase. H*/K* ATPase is responsible of the acidic
secretion in stomach and is a pharmacological target in peptic ulcers. Com-
pounds 351 and 352 show a high inhibitory activity in vitro, but no action
in vivo. The potent in vitro activities are due to its high-thiophilic proper-
ties, which are not selective for the target enzyme. Prodrugs 350 have been
prepared that are converted in the active isothiazolopyridines only within
the acidic compartment of the parietal cells, avoiding interaction with thiol
groups on other proteins except H*/K*-ATPase (see Scheme 87) [113].

Human leukocyte elastase inhibitors. HLE belongs to the chymotrypsin
family of serine proteinases: the enzyme consists of a single polypeptide
chain of 218 amino acid residues and four disulfide bridges. HLE has been
proposed to be a primary mediator of many pulmonary disorders such as em-
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physema, acute respiratory distress syndrome and chronic bronchitis. Orally
bioavailable inhibitors of HLE belong to the BIT class and are characterised
by their specificity and incorporation of a built-in mechanism for regener-
ation of enzyme activity [98,124]. Thus, rapid acylation of the active site
serine is followed by ring opening and simultaneous departure of the leav-
ing group, yielding a reactive electrophilic species. Deacylation gives active
enzyme, while subsequent reaction with an active site nucleophile yields in-
active enzyme (Scheme 103).

The heterocyclic scaffold allows the attachment and optimal spatial orien-
tation of peptidyl and nonpeptidyl recognition elements, leading to exploita-
tion of favourable binding interactions with specific subsites of HLE. Different
leaving groups have been proposed and studied for compound of general
formula 369. The most active are reported in Scheme 103. Tetrahydroben-
zisothiazolone derivative 162 (R = Et, n =1) has been tested as an HLE
inhibitor, but it showed less activity than the BIT containing compound [53].
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Scheme 103 Mode of action of HLE inhibitors

Recently, closely related isothiazolidin-3-one S,S dioxide 167 was prepared
and tested in vitro [54]. The R! residue binds to primary specificity pockets
of HLE and by modulating the R1 substitutent it is possible to obtain highly
potent HLE inhibitors or compounds that are highly selective for other types
of serine proteases (R! = isobutyl for HLE inhibitors, R! = Ph for cathepsin
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G inhibitors, R! = small group for PR3 proteinase inhibitors). In all cases the
leaving group is represented by carboxylic acid derivatives [54].

Other derivatives tested on HLE are the ortophosphoric derivatives
168 [55] and compound 46 (R! = R? = Ph, R® = R®> = Cl, R* = 0-i-Pr) [15].

Inhibitor of mast cell tryptase. Starting from the consideration that BIT
derivatives act on HLE, a library of BIT was tested on HMCT. This is a trypsin-
like serine protease which is the major product secreted from mast cells
during their activation. Elevated tryptase levels have been observed in var-
ious diseases such as asthma and inflammatory skin diseases. The most
active BIT compound is 371 (R = CgH4-4-NHCbz, IC50(uM) = 0.0643). Mod-
eling studies suggest that such compounds recognise a hydrophobic binding
pocket on the §' side of tryptase that prefers a benzyloxycarbamate group ap-
proximately nine atoms from the electrophilic benzisothiazolone S,S-dioxide
carbonyl [120].

Inhibitors of Aldoso reductase. Aldoso reductase catalyses the NADPH-
dependent reduction of glucose to sorbitol, whose activity is higher in hy-
perglycaemic conditions leading to elevated intracellular concentration of
sorbitol and, as a consequence, high cellular osmolarity. This fact is dra-
matically relevant in the development of long-term diabetic complications.
NiT 309a belong to a novel class of aldoso reductase inhibitors, possessing
benzisothiazoles scaffold. The presence of a planar aromatic moiety and of
an acidic function is important for activity. Also the disposition of the sec-
ond aromatic ring is crucial for the biological activity. In fact, compound
310, having a linear tricyclic moiety, is not active. The functionalisation with
a second carboxylic group on the phenyl ring (309b,c) leads to an enhance-
ment of the activity [101]. This class of compounds is selective for Aldoso
reductase, while is not active against other enzymes, e.g. aldehyde dehydro-
genase.

Kinase inhibitors. Protein kinases are key regulators of different biological
pathways. Different kinases are present in the cell and represent an intrigu-
ing biological target for several diseases. MEK has a central role in regulating
cell growth and survival, differentiation and angiogenesis. Overexpression
and activation of these enzymes are associated with various human cancers.
Compound 86 was found as lead for in vitro inhibitors of MEK and different
derivatives have been synthesised in order to evaluate structure-activity re-
lationship. In particular, a free hydroxyl group at C-3 and, a hydrogen bond
donor at C-5 are essential for activity (bioisosteric derivatives with S and
O are not active) and the inclusion of a spacer between 5-alkyl or aromatic
group and isothiazole core lead to no activity [23]. The replacement of the
cyano group with an amidino group in compound 88 (R! = 2,5-Cl,, R* = H,
R? = CH,CH(Me)OH) and the introduction of a bulky para-substituent on the
aromatic ring produced an improvement of oral activity [26].

ChK 1 and ChK 2 are the major effectors of the replication checkpoint: the
fail-safes, which ensure that the cell cycle does not progress to the next stage
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until the previous step is completed. Carboxamidine isothiazole derivatives
87 (R!= cyclohexyl, pyrazolyl, iPr, alkylalcohol) are potent ChK2 inhibitors.
They act by direct binding to the ATP site of ChK2 and are ATP-competitors.
They possess cellular activity to regulate the ChK2 mediated cell cycle arrest
and apoptosis [24].

Isothiazoles have been found to be active also as inhibitors of TrKA,
kinases receptors for the neurotrophin family of ligands. Compound 117
(R! =4-Cl-Ph, R> =H, R? = Me) is a potent inhibitor of this enzyme and
its derivatives have been prepared. N-Amino-heteroaryl substituted com-
pounds 118 (R! = 4-Cl - Ph, R? = H) were shown to be good urea surrogates,
whereas thioindanyl substituted at C-3 117 were shown to be very potent in-
hibitors [35].

CP-547,632 is a potent inhibitor of the VEGFR-2 and basic fibroblast
growth factor kinases at nanomolar concentration. It is undergoing clinical
trials (2007) [34].

Tyrosine phosphatase inhibitors. PTPs in concert with tyrosine kynases,
control the phosphorilation state of many proteins involved in signal trans-
duction pathways. Deregulation of these signalling pathways is involved in
numerous diseases, such as cancer and diabetes. PTP1B was the first puri-
fied PTP and it is considered one of the best validated drug targets in type2
diabetes and obesity. The design of inhibitors of PTP1B has focused on bind-
ing to the active site and on discovery of mimetics of pTyr. Isothiazolidinone
peptides have been designed as inhibitors of PTP1B and they show bind-
ing activity at nanomolar concentration. In particular, compounds containing
a saturated isothiazolidinone scaffold bind the active site much more strongly
than the corresponding unsaturated derivatives [156, 157].

In order to improve cellular permeability nonpeptidic pTyr mimetics have
been designed and compound 179 was found as a potent, cell permeable in-
hibitor of PTP1B [57].

Interaction with GABA receptors. GABA is an inhibitory neurotransmit-
ter in the CNS that operates through different receptors: ionotropic GABAA
and GABA( receptors, and metabotropic GABAp receptors. GABA, receptors
have been implicated in different neurological diseases and represent im-
portant therapeutic targets [14]. A number of different heterocyclic GABAA
agonists, such as muscimol, THIP, isoguvacine have been synthesised (see
Scheme 11). GABA, agonists are zwitterionic compounds and the structure
of the heterocyclic ring is a factor of critical importance for the interaction
with receptors. In fact compounds with highly delocalised negative charges
on the ring have low affinity for the receptors. Other important factors
that contribute to biological effects are steric effects, acidity, and tautomeric
equilibria. All these factors were examined in depth using ab initio calcu-
lations [158]. Another critical factor is represented by the ability of such
compounds to penetrate the blood-brain barrier and it is determined by
the concentrations of the ionised and unionised form. (I/U ratio) [159]. The
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isothiazolyl derivatives thiomuscimol and thio-THIP exert a lower activity
with respect to the isoxazolyl compounds. Furthermore the bioisosteric sub-
stitution of sulphur for the oxygen atom of THIP converts an agonist to
a competitive antagonist. Other isothiazole analogues of THIP have been been
prepared. They show affinity for GABA, receptors at low-micromolar range,
which is higher for the satured compound 41 [14, 160, 161].

Interaction with glutamic acid receptors. S—Glu is the main excitatory
neurotransmitter in CNS and activates two different types of receptors:
ionotropic and metabotropic receptors. Glu is involved in many physiologi-
cal processes, such as learning, memory, and vision. An altered Glu function
is implicated in various neuropathologies, such as epilepsy, stroke, cogni-
tive disorders, and neurogenerative deseases. Ionotropic receptors are sub-
divided into three groups: NMDA, AMPA, and KA receptors. Furthermore
Ibo is a naturally occurring excitotoxin isolated from the mushroom Amanita
muscaria, which activates KA, NMDA, and several metabotropic receptors.
Considering the presence in both AMPA and Ibo structure of an isoxazolyl
ring, isothiazolyl bioisoteric derivatives have been prepared in the last years,
and in most cases the isothiazolyl derivatives show the same potency as the
isoxazolyl ones [19-21]. Only thio-ATPA is considerably less active than ATPA
on AMPA receptors, but it is a potent and selective agonist at homomerically
expressed ionotropic GluR5. In particular, it has been demonstrated that the
activity is solely due to the S-enantiomer. Thio-AMPA, as well as AMPA, pen-
etrates the blood-brain barrier as a net uncharged diprotonated species (see
Scheme 15) [19].

A 67a series was designed as structural hybrids between agonist and an-
tagonists ligands showing different receptor selectivity. Such compounds are
bioisosteric modified analogues of the dipeptide Glu-Gly [20].

Thioibotenic acid is active both on ionotropic and cloned metabotropic
Glu receptors. The different behaviour between isoxazolyl and isothiazolyl
derivatives has been studied by using computational and experimental
methods [162]. Thio-ibo analogues (see Scheme 20) have been synthesised in
order to investigate the structure-activity relationship at both iGlu and mGlu
receptors. Analogues containing smaller substituents retained affinity simi-
lar to thio-Ibo at NMDA receptors, while by increasing the bulkiness of the
substituent the activity is lost. It is notable that the change in efficacy is differ-
ent between individual subtypes [21]. The xantine derivative 403 significantly
antagonised glutamate induced neurotoxicity [130].

Interaction with muscarinic receptors. Deficit in central cholinergic trans-
mission causes the learning and memory impairments seen in patients with
Alzhiemer’s disease (“cholinergic hypothesis”). The natural alkaloid arecoline
is an agonist of muscarinic AChRs, and has been shown to improve cognition
when administered to Alzheimer’s patients, although the pharmacological ef-
fects are shortlived. Compounds 124 and 125 (R = Me, Et, allyl, CH,CN; R!
= R? = R® = H, Me) represent conformationally restricted bicyclic analogues
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of arecoline, with potent inhibitor activity of the binding of mAChR radioli-
gands [37].

Interaction with serotonin receptors. Serotonin is involved in several dis-
eases, such as depression, schizophrenia, nad psychoses. Seven families of
receptors have been discovered (5-HT1-7). Compounds such as buspirone
and ipsapirone 389 (R = Ar, n=4), which belong to the class of het-
eroarylpiperazines, are clinically effective dugs for the treatment of anxiety
and depression. It is now generally accepted that the clinical effects are due
to the interaction with 5-HT receptors. This class comprises five different re-
ceptors (5-HT1, ¢). 5-HT1a receptors are involved in anxiety and depression.
Ipsaspirone is a partial agonist of 5-HT1a, while DU1255530 (see Scheme 93)
is an antagonist [126].

Repinotan (392) is a 5-HT1a agonist, in which the 2-(aminomethyl)-1,4-
benzodioxan group bioisosterically replaces the arylpiperazine. Repinotan is
being developed by Bayer as a potential treatment for ischemic stroke and
traumatic brain injury [128].

It is thought that 5-HT2a antagonism together with relatively weaker
dopamine antagonism are principal features that differentiate the side-effect
profile of atypical antipsychotic agents of the first generation treatments.
5-HT2a antagonist with benzisothiazole scaffold has the general formula
258 (see Tables 2 and 3). Among this class compound 436 is a new atyp-
ical antipsychotics for the treatment of schizophrenia [163]. Other ben-
zisothiazolyl substituted piperazines have been prepared, but the activity
is low [87, 88].

Interaction with adrenergic receptors. Adrenergic receptors belong to the
family of G-protein couplet receptors and have been classified as « (1-3) and
B (1-3). Selective -1 anatagonists represent a target for the treatment of be-
nign prostatic hyperplasia. Ipsaspirone, a 5-HT1 partial agonist, has a modest
affinity for o-1 receptors and different derivatives have been prepared in
order to gain a potent antagonist activity. As an example, a chlorine atom has
been introduced on the benzene ring of saccharin and the piperazine group
was replaced with a piperidine derivative, leading to the high selective com-
pound 394 (R! = CO,Et, R! = H). The stereochemistry is important for the
activity [129]. Compound 393 (R! = Cl, R! = H), is selective for a-1 receptors
with no interaction with other protein G-coupled receptors [100].
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Abstract In this review we summarize the structure and biological effects of linear and
angular psoralens. These compounds exhibit very interesting biological effects on cell
cycle, apoptosis and differentiation. These molecules should be considered as promising
drugs in the therapy of several diseases, including psoriasis, mycosis fungoides, cancer.
In addition, pre-clinical data demonstrate a possible employment of these molecules for

the treatment of B-thalassemia.

Keywords Apoptosis - Cell cycle - Erythroid differentiation - Erythroid precursors -

K562 cells - Psoralens
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PUVA psoralens plus ultraviolet A

MF mycosis fungoides

PI propidium iodide

FACS fluorescence activated cell sorter
I phophatidylserine

1
Introduction

Psoralens, also known as furocoumarins, are naturally occurring or syn-
thetic tricyclic aromatic compounds and are derived from the condensation
of a coumarin nucleus with a furan ring [1-10]. Several new furocoumarins
have been isolated from natural sources [10, 11]. In addition, the synthetic
methods for production of these molecules have been described and re-
viewed [10]. The synthetic methods can be organized on the basis of the
key step used for the formation of the two different oxygenated rings. In
this respect, there are three possibilities: (i) formation of the furan ring onto
the coumarin, (i) formation of the pyrone ring onto the benzofuran and
(iii) the simultaneous formation of both oxygenated rings onto a benzene
unit. Psoralens have been extensively studied and demonstrated to retain
interesting biological effects on eukaryotic cells, allowing biomedical ap-
plications and the development of clinical trials [12,13,20]. The biological
importance of furocoumarins mainly focuses on their relevant applications in
photochemotherapy, as pointed out in several reviews [21-23].

2
Linear Psoralens

Linear psoralens widely used in therapy are 5-methoxypsoralen (5-MOP or
bergapten) and 8-methoxypsoralen (8-MOP) (see Fig. 1) [24-29]. In add-
ition, several analogues have been described [25, 26]. It is generally accepted
that these molecules cause cell damage by covalent binding to DNA follow-
ing UVA irradiation; they in fact exhibit a planar tricyclic structure with two
photoreactive sites (3,4-pyrone and 4',5'-furan double bonds). The initial in-
tercalation and interaction with double stranded DNA is not characterized
by covalent bonds, but, upon absorption of a photon of UVA, a pyrimidine
residue (preferentially a thymine) of the DNA covalently binds to the first
photoreactive site with a 5,6-double bond. The resulting monoadduct can
form a diadduct by absorbing a second photon, if a new pyrimidine on the op-
posite strand of DNA is available for an interstrand cross-link. In conclusion,
the planar structure of psoralens helps them to intercalate between nucleic
acid base pairs. UVA irradiation activates the intercalated complex, result-
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Fig.1 A Structure of linear psoralens. B Complex between bergapten and DNA

ing in the formation of photoadducts with pyrimidines in cellular DNA. The
psoralen monoadducts formed in the DNA can further react photochemically
with a pyrimidine base on the complementary strand of the DNA, thus lead-
ing to interstrand cross links (ICL), that are believed to be the primary cause
of photoinduced cell killing [1].

The crosslinking process depends on the structure of the psoralen deriva-
tive. Linear furocoumarins form crosslinks efficiently with a yield up to 50%
of the overall adducts formed.

Substitution of the psoralen molecule by alkyl groups, like methyl(s), which
increase lipophilicity of the compound and, within certain limits also the
intercalation capacity, is likely to modify this picture. In particular, the photore-
action of 4-methyl psoralen derivatives with DNA yields a lower percentage of
pyrone-side monoadducts. This may be rationalized in term of hindering effect
due partly to the methyl group of thymine, although the cross-linking capacity
is not affected. The photoreactivity of one of the double bonds of the furan and
pyrone moieties may be reduced or completely eliminated if the substituting
groups are bulkier or exhibit electron-withdrawing properties. Also this could
be achieved by introducing a fourth aromatic ring, fused at the 4,5’ or 3,4 pos-
ition. As a result, linear monofunctional compounds, including carbethoxy-,
pyrido-benzopsoralen and allopsoralen, were developed [11, 25].

2.1
Biological Activity of Linear Psoralens

Nowadays, many human skin diseases, such as psoriasis, T-cell lymphoma
(cutaneous T-cell lymphoma, CTCL; mycosis fungoides MF), and vitiligo, are
commonly treated with a combination of psoralens and UVA radiation com-
monly referred as PUVA (psoralens plus UVA) therapy.
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Psoriasis

As far as treatment of psoriasis, PUVA has been compared in several re-
view articles with the current practice of phototherapy with ultraviolet (UV)
radiation without sensitizers [18-20]. Both treatment modalities are well es-
tablished in therapy of psoriasis. Phototherapeutic regimens use repeated
controlled UV exposures to alter cutaneous biology, aiming to induce re-
mission of skin disease. Although UVB has been used for a longer time
than PUVA, the latter has been evaluated and validated in a more detailed
and coordinated fashion [18]. It is widely accepted that lesion clearance is
obtained with oral psoralens (such as 5- or 8-methoxypsoralen), plus UVA ex-
posure in patients with vitiligo or psoriasis, although differences were found
in respect to the total UV exposure needed to obtain clinical outcomes [20].
Interestingly, differences among the employed psoralens were described. For
instance, the incidence and severity of adverse events was generally lower
in PUVA 5-MOP than in PUVA 8-MOP recipients. Nausea and/or vomiting,
pruritus and erythema were the most commonly reported adverse events in
the short term; they occurred about 2 to 11 times more frequently in 8-MOP
than 5-MOP recipients. Adverse hepatic events after oral administration of
the drug were uncommon. By contrast, long term tolerability data for PUVA
are still scarce; however, carcinogenicity was not reported during a 14-year
observation period of 413 patients with psoriasis [20].

T-cell Lymphoma

Linear psoralens have been extensively studied in the treatment of T-cell lym-
phoma (mycosis fungoides, MF) [22, 30-35]. Treatment of MF is indicated to
reduce symptoms, improve clinical appearance, prevent secondary complica-
tions, and prevent progression of disease, all of which may have an impact
on survival. It has been reported that psoralen and ultraviolet A radiation is
effective in early-stage MF, inducing complete remissions in most patients.
Psoralens and ultraviolet A radiation may also be combined with low doses of
interferon (IFN)-alpha to treat stage I/II disease. Extracorporeal photophere-
sis may also be used successfully, but it is not generally available [31].

3
Angular Psoralens

Among psoralens-related compounds, the angular angelicin-like isomers (the
structure of angelicin is shown in Fig. 2A) are both natural or synthetic com-
pounds, present for instance in the medicinal plant Angelica arcangelica, that
could exhibit interesting pharmacological activity when compared with lin-
ear psoralens, including low toxicity and low DNA-binding activity. Unlike
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Fig.2 Structure of angelicin (A) and its interaction with DNA (B)

linear psoralens, angelicin and its angular analogues, are monofunctional
isopsoralen isomers and cannot create interstrand cross-links because of their
angular geometric structure [36, 37] (see Fig. 2). In conclusion, these angular
psoralen derivatives allow only monofunctional photobinding, thus reducing
undesirable side effects, such as genotoxicity and risk of skin cancer.

3.1
Biological Activity of Angular Psoralens

These molecules might be of great interest to induce biological functions
without (or with limited) toxicity. Recently, some of us have reported the ac-
cumulation of y-globin mRNA in human erythroid cell treated with angelicin
in the absence of UVA irradiation [38,39]. Angelicin was able to stimulate
increase of y-globin mRNA and fetal hemoglobin (HbF) production. This fea-
ture is of potential clinical relevance. Psoralens could be proposed for the
therapy of §-thalassemia and sickle-cell disease [39-46]. Indeed, even a mi-
nor increase in the production of HbF by patients affected by these diseases
has been described to be beneficial. Patients treated with HbF inducers have
been reported to be converted to transfusion-independent individuals [39].

4
Psoralens and the Cell Cycle

For flow cytometric analysis of DNA content, cells under investigation, in the
exponential phase of cell growth, can be treated at different concentrations
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with psoralens. After an incubation period that can be varied at the investi-
gator’s will, the cells are centrifuged, fixed in ice-cold ethanol, then treated
with lysis buffer containing RNAseA, and finally stained with propidium io-
dide (PI). Samples can be analyzed using standard fluorescence-activated cell
sorters (FACS, such as the Becton Coulter Epics XL-MCL flow cytometer).
This and similar approaches give evidence for psoralen-dependent alteration
of the cell cycle. In fact, flow cytometric analysis of DNA content indicate
that treatment of eukaryotic cells with increasing concentrations of both
linear and angular psoralens, is associated with deep changes of cell cycle
profile. For example, many papers showed that irradiation of lymphocytes,
lymphoblastoid cell lines and human fibroblast in the presence of psoralens
induce a G2/M arrest of the cell cycle [28,47-50]. In addition, Jorges et al.
showed that in a human keratinocyte cell line (HaCat) 8-MOP induces a cell
cycle arrest in S-phase. This block may be abrogated by treating the cells with
caffeine, a well know inhibitor of the ATM (ataxia-telangiectasia-mutated)
and ATR (ATM and Rad3 related) protein kinases, two key enzymes involved
in the down stream cellular response to DNA damage. In a recent paper,
Viola et al. [50] demonstrated a differential response of linear and angular
derivatives of psoralens in a human promyelocytic cell line (HL-60). They
studied two linear (5-MOP, 8-MOP) and two angular derivatives (angelicin
and trimethylangelicin) and the results obtained shown that psoralen deriva-
tives efficiently induce apoptosis, as the two angular compounds are the
most potent and caspase-3 is essential for this process. In the case of linear
derivatives this event is preceded by a cell cycle block in G2/M phase require
depending on different mechanisms involved in the phototoxicity of psoralen
derivatives.

5
Psoralens and Apoptosis

Apoptosis can be analysed by several approaches, including immunohisto-
chemistry analysis of DNA fragmentation, Annexin release assay, detection of
Sub-G1 population in FACS analysis, increase of caspase activity. For instance,
after treatment for 5 days with 5-MOP or angelicin, the cells can be rinsed
two times with a PBS solution, fixed in paraformaldehyde at room tempera-
ture and apoptotic cells can be detected by several reagent kits, such as the
DeadEnd Colorimetric Apoptosis Detection System (Promega). Measurement
of apoptosis is calculated as the % of apoptotic nuclei (dark brown nuclei)
versus total nuclei, as shown in the representative experiment of Fig. 3b.
A dark brown signal indicates positive staining, while shades of blue-green
to greenish tan indicate a non-reactive cell. The data obtained indicate that
both linear and angular psoralens (5-MOP and angelicin in the representa-
tive experiment reported) induce high level of apoptosis, even without UVA
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Fig.3 Induction of apoptosis of human leukemic K562 cells treated for 5 days with 5-MOP
and angelicin, as indicated

treatment of the cells. To characterize psoralen-induced apoptosis, bipara-
metric cytofluorimetric analysis can be also performed using propidium io-
dide (PI) and Annexin-V-FITC, which stain DNA and phosphatidylserine (PS)
residues, respectively. Annexin-V is, indeed, a Ca** dependent phospholipid
binding protein with high affinity for PS. This assay represents a measure-
ment of apoptosis, because externalization of PS occurs in the early stages
of the apoptotic process. Later, analysis of the cell cycle might identify apop-
totic cells as a sub-G; peak, evidence of the DNA fragmentation occurring
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at later stages of apoptosis. The data available in the literature and our own
concurrently indicate that most of linear and angular psoralens activate the
apoptotic pathway in a concentration-dependent manner [51-57].

6
Psoralens and the Therapy of B-Thalassemia

For assessing the activity of linear and angular psoralens on human ery-
throid cells, the experimental system considered to be more reliable is con-
stituted by erythroid precursor cells isolated from normal donor or patients
affected by p-thalassemia. The employed two-phase liquid culture proced-
ure has been previously described [46]. Mononuclear cells are isolated from
peripheral blood samples of normal donors by Ficoll-Hypaque density gradi-
ent centrifugation and seeded in a-minimal essential medium supplemented
with fetal bovine serum (FBS), cyclosporine A, and conditioned medium
from the 5637 bladder carcinoma cell line [46]. The cultures are incubated
at 37 °C, under an atmosphere of 5% CO; in air, with extra humidity. After
7 days incubation in this phase I culture, the non-adherent cells are harvested,
washed, and then cultured in fresh medium containing human recombinant
erythropoietin (EPO). This part of the culture is referred to as phase II. Pso-
ralens are added on day 6 of phase II. Cell samples are analyzed on day 9
of phase II. Quantitative real-time PCR assay of gamma-globin and alpha-
globin transcripts can be carried out using gene-specific double fluorescently
labeled probes in a 7700 Sequence Detection System version 1.7.1 (Applied
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Fig.4 Effects of angelicin (white boxes) on HbF production (A) and y-globin mRNA ex-
pression (B). HbF was analysed by HPLC, y-globin mRNA accumulation by real-time
quantitative RT-PCR. The effects of angelicin were compared to those of hydroxyurea
(black boxes; grey box = control untreated cells)
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Biosystems, Warrington Cheshire, UK). The results obtained indicate that
psoralens should be included in the class of HbF inducers, as shown in Fig. 4,
which demonstrates high level of HbF induction of HbF by angelicin, quanti-
fied by HPLC (High Performance Liquid Chromatography).

7
Conclusion and Future Perspectives

The conclusion of this review is that linear and angular psoralens [1-11, 58,
59] exhibit very interesting biological effects on eukaryotic cells and should
be considered as promising drugs in the therapy of several diseases, including
psoriasis, mycosis fungoides, cancer.

Of great interest is the possibility that this class of molecules could be
a source of lead compounds. In fact, it has been recently shown that some
products of photolysis of psoralens may exhibit interesting biological ef-
fects in the dark. In this context, Potapenko et al. suggested that the pho-
tobiological activity of psoralens derives from their photooxidized products
formed during pre-irradiation (POP) [60]. This author in fact analyzed the
efficacy of crude pre-irradiated solutions of psoralens in a variety of bi-
ological models [61-64]. First, they proved that the solutions are active
only when irradiation is carried out in the presence of oxygen and con-
cluded that the activity should be ascribed to photooxidized psoralen species
(POP). It was found that POP induces hemolysis of erythrocytes [65], mod-
ifies the “respiratory burst” of phagocytes and increases the permeability of
their membrane [66]. Chemically oxidized or photooxidized psoralens inhibit
chemotactic activity of polymorphonucleated cells and induce mutagenic
and lethal effects in microorganism. The products of photooxidation of pso-
ralens administered to mice have been shown to induce modulation of the
T-cell mediated immune response and inhibit growth of grafted EL-4 lym-
phoma [67]. Recently, Caffieri et al. [68] isolated from a preirradiated solution
of psoralens three cytotoxic molecules. These compounds induce apoptosis
in a lymphoblastoid cell line that was preceded by mitochondrial dysfunc-
tion caused by the opening of the mitochondrial transition pore. Whether

these molecules are involved in the mechanism of PUVA action remains to be
clarified.
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Erratum to
Xanthones in Hypericum: Synthesis and Biological
Activities
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Due to an oversight of the author, Figs. 9 and 11 of the above-mentioned art-
icle were published online with mistakes and have to be corrected as follows:
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Fig. 9 Synthesis of 1,3-dihydroxyxanthone with the Tanase method [53
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Fig. 11 C prenylation with prenyl bromide in the presence of strong base [58]
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