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Preface

Alkaloids constitute one of the widest classes of natural products, being synthesized
practically by all phyla of both marine and terrestrial organisms, at any evolutionary
level. The extraordinary variety (and often complexity) of alkaloid structures and
biological properties have long intrigued natural product chemists (for structure
determination and biosynthetic studies), analytical chemists, and synthetic organic
chemists. Toxicologists, pharmacologists and pharmaceutical companies have used
and will certainly continue to use alkaloids as biological tools and/or as lead
compounds for development of new drugs.

When we started our project of a handbook on alkaloid science, we were faced
with an impressive number of papers describing the structures and activities of
alkaloids, and also with an intense review activity, published in excellent book series
or in single books covering specific classes of alkaloids. Consequently, we decided to
organize our handbook to present the different aspects of alkaloid science (e.g. the
structure and pharmacology of bioactive alkaloids; recent advances in isolation,
synthesis, and biosynthesis) in a single volume, aiming to provide representative
examples of more recent and promising results as well as of future prospects in
alkaloid science. Obviously, the present handbook cannot be regarded as a compre-
hensive presentation of alkaloid research, but we feel that the diversity of topics
treated, ranging from bitterness to the anticancer activity of alkaloids, can provide a
good idea of the variety of active research in this field.

In particular, Section I describes the structures and biological activities of selected
classes of alkaloids. Almost half of the chapters focus their attention on terrestrial
alkaloids (Chapters 1-5). The other half (Chapters 7-11) describe recent results in
the field of marine alkaloids, while Chapter 6 is focused on neurotoxic alkaloids
produced by cyanobacteria, microorganisms living in both marine and terrestrial
environments. The particular emphasis on marine alkaloids undoubtedly reflects
our long-standing research activity on marine metabolites, but it is also a result of
the impressive amount of work carried out in the last few decades on marine natural
product chemistry. Section II (Chapters 12-15) gives an account of modern techni-
ques used for the detection and structural elucidation of alkaloids, while Section III
is divided into two parts: different methodologies for the synthesis of alkaloids and
accounts of modern biosynthetic studies.
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Preface

Finally, we should point out that even today the term alkaloid is ambiguous (a
discussion on the definition of alkaloid is presented in Chapter 4). The initial
definition of Winterstein and Trier (1910) ("nitrogen-containing basic compounds
of plant or animal origin") has obviously been superseded. The most recent defini-
tion of alkaloid can be attributed to S. W. Pelletier (1984): "compound containing
nitrogen at a negative oxidation level characterized by a limited distribution in
Nature". In the preparation of this handbook we have decided to follow this last
definition and, thus, to include "borderline" compounds such as capsaicins and non-
ribosomal polypeptides.

We cannot conclude without thanking all the authors who have made their expert
contributions to the realization of this volume, which we hope will stimulate further
interest in one of the most fascinating branches of natural product chemistry.

Naples, July 2007 Ernesto Fattorusso
Orazio Taglialatela-Scafati
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Ecological Roles of Alkaloids
Michael Wink

1.1
Introduction: Defense Strategies in Plants

Plants are autotrophic organisms and serve as both a major and the ultimate source of
food for animals and microorganisms. Plants cannot run away or fight back when
attacked by a herbivore, nor do they have an immune system to protect them against
pathogenic bacteria, fungi, viruses, or parasites. Plants struggle for life, as do other
organisms, and have evolved several strategies against herbivorous animals, para-
sites, microorganisms, and viruses. Plants also compete with neighboring plants for
space, light, water, and nutrients [1-8].

Apparently plants have evolved both physical and chemical defense measures,
similar to the situation of sessile or slow moving animals. Among physical defense
strategies we find [8]

* formation of indigestible cell walls containing cellulose, lignin,
or callose;

e presence of a hydrophobic cuticle as a penetration barrier
for microbes and against desiccation;

e formation of a thick bark in roots and stems against water loss,
microbes, and herbivores;

e development of spines, thorns, hooks, trichomes, and
glandular and stinging hairs (often filled with noxious
chemicals) against herbivores;

e formation of laticifers and resin ducts (filled with gluey and
noxious fluids);

* a high capacity for regeneration so that parts that have been
browsed or damaged by infection can be readily replaced
(so-called open growth).

Secondly, plants are masters of chemical defense, with a fascinating ability to
produce a high diversity of chemical defense compounds, also known as secondary
metabolites or allelochemicals [1-17]. Chemical defense involves macromolecular
compounds, such as diverse defense proteins (including chitinase [against fungal cell
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walls], B-1,3-glucanases [against bacteria], peroxidase, and phenolase, lectins, protease
inhibitors, toxalbumins, and other animal-toxic peptides), polysaccharides, and poly-
terpenes. More diverse and more prominent are low molecular weight secondary
metabolites, of which more than 100 000 have been identified in plants (Figure 1.1).

Among the secondary metabolites that are produced by plants, alkaloids figure as a
very prominent class of defense compounds. Over 21 000 alkaloids have been
identified, which thus constitute the largest group among the nitrogen-containing
secondary metabolites (besides 700 nonprotein amino acids, 100 amines, 60 cyano-
genic glycosides, 100 glucosinolates, and 150 alkylamides) [2,3,18,19]. However, the
class of secondary metabolites without nitrogen is even larger, with more than 25 000
terpenoids, 7000 phenolics and polyphenols, 1500 polyacetylenes, fatty acids, waxes,
and 200 carbohydrates.

1.2
Ecological Roles of Alkaloids

Alkaloids are widely distributed in the plant kingdom, especially among angiosperms
(more than 20 % of all species produce alkaloids). Alkaloids are less common but
present in gymnosperms, club mosses (Lycopodium), horsetails (Equisetum), mosses,
and algae [1-5,17]. Alkaloids also occur in bacteria (often termed antibiotics), fungi,
many marine animals (sponges, slugs, worms, bryozoa), arthropods, amphibians
(toads, frogs, salamanders), and also in a few birds, and mammals [1-5,13,17,20].

Alkaloids are apparently important for the well-being of the organism that pro-
duces them (Figures 1.1-1.3). One of the main functions is that of chemical defense
against herbivores or predators [2,3,8,18]. Some alkaloids are antibacterial, anti-
fungal, and antiviral; and these properties may extend to toxicity towards animals.
Alkaloids can also be used by plants as herbicides against competing plants [1,3,8,18].
The importance of alkaloids can be demonstrated in lupins which — as wild
plants — produce quinolizidine alkaloids (“‘bitter lupins”), that are strong neurotoxins
(Table 1.1) [21,22]. Since lupin seeds are rich in protein, farmers were interested in
using the seeds for animal nutrition. This was only possible after the alkaloids (seed
content 2-6 %) had been eliminated. Plant breeders created so-called sweet lupins
with alkaloid levels below 0.02 %. If bitter and sweet lupins are grown together in the
field it is possible to study the importance of alkaloids for defense. For example,
Figure 1.3 shows that rabbits strongly discriminate between sweet and bitter lupins
and prefer the former. This is also true for insects, as aphids and mining flies always
favor sweet lupins. In the wild, sweet lupins would not survive because of the lack of
an appropriate chemical defense [8,21].

Secondary metabolites are not only mono- but usually multifunctional. In many
cases, even a single alkaloid can exhibit more than one biological function. During
evolution, the constitution of alkaloids (that are costly to produce) has been modu-
lated so that they usually contain more than one active functional group, allowing
them to interact with several molecular targets and usually more than one group of
enemies [3,18,19,21-24]. Many plants employ secondary metabolites (rarely alka-
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Isoflavonoids
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Fig. 1.1 Relationships between plants, their secondary
metabolites, and potential enemies (herbivores,
microorganisms, and viruses). Example: Lupins produce
quinolizidine alkaloids, isoflavonoids, and saponins as
main defense compounds.
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Tab. 1.1 Molecular targets of alkaloids in neuronal signal transduction [2,3,19].

Target Selected alkaloids

Neuroreceptor

Muscarinic Hyoscyamine, scopolamine, and other tropane alkaloids (AA);
acetylcholine acetylheliosupine and some other pyrrolizidine alkaloids;
receptor arecoline (A); berbamine, berberine, and other isoquinoline

alkaloids; dicentrine and other aporphine alkaloids; strychnine,
brucine; cryptolepine (AA); sparteine and other quinolizidine
alkaloids (A); pilocarpine (A); emetine; himbacine and other
piperidine alkaloids (A); imperialine (AA); muscarine (A)

Nicotinic acetylcholine  Nicotine and related pyridine alkaloids (A); Ammodendrine (A);

receptors anabasine (A); arborine (AA); boldine and other aporphine
alkaloids (AA); berberine and related protoberberine alkaloids;
C-toxiferine (AA); coniine and related piperidine alkaloids (A);
cytisine, lupanine, and other quinolizidine alkaloids (A);
tubocurarine (AA); codeine (A); erysodine and related Erythrina
alkaloids (AA); histrionicotoxin (AA); lobeline (A);
methyllycaconitine (AA); pseudopelletierine (A)

Adrenergic receptors Acetylheliosupine and related pyrrolizidine alkaloids; ajmalicine,
reserpine (AA); arecoline; berbamine, berberine, laudanosine,
and other isoquinoline alkaloids (AA); boldine, glaucine, and
other aporphine alkaloids (AA); cinchonidine and other quinoline
alkaloids; corynanthine, yohimbine, and other indole alkaloids
(AA); emetine; ephedrine; ergometrine, ergotamine, and related
ergot alkaloids (A/AA); ephedrine and related phenylethylamines
(A); higenamine (A); N-methyldopamine, octopamine (A)

Dopamine receptor Agroclavine, ergocornine, and related ergot alkaloids (A);
bulbocapnine and related aporphine alkaloids (AA); anisocycline,
stylopine, and related protoberberine alkaloids; salsolinol and
related isoquinolines (A); tyramine and derivatives (A)

GABA receptor Bicuculline (AA), cryptopine, hydrastine, corlumine, and related
isoquinoline alkaloids (AA); securinine; harmaline and related
B-carboline alkaloids (A); muscimol (A); securinine (AA)

Glycine receptor Corymine, strychnine, and related indole alkaloids (AA)

Glutamate receptor Histrionicotoxin and related piperidines (AA); ibogaine and related
indole alkaloids (AA); nuciferine and related aporphine
alkaloids (AA)

Serotonine receptor Akuaminine and related indole alkaloids (A); annonaine, boldine,
liriodenine and related aporphine alkaloids (AA); berberine and
related protoberberine alkaloids; ergotamine, ergometrine, and
related ergot alkaloids (AA); psilocin, psilocybine (A); bufotenine,
N,N-dimethyltryptamine, and related indoles (A); harmaline and
related B-carboline alkaloids (A); kokusagine and related
furoquinoline alkaloids (AA); mescaline (A); ibogaine and other
monoterpene indole alkaloids (A); gramine;
N,N-dimethyltryptamine and derivates (AA)

Adenosine receptor Caffeine, theobromine, and other purine alkaloids (AA)

Opiate receptor Morphine and related morphinan alkaloids (A); akuammine,
mitragynine (A), ibogaine and related indole alkaloids

(continued)
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Tab. 1.1 (Continued)

Target

Selected alkaloids

Acetylcholine esterase

Monoamine oxidase

Neurotransmitter
uptake (transporter)

Na®, K channels

Ca** channels

Adenylate cyclase

cAMP
phosphodiesterase

Protein kinase A (PKA)
Protein kinase C (PKC)

Phospholipase (PLA;)

Galanthamine (AA); physostigmine and related indole alkaloids
(AA); berberine and related protoberberine alkaloids (AA);
vasicinol and related quinazolines (AA); huperzine (AA);
harmaline and related B-carboline alkaloids (AA); demissine
and related steroidal alkaloids (AA)

Harmaline and related B-carbolines (AA); carnegine, salsolidine,
O-methylcorypalline, and related isoquinolines (AA);
N,N-dimethyltryptamine and related indoles (AA);

Ephedrine and related phenylalkyl amines (AA); reserpine, ibogaine,
and related indole alkaloids (AA); cocaine (AA); annonaine and
related aporphine alkaloids (AA); arecaidine (AA); norharman
and related B-carboline alkaloids (AA); salsolinol and related
isoquinolines (AA)

Aconitine and related diterpene alkaloids (A); veratridine,
zygadenine, and related steroidal alkaloids (A); ajmaline,
vincamine, ervatamine, and other indole alkaloids (AA);
dicentrine and other aporphine alkaloids (AA); gonyautoxin
(AA); paspalitrem and related indoles (AA); phalloidin (AA);
quinidine and related quinoline alkaloids (AA); sparteine and
related quinolizidine alkaloids (AA); saxitoxin (AA); strychnine
(AA); tetrodotoxin (AA)

Ryanodine (A); tetrandrine, berbamine, antioquine, and related
bis-isoquinoline alkaloids (AA); boldine, glaucine, liriodenine, and
other aporphine alkaloids (AA); caffeine and related purine
alkaloids (A/AA); cocaine (AA); corlumidine, mitragynine, and
other indole alkaloids (A/AA); bisnordehydrotoxiferine (AA)
Ergometrine and related ergot alkaloids (AA); nuciferine and related
aporphine alkaloids (AA)

Caffeine and related purine alkaloids (AA); papaverine (AA);
chelerythrine, sanguinarine, and related benzophenanthridine
alkaloids (AA); colchicines (AA); infractine and related indole
alkaloids (AA)

Ellipticine and related indole alkaloids (AA)

Cepheranthine and related bis-isoquinoline alkaloids (AA);
michellamine B and related isoquinoline alkaloids (AA);
chelerythrine and related benzophenanthridine alkaloids (AA);
ellipticine and related indole alkaloids (AA)

Aristolochic acid and related aporphine alkaloids (AA);
berbamine and related bis-isoquinoline alkaloids (AA)

A = agonist; AA = antagonist.

loids, mostly colored phenolics and fragrant terpenoids) to attract pollinating and
seed-dispersing animals; the compounds involved are usually both attractant and
feeding deterrents. Attracted animals are rewarded by nectar or fleshy fruit tissues
but should leave seeds or flowers undamaged. Hence, a multifunctional or pleio-
tropic effect is a common theme in alkaloids and other secondary metabolites.



1.3 Modes of Action

An alkaloid never occurs alone; alkaloids are usually present as a mixture of a few
major and several minor alkaloids of a particular biosynthetic unit, which differ in
functional groups. Furthermore, an alkaloid-producing plant often concomitantly
accumulates mixtures of other secondary metabolites, mostly those without nitrogen,
such as terpenoids and polyphenols, allowing them to interfere with even more
targets in animals or microorganisms. When considering the total benefits to a plant
from secondary metabolites or the pharmacological activities of a drug, the potential
additive or even synergistic effect of the different groups of secondary metabolites
should be taken into account [10,25].

The multiple functions that alkaloids can exhibit concomitantly include a few
physiological tasks: sometimes, alkaloids also serve as toxic nitrogen storage and
nitrogen transport molecules [3,8]. Plants that produce few and large seeds, nearly
always invest in toxic defense compounds (often alkaloids) that are stored together
with proteins, carbohydrates, or lipids [8]. Since nitrogen is a limiting factor for plant
growth, nitrogen apparently is a valuable asset for plants. In many species that store
nitrogen in proteins and/or secondary metabolites in seeds or tubers, a remobiliza-
tion has been observed after germination or regrowth in spring [2]. In plants that shed
their leaves, alkaloids are usually exported to storage organs prior to leaf fall [2].
Alkaloids are definitely not waste products as had previously been assumed.

Aromatic and phenolic compounds can mediate UV-protecting activities, which
might be favorable for plants living in UV-rich environments, such as high
altitudes [1]. Alkaloids (such as isoquinoline, quinoline, and indole alkaloids) that
derive from aromatic amino acids, such as phenylalanine, tyrosine, and tryptophan,
may have UV-absorbing properties, besides antiherbivoral and antimicrobial activities.

Only the defensive properties of alkaloids will be discussed in more detail in this
chapter.

13
Modes of Action

In order to deter, repel, or inhibit the diverse set of potential enemies, ranging from
arthropods and vertebrates to bacteria, fungi, viruses, and competing plants, alka-
loids must be able to interfere with important cellular and molecular targets in these
organisms. A short overview of these potential targets is given in Figure 1.4a and b.
The modulation of a molecular target will negatively influence its communication
with other components of the cellular network, especially proteins (cross-talk of
proteins) or elements of signal transduction. As a consequence, the metabolism and
function of cells, tissues, organs, and eventually the whole organism will be affected
and an overall physiological or toxic effect achieved. Although we know the structures
of many secondary metabolites, our knowledge of their molecular modes of action is
largely fragmentary and incomplete. Such knowledge is, however, important for an
understanding of the functions of secondary metabolites in the producing organism,
and for the rational utilization of secondary metabolites in medicine or plant
protection [10,25].

9
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1.3 Modes of Action

Whereas many secondary metabolites interact with multiple targets, and thus have
unspecific broad (pleiotropic) activities, others, especially alkaloids, are more specific
and interact exclusively with a single particular target. Secondary metabolites with
broad and nonspecific activities interact mainly with proteins, biomembranes, and
DNA/RNA which are present in all organisms.

1.3.1
Unspecific Interactions

Among broadly active alkaloids, a distinction can be made between those that are able
to form covalent bonds with proteins and nucleic acids, and those that modulate the
conformation of proteins and nucleic acids by noncovalent bonding.
Covalent modifications are the result when the following functional groups

interact with proteins [18,25]:

* reaction of aldehyde groups with amino and sulfhydryl groups;

e reaction of exocyclic methylene groups with SH groups;

* reaction of epoxides with proteins and DNA (epoxides can be

generated in the liver as a detoxification reaction);
e reaction of quinone structures with metal ions (Fe*"/Fe*").

Noncovalent bonds are generated when the following groups interact with proteins
[18,25]:

* ionic bonds (alkaloids with phenolic hydroxyl groups, that can
dissociate as phenolate ions; alkaloid bases that are present as
protonated compounds under physiological conditions);

* hydrogen bonds (alkaloids with hydroxyl groups, carbonyl, or
keto groups);

e van der Waals and hydrophobic interactions (lipophilic
compounds).

Noncovalent bonds, especially hydrogen bonds, ionic bonds, hydrophobic inter-
actions, and van der Waals forces are weak individually, but can be powerful if they
work cooperatively. For example, alkaloids with phenolic properties (found in several
isoquinoline and indole alkaloids) usually have two or more phenolic hydroxyl groups
that can form hydrogen bonds with proteins and nucleic acids. Furthermore, these
OH groups may dissociate under physiological conditions to form phenate ions that
can form ionic bonds with positively charged amino acid residues, such as those from
lysine, arginine, and histidine. These OH groups are crucial for the biological activity
of phenolics [18,25].

Molecules of nitrogen-containing compounds, such as alkaloids, amines, and
peptides, usually contain (under physiological conditions) positively charged N-
atoms that can form ionic bonds with negatively charged amino acid residues of
glutamic and aspartic acid in proteins. Both the covalent and the noncovalent
interactions will modulate the three-dimensional protein structure, that is, the
conformation that is so important for the bioactivities of proteins (enzymes,

1
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receptors, transcription factors, transporters, ion channels, hormones, cytoskeleton).
A conformational change is usually associated with a loss or reduction in the activity
of a protein, leading to inhibition of enzyme or receptor activity or interference with
the very important protein—protein interactions [17,18,25].

Lipophilic compounds, such as the various terpenoids, tend to associate with other
hydrophobic molecules in a cell; these can be biomembranes or the hydrophobic core
of many proteins and of the DNA double helix [10,18,24,25]. In proteins, such
hydrophobic and van der Waals interactions can also lead to conformational changes,
and thus protein inactivation. A major target for terpenoids, especially saponins, is
the biomembrane. Saponins (and, among them, the steroid alkaloids) can change the
fluidity of biomembranes, thus reducing their function as a permeation barrier.
Saponins can even make cells leaky, and this immediately leads to cell death. This can
easily be seen in erythrocytes; when they are attacked by saponins these cells burst
and release hemoglobin (hemolysis) [1,6,17]. Among alkaloids, steroidal alkaloids
(from Solanaceae) and other terpenoids have these properties.

These pleiotropic multitarget bioactivities are not specific, but are nevertheless
effective, and this is critical in an ecological context. Compounds with pleiotropic
properties have the advantage that they can attack any enemy thatis encountered by a
plant, be it a herbivore or a bacterium, fungus, or virus. These classes of compounds
are seldom unique constituents; quite often plants produce a mixture of secondary
metabolites, often both phenolics and terpenoids, and thus exhibit both covalent and
noncovalent interactions. These activities are probably not only additive but syner-
gistic [10,25].

1.3.2
Specific Interactions

Plants not only evolved allelochemicals with broad activities (see Section 1.3.1) but
also some that can interfere with a particular target [3,6,17-19,25]. Targets that are
presentin animals but not in plants are nerve cells, neuronal signal transduction, and
the endocrinal hormone system. Compounds that interfere with these targets are
usually not toxic for the plants producing them. Plants have had to develop special
precautions (compartmentation: resin ducts, trichomes, laticifers) in order to store
the allelochemicals with broad activities that could also harm the producer.

Many alkaloids fall into the class of specific modulators and have been modified
during evolution in such a way that they mimic endogenous ligands, hormones, or
substrates [1,3,18,19]. We have termed this selection process “evolutionary molecular
modeling” [12,13,19,23]. Many alkaloids are strong neurotoxins that were selected for
defense againstanimals [2,3,19]. Table 1.1 summarizes the potential neuronal targets
that can be affected by alkaloids. Extensive reviews on this topic have been published
[2,3,19].

Neurotransmitters derive from amino acids; most of them are amines that become
protonated under physiological conditions. Since alkaloids also derive from amino
acids (often the same ones as neurotransmitters) it is no surprise that several
alkaloids have structural similarities to neurotransmitters. They can be considered
as neurotransmitter analogs (Figure 1.5a—c).
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Alkaloids that structurally mimic neurotransmitters can bind to neuroreceptors
and either activate (agonists) or inactivate (antagonists) them (Table 1.1). Addi-
tional important targets are ion channels, such as the Na®, K, and Ca®"
channels; several alkaloids are known that inhibit or activate these ion channels
(Table 1.1).

Neuronal signal transduction is a very critical target in animals, since all organs
are controlled by either the parasympathetic or the sympathetic nervous system.
Its disturbance stops organ function (heart and circulation, respiration), mobility,
orientation, and ability for flight in most animals. Many alkaloids are indeed
strong (even deadly) neurotoxins or have mind-altering and hallucinogenic proper-
ties [1-3,17,19).

133
Cytotoxicity of Alkaloids

Many alkaloids are infamous for their strong toxicity towards animals and
humans. Most of the deadly alkaloids fall into the class of neurotoxins (see
above). The others have cytotoxic properties (Table 1.2). A cytotoxic effect can be
generated when cell membranes are made leaky (as by saponins or steroidal
alkaloids), or when elements of the cytoskeleton are inhibited. The spindle
poisons vinblastine, vincristine, colchicine, and taxol are particularly famous.
Actin filament formation is blocked by fungal poisons such as phalloidin from
Amanita phalloides.

DNA can also be a target for alkaloids: planar and lipophilic alkaloids, such as
berberine and sanguinarine (Figure 1.6) are intercalating compounds that assemble
between the stacks of paired nucleotides in the DNA double helix [2,3,18,23].
DNA intercalation can disturb replication, DNA repair, and DNA topoisomerases.
Frameshift mutations are one of the adverse consequences of intercalating
compounds. Some alkaloids, such as pyrrolizidine alkaloids, aristolochic acids,
cycasin, and furoquinoline alkaloids, are known to form covalent adducts with
DNA bases. Mutations and tumor formation can be the result of such interac-
tions. DNA alkylation occurs in some alkaloids only after activation by liver
enzymes, such as cytochrome p450 oxidases (pyrrolizidine alkaloids, aristolochic
acids) [17,18,24].

Ribosomal protein biosynthesis is often inhibited by alkaloids that interact
with nucleic acids [23]. There are also more specific inhibitors, such as
emetine.

Disturbances of the cytoskeleton, DNA replication, and DNA topoisomerase, or
DNA alkylation and intercalation usually lead to cell death by apoptosis [18]
(Table 1.2). The cytotoxic properties are usually not specific for animals but also
affect bacteria, fungi, other plants, and even viruses. Alkaloids thus defend plants
against a wide diversity of enemies. They have the disadvantage that a producing
plant could theoretically kill itself by its own poison. Compartmentation, target-site
insensitivity, and other mechanisms (which are largely unknown) must have evolved
to overcome such problems.



17

1.3 Modes of Action

(panu1guoo)

fe

XX X

o

o

XXX X X X

>

Xox XX
XXX X X X
XX X X X XX

o

b

> X
XXX X X
XXX XX XXX XX X

>
>
>
XXX X

QULIIURDI(

SuA[eI0D

SUDIYI[OD

QUIUOPI™YD

SULIPATIPYD

QuLIdQIdg

surueqIag

SPIDB JIYD0[0ISLIY
aurso1f) ‘ourueejfuayd

W01} PIALISP SPIO[E[Y

QUISLIDUIA

aurumo

QunuIeH

ourLredeq

QUIUIEIPOA]

sururejodig

sunndig

QUIUWEI(]

surdsjord£1D

QUIPTUOYDULD ‘QUIUOYDUID

unapordure)
ueydoidAn woiy

PoALIOp SPIO[EA[Y

sisayjuksoiq
uv04d Jo
uoliqiyui

JaSeinpy

uonejlye
VNa

uonefes
-1l
VNa

sis| asesow  asesdw  sangny  sisoydody  Adixoy  (sjewiue)
aueiquid |y -opp] -osiodo} -0 030> fpixo)
VNa

plojevy

‘[81‘¢] spiojeyj|e 21x010140 Pa123[as JO UOIIDE JO SIPOLU JB|NdJJOIN  Z'L “qel



X

X X
X

XX

XXX X

X

XXX X X X X X

=

XX XX XX

=

XX

XXX X

X

QUISIEULIE[0S

[oxearRg

QUISUBIABIN

SUIPqOT

sururedopAD

urse2sD

suniuony

SPIOTEX[® SNOJUB[[IISIIA

SPIO[ex[e dUIpIzIoLih]
QUIUISIE ‘QUIY}IUIO

WO} PoALIOp SPIO[E[Y

QULIPUENIY],

surreumgueg

[outjoses

surradig

surdedsoN

QULIODAT

QUIULPOLIT]

suruoiede]

sunawy

sisayjuAsolq
uiso.4d jo
uoqiyul

asesow
-opL

asesow
-osiodo}
VNa

oadenpy  uonejkye

VNa

uonefed
-193ul
VNd

sisk|
sueiquB

sa|nqn}
-onIN

sisoydody

£d1xo0y
-014)

(sjewnue)
fdixoy

plofev

18| 1 Ecological Roles of Alkaloids

(panunuod) 'L *qeL



1.4 Evolution of Alkaloidal Defense Systems

ergotamine (13.7 °C) harmine (16.1 °C) quinidine (8 °C)

OCH,

berbamine (13.2 °C) berberine (15.0 °C)
CH,0O

CH,0

O>CH30 “ “CH,

CH;0

HO
emetine (7.4 °C) sanguinarine (24.0 °C) boldine (6.0 °C)

Fig. 1.6 Examples of alkaloids that intercalate DNA.
Intercalation increases the melting temperature of DNA;
relevant T,, values are shown in parentheses.

1.4
Evolution of Alkaloidal Defense Systems

Alkaloids are apparently well-adapted molecules that can serve plants as potent
defense chemicals which are used on their own or together with other mostly
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Fig. 1.7 Evolution of alkaloids in the phylogeny of plants.
Using nucleotide sequences of the chloroplast gene rbcl a
phylogenetic tree was computed with Maximum
Parsimony. A bootstrap cladogram is shown with bootstrap
values shown at the nodes. Branches leading to taxa that
accumulate alkaloids are shown in bold.

co-occurring secondary metabolites, such as phenolics or terpenoids. We can
speculate on the question of when alkaloid defense systems first arose during the
evolution of plants. Figure 1.7 maps the character “alkaloid defense” on a phyloge-
netic tree that covers the whole plant kingdom. Alkaloids are present already in early
branches of land plants, such as lycopods and horse-tails. They are also present in
some members of the gymnosperms, especially in the Gnetales (i.e., Ephedra) and
Cycadales (i.e., families Cycadaceae, Zamiaceae). Only a few conifers produce
alkaloids (e.g., Taxus, Harringtonia). Within the angiosperms, however, alkaloid
formation is a widely distributed trait and especially abundant in the families
Solanaceae, Convolvulaceae, Fabaceae, Strychnaceae, Loganiaceae, Apocynaceae,
Asclepiadaceae, Ranunculaceae, Papaveraceae, Berberidaceae, Fumariaceae, Buxa-
ceae, Punicaceae, Celastraceae, Erythroxylacae, Zygophyllaceae, Rutaceae, Gelsemia-
ceae, Colchicaceae, Iridaceae, Boraginaceae, and Asteraceae. It can be speculated that
the ancestors of present day plants developed alkaloids as defense chemicals early
on because they had to face the attack of herbivorous animals (which were
present already in the Cambrian) [2,12,26]. This would mean that genes for the
biosynthesis of alkaloids are not only present in plants that actually produce the
particular alkaloid but that they may be much more widely distributed among
the plant kingdom [2,12,26].
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Secondary metabolites with similar structural types and pharmacophoric groups
can be seen in several bacteria (where they are often termed antibiotics if they
have antimicrobial or cytotoxic properties). Since eukaryotic cells had taken up
a-proteobacteria (which became mitochondria) and cyanobacteria (which became
chloroplasts), they also inherited a number of genes that encode enzymes for
pathways leading to secondary metabolites. Therefore, we may speculate that early
plants already had the capacity of building defense compounds and that alkaloids
were among the first. Since the numbers and types of herbivores and other enemies
have increased within the last 100 million years, angiosperms have had to face more
enemies and as a consequence have developed a more complex pattern of defense
and signal compounds.

Alkaloids can assume their defense role if they are present at the right place,
concentration, and time. Since alkaloids are costly for the plants to produce [2,12],
usually only the most important plant tissues and organs (such as young leaves,
flowers, seeds, and storage organs, such as roots and tubers) are heavily defended by
them. For the same reason, alkaloids are not discarded with falling leaves or
senescing tissues but remobilized and stored in seeds, roots, or tubers. Many
secondary metabolites accumulate in special cells and tissues.

Several plants produce milk juice sequestered in laticifers; in several plant genera
alkaloids are mainly stored in latex vesicles, such as isoquinoline alkaloids in Papaver
and Chelidonium, or piperidine alkaloids in Lobelia. If herbivores wound such a plant,
the latex will spill out and the herbivore will immediately be confronted with alkaloids.
Since most of them are strong poisons, a deterrent effect is usually achieved. Another
strategic way to store alkaloids is their sequestration in epidermal vacuoles or in
trichomes. These tissues have to ward off not only herbivores (especially small ones)
but also microorganisms in the first place. Several classes of alkaloids have been
found in epidermal tissues, such as quinolizidine and tropane alkaloids [2,3].

Most plants produce an alkaloid in one organ and transport the alkaloids after
synthesis, via either xylem or phloem (Table 1.3), to other plant tissues in which the
alkaloids are stored for defense or signaling [2,11,21].

e Xylem transport has been reported for tropane alkaloids and
nicotine, which are synthesized in roots but accumulate in
aerial parts.

Tab. 1.3 Transport of alkaloids in plants [2].

Alkaloid Type Occurrence Phloem Xylem
Lupanine Quinolizidine Lupinus, Genista, Cytisus Yes No
Laburnum, Spartium

Senecionine Pyrrolizidine Senecio, Petasites, Adenostyles Yes No
Aconitine Diterpene Aconitum Yes ?
Swainsonine Indolizidine Astragalus Yes No
Nicotine Pyrrolidine Nicotiana No Yes
Hyoscyamine Tropane Atropa, Datura, Hyoscyamus No Yes

Rutacridone Quinoline Ruta No Yes

21
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e Phloem transport is known for quinolizidine, pyrrolizidine
alkaloids, and aconitine.

The transport of toxic alkaloids in the phloem can be an advantage for plants
against phloem-feeding insects, such as aphids [8]. For example: alkaloid-rich lupins
are avoided by aphids, whereas sweet lupins with very low alkaloid contents are
preferred by polyphagous aphids [8,22].

No defense system is 100 % safe. This is also true for alkaloidal defense against
herbivores. A few herbivores, mostly insects, have overcome the chemical defense
system of their host plants by adapting to it[1,20,27]. A common theme in mono- and
oligophagous insects is their ability not only to tolerate alkaloids but also to store them in
their body (often the integuments). Alkaloids sequestered by insects include pyrroli-
zidine, quinolizidine alkaloids, and aconitine [1,3-5,20,27-29]. These specialized
insects, which are often aposematically colored, employ the acquired alkaloids for
their own defense against predators. The mechanisms by which these specialized
insects overcome alkaloid toxicity remain open questions. It could be a target-site
modification as observed for cardiac glycosides at the Na*/K*-ATPase in Monarch
butterflies [30] or simply sequestration in tissues or cells without corresponding targets.

A comparable situation to insect specialists can be found in parasitic and hemi-
parasitic plants, another example of multitrophic interactions. In several instances it
can be shown that the parasites can tap the xylem or phloem of their host plants and
sequester the host alkaloids into their own system [2,31]. The parasites would gain
chemical defense against herbivores by such a process (Table 1.4). In Osyris alba it can
be shown that plants exist that can sequester the alkaloids of more than one host
plant: that is, pyrrolizidine and quinolizidine alkaloids [32]. The situation of Lolium is
even more complex [33]. If the grass Lolium temulentum is infected by an endophytic

Tab. 1.4 Transfer of alkaloids from host plants to parasitic and hemiparasitic plants [30-32].

Alkaloid Type Host plant Hemiparasite/parasite
Sparteine Quinolizidine Cytisus scoparius Orobanche rapum-genistae
Retamine Quinolizidine Retama shaerocarpa Viscum cruciatum
Cytisine Quinolizidine Genista acanthoclada Cuscuta palaesting
Lupanine Quinolizidine Lupinus spp. Cuscuta reflexa;
Castilleja integra

Lupinus texensis Castilleja indivisa
Thermopsine Quinolizidine Lupinus argenteus Castilleja miniata
N-Methylcytisine Quinolizidine Spartium junceum Osyris alba
Isolupanine Quinolizidine Lupinus falcata Pedicularis semibarbata
Anagyrine Quinolizidine Lupinus spp. Pedicularis semibarbata
Senecionine Pyrrolizidine Senecio triangularis Pedicularis semibarbata
Senecionine Pyrrolizidine Senecio spp.; Liatris Castilleja integra

punctata

cis-Pinnidol Piperidine Picea engelmannii Arceutholobium microcarpum
Norditerpene Delphinium occidentale Castilleja sulphurea

Loline Pyrrolizidine Lolium temulentum Rhinanthus minor




References

fungus, it acquires the fungal toxins (the pyrrolizidine alkaloid loline). If Lolium was
parasitized by Rhinanthus minor, a second transfer was observed into the hemipar-
asite, which could increase its fitness through this sequestration [33].

1.5
Conclusions

Alkaloids are not waste products but have evolved mainly as defense compounds
against herbivores, but also against microbes, competing other plants, and even
viruses. Although the production and storage of alkaloids is costly for plants, they are
apparently a good investment against enemies. Alkaloid structures have been shaped
during evolution so that they can interfere with critical targets in potential enemies. A
disturbance of DNA/RNA and related enzymes, of the cytoskeleton, of ribosomal
protein biosynthesis, and of membrane permeability by several alkaloids can be
interpreted as a defense against all types of organism, ranging from bacteria to
animals. The interference of alkaloids with neuroreceptors, ion channels, and other
elements of the neuronal signal transduction chain is more specific and certainly a
measure against animal herbivores.

Alkaloids do not only serve as poisons against herbivores and microorganisms;
they can also be interesting and important in medicine as pharmaceutical agents.
Given atalower dose (than the plants use for defense) these alkaloids no longer work
as poisons but can mediate useful pharmacological activities, such as reducing blood
pressure, relieving pain and spasms, stimulating circulation and respiration, or
killing tumor cells [10,14,25].
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Antitumor Alkaloids in Clinical Use or in Clinical Trials
Muriel Cuendet, John M. Pezzuto

2.1
Introduction

Cancer is a group of diseases characterized by uncontrolled growth and spread of
abnormal cells. The estimated worldwide incidence of cancer is about 6 million new
cases per year [1]. In the United States, cancer is now the leading cause of death for
people younger than 85 years, and it is only exceeded by heart disease in older
individuals [2]. The treatment of many diseases is highly dependent on natural
products, and this is especially true for the treatment of cancer [3,4]. Unique classes
of natural products, such as alkaloids, have shown significant antitumor action. In this
chapter, we will focus attention on plant-derived alkaloids used in the clinic, including
the Vinca alkaloids, analogs of camptothecin, and taxanes, as well as alkaloids currently
in clinical trials used to treat, reverse multidrug resistance (MDR), or prevent cancer.

2.2
Antitumor Alkaloids in Clinical Use

2.2.1
Vinca Alkaloids

The vinca alkaloids, isolated from the Madagascar periwinkle, Catharantus roseus G.
Don., comprise a group of about 130 terpenoid indole alkaloids [5]. Their clinical
value was clearly identified as early as 1965 and so this class of compounds has been
used as anticancer agents for over 40 years and represents a true lead compound for
drug development [6]. Today, two natural compounds, vinblastine (VLB, 1) and
vincristine (VCR, 2), and two semisynthetic derivatives, vindesine (VDS, 3) and
vinorelbine (VRLB, 4), have been registered (Figure 2.1). Owing to the pharmaceu-
tical importance and the low content of VLB and the related alkaloid VCR, Cathar-
anthus roseus became one of the best-studied medicinal plants. Using super-acidic
chemistry, a new family of such compounds was synthesized and vinflunine (VFL, 5),
a difluorinated derivative, was selected for clinical testing [7].

Modern Alkaloids: Structure, Isolation, Synthesis and Biology. Edited by E. Fattorusso and O. Taglialatela-Scafati
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Compound R4 R. Rs 4
1 CHj OCH,3 COCH;3
2 CHO OCH,3 COCH,3
3 CHs NH, H

Fig. 2.1 Chemical structures of vinca alkaloids.

Among the many biochemical effects observed after exposure of cells and tissues to
the vinca alkaloids are disruption of microtubules, inhibition of synthesis of proteins
and nucleic acids, elevation of oxidized glutathione, alteration of lipid metabolism
and the lipid content of membranes, elevation of cyclic adenosine monophosphate
(cAMP), and inhibition of calcium-calmodulin-regulated cAMP phosphodiesterase
[8-16]. Despite these multiple biochemical actions, the antineoplastic activity of the
vinca alkaloids is usually attributed to disruption of microtubules, resulting in
dissolution of mitotic spindles and metaphase arrest in dividing cells [9,17-20].
Microtubules are involved in many cellular processes in addition to mitosis, and
exposure to vinca alkaloids gives rise to diverse biological effects, many of which
could impair essential functions, both in dividing and in nondividing cells [21-23].

The effects of the vinca alkaloids on the organization and function of microtubules
have been extensively characterized [8]. It appears that each heterodimer of a-B-
tubulin possesses a single “vinca-specific” site of high intrinsic affinity and an
unknown number of nonspecific sites of low affinity [24]. The relative strength of
drug binding to vinca-specific sites on the a- and B-heterodimers of tubulins is
VCR > VDS > VLB > VRLB > VFL[25-27]. From the several effects of VLB on the
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in vitro assembly of microtubules, it is generally assumed that the vinca alkaloids
disrupt microtubules by more than one mechanism [28,29]. At low concentrations,
VLB inhibits microtubule formation in a ‘“‘substoichiometric” fashion in that
assembly is blocked by binding of only a few molecules to high-affinity sites on
tubulin heterodimers located at the ends of microtubules. At higher concentrations,
disassembly results from binding of VLB to tubulin heterodimers located along the
microtubule surface, through stoichiometric interaction with vinca-specific sites of
reduced affinity and/or nonspecific ionic interaction.

Although there is no question that the vinca alkaloids disrupt microtubules, the
biological mechanisms underlying the antineoplastic activity of these drugs are less
certain. In actively proliferating cells, the mechanism of cytotoxicity of the vinca
alkaloids is usually considered to be disruption of the mitotic spindle, resulting in
metaphase arrest and, ultimately, cell death [9,17-20]. Among anticancer drugs, the
vinca alkaloids are classified as mitotic inhibitors, with their primary site of action
being M phase of the cell cycle, but it is not certain that mitotic inhibition is the
predominant in vivo cytotoxic mechanism. Recent studies suggest that disruption of
the cell cycle may lead to cell death through apoptosis [30,31]. The many biological
actions of the clinically active vinca alkaloids are seen over a wide range of drug
concentrations, and there are selective effects in various normal and neoplastic
tissues. The difference in structure of these drugs does not alter the mechanism of
action and binding to tubulin in any fundamental way, but structure is of considerable
significance with regard to their clinical spectrum of antitumor efficacy and clinical
toxicity. In vivo differences in biological activity must be due either to heterogeneity of
expression of various tubulin isoforms in different tissues, or to differences in
processes that influence interaction with tubulin by affecting drug binding or by
limiting the availability of the drug [32-35]. A key determinant of the pharmacological
activity of the vinca alkaloids in different tissue types appears to be cellular retention
of the drug.

Resistance of tumor cells to the cytotoxic actions of the vinca alkaloids has been
well-described experimentally and appears to have clinical correlates [36-38].
Although the vinca alkaloids bind to tubulin and disrupt microtubules, some tumor
cells express resistance to these agents through a mechanism that does not appear to
involve alterations in tubulin binding. When studied with cultured tumor cells,
resistance to the vinca alkaloids appears to be due primarily to their decreased
accumulation and retention [39]. The altered cellular pharmacology is mediated by
the action of P-glycoprotein (Pgp), which is expressed in the plasma membrane of the
drug-resistant tumor cells [36]. This protein, encoded by the MDR1 gene, spans the
membrane 12 times and forms a pore or channel in the membrane through which
drugs are transported [40]. P-Glycoprotein appears to bind the vinca alkaloids and
extrudes them from the tumor cell through a process that requires energy [41,42].
This is the most likely mechanism leading to cross-resistance with other compounds
such as colchicines, etoposide, or doxorubicin, although alternative mechanisms
have been proposed [36]. Novel drug resistance-associated proteins, such as MPR and
LRP/MVP, that may have an impact on the cellular and clinical resistance to the vinca
alkaloids, have been identified [43,44]. The degree of resistance between vinca
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alkaloids may differ, and the dose and intensity of therapy may determine the
response rate in vinca-resistant disease [45]. It is known that many of the drugs that
can circumvent vinca-alkaloid resistance or MDR also bind to Pgp and compete
with the anticancer drug for binding to this protein [46,47]. As a consequence of
this competition, the efflux of the anticancer drug from the resistant tumor cell is
blocked, and concentrations in the cell rise to levels that are apparently cytotoxic [48].
P-Glycoprotein, which is central to vinca-alkaloid resistance and MDR, is also
expressed in normal tissues. Drugs that bind to and inhibit tumor cell Pgp will also
do the same to the Pgp of these normal tissues, consequently increasing their levels of
the anticancer drug and causing unacceptable tissue-toxic effects [49,50]. Several
important clinical trials of Pgp modulators have been performed [39,49]. The key
finding is that the modulator can increase the plasma levels and half-lives of the
anticancer agents, possibly through inhibition of hepatic Pgp, showing that mod-
ulators of Pgp have potential pharmacokinetic actions that may necessitate decreas-
ing the dose of the anticancer drug administered [51,52]. Vinca alkaloids have been
incorporated into combination chemotherapy protocols, based not only on their
lack of cross-resistance with drugs that alkylate DNA but also on their different
mechanisms of action.

2.2.1.1 Vinblastine (VLB, 1)

VLB is approved as a component of combination therapy for use in Hodgkin's
lymphoma, non-Hodgkin's lymphomas (including lymphocytic, mixed cell, histio-
cytic, undifferentiated, nodular, and diffuse), advanced mycosis fungoides, advanced
testicular carcinoma, Kaposf's sarcoma, and histiocytosis [53-57]. The dose-limiting
toxicity of VLB is myelosuppression, with the nadir of leucopenia 5-9 days after
administration and recovery occurring within 14-21 days. The usual doses are
4-5 mg/m? every week by i.v. injection, although, because of variable leucopenia,
an escalating schedule has been suggested.

2.2.1.2 Vincristine (VCR, 2)

VCR has a similar spectrum of activity for Hodgkin's and non-Hodgkin's lymphomas
to VLB and has been used in rhabdomyosarcoma of childhood, neuroblastoma,
Wilms' tumor (nephroblastoma), Ewing sarcoma, melanoma, and small-cell lung
cancer (SCLC) [58-63]. The dose-limiting toxic effect of VCR is neurological, with
extensive peripheral neuropathy occurring at higher doses [64]. Early symptoms of
neurotoxicity are numbness and painful paresthesias in the fingers and toes, and
depression of the Achilles tendon reflex, followed, if treatment continues, by severe
muscle weakness and uncoordinated movements. The usual dose in adults is
1.4 mg/m? every week by i.v. injection [65].

2.2.1.3  Vindesine (VDS, 3)

The spectrum of antitumor activity of VDS is similar to that of VCR, but with milder
experimental neurotoxicity. Its terminal half-life is 24 h and its plasma clearance
is intermediate between those of VLB and VCR. The maximal tolerated dose is
4-5 mg/m?/week, the dose-limiting toxicity being myelosuppression (nadir by
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days 7-8 and recovery by days 11-13) [66]. Vindesine has already been demonstrated
as efficient in childhood acute lymphoid leukemia (ALL), non-Hodgkin's lymphoma,
blastic crisis of chronic myeloid leukemia, and esophageal carcinoma. It has also
shown activity in Hodgkin's disease, breast and germ cell carcinomas, and mela-
noma. Intolerance is mainly neurological, with paresthesias, without motor impair-
ment, or hematological, with leukopenia, and sometimes alopecia, asthenia, and
muscle pains. There appears to be no cross-resistance with its parent, VCR, as
documented in ALL [67].

2.2.1.4 Vinorelbine (VRLB, 4)

VRLB is a semisynthetic derivative of VLB (5'-noranhydrovinblastine), structurally
distinguished from other members of its class by the modification of the cathar-
anthine nucleus rather than the vindoline ring. This alteration is probably respon-
sible for differences in its antitumor activity and tolerability profile compared
with other vinca alkaloids [68]. VRLB is effective as monotherapy or in combination
with a platinum derivative in patients with advanced NSCLC and advanced breast
cancer [69,70]. Myelosuppression is the major dose-limiting toxicity. VRLB is
administered weekly; nadirs are usually reached within 14 days and patients
recover within the next two weeks [71]. VRLB is also well absorbed orally. Oral
and iv. forms show similar interindividual variability, the same metabolism
pattern, reproducible intrapatient blood exposure, and the same pharmacoki-
netic-pharmacodynamic relationship. Given at 60 mg/m?/week for the first three
administrations and then increased to 80 mg/m?/week it achieved the same
efficacy as i.v. VRLB (30 mg/m?) in terms of progression-free survival, overall
survival, and objective response [70].

2.2.15 Vinflunine (VFL, 5)

VFLis a novel vinca alkaloid obtained by semisynthesis using super-acidic chemistry
to introduce two fluorine atoms selectively at the 20" position of VRLB. The preclinical
evaluations of the new derivative VFL have already suggested that certain in vitro
assays, in addition to in vivo experiments, could be proposed to select more rationally
newer generation Vincas. Moreover, recent studies have demonstrated that certain
newly identified properties, such as antiangiogenic activities, could enlarge the
therapeutic usage of natural and semisynthetic vinca alkaloids. VFL is presently
in phase III experimentation for treatment of bladder cancer and nonsmall-cell lung
cancer (NSCLC) [72].

222
Camptothecin and Analogs

Camptothecin (CPT, 6, Figure 2.2) was first isolated from the Chinese ornamental
tree Camptotheca acuminata Decne, also known as the “tree of joy” and “tree of love.”
It occurs in different plant parts such as the roots, twigs, and leaves. It is a member of
the quinoline alkaloid group and consists of a pentacyclic ring structure that includes
a pyrrole quinoline moiety and one asymmetric center within the a-hydroxy lactone
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Compound R, R, R3 R4

6 H H H H
(0]
7 -CH,CHs H -0—&—NC>7N: ) H
8 H -CH,N(CHs), OH H
NH3
10 -CH=NOC(CHj3); H H H
11 H -CH,CH,Si(CH3)s H H
12 —CH,—N  N—CH, H -OCH,CH,0-
7/

13 H NO, H H

Fig. 2.2 Chemical structures of camptothecin and analogs.

ring with 20(S) configuration (ring E). (See Volume 2 for synthesis of camptothecin
and analogs.)

In the early 1960s, the discovery of CPT by Wall and Wani as an anticancer drug
added an entirely new dimension to the field of chemotherapy [73,74]. Preliminary
studies revealed a substantial antitumor activity in standard in vitro test systems as
well as in mouse leukemia cells. Interest in CPTand analogs remained low until 1985
when it was discovered that CPT, by a unique mechanism, inhibited the enzyme
topoisomerase I [75-77]. Topoisomerase I involves the transient single strand cleavage
of duplex DNA, followed by unwinding and relegation. These actions facilitate the
occurrence of essential cellular processes such as DNA replication, recombination,
and transcription [78]. The camptothecins bind to and stabilize the normally transient
DNA-topoisomerase I cleavage complex [75]. Collision of the DNA replication fork
with the ternary drug—enzyme—-DNA complex produces an irreversible double-strand
break that ultimately leads to cell death [79]. The camptothecins are, therefore, S
phase-specific drugs, because ongoing DNA synthesis is a necessary condition to
induce the above sequence of events leading to cytotoxicity. This has important
implications for the clinical use of these agents, because optimal therapeutic efficacy
of S phase-specific cytotoxic drugs generally requires prolonged exposure of the tumor
to concentrations exceeding a minimum threshold.
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A variety of mechanisms of resistance to topoisomerase I-targeted agents have
been characterized with in vitro models, although relatively little is known about their
significance in the clinical setting. These mechanisms involve either pretarget events,
such as drug accumulation, metabolism, and intracellular drug distribution, or drug—
target interactions [80-83]. More recently, post-target events, such as DNA synthesis
or repair, cell cycle progression, and regulation of cell death, have also been shown to
play an important role in the sensitivity to these drugs [84-88].

2.2.2.1 Camptothecin (CPT, 6)

Camptothecin was approved by the US Food and Drug Administration (FDA) in the
1970s against colon carcinoma and, thus, it was evaluated as a possible drug in the
treatment of human cancer in phase I and II studies [89,90]. Although CPT showed
strong antitumor activity among patients with gastrointestinal cancer, it also caused
unpredictable and severe adverse effects including myelosuppression, vomiting,
diarrhea, and severe hemorrhagic cystitis. In 1972, these findings resulted in the
discontinuation of phase II trials. Since CPT could not be used as a drug of choice
owing to its severe toxicity, several groups have tried to synthesize derivatives with
lower toxicity. The planar pentacyclic ring structure (rings A—E) was suggested to be
one of the most important structural features. Earlier, it was reported that the
complete pentacyclic ring system is essential for its activity, but other reports have
shown that the E-ring lactone is not essential. However, this ring, in the present
lactone form with specific C-20 configuration, is required for better activity [91]. The
most successful derivatives of CPT have been obtained by modifications of rings A
and B. To date, the only CPT analogs approved for clinical use are irinotecan and
topotecan, which were obtained by modification of these rings. Modifications can
involve additions to the quinoline ring or the complete replacement of the quinoline
ring with an alternative ring system, but the quinoline ring system was found to be
the most potent [92].

2.2.2.2 lIrinotecan (CPT-11)

Irinotecan (7, Figure 2.2) is a water-soluble prodrug designed to facilitate parenteral
administration of the biologically active 7-ethyl-10-hydroxy analog of camptothecin
(SN-38) [93]. Irinotecan is now widely used, especially for colorectal and lung cancers
[94,95]. The main dose-limiting toxicities of irinotecan therapy are myelosuppression
and delayed-type diarrhea [96]. Unfortunately, as a result of its complicated and highly
variable expressed metabolic pathways, irinotecan and its metabolites are subject to
extensive interindividual pharmacokinetic and pharmacodynamic variability [97].
Many attempts have been made to understand the complex pharmacokinetic profile
of irinotecan. However, up to now, this has not resulted in a better prediction of
occurrence and severity of adverse effects in clinical practice. The approved admin-
istration schedule of irinotecan in the United States is 125 mg/m? given as a 90-min
i.v. infusion once weekly for four of six weeks [96]. In Europe, the most widely used
dosing regimen is 350 mg/m? given as a 60-min i.v. infusion once every three weeks
[98], whereas in Japan, 100 mg/m? every week or 150 mg/m?” every other week are
the schedules more commonly used [99].
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2.2.2.3 Topotecan

Topotecan (8, Figure 2.2) is a semisynthetic derivative of camptothecin with a basic
N,N-dimethylaminomethyl functional group at C-9 that confers water solubility on
the molecule. Topotecan is approved in more than 70 countries for the second-line
treatment of metastatic ovarian cancer after failure of initial or subsequent che-
motherapy, and in more than 30 countries for the treatment of patients with
chemotherapy-sensitive SCLC after failure of first-line chemotherapy. The approved
schedule is a 30-min i.v. infusion at a starting dose of 1.5 mg/m” per day on days 1-5
of a 21-day course [100]. The dose-limiting toxicity for topotecan is myelosuppression,
with the most common severe adverse event being noncumulative grade 4 neu-
tropenia [101]. Thus, toxicity is generally managed by treatment delays and dose
reductions.

2.2.2.4 Exatecan

Exatecan (9, Figure 2.2) is a synthetic hexacyclic water-soluble derivative of camp-
tothecin that potently inhibits the growth of human tumor cell lines and tumor
xenografts, including tumors resistant to irinotecan or topotecan [102]. Phase II
clinical trials suggest that exatecan has modest activity against pancreatic, gastric, and
breast cancers [103-105]. Neutropenia proved to be dose limiting [106].

2.2.2.5 Gimatecan

The realization that position 7 of camptothecin allows several options in chemical
manipulation of the drug has stimulated a systematic investigation of a variety of
substituents in this position. These efforts resulted in the identification of a novel
series of 7-oxyiminomethyl derivatives. Among compounds of this series, gimatecan
(10, Figure 2.2), a lipophilic derivative, was selected for further development. Using
different schedules and dosing durations, gimatecan exhibited an acceptable toxicity
profile, with myelotoxicity being the dose-limiting toxic effect. The clinical develop-
ment of gimatecan is currently ongoing, with phase II studies in diverse tumor types
(colon, lung, breast carcinoma, and pediatric tumors) [107].

2.2.2.6 Karenitecin

Karenitecin (11, Figure 2.2) is a very lipophilic compound that exhibits more potent
cytotoxic activity than camptothecin with both in vitro and in vivo scenarios. In
addition to superior in vitro potency, its increased lactone stability and enhanced oral
bioavailability are potential clinical advantages [108]. Karenitecin showed significant
activity in metastatic melanoma and the dose-limiting toxicity consisted of neutro-
penia and thrombocytopenia [109].

2.2.2.7 Lurtotecan

Theliposome encapsulated form of lurtotecan (12, Figure 2.2), which is a water-soluble
analog of camptothecin, has an in vivo potency similar to topotecan [110]. Pharmacol-
ogy/toxicology studies in tumor xenograft models show that encapsulation of lurto-
tecan results in a significant increase in therapeutic index (percentage tumor growth
inhibition) and in plasma concentrations higher than free lurtotecan and topotecan
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[110]. Dose-limiting toxicity is myelosuppression: primarily thrombocytopenia,
although neutropenia was also noted [111]. So far, liposomal lurtotecan has shown
limited activity in phase II studies of ovarian, and head and neck tumors [112-114].

2.2.2.8 Rubitecan (9-nitrocamptothecin)

Rubitecan (13, Figure 2.2), a potent but poorly soluble camptothecin analog, is an
orally available camptothecin analog that also has potential for delivery transdermally
or by inhalation. Rubitecan exists in equilibrium as 9-nitro-camptothecin (9-NC) and
9-amino-camptothecin (9-AC), a metabolite that is thought to be active although
it failed in clinical trials [115]. Preclinically, rubitecan has shown activity against a
broad spectrum of tumor types with in vitro and in vivo human tumor xenograft
models [116]. Frustratingly, the level of activity of an agent in preclinical models has
not always translated into similar activity against human tumors in clinical trials. To
date, with the exception of pancreatic and possibly ovarian cancer, rubitecan has
shown disappointing activity against a number of other solid tumors in relatively
small phase I/II trials; however, it has shown some activity against pancreatic cancer,
a malignancy that remains difficult to treat, so clinical trials for this indication will
continue to be evaluated [117].

2.2.3
Taxanes

Taxanes are a class of structurally complex yet homogenous diterpene alkaloids that
occur in the genus Taxus, commonly known as the yew. This family of diterpenoids
has long been known for its toxicity as well as for other biological activities. The first
chemical study of the metabolites of the yew dates backs to the mid-nineteenth
century, when a mixture of taxanes was obtained by the German pharmacist Lucas
in 1856 [118]. The structure characterization of these compounds, which were
named taxine by Lucas was, however, extremely slow, owing to the complexity of the
substance and the lack of modern spectroscopic techniques. In 1963, the con-
stitution of the taxane nucleus was established for the first time by independent
work of Lythgoe’s group, Nakanishi's group, and Uyeo's group as tricyclic poly-
alcohols esterified with acids, such as taxinine [119,120], whose stereochemistry
was established three years later [121]. More importantly, in 1971, Wani and Wall
discovered the highly potent anticancer agent paclitaxel (14, Figure 2.3) [122,123].
This remarkable accomplishment not only shifted the attention of the scientific
community to paclitaxel itself, but also attracted extensive studies on various
species of yew tree thatled to the isolation of many new taxane family members. To
date, over 100 taxanes have been isolated and structurally elucidated. Paclitaxel, and
an analog, docetaxel, are currently regarded as very useful anticancer chemother-
apeutic agents.

2.2.3.1 Paclitaxel
Paclitaxel (14, Figure 2.3), a complex diterpenoid alkaloid, occurs widely in plants of
Taxus species. Among various Taxus species and various parts of taxus trees, the
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Fig. 2.3 Chemical structures of taxanes.

bark of T. brevifolia Nutt. has the highest content of paclitaxel [124]. However, even
this content is relatively low — only about 0.01 % on a dry weight basis. Moreover,
yew trees grow very slowly. Paclitaxel isolation is therefore restricted as a result of
the relative scarcity of the Pacific yew tree and the low yield of its bark. However,
other species and other parts of taxus trees also produce paclitaxel and related
taxanes [125]. The major barrier to early clinical development of paclitaxel was its
low abundance in the yew trees, since chemical synthesis had not been possible;
there simply was not enough paclitaxel to perform the appropriate trials. This
situation has changed because of the development of novel semisynthetic methods
and the identification of new sources of taxanes. An important biosynthetic
precursor of paclitaxel, 10-deacetylbaccatin III, was isolated in 1981 [126] in
reasonably good yield from the leaves of Taxus baccata L., as a renewable source,
as well as from the bark of Taxus brevifolia in 1982 [127]. It serves as the starting
material for the production of paclitaxel through a coupling reaction with an
appropriately protected side chain that can be prepared synthetically. The total
synthesis of paclitaxel has also been a challenging target for a number of research
groups. Both the Holton group and the Nicolaou group synthesized paclitaxel
almost simultaneously in 1994, but both syntheses are too cumbersome to have
commercial value [128,129].

Among antineoplastic drugs that interfere with microtubules, paclitaxel exhibits a
unique mechanism of action [130-133]. Paclitaxel promotes assembly of microtu-
bules by shifting the equilibrium between soluble tubulin and microtubules toward
assembly, reducing the critical concentration of tubulin required for assembly. The
result is stabilization of microtubules, even in the presence of conditions that
normally promote disassembly of microtubules. The remarkable stability of micro-
tubules induced by paclitaxel is damaging to cells because of the perturbation in the
dynamics of various microtubule-dependent cytoplasmic structures that are required
for such functions as mitosis, maintenance of cellular morphology, shape changes,
neurite formation, locomotion, and secretion [134-137]. The binding site for
paclitaxel is distinct from the binding sites for the vinca alkaloids, colchicine or
podophyllotoxin [132]. Other natural products, such as epothilone and discodermo-
lide, have also been reported to share the mechanism of paclitaxel in promoting
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microtubule assembly and have shown potential anticancer activity. Cells treated
with pharmacologic levels of paclitaxel are arrested in the G, and M phases of the cell
cycle and contain disorganized arrays of microtubules, often aligned in parallel
bundles [133].

Paclitaxel was found to be highly active in numerous preclinical tumor models,
and in 1981 it entered phase I clinical trials, which established toxicity profiles and
dose schedules for further trials. A high prevalence of acute hypersensitivity
reactions necessitated discontinuation of many trials. However, concomitant
administration of steroids histamine H; and H, receptor antagonists and
prolonged infusion (6-24 h) have been used successfully. Partial or minor
responses were observed in patients with melanoma, refractory ovarian carcinoma,
breast carcinoma, NSCLC, and head and neck carcinoma [138]. Phase II trials
began in 1985, and during those trials paclitaxel showed remarkable activity against
refractory and advanced ovarian cancer, which was confirmed by other investigators
[139,140]. Activities have also been reported in metastatic breast cancer, as well as in
NSCLC, urothelial, and head and neck cancers [141-143]. In December 0of 1992, the
FDA approved paclitaxel for the treatment of drug refractory metastatic ovarian
cancer [144]. Today, the drug is used for a variety of cancers, including ovarian,
breast, small-cell and large-cell lung cancers, and Karposi's sarcoma. The dose
recommendations are generally in the range of 200-250 mg/m?. A predominant
focus is now the evaluation of paclitaxel in combination with other agents, such as
cisplatin, carboplatin, or vinorelbine [145,146]. Paclitaxel is tolerated better than
any other anticancer drug used today, but it also has some side effects, such as
nausea, numbness, and a reduction in the white blood cells, which can be prevented
by the administration of a granulocyte colony-stimulating factor [147].

Resistance to paclitaxel has been described in cultured cells, and it appears in
several forms. In one, resistance is associated with altered expression or mutation in
a- and B-tubulins [148,149], whereas in another, paclitaxel resistance is associated
with overexpression of Pgp and the MDR phenotype [150].

2.2.3.2 Docetaxel

Docetaxel (15, Figure 2.3), a semisynthetic side-chain analog of paclitaxel, also
has potent antitumor activities. It was first synthesized by Potier’s group in
1984, from one of the yew tree taxanes, 10-deacetyl-baccatin 111, found in the leaves
of Taxus baccata L. This has the advantage of being a renewable source [151].
Although the mechanisms of action of the taxanes docetaxel and paclitaxel are
identical, docetaxel has almost a twofold higher binding affinity for the target site,
B-tubulin. Docetaxel, initially developed for the treatment of breast cancer, has a high
degree of activity in lung cancer. In clinical trials, individuals previously treated with
paclitaxel benefited from docetaxel. Docetaxel is the standard of care in second-line
therapy of advanced NSCLC and is effective, alone and in combination, in first-line
treatment of advanced NSCLC [152]. The dose recommendations are generally in the
range of 75-100 mg/m? every three weeks. The most toxic effect seen was neu-
tropenia occurring in the majority of patients. For most patients neutropenia was of
short duration, allowing re-treatment on schedule. Patients receiving more than four
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cycles of docetaxol had fluid retention, which could be largely controlled through the
use of diuretics, and were less frequent in patients premedicated with glucocorticoids
[153].

2.3
Antitumor Alkaloids in Clinical Trials

2.3.1
Ecteinascidin-743 (Yondelis, Trabectedin)

Ecteinascidin-743 (ET-743, 16, Figure 2.4) is a tetrahydroisoquinolone alkaloid
isolated from Ecteinascidia turbinata Herdman, a tunicate that grows on mangrove
roots throughout the Caribbean Sea [154]. Most likely, the compound is produced by
the marine tunicate as a defense mechanism to survive in its natural environment
[155].

ET-743 binds to the N2 position of guanine in the minor groove of DNA with some
degree of sequence specificity, altering the transcription regulation of induced genes
[156]. ET-743 was selected for clinical development because of its original mode of
action involving DNA repair machinery [157] and its cytotoxic activity against a variety
of solid tumor cell lines, including sarcoma cell lines, even those resistant to many
other cytotoxic agents [158]. In phase I clinical trials, ET-743 was generally well
tolerated with noncumulative hematological and hepatic toxicities being the most
commonly reported adverse events. The dose-limiting toxicities were neutropenia
and fatigue. A dose-related asymptomatic and reversible rise in transaminase levels
was prevalent, but not a treatment-limiting toxicity [159]. Patients with any baseline
liver-function test exceeding the upper limit of the normal ranges have a significantly

16 Compound Ry
17 H
18 OH

Fig. 2.4 Chemical structures of ecteinascidin-743 and staurosporines.
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greater incidence of severe hepatic toxicity [160]. This should be used as a reference
to identify patients eligible to receive full doses of ET-743. The phase II data for ET-
743 administered as a single agent has established a clinical role for the compound
in advanced soft tissue sarcoma, and promising potential in pretreated ovarian
cancer [154,161]. Owing to its original mechanism of action, ET-743 may act
synergistically in combination with other cytotoxic agents. Several preclinical or
phase I studies explored this possibility. ET-743 combined with other drugs (i.e.
cisplatin, paclitaxel, or doxorubicin) showed more than additive effects in several
preclinical systems and initial clinical results (e.g. a combination of ET-743 with
cisplatin) appear to confirm the preclinical findings [162,163]. Phase III studies
comparing conventional therapy with ET-743 are necessary to fully elucidate the
therapeutic potential of this agent.

232
7-Hydroxystaurosporine (UCN-01)

Staurosporine (17, Figure 2.4), an alkaloid isolated from Streptomyces spp., is a
potent nonspecific protein and tyrosine kinase inhibitor. Thus, efforts to find
analogs of staurosporine have identified compounds specific for protein kinases
[164]. UCN-01 (18, Figure 2.4) is a potent inhibitor of protein kinase C [165], and
has antiproliferative activity in several human tumor cell lines. Work from several
groups supports the hypothesis that UCN-01 promotes its antitumor activity
through induction of apoptosis by either modulation of cyclin-dependent kinases
or inhibition of cell cycle checkpoints. UCN-01 may act by abrogating the G,
block often induced by cellular damage, thus causing inappropriate progression
to G, and subsequent apoptosis [166]. Also, synergistic effects of UCN-01 have
been observed with many chemotherapeutic agents, including mitomycin C,
5-fluorouracil, and camptothecin [167-169]. Phase I clinical studies showed that
the drug had an unexpectedly long half-life (about 30 days) [170]. Dose-limiting
toxicities were nausea, vomiting, hyperglycemia, and hypoxia when UCN-01 was
given as a prolonged 72h infusion, and hypotension when the compound was
administered over 1 h. Phase I trials of UCN-01 in combination with topotecan or
5-fluorouracil were relatively well tolerated and showed some preliminary evidence of
efficacy [171,172).

233
Ellipticine and Analogs

Ellipticine (19) and its other two naturally occurring analogs, 9-methoxyellipticine
(20) and olivacine (21), showed promising activity as potential anticancer drugs
(Figure 2.5). Ellipticine was first isolated in 1959 from the leaves of the evergreen
tree Ochrosia elliptica Labill., but its biological activities were only recognized
in 1967 [173]. Since then, the design, synthesis, and structure-activity rela-
tionships of this class of compounds have been studied by a number of labo-
ratories [174,175].
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Studies on the mechanism of cytotoxicity and anticancer activity of the ellipticine
analogs suggest a complex set of effects, including DNA intercalation, inhibition of
topoisomerase, covalent alkylation of macromolecules, and generation of cytotoxic-
free radicals [176,177]. Owing to cardiovascular toxicity and hemolysis observed
during preclinical toxicity studies, development of the parent compound ellipticine
was halted. Interest then shifted to the 9-substituted derivatives, including
9-hydroxyellipticine, 9-methoxyellipticine, and elliptinium. Only limited activity
was observed in clinical trials with 9-hydroxyellipticine and 9-methoxyellipticine.
Phase II clinical trials of elliptinium yielded moderately promising results. $16020, a
cytotoxic agent derived from 9-hydroxyolivacine, was tested in phase I studies, and
demonstrated improved toxicities by showing no hemolysis and no detection of anti-
S16020 antibodies [178]. None of the ellipticine derivatives have reached clinical
practice, but the ellipticine family may still yield clinically useful anticancer drugs.

234
Acronycine and Analogs

The pyranoacridone alkaloid, acronycine (22, Figure 2.5), isolated from Acronychia
baueri Schott. [179], was shown to exhibit promising activity against a broad spectrum
of solid tumors [180]. However, its moderate potency and poor solubility in aqueous
solvents severely hampered subsequent clinical trials, which were rapidly discon-
tinued, owing to modest therapeutic effects and dose-limiting gastrointestinal
toxicity after oral administration [181]. Consequently, the development of structural
analogs with increased potency and/or better water solubility was highly desirable.
Efforts to design more potent derivatives were guided by the hypothesis of in vivo
bioactivation of the 1,2-double bond of acronycine into the corresponding epoxide.
The high reactivity of acronycine 1,2-epoxide, which readily reacts with water to give
the corresponding cis and trans diols, suggested that this compound could be the
active metabolite of acronycine, able to alkylate some nucleophilic target within
the tumor cell. Accordingly, significant improvements in terms of potency were
obtained with derivatives modified in the pyran ring, which had a similar reactivity
toward nucleophilic agents such as acronycine epoxide but improved chemical
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Fig. 2.5 Chemical structures of ellipticines and acronycine.
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stability [182,183]. The benzo[bjacronycine derivative S23906-1 demonstrated a
marked antitumor activity in human orthotopic models of lung, ovarian, and colon
cancers xenografted in nude mice, and is currently in phase I clinical trials. The
mechanism of its action implies alkylation of the 2-amino group of DNA guanine
residues by the carbocation resulting from the elimination of the ester leaving group
at position 1 of the drug [184].

235
Colchicine and Analogs

Colchicine (23, Figure 2.6) is a three-ring amine alkaloid derived from the corms of
Colchicum autumnale L. Like the anticancer indole alkaloids, vinblastine and vincris-
tine, it depolymerizes microtubules at high concentrations and stabilizes micro-
tubule dynamics atlow concentrations. It was recognized as having damaging effects
on tumor vasculature as long ago as the 1930s and 1940s, causing hemorrhage and
extensive necrosis in both animal and human tumors [185,186]. Although its toxicity
precluded further clinical development, sporadic reports of tumor vascular damage
induced by related compounds, such as podophyllotoxin, continued to emerge [187].
Since the late 1990s, the combretastatins and N-acetylcolchinol-O-phosphate
(ZD6126, 24, Figure 2.6), compounds that resemble colchicine and bind to
the colchicine domain on tubulin, have undergone extensive development as
antivascular agents. ZD6126 is a phosphate prodrug of the tubulin-binding agent
N-acetylcolchinol. Profound disruption of the tumor blood vessel network has been
noted in a wide variety of preclinical tumor models. The observed effects include
vascular shutdown, and reduced tumor blood flow. Histologic assessment has
revealed central tumor necrosis extending to within a few cell layers from the tumor
margins [188]. Following treatment, a ring of viable tumor cells is invariably found on
the tumor periphery[189]. Since the residual tumor tissue can serve as a foundation for
tumor regrowth, the vascular disrupting agent could be combined with other treat-
ment options so that the entire tumor cell population can be completely eradicated.
Several studies involving the use of ZD6126 in conjunction with conventional
chemotherapeutic agents led to enhanced responses in a wide variety of tumor
models [188]. Each phase I clinical trial reported similar toxicity profiles, including
anemia, constipation, and fatigue [190]. It is noteworthy that this toxicity profile is

Fig. 2.6 Chemical structures of colchicines and ZD6126.
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distinct from the toxicity profile of conventional anticancer agents. These phase I trials
revealed some signs of clinical activity, and ZD6126 will be evaluated as a single agent
for the treatment of renal carcinoma [191]. However, there is little doubt that the
greatest potential utility of vascular damaging agents lies in their combination with
other treatment options and this should be evaluated in further clinical trials.

2.3.6
Ukrain

Ukrain (NSC-631570) has been described by Novicky Pharma (Vienna, Austria) as a
semisynthetic compound derived from Chelidonium majus L., which contains a range
of alkaloids, most notably chelidonine. Ukrain consists of one molecule of thiopho-
sphoric acid conjugated to three molecules of chelidonine. A mass-spectrometric
analysis of Ukrain components failed to demonstrate the presence of the semisyn-
thetic thiothepa derivative. Instead, analysis of the pharmaceutical preparation
Ukrain revealed well-known alkaloids from Chelidonium majus, including chelido-
nine, chelerythrine, sanguinarine, protopine, and allocryptopine [192]. Since 1990,
preclinical investigations have pointed to the promising antineoplastic activity of
Ukrain. These studies suggested that Ukrain exerts selective cytotoxic effects on
tumor cells without adverse side effects on normal cells and tissues [193,194].
However, observations on the selective cytotoxicity of Ukrain are still subject to
controversy [195]. In addition to the above mentioned promising preclinical data,
some clinical investigations, predominantly from Eastern Europe, suggested ben-
eficial effects of Ukrain in the treatment of patients suffering from various cancers
when given as a single drug or in combination with standard chemotherapeutic drugs
or ionizing radiation [196]. However, the random clinical trials reported in the
literature have serious methodological limitations and the mechanism of action of
Ukrain as an anticancer drug remains elusive [196]. Before positive recommenda-
tions can be issued, independent replication with definitive trials and larger sample
sizes seem mandatory.

2.4
Alkaloids Used for MDR Reversal

2.4.1
Cinchona Alkaloids

Cinchona alkaloids isolated from the bark of several species of cinchona trees have
been extensively studied for their antimalarial properties [197]. Later, quinine (25)
and cinchonine (26) (Figure 2.7) were shown to have a potential use in reversing
multidrug resistance in cancer patients, and are considered as first-generation
blockers. In addition to their known role as inhibitors of Pgp, these chemomodulators
have been suggested to have intracellular protein targets that may be involved in
drug distribution [198-200]. Phase I/II clinical trials demonstrated that quinine
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could be used safely in combination with various chemotherapeutic agents,
including mitoxantrone, vincristine, adriamycin, or paclitaxel for the treatment
of clinically resistant acute leukemias, advanced breast cancer, or non-Hodgkin's
lymphomas [201-203]. Phase III clinical trials in patients with acute leukemia
showed modest results [204,205]. In preclinical studies, cinchonine was reported to
be more efficient than quinine as an anti-MDR agent [200,206]. A Phase I trial
showed that cinchonine in combination with doxorubicin, vinblastine, cyclopho-
sphamide, and methylprednisolone could be safely administered in patients with
malignant lymphoid diseases and an MDR reversing activity was identified in the
serum from every patient [207]. The development of third-generation drugs, which
are highly specific for Pgp and which seem to have only modest effects on drug
clearance, include dofequidar fumarate, tariquidar, zosuquidar, and laniquidar,
which are in phase I/II trials and show promise for future treatment.

242
Dofequidar Fumarate (MS-209)

MS-209 (27, Figure 2.7), a quinoline derivative, was developed specifically as a
selective Pgp inhibitor [208]. MS-209 alone has no antitumor activity and did not
show serious toxicity at doses up to 2000 mg/kg. In preclinical models, MS-209
enhanced the antitumor effects of anticancer agents including adriamycin, vincris-
tine, paclitaxel, and docetaxel in multidrug-resistant tumor cell lines [209]. It also
enhanced the efficacy of anticancer agents against cancer cells sensitive to anticancer
agents. MS-209 in combination with adriamycin was more effective than adriamycin
alone against transplanted murine tumors, multidrug-resistant murine tumors, and
human tumors transplanted to nude mice [210]. A phase I trial designed to determine
the safety and tolerability of MS-209 when given in combination with docetaxel
showed no significant differences in docetaxel-induced nadir neutrophil and platelet
counts in the absence or presence of MS-209 [211]. A clinical trial including M S-209
in combination with cyclophosphamide, doxorubicin, and fluorouracil therapy for
patients with advanced or recurrent breast cancer showed promising efficacy in
patients who had not received prior therapy [212]. By March 2003, phase II trials in
breast and NSCLC had been initiated [213].
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2.5
Alkaloids Used for Cancer Prevention

Unlike cancer chemotherapy, cancer chemoprevention involves the prevention
or delay of carcinogenesis through the ingestion of pharmaceutical or dietary agents
[214]. Only few compounds have been approved by the FDA for use as chemopre-
ventive agents. They include the cyclooxygenase-2 specific inhibitor celecoxib (28,
Figure 2.8) to reduce the number of adenomatous colorectal polyps in familial
adenomatous polyposis, as an adjunct to usual care, as well as tamoxifen (29) and
three aromatase inhibitors, anastrozole (30), letrozole (31), and exemestane (32), for
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Fig. 2.8 Chemical structures of alkaloids with promising
cancer chemopreventive activity.
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the adjuvant treatment of postmenopausal women with hormone receptor-positive
early breast cancer. Obviously, these drugs are not alkaloids.

Capsaicin (33), an alkaloid and the main ingredient of hot chili pepper, is found
in most Capsicum spp. (see Chapter 4). Preclinical studies have demonstrated
that capsaicin inhibits mutagenicity and DNA binding of some chemical carcino-
gens, possibly by suppressing their metabolic activation [215]. With cells in
culture, capsaicin inhibited proliferation by decreasing NADH oxidase activity
[216]. Capsaicin also alters the expression of tumor forming-related genes by
mediating the overexpression of p53 and/or c-myc genes as well as induces
apoptosis in cancer cell lines [217,218]. With in vivo studies, capsaicin inhibited
the growth of xenograft prostate tumors in mice [218]. Promising data suggest
the antitumor properties of capsaicin and this compound should be explored
additionally for clinical use.

Even though not alkaloids, some nitrogen-containing natural products have shown
promising in vitro and in vivo cancer chemopreventive activities. Cruciferous vege-
tables provide the indole dithiocarbamate brassinin (34) and several natural and
synthetic analogs, which were shown to induce quinone reductase and glutathione
S-transferase activities with in vitro and in vivo models [219]. Sulforaphane (35), an
isothiocyanate isolated from broccoli, has potent monofunctional phase 2 enzyme-
inducing activity [220]. A novel analog, suforamate (36), exhibited similar potency to
sulforaphane, with one-third of the toxicity. Sulforamate also increased GSH levels
[221]. Sulforaphane and sulforamate have shown similar dose-response patterns for
inhibiting 7,12-dimethylbenz(a)anthracene (DMBA)-induced lesions in mouse
mammary organ culture, and significant inhibition of DMBA-induced mammary
carcinogenesis in Sprague-Dawley rats has been demonstrated [222]. Indole-3-
carbinol (37), a compound found in high concentrations in broccoli, cauliflower,
Brussels sprouts, and cabbage, has a number of potential mechanisms of action that
are associated with cancer chemoprevention. Indole-3-carbinol has antiestrogenic
activity by competing with estrogen for binding sites [223] and reduces the activity of
the tumor-promoting enzymes ornithine decarboxylase and tyrosine kinase [224], as
well as inducing apoptosis in various cell types through inactivation of the nuclear
factor-kappaB [225]. Preclinical and phase I trials in breast, prostate and cervical
cancers showed some efficacy and very low toxicity [226,227].

2.6
Conclusions

Natural products, especially alkaloids, have been a source of highly effective con-
ventional drugs for the treatment of many forms of cancer. While the actual
compounds isolated from a natural source may not serve as the drugs, they provide
leads for the development of potential novel agents to treat or prevent cancer, as well
as to modulate MDR. As new technologies are developed, some of the agents which
were abandoned or failed earlier clinical studies are now stimulating renewed
interest.

43
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Alkaloids and the Bitter Taste
Angela Bassoli, Gigliola Borgonovo, Gilberto Busnelli

3.1
Introduction

Bitter taste perception is innate in man and usually induces aversive reactions:
neonates react with stereotypic rejection responses [1]; all animals, with the exception
of some herbivores, react with aversive or repulsive behavior to compounds that
humans consider bitter [2,3]. Substances bitter to humans are also often repulsive to
invertebrates [4,5]. Since numerous harmful compounds, including xenobiotics, salts,
rancid fats, fermentation products, and secondary plant metabolites including alka-
loids taste bitter, this taste is usually considered as a defense mechanism against the
ingestion of potentially toxic compounds. Incidentally, human responses to bitterness
show remarkable diversity, ranging from absolute rejection to strong acceptance.
Moreover, the perception of the bitter taste changes significantly during ageing; it is
known that some foodstuffs that are usually rejected by infants and children become
acceptable to adults, when a certain degree of bitterness in food and beverages starts to
become pleasant and contributes to attraction and palatability. This is for instance the
case with coffee or beer, or the bitter taste of nicotine in cigarette smoke. This
phenomenon undoubtedly has an evolutionary significance. Many natural bitter
compounds also have a certain degree of toxicity, therefore the bitter taste receptors
have been designed to recognize and avoid them, particularly when the organism is
potentially more susceptible to intoxication, as during childhood. Similarly, bitter taste
perception changes significantly during pregnancy [6] when the threshold of percep-
tion of bitter compounds such as quinine is usually lowered.

A bitter taste has long been associated with alkaloids and in fact many of them have
always been known as bitter. Actually, in most cases the bitter taste was initially
associated with plant extracts containing alkaloids such as cinchona, belladonna, or
aconitum, and subsequently with the pure compounds after isolation. This association
is so strong that the bitter taste of food is still sometimes attributed to the presence of
alkaloids, even when this has not been demonstrated by the isolation of any active
principle and the sensory evaluation of single compounds. There are hundreds of bitter
compounds from many other chemical classes, such as terpenes, aminoacids, salts,
flavonoids, and a number of synthetic chemicals, and often the bitterness associated
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with these compounds is even stronger than that of alkaloids. Some prototypes of bitter
compounds for sensory studies are for instance PROP (6-n-propyl-2-thiouracil), PTC
(phenylthiocarbamide), denatonium benzoate, sucrose octaacetate, and magnesium
sulfate. Even in food, many bitter principles have a nonalkaloid structure: the flavonoid
naringin, which gives bitterness to grapefruit, humulone, found in beer, or lactucine, a
sesquiterpene lactone found in lettuce, are only some examples. This diversity in the
chemical structure of bitter compounds has a parallel in the large variability of the bitter
taste receptors: we now recognize many bitter taste receptors, compared to the,
probably single, sweet taste receptor. Another significant difference between the bitter
taste and the other basic taste chemoreception mechanisms is the sensitivity: the
detection threshold for the bitter taste of quinine is in the micromolar range, whereas
sucrose or sodium chloride can only be detected at millimolar concentrations. The
evolution and adaptation mechanisms seem therefore to have built a single receptor
with low affinity for the positive selection of the sugar nutrients, and a family of
multiple receptors with higher sensitivity to recognize and avoid potentially dangerous
substances from many different food sources, especially plants.

Despite this diversity, the alkaloids are still considered as reference standards for
bitter taste: in sensory evaluation methodologies caffeine and quinine solutions are
used to train panelists to recognize the bitter taste and to give comparative evaluations
of other bitter principles. This is obviously also due to the fact that these two alkaloids
are among the most important for their use in food, not only as contaminants but as
“active principles” selected for their taste profile and biological activity.

Besides these, a number of other alkaloids are known to have a bitter taste, which
was generally discovered accidentally, as many are toxins, poisons, and other
biologically active compounds. Finally, the bitter taste of alkaloids also has some
importance in the interaction between plants and animals, especially insects, which
have a gustative system quite different from that of vertebrates; these interactions
have some important applications in ecology and agriculture.

3.2
The Bitter Taste Chemoreception Mechanism

The primary structures of taste reception are the taste buds, which are found in all
vertebrates except hagfish [7]. Taste buds are assemblies of approximately 100 cells,
which, in humans and other mammals, are present on the tongue, the soft palate,
epiglottis, pharynx, and larynx. In insects, taste cells are present also in legs,
ovipositor organs, and inside the stomach. There are four types of taste receptor
cells (TRCs), called type I to type IV, sometimes subdivided into subclasses [8].
Recently, several signal transduction molecules have been detected in most type II
cells and a small subset of type III cells, suggesting that the TRCs for umami, sweet,
and bitter taste are among these cells [9,10]. TRCs are not neurons but specialized
epithelial cells, and are accordingly designated as secondary sensory cells. In addition
to their organization in taste buds, TRCs may also exist as solitary chemosensory cells
in the developing mammalian gustatory epithelium [11,12] and chemosensory
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clusters in the larynx [13]. On the tongue, taste buds are organized in specialized
folds and protrusions, the gustatory papillae. The three types of chemosensory
papillae are the fungiform, foliate, and vallate papillae. In humans the latter are
called circumvallate papillae, because they are completely surrounded by moats.
Branches of the three cranial nerves innervate the taste buds, such that individual
axons supply several TRCs, which may be located in different taste buds [14-17].
Most of the gustatory information is transmitted by the chorda tympani of the
seventh cranial or facial nerve and the glossopharyngeal nerve. In humans the first-
order pseudounipolar ganglionic neurons make contact with second-order neu-
rons in the rostral part of the nucleus tractus solitarius (NTS), in a region referred to
as the gustatory nucleus, located in the medulla, whereas some differences exists
for animals such as rodents and, of course, insects. The response of cultured rat
trigeminal ganglion neurons to bitter tastants has been studied [18]. The authors
investigated the responses of rat chorda tympani and glossopharnygeal neurons to
a variety of Dbitter-tasting alkaloids, including nicotine (1) yohimbine, quinine (2),
strychnine (3), and caffeine (4), as well as capsaicin (5), the pungent ingredient in
hot pepper.
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Of the 89 neurons tested, 34 % responded to 1mM nicotine, 7% to 1mM
caffeine, 5 % to 1 mM denatonium benzoate, 22 % to 1 mM quinine hydrochloride,
18 % to 1 mM strychnine, and 55% to 1 uM capsaicin. These data suggest that
neurons from the trigeminal ganglion respond to the same bitter-tasting chemical
stimuli as do taste receptor cells and are likely to contribute information sent to the
higher central nervous system regarding the perception of bitter/irritating che-
mical stimuli. The neural responses of bitter alkaloid compounds in rats have also
been noticed by physiology experiments involving recording the neural activity
from rat glossopharyngeal and chorda tympani neurons. Responses to several
bitter alkaloids were obtained: 10 mM quinine-HCl, 50 mM caffeine, and 1 mM
each nicotine, yohimbine and strychnine, plus a number of nonalkaloid bitter-
tasting compounds and some other tastants (NaCl, HCl and capsaicin). It was
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found that individual neurons in both glossopharyngeal and chorda tympani
nerves differed in their relative sensitivities to the various bitter stimuli. To
determine relationships among these stimuli, the differences in the evoked
responses between each stimulus pair were summarized in a multidimensional
scaling space. In these analyses no nerve showed any obvious similarity between
the placements of quinine and the other bitter stimuli. Such data suggest that first-
order gustatory neurons can discriminate among the above bitter stimuli. For
glossopharyngeal neurons, a certain similarity to quinine was found only for
nicotine and denatonium, and for chorda tympani neurons, some similarity to
quinine was found only for KCl and MgCl,. Of the bitter compounds tested,
quinine evoked the greatest response from glossopharyngeal neurons, suggesting
that quinine can activate taste receptors cells by more transduction mechanisms
than other bitter stimuli [19].

The initial stage of the bitter taste stimulation is the binding of bitter molecules to
a protein receptor on the taste buds. T2Rs are a multigene family of the G protein-
Coupled Receptors and have a key role in the detection of bitter tastants [20,21].
According to the latest reports the T2Rs gene repertoire in humans comprises 25
full-length genes and 11 pseudogenes [22]. With the exception of TAS2RI on
chromosomes 5, 9, and 15 TAS2R genes are present in extended clusters on both
chromosomes 7 and 12. The mouse genome contains slightly more T2R genes,
namely 35 genes and 6 pseudogenes located on chromosomes 2, 6, and 15 [20-23].
All but two genes, which are found on chromosomes 2 and 15 respectively, are
located in two clusters on chromosome 6 [24]. As reported above, T2Rs have a key
role in the detection of bitter tastants together with a-gustducin, a G protein a-
subunit expressed in about 25% of TRCs. Indeed, molecularly cloned bitter-
responsive taste receptors have been shown to couple and activate heterotrimetric
gustuducin. G protein-coupled receptors mediate the cellular responses to an
enormous diversity of signaling molecules, including hormones, neurotransmit-
ters, and local mediators, varied in structure and in function. Despite this, all of the
GPCRs have a similar structure and are almost certainly evolutionarily related. All
GPCRs have an extracellular N-terminal segment, seven a-helical transmembrane
(TM) domains that form the TM core, three exoloops, three cytoloops, and a C-
terminal segment. N-terminal segments (7-595 amino acids), loops (5-230 amino
acids), and C-terminal segments (12-359 amino acids) vary in size. TAS2Rs are
structurally diverse as they display approximately 17-90 % sequence identity at the
amino acid level, suggesting that different family members may recognize che-
micals with widely different structures [22]. In general, the cytoplasmic part of the
putative TM segments and the intracellular loops are comparably well conserved,
consistent with the idea that intracellular coupling to signal transduction proteins
is of limited variability. The extracellular loops and upper parts of the TM segments
are less conserved. This is not surprising, since these parts of the TAS2Rs are likely
to form heterogeneous binding motifs for the numerous and structurally diverse
bitter compounds. On the other hand, the carboxyl-terminal part of TAS2Rs is also
highly variable, reflecting possible differences between TAS2Rs in receptor reg-
ulation and trafficking. It has been estimated that 6-10 cells per taste bud express
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TAS2Rs, corresponding to approximately 15 % of the cells. This estimate applies to
rodent taste organs, where almost every taste bud contains TAS2R-positive
cells [21]. A similar estimate of approximately 20 % has been reached for TAS2R
gene expression in human circumvallate taste buds [25]. If any of the T2Rs is
expressed in approximately 15 % of the cells of circumvallate, foliate, and palate
taste buds and given that there are over 25 T2Rs in humans, a taste cell should
express more than one receptor. Through two-color double-hybridization experi-
ments using a collection of differentially labeled ¢cDNA probes, showed that
the majority of the taste receptor cells expressed nearly, if not all, the full
complement of T2Rs. The observations are consistent with the fact that mammals
are capable of recognizing a wide range of bitter substances but not of distinguish-
ing between them. Bitter compounds activate T2Rs, which activate gustducin
heterotrimers [26]. Dissociation of the heterotrimeric gustducin splits the signal
into two parts. Activated a-gustducin stimulates a phosphodiesterase (PDE) to
hydrolyze cAMP thus reducing the cytosolic concentration of cNMP. The con-
sequences of the a-gustducin-induced decrease in cyclic nucleotide levels are still
not well understood. At the same time, the B/y heterodimer (i.e. B3/y13) complex,
released from activated a-gustducin, activates a phospholipase C (PLCB2) to
generate inositole triphosphate (IP3) which leads to the release of Ca** from
internal stores. Calcium ions in turn stimulate TRPMS channels, resulting in
changes of membrane currents leading to a receptor potential, which translates
into action potentials and release of neurotransmitter. Compared to wild-type
mice, the responses of a-gustducin knockout mice to bitter stimuli are reduced
but not totally abolished, thus suggesting that other G proteins or different
pathways are involved. Ga;.3, Gal4, Gal5, Gaq, a-transducin are possible candi-
dates as they are also expressed in TRCs. Quench flow studies with murine taste
tissue indicate that the alkaloids caffeine and theophylline inhibit PDE to raise
TRC cGMP levels [27]. Soluble guanylyl cyclase (GC) is the presumed source of the
c¢GMP; both GC and nitric oxide synthase (NOS) are known to be present in TRCs.
Quinine is known to block K* channels and to cause TRC depolarization. Bullfrog
TRC membrane patches contain a cation channel that is apparently gated directly
by quinine and denatonium benzoate and other compounds that humans find
bitter. A complete understanding of the physiology of bitter taste requires exact
knowledge about the interactions of TAS2Rs with bitter substances. There is a vast
excess of numerous, structurally diverse bitter compounds over the about 30
mammalian TAS2R bitter taste receptors [28,29]. The TAS2Rs are therefore highly
unlikely to interact with their bitter stimuli in a simple one-to-one ratio. Instead
they should be broadly tuned to multiple bitter compounds. Great efforts are being
directed toward the deorphanization of all the known receptors and to the
elucidation of their structure-activity relationships. The only established correla-
tion between a bitter alkaloid and a TAS2R is that of strychnine, which activates
hTAS2R10 [30]. Research into the ligands of the bitter taste receptors is at an initial
stage and most of the T2Rs have yet to be analyzed, and it is therefore very likely
that in the near future other alkaloids will be identified as ligands for specific
receptors.

57



58 | 3 Alkaloids and the Bitter Taste

33
Bitter Alkaloids in Food

Despite the supposed universality of bitter taste rejection, many commonly
consumed foods and beverages such as fruits, tea, coffee, chocolate, and
alcohol have bitterness as a major sensory attribute which, in the overall taste profile
of a food, is often appreciated by the consumers. Some alkaloids are certainly
responsible for the bitter taste of known food: the taste threshold is available only
for atropine (0.1 mM), cocaine (0.5 mM), and morphine (0.5 mM) (Table 3.1).
Caffeine is perhaps the most popular of these compounds. Itis moderately bitter in
taste, having a taste threshold in water of 0.8-1.2 mM [31]. Major sources of caffeine
are the seeds of Coffea sp. plants. The caffeine content in raw Arabica coffee is
0.8-2.5 %, while in the Robusta variety it can be as high as 4 %. Caffeine is only partly
decomposed during roasting, and can be reduced artificially by chemical extraction
during decaffeination processes. The physiological effects of caffeine are well known:
stimulation of the central nervous system, increased blood circulation and respira-
tion, and many others. Caffeine is present also in the leaves of tea (Camellia sinensis)
in various amounts (2.5-5.5% in dry leaves) according to the origin, age, and

Tab. 3.1 Some bitter alkaloids and their CAS numbers.

Compound CAS Compound CAS
Brucine 357-57-3 Pilocarpine 92-13-7
Atropine 51-55-8 Cathine 492-39-7
Cocaine 50-36-2 Cathinine 5265-18-9
L-Ephedrine 299-42-3 Isoberberine 477-62-3
Morphine 57-27-2 Coumingine 26241-81-6
Heroin 561-27-3 Norcassaidine 26296-41-3
Senecionine 130-01-8 Norcassamidine 36150-73-9
Monocrotaline 315-22-0 Cassaine 468-76-8
Methylergonovine 113-42-8 Retrorsine 480-54-6
Anisotropine methylbromide 80-50-2 Delsoline 509-18-2
Propantheline 298-50-0 Delcosine 545-56-2
Dyphylline 479-18-5 Rodiasine 6391-64-6
Emetine 483-18-1 Infractopicrine 91147-09-0
Vincamine 1617-90-9 Yohimbine 146-48-5
Berberine sulfate 316-41-6 Solasodine 126-17-0
Cincophen 132-60-5 Pistillarin 89647-69-8
Noscapine 128-62-1 Stemonine 27498-90-4
Chloroquine 54-05-7 Glomerine 7471-65-0
Cytisine 485-35-8 Gentianine 439-89-4
Caffeine 58-08-02 Theobromine 83-67-0
Theophylline 58-55-9 Capsaicin 404-86-4
Quinine 130-95-0 Quinidine sulfate 50-54-4
a-Solanine 20562-02-1 -2-chaconine 469-14-7

a-Chaconine 20562-03-2 Solanidine 80-78-4
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processing. Together with theobromine (6) and theophylline (7), which are presentin
much lower percentage, it contributes to the taste of tea.
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Caffeine is also present in maté (Paraguayan tea), the infusion from the leaves of
Ilex paraguariensis. The content of caffeine in mate is 0.5-1.5 % and this beverage is
known to stimulate the appetite; this plant has long been the most important alkaloid-
containing brewed plant in South America. Yerba mate has been investigated for its
caffeine content and the time perception of bitterness of the extract infusions [32].
Caffeine and its stimulating action are also present in other traditional beverages
such as those based on cola nuts, the seeds of a tree of the Sterculiaceae family, genus
Cola sp., growing in West Africa, Madagascar, Sri Lanka, and Central and South
America. The caffeine content is about 2.2% and theobromine is 0.05%.
Theobromine is contained in larger amounts, about 1.2 %, in cocoa beans where
caffeine is also present (0.2 %) and therefore these two alkaloids are present in all
chocolate derivatives.

Both theobromine and theophylline have a bitter taste similar to that of caffeine, and
are responsible for the bitter taste of cacao and black chocolate, but in this case the
contribution of other compounds has been demonstrated. Sensory-guided decomposi-
tion of roasted cocoa nibs revealed that, besides theobromine and caffeine, a series of
bitter-tasting 2,5-diketopiperazines and flavan-3-ols were the key inducers of the bitter
taste as well as the astringent mouth-feel imparted upon consumption of roasted cocoa.
Actually, the flavanol-3-glycosides not only impart a velvety astringent taste sensation to
the oral cavity but also contribute to the bitter taste of tea infusions by amplifying the
bitterness of caffeine [33]. The mechanism of action of caffeine and other xanthines on
taste receptors is not known in detail. The effects of caffeine in stimulating taste receptor
cells have been studied by calcium imaging techniques using intestinal STC-1 cells [34].
These cells are stimulated by caffeine in a dose-dependent manner.

As for many other bitter compounds, the stimulus of caffeine bitterness is
transduced through multiple mechanisms and complex pathways. To investigate
this idea more thoroughly, caffeine was studied by patch-clamp and radiometric
imaging techniques on dissociated rat taste receptor cells. At behaviorally relevant
concentrations, caffeine produced strong inhibition of outwardly and inwardly
rectifying K currents. Caffeine addition inhibited Ca current, produced a weaker
inhibition of Na current, and had no effect on ClI current. Consistent with its effects
on voltage-dependent currents, caffeine caused a broadening of the action potential
and an increase of the input resistance. Caffeine was an effective stimulus for
elevation of intracellular Ca. This elevation was concentration dependent, indepen-
dent of extracellular Ca or ryanodine, and dependent on intracellular stores as
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evidenced by thapsigargin treatment. These dual actions on voltage-activated ionic
currents and intracellular calcium levels suggest that a single taste stimulus, caffeine,
utilizes multiple transduction mechanisms [35].

Quinine and quinidine (8) are also bitter. The bitter taste of quinine can still be
detected in a dilution of 1: 184 175 (unit of bitterness) [36]. Quinine is therefore much
more bitter than caffeine; 1 mM quinine hydrochloride gives the same bitter stimuli as
30-100 mM caffeine [37]. quinine, as quinine salts or extracts from cinchona bark
(Cinchona officinalis L., Rubiaceae), is used as a bittering agent in tonic-type drinks, ata
concentration of approximately 80 mg/L quinine hydrochloride. Quinine has also
been used in some bitter alcoholic beverages and to a small extent in flour
confectionery. The major dietary source of quinine are soft drinks of the tonic or
bitter lemon type. Some consumption studies to explore some potential toxic effect
from quinine consumption have been conducted among users of quinine-containing
soft drinks in the United Kingdom, France, and Spain. These studies demonstrated
that the current levels used are not of toxicological concern, but recommended that the
consumer should be informed by appropriate labeling of the presence of quinine in
foods and beverages in which it is used.

OMe

Quinine has been also used as a standard compound to study taste discrimina-
tion behavior in nonhuman primates, in order to establish a bitter taste (quinine
sulfate) as a cue for lever selection and food reward in rhesus monkeys. After
training with quinine, all of the animals acquired the discrimination, and the
lowest quinine concentration that maintained consistent behavior was 0.3 mg/mL.
To assess the specificity of the discrimination, compounds from other human taste
categories were tested. A series of compounds that are detected as bitter by humans
(caffeine, strychnine, PTC, denatonium benzoate, and urea) produced full general-
ization to the quinine sulfate discriminative stimulus, while sweet (as sucrose),
and salty (as sodium chloride) stimuli did not. There was individual variation
among animals in response to “‘sour’” compounds; acetic acid did not generalize to
quinine, but hydrochloric acid produced full generalization in one of three
animals. These results suggest that a bitter taste cue is controlling the quinine
discrimination [38].

Quinine also has pharmacological activity as an antimalarial, and some studies have
been made in order to find a method to diminish or suppress its bitter taste. This can
be achieved by adding sweet compounds such as sucrose or aspartame or nonspecific
bitter taste inhibitors such as NaCl or phosphatidic acid and tannic acid [39]. The
effects have been studied by sensory evaluation tests in human volunteers, a binding
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study, and using an artificial taste sensor. It is difficult to understand to what extent
the inhibition is due to adsorption effects or competition for the receptor binding,
since the chemoreception mechanism of the bitter taste of alkaloids is not yet clearly
understood. In order to suppress the bitter taste of quinine some molecularly
imprinted polymers (MIPs) have been devised [40]. 1-Arginine, r-ornithine, r-lysine,
and r-citrulline were tested as bitterness-suppressant candidates. In an HPLC study
using a uniformly sized MIP for cinchonidine, which has a very similar structure to
quinine, the retention factor of quinine was significantly shortened by the addition of
1-Arg or 1-Orn to the mobile phase, whereas a slight or no decrease was observed
when 1-Ctr and 1-Lys were added. This suggests that 1-Arg and 1-Orn may compete with
quinine in the cinchonidine-imprinted space. Finally, the results of human gustatory
sensation tests correlated well with the MIP data and are supported also by NMR
and molecular-modeling studies. The proposed method using MIPs seems to have a
potential for screening bitterness-suppressant agents for quinine and also give some
interesting information on the possible interaction of quinine with amino acids in its
taste receptor. A specific bitter taste receptor for quinine has not yet been identified;
moreover, some experiments recently demonstrated [41] that there is evidence for both
receptor-dependent and -independent transduction mechanisms for a number of
bitter stimuli, including quinine hydrochloride.

Another bitter tasting alkaloid in food is a-solanine (9). This compound and some
analogs (a-chaconine (10), B-2-chaconine (11), and solanidine (12)) are responsible
for the bitterness of greened potatoes and also for their known toxicity. Organoleptic
evaluation of three major potato glycoalkaloids disclosed two distinct taste stimuli: a
bitter caffeine-like taste and an astringent pain sensation, characterized as burning
and peppery. At higher concentrations the two stimuli merged leaving a persistent
burning sensation lasting up to 2 h. The absolute bitter taste thresholds for
a-solanine, a-chaconine, and 3-2-chaconine are 0.313, 0.078, and 0.078 mg, respec-
tively, with corresponding values for the pain stimulus at 0.625, 0.323, and 0.156 mg.
Bitterness thresholds for caffeine and solanidine measured in the same conditions
are respectively 1.25 and 0.313 mg, without any pain stimulus up to 1000 ppm [42].
a-Solanine was also identified as the bitter principle of eggplant fruits (Solanum
melongena) [43].

Capsaicin is the principal chemesthetic compound able to generate the hot
sensation, and its activity on the so-called vanilloid receptor has been studied for
along time (for capsaicin see Chapter 4). Interestingly, the taste of capsaicin (and of
many varieties of hot pepper) is also described as bitter. Many studies have indicated
that capsaicin, traditionally considered to be a pure chemesthetic stimulus, can evoke
a bitter taste and might also cross-desensitize the tastes of some bitter and sour
tastants. The scope and nature of capsaicin effects on bitter taste have therefore been
studied by sensory evaluation techniques. Subjects rated the taste and burning/
stinging of quinine sulfate (QSO4) (0.32 and 1.0 mM), saccharin (1.0 and 3.2 mM),
urea (3.2 and 10 M), MgCl,, (0.18 and 0.56 M), PROP (0.32 mM), and sucrose (0.32
and 1.0 M) applied to the tongue tip with cotton swabs before and after 10 applications
of 300 M capsaicin. Capsaicin initially evoked a weak bitterness in some subjects,
which quickly diminished over repeated exposures. Following capsaicin treatment,
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the bitterness of QSO4, urea, MgCl,, and PROP was reduced, as was the burning
sensation produced by MgCl, and urea. In another experiment, 29 subjects were
examined in the circumvallate region of the tongue using the same general
procedure. Capsaicin induced a weak but persistent bitterness in a subset of subjects
but failed to desensitize its own bitterness or that of any other tastant. These
experiments show that capsaicin can both stimulate and desensitize bitter taste,
but in amounts that vary for different bitter stimuli and between the front and back of
the tongue [44]. Interestingly, a similar effect has been noticed also for menthol, a
cooling chemesthetic compound. Overall, the results suggest that capsaicin and
menthol are capable of stimulating a subset of taste neurons that respond to bitter
substances, perhaps via receptor-gated ion channels like those recently found in
capsaicin- and menthol-sensitive trigeminal ganglion neurons, and that the glosso-
pharyngeal nerve may contain more such neurons than the chorda tympani nerve.
The fact that some people fail to perceive bitterness from capsaicin further implies
that the incidence of capsaicin-sensitive taste neurons varies between people as well
as between gustatory nerves [45].

It is known that some cyclic ketopiperazines coming from the Maillard reaction,
especially in proline rich foodstuffs, have an intense bitter taste. Some new inter-
esting cyclic nitrogen compounds have been identified by taste dilution analysis from
mixtures coming from the Maillard reaction during food processing. Despite these
compounds not being alkaloids strictly speaking, they have some interesting
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structural analogy with alkaloid compounds. One of these compounds, named
quinizolate (13), exhibits an intense bitter taste at an extraordinarily low detection
threshold of 0.00025 mmol/kg of water. This novel taste compound was found to have
2000- and 28-fold lower threshold concentrations than the standard bitter com-
pounds caffeine and quinine hydrochloride, respectively, and, therefore, it is claimed
to be one of the most intensely bitter compounds reported so far [46]. Itis important to
note that in sensory evaluation there is a difference between “detection threshold”
and “recognition threshold”; the first determines the concentration of a substance
that makes one able to say: this is not pure water; the second means that the panelistis
able to state: this is bitter. Therefore these reported data on the taste of new
compounds must to be taken carefully especially in comparison with others.

3.4
The Bitter Taste of Alkaloids in Other Drugs and Poisons

Most of the alkaloids having psychotropic activity or other general toxicity are
described as bitter. Nevertheless, this attribute is very often reported as obvious
or “taken for granted” even when there are no exhaustive studies, for the obvious
reason that no one is willing to use sensory analysis on toxic compounds. Ancientand
modern literature report many anecdotes about the bitter taste of alkaloid poisons.
The taste of the hemlock potion offered to Socrates to induce his “suicide” should
have been very bitter, but no comments about this are reported by Plato in the last
chapter of Fedone, describing Socrates death, where he is reported to drink the poison
“peacefully,” maybe thanks to his interior consciousness. If the bitter taste is indeed a
poorly relevant feature of poisons used for suicide, it is a very negative and
undesirable characteristic for poisons used in homicides. A nice example of this
concept is given in a novel by Agatha Christie [47], where the famous detective Poirot
demonstrates that he has some knowledge of taste chemistry:

“Poirot,” I cried, “I congratulate you! This is a great discovery.”
“What is a great discovery?” “Why, that it was the cocoa and
not the coffee that was poisoned. That explains everything!

Of course it did not take effect until the early morning, since
the cocoa was only drunk in the middle of the night.” “So you
think that the cocoa — mark well what I say, Hastings, the
cocoa — contained strychnine?”
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“Mrs. Inglethorp was in the habit of drinking a cup of cocoa
in the middle of the night. Could the strychnine have been
administered in that?” “No, I myself took a sample of the
cocoa remaining in the saucepan and had it analysed. There was
no strychnine present.” I heard Poirot chuckle softly beside
me. “How did you know?”” I whispered. “Listen.” “I should say” —
the doctor was continuing — “that I would have been considerably
surprised at any other result.”

“Why?” “Simply because strychnine has an unusually
bitter taste. It can be detected in a solution of 1 in 70,000,
and can only be disguised by some strongly flavoured substance.
Cocoa would be quite powerless to mask it.” One of the
jury wanted to know if the same objection applied to coffee.
“No. Coffee has a bitter taste of its own which would probably
cover the taste of the strychnine.”

The bitter taste is therefore reported by occasional and accidental tasting or by
the observation of rejection behavior by animals. The equation alkaloid = toxic = bitter
is so strong that sometimes the presence of some bitter alkaloids was assumed in some
bitter plants and never demonstrated by the isolation of any active principle of bitter
taste. It is worth noting that many toxic alkaloids are reported as bitter not only in the
popular tradition but in scientific literature. Table 3.2 lists some of these compounds,
reporting the common name, CAS number and if the compound is listed on Toxnet.

Since these compounds are mostly used as weapons or poisons, the bitter taste is
generally not a problem in their use so, with few exceptions, it has seldom been
studied systematically. One exception is strychnine, which is used as a potent
rodenticide and for which the bitter taste is a limitation since it prevents ingestion
by the animals. Some studies on the bitter taste of this alkaloid have been done with
the aim of masking the taste of strychnine [48]. The threshold for the detection of
strychnine in distilled water is 5.4 wg, in tap water 6.5 pg. Various substances were
added to diluted solutions of strychnine to ascertain whether the bitter taste could be
masked. It was masked to some extent by certain salts, sucrose, and extracts of yerba
santa. It was also noticed that the cation was the significant factor in the masking

Tab. 3.2 Toxic alkaloids referred to as bitter.

Name CAS Detection threshold Toxnet
Strychnine 57-24-9 0.002 mM X
Nicotine 54-11-5 0.0019 mM

Sparteine 90-39-1 0.00085 g/100 mL

Lupinine 486-70-4 0.0038 g/100 mL

Hydroxylupanine 15358-48-2 0.0017 g/100 mL

Lupanine 550-90-3

Angustifoline 550-43-6

Epilupinine 486-71-5
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action of salts. The masking efficiency of cations decreased in the order: Mg 78 %, Ca
25%, Na 8%, and K 2%. NaHCO; increased the bitterness of strychnine. Five
percent yerba santa extracts increased the threshold from 5.4 to 36.4 pg. This could be
interpreted as a possible competition at molecular level between caffeine contained in
mate and strychnine for the same receptors but we still have no evidence about this.

More recently, the interaction of strychnine with cloned taste receptors of the
T2Rs family has been studied. It has been demonstrated that TAS2R16 and
TAS2R10 are receptors for various bitter glycosides and the alkaloid strychnine,
which activates the TAS2R10 receptor at a concentration of 0.2 mM. These data,
compared with those for other alkaloids will certainly be very useful in predicting
structural requirements for receptor—agonist interactions and in the search for bitter-
blocking activities [49].

The bitter taste of nicotine is known and is an important component of the flavor of
tobacco and cigarette smoke. Nicotine and its taste have been studied for their effect on
taste preferences and therefore on nutrition. There is a well-known relationship
between the smoking—nonsmoking habits and the dietary preferences of people; in
particular it has been noted that smokers usually consume less sweet food and less
vegetables and fruit. This has some consequences on health: the insufficient con-
sumption of food rich in vitamins and antioxidants lead to a major exposure of smokers
to cardiovascular diseases; on the other hand, they usually gain body weight when they
stop smoking since they start to eat more sweetened food, and this is sometimes a
deterrent to stopping smoking. Of course, this is in part due to the anorectic activity of
nicotine, which is in part recognized. The taste behavior of smokers may also be related
to a different perception of acid and sweet tastes that are representative of different
ripening stages of fruit or of polyphenol astringency. The effects of smoking in
modifying some sensory perceptions in humans are not well known, although some
studies suggest an effect of nicotine on two main tastes, sweet [S0-52] and bitter [53]. It
is therefore difficult to find data on the influence of smoking on sensory perception and
the existing data are quite old and often contradictory. Some authors reported that
smoking had no significant effect on the taste receptors [54-57]. Others hypothesized
that smoking could affect taste preferences via the taste mechanism [58]. It has been
reported for along time that sugar and salt thresholds are higher among smokers than
among nonsmokers butithas also been demonstrated [59] that there are no differences
between smokers and nonsmokers in their thresholds for sweet, salty, and sour, but
only for bitter (significantly higher for smokers); the authors suggested that the
nicotine and other alkaloids in cigarette smoke fatigue the mechanism for perception
of bitter. They also concluded that the decrease in sensitivity is progressive with age and
thusitappears to be the result of prolonged addiction. Interestingly, smokers appear to
drink more coffee than nonsmokers [60,61] and this could also possibly be due to the
elevation of the bitter taste threshold, besides other pharmacological effects. It has
been demonstrated that nicotine induces taste aversion for sweet substances such as
saccharine in rats when preadministered by injection [62]. It is obviously very
complicated to distinguish between the effects of nicotine acting as a drug and those
generated directly on the taste chemoreception apparatus, and some research is
ongoing in order to clarify this point.
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In the case of other compounds listed in Table 3.2, the data on bitter taste are
reported occasionally and seem not to have been studied in detail.

35
Alkaloids and Taste in Insects

In insects the perception of taste is particularly interesting both from the theoretical
point of view and for practical applications. Insects have very efficient gustative
organs not only in the mouth but also in legs, antennae, in the abdominal region, and
even in the internal stomach.

Many excellent books and reviews [63—67] describe this complex system and the
role of insect taste in ecology, agriculture, and in the discovery of new molecules to be
used as antifeedants, including many alkaloids, and only some relevant points will be
summarized here.

Obviously, the gustative system of Drosophila melanogaster have been studied in details
[68]. The main taste tissue in Drosophila spp. is composed of the two labial palps located
at the distal end of the proboscis. From taste sensilla located on the prothoracic leg of
females (18 sensilla) and males (28 sensilla), six sensilla have been identified that house
aneuron activated by bitter compounds. These six sensilla fall into two groups: four were
activated when stimulated with quinine but not berberine, and two were activated by
berberine but not quinine. All six sensilla showed similar responses to denatonium and
strychnine. Most interestingly, the bitter-sensing cell within these six sensilla was found
to correspond to the 12 cell, known to be activated by high concentrations of NaCl (a
repulsive stimulus). Thus, the L2 cell is a widely tuned neuron that responds to
chemically diverse repulsive compounds. Many other prothoracic taste bristles, how-
ever, did notappear to house an L2 cell activated by bitter-tasting compounds used in this
study; interestingly, however, the firing pattern of the W and S cells in these sensilla —
stimulated by water or sugar — was significantly inhibited in the presence of quinine.
These findings indicate that the detection of chemical compounds avoided by the fly are
mediated through (atleast) two different mechanisms, one that leads to the activation of
an avoidance neuron (L2 cell) and one that leads to the inhibition of neurons (S cell)
involved in the detection of attractive substrates, such as sugars. Hiroi et al. [69] recently
investigated the firing pattern of labellar neurons stimulated by bitter-tasting com-
pounds, focusing on i-type sensilla, which have only two neurons, facilitating experi-
mental interpretation of spike patterns. Previous investigations indicated that i-type
sensilla contain an S cell and an L2 cell, responding to sugars and high salt concentra-
tions, respectively. The L2 cell in these sensilla is also activated by very low concentra-
tions of various bitter compounds, including strychnine, berberine, quinine, and
caffeine. In conclusion, the L2 cells of many, but not all, taste bristles located on the
labial palps and the legs appear to be broadly tuned and respond to various repulsive
stimuli including chemically diverse bitter-tasting compounds such as alkaloids as well
as high concentrations of salts.

Since the genome of Drosophila spp. is completely known, taste in this insect has
also been investigated by using flies with some genes — corresponding to the neurons
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Gr5a and Gr66a —ablated by genetic manipulation. Taste responsiveness was assessed
by performing proboscis extension reflexassays in controland DTIexpressing animals.
The proboscis extension reflex is one of the best-studied taste behaviors: when the leg
encounters sugar, the proboscis extends. The probability of extension increases as a
function of sugar concentration and decreases as increasing concentrations of a bitter
substance are added to a fixed concentration of sugar. Gr5a-Gal4, UAS-DTIflies showa
severe decrease in proboscis extension to trehalose, sucrose, glucose, and low salt, all
substances that a fly finds palatable. At high concentrations of sucrose, Gr5a-Gal4,
UAS-DTI flies extend their proboscis with high probability. Extension probability is
reduced when bitter substances were added, with dose sensitivity comparable to wild-
type flies. Conversely, Gr66a-Gal4, UAS-DTI flies show normal proboscis extension to
sugars but show a 10-fold decrease in sensitivity to the noxious substance denatonium,
and to the alkaloids berberine, caffeine, and quinine. Both Gr66a-Gal4, UAS-DTI and
Gr5a-Gal4, UAS-DTI flies show normal responses to high salt that are indistinguish-
able from wild-type. These results seem to suggest that Gr5a cells mediate sugar
detection while Gr66a cells participate in the recognition of bitter compounds.

A certain number of alkaloids have been tested toward herbivorous insects and it is
observed that many alkaloids act as feeding deterrents at concentrations >1 % w/w.
Given the choice, insects tend to select a diet with no or only a small dose of alkaloids.
These data indicate that under natural conditions, plants with a high content of alkaloid
should be safe from mostherbivorous insects. This shows the importance of alkaloids for
the well-being of the plant, including the presence of alkaloids at the right concentration
at the right time at the right place. Only if the insects are particularly hungry or have no
choice do they lower the deterrence threshold and feed on a diet rich in alkaloids they
would normally avoid, and in this case toxic effects may appear. Even if most alkaloids are
famous poisons, when compared to the deterrence thresholds the lethal concentrations
are much higher. This indicates that the function of alkaloids in plants is not primarily to
bring about the death of the host herbivore but to avoid a potential danger.

As an example, Manduca sexta caterpillars exhibit an aversive behavioral response
to many plant-derived compounds that taste bitter to humans, including caffeine and
aristolochic acid [70]. This aversive behavioral response is mediated by three pairs of
bitter-sensitive taste cells: one responds vigorously to aristolochic acid alone, and the
other two respond vigorously to both caffeine and aristolochic acid. There is a
peripheral mechanism for behavioral adaptation to specific “bitter” taste stimuli, in
fact 24 h of exposure to a caffeinated diet desensitized all of the caffeine-responsive
taste cells to caffeine but not to aristolochic acid. In addition, it was found that dietary
exposure to caffeine adapted the aversive behavioral response of the caterpillar to
caffeine, but not to aristolochic acid. Glendinning et al. [70] propose that the adapted
aversive response to caffeine was mediated directly by the desensitized taste cells and
that the adapted aversive response did not generalize to aristolochic acid because
the signaling pathway for this compound was isolated from that for caffeine. Some
compounds that are bitter-tasting to humans, both alkaloid (quinine, quinidine,
atropine, and caffeine) and nonalkaloid (denatonium benzoate, sucrose octaacetate,
and naringin), deterred feeding and oviposition by Heliothis virescens [71]. Prelimin-
ary electrophysiology studies of gustatory sensilla on the ovipositor of H. virescens
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provided evidence of three neurons, one of which is responsive to sucrose. Responses
of this neuron may be inhibited by quinine and denatonium benzoate.

Some quinolizidine alkaloids such as sparteine (14), lupinine (15), and their
analogs 16-19 are abundant in some varieties of lupin and other Leguminosae and
have been recently studied both for their taste and for their possible use as natural
pesticides. These compounds are in fact produced by the plant as a defense from
predator attacks [72]. While the so called “bitter”” lupin species are rich in quino-
lizidine alkaloids, there are “sweet” species in which the total alkaloids are very low
and these are more susceptible to herbivores. As far as we know, the sweet varieties
only differ from the bitter forms in their degree of alkaloid concentration. Leaf
consumption in sweet (Rumbo) and bitter (El Harrach) Lupinus albus varieties by
Anticarsia gemmatalis increased total alkaloid concentration. Inductive responses in
bitter Lupinus albus accounted for a 70 % increase in alkaloid level after damage, while
concentration in sweet Lupinus albus was 130 % greater in treated plants than in
controls. The higher induction found in the sweet variety Rumbo was mainly because
of an increase in lupanine, sparteine, and tigloiloxilupanine in consumed leaves.
Inductive responses found in El Harrach, were also related to an increase in the major
alkaloid lupanine and to a lesser extent to increases in tigloiloxilupanine and
angustifoline. Lupanine accounted for 73 % and 74 % of the total alkaloid concentra-
tion in El Harrach and for 60 % and 68 % in Rumbo, in control and treated plants
respectively. Unlike Rumbo, El Harrach plants had albine and angustifoline as part of
their alkaloids, although they were present in very low concentrations in both control
and treated plants.

~

17 18 19

In a second experiment, leaves from the previous experiment were offered to new
cohorts of A. gemmatalis larvae, for 24 h. Rumbo was the most palatable variety when



3.6 The Bitter Taste of Alkaloids: Should We Avoid, Mask, or Understand? |69

leaves were from control plants; however, when Rumbo leaves had experienced
previous herbivore attack, subsequent consumption by other anticarsia caterpillars
strongly diminished, while preference for El Harrach remained unchanged.
A. gemmatalis caterpillars consumed an average of 4.0 cm? of Rumbo leaves collected
from control plants and 1.28 cm? (68 % decrease), when leaves were from plants that
had experienced previous herbivore attack, while the mean consumption of El Harrach
control and previously damaged leaves did not change. Therefore a palatability
threshold, that is the level of alkaloid needed for any insect to detect the bitterness
of the tissue, might have been overcome after induction in the sweet variety. A similar
situation was recorded from insects such as aphids, beetles, and flies: the sweet forms
were attacked while the alkaloid-rich ones were largely protected.

The same conclusions were also recorded for vertebrate herbivores. For example
rabbits (Cuniculus europaeus) and hares (Lepus europaeus) clearly prefer the sweet
plants and leave the bitter plants almost untouched, at least as long as there is an
alternative food source. In conclusion, although taste perception in mammals and
insects differs in many aspects, there also some similarities both in anatomy and in
the function of the bitter taste perception. A comparison of the effects of alkaloids, as
well as of other bitter compounds, will be assisted by further advances in the
knowledge of the structure of taste genes and receptors.

3.6
The Bitter Taste of Alkaloids: Should We Avoid, Mask, or Understand?

Understanding of the bitter (and other) taste mechanism at the molecular level is very
recent and raises many questions in this aspect of biology. In the case of alkaloids,
there are several links between taste and biological function. Indeed, these com-
pounds have a “two-faced” behavior: defensive—offensive compounds that should be
avoided, and compounds with important biological activities, features that have
always interested humans. This is only an apparent contradiction, since Nature is
very skilful in giving us signals that we should heed, if we are to optimize the
interactions between our organism and the surrounding world.

There is an interesting debate about this point. Some extreme positions in
vegetarianism state that every food with a bitter taste should be avoided since it is
toxic. This seems to be quite absurd, since many natural compounds, whose benefits
on health have been demonstrated, possess a bitter taste. On the other hand, thereisa
growing tendency in the scientific community to argue that the bitter taste of many
phyto-nutrients should be artificially removed or masked, in order to improve the
consumption of these active principles by those consumers who usually avoid them
just because of their taste. However, the idea of altering in any way the natural taste
perception of individuals should be carefully considered, and history has something
to teach us on this point. It is now recognized that the relatively recent practice of
elevating sugar, salt, and fat concentrations in foods to improve their palatability has
the disadvantage of inducing a change in the taste preferences of consumers which is
now recognized as unhealthy, especially for young consumers. In terms of biological
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activity, this practice can also have a secondary effect. Bitter alkaloids such as caffeine,
theobromine or quinine also have well-known pharmacological properties that are
the basis of the increase in their consumption during the centuries; coffee, tea, and
infusions made from coca leaves have always been used by people to improve
endurance during hard work or prolonged walking, or to diminish the sensation of
hunger, so they have been selected for their stimulating properties. In a certain sense,
the bitter taste of these biologically active substances acts as a “natural deterrent” to
their excessive ingestion; we would not ingest large amounts of pure caffeine extract
because of its taste. But when the bitterness is masked by the addition of sugar or
intensive sweeteners, as in caffeine-based soft drinks, for example, this natural limit
is easily overcome. Since caffeine, like many other alkaloids, produces psychotropic
effects and dependence, the demand for further ingestion follows: this could be one
of the explanations for the great commercial success of this kind of beverage.
The most-recent generation of caffeine-based beverages, so-called “‘energy drinks”,
have in fact a remarkably elevated caffeine content, in order to satisfy this “caffeine
craving” in consumers. In fact there is evidence that the consumption of caffeine is
mainly related to caffeine’s pharmacological properties, although the influence of
flavor has not been eliminated [73]. Today the food industry routinely employs
strategies to reduce bitterness in food, such as selective breeding of plants with lower
bitter principles content and/or commercial de-bittering processes [74]. Recent
advances in the understanding of the receptor mechanisms of bitterness perception
will also probably lead to the design of specific compounds able to mask or block the
bitter taste of some useful nutrients; but the same compounds could also be
employed to induce unnatural consumption of some compounds such as alkaloids,
altering the natural regulatory mechanisms that taste operates in nature. Therefore, it
is to be hoped that progress in clarifying the mechanisms of the bitter taste of
alkaloids will help us to understand, rather than simply avoid or mask, this complex
phenomenon and its importance in biology and life.
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Capsaicin and Capsaicinoids
Giovanni Appendino

4.1
Introduction

Capsaicin (CPS, 1a), the pungent principle of hot pepper, is one of the best-known
natural products, boasting well over 16 000 entries in the SciFinder database [1], and
even deserving inclusion in the Webster Dictionary of English [2]. Capsaicin is an
extraordinarily versatile agent, as testified by almost 1000 patents covering the use of
the natural product, its synthetic analogs, and capsicum oleoresin in fields ranging
from pharmacology and nutrition to chemical weapons and shark repellence [1].
Reviews covering various aspects of the biomedical relevance of capsaicin appear
regularly in the scientific literature [3]. On the other hand, the seminal review by
Suzuki and Iwai on the chemistry, distribution, biochemistry, and ecological aspects
of capsaicin has remained un-updated for over two decades [4]. This contribution
tries to fill this gap in the light of recent spectacular advances in the molecular
characterization of the biological targets, biosynthesis, and physiological role of
capsaicin. On account of the huge market of capsaicin-flavored food (over 500 million
$/year in the US alone) [5] and the observation that 25 % of the human population
enjoys chili or chili-flavored food daily [6], an attempt will also be made to review the
molecular gastronomy [7] of chili pepper in the light of these recent advances.

O
N =
H
HO 1a
OMe
4.2

What Is an Alkaloid? Is Capsaicin an Alkaloid?

Like many other idioms in the language of organic chemistry, the term alkaloid is
poorly defined. As an anonymous chemist once remarked “an alkaloid is like my wife.
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I can recognize her when I see her, but I can't define her” [8]. The name “‘alkaloid” was
coined by the German pharmacist Carl Friedrich Wilhelm Meissner in 1819 to refer to
plant natural products (the only organic compounds known at that time) showing basic
properties similar to those of the inorganic alkalis [9]. The ending “-0id” (from the
Greek eldw, appear) is still used today to suggest similarity of structure or activity, as is
evident in names of more modern vintage such as terpenoid, peptoid, or vanilloid.
Given the limited structural information on organic compounds available in the early
nineteenth century, the definition by Meissner was necessarily vague. As sometimes
happens, vague terms have a bright future ahead of them, and even in the absence of a
clear definition, the name “alkaloid” became firmly entrenched in the chemical and
pharmacological literature of the nineteenth century. “Alkaloid” meant different
things to different people. While some chemists such as Kénigs had a rather narrow
view, reserving the name alkaloid for plant bases related to pyridine, others such as
Guareschi considered it synonymous with an organic base, applicable to all organic
compounds, including synthetic ones, showing basic properties [10]. An important
attempt to define alkaloids in structural terms was made by Winterstein and Trier in
1910, almost a century after the name was first coined. In their seminal treatise [11],
these authors considered as alkaloids sensu lato all nitrogen-containing basic com-
pounds of plant and animal origin, making, however, a clear distinction between true
alkaloids and alkaloid-related bases. To be classified as a true alkaloid, a natural product
must meet, besides basicity, four additional requirements:

(1) The nitrogen atom must be included in a heterocyclic system.

(2) The structure must be complex.

(3) The pharmacological activity must be potent.

(4) The distribution must be restricted to the plant kingdom.

Several problems were soon evident with this definition of alkaloids. Many
compounds commonly perceived as alkaloids do not show basic properties, bearing
amide nitrogen(s) (e.g. colchicine, 2) or being ammonium salts (e.g. sanguinarine, 3)
or amine N-oxides (indicine N-oxide, 4). Furthermore, factors such as structural
complexity and bioactivity are relative, while origin as a criterion can sometimes be
ambiguous, since certain natural products have a broad distribution in Nature. For
instance, the indole derivative bufotenin (5) was originally isolated from a toad (Bufo
bufo bufo), but was later obtained from plants from the genus Piptadenia, from the
mushroom Amanita mappa, and has even been detected in human urine [8].
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An interesting attempt to solve these ambiguities in biogenetic grounds was done by
Hegnauer in the 1960s [12]. While retaining an emphasis on the basic properties,
Hegnauer divided alkaloids into three classes: true alkaloids, pseudoalkaloids, and
protoalkaloids. True alkaloids are compounds derived from the condensation,
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generally in a Mannich fashion, between a decarboxylate amino acid and a non-
nitrogenous complementary partner. Benzylisoquinoline alkaloids such as papaverine
(6) and indole alkaloids such as reserpine (7) exemplify this biogenetic pattern of
formation. Pseudoalkaloids are compounds unrelated biogenetically to amino acids,
and whose cyclic nitrogen derives from the formal incorporation of ammonia into a
carbon skeleton, generally of terpenoid or polyketide origin. Aconitine (8) and
solanidine (9) exemplify the incorporation of ammonia into a nor-diterpenoid or a
steroid skeleton, while coniine (10) is the archetypal pseudoalkaloid whose nitrogen is
incorporated into a polyketide framework. Finally, protoalkaloids are amino acid-
related compounds whose nitrogen atom is not part of a heterocyclic system, but has
remained biogenetically “inert.” Alkaloid building blocks such as biogenic amines,
phenylalkylamines such as ephedrine (11) and mescaline (12), and esters of unusual
amino acids such as taxol (13) and meliamine A (14) are examples of this type of
compound. Itis curious to note that, according to the biogenetic classification, neither
the steroid alkaloid veratridine (15), the very first compound to which the term alkaloid
was applied [13], nor the aminated polyketide coniine (10), the first alkaloid to be
synthesized [14], would actually be alkaloids, instead being pseudoalkaloid.

OMe

OMe

MeO N

MeO OMe
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The distinction between true alkaloids, pseudoalkaloids, and protoalkaloids is
often difficult to apply. For instance, how should purines be classified? In these
compounds, the nitrogen atoms are not implanted in a carbocycle, but rather make
up the skeletal framework typical of these compounds. It would be clumsy to consider
the purine skeleton as a hydrindane isosterically modified by the inclusion of four
nitrogen atoms, and similar difficulties exist for porfirins. In practice, while the
biogenetic classification by Hegnauer has merits, especially in the field of chemo-
taxonomy, its application assumes biogenetic knowledge that, especially for new
compounds, can be missing or difficult to guess [15]. For instance, the secondary
amide nitrogen of colchicine (2) and taxol (13) is not included in a cyclic structure,
and, without previous biogenetic knowledge, both compounds would be classified as
protoalkaloids. However, in biogenetic terms, the two compounds are rather differ-
ent. The amide nitrogen of colchicine is extruded from an isoquinoline framework
[16] while the one of taxol derives from the diotopic enzymatic isomerization of
phenylalanine to B-phenylalanine [17]. Thus, colchicine should be an alkaloid and
taxol a protoalkaloid.

While the name alkaloid was originally defined in terms of biological and/or
biogenetic origin and chemical and pharmacological behavior, its current usage is
largely dissociated from these properties, and defined essentially on structural bases.
A similar semantic transition was undergone by the adjective “aromatic,” exemplify-
ing the tendency of modern organic chemistry to transcend the sensory and chemical
properties of compounds. An appropriate modern definition of alkaloid was pro-
posed in 1984 by S.W. Pelletier: an alkaloid is a compound containing nitrogen at a
negative oxidation level (—3 for amines, amides, and ammonium salts, —1 for amine
oxides) characterized by a limited distribution in Nature [8]. Compounds from
various sources can be included, and one speaks therefore of fungal-, anuran-,
arthropod-, and mammalian alkaloids when referring to compounds obtained from
sources different from plants.

Even with these punctilios, gray areas remains, and the line between alkaloids and
other naturally occurring nitrogen compounds is often thin. For instance, in the
realm of natural products from sea organisms, where the actual producer is often
unknown, the name “marine alkaloids” has become popular, referring to the
ecological rather than the biological source of the product. Furthermore, within
microbial compounds, antibiotics such as 3-lactams are not considered alkaloids, nor
are aminoglycosides, while compounds devoid of antibiotic activity such as lysergic
acid derivatives are. Since the term antibiotic is no less ambiguous than alkaloid, the
matter is still unsettled, as is the inclusion of peptides within alkaloids. Thus, while
styrylamine-based cyclopeptides such as lotusine A (16) are regarded as alkaloids,
cyclic fungal peptides such as amatoxins and phallotoxins are not. Finally, assessing
how limited the distribution of a compound should be to deserve inclusion in the
alkaloid family is somewhat arbitrary. Few would object to the exclusion from
alkaloids of widespread and structurally simple “biogenic amines” such as
ethanolamine and dopamine, and of ubiquitous polyamines such as spermidine
and putrescine, but these moieties can nevertheless be incorporated into more
complex structures of limited distribution in Nature, and originate compounds
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referred to as alkaloids. An example is homaline (17), the bis-cinnamoyl adduct of
spermine and cinnamic acid, a compound isolated from the plant Homalium
pronyense [18]. Both spermine and cinnamic acid are ubiquitous, but the way they
are combined in homaline is unique, and it seems therefore logical to consider this
compound as an alkaloid.

Returning to the question in the title of this section, capsaicin does not fall into any
of the three classic types of nitrogen-bearing plant natural products, being neither a
true alkaloid, a protoalkaloid, or a pseudoalkaloid. Capsaicin is of limited distribution
in Nature and shows pharmacological activity, but is non-basic, structurally unso-
phisticated, and not directly derived from an amino acidic precursor. On the other
hand, the lack of attributes such as basicity, complexity, and an “amino acidic
pedigree” can also be found in compounds commonly perceived as alkaloids. Thus,
colchicine is neutral, ephedrine is structurally unsophisticated, and the nitrogen
atom of the potato alkaloid solanine is not derived from an amino acid, but rather
incorporated into as non-amino acidic framework by a transamination reaction. For
the sake of clarity and consistency, it seems therefore convenient to adopt the modern
definition of alkaloids, and consider capsaicin, as well as alkylamides such as piperine
(18) and pellitorine (19), as such.

4.3
Diversity, Biosynthesis, and Metabolism of Capsaicinoids

The formation of acyl conjugates of vanillamine (capsaicinoids, 20) or vanillic alcohol
(capsinoids, 21) with various Cg/C; alkenoic and alkanoic acids is a unique chemical
trait of plants from the genus Capsicum. Hot peppers are characterized by the
presence of vanillyl conjugates of the amide type, absent or replaced by their
nonpungent ester isosters (capsinoids) in bell (sweet) peppers [19]. Indeed, the
difference between the sensory properties of capsaicin (1a) and its naturally occurring
ester analog capsiate (22) is a remarkable example of the biological relevance of
isosterism.
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The taxonomy of the genus Capsicum is controversial. Twenty-two wild
species and five domesticated species are recognized, along with over 2000
cultivars derived from them [20]. The wild species have been relatively poorly
investigated, and most data on the distribution of vanillyl conjugates in peppers
refer to cultivars. The genus Capsicum is apparently endemic to the highlands of
Bolivia and Peru [21], but peppers are nowadays cultivated all over the temperate and
hot regions of the world. Indeed, it has been estimated that the agricultural land
devoted to the cultivation of peppers corresponds to the size of a country such as
Switzerland [21].

Capsaicinoids occur as complex mixtures of analogs, whose profile is under
epigenetic as well as genetic control. Within a single species, it also changes with
the organ under investigation, since transport from the site of synthesis is apparently
more efficient for some structural types of capsaicinoids than for others. The
taxonomic value of the capsaicinoids is, in any case, difficult to assess, since the
pattern of distribution of these compounds is inconsistent within a single species,
while it is possible to identify clusters characterized by a common capsaicinoid
signature in cultivars of different species [22].

Over a dozen capsaicinoids have been detected in capsicum oleoresin [4], but, since
most natural species of hot peppers have never been investigated chemically, the
number of naturally occurring capsaicinoids might well exceed the current number.
Furthermore, some natural capsaicinoids have only been tentatively identified
without being actually isolated (Table 4.1). Thus, conclusive evidence based on
isolation and structure elucidation is missing for many “natural” capsaicinoids,
and therefore confusion exists in the literature. For instance, three homocapsaicins
have been reported, but the one elongated on the carbonyl side of the double bond
(1q) is nota constituent of capsicum oleoresin, and its occurrence in this source is due
to confusion with the naturally occurring analogs homologated from the other side of
the double bond, namely homocapsaicin I and II [23].

Differences within capsaicinoids depend mainly on their acyl moieties, and three
structural elements are involved, namely (a) the length of the acyl chain (Cg—Cy3), (b)
the way it terminates (linear-, iso-, or anteiso-series), and (c) the presence or absence
of unsaturation at the w-3 (capsaicin type) or w-4 carbon (homocapsaicin I and II type)
position. Furthermore, oxidation of the terminal methyls can also occur, as well as
phenolic coupling between two vanillyl moieties [24] and glycosidation [25]. The
constitutional descriptors nor and homo are used to describe analogs of capsaicin
having extra or fewer carbon compared to the parent compound. Owing to the
existence of branching, the use of these descriptors can create confusion. Indeed, nor
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Tab. 4.1 Naturally occurring capsaicinoids.

HO
OMe
Compound n, A n, R Trivial name
la 1 + 0 CH; Capsaicin
1b 1 - 0 CH; Dihydrocapsaicin
1c 3 + 0 CH; Bis-homocapsaicin®
1d 4 + 0 CH; Tris-homocapsaicin®
le 0 + 0 CH; Norcapsaicin
1f 0 - 0 CH; Nordihydrocapsaicin
1g 1 + 1 CH; Homocapsaicin I
1h 1 - 1 CH; Homodihydrocapsaicin 1
1i 1 + 0 CH;3CH, Homocapsaicin II
1j 1 - 0 CH;3CH, Homodihydrocapsaicin 11
1k 0 - 0 CH;CH, Homonordihydrocapsaicin I1*
11 1 - 0 H Nonivamide
1m 2 - 0 H Decivamide®
in 3 - 0 H Undecivamide®
1o 4 - 0 H Dodecivamide”
1p 1 + 0 CH,OH o-Hydroxycapsaicin
1q 2 + 0 Me Homocapsaicinb

“Detected in Capsicum oleoresin but not yet isolated.
bWrongly reported as a Capsicum constituent owing to confusion with homocapsaicins I and II.

is generally employed to indicate the removal of an alkyl branching, and therefore an
uninitiated reader would assume that norcapsaicin (1e) is actually nonivamide (11).

The combination of these elements generates the diversity of capsaicinoids
reported to date. Generally, the major constituent of the “capsaicinoid soup” are
capsaicin (1a) and its dihydroderivative (1b). Commercial capsaicin powder is an
approximately 5 : 1 mixture of capsaicin and dihydrocapsaicin, while analytical
(>95 %) capsaicin contains mainly nonivamide as impurity. Despite its trivial name
of “synthetic capsaicin,” nonivamide is a natural trace constituent of capsicum
oleoresin, and concentration >3 % are indicative of adulteration [26]. The addition of
nonivamide to capsicum oleoresin has been detected in products from both the food
and the pharmaceutical markets. Some of them have been found to contain
exclusively nonivamide, even though capsaicin is the only individual constituent
of capsicum oleoresin to be approved by the FDA for human use [26].

From a biogenetic standpoint, capsaicin is an acylated degraded phenylpropanoid.
Both its aromatic and its acyl moiety are the result of unique metabolic processes that,
though simple in principle, are still poorly characterized in terms of enzymology and
regulation. Since vanillamine (23) is abundant in placental tissues of Capsicum, the
only site of biosynthesis of capsaicinoids, the limiting factor for the synthesis of
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capsaicin is the availability of (E)-8-methyl-6-nonenoic acid (24, MNA) [27]. It is
assumed that the availability of the corresponding acids (25, 26) is the limiting factor
for the biosynthesis of homocapsaicins. The acylase responsible for the amidation of
vanillamine with MNA has not yet been characterized enzymatically, but a gene
(Pun 1) encoding for it has been identified [28]. Its product, a putative capsaicin
synthase, shows great similarity with acyltransferase of the BAHD super-family [28].
Lack of pungency is associated to a specific deletion, which spans the promoter and
the first exon of the predicted coding region, and the resulting allele (punl) is
recessive. This is accordance with the early observations that the production of
capsaicin is controlled by a single dominant factor [29].

NH 24

NS
HO HOOC W
OMe 25
/\/\/\)\/
23 HOOC

26

Linear capsiacinoids with a Co/C;; chain are only trace constituents of capsicum
oleoresin, which mainly contains branched capsaicinoids. The acyl moiety of these
compounds is produced by the branched chain fatty acids pathway (Scheme 4.1) [30].
Depending on the nature of the amino acid that acts as the acyl starter precursor,
different capsaicinoids are formed. Thus, capsaicinoids of the iso series such as CPS
and homocapsaicin I are derived from valine and leucine via isobutyrylCoA and
isovalerylCoA, respectively, while those from the anteiso series such as homocapsai-
cin II originate from isoleucine via 2-methylbutyrylCoA (Scheme 4.1) [31]. The
polymethylene moiety of norcapsaicin has one less carbon than capsaicin. The

CoAS - .
TH\ HoOC N
(0]

H H, >

Valine IsobutyrylCoA
HOOCW - COASW o HOOCN\/\/Y

H NH, o) 25

Leucine IsovalerylCoA

H H H

HOOC>’>§/ R COAST%\\/ - HOOC/\/\/\>‘\/

H ZNHg (0] 26

Isoleucine 2-MethylbutyrylCoA

Scheme 4.1 Biogenetic derivation of capsaicinoid acids 24-26.
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biogenetic origin of this acyl group has not been investigated, nor has that of
capsaicinoids with odd linear chains, which are presumably derived from a propionyl
starter. A keto acyl synthase (KAS) expressed during the ripening of the fruits is
apparently responsible for the formation of the acyl chain of capsaicinoids from the
pool of their corresponding starting AcylCoAs [27]. After various cycles of elongation
with malonylCoA (two for bisnorcapsaicin, three for CPS, and four for bishomo-
capsaicin), capsaicinoid acids are eventually obtained. In accordance with this
biogenetic derivation, treatment of placental tissues of Capsicum with cerulenine,
aknown inhibitor of fatty acids synthase, shuts down the production of CPS and leads
to the accumulation of vanillamine [27]. Variation in capsaicinoid acids also derives
from the way the carbonyl group of the acyl starter is processed after the first step of
elongation. Following ketone-to-alcohol reduction and dehydration, the double bond
can either be retained (compounds of the unsaturated series) or reduced (compounds
of the saturated series).

Vanillamine (23), a compound unique to Capsicum, is produced from vanillin (30)
by a pyrophosphate-dependent aminotransferase reaction, sensitive to inhibition by
amino oxyacetate [27]. In accordance with the hypothesis that MNA and not
vanillamine is the limiting factor for capsaicin synthase, the inhibition degree of
the aminotransferase reaction is poorly correlated with the inhibition of capsaicin
production. For instance, an 80 % inhibition of the aminotransferase reaction caused
only a 20 % reduction of the production of capsaicin, further confirming that MNA
and not vanillamine is the limiting factor for the final acylation [27]. The biosynthesis
of vanillin in Capsicum is presumably similar to that occurring in vanilla pods,
starting from phenylalanine (27) and proceeding, through the intermediary of
cinnamic acid (28), coumaric acid (29), and caffeic acid (30), to ferulic acid (31),
next oxidized to vanillin (32, Scheme 4.2). Regulation seems to exist also at the level of
vanillamine, and precisely at the level of caffeate O-methylation, since the concen-
tration of cinnamate and coumarate is independent of that of capsaicin, while a clear
correlation was found between pungency and the accumulation of ferulic acid [32].
An ortho-diphenol-O-methyltransferase responsible for the transformation of cou-
marate to ferulate has been cloned from pepper, and found to bear similarity with a
similar enzyme from tobacco [32].

The amide-to-ester isosteric shift observed in some cultivars of sweet pepper
producing capsinoids has not yet been characterized biochemically, but at least two

@A(COOH - COOH - COOH - COOH
e e T T
28 HO 29 HO by %

27
N COOH X0 NH,
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Scheme 4.2 Biogenetic derivation of vanillamine (23).
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modifications seem necessary, namely the inactivation of the putative vanillin
aminotransferase, and a modification of capsaicin-synthase to accept an alcohol
rather than an amine substrate.

Capsaicinoids are metabolized in plant tissues mainly via oxidative phenol coupling.
In hot pepper fruits, capsaicin biosynthesis competes with the accumulation of lignin-
like polymeric structures, and pepper placenta cells contain an exclusive peroxidase,
which colocalizes with capsaicin in vacuoles [33]. The lignin-like compounds represent
the major metabolites of capsaicin in peppers [34]. Dimeric compounds resulting
from 5,5 -phenolic coupling have also been isolated, both from peppers and from the
reaction of dihydrocapsaicin with pepper peroxidase. Thus, the homodimer 33,
resulting from 5,5 coupling between capsaicin and its dihydroderivative has been
obtained from the Banshou variety of C. annuum [24], while treatment of dihydro-
capsaicin (1b) with crude pepper peroxidase and H,0, afforded, along with poly-
meric material, 5,5-bis dihydrocapsaicin (34a) and 4-O,5'-bis-dihydrocapsaicin (35),
both in unreported yield [34]. Biomimetic oxidative dimerization of nonivamide with
K;[Fe(CN)g] afforded in good yield 5,5'-dinonivamide (34b) [35a], while the reaction
of dihydrocapsaicin with 2,2-diphenyl-1-picrylhydrazyl (DPPH) afforded mainly
degraded products, some of them of the 4-O,5-dimeric type (36, 37) [35D].

34a Me

Rt Ay
M ne W

MeO i
O
MeO CHO

35

Capsaicin in humans has a very low oral bioavailability, not because of lack of
absorption, but because it is almost completely metabolized in the liver before
reaching the general circulation, where it exists almost exclusively as metabolites.
The very poor oral bioactivity is also responsible for the large difference in LDsq
between oral and dermal administration of capsaicin (LDsgabout 190 and >510 mg/kg
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in mice) compared to intravenous or intraperitoneal administration (LDs, about
0.56 and 7.7 mg/kg, respectively, in mice) [36,37].

The metabolism of capsaicin in humans has remained unknown until recently, but
isnow well characterized, thanks to experiments in cell cultures [38]. Capsaicinoids are
metabolized by P450 enzymes, found throughout the body, but especially in liver,
lungs, and kidney. The rate of metabolization is significantly lower in lung micro-
somes than in liver microsomes, suggesting that respiratory tissues are ill-equipped to
metabolize capsaicin, and are therefore especially sensitive to its toxic effects. The
metabolism of capsaicin is, as expected, essentially oxidative, given its lipophilic
character and the presence of the metabolically vulnerable vanillyl moiety. Three major
sites of oxidation were recognized, namely the phenolic ring, subjected to O-
demethylation and aromatic hydroxylation ortho to the phenolic hydroxyl, the benzylic
position, and the terminal isopropyl group. In addition to the compounds of -
hydroxylation (1p) and w-1 hydroxylation (42), dehydrogenation to 8,9-dehydrocap-
saicin (43) and oxidative N, w-1 macrocyclic cyclization (44) were observed. Scheme 4.3
summarizes the results of the human metabolism investigations. 9-Hydroxycapsaicin
(1p) was previously shown to be a metabolite of CPS in rabbit and in microorganisms
[24], but has more recently also been isolated from the Banshou variety of C. annuum
[24], suggesting that the metabolism of capsaicin shows a certain similarity between
different living organisms. 9-Hydroxycapsaicin, and the products of dimeric oxidative
coupling of dihydrocapsaicin are nonpungent [24], while the product of phenolic
coupling of nonivamide showed only marginal vanilloid activity [40].

4.4
Quantization of Capsaicinoids and Their Distribution in Chili Pepper

Since hot pepper is important for the food and the pharmaceutical industries, a
range of different methods have been developed for the analysis of capsaicinoids in
plant material and finished products. The separation of CPS (1a) and nonivamide
(11) is especially challenging, since these compounds have similar behavior in
many chromatographic conditions. Since synthetic nonivamide is the most
common adulterant of capsicum oleoresin, various strategies have been suggested
to overcome this problem. Capillary GC does not require previous derivatization of
capsaicinoids, but its separatory power seems lower than that of HPLC, currently
the most popular technique for the quantization of capsaicinoids. GC is, however,
the method of choice for the analysis of the acyl moieties of capsaicinoids as
methyl esters. These can be directly produced from capsaicinoids by oxidative
N-dealkylation with DDQ (2,3-dichloro-5,6-dicyanobenzoquinone), followed by
alcoholysis of the resulting amides with methanol in the presence of an acidic
resin (Scheme 4.4) [41].

The separation of capsaicinoid mixtures is important to assess the Scoville value
of food spiced with chili pepper [42]. This “Richter scale”” of pungency was devised
by the Arizona pharmacist Scoville in 1902 to measure the pungency of peppers
(see also Section 4.8). In its original version, the Scoville scale was sensory, being
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Scheme 4.3 Microsomal metabolites of capsaicin.

based on the stepwise dilution of an extract to the point at which pungency was no
longer detectable. Nowadays, the Scoville value is assigned on the basis of the HPLC
capsaicinoid profile of a pepper or product containing it, assigning a fixed pungency
value to each capsaicinoid, and then averaging these values to their concentration
[43]. While HPLC under standard conditions can separate mixtures of up to 10
capsaicinoids, the characterization of the minor constituents generally requires
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Scheme 4.4 Oxidative N-dealkylation of capsaicinoids.
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more than one technique. Capillary electrophoreses was found to nicely comple-
ment the separation achieved by HPLC [44]. The US Pharmacopoeia reports an
official HPLC method for the separation of capsaicinoids in capsicum oleoresin.
This uses a C18 RP silica gel column and isocratic conditions (elution with
methanol and 2 % aqueous acetic acid in a 56 : 44 ratio) [45]. A systematic
investigation on the HPLC separation of capsaicinoids concluded that a mixed
phenyl-cation-exchange stationary phase charged with silver ions was the best
method to resolve mixtures of minor capsaicinoids [46], but the field of capsaicinoid
analysis continues to be vigorously explored, since the separation of these com-
pounds is challenging. Owing to the great variation in the capsaicinoids profile of
peppers, our incomplete knowledge of its minor constituents, and the differences
in potency between natural capsaicinoids, the pharmacological properties of
capsicum oleoresin show a high degree of variability.

The availability of sophisticated analytical methods to separate and quantify
capsaicinoids, has made it possible to study their distribution and kinetics of
formation. Capsaicinoids are unevenly distributed in pepper plants and fruits.
The placenta is their only site of biosynthesis, and they are then translocated to
other plant parts (pericarp, seeds, stem, leaves) [47]. This is in striking contrast with
what is observed in other solanaceous plants, where alkaloids are produced in the
roots and then translocated to the aerial parts. Simple leakage might be responsible
for the detection of capsaicin in seeds, owing to the strict anatomical connection with
the placenta. Indeed, capsaicinoids are synthesized in the epidermal cells of the
placenta, and are then accumulated, just under the cuticle of the placenta surface, in
droplets that can be easily broken by pressure, releasing their contents onto the seeds
and the inner part of the fruits. Typically, over 85 % of the capsaicinoids content of
pungent peppers is located in the placenta, while about 6 % is found in the fleshy
pericarp, and about 8 % in the seeds [47]. Several studies have shown a well-defined
gradient of concentration in the fruits, with the highest concentration occurring in
their basal and apical parts [48]. Differences have also been noticed within the
composition of the capsaicinoid mixture from various plant parts, suggesting a
subtle, but obscure, physiological meaning in the capsaicinoid signature of an organ.
Thus, it was observed that, while capsaicin was the major capsaicinoid in the fruits of
some varieties of C. annuum, dihydrocapsain was more abundant in their vegetative
organs such as leaves and stem [49]. Within a single fruit, the contents and profile of
capsaicinoids depends mainly on the maturation stage. Capsaicinoids can already be
detected one week after flowering, but differences in the kinetics of production exist,
with the highest concentration being reached after two to four weeks, depending on
the cultivar. Fifty days after flowering, capsaicinoid concentrations start to decrease
through oxidative metabolization (see Section 4.3) [50]. In practice, the maximum
concentration of capsaicinoids is attained when the green fruits just begin to change
color. Interestingly, within a single plant, fruits collected at the same time from
flowering show the same capsaicinoid pattern, but different contents of capsaici-
noids, whose concentration follows a spatial gradient along the stem, with the highest
concentration of capsaicinoids in apical fruits compared to middle and basal fruits
[47,48).
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The accumulation of capsaicinoids is also subjected to environmental variables,
such as temperature, light, soil moisture, and fertilization level [51]. In general,
drought and high night temperatures promote the synthesis of capsaicinoids,
explaining the major hotness of peppers grown in dry tropical areas compared to
those cultivated in more temperate or humid climates.

4.5
Isolation and Synthesis of Capsaicin

Several methods for the isolation of capsaicin from capsicum oleoresin have been
described in the literature or covered by patents. Capsicum oleoresin can be prepared
from hot peppers using a variety of organic solvents, but ethanol is the only one
suitable for obtaining pharmaceutical-grade material [45]. The purification of CPS
from the oleoresin is difficult because of the presence of analogs with similar polarity,
chromatographic behavior, and solubility, and because of the unpleasant properties
of capsaicinoids. A further disadvantage is the high affinity of capsaicinoids for
charcoal, which prohibits the use of this material to remove the abundant pigments
(carotenoids, chlorophylls) present in the oleoresin. The classic method to isolate
capsaicin from capsicum oleoresin is the one developed by Nelson almost a century
ago [52]. In this lengthy procedure, barium chloride is used to remove fatty acids from
an acidified extract of the oleoresin, and silver nitrate to precipitate unsaturated
capsaicinoids from their saturated analogs. Further purification is achieved by a
series of partitions between alkaline water solutions and ether, followed by a final
crystallization from ether and washing with boiling petroleum ether (60-110 °C).
The final yield depends on the pungency of the starting pepper, and its capsaicinoid
profile. Starting from lyophilized ripe Jalapeno, a mild variety of pepper, a yield of
over 1 % was reported using a simplified version of the Nelson procedure [53].

Even in its simplified form, the Nelson protocol will deter the most enthusiast
natural-product chemist. Unsurprisingly, alternative protocols have been described
in the proprietary literature, and their sheer number testify to the ingenuity and
commitment of chemists to solve what is still today a daunting task. Some modern
modifications to the Nelson method from the proprietary literature include the use of
supercritical carbon dioxide to reduce the extraction of pigments in the preparation of
the oleoresin [54], and the recourse to macroporous adsorption resins [55] or to
repeated extraction with aqueous silver nitrate to trap capsaicinoids and reduce the
number of partition steps [56].

The synthesis of capsaicin shows nicely how progress in basic methodologies has
simplified the production of natural products, to the point of making synthesis more
convenient than isolation. The synthesis of capsaicinoids has practical relevance
because the purification of minor capsaicinoids from Capsicum oleoresin is very
difficult. The first syntheses by Spith [57] in 1930 and by Crombie [58] in 1955 have
only historical relevance. Surprisingly, modern syntheses did not appear until the
1980s, probably because capsaicin was wrongly considered a trivial target. The major
challenge in the synthesis of CPS is the generation of the (E)-double bond of the acyl
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Scheme 4.5 Synthesis of (E)-MNA (24) by Gannet. a: (i): n-
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moiety, since Wittig reaction of unstabilized ylides, such as those requested for the
synthesis of capsaicin, mainly generates (Z)-double bonds. (Z)-Capsaicin (zucapsai-
cin) has never been detected in capsicum oleoresin, and its detection is considered an
indicator of sophistication [26]. Since the biological profile of zucapsaicin is poorly
defined, the diastereomeric purity of capsaicin of synthetic origin is important for
biological investigations. Various strategies have been developed to obtain pure (E)-
capsaicin by synthesis. These synthetic efforts are of more than academic relevance,
as they are important for obtaining the minor capsaicinoids, whose purification from
capsicum oleoresin is exceedingly difficult. In 1988, Gannett developed a synthesis
based on the Kocienski-Lythgo-Julia olefination (Scheme 4.5) [59]. Condensation of
the lithium anion of isobutylphenylsulfone (45) with the methyl ester of w-oxohexa-
noic acid (46) afforded, after trapping with benzoyl chloride, an a-benzoyloxysulfone
(47), next subjected to reductive elimination with sodium amalgam to afforda 9 : 1
mixture of (E/Z) methyl esters of MNA. By variation in the nature of the w-oxoester,
various capsaicinoids of the iso-series were obtained. w-Oxoesters are readily avail-
able from their corresponding lactones, and the preparation of isobutylphenylsulfone
is straightforward.

In 1989, a different approach was published by Orito [60], in which elaidinization
((2) — (E) double bond isomerization) is used to obtain (E)-MNA from a (Z,E)-
mixture of diastereomers (Scheme 4.6). Gannet had observed that the iodine-induced
photoisomerization of the methyl ester of MNA (48) gave only a 7 : 3 (E/Z) mixture
[59], but Orito obtained a better diastereomeric ratio (8 : 1) using nitrous acid.
Remarkably, no double-bond migration to form the more stable trisubstituted olefin
was observed. This discovery paved the way to a very simple and general synthesis of
the acidic component of capsaicinoids. Thus, a Wittig reaction of the phosphonium
salt of a 6-bromohexanoic acid (49) with isobutyraldehyde (50) afforded a 1: 11

PPh3
51 24

Scheme 4.6 First-generation synthesis of (E)-MNA (24)
by Orito. a: KO'Bu, DMF, 0 °C, 74 % (11 : 1 (Z/E));
b: NaNO,, HNO3, 70 °C, 77 %, (1 : 8 (Z/E)).
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mixture of (E,Z) diastereomers of MNA, which was next elaidinized with HNO,,
converted to the corresponding chloride, and coupled with vanillamine to afford an
8 : 1 mixture of (E/Z) capsaicin. Further purification by fractional crystallization
from hexane—-ether afforded (E)-CPS in a rewarding 25 % yield from 6-bromohex-
anoic acid. This synthesis is easily amenable to the preparation of capsaicinoids of the
iso-series by variation of the aldehyde component (isovaleraldehyde for compounds
of the homocapsaicin I type) or the w-bromoacid (compound of the norcapsaicin
type), while the obtaining of capsaicinoids from the homocapsaicin II series would
require the use of 2-methylbutyraldehyde.

Orito also developed a variation of this synthesis, based on the Wittig reaction of
the phosphonium salt from isobutylbromide with a series of lactols. After alcohol-to-
acid oxidation, a mixture of MNA isomers is obtained, then isomerized with nitrous
acid [61,62].

The two syntheses developed in the late 1980s (Gannett and Orito) are based on a
C, + Cg assembly strategy. A conceptually different and more stereoselective synth-
esis was developed by Orito in 1996 [63], based on a Cs + C, + C, strategy, as first
explored by Vig (Scheme 4.7) [64]. The key step is the Claisen orthoester rearrange-
ment of 4-methyl-1-penten-3-ol, in turn obtained by reaction of vinyl magnesium
bromide with isobutyraldehyde. Heating this alcohol with triethyl orthoacetate in the
presence of catalytic amounts of propionic acid afforded in 73 % yield the ethyl ester
of 6-methyl-4-heptenoic acid (that is, bis-norMNA ethyl ester) exclusively as an (E)-
diastereomer. This compound is a general precursor for all capsaicinoids of the
-3 iso-type. Two-carbon homologation to MNA was achieved, after ester-to-alcohol
reduction with LiAlH, and mesylation, with a malonic synthesis. Treatment of the

A MgBr 4 TH\(_E,A/H\( b

MeOOC
HOOC ST e \\ n
COOMe
R

Hooc\J/\V/«\/4§y€)\[i f Meooc\v/\w/«\//\vkﬁ\[f
n
R

Scheme 4.7 Second-generation synthesis of 86 %; (ii): MsCl, TEA, DCM, quantitative; d:
E-MNA (24, n = 0; R = H) and its higher sodium diethylmalonate, THF, KI, 80 °C, 3.5 h,
homologs (n =1, R =H; n =0, R = Me) by 83 %; e: NaCl, DMSO, water, 170 °C, 3 h,
Orito (yield for the synthesis of MNA). a: THF, 91 %; f: NaOH, MeOH, A, 3 h, 89 %; g: NaCN,
0 °C, 73 %; b: CH;C(OEt)s, cat. propionic DMSO, 140 °C; 3 h, quantitative; h: NaOH,
acid, 138 °C, 3 h, 73 %,; c: (i): Li AlH,, ether, MeOH, A, 15 h, 91 %.
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mesylate with the sodium salt of dimethylmalonate in the presence of potassium
iodide, and demethoxycarbonylation according to Krapcho's method (heating in
DMSO with NaCl), uneventfully afforded the methyl ester of MNA. Alternatively,
one-carbon homologation to nor-MNA was achieved from the key mesylate inter-
mediate by treatment with sodium cyanide in DMSO and hydrolysis (Scheme 4.7).
These homologations steps could be carried out in an iterative way, giving access to
homo-MNA from the one carbon homologation of the mesylated form of MNA, and
to bishomo-MNA from its two-carbon elongation via malonic synthesis. This versa-
tility, coupled to the possibility to carry out the starting sequence starting from the
aldehydes corresponding to the terminal moieties of homocapsaicin [ and homo-
capsaicin I1, led to the synthesis of all branched natural capsaicinoids, whose physical,
chromatographic, and spectroscopic data were reported, sometimes for the first time
[63]. The synthesis of capsaicinoids from the dihydro series is much easier, and the key
catalytic hydrogenation can be accomplished at any of the various post-olefination steps
of the three modern syntheses.

A new synthesis of CPS appeared in the proprietary literature in 2004 (Scheme 4.8)
[65]. An Algox Pharmaceutical group reported a preparation of MNA capitalizing on a
Cs + Cs strategy, and based on the alkylation of bromovaleric acid (52) with the
lithium anion of 3-methyl-1-butyne (53), followed by stereoselective reduction of 8-
methyl-6-noninoic acid (54) to (E)-MNA by dissolving-metal reduction.

In all these protocols, chemoselective amidation of vanillamine with NMA was
achieved in satisfactory yield (about 80 %) by activation of the acid to its correspond-
ing chloride, followed by condensation with free vanillamine. Free vanillamine is
much less stable than its corresponding chloride, and, owing to its polarity, it is
difficult to extract quantitatively from water solution, with loss of about 20 % of the
product routinely observed in the desalification step [59]. Furthermore, the prepara-
tion of chlorides from polyunsaturated fatty acids is not trivial, and therefore
alternative coupling protocols were investigated in a series of systematic studies
dedicated to the structure—activity relationships of capsaicinoids.

The amidation of phenolic amines with condensing agent does not requires ex situ
activation of acids, but is troublesome, since carbodiimides are basic enough to
deprotonate phenolic hydroxyls and make their acylation competitive with that of an
amino group [66]. To solve this problem, protected (benzyl, ethoxyethyl) vanillamine
was employed (Scheme 4.9) [67,68]. For amidation with cheap acids, a different
protocol was used, directly condensing vanillamine with an excess of acid, and next
chemoselectively O-deacylating the N,O-diacyl derivative [68]. A more recent protocol
is based on the use of the condensing agent PPAA (propylphosphonic acid anhy-
dride = T3P) to chemoselectively acylate a suspension of vanillamine hydrochloride
in CH,Cl,. After evaporation and filtration over silica gel, pure vanillamides are
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Scheme 4.8 Algox synthesis of (E)-MNA (24). a: BulLi; b: Na, NH;.
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obtained in yields comparable to the other methods. This protocol has the added
benefit of being directly applicable to vanillamine hydrochloride, reducing the whole
acylation step to a single laboratory operation [66].

Enzymatic syntheses of CPS have also been reported, using various lipase-
catalyzed transacylations [69]. Interestingly, a biotechnological process to obtain
“natural” vanillin from CPS has been developed, capitalizing on the enzymatic
hydrolysis of CPS and the oxidation of vanillamine with a flavoprotein vanillyl alcohol
oxidase [70].

4.6
TRV1 as the Biological Target of Capsaicin and the Ecological Raison d’étre
of Capsaicinoids: A Molecular View

Despite the severe subjective sensation of intolerable burning and inflammation
caused by capsaicin, this compound is quite different from obnoxious irritants such
as croton oil, mineral acids, and mustards, since it does not produce skin reddening,
blistering, edema, or tissue damage. Furthermore, repeated treatment with capsaicin
inhibits the perception of pain, leading to desensitization, a unique form of analgesia
characterized by a selective impairment of pain sensation. In general, any external
stimulus that triggers a response also triggers a process designed to inhibit response
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to further exposure to the same stimulus. Desensitization is a general feature of
biological sensors, and can occur in seconds (flash of light), minutes (odors), or days
(tobacco smoke, caffeine). Nevertheless, few sensory stimuli can induce desensitiza-
tion so effectively as capsaicin. The physiological bases of the peculiar activity of
capsaicin have long remained elusive, but their clarification since the mid-1980s has
paved the way to important new avenues of investigation for drug discovery, shedding
light on the complex mechanism that turn normal pain into the chronic misery of
naturopathic pain.

Capsaicin is a lipophilic compounds, and it was long assumed that it could only
evoke nonspecific responses by incorporation in cell membranes and perturbation
of their organization. In retrospect, this theory sounds totally untenable, but,
curiously, similar views were held also on A’ THC, the psychotropic principle of
cannabis. The erroneous report that the two enantiomers of A>THC showed
similar bioactivity could have induced many medicinal chemists to dispel the
existence of a cannabinoid receptor [71], but for capsaicin it was clear from the
outset that strict structure—activity relationships existed, and a receptor model for
capsaicin was proposed in 1975 by the Hungarian researcher Szolcsanyi [72]. So,
apart from its unpleasant properties, there seems to be no explanation as to why
capsaicin was ignored for so long by the biomedical community. Support for the
existence of a specific receptor was eventually given in 1989 with the discovery that
the daphnane diterpenoid resiniferatoxin (RTX, 55) behaves as an ultrapotent
analog of capsaicin [73]. In the following years, the availability of labeled RTX
produced overwhelming evidence for the existence of a specific receptor for
capsaicin and RTX, setting in motion the race for its cloning, eventually achieved
by Julius in 1997 [74]. The capsaicin receptor was named the vanilloid receptor
because CPS and RTX share a vanillyl moiety that was considered essential for their
activity. More than a decade of intense research has now firmly established the
capsaicin receptor (TRPV1) as a druggable target for a host of conditions whose
treatment options are currently limited [75]. Thus, malfunctioning of TRPV1 has
been suggested for conditions such as pain of various origin (chronic, neuropathic,
oncological), urinary incontinence, cough, inflammatory bowel disease, and
migraine. TRPV1, the founding member of the vanilloid receptor-like family of
transition receptor potential channels, is a nonselective, heat-sensitive cation
channel that acts as a polymodal nociceptor to integrate multiple pain stimuli of
thermal and chemical (protons, endogenous activators) origin [75]. Under normal
conditions, the channel is in the closed state, but the threshold of activation,
normally at about 41 °C, is lowered to physiological temperature by acids and by
ligands, normally known as vanilloids [75]. The expression of TRPV1 is typical, but
not exclusive, of A8 and C sensory fibers. These dipolar neurons have their somata
in sensory ganglia that innervate skin, mucosal membranes, and internal organs,
and are involved in the perception of pain, in various reflex responses (cough,
micturition), and in neuropeptide (SP, CGRP)-mediated local inflammation.
TRPV1 is also expressed in keratinocytes [75], in a variety of internal organs
(prostate, pancreas, bladder), as well as in the central nervous system, where its
physiological role is unknown [75]. While potentially opening new avenues of

91



92 | 4 Capsaicin and Capsaicinoids

biomedical exploitation, this broad distribution cautions against the manipulation
of TRPV1 as a selective pharmaceutical strategy.

The regulation of TRPV1 is very complex, but there is a certain agreement that,
under resting conditions, a multitude of mechanisms, possibly acting in synergy,
contribute to maintaining the channel in an inactive (closed) form [76]. The
molecular bases for this baseline inactivation are controversial, but phosphorylation
seems critical, being necessary for the insertion of TRPV1 into the cell membrane.
Thus, under normal conditions, TRPV1 appears to be mostly sequestered in
intracellular compartments as a tetrameric homomer, or associated to cytoplasmatic
proteins that, like B-tubulin, have receptor sites for various TRP-channels. TRPV1
was long assumed to be essentially under the inhibitory control of PIP, (phosphati-
dylinositol (4,5)-bisphosphate) and subjected to reversible PKC- and PKA-mediated
phosphorylative activation, but more recent studies suggest a more complex scenario
of regulation, involving, apart from phospholipases acting on PIP, such as phos-
pholipase C, also a diversified kinasic component. In molecular terms, phosphor-
ylation of a single tyrosine residue (Y200) underlies insertion of TRPV1 into the
plasma membrane, and this process is controlled by a specific Src tyrosine-kinase
that acts as a downstream element of various signaling pathways where PI; kinase
plays a crucial early role [77]. Binding of NGF to TrkA receptors activates one of
these pathways, and other endogenous sensitizers from the “inflammatory soup”
(bradichinin, ATP, pro-inflammatory chemokines such as CCL3), might well act
through similar, but yet to be characterized, signaling pathways. Complex interac-
tions also exist with the endocannabinoid system, since various endocannabinoids
(anandamide, NADA, see below) can also activate TRPV1 [78].

One of the most remarkable features of TRPV1 is desensitization, which is the
apparent loss of function following repeated stimulation. The molecular details of
TRPV1 desensitization are still largely unknown. Dephosphorylation by calcineurin
or binding to calmodulin seem critical for the rapid tachyphylaxis of the receptor,
but nothing is known about the long-lasting functional impairment caused by
agonists [76].

The complex picture of regulation of TRPV1 offers a host of possibilities for
manipulation, but the discovery of receptor agonists and antagonists has traditionally
been perceived as the most selective way to exploit the pharmacological potential
of TRPV1 [75]. Early studies were centered on the development of agonists capable
of desensitizing the receptor while causing minimum side effects such as pain
and irritation. More recent investigations have focused instead on the discovery
of antagonists capable of making TRPV1 irresponsive to activation by agonists such as
capsaicin (vanilloids), protons, and heat. Over the past few years, there has been a
remarkable interest in vanilloid antagonists as analgesic and anti-inflammatory
agents. This research was spurred by the paucity of clinical options for the treatment
of chronic pain, and was made urgent by the demise of COX-2 inhibitors.

Apart from rat [74] and human [79a] sources, TRPV1 has also been cloned from
guinea pig[79b], rabbit [79¢], chicken [79d], mouse [79¢], and dog [79f]. Cloning of the
avian version of TRPV1 and the discovery that itis insensitive to CPS [79d] has given a
molecular basis to the long-standing observation that birds are not deterred by the
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pungency of peppers, leading to a satisfactory clarification of the evolutionary
significance of capsaicinoids [80]. Plants from the genus Capsicum produce fleshy
and colored fruits that attract vertebrates and avian consumers. Using nonpungent
peppers that are consumed by both mammals and birds, it was found that fruit
ingestion by vertebrates inhibits seed germination, while consumption by birds did
not damage seed viability, rather promoting it [80]. Birds swallow the fruits and
promote the dispersion of seeds, while mammals chew the fruits with their teeth,
physically damaging the seeds. Hence, mammals behave as seed predators, while
birds are seed dispersers, acting as living ““vessels” to carry chilies to new turf. Owing
to the selective sensitivity of the mammalian version of TRPV1 to CPS, capsaicinoids
function as selective inhibitors of seed predation. Chilies influence the feeding
preferences of their potential consumers, deterring consumption of the ripe fruits by
mammals. The hotness of peppers might well be an evolutionary adaptation to
prevent mammals from ingesting their fruits, but it is instructive to ponder how
humans have “fallen in love with this anti-mammalian weapon and spread the chilies
much further than any bird ever did” [81].

The immunity of birds to the pungency of capsaicinoids underlies the develop-
ment of pepper-laced bird seeds that are avoided by squirrels and other competing
foraging animals. Since CPS has an interesting activity against Salmonella sp. [82], the
insensitivity of birds to the pungency of peppers has also served as the basis to
develop capsicum-based products as an alternative to antibiotics to prevent salmo-
nella infection in poultry. CPS is apparently not absorbed, since the flesh of the
animals remain nonpungent.

4.7
Naturally Occurring Analogs and Antagonists of Capsaicin and
Endogenous Vanilloids

The TRPV1 receptor is characterized by a great structural diversity of ligands [83].
Capsaicin and RTX represent the most important first-generation activators, but
many more have been discovered, mainly from spices.

The piperidyl amide piperine (18) is the major pungent constituent of black pepper
(from Piper sp.) Compared to capsaicin, piperine is less potent in terms of TRPV1
activation, but shows better desensitizing properties, making it an important lead for
the development of anti-inflammatory drugs [84]. Eugenol (56) from clove and [6]-
gingerol (57) from ginger can also activate TRPV1 [83b]. Hot pepper and clove have
been traditionally used to treat toothache, and eugenol is used as an antiseptic and
analgesic in odontoiatry. Interestingly, TRPV1 was found to be expressed in odonto-
blasts, the cells responsible for dentin formation [85]. Pungent sesquiterpene
dialdehydes such as polygodial (58) are contained in plants and sea animals used
to flavor food [86]. Polygodial is the major dialdehyde from water pepper (Polygonum
hydropiper L.), an ancient cheap replacement of black pepper widely cultivated in Italy
during the Roman times. Another natural activator of TRPV1 of dietary origin is
scutigeral (59), a triterpenylated phenol isolated from an edible Albatrellus sp.
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mushroom [86], while the meroterpenoid cannabidiol (60) and the indole alkaloid
evodiamine (61) are examples of biological analogs of capsaicin isolated from
medicinal plants [83].

Garlic’s characteristic burning and prickling taste has been traced to the presence
of the thiosulfinate allicin (62). Unlike capsaicin, allicin shows promiscuity of TRP-
activation, activating not only TRPV1, but also TRPA1, the target of isothiocyanates
from cruciferous plants [87]. Allicin is not a genuine constituent of garlic, but is
produced by the action of allinase on the amino acid alliin (S-allylcysteinyl sulfoxide,
63) [88]. Since alliin and alliinase are contained in distinct anatomical compartments
or cells, the reaction is triggered by crushing or mincing a garlic clove, and does not
occur to a significant extent when alliinase is inactivated by heat. This is the reason
why baked garlic, containing mainly alliin, is nonpungent.

Very few natural products can antagonize the activity of capsaicin, an observation
that might have evolutionary relevance, since pungent compounds are presumably
produced to deter predation. The SERCA-inhibitor sesquiterpene lactone thapsigar-
gin (64) from the Mediterranean plant Thapsia garganica L. [89] and the indolylpo-
lyamines 65a and 65b from a spider venom [90] are the only TRPV1 antagonists of
natural origin identified so far.

TRPV1is also expressed in the central nervous system, suggesting the existence of
endogenous activators. A series of fatty acid amides show endovanilloid activity,
namely the endocannabinoid anandamide (66), and the dopamine conjugates NADA
(N-arachidonoyldopamine, 67a) and OLDA (N-oleoyldopamine, 67b) [91]. Also a
variety of polyamines (spermine, spermidine, putrescine) can activate TRPV1,
although the high concentration (500 wM) required for binding might have sig-
nificance only in inflamed tissues, where TRPV1 is overexpressed [92]. Quite
remarkably, TRPV1 was also identified as the target of physiologically produced
hydrogen sulfide [93].

4.8
Structure—Activity Relationships of Capsaicinoids

Various studies have evidenced strict structure—activity relationships within capsai-
cinoids, and the existence of these relationships provided a hint for the existence of a
specific receptor [72]. On the other hand, different end-points have been used in the
literature, and it is difficult to draw a consistent picture. In vivo assays such as
pungency and ocular irritancy, functional assays such as the measurement of calcium
currents in dorsal root ganglion neurons, and receptor assays such as the displace-
ment of labeled RTX have been used. The relationship between the results of these
assays is, at best, approximate [75].

Natural capsaicinoids show differences in their pungency, with capsaicin (1a) and
dihydrocapsaicin (1b) being approximately twice as pungent as nordihydrocapsaicin
(1f) and homocapsaicins (1g and 1i) [43]. The pungency of capsaicinoids and pepper-
containing preparations is expressed in Scoville Heat Units (SHU). The SHU is the
maximum dilution at which the pungency of a sugar water solution of the substance
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being examined can still be perceived. CPS has a SHU of 16.35 + 2.28 x 10°,
meaning that CPS can still be perceived as pungent at the dilution of 1 to 16 000 000
(1 mg in 16 L of water, corresponding to a concentration about 200 nM) [42]. The
Scoville scale, a sort of Richter scale of pungency, is extensively employed to assess the
pungency of pepper-based products. A series of averaged SHU values has been
assigned to each major capsaicinoid, and from the HPLC profile of the capsaicinoid
fraction, an averaged SHU is calculated. Pure capsaicinoids have SHU > 8 x 10°.
The range of pepper sprays range from 5 x 10° (police-grade) to 2 x 10° (pepper
sprays for personal defense). Edible peppers have SHU < 600 000, with the haba-
nero cultivar topping the chart, jalapeno and tabasco in the middle section at around
5000 and 500 SHU, respectively, and sweet pepper having SHU zero [42]. SHU can be
translated into approximate concentrations assuming that 15 SHU correspond to one
part per million (1 mg/kg) capsaicin. Thus, a habanero pepper with SHU of around
600 000 contains about 4 % capsaicin in dried weight.

The pungency of saturated, linear vanillamides depends on the length of the acyl
chain, being maximal at Cy (nonivamide, 11), and decreasing rapidly with shortening
or lengthening of the acyl chain. So, lauryl vanillamide (dodecivamide, 10) is not
pungent, and nor are higher homologs of nonivamide [93]. A still unsettled issue is
whether mixtures of capsaicinoids can exhibit synergistic effects, as demonstrated for
other natural products occurring in mixtures of closely related compounds.
Few systematic studies have been done regarding the activity of natural cap-
saicinoids in TRPV1 functional or binding assays, but receptor-based structure—
activity relationships have been extensively investigated in compounds with a C;g side
chain. Stearoyl vanillamide (68) is neither pungent nor active in assays of TRPV1
activity, but the introduction of a double bond at C-9 affords a compound
(N-oleoylvanillamine, olvanil, 69a) only marginally pungent, but more potent
than capsaicin on TRPV1 [66]. Since capsaicin and dihydrocapsaicin have very similar
properties, the effect of a double bond on the bioactivity of Cyg fatty acid amides is
remarkable. Also remarkable is the minimal oral pungency of olvanil. A possible
explanation for this is that highly lipophilic compounds such as olvanil might be
bound tightly to salivary proteins and activate TRPV1 slowly, failing to induce an oral
sensory response before being swallowed. Indeed, much of the TRPV1 is localized into
the interior of cell membranes, and also the capsaicin binding site is localized in the
cytoplasmic side of the receptor [94]. To interact with TRPV1, vanilloids must therefore
cross the cell membrane and penetrate cells, and all factors interfering with their
mobility in cellular membranes are expected to affect their kinetics of TRPV1
activation. The view that a slow uptake might be responsible for the minimal pungency
of olvanil is in accordance with the apparent increased affinity for TRPV1 observed
after longer incubation time of olvanil with cells expressing TRPV1, with EDs,
decreasing sevenfold from 29.5 nM to 4.3 nM, in 1 h [94].

The acyl moiety of capsaicin contains only one functional group, a double bond
that is redundant for activity. On the contrary, the presence of the double bond is
critical for the activity of olvanil, and interesting structure—activity relationships
were discovered for this compound. Thus, an analog hydroxylated on the homoallylic
carbon is easily available from the amidation of commercial and cheap ricinoleic
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acid with vanillamine [66]. This compound, named rinvanil (69b), retained most of
the vanilloid potency of olvanil, but generated an ultra-potent capsaicinoid (pheny-
lacetylrinvanil, PhAR, 69c) with a two-digit picomolar affinity for TRPV1 by ester-
ification with phenylacetic acid, a key element of the RTX pharmacophore [95].
In accordance with similar observations done on RTX and nonivamide, iodination
of the vanillyl moiety of PhAR generated an ultrapotent vanilloid antagonist,
while replacement of the vanillyl moiety with aliphatic headgroups, as in 70a
and 70b) afforded dual agents, capable of activating TRPV1 and behaving as a
reverse agonist for CB2, the peripheral cannabinoid receptors [96]. Compounds
endowed with this mixed vanilloid—cannabinoid profile are of remarkable interest as
anti-inflammatory agents.
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4.9
Molecular Gastronomy of Hot Food

Edible peppers rarely contain more than 1 % capsaicinoids. Since in Western cuisine
chili is consumed mainly as a spice, only limited amounts of capsaicinoids are
assumed with the diet, with an estimated per capita consumption of 1.5 mg/day [97].
While these are clearly insufficient to produce any systemic effects, the trigeminal
stimulation they cause can nevertheless trigger sensory reflexes potentially capable of
being translated into pharmacological responses. In some countries (Mexico, India,
Thailand) chilies are consumed as a vegetable, and the estimated daily consumption
can be higher than 200 mg, corresponding to pharmacological doses whose effects
might go beyond gustatory responses [97].

4.9.1
Biomedical Relevance of Capsaicin-Induced Trigeminal Responses

Trigeminal stimulation has long been known to exert anti-inflammatory activity. The
molecular mechanism of this reflex remained elusive until the discovery that the
trigeminal neurotransmitter acetylcholine binds to the a7 nicotinic receptors of
macrophages near the vagal endings, inhibiting immune-cell-triggered inflamma-
tion [98]. The seminal discovery of a cross-talk between the nervous system and the
immune system is currently a very hot topic of biomedical research, and has
interesting dietary implications. Thus, binding of capsaicin to TRPV1 activates
the vagal endings of the oral cavity, and can potentially trigger a “gustatory”’ anti-
inflammatory trigeminal response, well in accordance with one of the major
beneficial effects traditionally ascribed to hot cuisine.

4.9.2
Effect of Capsaicin on Taste

Activation of TRPV1 in the oral cavity enhances gustatory responses to
salty compounds, modifying the salt transduction process. The major human
transducer of salt taste is an amiloride-insensitive and nonspecific salt receptor,
surprisingly identified in a variant of TRPV1 [99]. Unlike TRPV1, this channel is
constitutively active at physiological temperature, and is sensitive to capsaicin
activation and to inhibition by vanilloid antagonists. Thus, capsaicin increases salt
taste sensitivity by lowering the activation threshold of the TRPV1 variant that acts as
the main mammalian salt receptor, rationalizing the long-standing culinary observa-
tion that spices makes food “more salty” [99]. Salt laced with spices is commercially
available to reduce dietary sodium intake. Interestingly, another thermosensitive
cation channel from the TRP super-family, TRPMS5, is highly expressed in taste buds,
where it plays a key role in the perception of sweet, umami, and bitter tastes. The
temperature sensitivity of TRPM5 presumably underlies the observation that heat
enhances taste perception [100].
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493
Gustatory Sweating

Chili pepper can cause a profuse perspiration, known as gustatory sweating
and particularly evident in warm climates. This sweating is clearly distinct from
thermo-regulatory and emotional sweating and, despite being first reported over
50 years ago, still lacks a clear physiological basis. Also acidic food and other spices
can induce gustatory sweating, while inhibition by cold temperatures is commonly
observed. Since the evaporation of sweat has a cooling effect, this might rationalize
why hot cuisine is so popular in warm climates. Gustatory sweating might be related
to the effects of capsaicin on thermo-regulation. Spicy food makes us feel
hotter than we actually are, inducing sweating as a cooling response. TRPV1 is
not involved in basal thermal homeostasis, since TRPV1-null animals maintain a
normal resting temperature [75], but the systemic administration of capsaicin leads
to a decrease of body temperature, a property known for well over 150 years [102]. The
very poor oral bioavailability of capsaicin makes it unlikely that chili pepper can
induce hypothermia.

49.4
Gustatory Rhinitis

Hot pepper induces massive expulsion of mucus from the nose, in a process cogently
dubbed “gustatory rhinitis.” Indeed, Aztecs suffering from stuffy nose used to eat
chilies to expel the troublesome mucus, using them as a nasal decongestants [101].
The physiological bases of gustatory rhinitis from capsaicin are poorly understood,
but the process seems to be connected to the sensory properties of capsaicin, leading
to the activation of nasal reflexes that facilitate the expulsion of mucus. Also mustard
can potently induce gustatory rhinitis, but allyl isothiocyanate (70), its active ingre-
dient, is relatively volatile, and therefore can directly stimulate the nasal trigeminal
endings by binding to TRPA1, another TRP receptor stimulated by offensive
compounds [103].

4.9.5
Hot Food Mitridatism

Trained people can consume large amounts of chili peppers without any adverse
effects. The molecular basis for the tolerance to hot food is the facility by which
TRPV1 can be desensitized by repeated stimulation. Thus, our tongue can easily
become desensitized to capsaicin by repeated (10 times) application ofa 1 % solution.
Sensitivity to other pungent compounds from spices (piperine (18) from pepper,
gingerol (57) from ginger, allyl isothiocyanate (71) from mustard oil) is also lost, and
the effect lasts approximately one day [104].
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4.9.6
Effect of Capsaicin on Digestion

TRPV1 is expressed in gastric mucosal epithelial cells, where it plays an important
role in gastric defense. Its activation by capsaicin stimulates the secretion of
bicarbonate and gastric mucus, and directly contributes to the maintenance of
mucosa integrity, counteracting the activity of alcohols and other damaging agents
[105]. Furthermore, capsaicin shows potent antibacterial activity toward Helicobacter
pylori, even against metrodinazol-resistant strains, and hot pepper is therefore of
potential use for the treatment of gastric and duodenal ulcers, since the active
concentrations of CPS (25 pg/mL) can be achieved in the stomach by consumption
of hot food [106]. Contrary to common belief, capsaicin and hot food does not harm
the stomach, but, on the contrary, protects it against ulcerogenic challenges.
Furthermore, TRPV1 receptors play an important role in the protection of the colon
against chronic inflammation, and TRPV1-null mice have an increased susceptibility
to colon inflammation [107]. Taken together, these studies clearly support the view
that capsaicin has a protective role in the gastrointestinal tract.

4.9.7
Capsaicin and Stomach Cancer

Some epidemiological studies support the view that capsaicin has chemopreventive
and chemoprotective effects [108], but capsaicin has also been suspected as a
potential carcinogen or co-carcinogen [108], and a worrying correlation between
the consumption of hot pepper and stomach cancer, at least in some ethnic groups
that consume it as a vegetable, has been reported [109]. This correlation is surprising,
since peppers contain large amounts of ascorbic acid, a known protective agent for
stomach cancer, while capsaicin can block the growth of various human cancer cells
with little if any toxicity for primary cells [110], an effect mediated by the inhibition of
mitochondrial respiration and the induction of apoptosis [110]. These contrasting
data indicate a need for further studies, and a thorough review from the European
Scientific Committee on Food concluded that “the available data do not allow to
establish a safe exposure level of capsaicin in food” [97].

49.8
The Effect of Age and Sex on the Sensitivity to Capsaicin

The activation of TRPV1 from capsaicin can be modulated by steroid hormones.
Thus, the female hormone estradiol (72) augments the activation of TRPV1 by
capsaicin, rationalizing the long-standing and curious observation that woman are
more sensitive to hot food than men [111,112]. On the other hand, dehydroepian-
drosterone (DHEA, 73), the most abundant blood steroid, behaves as a vanilloid
antagonists [112]. Since the production of DHEA peaks between 20 and 30 years
of age and then gradually fades, young people tolerate hot food better that elderly
people.
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499
Capsaicin as a Slimming Agent

The anorectic properties of hot pepper have been investigated in the framework
of studies on the apparent protection against obesity provided by certain food
cultures [113]. Hot food leads to the consumption of body calories, and health
beverages flavored with capsicum oleoresin have been developed as slimming
agents [114]. In human experiments, hot pepper has been shown to decrease
appetite and increase energy expenditure, mainly by lipid oxidation [115]. The
satiety-inducing properties of capsaicin were investigated after oral and gastroin-
testinal (pills) intake with contrasting results. In one study, the effect was similar,
suggesting that sensory reflexes are not involved [115a], while an opposite conclusion
was reached in a related study [115b]. The addition of 10 g of hot pepper (unreported
SHU value) to a high-fat or high-carbohydrate breakfast increased the oxidative
breakdown of fats but not that of carbohydrates, a surprising observation since,
unlike carbohydrates, fats are unable to increase oxidation rate in humans [116], and a
pepper-laced breakfast significantly reduced the desire to eat, and hunger before
lunch [116]. Capsaicin seems to be able to adjust fat oxidation to fat intake, triggering
a “burn calories and stop eating” message quite appealing in a society where obesity
is such a severe problem. On the other hand, the slimming properties of capsaicin
have never been investigated in large clinical trials, its mechanistic bases are poorly
understood, and its widespread use as a dietary slimming agent would not be
appealing to consumers because of its marked sensory properties. The slimming
properties of capsaicin are apparently retained by capsiate (22) [117], the nonpungent
ester isoster of capsaicin found in sweet pepper, and capsaicin O-glucoside [118].
These nonpungent compounds have been investigated as an anti-obesity drug
in Japan, and biotechnological processes for their production have been developed,
no doubt to advertise these compounds, difficult to obtain by isolation, as “natural”
[119,120].

4.9.10
Quenching Capsaicin

The burning sensation from capsaicin can be quenched by cold water, ice cubes, or a
cold yogurt [81]. As discussed in Section 4.6, capsaicin does not actually activate
TRPV1, but only lowers its firing threshold, making it sensitive to lower physiological
temperatures. Therefore, its effects can simply be reversed by cooling the oral cavity.
Since TRPV1 is also sensitive to alcohol [121] and acids [75], which both potentiate its
sensitivity to capsaicin, carbonated drinks and spirits just make the irritation worst,
even though capsaicin is more soluble in alcohol than in water. It has been reported
that solid and rough materials such as a cube of sugar or a cracker can alleviate
capsaicin burning [81]. The rationale for this effect is unknown, but, since many TRP
receptors act also as mechanosensors, their activation might interfere with that of
thermo-TRPs such as TRPV1.

101
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4.9.11
Chilies and Olive Oil

Olive oil aromatized with chili pepper is a common condiment in the Mediterranean
area. Under these conditions, transamidation of capsaicin to N-oleoylvanillamine
(olvanil, 69a) has been demonstrated [122]. Olvanil is nonpungent, but more potent
as an anti-inflammatory agent than capsaicin, and one therefore wonders if olvanil
mightalso contribute to the beneficial health effects traditionally attributed to olive oil
flavored with hot pepper.

4.9.12
Who Should Avoid Chilies?

Capsaicin causes transient bronchoconstriction and induces coughing, especially in
individual with severe asthma, potentially triggering fatal crises [37]. These adverse
respiratory effects are probably due to the limited capacity of respiratory tissues to
metabolize capsaicin (see Section 4.3) [38], and are a major problem with the use of
pepper sprays as antiriot agents [37]. Smokers are less sensitive to the respiratory
effects of capsaicin, but asthmatic patients should avoid chilies and hot cuisine, as
should people using drugs such as ACE-inhibitors, which have an intrinsic capacity
to induce cough.

4.9.13
How can the Pungency of Chilies be Moderated?

Pepper lovers know well what chemists have now demonstrated, namely that
capsaicinoids are accumulated in the inner placental part of peppers and especially
in their basal and apical sections. Therefore, pungency can be moderate by removing
the inner part of the pod, which contains the placenta, and cutting away its tip and
base.

4.9.14
Psychology of Pepper Consumption

Humans are the only mammals that deliberately consume hot peppers and seem to
enjoy their aversive effects, eluding a system designed to keep us from eating food
containing potentially harmful compounds. Several theories have been put forward
to explain this behavior. The most interesting one is the one that consider hot cuisine
as the culinary equivalent of benign masochistic activities such as making
a parachute drop, taking a hot bath or an icy shower, or going to a horror movie
[123]. We apparently experience a pleasant thrill when confronted with a “constrained
risk”’, that s, a risk typical of a life-threatening event that we nevertheless manage to
keep under control by evoking it in a safe setting. Thus, capsaicin mimics potentially
damaging heat, but, while consuming chilies, we are well aware that they cannot set
us on fire! The trigeminal sensation evoked by capsaicin might disrupts the normal
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span of attention in a brief, nonadditive, and non-hallucinogenic way, just like a
“rollercoaster” drive [123].

4.10
Conclusions

The seminal discovery that A>~THC (74), a non nitrogenous lipophilic compound,
binds to a specific receptor (CB1), setin motion what is now referred to as lipidomics
[124]. A>-THC was the first non-nitrogenous compound to show affinity for a receptor
of the CPCR type [124], and, in the wake of this seminal discovery, interest has also
been mounting in lipophilic compounds such as alkamides. Indeed, capsaicin has
played a leading role in the emergence of lipidomics as an important branch of the
neurosciences, and is now accepted as a standard pharmacological tool to investigate
a host of physiological and pathological conditions. The discovery that capsaicin
binds to a receptor of the TRP-type has also led to systematic investigations on this
class of ion channels, validating the taste-active constituents of various spices as
molecular probes to de-orphanize these sensors in terms of chemical ligands [125].
As aresult of these studies, capsaicin has become a natural product whose ecological
role is better understood, and the way it fits into the reproductive strategy of peppers
testifies to the complexity of natural interactions. Finally, the molecular advances in
our understanding of the biological properties of capsaicin can rationalize a host of
curious culinary observations, vividly testifying how research can still thrive on
curiosity and produce significant results.
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5
Glycosidase-Inhibiting Alkaloids: Isolation, Structure,
and Application

Naoki Asano

5.1
Introduction

A large number of alkaloids mimicking the structures of monosaccharides or
oligosaccharides have been isolated from plants and microorganisms [1,2]. Such
alkaloids are easily soluble in water because of their polyhydroxylated structures
and inhibit glycosidases because of a structural resemblance to the sugar moiety of
the natural substrate. Glycosidases are involved in a wide range of important biological
processes, such as intestinal digestion, posttranslational processing of the sugar chain
of glycoproteins, quality-control systems in the endoplasmic reticulum (ER) and ER-
associated degradation mechanism, and the lysosomal catabolism of glycoconjugates.
Inhibition of these glycosidases can have profound effects on carbohydrate catabolism
in the intestines, on the maturation, transport, and secretion of glycoproteins, and can
alter cell-cell or cell-virus recognition processes. The realization that glycosidase
inhibitors have enormous therapeutic potential in many diseases such as diabetes, viral
infection, and lysosomal storage disorders has led to increasing interestin and demand
for them [3,4]. Inrecent years, combinatorial methods and the rapid generation of large
libraries of potential lead compounds have been favored for drug discovery. However,
the investigation of natural products is still continuing to inspire the development of
new drugs, because of their structural and biological diversity.

Glycosidase-inhibiting alkaloids from plants are classified into five structural
classes: polyhydroxylated pyrrolidines, piperidines, indolizidines, pyrrolizidines,
and nortropanes. Furthermore, they also occur as the glycosides. This review
describes recent studies on isolation, characterization, glycosidase inhibitory activity,
and therapeutic application of the sugar-mimicking alkaloids from plants.

5.2
Isolation and Structural Characterization

For a long time (and also currently), drug discovery programs have typically used
organic solvents such as methanol, butanol, ethyl acetate, chloroform, or hexane for
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extraction. Hence, most of the water-soluble compounds have escaped detection and
isolation. However, most preparations used in traditional medicines are formulated
in water or hot water.

Polyhydroxylated alkaloids and N-containing sugar analogs are usually extracted
with 50 % aqueous MeOH or 50% aqueous EtOH and isolated by chromatography,
using a variety of ion-exchange resins such as Amberlite IR-120B (H* form),
Amberlite CG-50 (NH," form), CM-Sephadex C-25 (NH," form), and Dowex 1-
X2 (OH™ form). Their structures are elucidated using various spectroscopic tech-
niques including UV, IR, MS, one-dimensional NMR, and two-dimensional NMR
such as COSY, HMBC, NOESY, and so on.

5.2.1
Deoxynojirimycin and Related Compounds

1-Deoxynojirimycin (DNJ, 1) was originally prepared by catalytic hydrogenation of
nojirimycin, which was discovered as the first glucose-mimicking antibiotic pro-
duced by Streptomyces spp., with a platinum catalyst or by chemical reduction with
NaBH, [5,6]. Later it was isolated from the root bark of mulberry trees and called
moranoline [7]. DNJ is also produced by many strains in the genera Bacillus and
Streptomyces [8,9].

5.2.1.1 Isolation from Morus spp. (Moraceae)

Mulberry trees (Morus spp.) are cultivated in China, Korea, and Japan, and their leaves
are used to feed silkworms (Bombyx mori). Mulberry leaves have been used traditionally
in Chinese herbal medicine to cure and prevent “Xiao-ke” (diabetes). The root bark of
mulberry trees has been used as a Chinese herbal medicine called “Sang-bai-pi”
(Japanese name “Sohakuhi’) for anti-inflammatory, diuretic, antitussive, and anti-
pyretic purposes, while the fruits are used as both tonic and sedative. In 1994, the
improvement of the purification procedures using a variety of ion-exchange resins
described above led to the isolation of a number of water-soluble alkaloids from the
genus Morus (Moraceae) [10,11]. Seven alkaloids were isolated from the leaves of Morus
bombycis in Japan: DNJ (1), N-methyl-DNJ (2), and fagomine (1,2-dideoxynojirimycin)
(3), 2-O-a-D-galactopyranosyl-DNJ (4), which are polyhydroxylated piperidine deriva-
tives; 1,4-dideoxy-1,4-imino-D-arabinitol (DAB, 5) which is a polyhydroxylated pyrro-
lidine and 2-O-B-D-glucopyranosyl-DAB (6) and calystegine B, (7) which are
polyhydroxylated nortropane alkaloids [10]. Furthermore, eighteen alkaloids including
the seven alkaloids described above were isolated from the root bark of M. alba in China
[11]. Additional alkaloids are 3-epi-fagomine (8), 1,4-dideoxy-1,4-imino-D-ribitol (9),
calystegine C; (10), and eight glycosides of DNJ: the 6-O-a-D-galactopyranosyl (11),
2-O-a-D-glucopyranosyl (12), 3-O-a-D-glucopyranosyl (13), 4-O-a-D-glucopyranosyl
(14), 2-O-B-D-glucopyranosyl (15), 3-O-B-D-glucopyranosyl (16), 4-O-B-D-glucopyrano-
syl (17), and 6-O-B-D-glucopyranosyl (18). In 2001, calystegine B; (19), 4-O-B-D-
glucopyranosyl fagomine (20), (2R, 3R, 4R)-2-hydroxymethyl-3,4-dihydroxypyrroli-
dine-N-propionamide (21) in addition to alkaloids 1-9, 12, and 16-18 were isolated
from the root bark of M. alba from An-Huei-Shong in China, which has a very high
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Fig. 5.1 Structures of N-containing sugars from mulberry
trees (Morus spp.).

content (0.165 % of dry weight) of DNJ [12]. The mulberry fruits have been commonly
used as jam as well as a Chinese herbal medicine called “Sang-zi’, and two new
alkaloids.

4-O-a-D-galactopyranosylcalystegine B, (22) and 33,6B-dihydroxynortropane (23),
were isolated from the fruits of M. alba [12]. DNJ is present in high concentrations in
all parts of the mulberry tree. Interestingly, silkworms feed exclusively on its leaves
and appear to accumulate DNJ in their bodies since the DNJ content in silkworms is
2.7-fold higher than that in the leaves [12] (Figure 5.1).

5.2.1.2 Isolation from Thai Medicinal Plants “Thopthaep” and “Cha Em Thai”

1-Deoxymannojirimycin (DM], 1,5-dideoxy-1,5-imino-D-mannitol, 24) was first iso-
lated from the seeds of Lonchocarpus sericeus (Leguminosae), native to the West Indies
and tropical America [13]. Later, it was also found in the other legumes Angylocalyx
spp- [14] and Derris malaccensis [15], and the Euphorbiaceae family plants Omphalea
diandra [16] and Endospermum medullosum [17]. DM] is usually coproduced with
the pyrrolidine alkaloid DMDP (2,5-dideoxy-2,5-imino-D-mannitol, 25). This
coproduction of DM] and DMDP could arise from the six- or five-membered ring
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closure of a common precursor. Our group has isolated DMJ and DMDP in high
yields of 0.05 and 0.04 %, respectively, from “Thopthaep” [18], Connarus ferrugineus
(Connaraceae) [18], which is used traditionally as ointment to treat scabies, and as an
oral drug to treat stomach ache and constipation. This Thai medicinal plant produces
DNJ, 1-deoxyallonijirimycin (26), 1-deoxyaltronojirimycin (27), 1,4-dideoxymanno-
jirimycin (28), 1,4-dideoxyallonojirimycin (29), 1,4-dideoxyaltronojirimycin (30), 2,5-
dideoxy-2,5-imino-D-glucitol (DIDG, 31), 2-O-a-D-galactopyranosyl-DM]J (32), and 3-
O-B-D-glucopyranosyl-DM]J (33), together with DM] and DMDP (Figure 5.2).
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Fig. 5.2 Structures of N-containing sugars from Thai
medicinal plants.
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Recently, D- and L-enantiomers of DNJ and its six epimers other than 1-deoxyta-
lonojirimycin have been synthesized enantiospecifically [19-21]. Consequently, the
absolute configurations of natural DNJ, DM], 1-deoxyallonojirimycin, and 1-deoxy-
altronojirimycin were determined to be D from the value and sign of the optical
rotation [21]. DIDG has been previously prepared by chemoenzymatic approaches
and the optical rotation of the natural product was in agreement with that of the
synthetic compound [22-26].

A Thai traditional crude drug “Cha em thai,” obtained from Albizia myriophylla
(Leguminosae), is used to relieve thirst and sore throats and as a substitute for licorice
owing to its sweet taste [27]. Several triterpene saponins (albiziasaponins A-E) have
been characterized as sweet-tasting substances [28]. The wood of this plant was found
to have the high DM] content of 0.168 % (dry weight) [18]. The ion-exchange resin
chromatography of the 50 % aqueous MeOH extract led to the isolation of 24, 25, 31,
2-O-B-p-glucopyranosyl-DM] (34), 4-O-B-D-glucopyranosyl-DM]J (35), and 3-O-B-D-
glucopyranosyl-DMDP (36). The isolation of 36 from this plant is the first report of a
glycoside of DMDP.

5.2.2
a-Homonojirimycin and Related Compounds

In 1988, a-homonojirimycin (a-HN]J, 37) was isolated from the neotropical liana,
Omphalea diandra (Euphorbiaceae), as the first example of a naturally occurring DNJ
derivative with a carbon substituent at C-1 [16]. However, before the isolation of the
natural product, the 7-O-B-D-glucopyranosyl-a-HNJ (38) had been designed and
prepared as a potential drug for the treatment of diabetes [29,30]. a-HNJ has been
detected in adults, pupae, and eggs of the neotropical moth, Urania fulgens, whose
larvae feed on O. diandra, and the level (percentage dry weight) of a-HNJ in pupae was
about 0.5% [17]. Until 1990, the known natural occurrence of a-HNJ had been strictly
limited to the Euphorbiaceae family plants.

5.2.2.1 Isolation from Garden Plants
Aglaonema treubii (Araceae) is a very common indoor foliage plant and a native of the
tropical rainforests of South-East Asia. In 1997, a 50% aqueous EtOH extract of
A. treubii was found to potently inhibit a-glucosidase and subjected to various ion-
exchange column chromatographic steps to give 37 (0.01 % fresh weight), 38, 5-O-
a-D-galactopyranosyl-a-HNJ (39), B-homonojirimycin (40), a-homomannojirimycin
(41), B-homomannojirimycin (42), a-homoallonojirimycin (43), and B-homoaltro-
nojirimycin (44), together with 25 [31]. Although the structure of 43 was originally
reported to be a-3,4-diepi-homonojirimycin, it was later revised to be a-4-epi-homo-
nojirimycin on the basis of NMR analysis and synthetic studies [32]. Alkaloids 40, 41,
and 42 were chemically synthesized before their isolation as natural products [33-36]
(Figure 5.3).

Hyacinthus orientalis (Hyacinthaceae) is a plant native to North Africa and Eurasia,
and commonly known as hyacinth. A search for polyhydroxylated alkaloids in species
of the Hyacinthaceae family by GC-MS led to isolation and characterization of eleven
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Fig. 5.3 Structures of N-containing sugars from
a-homonojirimycin-producing plants.

alkaloids including a-HNJ [37]. A 50% aqueous MeOH extract from the bulbs of
H. orientalis was subjected to ion-exchange chromatographies to give 37 (0.032%
fresh weight), 38, 40, 41, and 42, together with 1, 24, 25, homoDMDP (45), 6-deoxy-
homoDMDP (46), and 2,5-imino-2,5,6-trideoxy-D-gulo-heptitol (47). The structure of
homoDMDP has been assigned as 2,5-dideoxy-2,5-imino-glycero-D-manno-heptitol or
its enantiomer from its NMR spectroscopic data. However, the relative configuration
at C-6 was not determined since it could not be deduced from NMR data. In the
course of the synthesis of a series of polyhydroxylated pyrrolidine alkaloids, Take-
bayashi et al. reported the enantiospecific synthesis of (1'S,2R,3R,4R,5R)-3,4-dihy-
droxy-2-(1,2-hydroxyethyl)pyrrolidine [38], and this compound and homoDMDP
were found to be identical from comparison of their '"H NMR and *C NMR
spectroscopic data and optical rotation values. Hence, the structure of homoDMDP
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was determined to be 2,5-dideoxy-2,5-imino-D-glycero-D-manno-heptitol. a-HN]J and
homoDMDP could be synthesized from a common precursor in the biosynthetic
pathway.

5.2.2.2 Isolation from the Thai Medicinal Plant “Non Tai Yak”

In the course of a search for a-glucosidase inhibitors, Kitaoka et al. found that such
inhibitors are present in some Thai traditional crude drugs [39]. For example, a-HN]J
occurs in “Non tai yak” at a level of 0.1 % (dry weight). The “Non tai yak’ sample is
known to be Stemona tuberosa (Stemonaceae), which has been used in China and
Japan for various medicinal purposes. In particular, an extract from the fresh
tuberous roots of S. tuberosa is used to treat respiratory disorders, including
pulmonary tuberculosis and bronchitis, and is also recommended as an insecticide
[27,40,41]. In 2005, re-examination of polyhydroxylated alkaloids in S. tuberosa led to
the isolation of thirteen alkaloids, 1, 24, 25, 31, 36, 37 (0.1 % of dry weight), 38, 40, 41,
42, 43, 44, and o-5-deoxy-HN]J (a-1-C-hydroxymethylfagomine, 48) [18]. The
'H NMR, ®C NMR, and optical rotation spectroscopic data of a-7-deoxy-HN]
were superimposable with those of the synthetic 2,3,6-trideoxy-2,6-imino-
D-manno-heptitol [42].

5.2.2.3 Isolation from Adenophora spp. (Campanulaceae)

In 2000, adenophorine (49), a rare example of an a-HNJ homolog with a hydrophobic
alkyl substituent at the pseudoanomeric position, was isolated from a commercially
available Chinese crude drug “Sha-sheng,” the roots of Adenophora spp. (Campa-
nulaceae) [43]. This crude drug additionally contains 1-deoxyadenophorine (50),
5-deoxyadenophorine (51), a-1-C-ethylfagomine (52), B-1-C-butyldeoxygalactonojir-
imycin (53), 1-O-B-D-glucopyranosyladenophorine (54), and 1-O-B-D-glucopyrano-
syl- 5-deoxyadenophorine (55), together with 24 and 25. In 2003, Davies et al. reported
the first synthesis of (—)-adenophorine and assigned the absolute configuration of the
natural product (+)-adenophorine to the enantiomer of the synthetic compound [44]
(Figure 5.4).

Adenophora triphylla var. japonica, which was grown at the medicinal plant garden
in Japan, contains 6-C-butyl-DMDP (56) in addition to 1, 5, 24, 25, and 52 [45].
Interestingly, 6-C-butyl-DMDP and B-1-C-butyldeoxygalactonojirimycin possess the
same carbon backbone. Hence, both alkaloids could be biosynthesized by the five- or
six-membered ring closure of a common precursor.

5.2.3
Indolizidine and Pyrrolizidine Alkaloids

Certain poisonous plants often cause serious livestock losses. The Australian
legume, Swainsona, is known as “poison peas,” and sheep eating them develop
a syndrome called “‘pea struck” [46,47]. Livestock is also poisoned by the closely
related Astragalus and Oxytropis species, which are found throughout the world,
and intoxication of livestock by some species known as locoweeds in the western
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Fig. 5.4 Structures of a-homonojirimycin analogs from
Adenophora spp. (Campanulaceae).

United States is called “locoism” [47,48]. The poisoning is characterized by
cytoplasmic vacuolation of neuronal cells due to accumulation of mannose-rich
oligosaccharides in lysosomes [49]. The trihydroxyindolizidine alkaloid swainso-
nine (57) occurs in these legumes and has been identified as a causative agent in
locoism [48,50]. The toxicity of the other legume Castanospermum australe for
livestock led to the isolation of the toxic principle castanospermine (58) [51] and
these two alkaloids gave rise to a great impetus in research on N-containing sugars
and their application.

5.2.3.1 Isolation from the Leguminosae Family

In 1981, castanospermine was first isolated from the immature seeds of
Castanospermum australe, with the yield of 0.057% [51]. X-Ray crystallography
showed that the stereogenic centers of the six-membered ring of castanospermine
correspond to the gluco configuration [51], while 6-epi-castanospermine (59) isolated
later from the seeds has the D-manno configuration in the piperidine ring [52].
C. australe coproduces 7-deoxy-6-epi-castanospermine (60) [53] and 6,7-diepi-casta-
nospermine (61) [54]. We have isolated a new castanospermine isomer 6,8-diepi-
castanospermine (62) from the leaves and twigs, which contain castanospermine at
the high level of 1% (unpublished data). Lentiginosine (63) and 2-epi-lentiginosine
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Fig. 5.5 Structures of indolizidines and pyrrolizidines from
legumes.

(64) have been isolated from the leaves of Astragalus lentiginosus and these two
dihydroxyindolizidines are probably biosynthesized from 1-hydroxyindolizidine by
hydroxylation at C-2 [S5] (Figure 5.5).

In 1988, alexine (65), a polyhydroxylated pyrrolizidine alkaloid, was isolated from
the pods of legume Alexa leiopetala [56]. Although the broad class of pyrrolizidine
alkaloids bear a carbon substituent at C-1 [57,58], alexine is the first example of a
pyrrolizidine alkaloid with a carbon substituent at C-3. At about the same time,
australine (66) was isolated from the seeds of C. australe and found to be 7a-epi-alexine
by X-ray crystallographic analysis [59]. The isolation of 1-epi-australine (67),

119



120

5 Glycosidase-Inhibiting Alkaloids: Isolation, Structure, and Application

3-epi-australine (68), and 7-epi-australine (69) from the same plant was later reported [
60-62]. The structure of 1-epi-australine was firmly established by X-ray crystal-
lographic analysis of the corresponding 1,7-isopropylidene derivative [61], and the
absolute configurations of 3-epi-australine were also identified by X-ray crystal
structure analysis [61]. Alkaloid 69 was tentatively assigned as 7-epi-australine, based
on the difference between its NMR parameters and those reported for australine [62].
The unambiguous synthesis of australine [63] and 7-epi-australine [64,65] and
extensive NMR studies on the natural and synthetic isomers of australine [65] by
Denmark et al. elucidated that the natural product reported as 7-epi-australine is really
australine. This means that 7-epi-austaline has not yet been found as a natural
product. Reinvestigation of the natural occurrence of 7-epi-austaline in C. australeled
to the isolation of new alkaloids, 2,3-diepi-australine (70), 2,3,7-triepi-australine (71),
2-O-B-D-glucopyranosyl-1-epi-australine (72), and 8-O-B-D-glucopyranosylcastanos-
permine (73) [66]. Alkaloid 73 is the first naturally occurring glycoside of castanos-
permine.

5.2.3.2 Isolation from the Hyacinthaceae Family

Polyhydroxylated pyrrolizidine alkaloids with a hydroxymethyl substituent at C-3
have been thought to be of very restricted natural occurrence. The alexines and
australines have been reported in only two small genera of the Leguminosae
(Castanospermum and Alexa). However, a number of such pyrrolizidine alkaloids
were found from the quite different family Hyacinthaceae. In 1999, new
polyhydroxylated pyrrolizidines different from alexines and australines were
isolated from Hyacinthaceae family plants and designated as hyacinthacines:
hyacinthacines B; (74) and B, (75) from the immature fruits and stalks of
Hyacinthoides non-scripta and hyacinthacine C; (76) from the bulbs of Scilla
campanulata [67]. Shortly after their isolation, four new hyacinthacines A, (77),
A, (78), A3 (79), and B; (80) were isolated from the bulbs of Muscari armeniacum
in addition to 75 [68]. In 2001, Martin and coworkers reported the first synthesis
of (+)-hyacinthacine A, from commercially available 2,3,5-tri-O-benzyl-D-
arabinofuranose, and confirmed the absolute configuration of natural (+)-
hyacinthacine A, as (1R,2R,3R,7aR)-1,2-dihydroxy-3-hydroxymethylpyrrolizidine
[69]. Subsequently, the natural (+)-hyacinthacine A; was enantiospecifically
synthesized from an adequately protected DMDP (25) and its absolute config-
uration was determined to be (1R,2R,3R,5R,7aR)-1,2-dihydroxy-3-hydroxymethyl-
5-methylpyrrolizidine [70]. More recently, the natural (+)-hyacinthacine A; has
been determined to be (15,2R,3R,7aR)-1,2-dihydroxy-3-hydroxymethylpyrrolizi-
dine from total synthesis [71]. Many species of the genera Muscari and Scilla are
very common as garden plants. The GC-MS analysis of the extract of commer-
cially available bulbs of S. sibirica demonstrated the existence of many kinds of
polyhydroxylated alkaloids, five pyrrolidines and two pyrrolidine glycosides, six
piperidines and one piperidine glycoside, and eight pyrrolizidines [72]. Surpris-
ingly, seven pyrrolizidines other than the known alkaloid 73 were new hya-
cinthacines. They are hyacinthacines A4 (81), As (82), Ag (83), A, (84), B, (85), Bs
(86), and Bg (87) (Figure 5.6).
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In 1999, it was reported that Broussonetia kajinoki (Moraceae) produces a pyrro-
lizidine alkaloid with the C;, side chain at the C-5a position, which was designated as
broussonetine N (88), together with pyrrolidine alkaloids with a long (C;3) side chain
[73]. Broussonetine N can be regarded as the «-5-C-(1,19-dihydroxy-6-oxodecyl)-
hyacinthacine A,. In 2004, four new hyacinthacine A; and 7-epi-australine derivatives
with the hydroxybutyl side chain at the C-5a position from the bulbs of S. peruviana,
which also coproduces pyrrolidine alkaloids with a highly hydroxylated long side
chain [74]. These four pyrrolizidine alkaloids were determined to be «-5-C-(3-
hydroxybutyl)-7-epi-australine (89), o-5-C-(3-hydroxybutyl)- hyacinthacine A; (90),
a-5-C-(1,3-dihydroxybutyl)-hyacinthacine A; (91), and «-5-C-(1,3,4-trihydroxybutyl)-
hyacinthacine A; (92). NOE experiments on pyrrolizidines 91 and 92 suggested the

configurations at C-1’ (Figure 5.7).
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Fig. 5.7 Structures of pyrrolizidines with a long side chain.

5.2.4
Nortropane Alkaloids

Before the isolation of calystegines B; (19), B, (7), and C; (10) from Morus spp.
[10-12], Tepfer et al. had reported the presence of a group of compounds in plants of
the Convolvulaceae and Solanaceae familes and designated these compounds as
calystegines [75]. Until the discovery of calystegines, four structural classes were
encompassed as naturally occurring N-containing sugars: polyhydroxylated piper-
idines, pyrrolidines, indolizidines, and pyrrolizidines. Calystegines possess three
structural features in common: a nortropane ring system; two to four secondary
hydroxyl groups varying in position and stereochemistry; and a novel aminoketal
functionality, which generates a tertiary hydroxyl group at the bicyclic ring bridge-
head. The known calystegines have been subdivided into three groups on the basis
of the number of hydroxyl groups present, namely calystegines A with three OH
groups, B with four OH groups, and C with five OH groups. Tropane alkaloids bear
a methyl substituent on the nitrogen atom, while nortropane alkaloids lack the
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N-methyl group and occur occasionally as minor constituents in plants producing
tropane alkaloids [76,77]. A recent survey of the occurrence of calystegines in
Solanaceae and Convolvulaceae plants discovered that they are widely distributed
in these families [1,2,78-80].

5.2.4.1 Isolation from the Solanaceae Family

The occurrence in Solanaceae is documented for 12 genera: Atropa, Brunfelsia,
Datura, Duboisia, Hyoscyamus, Lycium, Mandragora, Nicandra, Physalis, Scopolia,
Solanum, and Withania [2,79]. Our group isolated and characterized calystegines
Az (93), As (94), By, B,, and B3 (95) from the roots of Physalis alkekengi var.
francheti [81], calystegines As, Ag (96), By, By, B3, and Ny (97) from the whole plant
of Hyoscyamus niger [82], calystegines Aj, As, By, By, B3, B4 (98), and C; from the
roots of Scopolia japonica [83], and calystegines By, B,, By, Cy, and C, (99) from the
leaves and twigs of Duboisia leichhardtii [84]. An examination of the roots of
Lycium chinense led to the discovery of two new calystegines A; (100) and Bs (101),
and two novel tropane alkaloids N-methylcalystegines B, (102) and C; (103),
unlike the previously reported nortropane alkaloids [85]. Our recent work eluci-
dated the presence of calystegine Ag (104) in H. niger, and calystegine B¢ (105) in
S. japonica, and calystegines C; (106) and N, (107) in D. leichhardtii (unpublished
data). Calystegines N; and N, are assigned to an entirely new group of calyste-
gines (the N series). FABMS analysis of calystegines N; and N, gives odd-
numbered [M+H]" ions of m/z 175 and 191, owing to the replacement of an
OH group by an NH, group relative to calystegines B, and C,, respectively. The
additional amino groups are located on C-1 in the parent alkaloids with the
chemical shifts of the sole quaternary carbon at & 78.3 (Ny) or 79.2 (N,) in the BC
NMR, in contrast to all other calystegines in which the hydroxyl-substituted
quaternary carbon resonance occurs at an essentially invariant value of &
93-94ppm (Figure 5.8).

Besides free calystegines, calystegine B; occurs as the 3-O-B3-D-glucoside in
Nicandra physalodes fruits [86], and Atropa belladonna contains several glyco-
sides including 3-O-B-D-glucopyranosyl-calystegine B; and 4-O-a-D-galactopyr-
anosyl-calystegine B, [87]. The latter galactoside is also found in mulberry
fruits, as previously described [12]. Microbial B-transglucosylation of calyste-
gine B or B, using whole cells of the yeast Rhodotorula lactosa gives 3-O-B-D-
glucopyranosylcalystegine B; or 4-O-B-D-glucopyranosylcalystegine B,, respec-
tively [88]. Glucose transfer to calystegine B; by commercially available rice
a-glucosidase provides 3-O-a-D-glucopyranosylcalystegine B;, but this enzyme
does not transfer D-glucose to calystegine B, [88]. The lack of a-glucosyl transfer
to calystegine B, could be due to the inhibition of rice a-glucosidase by
calystegine B,.

Enantioselective syntheses of (+)- and (—)-calystegines B, have determined that
(+)-calystegine, (1R,2S,3R,4S,5R)-1,2,3,4-tetrahydroxynortropane, is the natural
molecule [89,90], while the absolute configuration of natural (—)-calystegine A;
has been established as (1R,25,3R,5R)-1,2,3-trihydroxynortropane by the syntheses
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Fig. 5.8 Structures of nortropanes from the Solanaceae
and Convolvulaceae families.

of both enantiomers [91]. Later, natural (+)-calystegine B; and (—)-calystegine B, were
prepared from D-galactose and D-mannose, respectively, for the first time and their
absolute configuration confirmed [92,93].

5.2.4.2 lIsolation from the Convolvulaceae Family

Calystegines appear to be widely distributed in the Convolvulaceae family [78,80].
Eich and coworkers focused on the occurrence of seven calystegines (As, As, By, By,
B;, By, Cy) identified by GC-MS analysis with authentic samples as references and
analyzed the extracts of 65 Convolvulaceae species from predominantly tropical
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habitats in all continents except Australia [78]. Consequently, they revealed their
occurrence in 30 species belonging to 15 genera in this family. The qualitatively
dominant alkaloid of the A series is calystegine Aj, detected in 43 % of the 30 positive
species followed by As (20%). In the B series, calystegine B, exhibits the highest
occurrence (86 %) followed by B, (70%), B3 (20%), and B, (13 %). Calystegine C; is
found in less than 1% of the species.

Convolvulaceae species produce polyhydroxylated alkaloids other than calyste-
gines, as shown in Table 5.1. 2a,7B-Dihydroxynortropane (108) was isolated
from seven species of Convolvulaceae, while only Calystegia soldanella contained
both 2a,7B-dihydroxynortropane and 2a,3B-dihydroxynortropane (109) [80]. More
interestingly, Ipomoea carnea produces the indolizidine alkaloids swainsonine (57)
and 2-epi-lentiginosine (64) in addition to calystegines By, B,, B3, and C; [94]. L. carnea
is a plant of tropical American origin but is now widely distributed in the tropical
regions of the world. Chronic ingestion of I. carnes sometimes causes natural
poisoning in livestock. Swainsonine is also found in other species of the Convolvu-
laceae family. Ipomoea sp. Q6 aff. calobra (Weir Vine) grows in a small area of
southern Queensland in Australia and is reported to produce neurological
disorders in livestock. The clinical symptoms are similar to those caused by
swainsonine-containing legumes. Molyneux et al. detected swainsonine in the seeds,
estimating the level as 0.058 % by GC-MS, and also demonstrated the existence of
swainsonine and calystegine B, in the seeds of I. polpha collected in the Northern
Territory [95].

5.3
Biological Activities and Therapeutic Application

Glycosidase inhibitors are currently of great interest as potential therapeutic
agents because they may be able to modify or block biological processes that can
significantly affect carbohydrate anabolism and catabolism [96]. It has been
increasingly realized that glycosidase inhibitors have enormous potential in
many diseases such as diabetes, viral infection, and lysosomal storage disorders
[1-3].

5.3.1
Antidiabetic Agents

5.3.1.1 «-Glucosidase Inhibitors

The intestinal oligo- and disaccharidases are fixed components of the cell membrane
of the brush border region of the wall of the small intestine. These enzymes digest
dietary carbohydrate to monosaccharides which are absorbed through the intestinal
wall. They include sucrase, maltase, isomaltase, lactase, trehalase, and hetero-
B-glucosidase. In the late 1970s, it was realized that inhibition of all or some of these
activities could regulate the absorption of carbohydrate, and that these inhibitors could
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be used therapeutically in the oral treatment of the noninsulin-dependent diabetes
mellitus (NIDDM or type 2 diabetes) [97]. Acarbose (110) is a potent inhibitor of pig
intestinal sucrase with an ICs, value of 0.5 wM and it was also effective in carbohydrate
loading tests in rats and healthy volunteers, reducing postprandial blood glucose and
increasing insulin secretion [98]. After intensive clinical development, acarbose
(Glucobay) was firstlaunched in Germany in 1990 and has been successfully marketed
in Europe and Latin America. In 1996, it was introduced onto the market in the United
States under the brand name Precose.

Valiolamine (111), an aminocyclitol produced by Streptomyces hygroscopicus var.
limoneus, is a potent inhibitor of pig intestinal maltase and sucrase, with ICsq values of
2.2 and 0.049 wM, respectively [99]. Numerous N-substituted valiolamine derivatives
were synthesized to enhance its a-glucosidase inhibitory activity in vitro and the very
simple derivative voglibose (112) which is obtained by reductive amination of
valiolamine with dihydroxyacetone, was selected as the potential oral antidiabetic
agent [100]. Its ICs, values toward maltase and sucrase were 0.015 and 0.0046 uM,
respectively. Voglibose (brand name Basen) has been commercially available for the
treatment of type 2 diabetes in Japan since 1994 (Figure 5.9).

Mulberry leaves have traditionally been used to cure “Xiao-ke” (diabetes) in
Chinese medicine. The strong inhibition of digestive a-glucosidases by DNJ attracted
the interest of various research groups and a large number of N-substituted DNJ
derivatives were prepared in the hope of increasing the in vivo activity. Miglitol (113)
was identified as one of the most favorable candidates showing a desired glucosidase
inhibitory profile [101]. Miglitol differs from acarbose in that it is almost completely
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Fig. 5.9 Structures of a-glucosidase inhibitors in clinical
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absorbed from the intestinal tract, and may possess systemic effects in addition to its
effects in the intestinal border [102,103]. In 1996, Glyset (miglitol) tablets were
granted market clearance by the US Food and Drug Administration (FDA) and
introduced onto the market in 1999 as a more effective second-generation a-
glucosidase inhibitor with fewer gastrointestinal side effects. In 2006, it was
introduced onto the market in Japan under the brand name Seibule.

a-Glucosidase inhibitors are especially suitable for patients whose blood glucose
levels are slightly above normal and can also be beneficial to those having high blood
glucose immediately after eating, a condition known as postprandial hyperglycemia.
These drugs slow the rate at which carbohydrates are broken down into mono-
saccharides in the digestive tract and therefore lengthen the digestive process. Other
antidiabetic agents such as sulfonylureas and biguanides sometimes are prescribed
in combination with a-glucosidase inhibitors to help increase the effectiveness of this
therapy. The protective effects of a-glucosidase inhibitors have been reported for
various diabetic complications. Interestingly, a-glucosidase inhibitors are also
being studied as a possible treatment for heart disease, a common complication
in diabetic patients. Although repetitive postprandial hyperglycemia increases
ischemia/reperfusion injury, this effect can be prevented by treatment with o-
glucosidase inhibitors [104].

5.3.1.2 Glycogen Phosphorylase Inhibitors

In type 2 diabetes, hepatic glucose production is increased [105]. A possible way to
suppress hepatic glucose production and lower blood glucose in type 2 diabetes
patients may be through inhibition of hepatic glycogen phosphorylase [106]. Fos-
gerau et al. reported that in enzyme assays DAB (5) is a potent inhibitor of hepatic
glycogen phosphorylase [107]. Furthermore, in primary rat hepatocytes, DAB was
shown to be the most potent inhibitor (ICso 1 M) of basal and glucagon-stimulated
glycogenolysis ever reported [108]. Jakobsen et al. have reported that (3R,4R,5R)-5-
hydroxymethylpiperidine-3,4-diol (isofagomine, 114) synthesized chemically is a
potentinhibitor of hepatic glycogen phosphorylase, with an ICsq value of 0.7 wM, and,
furthermore, is able to prevent basal- and glucagon-stimulated glycogen degradation
in cultured hepatocytes, with ICsy, values of 2-3uM [109]. However, its
N-substitution always resulted in a loss of activity compared to the parent compound,
and fagomine ((2R,3R,4R)-5-hydroxymethylpiperidine-3,4-diol) was a weak inhibitor
of this enzyme, with an ICsy value of 200 uM [109]. Glycogen phosphorylase
inhibitors would be a beneficial target to attack in the development of new anti-
hyperglycemic agents.

5.3.1.3 Herbal Medicines

Current scientific evidence demonstrates that morbidity and mortality of diabetes
can be eliminated by aggressive treatment with diet, exercise, and new pharmaco-
logical approaches to achieve better control of blood glucose levels. In recent years,
the possibility of preventing the onset of diabetes using dietary supplements and/or
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herbal medicines has attracted increasing attention. Mulberry leaves have been
shown to have some antidiabetic properties. It was found that mulberry leaf extract
administered in a single dose of 200 mg/kg led to significant improvements in blood
glucose levels in streptozotocin (STZ)-induced diabetic mice [110]. A study of 24
humans with type 2 diabetes found that patients treated with the mulberry agent
showed significant improvement in blood glucose control compared to a group
treated with glibenclamide [111]. It is known that DNJ, fagomine, and DAB are
present in mulberry leaves [10]. Evaluation for antihyperglycemic effects in STZ-
induced diabetic mice has been carried out with fagomine [112]. Fagomine sig-
nificantly reduced the blood glucose level 2 h after intraperitoneal administration and
its effect was sustained for 2-6h after administration. The effect of fagomine on
immunoreactive insulin (IRI) release was investigated with the perfused pancreas of
normal rats. The 8.3 mM glucose-induced IRI release was increased in the presence
of fagomine in a concentration-dependent manner. The antihyperglycemic effects of
the mulberry leaf extract would appear to be a combination of a-glucosidase
inhibition by DNJ and related compounds, the insulin-releasing effect of fagomine,
and glycogen phosphorylase inhibition by DAB.

Thus, although traditional herbal medicines are candidates for diabetes preven-
tion, it is very important to give scientific evidence for their antidiabetic effects.
Commelina communis (Commelinaceae) has been used in traditional Chinese med-
icine as an antipyretic for noninfectious fever and to treat ascites, edema, and
hordeolum [113], and is now very popular in Korea for the treatment of diabetes [114].
The MeOH extract of this plant shows strong inhibitory activity against porcine
intestinal a-glucosidases and contains DNJ (1), DM] (24), DMDP (25), o-HNJ (37),
and 7-B-Glc-a-HNJ (38) [115]. Alkaloids 1, 37, and 38 are very potent inhibitors of
digestive a-glucosidases, and DMDP as well as fagomine shows antihyperglycemic
effects in STZ-induced diabetic mice [112]. These results support the pharmacolo-
gical basis of this herb, which has been used as a folklore medicine for the treatment
of diabetes.

5.3.2
Molecular Therapy for Lysosomal Storage Disorders

Experimental data show that some human genetic diseases are due to mutations in
proteins that influence their folding and lead to retention of mutant proteins in the
endoplasmic reticulum (ER) and successive degradation [116,117]. Lysosomes are
membrane-bound cytoplasmic organelles that serve as a major degradative com-
partment in eukaryotic cells. The degradative function of lysosomes is carried out
by more than 50 acid-dependent hydrolases contained within the lumen [118].
Glycosphingolipid (GSL) storage diseases are genetic disorders in which a muta-
tion of one of the GSL glycohydrolases blocks GSL degradation, leading to
lysosomal accumulation of undegraded GSL [119]. Possible strategies for the
treatment of these lysosomal storage diseases include enzyme replacement ther-
apy, gene therapy, substrate deprivation, and bone marrow transplantation. The
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successful treatment for such diseases to date is enzyme replacement therapy for
patients with type 1 Gaucher disease and Fabry disease. However, this enzyme
replacement therapy is only useful in diseases in the absence of neuropathology
since enzymes do not cross the blood—brain barrier, and another problem in this
therapy is the cost, which prevents many patients from obtaining the treatment. In
recent years, remarkable progress has been made in developing a molecular
therapy for GSL storage disorders [3,4,120,121]. There are two novel approaches
in this field. One is substrate reduction therapy and another is pharmacological (or
chemical) chaperone therapy.

5.3.2.1 Substrate Reduction Therapy

As long as the biosynthesis of substrate continues together with a decrease in the
corresponding enzyme activity, the pathological accumulation of undegraded sub-
strate in the lysosomes proceeds. The aim of substrate reduction therapy is to reduce
GSL substrate influx into the lysosomes by inhibitors of GSL synthesis. N-Butyl-DNJ
(miglustat, Zavesca, 115) is an inhibitor of ceramide-specific glucosyltransferase [122].
Miglustat is the first orally active agent in the treatment of type 1 Gaucher disease.
Gaucher disease is the most common lysosomal storage disorder caused by a
deficiency of lysosomal B-glucosidase (known as B-glucocerebrosidase), resulting
in the progressive accumulation of glucosylceramide. Type 1 Gaucher disease is
nonneuronopathic and sometimes called the “adult” form. Ceredase in 1991 and its
recombinant successor Cerezyme in 1994 were introduced as the enzyme replace-
ment therapy of this type. In 2001, Genzyme released preclinical data supporting
Genz-78132 (116) as the second-generation substrate reduction agent. The company
has reported that Genz-78132 is 100-5000 times more potent in vitro for inhibition of
cell surface ganglioside GM1, an indicator of glycosphingolipid synthesis, than the
first-generation miglustat and N-(5-adamantane-1-yl-methoxypentyl)-DNJ (117).
Furthermore, Genz-78132 is at least 20 times more potent in vivo than 117, the
most potent DNJ derivative [123]. Although there is no supporting clinical data, in
preclinical studies Genz-78132 has a substantially greater therapeutic index than the
first-generation inhibitors, which have shown limited efficacy and significant toxicity
(Figure 5.10).

5.3.2.2 Pharmacological Chaperone Therapy

The concept of pharmacological chaperone therapy is that an intracellular activity
of misfolded mutant enzymes can be restored by administering competitive
inhibitors that serve as pharmacological chaperones. These inhibitors appear to
act as a template that stabilizes the native folding state in the ER by occupying the
active site of the mutant enzyme, thus allowing its maturation and trafficking to the
lysosome [120]. This concept was firstintroduced with Fabry disease [124]. Residual
a-galactosidase A (a-Gal A) activity in lymphoblasts derived from Fabry patients
and in tissues of R301Q a-Gal A transgenic mice was enhanced by treatment with
1-deoxygalactonojirimycin (DGJ, 118), a competitive inhibitor of a-Gal A with a K;
value of 40nM. Yam et al. showed that DGJ induces trafficking of ER-retained
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glucosyltransferase inhibitors.

R301Q «-Gal A to lysosomes of transgenic mouse fibroblasts, and DG]J treatment
results in efficient clearance of the substrate, globotriaosylceramide (Gb3) [125]. By
testing a series of a-Gal A inhibitors for both in vitro inhibitory and chaperoning
activities in lymphoblasts from Fabry patients, it was demonstrated that a potent
inhibitor shows an effective chaperoning activity, whereas less-potent inhibitors
require higher concentrations to achieve the same effect [126]. DGJ, a-homo-
galactonojirimycin (119), 42, and 52 are inhibitors of a-Gal A with ICs, values of
0.04, 0.21, 4.3, and 16 pM, respectively, and the respective addition at 100 uM to
culture medium of Fabry lymphoblasts increases the intracellular a-Gal A activity
14-, 5.2-, 2.4-, and 2.3-fold. Thus, potent and specific inhibitors of lysosomal
glycosidases are expected to have therapeutic effects at lower concentrations
(Figure 5.11).

Sawker et al. reported that N-nonyl-DNJ (120) is a potent inhibitor of lysosomal
B-glucosidase, with an ICso value of 1M, and the addition of a subinhibitory
concentration (10 wM) of this compound to a fibroblast culture medium leads to a
two-fold increase in the mutant (N370S) enzyme activity [127]. Examination of a
series of DNJ analogs on the residual activities of various lysosomal B-glucosidase
variants has revealed that the nature of the alkyl moiety greatly influences their
chaperoning activity: N-Butyl-DN] is inactive, the DNJ derivatives with N-nonyl and
N-decyl chains are active, and N-dodecyl-DNJ is predominantly inhibitory
[128]. However, it is also known that N-nonyl-DNJ is a potent inhibitor of ER
processing a-glucosidases like N-butyl-DNJ, and hence has potential as an antiviral
agent to inhibit folding and trafficking of viral envelope glycoproteins [129,130].
Inhibitors targeting a host function such as ER processing a-glucosidases must
be carefully considered in terms of side effects since they may inhibit
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lysosomal storage disorders.

folding, secretion, and trafficking of other glycoproteins in patient’s cells or may
inhibit directly lysosomal a-glucosidase after being taken up into cells. In fact,
addition of N-nonyl-DNJ at 10 uM lowered the cellular lysosomal a-glucosidase
activity by 50% throughout the assay period (10 days) in spite of its excellent
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chaperoning activity for the mutant B-glucosidase. The inhibition of lysosomal
a-glucosidase as the side effect may induce storage of glycogen in the lysosomes,
as observed in Pompe disease. On the other hand, a-1-C-octyl-DNJ (121), with a K;
value of 0.28 uM, showed a novel chaperoning activity for N370S Gaucher variants,
minimizing the potential for undesirable side effects such as lysosomal a-glucosidase
inhibition [131]. In addition, isofagomine [132], a-6-C-nonylisofagomine (122) [133],
and a-1-C-nonyl-1,5-dideoxy-1,5-imino-D-xylitol (123) [134] are very potent inhibitors of
lysosomal B-glucosidase and candidates as pharmacological chaperones for Gaucher
disease.

5.4
Concluding Remarks and Future Outlook

From the success of a-glucosidase inhibitors as antidiabetic agents and neurami-
nidase inhibitors as anti-influenza drugs, the practical uses of glycosidase inhibitors
appear to be limited to diabetes and viral infection. However, since glycosidases
are involved in a wide range of anabolic and catabolic processes of carbohydrates,
their inhibitors could have many kinds of beneficial effects as therapeutic
agents. Pharmacological chaperone therapy for lysosomal storage disorders is a
quite new application of glycosidase inhibitors. Although the safety and effective-
ness of enzyme replacement therapy for such diseases were demonstrated in type 1
Gaucher disease and Fabry disease, the application is restricted to nonneurono-
pathic diseases since enzyme proteins do not cross the blood-brain barrier. Phar-
macological chaperone therapy and substrate reduction therapy with small
molecules are attracting considerable interest, particularly for neuronopathic lyso-
somal storage disorders. Many inhibitors of lysosomal glycosidases are waiting for
the evaluation of pharmacological chaperone therapy for such diseases and some of
them are in preclinical or phase I/II clinical trials (Amicus Therapeutics Inc.,
Cranbury, NJ).
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Neurotoxic Alkaloids from Cyanobacteria
Rashel V. Grindberg, Cynthia F. Shuman, Carla M. Sorrels, Josh Wingerd,
William H. Gerwick

6.1
Introduction

Toxic cyanobacterial blooms in brackish or freshwater environments have
attracted the attention of both researchers and the general public for many years.
George Francis of Adelaide, Australia, published the first scholarly description of a
freshwater cyanobacterial bloom in 1878 [1]. His letter to Nature described a “thick
scum’” of what he believed to be Nodularia sp. in an estuary of the Murray River in
Australia. Since that time an increase in harmful algal blooms, thought to be
partially influenced by an increase in detergent and fertilizer runoff, has led to
global concern over human health and environmental aspects [2]. There are an
estimated 40 genera of cyanobacterial species that are responsible for the produc-
tion of freshwater and marine cyanobacterial toxins. These toxins can be grouped
according to their toxic mechanism in vertebrates as hepatotoxins (e.g. micro-
cystin and nodularin), general cytotoxins (e.g. cylindrospermopsin), neurotoxins
(e.g. anatoxins and saxitoxins), and irritant and dermatoxins (e.g. lipopolysacchar-
ides and lyngbyatoxin). Of these, the microcystins, nodularins, anatoxins, sax-
itoxins, and cylindrospermopsin are currently recognized as potential health
hazards that should be monitored in drinking and bathing water. As the demand
for fresh drinking water increases, and methods for detection and characterization
continue to improve, additional cyanobacterial toxins will undoubtedly be added to
this list.

This chapter reviews the nitrogen-containing neurotoxic compounds produced by
cyanobacteria, and follows an earlier review in this series which more broadly covered
the alkaloid chemistry of these life forms from the marine environment [3]. A
description of the discovery, isolation, structural elucidation, biosynthesis, mechan-
ism of action, structure—activity relationship (SAR), and some aspects of chemical
synthesis of cyanobacterial toxins is provided.

Historically, inquiries have been prompted by toxic cyanobacterial events, and
the first section of this chapter will describe compounds discovered through such

Modern Alkaloids: Structure, Isolation, Synthesis and Biology. Edited by E. Fattorusso and O. Taglialatela-Scafati
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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investigations. Considerable research throughout the twentieth century has
focused on toxic freshwater cyanobacterial blooms, detection of toxins, and pre-
ventative measures to protect both livestock and human populations. However, it
was not until the mid-1970s that isolation and structural elucidation of the
extremely potent cyanobacterial neurotoxins anatoxin-a and saxitoxin was achieved.
Anatoxin-a is a nicotinic acetylcholine (nACh) receptor agonist (Figure 6.1), and
saxitoxin selectively blocks sodium channels in excitable membranes (Figure 6.2).
These neurotoxins, together with analogs, have proven to be invaluable bio-
medical tools for the characterization of neuronal nACh receptors and ion-gated
channels.

Neurotoxic events linked to cyanobacteria are not limited to freshwater or marine
conditions. For example, there is growing evidence that the neurological condition
amyotrophic lateral sclerosis—parkinsonism-dementia complex (ALS-PD) is caused
by consumption of B-methylaminoalanine (BMAA). BMAA is found in cyanobacteria
which grow in the tissues of plants and is possibly biomagnified in the food chain in
areas affected by ALS-PD.

Recognition that the secondary metabolites produced by cyanobacteria represent
an untapped reservoir of chemically rich compounds prompted more focused efforts
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Fig. 6.2 (a) Normal propagation of nerve impulses
requires influx of sodium ions (small circles) into cells via
voltage-gated sodium channels. (b) Saxitoxin, neosaxitoxin,
and kalkitoxin (large circle) block the channel and prevent
influx of ions. Antillatoxin (crescent) acts by specifically
activating voltage-gated sodium channels through binding
to an allosteric site.

to discover unique compounds from these sources. This effort has led to the
discovery of several important neurotoxic alkaloids from marine cyanobacteria:
the antillatoxins, jamaicamides, and kalkitoxins, which will be the focus of the
second section of this chapter. Antillatoxin, isolated from a shallow-water collection of
Lyngbya majuscula, is an elegant example of bioassay-guided isolation of a potent
neurotoxin from marine cyanobacteria. The jamaicamides are an extraordinary
example of the focus on elucidating the biosynthetic pathways of cyanobacterial
secondary metabolites. The phenomenal potential of such endeavors, and the unique
enzymes they are revealing, is only just now being realized. Finally, kalkitoxin will
also be an important biomedical tool because its interaction with neuronal voltage-
gated sodium channels (VGSC) is distinct from that of other natural product derived
VGSC mediating neurotoxins, such as antillatoxin.

6.2
Neurotoxic Alkaloids of Principally Freshwater and Terrestrial Cyanobacteria

6.2.1
Anatoxin-a, Homoanatoxin-a, Anatoxin-a(s), and Analogs

The anatoxins are neurotoxins produced by freshwater cyanobacteria that have
caused periodic poisonings of wildlife, livestock, fowl, and fish in several countries.
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Fig. 6.3 Structures of anatoxin-a, homoanatoxin-a, and
anatoxin-a(s).

These toxins are composed of the structurally related alkaloids anatoxin-a,
homoanatoxin-a, and synthetic analogs, as well as the phosphate ester of a cyclic
N-hydroxyguanidine, anatoxin-a(s) (Figure 6.3). The path to the isolation and
characterization of these compounds began in the early 1960s when toxic strains
were obtained from blooms of Anabaena flos-aquae (Lyngb.) de Bréb., which caused
cattle poisoning at Burton Lake in Saskatchewan, Canada [4]. The toxic effect on mice
was rapid (2-5min) and the toxin, now known as anatoxin-a, was therefore named
very fast death factor (VFDF) [4].

6.2.1.1 Anatoxin-a

Anatoxin-a is a naturally occurring homotropane alkaloid produced by freshwater
cyanobacteria of the genera Anabaena (A. flos-aquae and A. circinalis), Aphanizome-
non, Cylindrospermum, Planktothrix, Microcystis aeruginosa [5—7], and Phormidium
favosum [8]. Fatal intoxications have typically included cattle and birds [9], and, more
recently, dogs [8] and flamingos [10].

Anatoxin-a, the first highly potent cyanotoxin to have its structure and absolute
stereochemistry elucidated, was originally isolated from a unialgal clone of
Anabaena flos-aquae (NRC-44h) [5]. The structure was confirmed by X-ray crystal-
lographic data for the N-acetyl derivative [11] and additional studies have since
provided further proof for the structure and stereochemistry (for example, [12]).
Anatoxin-a is an unsymmetrical bicyclic secondary amine, and was the first
naturally occurring alkaloid discovered to contain a 9-azabicyclo[4,2,1jnonane
(homotropane) skeleton. Homotropanes are one-carbon analogs of the tropanes
and, as such, are structurally closely related to the well-known alkaloid
cocaine.

The biosynthesis of anatoxin-a in Anabaena flos-aquae has been examined using
feeding experiments with "*C-labeled glutamate and acetate, indicating an inter-
mediate formed by glutamic acid and three acetate units (Figure 6.4) [13,14]. This
experiment showed that the entire Cs carbon skeleton of [**Cs]-(S)-glutamate was
incorporated into anatoxin-a, and thus demonstrated that the biochemical mechan-
ism of the assembly of the carbon skeleton of anatoxin-a and homoanatoxin-a differs
from the structurally similar homotropane and tropane alkaloids, such as tropine and
cocaine. This was in conflict with previous reports postulating incorporation of the
C, diamine putrescine into anatoxin-a [15,16].



6.2 Neurotoxic Alkaloids of Principally Freshwater and Terrestrial Cyanobacteria

Q
CoMH 7 @: g
I

Anatoxin-a COyH
HO,C +
Glutamic acid 3 x Acetate

Fig. 6.4 Biosynthetic subunits to anatoxin-a from feeding
various labeled substrates [13].

Anatoxin-a is an extremely potent nicotinic acetylcholine (nACh) receptor agonist,
mimicking the neurotransmitter acetylcholine (ACh) as a depolarizing neuromus-
cular agent but with higher affinity than ACh itself [17]. Unlike ACh, anatoxin-a is not
hydrolyzed by acetylcholinesterase. These two mechanisms lead to an over-stimula-
tion of muscle tissue and resulting toxicity characterized by paralysis of the respira-
tory and peripheral skeletal muscles. In turn, this leads to tremors, convulsions, and
eventually respiratory failure and death. The toxicity has been well characterized in a
number of different biological systems (for example, refs [17-19] and references
therein). Originally, the toxic effect of a crude toxin preparation was studied in calves,
rats, ducks, and goldfish, as well as in isolated muscle such as rat, duck, and pheasant
sciatic nerve-gastrocnemius, frog rectos abdomens, and guinea pig ileum by
Carmichael and coworkers in the 1970s [20,21]. Anatoxin-a exerts its toxic effect
primarily through binding muscle nACh receptors, leading to the observed muscle
paralysis and respiratory failure.

Anatoxin-a has been a key biomolecular tool for exploring structural features of
nACh receptors. Owing to the inability of acetylcholinesterase to degrade ana-
toxin-a and its analogs, these compounds can be used to mimic ACh to study
mechanisms of binding and nACh receptor function. Recent research with this
drug has focused on neuronal nACh receptors and developing a detailed under-
standing of its pharmacology and mechanism of action; these studies have been
enhanced by the SAR studies discussed above. The natural enantiomer binds with
high affinity to the a4B2 nicotinic receptor (K;=0.34nM) as compared to o334
and a7 nicotinic receptors (K;=2.5 and 91nM, respectively) (see ref. [22] and
references therein). The successful syntheses of analogs specific to neuronal
subtypes could be of great value to the treatment and study of a wide range of
neurological conditions.

The unique structure of anatoxin-a, and its potential as a pharmacological tool, has
inspired many different chemical syntheses of anatoxin-a and analogs. The earliest
synthesis, in 1977, used (—)-cocaine as starting material [23]. Subsequently, there
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have been numerous approaches to its synthesis from acyclic or commercially
available cyclic starting materials. These have included ring expansion of tropanes,
cyclization of cyclooctanes, cyclization of iminium salts, cycloaddition of nitrones,
and electrophilic cyclization of allenes, all of which have been thoroughly reviewed up
to 1996 [24]. Additional synthetic approaches since then have utilized palladium-
mediated transannular cyclization [25], B-lactam ring opening [26,27], enyne metath-
esis [28-30], and diastereoselective cycloaddition of dichloroketene [31]. In 2000,
(—)-cocaine was used to obtain enantiopure (+)-anatoxin-a in an approach that has
since yielded a number of biologically active analogs [32]. Indeed, the variety of
approaches employed for anatoxin-a synthesis has produced a wide range of
structural analogs.

The SARs of anatoxin-a and analogs have been extensively studied [33-36], and
only a few important findings dealing with chirality, conformation, and other
structural features of anatoxin-a and homologs will be summarized here. A recent
review that addresses the chemistry and pharmacology of anatoxin-a and analogs
provides a more detailed treatment of this topic [37].

The naturally occurring enantiomer, (+)-anatoxin-a, is much more potent than (—)-
anatoxin-a [38]. For example, using conditions that preferentially labeled rat brain
a4p2 nACh receptors with [*H]nicotine, the natural enantiomer was found to be
1000-fold more potent than (—)-anatoxin [39]. This enantiospecificity of anatoxin-a
has provided an excellent tool for probing the stereospecificity of the ACh binding site
on the nicotinic receptor.

As compared to the natural ligand ACh, the conformation of anatoxin is relatively
rigid, with only one rotatable bond as compared to four in ACh. This simplifies the
ability to correlate the structural conformation of the ligand to efficacy, and, conse-
quently, attention has been directed toward determining the active conformation
through the use of sterically constrained analogs of the s-cis and s-trans conformers of
anatoxin-a [19,40—44]). Although current evidence leans toward s-trans as the active
conformation, conclusive evidence, such as a crystal structure of (+)-anatoxin-a in
complex with an nACh receptor, is still needed.

The synthesis of anatoxin-a analogs has primarily focused on modifications at N-9
or C-10 and C-11, as these are relatively accessible by synthesis and are important for
bioactivity. N-Methylation at N-9 results in reductions in activity, as measured by
toxicity, binding to neuronal nACh receptors, and activation of muscle nACh
receptors [34,37,45]. A variety of modifications at C-10 also resulted in reduced
activity [46]. Interestingly, two N-alkoxy amide variants retained more affinity for the
neuronal a4B2 nACh receptors as compared to the neuronal a7 or muscle nACh
receptors, opening the possibility that anatoxin-a homologs could demonstrate
subtype specificity. Modifications at C-11 have been more successful. Extension
of this position by one methylene unit resulted in homoanatoxin-a, a homolog with
similar activity to anatoxin-a [33] and which was subsequently isolated from natural
sources (see below). Ensuing studies have investigated the influence of steric bulk
[26] and altered functionality [36] at C-11 on ligand-receptor interactions. In addition,
hybrids of anatoxin-a and other nicotinic ligands have been useful both for probing
the SAR of nACh receptor-ligand interactions and for generating drug leads. Kanne
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and coworkers synthesized structurally constrained anatoxin/nicotine variants in the
late 1980s [40—42], a theme that has also been pursued by Seitz and coworkers [43].
Several generations of epibatadine/anatoxin-a homologs have been synthesized and
used to probe the SAR of subtypes of neuronal a4p2, a7, and a384 nACh receptors
37,47].

At present, there is no antidote for poisoning by anatoxin-a, making prevention
and early detection of contaminated water essential. A wide variety of approaches
have been utilized for detection of both anatoxin-a and homoanatoxin-a, including
high performance liquid chromatography (HPLC), GC-MS, LC-MS, and capillary
electrophoresis-based methods (see refs [48,49] and references therein). Anatoxin-
a is sensitive to sunlight and high pH and the metabolites created by photo-
chemical- or oxygen-mediated degradation, such as dihydroxyanatoxin-a, may not
be toxic. These oxidative derivatives represent potentially important biomarkers of
toxicity that may also be included in detection assays. For example, James
and coworkers [50] described the simultaneous determination of anatoxin,
homoanatoxin-a and their dihydro and epoxy degradation products by HPLC
using derivatization with 4-fluoro-7-nitro-2,1,3-benzoxadiazole and fluorimetric
detection.

6.2.1.2 Homoanatoxin-a

Homoanatoxin-a, obtained from various freshwater cyanobacteria, is a relatively rare
natural analog of anatoxin-a for which the C-11 side chain is extended by one
methylene unit (Figure 6.4). [t was originally isolated from Planktothrix sp. (formerly
Oscillatoria) in 1992 [51]. It has recently been isolated from Raphidiopsis mediterranea
Skuja from Japan [52] and Planktothrix (formerly Oscillatoria) formosa blooms in
Ireland [53].

The total synthesis of homoanatoxin-a, as an analog of anatoxin-a, was also
accomplished in 1992 [33]. It is a potent nicotinic agonist active at the postsynaptic
nicotinic ACh receptor channel complex [54]. Although not as potent as anatoxin-a,
homoanatoxin-a has provided valuable insight for SAR studies of anatoxin-a and its
homologs.

Biosynthesis of homoanatoxin-a was examined using Oscillatoria formosa and a
mechanism similar to that for anatoxin-a was proposed [13,14]. The origin of the C-12
methyl group that distinguishes homoanatoxin-a from anatoxin-a, was shown
through feeding experiments performed with 1-[methyl-'>C]-methionine in the
culture of Raphidiopsis mediterranea Skuja. It was proposed that the S-methyl of
methionine is transferred to the toxin via S-adenosyl-i-methionine (SAM)-mediated
methylation [55].

6.2.1.3 Anatoxin-a(s)

Anatoxin-a(s) is produced in both Anabaena flos-aquae [56] and Anabaena lemmer-
mannii [57]. The symptoms of anatoxin-a(s) intoxication are similar to those of
anatoxin-a but cause increased salivation in vertebrates; hence, the similarity in the
names of these compounds with the (s) added to indicate “salivation” [18]. The
structures, however, are quite different, as are the mechanisms of action.
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Anatoxin-a(s) was originally isolated from A. flos-aquae in 1963 from Buffalo
Pound Lake, Saskatchewan, Canada [56]. The structure was determined in 1989 by
the Moore group [58]. Anatoxin-a(s) is a naturally occurring organophosphate that is
similar in structure to synthetically produced organophosphate-based insecticides
(Figure 6.4). Although organophosphate-based acetylcholinesterase inhibitors have
been found in terrestrial bacteria, such as Streptomyces antibioticus [59], anatoxin-a(s)
is the only known example produced by cyanobacteria.

Biosynthesis of anatoxin-a(s) has been investigated in Anabaena flos-aquae through
feeding experiments with a series of labeled precursors. The amino acid 1-arginine
was identified as the source of the carbons of the triaminopropane backbone and the
guanidine function [60], and (2S,4S)-4-hydroxyarginine was shown to be an inter-
mediate in the biosynthetic pathway [13,14].

Anatoxin-a(s) inhibits acetylcholinesterase by acting as an irreversible active-site-
directed inhibitor [61]. This prevents degradation of ACh and leads to over-stimula-
tion of the muscle cells (Figure 6.1) [56,62]. Thus, although the mechanism of action
of anatoxin-a(s) is quite different from that of anatoxin-a, the observed toxicity is
similar. In addition, it was the first irreversible acetylcholinesterase inhibitor to be
found in a cyanobacterium.

Carmichael speculates that anatoxin-a(s), being more water soluble than other
insecticides and more biodegradable, could be a theoretical starting point for
designing safer insecticides. This depends upon whether the analogs could penetrate
the lipid-rich exoskeletons of insects. Thus, “by tinkering with the structure of
anatoxin-a(s), investigators might be able to design a compound that would minimize
accumulation in tissues of vertebrates but continue to kill agricultural pests” [18].
Appealing as this idea is, to date there are no reports of a successful reduction-to-
practice of this concept.

6.2.2
[3-Methylaminoalanine

Amyotrophic lateral sclerosis, parkinsonism, and dementia are neurodegenerative
diseases commonly diagnosed throughout the world; however, in a few specific
locations the clinical symptoms of these three diseases combine into a single fatal
disorder known as amyotrophic lateral sclerosis—parkinsonism-dementia complex
(ALS-PD) also known as “lytico-bodig.” This rare disease is commonly seen in certain
regions of the eastern Pacific including Irian Jaya in Indonesia, the Kii peninsula in
Japan, and among the Chamorro population of Guam [63].

ALS-PD is a disease of the upper and lower motor neurons characterized by
muscular atrophy, weakness, spasticity, slowed movements, tremors, and rigidity, as
well as cognitive dysfunctions or dementia similar to that seen in patients diagnosed
with Alzheimer’s disease [64,65]. While the disease is found in all three regions
mentioned above, most of the etiological studies have focused on the Chamorro
population of Guam. In the 1950s, it was determined that the incidence rate of
ALS-PD in Guam was 50-100 times that of more-developed countries [66]. Extensive
studies of familial genealogy showed no indication of familial clustering or genetic
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inheritance. Other studies showed no apparent viral or transmissible factors com-
mon to the disease, leading to the proposal that an environmental agent was a
contributing factor [64].

Field studies in each of the three high-incidence regions focused on commonalities
in customary food and medicinal sources, and revealed that palm-like plants from the
family Cycadaceae were commonly used in all three regions. Six of the nine genera of
these primitive seed plants, mainly found in the tropics and subtropics, are
implicated in initiating toxic symptoms in man or higher animals [67,68]. The
Chamorro people used cycad plants as a food source, particularly in the preparation of
flour, and recognized the toxicity of these seeds as indicated by their thorough
washing prior to use [63,69].

Plants of the family Cycadaceae were first connected to neurological disease in
1966 when Mason and Whiting reported a disorder in cattle involving irreversible
paralysis of the hindquarters after the ingestion of the leaves of four genera [67]. This
type of paralysis was also common in Australia and the West Indies [70] and was
attributed to being similar to classical lathyrism, a disease of the nervous system
found in higher animals after the consumption of B-oxalylaminoalanine (BOAA)
found in the chickling pea, Lathyrus sativus [64]. After careful analysis of Cycas
circinalis, amember of the Cycadaceae family, Vega and Bell identified the structurally
related amino acid B-methylaminoalanine (BMAA) as a possible culprit for the
neurotoxicity of these plants (Figure 6.5) [67].

After failed attempts to induce neurological symptoms similar to ALS-PD experi-
mentally by BMAA administration, investigations on cycad-derived BMAA as a
neurological agent were abandoned until 1987 when Spencer and coworkers were
able to induce a motor-system disorder with involvement of the upper and lower
motor neurons in macaque primates (Macaca fascicularis) [66]. The renewed interest
in BMAA as a neurotoxin led to the question of its connection to ALS-PD in the
Chamorro people. Sieber and coworkers challenged the amount of cycad seed needed
to be consumed to produce neurotoxic effects, after studies showed no neurological
changes in primates fed large quantities of unprocessed cycad meal. Studies indicate
that 100 g of seed kernels processed into flour contain between 64 and 143 mg of
BMAA before processing, but after preparative washing, 80 % of the BMAA is washed
away [63]. Therefore, on average a person consuming two cycad tortillas per day
would ingest 1.1 mg/day BMAA, believed to be a nontoxic quantity [69]. The low
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Fig. 6.5 Structures of B-methylaminopropionic acid
(BMAA) and two related compounds, BOAA and NMDA
(see text for discussion).

147



148

6 Neurotoxic Alkaloids from Cyanobacteria

concentrations consumed and the prevalence of the use of cycad seed in many other
regions including Indochina, India, Fiji, and Australia for centuries without evidence
of increased incidence of neurological disease, led to the examination of other
sources for BMAA [71].

In 2003, Banack and Cox proposed that consumption of flying foxes during
traditional feasts by the Chamorro people may provide the required higher dosage
source of BMAA [72]. The abundant feeding by flying foxes on cycad seeds may
provide a means for transfer of large amounts of BMAA up the food chain to humans
[65]. The Chamorro people are known traditionally to celebrate during feasts by
consuming entire flying foxes, sometimes several in a single week [73]. Because
flying foxes are an endangered species in Guam, Banack, and Cox used skin-tissue
samples from museum specimens of Pteropus mariannus taken from the Museum of
Vertebrate Zoology (MVZ) at the University of California, Berkley to test for BMAA.
When compared to cycads, these skins contained quantities of BMAA between
1287 ng/g and 7502 pg/g [72]. The idea that the ingestion of flying foxes leads to
increased exposure to BMAA by humans correlates with a decline in the incidence of
neurological disease among the Chamorro people some 10-20 years after the collapse
of the flying fox population [73].

The notion that BMAA could be biomagnified through the Guam ecosystem led
Cox, Banack, and Murch to reinvestigate the distribution pattern of BMAA in various
tissues of Cycas micronesica. They found BMAA was concentrated in morphologically
specialized “coralloid” roots but not in the unspecialized roots. These specialized
roots were also found to contain a nitrogen-fixing cyanobacterium, identified as
Nostoc sp., which produces 0.3 ug BMAA per gram of cyanobacterial tissue. It was
subsequently shown that the BMAA concentration in these roots depended on the
health of the cyanobacterial partner [73]. Testing of various cyanobacterial cultures
obtained from the University of Dundee, Stockholm University, and the University of
Hawaii, as well as natural bloom samples, showed that 73 % of Nostoc sp. strains that
are normally in symbiotic relationships produce BMAA. This included Nostoc in
symbiosis with both Azolla filiculoides (2 ng/g) and Gunnera kaudiensis (4 ng/g). Both
free and protein-associated BMAA were quantified using fluorescent derivatization
of amino acids coupled with HPLC, and led to the finding that BMAA is present in all
five major taxonomic sections of cyanobacteria (Table 1). Cox and coworkers also
found BMAA production in 95 % (20/21) of the cyanobacterial genera tested and 97 %
(29/30) of the strains tested, including a marine Trichodesmium from a Hawaiian
bloom [74].

The emerging hypothesis is that cyanobacteria produce BMAA, which is then
biomagnified through first the cycad and then the flying fox trophic levels [73].
However, whether neurotoxicity results from the transfer of BMAA to humans by
consumption of contaminated food still remains uncertain. Cox and coworkers
examined the superior frontal gyrus from the deceased brains of six ALS-PD
patients from Guam, two Alzheimer’s patients from Canada, two asymptomatic
Chamorros, and 13 individuals with no signs of neurodegeneration. They found
BMAA in the brain tissues of the six Chamorro ALS-PD patients and in the two
patients from Canada, but BMAA was absent in the brain tissues of the 13
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Tab. 6.1 BMAA detected in both free and protein-associated forms in free-living cyanobacteria
derived from.

Protein-
Cyanobacterial Free BMAA associated
species/strains Section Habitat Origin (ng/g) BMAA (ng/g)
Microcystis PCC 7806 I Freshwater =~ The Netherlands 4 6
Synechococcus I Freshwater =~ USA 25 ND
PCC 6301
Myxosarcina 11 Marine coral Marshall Islands 79 1,943
burmensis GB-9-4
Lyngbya majuscula III  Marine Zanzibar 32 4
Symploca PCC 8002 111 Marine, UK 3 262
intertidal
Trichodesmium III  Marine Caribbean 145 8
thiebautii
Anabaena variabilis v Freshwater =~ USA 35 ND
ATCC 29413
Cylindrospermopsis IV Freshwater  Australia 6,478 14
raciborskii CR3
Nostoc sp. v Marine Hawaiian 1,243 1,070
CMMED 01 Islands
Fischerella PCC 7521 Vv Yellowstone ~ USA 44 175
hot spring
Scytonema PCC 7110 \% Limestone Bermuda ND 1,733

cave

individuals without neurodegenerative disease [73]. That BMAA was found in the
brain tissues of patients from Canada where cycads are not a part of the normal flora
or diet suggests that cyanobacteria ingested from other foods may also be a source of
BMAA [74].

Because BMAA may be involved in neurodegenerative diseases, understanding
the mechanism of action of this nonprotein amino acid is important. A long latency
period is known between exposure to BMAA and the occurrence of ALS-PD in the
Chamorros; onset of disease occurs mostly in adults over 40 years [75]. As a result,
Spencer suggested in 1991 that BMAA may act as a ““slow toxin.” If ALS-PD is caused
by BMAA, then it seems necessary that a buildup of BMAA must develop. This is
required because at present there are no known environmental neurotoxins which
produce a significantly delayed onset of symptoms as well as a progressive neuro-
logical disease from a single exposure. The amino acid nature of BMAA would
initially suggest that it is a poor candidate for biomagnifications, because it is not
lipophilic and will not accumulate in fatty tissues as has been determined for other
environmental agents. However, because it is an amino acid, it may be incorporated
into proteins. Murch, Cox, and Banack explored this idea by looking for a “bound” or
protein-associated form of BMAA. They found a 60-130-fold greater quantity of
BMAA in the protein form than was recovered from the free amino acid pool
throughout most of the trophic stages of the Guam ecosystem. Figure 6.6 shows a
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Fig. 6.6 Comparison of free and protein-associated BMAA
biomagnified in the Guam ecosystem.
Source: Redrawn from ref. [76].

comparison of the biomagnification of both the free and the protein-associated form
of BMAA in Guam.

It has been suggested that BMAA in protein may function as an endogenous
neurotoxic reservoir in humans, and may slowly release the neurotoxin directly into
the brain during protein metabolism. Incorporation of a nonproteinaceous amino
acid into a protein may have other serious impacts, such as creating proteins of
aberrant function or occurrence [76].

The involvement of BMAA in neurodegenerative disease is still a controversial
topic. The debate centers around the lack of an animal model to demonstrate the
direct onset of the symptoms of ALS-PD after exposure to BMAA [76]. However, in
vitro studies on explanted fetal mouse spinal cord [77] indirectly indicate that BMAA
may act on glutamate receptors in a manner similar to other excitatory amino acids,
including BOAA [78]. Of the three subtypes of glutamate receptors, differentiated by
their preferred activation by N-methyl-p-aspartate (NMDA), quisqualate, or kainate,
BOAA appears to operate on those activated by kainate while BMAA is thought to
operate on receptors activated by NMDA [77]. Specifically, BOAA was found to be
blocked by a broad spectrum of glutamate antagonists but not by NMDA antagonists
while the effects of BMAA are blocked by specific NMDA antagonists [64]. However,
BMAA may not function solely as an agonist of NMDA receptors. Copani and
coworkers showed that BMAA may also be an activator of “metabolotropic” gluta-
mate receptors and Weiss and coworkers showed that the mechanism of action may
be dependent on the concentration of BMAA present. In this latter study, it was found
that BMAA is active on non-NMDA receptors (kainate and quisqualate receptors) at
very low concentrations [79,64].

Chemically, BMAA agonism seems incompatible with activity at glutamate
receptors, as it lacks the characteristic dicarboxylic acid structure of other excito-
toxins [80]. However, the activity of BMAA is dependent on the presence of
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Fig. 6.7 Structural comparison of BMAA, the carbamate of
BMAA, and glutamic acid, three substrates for NMDA
receptors [65].

extracellular bicarbonate [81]. Bicarbonate may interact with BMAA, either non-
covalently or through forming a carbamate structure (Figure 6.7), which then
possesses a terminal electronegative moiety that is more compatible with the
receptor [64].

Although more research is needed to completely understand the mechanism of
action of BMAA, Allen and coworkers suggest that the overall effects of BMAA may
be to depolarize postsynaptic neurons, thus relieving the magnesium blockade of the
calcium ion channel and producing a calcium influx. This in turn triggers post-
synaptic swelling and neuronal degeneration [82]. This mechanism is similar to that
of domoic acid, a neurotoxin produced by marine diatoms [65].

As noted above, many questions remain concerning the role of BMAA in causing
ALS-PD. Repeated analysis of Guamanian patients diagnosed with neurological
disease fail to show a buildup of free BMAA in brain tissue [83]. Chronic admin-
istration of large doses of BMAA produces no alteration in the levels of glutamate
and aspartate in rodents; however, this may result from pharmacological attributes
unique to rodents [78]. Nevertheless, the facts that a majority of cyanobacteria
produce BMAA and that BMAA can biomagnify through trophic levels to potentially
toxic levels in proteins of the human brain, leads to global concerns about this
natural product. A clearer understanding of the etiology and mechanism of action of
BMAA is needed to make a definitive prediction as to its true role in neurological
disease. It remains possible that the high prevalence of ALS-PD in some human
populations is caused by another environmental agent or by a combination of
agents, such as cycasin and BMAA, which are both found in cycad plants [76,84]. The
one certainty about BMAA is that many questions remain, despite its nearly 40-year
scientific history.

6.2.3
Saxitoxin

Saxitoxin (STX) is one of the most potent neurotoxic alkaloids known, and is
produced by a taxonomically diverse group of algae and cyanobacteria. It first
gained notoriety for causing the intoxication associated with ingesting toxic
bivalves such as clams, mussels, and scallops. This intoxication, commonly
referred to as paralytic shellfish poisoning (PSP), exerts its effects on the neuro-
muscular system through a specific blockage of voltage-gated sodium channels
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(VGSC). Saxitoxin poisoning was first observed in temperate waters along the
coasts of North America, Japan, and Europe during dinoflagellate blooms called
“red tides.” It is now found widely distributed in both hemispheres in marine and
freshwater environments, associated closely with cyanobacteria and dinoflagellate
blooms. However, even one species of macroalgae, Jania sp., is reported to produce
STX [85]. An estimated 40 genera of freshwater and marine cyanobacteria produce
“cyanobacteria toxin poisons” (CTP); among these are several which produce STX,
including Anabaena, Aphanizomenon, Cylindrospermopsis, Oscillatoria (Plankto-
thrix), Trichodesmium, and Lyngbya [86—89].

There are more than 30 saxitoxin analogs that are naturally occurring. These
include various patterns of ring hydroxylation and sulfation. Paralytic shellfish
toxin (PST) is a term recently used to distinguish saxitoxin and its analogs from
the syndrome they cause, PSP [90]. These analogs include the hydroxylated
derivative neosaxitoxin (neoSTX) as well as decarbamoylated derivates known
as the gonyautoxins (GTX) and “C toxins” [91-95] (Figure 6.8). There are many
groups of animals that are able to harbor PSTs without ill effects, including
bivalves, crustaceans, fish, gastropods, echinoderms, and even ascidians. Com-
prehensive tables of producers and carriers of PSTs can be found in a review by
Llewellyn et al. [90].

One of the earliest studied events involving PST-producing cyanobacteria occurred
in the US between 1966 and 1980 when a series of Aphanizomenon flos-aquae blooms
afflicted rural New Hampshire. The first of these caused the death of more than six
tons of fish in Kezar Lake [96]. A later bloom occurred in a small farm pond in
Durham, New Hampshire. The active material first isolated and tested from the
Kezar Lake location was called “aphantoxin” [97]. Four PST-like compounds were
isolated from this outbreak, one of which was shown to be STX [98]. NeoSTX and
STX were later identified and confirmed in the strain isolated from the latter location
[99,100]. The extraction of aphantoxin was carried out by sonication of lyophilized
cells followed by ultrafiltration through a 10 kDa membrane. Multiple fractions were
collected by a combination of extraction and chromatography, and these were
evaluated by the standard mouse bioassay along with a fluorescence assay based
on the alkaline hydrogen peroxide oxidation of STX [99]. Further analysis included
electrophysiological voltage clamp experiments on squid axons and the use of HPLC
[101].

Although the New Hampshire blooms of A. flos-aquae occurred sporadically over a
period of 14 years, they did not attract the widespread attention that a later Australian
bloom caused. In 1991, one of the largest known cyanobacterial blooms to date
occurred in the Barwon-Darling River, Australia, covering around 1000 km* and
causing the death of huge numbers of fish and some livestock [102,103].
The dominant species responsible for the bloom was found to be Anabaena circinalis
[104]. A. circinalis had previously been reported to be both neurotoxic and hepatotoxic
in mouse bioassays [105,106]; however, PSTs were subsequently reported to be the
primary, if not the only, toxin. Cyanobacterial samples were shown to contain STX,
multiple gonyautoxins and atleast two C-toxins [18,104]. The cause of the hepatotoxic
symptoms has not yet been explained [102].
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In the late 1950s, after several years’ effort by various academic and government
institutions, saxitoxin was finally isolated in pure form. Purification was accom-
plished by ion-exchange chromatography on carboxylic acid resins, followed by
chromatography on acid-washed alumina in absolute ethanol [107,108). Purified
STX is a white, hygroscopic, water-soluble compound with no ultraviolet absorption
above 210 nm. As the dihydrochloride salt it tends to be stable in acidic solution but
loses activity around pH 7-9 [109,110]. STX possesses two pK,s, 8.22 and 11.28,
which correspond to the 7,8,9- and 1,2,3-guanidium groups, respectively [90].
NeoSTX possesses an additional pK, at 6.75 which is correlated with the N-1-
hydroxyl group. In 1964, Rapoport et al. suggested saxitoxin possessed an unusually
substituted tetrahydropurine structure and coined the name “‘saxitoxin,” derived
from Saxidonus giganteus (Alaskan Butter Clam), from which his material was
obtained [111].

Determination of the molecular structure of STX was difficult owing to its
noncrystalline, highly polar, and nonvolatile nature. Thus, it was not until 1975
when the Clardy and Schantz groups as well as the Rapoport group independently
determined the structure of STX by X-ray crystallography [92,112]. Both groups
synthesized analogs of STX, an ethyl hemiketal analog (Bordner et al. [92]) and a
p-bromobenzenesulfonate analog (Schantz et al. [112]), which made crystallization
possible. The definitive crystal structure of STX permitted its chemical synthesis,
the elucidation of its biosynthetic pathway, and a physiological study of its
mechanism of action.

In the 1980s, Shimizu et al. published a series of papers on the biosynthesis of
STX and some of its analogs, including neoSTX. Feeding studies using the
cyanobacterium Aphanizomenon flos-aquae and a variety of radiolabeled amino
acids, as well as *CO,[113] revealed that STX is not formed from a purine derivative
as one might first postulate (Figure 6.8). Instead, it is produced by a complicated
biosynthetic pathway that involves a rare Claisen-type condensation of acetate or its
derivative with arginine. This conclusion was based on results which showed two
units of acetate are incorporated at C-5-C-6 and C-10-C-11. Labeling studies with
[*C-">NJ-arginine with NMR detection demonstrated that N-2 and C-2 of arginine
are incorporated intact. The amino group is then converted to a guanidino group by
the transfer of an amidine moiety from a second arginine unit. The side chain
carbon C-13 was shown to be introduced by methylation of the ring system with
S-adenosylmethionine (SAM). Incorporation of SAM was also based on the more
efficient utilization of methionine over other one-carbon donors (e.g. methyl or
methylene tetrahydrofolate). Overall, portions of three arginines, the S-methyl
group of one methionine, and one acetate are needed for the biosynthesis of one
STX molecule [114-118] (Figure 6.9).

One of the more prominent features of STX and its analogs is the presence of two
positively charged guanidinium groups (Figure 6.8). Because guanidine is one of the
few cations that can effectively act as a substitute for sodium in the generation of
action potentials, a proposed mechanism of action for STX was developed. Kao and
Nishiyama first suggested that the charged guanidinium group of STX enters the
sodium channel like sodium or guanidine, but that the bulky toxin tightly binds to the
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Saxitoxin (STX): Ry, Ry, Rs=H Neosaxitoxin (neoSTX): Ry, Ry, Rs=H
Gonyautoxin-II (GTXII): Ry, R,=H, R3=0SO" Gonyautoxin-IV (GTXIV): Ry, R>=H, R3=0SO
Gonyautoxin-IIT (GTXIII): Ry, R3=H, R,=0S05" Gonyautoxin-I (GTXI): R, Rs=H, R,=0S03
Gonyautoxin-V (GTXV or B1): R;=SOs’, Ry, R==H Gonyautoxin-VI (GTXVI or B2): R;=SOs’, Ry, Rs=H
epi-Gonyautoxin-VIII (¢pi-GTXVIII or C1): R;=8057, R;=H, R3=0S0;"  C3: R;=S05", Ry=H, Rs=0S05’

Gonyautoxin-VIII (GTXVIII or C2): R;=SO3’, R,=0S05’, R;=H C4: R1=S05, R,=0S05, Rs=H

Fig. 6.8 Naturally occurring analogs of saxitoxin produced
by both cyanobacteria and dinoflagellates. STX and neoSTX
differ in the hydroxylation of N-1. DecarbamoylSTX (dcSTX)
lacks the carbamoyl unit on O-18.

Source: Redrawn and expanded from ref. [104].

channel and effectively prevents sodium influx [119]. However, it was not until 1983
thatthis hypothesis was tested when Kao et al. identified the 7,8,9-guanidinium group
as the biologically active feature (Figure 6.8) [120]. This was accomplished by
comparing activities of the 1,2,3-guanidinium group of STX and neoSTX under
differing pH conditions. The essential difference between these closely related
analogs is the hydroxylated N-1 group on neoSTX (Figure 6.8). By adjusting pH
conditions, the abundance of the protonated form of one of the guanidinium groups

Arginine. Methionine
R1HNTO f Acetate
Arginine
o NH 9
HN
—NH,"
N NH
OH
OH

Arginine

Fig. 6.9 Biosynthetic subunits of saxitoxin as determined
by various precursor-feeding studies [104].
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could be controlled, as well as the overall charge [120,121]. This manipulation of the
two protonated guanidinium groups allowed a relative activity comparison to be
made, leading to the discovery of the 7,8,9-guanidinium group as the key feature for
activity.

STX is a heterocyclic guanidine, which selectively blocks VGSCs in excitable
membranes [121,122]. Its use has led to breakthrough discoveries in the field of ion
channel physiology pertaining to ion channel structure and function. Because STX
blocks sodium channels at low concentrations, it was predicted that the toxin acts ata
small number of discrete sites on excitable membranes. This was quantitatively
shown using tritium-labeled STX preparations for membrane-binding studies
[123-126]. Similar investigations based on this concept were used to demonstrate
mechanisms of selectivity and estimate VGSC densities on various cells and tissue
[124,125,127-130).

There is strong evidence that STX-induced lethality is caused by a combination
of central and peripheral cardiorespiratory effects. Changes in cardiac output can
be attributed to the effect of STX on fast sodium channels in contractile
myocardium and Purkinje fibers. Cardiovascular shock resulting from high
doses of STX is in response to a combination of vascular hypotension and
reduced cardiac output, followed by a lack of venous return and finally hypoxia
[131-134].

Once thought to be selective for Na™ channels, new evidence suggests STX may
interact with subtypes of both calcium (Ca*") and potassium (K *) channels [135]. The
“human ether-a-go-go-related gene” (hERG), a recently discovered K channel
subtype, plays a role in myocardial repolarization [136,137]. STX has been found
to modify the voltage-sensing mechanism of this channel in a complex manner, not at
all similar to the simple pore-blocking model for VGSCs [135]. Like the hERG
channels, L-type calcium channels are cardiac related and act as the major pathway of
calcium influx during excitation—contraction coupling in ventricular myocytes [138].
Voltage clamp data has shown that STX causes partial inhibition of L-type Ca*"
channels in a dose-dependent fashion [139].

Although research surrounding STX and its analogs has been extensive, many
questions still remain. For example, Carmichael et al. have isolated a freshwater
strain of cyanobacteria, Lyngbya wollei which was found to produce a decarbamoyl
saxitoxin [140,141]. Even more intriguing are the variety of naturally occurring
analogs available in the PST family. With over 30 analogs found in nature and an
even larger number available through synthetic means, a wealth of structure—activity
investigations are possible. Could any of these analogs serve a therapeutic purpose?
For example, there are already several patent applications and research reports which
demonstrate the analgesic effects of STX in combination with other known
anesthetics. Combination dosing increases efficacy and potency without increased
toxicity [142-145]. Furthermore, new STX targets such as hERG and L-type Ca*"
channels demonstrate that STX has many physiological interactions not well under-
stood. Almost eight decades after its isolation, STX is still proving to be an intriguing
natural product!
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6.3
Neurotoxic Alkaloids of Marine Cyanobacteria

6.3.1
Antillatoxin A and B

A shallow-water Curacao collection of Lyngbya majuscula in 1991 yielded an extract
that was toxic to several different classes of potential predators, including snails
(Biomphaleria glabrata), arthropods (Artemia salina), and fish (Carassius carassius).
Each of these model organisms was used to track the isolation of bioactive con-
stituents, and led to the isolation of several classes of potently bioactive natural
products. The fish toxicity assay was particularly interesting as enriched fractions
were exceptionally potent and very fast acting, killing fish in a matter of seconds of
exposure atless than part-per-million levels. The bioassay-guided isolation resulted in
the recovery of 1.7 mg of a lipopeptide substance, termed antillatoxin, which was
active in killing fish with an LDs, of approximately 50 ng/mL [146]. It is proposed that
this potent ichthyotoxic property may be useful in defending the succulent strands of
this cyanobacterium from fish predation.

The structure of this new ichthyotoxin was determined by interplay of 2D NMR
and mass spectrometry, and involves a cyclic tripeptide composed of alanine,
N-methyl valine, and glycine, linked together with an unsaturated lipid containing
an exceptional number of methyl groups (seven of 17 carbon atoms are methyls or
methyl group equivalents) (Figure 6.10). The absolute stereochemistry of the two
chiral amino acids was determined by chiral HPLC of the acid hydrolysate. The C-4
and C-5 stereocenters were predicted based on additional NMR data, modeling, and
CD spectra. Unfortunately, the stereochemistry at C-4 relative to C-5 was initially
mis-assigned based on faulty 2D NMR data, and this was only clarified after
chemical synthesis of all four possible C-4 and C-5 stereoisomers [147]. However,
access to these four stereoisomers allowed a limited scope SAR evaluation, and
showed that the natural stereoisomer (4R,5R) was at least 25-fold more active
(ichthyotoxicity, microphysiometry, lactose dehydrogenase (LDH) efflux assay,
neuro-2a cytotoxocitiy assay) than any of the other three configurational isomers
(4S,5R; 4R,5S; 4S,55) [148]. A detailed NMR analysis and molecular modeling of
these four isomers showed that natural antillatoxin (ATX) has a distinct topology that
is overall “L-shaped” with a preponderance of polar functional groups on the outer
surface of the macrocycle.

Subsequently, shallow water collections of Lyngbya majuscula from Puerto Rico
and the Dry Tortugas yielded additional supplies of ATX as well as a new congener
termed “antillatoxin B” (Figure 6.10) [149]. The structure of the new metabolite was
determined largely by comparison with the spectroscopic data set for ATX, and
stereochemistry deduced by Marfey's analysis for r-alanine while the 1-N-methyl
homophenylalanine was proposed based on nuclear Overhauser effect (nOe) and
bioassay results. Substitution of 1-N-methyl homo-phenylalanine, an intriguing
amino acid of quite rare occurrence in natural products, for 1-N-methyl valine
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Fig. 6.10 Structures of natural antillatoxin, three synthetic
C-4 and C-5 stereoisomers, and antillatoxin B.

appears to decrease the potency of the antillatoxins by about 10-fold as measured by
activity to neuro-2a cells and ichthyotoxicity.

ATX was shown to be a rapidly acting toxin to primary cultures of rat cerebellar
granule neurons (CGNs), and its toxicity could be effectively blocked by co-
exposure to two antagonists of the NMDA receptor (dextrorphan, MK-801) [150].
However, these antagonists were ineffective at protecting cells when applied
subsequent to a 2-h ATX exposure. Specific activation of VGSCs was directly
demonstrated in CGNs by measuring influx of »’Na* upon treatment with ATX;
this response was completely blocked by co-treatment with tetrodotoxin (a site 1
antagonist) [151]. The putative binding site of ATX was examined by measuring
Ca®" mobilization in CGNs upon co-treatment with other VGSC ligands. An
increase in Ca** mobilization was observed upon co-treatment with [*H]batracho-
toxin, a site 2 binding agent, and a synergistic effect on [*H]batrachotoxin binding

157




158

6 Neurotoxic Alkaloids from Cyanobacteria

was observed upon co-treatment with brevetoxin, a site 5 agonist. However, no
increase in the ATX-enhanced binding of [*H]batrachotoxin was observed follow-
ing application of either sea anemone toxin (a site 3 ligand) or a synthetic
pyrethroid (RU39568, a site 7 ligand), thus distinguishing ATX’s effect from that
of brevetoxin. Thus, it seems likely that ATX binds to a distinct site on the a-
subunit of the VGSC.

Based on experimental work on the biosynthesis of other cyanobacterial natural
products [152,153], the biogenesis of ATX likely involves a cluster of genes with
initiation occurring by a loading module that incorporates either t-butyl pentanoic
acid or a less-methylated acid that is converted to t-butyl pentanoic acid by SAM
methylation. This is followed by four rounds of acetate extension, the first three of
which also are C-methylated at the corresponding C-2 positions of acetate by SAM.
The penultimate acetate unit is also branched at the C-1 deriving carbon, and this
likely involves addition of acetate to the carbonyl functionality by an HMGCoA
synthase-like reaction, followed by decarboxylation and dehydration, as has been
characterized in other marine cyanobacterial natural products [153]. The tripeptide
section would logically involve three NRPS modules with specificity for alanine,
valine, and glycine. A terminating thioesterase could catalyze both cleavage from the
enzyme complex and macrocyclization.

6.3.2
Jamaicamide A, B, and C

A bioassay-guided fractionation of a laboratory-cultured strain of Lyngbya majus-
cula (strain JHB) collected from Hector’s Bay, Jamaica led to the isolation of three
new lipopeptides, jamaicamide A-C (Figure 6.11). A small tissue sample preserved
at the time of collection was extracted and shown to possess potent brine shrimp
toxicity. Laboratory pan cultures were grown and extracted by standard methods for
lipid natural products. Evaluation of the extract and its vacuum liquid chromato-
graphic (VLC) fractions identified a mid-polarity fraction with activity in a cellular
assay designed to detect mammalian VGSC-blocking substances [154]. This
fraction was also identified as possessing potentially novel substances by thin
layer chromatography (TLC) and 'H NMR analysis. Subsequent HPLC of the
fraction led to the isolation of jamaicamides A, B, and C. These three new
compounds exhibited low micromolar levels of channel-blocking activity in
neuro-2a cells. Partial structures of jamaicamide A were constructed and con-
nected using various 2D NMR spectroscopic methods and mass spectrometry
(Figure 6.11) [155].

Jamaicamides A, B, and C exhibited cytotoxicity to both the H-460 human lung
carcinoma and neuro-2a mouse neuroblastoma cell lines. The LCsos were approxi-
mately 15 wM for all three compounds to both cell lines. All three compounds also
exhibited sodium channel-blocking activity at 5 WM concentration. In the goldfish
toxicity assay, a system that has been useful for the detection of neurotoxic activity in
crude extracts as well as purified compounds, jamaicamide B was the most active
(100 % lethality at 5 ppm after 90 min), followed by jamaicamide C (100 % lethality at
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Fig. 6.11 Structures of jamaicamides A, B, and C.

10 ppm after 90 min). Interestingly, jamaicamide A was the least active fish toxin
(sublethal toxicity at 10 ppm after 90 min). Neither jamaicamide A nor B showed
significant brine shrimp toxicity, while jamaicamide C was only modestly active at
10 ppm (25 % lethality) [156].

Dissection of the chemical structure of jamaicamides A-C led to the speculation
that these metabolites derive from a mixture of polyketides (nine acetate units),
amino acids (1-Ala and B-Ala), and the S-methyl group of methionine. To map out the
biosynthetic subunits of these molecules, isotopically labeled precursors were
supplied to L. majuscula JHB, and the labeling patterns discerned by NMR spectro-
scopy (Figure 6.12). From these experiments, insights were gained into the
biochemical transformations that produce the jamaicamides, especially the mechan-
ism of formation of the vinyl chloride group [157].

Analysis of jamaicamide A—C biosynthesis was further investigated by Edwards
et al. using a variety of molecular genetic approaches [157]. Information gained from
the biosynthetic feeding studies led to the rational design of a set of gene probes that
were used to efficiently screen a total DNA library of L. majuscula JHB. These
experiments identified several fosmids containing portions of the jamaicamide gene
cluster. Sequencing of these and assembly of the pathway revealed a remarkably
collinear set of genes that code for enzymes catalyzing jamaicamide biosynthesis.
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Fig. 6.12 Biosynthetic origins of jamaicamide A [157].
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Several of these genes were deduced to program for polyketide synthase (PKS) and
nonribosomal peptide synthetase (NRPS) enzymes as well as novel tailoring
enzymes, including those that create the various unusual functional groups in
jamaicamide A.

The complete Jam pathway contains six PKS modules [JamE, Jam], JamK, JamL
(module 4), JamM/N, JamP], two NRPS modules [Jam L (module 5), Jam O], and a
host of tailoring enzymes [Jam A, JamG, JamH, Jaml, JamQ] (Figure 6.13). JamA
initiates Jam biosynthesis by the ATP-dependent activation of free 5-hexenoic or
5-hexynoic acid to the acyl-adenylate followed by subsequent loading to the ACP
protein JamC [157]. The Walsh, Kelleher, and Gerwick groups subsequently utilized
an FTMS-based assay to elucidate the timing of bromination [158]. Incubation of
holo-JamC, JamA, 6-bromo-5-hexynoic acid, 5-hexenoic acid, and ATP resulted only
in the activation and loading of hexenoic acid. These results suggest that bromination
takes place either while the substrate is attached to JamC, while attached to another of
the NRPS or PKS proteins found in the jamaicamide biosynthetic pathway, or after
jamaicamide is fully assembled (e.g. on jamaicamide B) [158]. Next, a polyketide
chain extension occurs generating an unreduced eight-carbon B-ketothioester inter-
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Fig. 6.13 Gene cluster and predicted biosynthetic
assembly of jamaicamide A [157].




6.3 Neurotoxic Alkaloids of Marine Cyanobacteria

mediate. This intermediate is then transformed, via an extensive array of enzymatic
transformations, to generate a pendent vinyl chloride functionality. As noted above,
feeding experiments established that C-27, the vinyl chloride-bearing carbon, is
derived from C-2 of acetate, a labeling pattern consistent with a hydroxymethylglu-
taryl CoA synthase-like (HMGCS) addition of acetate to a B-keto-polyketide inter-
mediate. The high degree of sequence identity between JamH and HMGCSs support
this proposal, and suggests that this Jam enzyme initiates this process by adding
acetate to generate a branched acyl-S-acyl carrier protein (ACP) intermediate.
From parallel work with the curacin A HMGCS-gene motif [159], subsequent
dehydration of the tertiary alcohol and decarboxylation is predicted to yield the
pendent vinyl group. This is presumably next chlorinated by a radical-mediated
halogenation [160,161], and then the nascent polyketide undergoes three more
rounds of PKS chain elongation. The S-methyl of SAM is predicted to form the
C-methyl at C26 and the O-methyl, and this was demonstrated experimentally
through feeding experiments. Acetate unit extensions which interdigitate first with
B-Ala and then p-Ala complete the primary jamaicamide skeleton. Chain termination
appears to occur with an unusual cyclization of the pyrrolinone ring to yield
jamaicamide A [157].

6.3.3
Kalkitoxin

Isolated in 1996 from a strain of L. majuscula collected at Playa Kalki, Curacao,
kalkitoxin (KTX) exhibited strong ichthyotoxic activity (LCso 700nM) and highly
potent brine shrimp toxicity (LCso 170nM) [162]. KTX is a lipoamide with five
stereogenic centers, four methyl groups on the carbon chain, an N-methylamide, and
athiazoline ring (Figure 6.14). The challenges to synthetic chemists presented by this
intriguing stereochemical arrangement, as well as its potent biological properties,
spurred several research groups to investigate different routes toward the total
synthesis of KTX [162-164]. The first total synthesis of KTX was reported along
with the original structure elucidation and was crucial to determination of the
absolute stereochemistry. Synthetic analogs having all possible configurations were
synthesized and the "*C NMR spectrum of each compound was compared to the
natural substance. Synthetic (3R, 7R, 8S, 10S, 2'R)-kalkitoxin was found to be
identical to the natural product [162]. Moreover, the efficient synthesis of KTX
and its analogs provided the means for further investigation into its remarkable
biological properties.

The neurotoxicity of KTX was assayed using rat MCGNs and exhibited potent
concentration-dependent toxicity (LDso value of 3.9 4 1.9); however, this toxicity
showed a unique time delay of 22 h post exposure. Furthermore, KTX toxicity was
prevented by co-treatment with NMDA receptor channel antagonists (dextror-
phan and MK-801), indicating that KTX-induced neuronal death (morphology
and LDH efflux assay) is mediated through an NMDA receptor-dependent
mechanism [150].
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Fig. 6.14 Structure of kalkitoxin, a potent voltage-gated
sodium channel (VGSC) blocker.

The receptor site of KTX was probed via a series of competitive binding experi-
ments [165] Veratridine (a site 2 ligand on the VGSC)] [166] activation of the VGSC
with consequent rapid Ca®* influx into the cell is potently inhibited by KTX; however,
this is not definitive for direct action on site 2. Co-incubation of KTX and tritiated-
batrachotoxin ([*H]|BTX) (site 2 ligand) did not affect binding of the radiolabeled
probe to the tetrodotoxin-sensitive VGSC. More revealing was the finding that KTX
inhibits the binding of [’H]BTX in the presence of deltamethrin, a site 7 ligand and an
allosteric agonist of BTX (site 7 shows allosteric coupling to site 2 of the VGSC). Based
on these experiments and by deduction, it can be concluded that KTX is not a ligand of
sites 1 or 2 because it does not inhibit [’H]BTX binding, and thus may interact at a
unique high affinity site on VGSCs.

6.4
Conclusion

The intent of this chapter has been to summarize key features of the occurrence,
chemistry, and pharmacology of neurotoxic cyanobacterial alkaloids from terres-
trial, freshwater, and marine habitats. In doing so, insights are gained into several
aspects of their properties. In freshwater systems, cyanobacteria are common
contributors to harmful algal blooms (HABs), and produce a chemically and
pharmacologically diverse array of toxins. However, only a few of these are
neurotoxic, as reviewed above for saxitoxin (although a few marine occurrences
are reported) and the anatoxins, and most are either hepatotoxic or skin irritants.
Recent increases in the occurrence of these pond, lake, river, and esturarine
HABs are likely due to enrichments from nutrient-rich agricultural and sewage
runoff.

In the marine environment, cyanobacteria are emerging as contributors to HABs,
especially in tropical environments; however, their impact is likely more pronounced
on the ecological structure of shallow-water reef systems than on human populations.
But in some locations, such as the East Coast of Australia, extensive blooms of
Lyngbya majuscula, which produce the hepatotoxic lyngbyatoxins, have influenced
human health. Nevertheless, some populations of this same species from elsewhere
in the world do produce neurotoxic natural products, as reviewed in the latter part of
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this chapter, and the potential exists for these neurotoxin-producing strains to
contribute to HABs in the future.

It is intriguing to note the two dominant pharmacological trends in the neuro-
toxic alkaloids of cyanobacteria (Figures 6.1 and 6.2). On the one hand, the
anatoxins have powerful effects on two sites of action within the acetylcholine
neurotransmission system. Anatoxin-a and homoanatoxin-a both act as agonists at
nACh receptors causing neuromuscular depolarization, an effect which is com-
pounded by the inability of the ACh-esterase to degrade these toxins. Anatoxin-a(s)
has the same effect, but exerts this activity through competitive inhibition of the
ACh-esterase. The remainder of the cyanobacterial neurotoxins impact the VGSC
involving sodium ion-based membrane depolarization and downstream NMDA
receptor activation. BMAA, initially found in cyanobacteria living in association
with cycads, but now recognized to be broadly prevalent in these prokaryotes,
directly acts on the NMDA receptor to induce calcium influx and ensuing neuronal
death. The marine toxins described in this chapter, all of which were isolated within
a program focused on new compound discovery, act in different ways to modulate
the function of the VGSC. For example, kalkitoxin and jamaicamide decrease
sodium passage through the channel whereas the antillatoxins have the opposite
effect of increasing sodium influx.

The natural function of the cyanobacterial neurotoxins is poorly understood at
present, but represents a key aspect to understanding the incidence and severity of
neurotoxic HABs. In the saxitoxin case, there are a few studies that alternately
suggest a physiological role in osmoregulation [167] or a defensive role against
competitive and potential predatory species [168]. A defensive role for the anatox-
ins has also been proposed [169]. The function of BMAA in cyanobacteria is
completely unknown and at present has not been addressed in any regard. In the
case of marine cyanobacterial toxins in general, there has been limited experi-
mental investigation of their chemical ecology, and a defensive role has been
assigned [170]. Unfortunately, investigation of the chemical ecology or other
potential natural functions of the specific marine neurotoxins presented in this
chapter have not occurred to date, and this represents a rich opportunity for further
examination.

It is intriguing to consider that the biological activities of natural products from
cyanobacteria fall into only a few distinct pharmacological classes. These include a
robust number of metabolites, mainly lipopeptides, which interfere with protein
polymerization processes involved in actin and tubulin assembly [3]. Indeed, there
are approximately 10 metabolite classes which have as their site of action each of
these protein targets, and all of these show profound antiproliferative and cytotoxic
properties. Presumably, convergent evolutionary pressures have operated to pro-
duce an impressive number of structural scaffolds that target these key metabolic
processes in eukaryotes, and, as such, they represent ideal targets of cyanobacterial
defensive chemistry because of the inherent lack of toxicity to the prokaryotic
producers. Joining these as a newer pharmacological class are several of the
neurotoxins described in this review, which target the critical ion transport
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processes in the neurosystems of higher organisms. In parallel to the findings with
diverse natural product structures with antitubulin or antiactin activity, it can be
anticipated that cyanobacteria will be a rich source of additional structurally diverse
neurotoxins. Moreover, this suggests a generalized strategy by which to utilize the
ecology and biology of various life forms to search for specific classes of pharma-
cological agents. From the precedent set here with cyanobacteria, it seems a
reasonable strategy that the defensive chemistry of prokaryotes will specifically
target the biochemical systems distinctive to eukaryotes, and, by doing so, will
suffer few ill effects from harboring large quantities of potent adaptive natural
products.

As reflected throughout this chapter on the neurotoxic alkaloids of cyanobacteria,
many questions remain on this relatively little explored facet of natural products
chemistry. Results from screening efforts indicate that marine cyanobacteria, and
likely freshwater species as well, are very rich in neurotoxic natural products, and this
will be a productive area for further investigation. While in some cases the neuro-
chemical targets of cyanobacterial toxins are known, in general this is at a very low
level of resolution, and detailed molecular pharmacological studies will be highly
productive in revealing the subtleties of toxin as well as drug action. Toxins have
played a historically important role in revealing neurochemical receptors and path-
ways of importance to health as well as disease, and are thus important tools for
molecular pharmacologists; marine cyanobacterial toxins have and will continue to
contribute to this toolbox. The biosyntheses of marine neurotoxins have been studied
to some level in a few cases, such as for saxitoxin and jamaicamide, but for most this
knowledge is absent. Understanding the pathways, and perhaps more importantly
their regulation and natural function, will be critical to predicting and perhaps
controlling the production of harmful natural toxins in our marine and freshwater
systems.
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Lamellarin Alkaloids: Structure and Pharmacological Properties
Jérome Kluza, Philippe Marchetti, Christian Bailly

7.1
Introduction

Over 100 of the most important drugs in use today derive from terrestrial organisms,
either bacteria, fungi, or plants [1]. By contrast, the chemical diversity of marine life,
which is estimated to about two million species, remains largely underexplored [2].
This exceptional reservoir represents a vast chemical, structural, and biological
diversity of molecules, often very distinct from those found in terrestrial natural
compounds. The most frequent marine species used as sources of bioactive drugs
are sponges, ascidians, mollusks, echinoderms, bryozoans, algae, and coelenterates
(sea whips, sea fans, and coral) [3]. One of the first key bioactive molecules of marine
origin was spongothymidine, initially extracted from the sponge Cryptotethia crypta
and identified by Werner Bergmann, an organic chemist in the 1950s [4-6]. This
molecule is a nucleoside with a modified sugar, which interferes with DNA replica-
tion and inhibits the growth of some bacteria, viruses, and cancer cells. A few years
later, Evans and coworkers synthesized other “false” nucleosides, including arabi-
nosylcytosine (Cytarabine or ara-C) used mainly for the treatment of acute leukemia
and non-Hodgkin's lymphoma [7]. Cytarabine also displays antiviral activities, of
potential use for the treatment of herpes virus infections. But during the following
two decades, this field of research implicating molecules of marine origin evolved
relatively slowly, at least compared to the huge efforts devoted to the identification of
new molecules from plants and microorganisms. The reason is that the marine
material was generally collected by hand, and in most cases only small quantities of
the living material could be obtained. It was (and remains) common to isolate less
than one milligram of a bioactive substance from one kilogram (when available) of
the marine organism. But today, extremely sensitive methods of NMR spectroscopy
and mass spectrometry combined with liquid chromatography (HPLC, UPLC) are
routinely used for the characterization of new drug structures [8]. Complex molecular
structures can be solved with much less that 1 mg of compounds, without too much
difficulty in most cases (although there are notorious exceptions). A few drugs
derived from the sea are being developed for their biological activity in the field of
inflammation (manoalide, pseudopterosins) and Alzheimer’s disease (GTS-21), to
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cite only two examples [9-12]. The first totally marine-derived drug approved by the
Food and Drug Administration was zicotinide (Prialt, developed by Elan Pharma-
ceuticals) in December 2004, for the treatment of chronic and severe pain [13]. The
field of cancer chemotherapy has been also widely investigated using marine-
derived molecules. Many natural products of marine origin are toxins and cytotoxic
agents, potentially useful to inhibit cancer cell proliferation. A handful of marine
compounds has reached phases II or III of clinical trials in oncology. This is the
case for (i) certain dolastatin derivatives (soblidotin, tasitodin) as mitotic inhibitors
[14,15], (ii) bryostatin 1, an activator of protein kinase C[16], (iii) ecteinascidin-743,
a powerful DNA alkylating drug [17], (iv) neovastat, a pleiotropic antiangiogenic
agent, which prevents the binding of the vascular endothelial growth factor (VEGF)
to its receptors, inhibits gelatinolytic and elastinolytic activities of matrix metallo-
proteinase MMP-2, MMP-9, and MMP-12, and promotes the activity of tissue-type
plasminogen activator (t-PA) [18], (v) squalamine, another antiangiogenic factor

[20], and (vi) kahalalide F, which alters the function of the lysosomal membrane
[20]. These are just a few examples, there are many more marine-based molecules
of therapeutic interest in the field of cancer chemotherapy (see ref. [21] for a
comprehensive survey). Ecteinascidin-743 (ET-743, Trabectidin, Yondelis™) is the
most advanced marine natural product in clinical development, with a clinical
efficacy established for the treatment of soft-tissue sarcoma [22]. This drug was
originally developed by PharmaMar (Madrid, Spain), now in codevelopment with
Johnson & Johnson (Ortho Biotech Products, NJ, USA). For more than 10 years,
chemists and pharmacologists at PharmaMar have focused on the development of
anticancer agents of marine origin (www.pharmamar.com). In addition to ET-743, the
PharmaMar portfolio includes, at the clinical level, (i) aplidin, an apoptotic inducer
originally isolated from the tunicate Aplidium albicans, (ii) kahalalide F, a depsipeptide
isolated from the sea slug Elysia rufescens (iii) ES-285, an aminoalcohol isolated from
the clam Mactromeris polynyma, (iv) Zalypsis, an analog of ET-743 structurally related to
the marine natural compound jorumycin obtained from mollusks and, at the pre-
clinical level, (v) thiocoraline, variolins, and the lamellarins, which represent original
families of cytotoxic agents. These last molecules, the lamellarins, have attracted our
interest owing to their complex mechanism of action and structural originality (Figure
7.1). This review is focused on the lamellarin family and summarizes the most recent
discoveries concerning the mechanism of action of the lead compound lamellarin D
(Lam-D) and its numerous naturally occurring and synthetic analogs.

7.2
The Discovery of Lamellarins

Lamellarins were originally extracted from a marine prosobranch mollusk Lamellaria
sp. and subsequently from primitive chordate ascidians (tunicates) [23]. These
ascidian species, known to produce many bioactive metabolites, likely represent
the original producer of lamellarins because these organisms are presumed to be the
dietary source of the Lamellaria mollusks. Lamellarins have been isolated from
different tunicates, including recently from the Indian ascidian Didemnum obscurum
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[24]. Ascidians are rich sources of cytotoxic compounds such as didemnin-B,
eudistomin-C, lissoclinamides, ascididemnin, eilatin and segolins, lukianols,
polycitrins, and ningalins [25-31]. However, it may also be postulated that lamel-
larins are produced by microorganisms symbiotic to the ascidians, since numerous
natural products from marine invertebrates have been demonstrated to originate
from symbiotic organisms, cyanobacteria in particular [32,33]. To date, 42 lamel-
larins (A-Z and a—{, including acetate and sulfate derivatives) have been isolated.
Lamellarins ¢, v, ¢, and x are the most recent members of the family, having been
isolated from the red colonial ascidian Didemnum obscurum [24,34]. They can be
divided into three groups characterized by (i) the central ring pyrrole fused to
adjacent rings having a single bond in the isoquinoline moiety at position 5 and 6,
or (ii) a double bond, or (iii) the central ring pyrrole unfused to adjacent rings. Each
series includes derivatives in which the phenolic hydroxyl groups are substituted by
methoxy, sulfate, or acetate groups. Although, the exact “natural” role of lamellar-
ins in the ascidians is unknown, we can hypothesize that these molecules
participate in some forms of chemical communication or defense mechanism
(against predation or overgrowth by competing species), as is the case for many
other secondary metabolites [1,2]. In the following sections, the different biological
properties of lamellarins are briefly summarized, including MDR modulation
activities, antioxidant properties, HIV integrase inhibition and cytotoxicity against
tumor cells (Figure 7.2).

73
Modulation of Multidrug Resistance

Multidrug resistance (MDR) is a term used to characterize the ability of tumors to
exhibit simultaneous resistance to various chemotherapeutic agents [35]. Different
mechanisms can explain this behavior including alteration of the activity of target
enzymes (such as glutathione-S transferase and topoisomerases), changes in
apoptotic processes, and/or, more frequently, modification of drug efflux, implicating
ABC transporters such as the multidrug resistance-associated protein (MRP) or P-
glycoprotein (Pgp). Pgp proteins have been implicated in resistance to many che-
motherapeutic drugs such as doxorubicin, vincristine, etoposide, or taxol [36,37]. In fact,
in tumor cells expressing Pgp, the efflux of a given anticancer drug increases across the
plasma membrane, thereby reducing the intracellular drug concentration and hence its
cytotoxicity. But Pgp activity can be reversed by a few specific molecules, referred to as
MDR modulators [35]. For example, the calcium channel blocker verapamil possesses
this reversing capacity ata concentration range from 5 pM to 50 .M [38]. Lamellarin I is
also an MDR modulator, directly inhibiting P-glycoprotein-mediated drug efflux at
nonlethal doses [39]. In P388/schabel cells, lamellarin I is able to reverse doxorubicin
resistance at a concentration one-tenth of that necessary for verapamil. Other “‘sea
world” molecules are endowed with this property to modulate MDR: discodermolide
[40], pattelamide D [41], irciniasulphonic acid [42], agosterol A [43], and ningalin B [44].
This last compound bears a close structural analogy with lamellarin T, which is also a
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Fig. 7.2 Schematic illustration of the targets and mode of action of lamellarins.

modulator of multidrug resistance in addition to its cytotoxic and antibacterial proper-
ties [34]. Ningalin B was recently incorporated with combretastatin A4-like structures to
design new antimitotic agents [45]. Combretastatin A-4 can easily isomerize to the
thermodynamically more stable trans isomer, with reduced antimitotic activity. Its
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condensation with a lamellarin-type moiety provides an original approach to maintain
the more potent cis configuration.

7.4
Antioxidant Properties

Oxidant products are reactive species usually toxic to cells through lesions caused to
lipids, proteins, and DNA in particular. In cells, mitochondria are the major source of
oxidants. In fact, using oxygen to generate energy, mitochondria naturally produce
reactive oxygen species (ROS). To avoid the toxic effects, cells have developed complex
chemical and/or enzymatic processes to prevent damage, including thioredoxin, the
glutathione system, superoxide dismutase, and catalase [46,47]. When these protec-
tive systems are deficient, an abnormal ROS production arises and produces
irreversible lesions potentially implicated in human pathologies such as cancer,
artheriosclerosis, or neurodegeneration [48]. Antioxidants reduce the rate of parti-
cular oxidation reactions and can help to protect against lethal damage induced by
ROS. Certain lamellarins such as lamellarins vy, K, U, I, and C-diacetate have revealed
mild antioxidant properties [49]. Their effects are fairly modest (with ICs, above
2mM) compared to reference drugs such as Trolox and a-tocopherol (ICs, around
50 wM) but this property may be enhanced upon adequate substitutions of the
molecule. However, this is certainly not the most advantageous property of the
lamellarins, given their significant cytotoxicity.

7.5
Inhibition of HIV-1 Integrase

AIDS remains a devastating disease, responsible for the death of millions of humans,
principally in central Africa. The prevalence of AIDS remains extremely high and,
despite the efficacy of the highly active antiretroviral therapy (HAART) and the
continuous development of chemotherapeutic agents targeting HIV-1 reverse tran-
scriptase and protease, newer effective drugs are still eagerly awaited [50]. HIV-1
integrase promotes the integration of proviral DNA into the host cell chromosomal
DNA. It constitutes an attractive target because no human cellular homolog for this
enzyme exists. Two major classes of integrase inhibitors have been described: the
catechol-containing hydroxylated aromatics (i-choric acid) and the diketo acid-con-
taining aromatics (SCITEP, S-1360) [51]. A few members of the lamellarin family
revealed integrase inhibition activities. Lamellarin a 20-sulfate in vitro showed potent
inhibition of HIV-1 integrase [52]. This compound, for which an efficient total
synthesis has been reported [53], is able to act at two different steps of the catalytic
cycle, terminal cleavage and strand transfer. Moreover, this compound inhibits viral
replication in cultured cells at nontoxic doses. Its sulfate group plays a critical role
because the analog lamellarin « is inactive against HIV-1 integrase. The nonsulfated
analog lamellarin H may also be of interest as an HIV-1 integrase inhibitor
(ICso =8 uM) but unfortunately this compound is markedly toxic to cells (LDsq of
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5.7 WM measured with Hela cells). Nevertheless, the lamellarins have an intrinsic
potential for the inhibition of HIV-1 integrase. But so far this pharmacological activity
has not been thoroughly explored.

7.6
Cytotoxicity

The most common properties of the lamellarins are their cytotoxic activities and in
particular their capacity to inhibit the proliferation of cancer cells. This activity is
usually easy to measure and a large panel of tumor cells can be cultivated in vitro
without much difficulty. Different levels of activity corresponding to a lethal or a
growth inhibition activity (cytotoxic versus cytostatic) have been reported in the
literature with different cell lines. A representative selection of these values is collated
in Table 7.1. Although comparison cannot strictly be made, because of distinct
experimental conditions from one study to another, it is nevertheless obvious that
the majority of lamellarins are considerably cytotoxic, with ICso (or LDsg) values
in the nanomolar to micromolar range, depending on the experimental conditions and

Tab. 7.1 Cytotoxic potential of lamellarins.

Molecules Cell lines Time incubation  Test” ICso” Reference
Lamellarin-§ COLO-205 16h MTT 5.6nM [24]
Lamellarin-n COLO-205 16h MTT 178 nM [24]
Lamellarin-¢ triacetate COLO-205 16h MTT 56 nM [24]
Lamellarin-y triacetate COLO-205 16h MTT 0.2nM [24]
Lamellarin « Hela - MTT 5uM [54]
Lamellarin o 20-sulfate  Hela 3d MTT  274pM [55]
LAM-D MDCK 5-8d ICF 22nM [56]
P388 3d MTS  136nM 57]
CEM 3d MTS  14nM [57]
Hela 5-8d ICF 10nM [56]
XC 5-8d ICF 12nM [56]
Vero 5-8d ICF 10nM [56]
Lamellarin F COLO-205 1-6h MTT 9nM [24]
Lamellarin H Hela ND MTT 5.7 uM [54]
Lamellarin I COLO-205 16h MTT 25nM [24]
Lamellarin | COLO-205 16h MTT 50nM [24]
Lamellearin K triacetate ~ COLO-205 16h MTT  700nM [24]
Lamellarin L triacetate COLO-205 16h MTT 0.25nM [24]
Lamellarin N SK-MEL-5 — — 187nM [55]
Lamellarin U 20 sulfate ~ Hela 3d MTT  145pM [55]
Lamellarin V 20 sulfate  Hela 3d MTT  130pM [55]
Lamellarin T Hela 3d MTT 27 uM [55]
Lamellarin T diacetate COLO-205 16h MTT  180nM [24]
Lamellarin W Hela 3d MTT 28 uM [55]

“MTT and MTS are conventional tetrazolium dyes used to evaluate cell proliferation.
bICsp, drug concentration to inhibit cell proliferation by 50 % (in some cases, the numbers refer to
LDsy, dose to induce cell death, depending on the assay).
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the nature of the compounds. A noticeable exception is that of the sulfated lamellarins
(o, U, and V) which are not cytotoxic, presumably owing to reduced cell uptake.

Lamellarin D (Lam-D) is one of the most cytotoxic compounds of the family. Its
broad spectrum of toxicity to numerous tumor cell lines (Table 7.1) makes it a solid
lead for the design of synthetic analogs [57]. Different procedures have been reported
for the total synthesis of Lam-D and related lamellarins, thus opening a route to the
rational design of a variety of analogs [56,58-62]. In the Lam-D series, precise
structure—activity relationships have been delineated [63]. Compounds possessing
hydroxyl groups at both the C-8 and C-20 positions are more cytotoxic than other Lam-
D analogs, whereas the OH at C-14 and methoxy groups at C-13 and C-21 seem to be
less important to maintaining the cytotoxic potential [64]. These structure-activity
relationships (Figure 7.3) have been extended to delineate the importance of the
lactone of Lam-D in the cytotoxicity [65]. Most of the Lam-D derivatives with an open
lactone ring were found to be considerably less cytotoxic than Lam-D, except when a
lactonization potential is preserved. In this case, a marked toxicity toward A-549 lung
carcinoma, HT-29 colon carcinoma, and MDA-MD-231 breast adenocarcinoma cells
was maintained [65]. The mode of action of these lactone-free derivatives of Lam-D s,
however, unknown at present. It remains to be determined whether these cytotoxic
derivatives can preserve an inhibitory activity against topoisomerase I, which is
considered the privileged (but not unique) target of Lam-D. It is only since 2002 that
the molecular mechanism of action of cytotoxic lamellarins, in particular Lam-D, has
been investigated, essentially in our laboratory.

7.7
Topoisomerase | Inhibition

Topoisomerases are fundamental enzymes that ensure DNA replication, transcrip-
tion, or recombination [66]. Both type I and type II topoisomerases act by changing
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—— / increase cytotoxicity
.
\
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unsaturated C5-C6 lamellarins
are generally more cytotoxic than
saturated compounds

Fig. 7.3 Structure—activity relationships in the lamellarin series.
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the supercoiling of DNA by nicking one (type I) or two (type II) of the DNA strands.
But these vital enzymes can become lethal weapons against cancer cells. A
significant number of chemotherapeutic drugs work by interfering with topoi-
somerases in cancer cells [67,68]. Topoisomerase II poisons were first used in
cancer chemotherapy more than 50 years ago and different drugs in this category
remain in wide clinical use, including certain anthracyclines such as doxorubicin
and daunorubicin, the anthracenedione mitoxantrone, as well as the epipodophyl-
lotoxin etoposide [69]. Topoisomerase I poisons were characterized in the mid-
1980s, and two molecules, topotecan and irinotecan, both derived from the plant
alkaloid camptothecin (CPT), have been approved for the treatment of cancers,
essentially ovarian and colon cancers [70,71]. CPT stabilizes topoisomerase [-DNA
complexes in the form of a covalent intermediate whereby the enzyme is linked to
one strand of the DNA so as to promote the accumulation of DNA single-strand
breaks [72]. The search for efficient topoisomerase I inhibitors has been an area of
intense research since the late 1980s, but apart from the camptothecins, which have
been extensively investigated, only a limited number of potent topoisomerase I
poisons capable of stabilizing topoisomerase I-DNA covalent complexes has been
identified [73,74]. The non-CPT topoisomerase I poisons with potent activities
include different indenoisoquinolines such as M]J-I11-65 [75,76], certain glycosyl
indolocarbazoles such as NB-506 and edotecarin (formerly J-107088 and ED-749)
[57] and lamellarin D which we identified as a potent topoisomerase [ poison in
2003 [57]. Lam-D binds relatively weakly to DNA, presumably via the insertion of its
planar pentacyclic chromophore between DNA base pairs. Intercalation of the flat
chromophore between two adjacent base pairs exposes the perpendicular methox-
yphenol moiety toward the major groove of DNA where the enzyme can be trapped
[64]. This DNA interaction, although relatively weak, provides the necessary
anchorage for stabilization of the enzyme—-DNA complex. Inhibition of topoisome-
rase I by Lam-D has been demonstrated by a variety of approaches, both in vitro
using recombinant enzymes and model DNA substrates and in a cellular context
using immunoblot assays to detect the drug-stabilized topoisomerase I-DNA
complexes in cells. The key discovery that topoisomerase I was a major target
for Lam-D has opened the door to the determination of structure—function
relationships and the rational design of lamellarin analogs of pharmaceutical
interest. The double bond between carbons 5 and 6 in the quinoline B-ring is a
crucial element for topoisomerase I inhibition [63]. This C-5=C-6 double bond
confers a planar structure on the molecule and when this double bond is lacking (as
in Lam-K, for example) the planar conformation no longer exists and the drug loses
its capacity to interfere with topoisomerase I. This was clearly demonstrated using
the synthetic compound Lam-501, which only differs from Lam-D in the absence of
the C-5=C-6 double bond. This compound showed no inhibition of topoisomerase
I, and its cytotoxicity was considerably reduced [57]. Additional structure-function
relationships have been delineated, thanks to the synthesis of different series of
Lam-D derivatives. In particular, using Lam-D analogs with distinct OMe/OH
substitution on the core structure, it was demonstrated that the 8-OH and the 20-
OH are crucial for topoisomerase I inhibition and in most cases a direct link could
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be established between enzyme inhibition and cytotoxicity [64]. The use of cancer
cell lines with topoisomerase I mutated genes has also contributed to the char-
acterization of topoisomerase I as the main target for Lam-D and related analogs. It
is thus not surprising to understand why Lam-H, which is structurally close to Lam-D,
has also been identified as a topoisomerase inhibitor. Lam-H was previously shown to
inhibit topoisomerase I from the Molluscum contagiosum virus (MCV) [54].

In terms of efficacy, Lam-D is less efficient than CPT in inhibiting topoisomerase I
(ICs0 0f 0.42 versus 0.087 wM, respectively) [57]. But the sequencing of DNA cleavage
products revealed that the cleavage profiles obtained with Lam-D were distinct from
those seen with CPT. Both molecules intercalate at the sites of DNA cleavage
corresponding to T'G sites but in addition Lam-D can induce cleavage at certain
C'G sites. Lam-D and CPT share a common mechanism of action at the topoisome-
rase I-DNA complex level but the two drugs are positioned in a slightly different
manner at the DNA—enzyme interface, thus providing distinct molecular contacts at
the origin of the nonidentical cleavage profiles. Molecular modeling studies have
greatly contributed to the explanation of how Lam-D fits into the topoisomerase
I-DNA active site [64].

But the story of Lam-D is not so simple. If topoisomerase I can be considered as the
unique target of CPT, the situation is clearly more complicated for Lam-D because its
cytotoxicity cannot be explained uniquely on the basis of the topoisomerase I
targeting. The cytotoxicity of Lam-D has been evaluated using the mutant cell lines
P388CPT5 and CEM-C2, which both express a mutant topoisomerase I conferring a
high resistance to CPT and other CPT-derived topoisomerase I poisons [57,78]. The
two cells lines are more resistant to CPTand Lam-D than the corresponding wild-type
P388 and CEM cell lines. This observation confirmed the direct implication of
topoisomerase I in the cytotoxicity of Lam-D. But the resistance indexes (i.e., the ratio
of ICs values for a pair of sensitive and resistant cell lines) was clearly different for
Lam-D and CPT. For example, the top1 mutated gene in CEMC2 cells confers a huge
resistance of these leukemia cells to CPT (RI >2000) whereas the RI was about
30 times lower, around 70, with Lam-D. Moreover, we discovered that Lam-D, but not
CPT, was able to induce apoptosis of the P388CPT5-resistant cell line. These
observation strongly suggested the existence of alternative target(s) for Lam-D in
cancer cells. This hypothesis was rapidly validated with the discovery of a nuclear
topoisomerase I-independent, direct effect of Lam-D on mitochondria.

7.8
Targeting of Mitochondria and Proapoptotic Activities

Mitochondria are the well-characterized intracellular organelles needed for the
production of ATP for all cellular processes. They also play a major role in
the regulation of calcium flux and redox state. Moreover, since the mid-1990s,
mitochondria have been considered as central effectors for the regulation of cell
apoptosis [79]. Apoptosis is a cell death characterized by a number of distinctive
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biochemical and morphological changes occurring in cells, such as DNA
fragmentation, chromatin condensation, and loss of phospholipid asymmetry in
the plasma membrane and membrane budding. During apoptosis, a family of
proteases known as caspases is generally activated. These proteins cleave key
cellular substrates required for normal cellular functions, including structural
proteins of the cytoskeleton and nuclear proteins such as DNA repair enzymes [80].
It is now well established that during apoptosis major changes occur at the level of
mitochondria. A reduction of the mitochondrial membrane potential (AWm) is
generally observed during the first steps of apoptosis, associated with the release
into the cytosol of various proteins localized in the intermembrane space, such as
cytochrome ¢, AIF, Smac/DIABLO and/or endoG [81]. Our initial study on the
apoptotic pathway induced by Lam-D revealed a very early mitochondrial dysfunc-
tion, including a reduction of AYm (Figure 7.4) and the release of cytochrome c and
AIF from the mitochondria to the cytosol [82]. It was then observed that Lam-D
could induce these alterations directly on isolated mitochondria. Both functional
assays (Figure 7.4) and direct observations by electron microscopy indicated that
mitochondria represented targets for Lam-D, and similarly for Lam-M (Figure 7.5).
Although the exact mechanism implicated in the targeting of mitochondria is not
fully understood, we have accumulated evidence that an opening of the mitochon-
drial permeability transition pore (mPTP) is induced by Lam-D. The drug induces a
swelling of isolated mitochondria and this effect can be prevented by a preincuba-
tion with the PTP inhibitor cyclosporin A. Each protein constituting the mPTP can
be considered as a molecular target for Lam-D, including the adenine nucleotide
translocator (ANT), voltage-dependent anion channel (VDAC), peripheral benzo-
diazepine receptor (PBR), hexokinase (HK), Bcl-2 family members (including Bax
and Bcl-2), mitochondrial creatine kinase (CK), and cyclophilin D [83]. These
proteins and receptors represent potential drug targets to control tumor cell growth
[84]. But we also cannot exclude the possibility that Lam-D induces an indirect
opening of the mPTP, forming channels or pores through phospholipids from the
outer or inner membranes or acting with specific complexes of the respiratory
chain. The detailed mechanism is currently being investigated further.

Based on our previous studies, we are confronted with an uncommon
situation where Lam-D seems to reside in two preferred sites within cells: (i) the
nucleus, where the drug forms tight and stable complexes with DNA and topoi-
somerase [; (ii) mitochondria, where Lam-D interacts with an as yet unknown
molecular target, potentially associated with the mPTP. Both sites and their asso-
ciated mechanisms can contribute to cell death induced by Lam-D but which is the
major contributor, the nucleus or the mitochondrion? The question remains unre-
solved at this stage but our recent data suggest that topoisomerase I targeting may be
the main mechanism responsible for the antitumor effects of Lam-D. Recent results
(unpublished) indicate that at low concentrations (<1 uM), Lam-D affects prefer-
entially the topoisomerase I pathway, without any direct interference with mitochon-
dria. At higher concentrations (in particular for concentrations >5 wM), Lam-D
affects both the nucleus and mitochondria, with a dual action leading to massive and
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Fig. 7.4 (a) Dose—response of the lamellarin M-induced
mitochondrial depolarization in P388 cells. (b) Monitoring
of the mitochondrial membrane potential (A¥m) by real-
time flow cytometry, using functional mitochondria
isolated from P388 cells and the fluorescent probe JC-1.

rapid cell death. We must also consider the hypothesis, as yet purely conjectural,
that the drug can target simultaneously both the nuclear and the mitochondrial
topoisomerase I. The topology of the mitochondrial genome — a closed circular
mtDNA - is regulated during replication by a protein encoded by the gene
mtDNA topoisomerase I (topImt) localized on human chromosome 8q24. This
gene is highly homologous to the nuclear top1 gene and the mitochondrial topoi-
somerase [ enzyme is fully inhibited by CPT [85,86]. The close functional
homology between CPT and Lam-D suggests that the mitochondrial enzyme can
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by

Fig. 7.5 Transmission electron microscopic images of a
mitochondrion in P388 cells; (a) control, (b) after
treatment for 15 min with 5 wM lamellarin D.
Magnification, x20000.

also be targeted by Lam-D. It will be interesting to see if Lam-D does interfere with
mitochondrial topoisomerase I and if this molecular effect is at the origin of the
mitochondrial dysfunctions (reduction of A¥m and mPTP opening) observed in
cells upon treatment with Lam-D.

Lamellarin D is not the only marine compounds capable of altering mitochondrial
functions. This is also the case for stolonoxides, which are oxidized fatty acid
metabolites isolated from the Mediterranean tunicate Stolonica socialis. These
compounds are able to inhibit mitochondrial respiration; more precisely they are
specific inhibitors of complexes II and III of the respiratory chain [87]. Another
example is that of cephalostatin 1, a bis-steroidal compound isolated from the marine
worm Cephalodiscus gilchristi. Like Lam-D, cephalostatin 1 induces a reduction of the
AWm, butinterestingly this alteration is not associated with the release of cytochrome
c or the apoptosis-inducing factor, but only with the release of the Smac/DIABLO
protein. Drugs that induce apoptosis by directly disrupting mitochondrial functions
or membrane integrity seem to have an attractive potential for preventing tumor
growth and eliminating tumor cells [84]. But the next challenge will be to identify or to
rationally design a mitochondriotoxic drug able to kill selectively cancer cells without
affecting normal cells. At present this selectivity issue for cancer cells versus
nontumor cells is a major obstacle to the development of anticancer drugs targeting
mitochondria.
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7.9
Conclusion

Studies on lamellarins have demonstrated that these marine molecules represent an
original source of structures for the identification and design of drugs active against
severe human pathologies such as AIDS and cancer. Only a very few aspects of their
mechanisms of action are known, in particular their capacities to interfere with
topoisomerase [ and mitochondria, both contributing to their potent cytotoxicity. The
recent discovery that Lam-D behaves as a CPT-like topoisomerase I poison has
encouraged the synthesis of analogs with improved pharmaceutical profiles. Lam-D
was firstidentified more than 20 years ago (1985) but its pharmacological interest has
only recently been raised, essentially since 2003. More than 300 derivatives have been
synthesized by chemists at PharmaMar (Spain) and drug candidates have been
selected for the extended preclinical and toxicological studies required prior to
human clinical trials. It took around 30 years from the first extraction of CPT from
the Chinese tree Campthoteca acuminata (1966), to the identification of its topoi-
somerase I target (1985) and the FDA-approval of the first CPT derivative (early
1990s). Even in the best scenario, it will take even longer from the first identification
of Lam-D (1985) to the characterization of topoisomerase I as its major target (2003)
and hopefully the clinical development of a tumor-active derivative. However, even if
Lam-D is only a laboratory tool at present, it represents a very interesting lead for the
development of marine-derived anticancer agents.
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Manzamine Alkaloids
Jiangnan Peng, Karumanchi V. Rao, Yeun-Mun Choo, Mark T. Hamann

8.1
Introduction

Approximately 30 % of the drugs in the market worldwide are natural products or
their derivatives. Natural products show a diversity of chemical structures wider than
that accessible by even the most sophisticated synthetic methods [1]. Moreover,
natural products have often opened up completely new therapeutic approaches. Work
on marine natural products started in the early 1950s, when Bergman discovered the
novel bioactive arabino-nucleoside from the marine sponge Cryptotethya crypta [2].
According to the numerous marine natural product reviews published since then,
such as those by Faulkner, Blunt, Gribble, Tolvanen, and Lounasmaa [3], marine
natural product evaluations were primarily focused on anticancer and anti-inflam-
matory activity. Marine alkaloids extracted from sponges have become increasingly
important since the late 1990s, representing approximately 13.5% of all reported
marine natural products [4]. Their unique structural properties and potent biological
activities have made them attractive in terms of natural product synthesis and
pharmaceutical research. However, one class of compounds that has become
especially interesting to both synthetic chemists and biochemists are the manza-
mines, a rapidly growing family of novel marine alkaloids.

Manzamine alkaloids are characterized by a unique polycyclic ring system, which
may biogenetically derive from ammonia, C;oand C; units, and tryptamine [5]. In the
majority of the manzamine alkaloids, the multicyclic units are condensed with
tryptamine to form B-carboline. The first representative of this class of alkaloids,
manzamine A (1) (Figure 8.1), was isolated as the hydrochloride salt from an
Okinawan sponge Haliclona sp. by Higa’s group in 1986 [6]. X-Ray diffraction
crystallographic analysis revealed an unprecedented structure including absolute
configuration, which consisted of a 3-carboline and complicated 5-, 6-, 6-, 8-, and 13-
membered rings. The piperidine and cyclohexene ring systems adopt chair and boat
conformations, respectively, and are bridged by an eight-carbon chain creating a 13-
membered macrocycle. The conformation of the 8-membered ring is in an envelope-
boat, with a mirror plane passing through C-32 and C-28. The chloride ion is held by
hydrogen bonding with two NH and one OH groups. The positive charge on the

Modern Alkaloids: Structure, Isolation, Synthesis and Biology. Edited by E. Fattorusso and O. Taglialatela-Scafati
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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manzamine A (1)

Fig. 8.1 X-ray crystal structure of manzamine A hydrochloride.

pyrrolidinium nitrogen atom was indicated by the longer than usual bond lengths of
the attached a-carbon atoms [6].

Manzamines have shown a variety of bioactivities including cytotoxicity [6,7]; they
have antimicrobial [8], pesticidal [9-11], and anti-inflammatory [12] properties, and
have an effect on HIVand AIDS opportunistic infections [13,14]. To date, the greatest
potential for the manzamine alkaloids appears to be against malaria with manzamine
A and 8-hydroxymanzamine A (2) showing improved activity over the clinically used
drugs chloroquine and artemisinin both in vitro and in vivo [15]. Recently, the
manzamines have been patented for their immune depressing activity, which
may be used in organ transplant or autoimmune disease [16]. The diversity of
biological activity for this class of compounds suggests that they may act on multiple
targets, which could be controlled through synthetic modification.

To date, there are over 80 manzamine-related alkaloids reported from more than 16
species of marine sponges belonging to five families distributed from the Red Sea to
Indonesia. Wide structural variation has been reported, including the complex
manzamine dimer kauluamine [17] and neo-kauluamine [15a], manadomanzamines
A and B with unprecedented ring arrangements [13], and ircinal-related alkaloids
such as keramaphidins [18-20], ingamines [21], ingenamines [22,23], and madan-
gamines [24-26]. The major manzamine-producing sponges are in genus Amphi-
medon [27,20], Acanthostrongylophora [28,13], Haliclona [6], Xestospongia [29], and
Ircinia [27,30].

The unique structure and extraordinary bioactivity of manzamine alkaloids have
attracted great interest from synthetic chemists as one of the most challenging natural
product targets for total synthesis. Great efforts have been made to achieve total
synthesis of manzamine A and related alkaloids. Methodological studies towards the
synthesis of manzamine structural units have also been reported [31-33].

There are several reviews referring to manzamine alkaloids [7,31-35]. In this
chapter, we will review the structure and source of manzamine alkaloids including
thelarge-scale preparation of manzamine alkaloids for preclinical evaluation. We also
discuss the detailed synthesis and bioactivities of manzamine alkaloids.
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8.2
Manzamine Alkaloids from Marine Sponges

8.2.1
B-Carboline-containing Manzamine Alkaloids

8.2.1.1 Manzamine A Type
This type of manzamine has a closed eight-membered bottom ring and a double bond
between C-10 and C-11. In addition to manzamine A, this group of manzamines
includes: manzamines D (14)[36,37], E (7)[38], F (9)[38], G (2)[20,39], M (12)[40],
X (10)[41], and Y (3)[20,42], ent-8-hydroxymanzamine A (2a) [15a], ent-manzamine F
(9a) [15a], 3,4-dihydromanzamine A (4)[42], 8-hydroxymanzamine D (15)[43],
8-hydroxy-2-N-methylmanzamine D (16) (43), 3,4-dihydro-6-hydroxymanzamine A
(13)[40], 6-hydroxymanzamine E (8), [44], 6-deoxymanzamine X (11)[45], manzamine
A N-oxide (5)[10], 3,4-dihydromanzamine A N-oxide [10], epi-manzamine D (17)[46],
N-methyl-epi-manzamine D (18)[46], ent-12,34-oxamanzamines E (19) and F (20)
[28a], 12,34-oxamanzamine A (21)[28a], 12,28-oxamanzamine A (22), 12,28-oxa-8-
hydroxymanzamine A (23), 31-keto-12,34-oxa-32,33-dihydroircinal A (61)[47],
12,34-oxamanzamine E (24)[44], 6-hydroxy-12,34-oxamanzamine E (25), 12,28-
oxamanzamine E (26)[48], 32,33-dihydro-31-hydroxymanzamine A (27), 32,33-
dihydro-6,31-dihydroxymanzamine A (28), and 32,33-dihydro-6-hydroxymanza-
mine A-35-one (29)[49].

8-Hydroxymanzamine A was isolated from the Indonesian sponge Pachypellina sp.
with moderate antitumor and anti-HSV-II activity, in 1994 [39]. It was named as
manzamine G in some literature [20]. 6-Hydroxymanzamine A (called manzamine Y
in some references [20,41]) and 3,4-dihydromanzamine A were isolated from the
Okinawan marine sponge Amphimedon sp. The Philippine sponge Xestospongia
(=Acanthostrongylophora) ashmorica Hooper yielded manzamine A N-oxide, 3,4-
dihydromanzamine A N-oxide, and 6-deoxymanzamine X [10].

R4

manzamine G (2): R1=H, R, = OH, no R3 3,4-dihydromanzamine A (4): R1=H, no R,
manzamine Y (3): R1 = OH, R, = H, no Rj, 3,4-dihydromanzamine A N-oxide (6): Ry =H, R, =0
manzamine A N-oxide (5): Ry=R,=H,R3=0  3,4-dihydro-6-hydroxymanzamine A (13): R1 = OH, no Ry

Manzamines E and F, with a ketonic carbonyl group in the eight-membered ring
portion of the molecule, were isolated from an Okinawan Xestospongia sp. and
patented as antitumor agents against P388 mouse leukemia cells, in vitro [38].
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Manzamine F was proved to be identical with keramamine B, isolated earlier from a
sponge Pellina sp. and assigned an incorrect structure [8]. 6-Hydroxymanzamine E
was isolated from the sponge Acanthostrongylophora sp. collected from Manado,
Indonesia [44]. Two manzamine enantiomers, ent-8-hydroxymanzamine A (2a) and
ent-manzamine F (9a) were isolated from an Indonesian sponge originally identified
as an undescribed Petrosid genus [15a].

manzamine E (7): R =Rpo=H .
6-hydroxymanzamine E (8): Ry = H, Ry = OH ent-8-hydroxymanzamine A (2a) ent-manzamine F (9a)

manzamine F (9): R =0OH, R, = H

Manzamine X was obtained from an Okinawan marine sponge Xestospongia sp.
[41]. Tts structure was confirmed by X-ray crystallographic analysis as including an
inserted tetrahydrofuran ring in the lower part of the structure. Manzamine M and
3,4-dihydro-6-hydroxymanzamine A were isolated from the sponge Amphimedon sp.
collected off the Kerama Islands [40]. Manzamine M is the only manzamine congener
with a hydroxyl group on the C-13—C-20 chain and the absolute configuration of this
hydroxyl group was determined by a modified Mosher’s method.

manzamine X (10): R = OH manzamine M (12)
6-deoxy-manzamine X (11): R=H

Manzamine D was isolated as a minor component from the species that
produce manzamine A in subsequent studies [36]. 8-Hydroxymanzamine D and
its N-methylated derivative 8-hydroxy-2-N-methylmanzamine D were obtained
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from the Papua New Guinea sponges Petrosia contignata and Cribrochalina sp.,
which are in different families of the order Haplosclerida [43]. epi-Manzamine D
and 2-N-methyl-epi-manzamine D were isolated from a Palaun sponge and the
structure of 18 was confirmed by X-ray analysis [46]. Both of them were cytotoxic to
Hela and B16F10 mammalian cells, with 18 showing strong activity against the
B16F10 cell line [46].

manzamine D (14): Ry =R,=H . .
8-hydroxymanzamine D(15): R{=OH, Ry, =H epimanzamine D (17)5 R=H
8-hydroxy-2-N-methyl-manzamine D(16): R4 = OH, R, = Me N-methyl-epi-manzamine D (18): R= Me

A class of manzamine with an ether bridge between carbons 12 and 28 or
between carbons 12 and 34 has been reported from Indo-Pacific sponges.
ent-12,34-Oxamanzamines E and F, as well as 12,34-oxamanzamine A were isolated
from three undescribed species of Indonesian sponge in the Petrosiidae genus. The
biocatalytic transformation of ent-8-hydroxymanzamine A (2a) to 20, using Nocardia
sp. ATCC 21145 and Fusarium oxysporum ATCC 7601, has also been achieved [28a].
Three additional manzamines with an ether bridge, namely 12,28-oxamanzamine A,
12,28-0xa-8-hydroxymanzamine A, and 31-keto-12,34-oxa-32,33-dihydroircinal A
(61), were obtained from a re-collection of the sponge [47].

ent -12,34-oxamanzamine E (19): R

=H .
ent -12,34-oxamanzamine F (20): R=0OH 12,34-oxamanzamine A (21)
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12,28-oxamanzamine A (22): R=H 12,34-oxamanzamine E (24):R =H
12,28-oxa-8-hydroxymanzamine A (23): R= OH  6-hydroxy-12,34-oxamanzamine E (25): R = OH

12,28-oxamanzamine E (26)

12,34-Oxamanzamine E [44], 6-hydroxy-12,34-oxamanzamine E and 12,28-oxaman-
zamine E [48] were isolated from a re-collection of the sponge Acanthostrongylophora
sp. from Manado, Indonesia. In addition, 32,33-dihydro-31-hydroxymanzamine A,
32,33-dihydro-6,31-dihydroxymanzamine A, and 32,33-dihydro-6-hydroxymanza-
mine A-35-one have been reported from another collection of the same Indonesian
sponge [49]. Compounds 27 and 28 are likely the reduced derivatives of manzamines
Eand F. Alkaloid 29 is unique in that it possesses a ketone moiety at C-35, instead of a
typical C-31 ketone as seen in manzamines E and F.

32,33 -dihydro-31-hydroxymanzamine A (27 ):R=H 32,33 -dihydro-6-hydroxy-
32, 33 -dihydro-6,31-dihydroxymanzamine A (28): R = OH manzamine A-35-one (29)
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8.2.1.2 Manzamine B Type
Higa’s group reported mazamine B (30) in subsequent studies of an Okinawan
sponge [36,37a] and its structure was characterized by X-ray analysis as having the

bottom eight-membered ring opened. Recently its hydroxylated analog called 8-
hydroxymanzamine B (31) has been isolated from an Indonesian sponge [44].
Manzamines H (32) and | (33) were first isolated from an Okinawan sponge Ircinia
sp. [50]. Later, manzamine H and its C-1 epimer manzamine L (34) were isolated
from the sponge Amphimedon sp. [20]. The absolute configuration of C-1 of
manzamine L was deduced to be 1S from a negative Cotton effect, while 32 showed
the opposite sign, implying the 1R-configuration [20].

manzamine B (30): R=H manzamine H (32): 1R
8-hydroxymanzamine B (31) R = OH manzamine L (34): 1S

In a continued search for new manzamine alkaloids, 1,2,3,4-tetrahydromanza-
mine B (35) and ma’eganedin A (36) has been isolated from the same species of the
Okinawan marine sponge Amphimedon sp. [45,51]. Ma’eganedin A has a unique
methylene carbon bridge between N-2 and N-27. Their structures, including the
absolute configuration, were elucidated from spectroscopic data.

1,2,3,4-tetrahydromanzamine B(35) ma'eganedin A(36)

3,4-Dihydromanzamine | (37) was isolated from the Okinawan marine sponge
Amphimedon sp. along with manzamine M and 3,4-dihydro-6-hydroxymanzamine
A [40]. Manzamine | N-oxide was obtained from the Philippine sponge Xestospongia
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ashmorica [10] and 8-hydroxymanzamine ] (39) was isolated from a species belongs
to genus Acanthostrongilophora [44].

manzamine J (33): R4y =H, R, =no
manzamine J N -oxide (38):R4=H,R,=0 3,4-dihydromanzamine J ( 37)

8-hydroxymanzamine J (39 ): R4=0OH, R ,=no

8.2.1.3 Manzamine C Type

Manzamine C (40) is characterized by a 2-ethyl-N-azacycloundec-6-ene connected to
C-1 of a B-carboline. To date, only two analogs of this type of manzamine have been
reported. Manzamine C was obtained from the same species Haliclona sp. that yields
manzamine A [37a]. Keramamine C (41) was isolated from an Okinawan marine
sponge Amphimedon sp. [18].

HN

Iz

manzamine C (40) keramamine C (41)

8.2.1.4 Other B-Carboline-containing Manzamines

Two manzamine dimers have been reported from two different Indonesian sponges.
Kauluamine (42) was isolated by Scheuer’s group from an Indonesian sponge
originally identified as Prianos sp. [17]. This sponge was also recently identified as
a species of Acanthostrongylophora (Hooper). Its structure was determined as a
manzamine dimer by 2D NMR experiments, including HOHAHA and HMQC-
HOHAHA techniques, adding yet another level of complexity to this fascinating
group of alkaloids. Kauluamine showed moderate immunosuppressive activity in
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mixed lymphocyte reaction and did not show cytotoxicity. The second manzamine
dimer, neo-kauluamine, was isolated from an Indonesian sponge originally identified

as an undescribed petrosid genus, along with two manzamine enantiomers, ent-8-
hydroxymanzamine A (2a) and ent-manzamine F (9a) [15a]. This sponge has now
been shown to be of the genus Acanthostrongylophora [52]. The relative config-
uration of the nearly symmetric manzamine dimer neo-kauluamine was estab-
lished through a detailed analysis of the NOE-correlations combined with
molecular modeling [15a].

kauluamine(42)

neo-kauluamine(43)

Recently, manadomanzamines A (44) and B (45), two novel alkaloids with
unprecedented rearrangement of the manzamine skeleton, were isolated from
the Indonesian sponge Acanthostrongylophora sp. Their structures were elucidated
based on detailed 2D NMR analysis and shown to be a novel organic skeleton related
to the manzamine-type alkaloids. Their absolute configurations and conformations
were determined by CD, NOESY, and molecular modeling analysis [13]. Both of them
exhibited activity against Mycobacterium tuberculosis (Mtb), HIV-1, and AIDS oppor-
tunistic fungal infections.
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manadomanzamine A (44): 22 B-H
manadomanzamine B (45): 22 o-H

Xestomanzamine A (46) and B (47) were isolated from the Okinawan marine
sponge Xestospongia sp. with manzamine X [41]. des-N-Methylxestomanzamine A
(48) was reported from an undescribed Indonesian sponge [49]. Hyrtiomanzamine
(49) is structurally similar to xestomanzamine A, and was isolated from the
phylogenetically distant Red Sea sponge Hyrtios erecta [53].

N | N/ |
NS
N H3CS N
O O
N \ = H3CN4\- A
\/NCH3 \—-’NCH3
xestomanzamine A (46) R=CH 4 xestomanzamineB( 47) hyrtiomanzamine(49)

des- N -methylxestomanzamineA( 48)R=H

8.2.2
Ircinal-related Alkaloids

Keramaphidin C (50) was isolated from sponge Amphimedon sp. [18]. Haliclorensin
(51) was isolated from Haliclona sp. and its structure was first proposed as 51 [54].
However, the synthetic (+)-51, (R)- and (S)-51 showed significant differences in NMR
and mass spectra from those of natural halicloresin [55]. The structure of haliclorensin
was revised to (S)-7-methyl-1,5-diazacyclo-tetradecane (51a) recently [S6].

H2N

5wy &

keramaphidin C (50) haliclorensin (51) haliclorensin (51a)
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Motuporamines A (52), B (53), and C (54), which contain a spermidine-like
substructure, represent a new family of cytotoxic sponge alkaloids, were isolated as
an inseparable mixture from Xestospongia exigua collected in Papua New Guinea [29].

H2NH HZNH HZNH
HN HN HN
23 10
@ Q |
motuporamine A (52) motuporamine B (53) motuporamine C (54)

Two plausible biogenetic precursors of the manzamine alkaloids, ircinals A (55)
and B (56), were isolated from the Okinawan sponge Ircinia sp. [50]. Ircinols A (57)
and B (58), the antipodes of the manzamine-related alkaloids, were obtained from
another Okinawan sponge Amphimedon sp., together with keramaphidins B (59) and
C (50)[18-20,56]. Ircinols A and B were determined to be enantiomers of the C-1
alcoholic forms of ircinals A and B, respectively. Ircinols A and B represent the first
occurrence of compounds which display the opposite absolute configurations to
those of the manzamine alkaloids, and are a rare example of both enantiomeric forms
being isolated from the same organism.

ircinal A(55) ircinal B(56)

ircinol A(57) ircinol B(58)
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12,28-Oxaircinal A (60), an usual ircinal A analog possessing a unique aminal ring
system generated through an ether linkage between carbons 12 and 28, was isolated
from Acanthostrongylophora sp. [48]. 31-Keto-12,34-0xa-32,33-dihydroircinal A pos-
sessing a unique aminal ring system generated through an ether linkage between
carbons 12 and 34 was isolated from two collections of an Indo-Pacific sponge
belongs to an undescribed species of the genus Acanthostrongylophora [47].

12,28-oxaircinal A (60) 31-keto-12,34-o0xa-32,33dihydroircinal A (61)

Xestocyclamine A (62) was first isolated from the Papua New Guinea marine
sponge Xestospongia (=Acanthostrongylophora) ingens, and its structure was revised in
the following year with the isolation of xestocyclamine B (63)[57].

keramaphidin B(59): R=H
xestocyclamine B(63): R= —OH xestocyclamineA( 62)
ingenamine (66): R = —OH

Ingamines A (64) and B (65)[21], ingenamine (66)[22], ingenamines B (67), C (68),
D (69), E (70), and F (71)[23] were also isolated from the Papua New Guinea marine
sponge Xestospongia (=A.) ingens.

\
ingamine A (64 ): R = OH ingenamine E (70): R = OH
ingamine B (65): R=H ingenamine F (71):R =H
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9
ingenamineB(67): R = OH, X = lzl/\/\/\/z\/%

{ /\/E/\/\/0
ingenamineC(68): R = OAc, X =N 0

ingenamineD(69): R = OH, X = NS N= NN

Ingenamine G (72) was isolated from Pachychalins sp. collected from Father’s
Island, Rio de Janerio, Brazil [58]

OH /7
YN

|
NAJ
Ingenamine G (72)

Madangamine A (73), the first example of a new class of pentacyclic alkaloids was
isolated from Xestospongia sp. collected off Madang, Papua New Guinea [24,25], and
later madangamines B (74), C (75), D (76), and E (77) were also obtained from this
same sponge [26]. They are extremely nonpolar compounds compared to the closely
related ingenamine alkaloids, and it has been assumed that the madangamine
skeleton arises via rearrangement of an ingenamine precursor.

T \\\\
UOTRN

5
. 7/\/;/:\/%0
madangamine A (73): X= N
. 7/\/:\/:\/\/\9
madangamine B (74): X= N
madangamine C (75): X = Kl/\/\/\/:\/c
madangamine D (76): X = N~ "N C
madangamine E (77): X =

Misenine (78), which possesses an unprecedented tetracyclic ‘cage-like’ core, was
isolated from an unidentified Mediterranean species Reniera sp. [59]. The spatial
proximity between the carbonyl and the tertiary amine induces an interaction, or
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“proximity effect.” The "H-NMR spectrum of this alkaloid showed significant
variations with pH and it was concluded that 78a is favored in neutral or weakly
basic conditions whereas 78b was preferred under acidic conditions. A similar
transannular N/C=0 “proximity effect’ had previously been observed in saraine
A (79) although, in this case, a lowering of pH enhanced the C-N linkage [60].
Nakadomarin A (80) was isolated from an Amphimedon sp., and its structure was
reported to contain an unprecedented 8/5/5/5/15/6 ring system [61].

saraine A(79) nakadomarin A( 80)

8.3
Source and Large-scale Preparation of Manzamine Alkaloids

8.3.1
Source of Manzamine Alkaloids

Mazamine alkaloids have been reported from a variety of sponges. To date, there
are 16 or more species belonging to five families and two orders of sponges that
have been reported to yield the manzamine alkaloids (Table 8.1). These sponges
have been collected from Okinawa, the Philippines, Indonesia, the Red Sea, Italy,
South Africa, and Papua New Guinea. Most species produced a number of
manzamine alkaloids and some of them give very high yields of B-carboline-
containing manzamines. The most productive species are those in the genera
Amphimedon sp. [20,27], and Acanthostrongylophora ([13,28]; see Table 8.1), which
to date has yielded the greatest number of B-carboline-containing manzamine



Tab. 8.1 Marine sponges yielding manzamines and related alkaloids.

8.3 Source and Large-scale Preparation of Manzamine Alkaloids

Taxonomy Collection localities ~ Alkaloids References
Order HAPLOSCLERIDA Manzamo and
Topsent Amitori Bay
Family CHALINIDAE Gray (Iriomote Island), 1, 30, [6,36,37,41]
Okinawa 40, 14,
3
Genus Haliclona Grant
Haliclona spp.
Haliclona tulearensis VV&L* Sodwana Bay, 51 [54]
South Africa
Genus Reniera Nardo
Reniera sp. Capo Miseno, 78 [60]
Reniera sarai Pulitzeri-Finali Naples, Ttaly; 79 [61]
Bay of Naples
Family NIPHATIDAE van Soest Kerama Islands, 1, 30, 40, [18,27,19,20,
Genus Amphimedon D&M* Okinawa 41, 14, 2, 42,40,45,62]
Amphimedon spp. 32, 34,12,
3, 4,13,
37, 35, 36,
50, 55, 56,
57, 58, 59,
80
Genus Cribrochalina Schmidt Madang, Papua 16 [43]
Cribochalina sp. New Guinea
Family PETROSIIDAE Miyako Island and 1, 30, 40,
van Soest Amitori Bay 14,7,
Genus Acanthostrongylophora (Iriomote Island), 9, 10, 46, [38,41,57,58]
Hooper? Okinawa 47, 62, 63
Xestospongia spp.
Acanthostrongylophora sp. Manado Bay, 8, 60, 24, [44,48,49]
Indonesia 25, 26,
27, 28, 29,
31, 39, 48
[Prianos sp.] Manado Bay, 42 [17]
Indonesia
[Xestospongia ashmorica Mindoro Island, 1,7,9, 33, [10]
Hooper] Philippines 11,5, 38, 6
[Xestospongia ingens Papua New 64, 65, 66, 67, [21-24,20]
(Thiele)] Guinea 68, 69, 70,
71, 73, 74,
75,76, 77
[Petrosiidae n.g.] n. sp. Manado Bay, 9a, 2a, 43, 19, 20, [13,15,28,47]
Indonesia 21, 22, 23,
44, 45, 61
[Pachypellina sp.] Manado Bay, 1,2 [39]

Indonesia
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Tab. 8.1 (Continued )

Taxonomy Collection localities Alkaloids References

Pellina sp. Kerama islands, 1,9 18]
Okinawa

Genus Xestospongia Papua New 52, 53, 54 [29]

de Laubenfels Guinea

Xestospongia exigua

(Kirkpatrick)

Genus Petrosia Vosmaer Milne Bay, 15, 16 [43]
Papua

New Guinea
Petrosia contignata Thiele
Order DICTYOCERATIDA Minchin Red Sea 49 [53]
Family THORECTIDAE Bergquist
Genus Hyrtios D&M*
Hyrtios erecta (Keller)

Family IRCINIIDAE Gray Kise, Okinawa 1, 30, 14, [27,50]
7, 32,
33, 55,
56

Genus Ircinia Nardo

Ircinia sp.

Undetermined Palau 17,18 [46]

“Taxonomic authorities: VV&L =Vacelet, Vasseur & Lévi; D&M = Duchassaing & Michelotti.
The genus Acanthostrongylophora Hooper has been recently confirmed as the appropriate genus
name for the group of sponges listed in square brackets above [52]. This table is an update of one
previously published in ref. [7a].

and manzamine-related alkaloids. The wide distribution of manzamine alkaloids
in taxonomically unrelated sponges strongly implies that microorganism(s)
present as symbionts in these sponges may be the real producer of manzamine
alkaloids.

8.3.2
Large-scale Preparation of Manzamines

Owing to the promising antimalarial and other activities, kilogram isolation of
manzamine A is required for further preclinical evaluation, which include efficacy
in different animal models, toxicological and pharmacokinetic studies, and so on. In
addition, large amounts of manzamine A and its analogs such as 8-hydroxymanzamine
A, ircinal A,and manzamine Fare required for lead optimization and structure—activity
relationship study. Thus, a method for kilogram-scale preparation of manzamines has
been developed (see Figure 8.2) [62]. The fresh sponge was extracted with acetone, then
an acid-base procedure was used to obtain a total alkaloid fraction. This mixture was
subjected to one simple silica gel vacuum liquid chromatography procedure and pure
(>90 %) manzamine A, 8-hydroxymanzamine A, and manzamine F were obtained as
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Extract
| Acid-base

Total alkaloids

Silica gel VLC (1:10)
(hexane:acetone:EtyN)

I I 1] v
Ircinal A&  Manzamine A  8-OH-Manzamine A  Manzamine F
Manzaming A

1 eq. 1 eq.
HCI'in MeOH HCI in MeOH

Manzamine A 8-0H-Manzamine A

hydrachloride hydroechloride
Recry. Recry.

High pure (>99%) High pure (>99%)
Manzamine A 8-0H-Manzamine A
hydrochloride hydrochloride

Fig. 8.2 Large-scale preparation of manzamine alkaloids.

free bases. Pure ircinal A was obtained after one additional chromatography step.
High purity (>99 %) manzamine A and 8-hydroxymanzamine A can be obtained by
converting the free base into the hydrochloride, followed by crystallization.

833
Supercritical Fluid Chromatography Separation of Manzamine Alkaloids

Although the above procedure for large-scale preparation of manzamine alkaloids is
very simple and efficient, a deficiency of this method, like most chemical procedures,
is the use of a large amount of organic solvent, which is expensive, toxic, and
flammable. Supercritical carbon dioxide is widely recognized today as a “Green
Chemistry” solvent. Itis nontoxic, nonflammable, odorless, tasteless, inert, inexpensive,
and environmentally benign. The unique physical and chemical properties of carbon
dioxide in its supercritical state, namely the absence of surface tension, low viscosity,
high diffusivity, and easily tunable solvent strength and density make ita useful solvent
for extraction and chromatography.

A model large-scale supercritical fluid chromatography (SFC) system for produ-
cing manzamine alkaloids was established by adapting a supercritical fluid extraction
unit SFT-150 [62]. The extraction chamber was used as the chromatography column,
and 40 g of dry silica gel was placed in the chamber. A test preparative separation of
0.5 g of manzamine alkaloids was conducted using this system. A gradient elution
was performed by increasing the amount of cosolvent (acetone, methanol) using an
HPLC dual-pump unit. The fractions were evaluated by thin layer chromatography
(TLC) and the results are shown in Figure 8.3. Fraction 8 only contained one spot,
which corresponded to manzamine A. Fractions 6 and 13 each consist of a major spot
and a minor one. This separation is comparable to the gravitational column separa-
tion of the manzamine alkaloids. The total elution time is less than 2 h, which is much
less than gravitational column chromatography. Since the carbon dioxide was
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Fig. 8.3 TLC of fractions from SFC of manzamine alkaloids.

evaporated at room temperature, fractions collected are either dry powders or
solutions in a minimal amount of cosolvent, and evaporation of a solvent is not
required. Because the extraction chamber was utilized as the column, no expensive
preparative SFC column is required. This process can be easily scaled to a 2-L column
with a 2-L volume extraction chamber.

84
Synthesis of Manzamine Alkaloids

8.4.1
Total Synthesis of Manzamine A and Related Alkaloids

There are to date only two reports on total synthesis of manzamine A. The first total
synthesis of manzamine A was reported in 1998 by Winkler et al., along with those of
manzamine D, ircinal A, and ircinol A [63]. The second total synthesis was reported a
year later by Martin et al. [64] using a different approach from Winkler’s.

The total synthesis of manzamine A reported by Winkler et al. involved a highly
stereoselective intramolecular vinylogous amide photoaddition, retro-Mannich
fragmentation, and a Mannich closure sequence (Scheme 8.1) in 17 steps starting
from the bicyclic precursor 81[63,65—67]. Reaction of the secondary amine 81 with
ketone 82 gave the key substrate, vinylogous amide 83, in high yield. Photoaddi-
tion and retro-Mannich fragmentation of amide 83 followed by Mannich closure
gave the tetracyclic 88. The required functionalities in ring B were achieved by
carboxylation of C-10, reduction of C-11 ketone, followed by selenation, and finally
the oxidation of selenide 93 to give the desired C-12a alcohol 94. The formation of



8.4 Synthesis of Manzamine Alkaloids |207

; 88R=R'=H
86 87 ii 1
89 R=TBS;R'=H
i C, 90 R=TBS; R! = CO,Me
vii
PhSe CO,Me
H CO,Me H CO,Me "o

ix
xii, xiii X (, 94 R = TBS
L95 R=H
xi “96 R=Ts

TSO

xvi ([ 98 R=COzMe
manzamine A manzamine D Q ircinol AR = CH,OH 97
XVii ircinal AR = CHO

Scheme 8.1 Reagents: i, CsHsN, AcOH; ii, TBSCI; iii,
LHMDS, MeOCOCN; iv, NaBHy; v, MsCl, TEA; vi, DBU,
benzene; vii, m-CPBA, NaOMe; viii, LITMP, PhSeCl; ix,
H,0,, pyridine; x, TBAF; xi, TsCl, TEA; xii, TFA; xiii,
(iPr)2NEt; xiv, (iPr),NEt; xv, Lindlar; xvi, DIBAL-H; xvii,
Dess—Martin periodinane; xviii, tryptamine, TFA; xiv, DDQ.
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i, ii, CHO BrYCOZMe COzMe COyMe
2 CHO , HY PPh; = “Br il ~ “Br
N. DCM
TBDPSO(CH,)s™  "Boc N *NH )
TBDPSO(CH,)s~ “Boc TBDPSO(CH,)g 2 p-TsO
100 101 102

Scheme 8.2 Reagents: i, (Boc),O; ii, TBDPSCI; iii, TMS-OTTf, 2,6-lutidine, p-TsOH.

the macrocyclic 13-membered ring E was achieved by exposing the secondary
amine 96 to Hinig base at high dilution. Reduction of methyl ircinate 98 gave
ircinol A, which was in turn oxidized to ircinal A. Pictet-Spengler reaction
between 20 and tryptamine provided manzamine D, which on DDQ oxidation
gave manzamine A.

The enantioselective total synthesis of manzamine A reported by Martin et al.
utilizes a totally different approach from that of Winkler. A novel domino Stille/
Diels—Alder reaction was employed to construct the ABC tricyclic manzamine core
and was followed by two sequential ring-closing metathesis (RCM) reactions to form
the 8- and 13-membered rings D and E, respectively (Scheme 8.3) [64,68-71]. The key
diene precursor 102, which possessed the required functionalities for the eventual
construction of the 13-membered ring E, was prepared in three steps (Scheme 8.2).
Sequential reaction of 104 with oxalyl chloride and 102 afforded 105, which then
underwent the critical domino Still/Diels—Alder reactions. Reaction of 105 with vinyl
tributylstannane in the presence of Pd(0) gave triene 106, which subsequently
underwent an intramolecular [4 4 2] cycloaddition to give the ABC tricyclic manza-
mine core 107. Construction of the 13-membered ring E proceeded via a Wittig
reaction, and stereoselective 1,2-addition of 4-butenyllithium to the tricyclic subunit
gave diene 111 with the tertiary alcohol group internally protected as a cyclic
carbamate. Treatment of diene 111 with Grubb’s ruthenium catalyst afforded the
RCM product 112. Hydrolysis of the cyclic carbamate of 112 followed by N-acylation
gave diene 113. RCM cyclization of 113 with excess ruthenium furnished the
pentacyclic 114. Reduction of 38 with DIBAL-H gave ircinol A, which was in turn
oxidized to ircinal A. The synthesis of ircinal A required a total of 24 steps from
commercially available starting materials. Ircinal A was subsequently converted to
manzamine D and manzamine A following the standard protocol [72].

8.4.2
Total Synthesis of Manzamine C

Manzamine C is the one of the simplest manzamine alkaloids in which an
azacycloundecene ring is attached to a B-carboline moiety. Four total syntheses of
this alkaloid employing different strategies have been reported to date [73-81].
Nakagawa et al. completed the first total synthesis of manzamine C in 1991
(Schemes 8.4 and 8.5) [73-74]. The B-carboline moiety was prepared utilizing
the Bischler—Napieralsky protocol (Scheme 8.3) and the 11-membered azacycloun-
decene ring was constructed from the reaction between silyloxyacetylene 119 and
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1-iodo-4-tert-butyldimethylsilyloxybutane, which afforded the protected diol 120.
Hydrogenation of 120 in the presence of Lindlar catalyst gave stereoselectively the
Z-alkene 121, which was subsequently deprotected and tosylated, and treatment
with tosylamine provided the N-tosyl-6-(Z)-azacycloundecene 124 (Scheme 8.4).
Coupling of 124 with the potassium salt 118 in the presence of diphenylphosphoryl
azide (DPPA) afforded amide 128, which was then reduced to furnish manzamine
C. On the other hand, the E-diol 125 was obtained after the desilylation of 120 and
reduction. Using similar reaction conditions, 125 was converted to the E-isomer
131 of manzamine C and dihydromanzamine C 129. The same group reported in
2000 a convenient method for the preparation of the 11-membered azacyclounde-

cene ring using RCM (Scheme 8.6) [78].
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Scheme 8.6 Reagents: i, LHMDS, CO,; ii,
NaBHy,, EtOH; iii, NayCOs; iv, (COCl),; v,
(Ph3P)4Pd, toluene, A; vi, CrOs, 3,5-
Me,C3H,N,, DCM; vii, HCl, MeOH; viii,

(COCl),, DMSO,TEA;ix, PhsP=CH,; x, DIBAL-

+ +  dimers

N\

127

H; xi, Dess—Martin periodinane; xii, HC(OMe)3,
MeOH, HCl; xiii, CH,=CHCH,CH,Li; xiv,
KOH, MeOH; xv, DIBAL-H; xvi, Dess—Martin
periodinane; xvii, tryptamine, TFA; xviii,
DDQ, TEA.
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Fig. 8.7 Reagents: i, nBulLi; ii, H,SO4, MeOH; iii, TsCl,
pyridine; iv, NaN3;, DMSO; v, Lindlar, quinoline,
cyclohexane; vi, (Boc),O, KOH; vii, Me,N(CH,)3sNCNEt,
HCl, C¢FsOH; viii, TFA; xi, DMAP, THF; x, LiAlH4, THF.

Gerlach et al. reported the second total synthesis of manzamine C in 1993 using a
different synthetic approach [79]. The 11-membered azacycloundecene ring 138 was
prepared starting from 5-hexynoic acid 133 in 10 steps, in which the macrolacta-
mization was performed in the presence of 4-dimethylaminopyridine (DMAP) at
high dilution (Scheme 8.7). The B-carboline moiety was prepared using a Pictet—
Spengler condensation, and subsequent aromatization and methanolysis furnished
compound 142. Reaction between compound 142 and the 11-membered ring 138 in
the presence of DMAP gave amide 128, which was subsequently reduced to
manzamine C (Scheme 8.8).

i | i | = ii
NHBn > N NBn N _N
H H
TOA
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139 TOA

(TOA = 2,4,10-trioxa-3-adamantyl)

“ ] “ ]
Na N Na N
H v H
(0]
N N
F I 128

CO,Me
manzamine C

142

Scheme 8.8 Reagents: i, TOACH,CHO, PhH; ii, Pd-C,
mesitylene; iii, H,SO4, MeOH, dioxane; iv, 138, DMAP,
mesitylene; v, LiAlH,, THF.
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In 1998, Langlois et al. completed the third synthesis of manzamine C using a
strategy based on Sila—Cope elimination (Scheme 8.9) [80]. In this approach, the key
intermediate, piperidine derivative 146, was prepared in six steps from 2-methylpyr-
idine 143. Oxidation of 146 afforded a mixture of diastereomeric N-oxides 147 and
148. Sila—Cope elimination of N-oxide 147 led to compound 149, while Cope
elimination of N-oxide 148 led to compound 150. Oxidative cleavage of the N-O
bond in 149 followed by treatment with N-chlorosuccinimide provided the chlor-
oamine 153. Elimination, hydrolysis, ditosylation, and finally basic treatment of the
ditosylate intermediate afforded the cyclic sulfonamide 124, which is the direct
synthetic precursor of manzamine C [73].

The fourth approach to the synthesis of manzamine C involved a Ramberg—
Bicklund rearrangement in the key step for the preparation of the azacycloundecene
ring[81]. Synthesis of this ring began with the condensation of 5-amino-1-pentanol 156
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Scheme 8.9 Reagents: i, LDA, THF, then CISiMe,tBu; ii,
LDA, THF, then I(CH,)4OSiMe,tBu; iii, BnBr, MeCN; iv,
NaBH,, MeOH; v, H,, PtO,, EtOH; vi, m-CPBA, DCM; vii,
MeCN; viii, Na-naphthalene, THF; ix, NCS, DCM; x, tBuOK,
THF; xi, HCl, MeOH; xii, TsCl, pyridine, then BuyNI,
NaOH, toluene.
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Boc,0, TEA, MeOH; iv, methanesulfonyl (b) 2,4,6-triisopropylbenzenesulfonyl chloride,
chloride, pyridine, DCM,; v, LiBr, acetone; vi, (c) KOtBu; xi, Rh(ll) octanoate dimer, dimethyl
Na,S-9H,0, EtOH; vii, (a) NCS,CCly, (b) m- diazomalonate, benzene; xii, HCl (g), EtOAc.

with lactone 157 to give amide-diol 158. Reduction of amide 158 and subsequent amine
protection gave diol 160. Conversion of diol 160 to the dibromide 162 via the dimesylate
161, and refluxing of dibromide 162 with Na,S-9H,0 in ethanol at high dilution
gave sulfide 163, which was then converted to a-chlorosulfone 164. Treatment of 164
with potassium t-butoxide produced the Z-azacycloundecene 165 in a stereospecific
manner via a Ramberg—Bicklund rearrangement followed by olefin inversion. Oxida-
tion of olefin 165 to trans-diol 166 and dehydrolysis gave cis-epoxide 167. Finally,
deoxygenation and deprotection of the amine group provided compound 169, the
precursor for manzamine C (Scheme 8.10). Coupling of 169 with B-carboline 118 in
the presence of DPPA and subsequent reduction of the resulting amide 128 furnished
manzamine C (Scheme 8.11).

& [
o~ [ S 104, N 2N iv N =N
N N (0] N N 0
H N N
H H3COXOCH3 CO,R
170 171
i 142 R = Me — —
18R =K" 128 manzamine C

Scheme 8.11 Reagents: i, LDA, THF; i, KOH, EtOH; iii,
DPPA, TEA; iv, LiAlH4, THF.
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843
Total Synthesis of Nakadomarin A

The asymmetric total synthesis of the natural enantiomer (—)-nakadomarin A was
completed by Nishida et al. in 2004 (Scheme 8.12) [82]. Diels—Alder reaction
between siloxydiene 173 and chiral dienophile 172 (prepared from r-serine in
10 steps [83]) gave the highly functionalized key intermediate hydroisoquinoline
174, which was subjected to Luche reduction, cyclization, and HCI treatment to
furnish the tricyclic intermediate 175. Compound 175 was converted to 177 via
ozonolysis cleavage of ring B followed by recyclization of the unstable bisaldehyde
to a five-membered ring by aldol condensation. The Z-olefin 178 was obtained from
Wittig reaction of 177, and was further converted to furan 180 via peroxide 179. The

TBSO 173 CHO

| H o 5
MOMe || iii R1N VI Vi pN _viii_ )
O |f~NBs —— BSNy .~ i |
i :
o) NBs NBs NBs
OX \CB< 2 Z ™S
OR2 OTBDPS OTBDPS
174 1= 2= 177 178
vy 175R'=Bs, RZ2=H
176 R' = H, R? = TBDPS

BsN

172

H ~ H H B

X \ 0 Xi-Xiv T \\O XV-XVii N\ _0 I
- 1 = HN_ H BocN

O\ _NBs TMS

z o :zﬁ,Bs zNBs
OTBDPS N ~

180 181 182
MesN/_\NMes R
N
“Ru=CHPh
o
S~ P BooN._+~/  xxii,xxiii ;
DCM NS St
/\j ENJO e
_ \ \
183 R== Co,(CO)5 / .
xx( oo i 185R = § XXiv. 188
184R = == 186R= =
(-)-nakadomarin A N
\
Scheme 8.12 Reagents: i, TFA, DCM; ii, periodinane; xii, TMSCH,MgCl, Et,O; xiii,
NaBH,,CeCl;.7H,0, DCM/MeOH; iii, HCI, BF;.Et,0, DCM; xiv, K,CO3, MeOH; xv, Boc,0,
benzene; iv, TBDPSCI, imidazole; v, Na/ DMAP, TEA, DCM:; xvi, DIBAL-H, toluene; xvii,

anthracene, DME; vi, O;, DCM, Me,S; vii, N- Et;SiH, BF;.Et,0, DCM; xviii, Na/naphthalene,
methylanilinium trifluoroacetate, THF; viii, IPh;  DME; xix, 5-hexenoyl chloride, TEA, DCM; xx,
PCH,CH,CH,CCTMS, NaH, THF; ix, O,, Co,(CO)g, DCM; xxi, nBusSnH, benzene; xxii,
halogen lamp, rose bengal, DCM/MeOH; x, TFA, DCM; xxiii, 5-hexenoyl chloride, TEA,
tBuOK, THF, then HCl; xi, Dess—Martin DCM; xxiv, Red-Al, toluene.
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tetracyclic furan 180 possesses the chiral ABCD-ring system of (—)-nakadomarin A.
The formation of 8- and 15-membered rings was achieved by sequential RCM on
compounds 184 and 187 utilizing Grubb's catalyst, which provided bislactam 188.
Reduction of bislactam 188 with Red-Al completed the total synthesis of
(—)-nakadomarin A.

The same group has also developed a different synthetic route to the synthesis of
the unnatural enantiomer (+)-nakadomarin A (209) (Scheme 8.13) [84]. The
preparation of the tetracyclic 202 began from the condensation of (R)-(—)-189
(prepared from commercially available methyl-4-oxopiperidinecarboxylate and
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Scheme 8.13 Reagents: i, BnNH,, WSC.HC|, xviii, DIBAL-H, DCM, toluene; xix, Ac,0,
HOBt, DMF;ii,0sO,4, NMO, THF; iii, pyridine; xx, p-TsOH, DCM; xxi, HCI,
NalO4, DCM/H,0; iv, Ph;P=CHCO,Et, THF; xxii, 2-nitrophenylselenocyanate,
DCM; v, DBU, EtOH; vi, NaOH, MeOH; n-BusP; xxiii, m-CPBA, aq. K;HPOy;

vii, AcCl, MeOH; viii, LiBH,, MeOH, THF; xxiv, TFA, DCM:; xxv, 5-hexenoic

ix, HCIO,4, DCM; x, DHP, CSA; xi, LIN(TMS),, acid, WCS.HCIl, HOBt; xxvi, NaOH,
THF, then PhNTf,; xii, 197, PdCl,(dppf), MeOH; xxvii, Dess—Martin periodinane;
K3PQy; xiii, Hy, Pd-C, MeOH, then PPTS, xxviii, PhsP=CHj; xxix, Na, naphthalene;
EtOH, then DHP, CSA; xiv, LiBHy, xxx, 5-hexenoic acid, WSC.HCI|, HOBt;
MeOH,THF; xv, Li, lig.NHs; xvi, PhSO,Cl, xxxi, Red-Al, toluene.

aq. NaHCOs; xvii, (Boc),O, TEA, DMAP;
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the absolute stereochemistry determined by X-ray analysis of its cinchoninium salt
[84,85]) with benzylamine, followed by catalytic dihydroxylation and oxidative
cleavage of the 1,2-diol to give aldehyde 190, which was immediately converted
to o, B-unsaturated ester 191 by Wittig olefination. The desired spirolactam 192 was
obtained upon treatment of 191 with DBU/EtOH via intramolecular Michael
addition. Suzuki—-Miyaura coupling of enol triflate 196 with furan-3-boronic ester
197 under strongly basic conditions provided the coupling product 198 in high
yield. The cyclization of ring B proceeded via treatment of 201 with p-TsOH and
finally deprotection of the THP ether gave the desired tetracyclic 202. The con-
struction of the 8- and 15-membered rings proceeded through sequential RCM on
compounds 204 and 207, and reduction of bislactam 208 provided the unnatural
(+)-nakadomarin A 209.

8.4.4
Synthetic Studies of Manzamine Alkaloids

Manzamine alkaloids have been the subject of numerous synthetic studies owing to
their novel molecular structure coupled with promising biological properties. Most of
the synthetic studies on manzamine alkaloids focused on the construction of the
ABCDE pentacyclic lower half of the manzamine structure.

Pandit et al. reported in 1996 the first synthesis of the pentacyclic core reminiscent
of the ircinal and ircinol structures [86,87]. The tricyclic key intermediate 216 was
prepared by intramolecular Diels—Alder reaction of 214, which was in turn prepared
from 1-serine 210 in 10 steps (Scheme 8.14) [77,88-93]. The second phase of the
synthesis involved the construction of the 8- and 13-membered rings, which
was realized by sequential RCM on compounds 220 and 224 employing Grubb's
catalyst, which therefore completed the first construction of the ABCDE pentacyclic
core (Scheme 8.15). The application of the RCM methodology has been
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Scheme 8.14 Reagents: i, (a) NaH, DME, (b) TsOH, PhMe;
ii, TMSOTf, TEA, Eschenmoser’s salt; iii, (a) Mel, MeCN,
(b) AgOTf, DIPEA, MeCN; iv, xylenes.
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Scheme 8.15 Reagents: i, LiBH,, THF, then MEMCI, NaH,
DMSO, then OsOy, pyridine, then H™; ii, homoallyl
MgBr, THF, then NaH, THF; iii, Li/NHs, then Bn,O,

then 1(CH,),CH=CH,, KOH, DMSO; iv, TBAF, THF,

then Dess—Martin periodinane, then (Phs)PCH3Br, Buli,
THF; v, 40% KOH/MeOH; vi, CH,CH=CH (CH,)3CO,H,
EDC, DCM.

widely utilized in other synthetic studies of manzamine alkaloids since the publica-
tion of this report by Pandit et al. [64,78,82,84]. Other reports involving different
synthetic approach toward the construction of ABCDE pentacyclic core are summar-
ized in Table 8.2.

8.4.5
Studies on Biomimetic Synthesis

The biogenesis pathway for the manzamine alkaloids was proposed by Baldwin and
Whitehead in 1992 (Scheme 8.16) [5], in which the complex manzamine structure
could be reduced to four simple building blocks consisting of tryptophan, ammonia,
a Cyo, and a C; unit. Since the publication of this hypothesis, many natural products
bearing striking resemblances to the intermediates proposed in the hypothesis have
been isolated, such as ircinal A and keramaphidin B. The key step in the Baldwin—
Whitehead hypothesis is the intramolecular Diels—Alder cyclization of the bisdihy-
dropyridine 230. To verify the feasibility of the proposed biosynthetic pathway, a
biomimetic synthesis of keramaphidin B was successfully demonstrated by the same
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Tab. 8.2 Synthetic approaches to the construction of the manzamine pentacyclic core.

Ring system Synthetic approach Author and references

AB Intermolecular Diels—Alder Nakagawa et al. [82,94,95]
ABC Intermolecular Diels—Alder Nakagawa et al. [96,97]
ABCD Intermolecular Diels—Alder Nakagawa et al. [75,98-101]
ABC Intermolecular Diels—Alder Langlois et al. [102]

ABE Intermolecular Diels—Alder Langlois et al. [103]

ABE Intermolecular Diels-Alder Simpkins et al. [104]
ABC Intermolecular Diels-Alder Marazano et al. [105]
ABC Intramolecular Diels—Alder Coldham et al. [106,107]
ABCD Intramolecular Diels—Alder Coldham et al. [108]

AB Intramolecular Diels-Alder Marko et al. [109]

CD Intramolecular Diels-Alder Marko et al. [110]

ABC Intramolecular Diels-Alder Marko et al. [111,112]

AB Intramolecular Diels—Alder Clark et al. [113]

AB Intramolecular Diels-Alder Leonard et al. [114]

ABC Intramolecular Diels-Alder Leonard et al. [115]

AD Ionic cyclization Yamamura et al. [116]
ABC Tonic cyclization Yamamura et al. [117,118]
ABCE Tonic cyclization Yamamura et al. [119-121]
CD Tonic cyclization Clark et al. [122,123]

BC Tonic cyclization Hart et al. [124]

BCD Tonic cyclization Hart et al. [125]

ABC Tonic cyclization Overman et al. [126]

ABC Tonic cyclization Brands et al. [127]

ABC Tonic cyclization Magnus et al. [128]

AB Free radical cyclization Hart et al. [129]

ABCD Free radical cyclization Hart et al. [130]

AD Aldol-type coupling Nakagawa et al. [131]

group (Scheme 8.17) [132,133]. In this study, the key bisiminium 231 was prepared
from tolsylate 236 via a Finkelstein/dimerization/macrocyclization reaction followed
by reduction, and finally a Polonovski—Potier reaction. The proposed Diels—Alder
reaction was achieved by treatment of 231 in methanol/buffer followed by reduction
to give a small amount of keramaphidin B (0.2-0.3 %) with recovery of bistetrahy-
dropyridine 238 (60-85 %). The low yield of keramaphidin B was rationalized by
the kinetic preference of 231 to disproportionate and an in vivo Diels—Alderase that
would mediate the conversion of bisiminium 231 to keramaphidin B was envisaged
[132,133)].

A semibiomimetic synthesis of keramaphidin B was also reported utilizing RCM
methods (Scheme 8.18) [133]. The keramaphidin B precursor 240 (prepared from
dihydropyridinium salt 239 [134,135]) was treated with Grubb's catalyst to give the
monocyclized 241 and keramaphidin B.
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Scheme 8.16
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Fig. 8.17 Reagents: i, AcBr, Zn; ii, Ph3P, then K,COs, H,0,
MeOH; iii, 3,4-dihydro-2H-pyran, PPT, DCM,; iv, (COCI),,
DMSO, TEA; v, KHMDS, THF; vi, HCl, MeOH; vii, TsCl,
TEA, DCM; viii, Nal, butan-2-one; ix, NaBH4, MeOH; x,
m-CPBA, DCM; xi, TFAA, DCM,; xii, MeOH /buffer (pH 7.3),
then NaBH4, MeOH.

8.4.6
Synthesis of Manzamine Analogs

With the completion of the total synthesis of manzamine C by Nakagawa et al. in
1991 [73], the synthesis and biological evaluation of manzamine C analogs were
subsequently reported by the same group [136]. In this study, the azacyclic ring was
modified from 11-membered to 5-, 6-, 7-, and 8-membered rings (Scheme 8.19).
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8.5

Biological Activities of Manzamines

8.5.1
Anticancer Activity

Reports of effective cell proliferation inhibition by manzamines against various
tumor cell lines have been published. Manzamine A showed the most pronounced
biological activity of all the reported manzamines. Manzamine A displayed potent
cytotoxicity against human colon tumor cells, lung carcinoma cells, and breast cancer
cells at a concentration of 0.5 wg/mL [137]. It also showed significant in vitro activity
against KB cell lines with an ICs, of 0.05 wg/mL, LoVo cell lines with an ICsy of
0.15 pg/mL, and HSV-II cell lines with an MIC of 0.05 wg/mL [39]. Manzamine A
hydrochloride inhibited the growth of P388 mouse leukemia cells at an ICso of
0.07 pg/mL [6]. 8-Hydroxymanzaine A also known as manzamine G or manzamine
K inhibited the KB human epidermoid carcinoma cell line with an ICs, value of
0.03 pg/mL and was relatively active in the LoVo and HSV-II assays with an ICsq of
0.26 pg/mL and an MIC of 0.1 pg/mL, respectively [39]. Its enantiomer (2a) exhibits
better activity against P388 with an ICso of 0.25 wg/mL [15]. The cytotoxicity of
6-hydroxymanzamine A or manzamine Y, and 3,4-dihydromanzamine A were found
to be active against L1210 murine leukemia cells with ICs, values of 1.5 and 0.48 g/
mlL, respectively. Cytotoxicity against KB human epidermoid carcinoma cells was
found with ICs, values of 12.5 and 0.61 pg/mL, respectively [42]. Manzamines B, C,
D, E, and F exhibited antitumor activity against P388 with ICs, values of 6.0, 3.0, 0.5,
5.0, and 5.0 pg/mL, respectively [38]. Manzamine C, which is much simpler than the
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other manzamines, consisting of only a B-carboline unit and a symmetrical azacy-
cloundecene ring, is just as potent against P388 leukemia cells (ICso = 3.0 pg/mL) as
the other manzamines, such as manzamine E, which exhibited an ICs, 0of 5.0 pg/mL
against P388 leukemia cells. Manzamine F also showed cytotoxicity against L5178
mouse lymphoma cells with an EDsq of 2.3 wg/mL. 2-N-Methyl-8-hydroxymanza-
mine D showed an EDsq of 0.8 uwg/mL against P388 [43]. Manzamine M, 3,4-
dihydromanzamine J, 3,4-dihydro-6-hydroxymanzamine A, and 1,2,3,4-tetrahydro-
manzamine B inhibited L1210 murine leukemia cells effectively; the 50 % inhibition
concentrations were 1.4, 0.5, 0.3, and 0.3 pg/mL, respectively [40,45]. Manzamine L
exhibited cytotoxicity against murine lymphoma L1210 cells and human epidermoid
carcinoma KB cells with an ICsq of 3.7 and 11.8 pug/mlL, respectively [20]. The
cytotoxicity exhibited by 1,2,3,4-tetrahydromanzamine B against KB human epider-
moid carcinoma cells was moderate with an ICs value of 1.2 pg/mL. Madangamine
A showed significant cytotoxic activity against murine leukemia P388 (EDs( 0.93 g/
mlL) and human lung A549 (EDso 14 pg/mlL), brain U373 (EDs 5.1 wg/mL), and
breast MCF-7 (EDsq 5.7 wg/mL) cancer cell lines [24]. Against L1210 murine
leukemia cells, ICsy concentrations of ircinals A at 1.4 pg/mL, and B at 1.9 ng/
mlL, and manzamines H at 1.3 pg/mL and J 2.6 pug/mL were exhibited. The same
compounds displayed cytotoxicity against KB human epidermoid carcinoma cells,
with ICsq values of 4.8, 3.5, 4.6, and >10 pg/mL, respectively [50]. Keramaphidin B
inhibited P388 murine leukemia and KB human epidermoid carcinoma cells, with
ICsq values of 0.28 and 0.3 pg/mL, respectively [19].

The cytotoxic activities of manzamines X and Y, and xestomanzamine B against KB
human epidermoid carcinoma cells were weak with ICsq values at 7.9, 7.3, and
14.0 pg/mL, respectively [41]. 6-deoxymanzamine X, the N-oxide of manzamine J,
3,4-dihydromanzamine A, and manzamine A exhibited cytotoxicity against the L5178
murine lymphoma cell line, with EDso values of 1.8, 3.2, 1.6, and 1.6 pg/mL,
respectively [10]. Although xestomanzamines A and B contain the substructures
of B-carboline and imidazole, their biological activities have not matched those of
manzamine A and some of the other imidazole-containing marine natural products.
Xestomanzomine B, however, was shown to exhibit weak cytotoxicity against KB
human epidermoid carcinoma cells with an ICs, of 14.0 wg/mL [77].

Kauluamine was inactive against tumor cell lines, but neo-kauluamine possesses
cytotoxicity against human lung and colon carcinoma cells with an ICs 0f 1.0 wg/mL
[15]. The manadomanzamines 44 and 45 exhibit modest cytotoxic activity against
human tumor cells and 44 is active against human lung carcinoma A-549 (ICs,
2.5 ng/mlL) and human colon carcinoma H-116 (ICso 5.0 ug/mL), while 45 is only
active against H-116 with an ICsq value of 5.0 pg/mL [13].

Ircinols A and B exhibit cytotoxicity against L1210 murine leukemia cells, with ICs,
values of 2.4 and 7.7 pg/mL, respectively; KB human epidermoid carcinoma cells
were inhibited effectively with ICsq values of 6.1 and 9.4 wg/mL, respectively [56].
Xestocyclamine A exhibited moderate cytotoxicity against Protein Kinase C (PKC),
with a 50 % inhibition concentration of 4.0 pg/mL, and also showed activity in a whole-
cell IL-1 release assay with an ICs, of 1.0 wM. This action appeared to be selective, as
compound 62 was inactive against other cancer-relevant targets, including PTK and
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IMPDH. Atdoses as high as 100 uM, 62 did not show in vitro growth inhibition effects
against cancer cells in the NCI's disease-oriented screening program [58].

Ingamines A and B both showed in vitro cytotoxicity against murine leukemia
P388 with an EDs of 1.5 wg/mL [21] and ingenamine showed cytotoxicity against
murine leukemia P388 with an EDsq 1.0 wg/mL [22]. Ingenamine G displayed
cytotoxic activity against HCT-8 (colon), B16 (leukemia), and MCF-7 (breast) cancer
cell lines at the level of 8.6, 9.8, and 11.3 pg/mL, respectively [58]. Saraine A
generally displays significant biological properties including vasodilative, antineo-
plastic, and cytotoxic activities [61]. Nakadomarin A showed inhibitory activity
against cyclin-dependent kinase 4 with an ICso of 9.9 pg/mL and cytotoxicity
against murine lymphoma L1210 cells with an ICsq of 1.3 pg/mL [62].

852
Antimalarial Activity

Manzamine A demonstrated a potent in vitro bioactivity against chloroquine-sensi-
tive (D6, Sierra Leone) and -resistant (W2, Indo-China) strains of Plasmodium
falciparum respectively with respective ICs, values of 4.5 and 8.0 ng/mL. Its corre-
sponding 8-hydroxyderivative exhibited almost the same bioactivity against the same
strains at the same concentrations. Manzamines E, F, ], X, and Y, and 6-deoxyman-
zamine X exhibited antimalarial activity against chloroquine-sensitive strains of P.
falciparum with 1Csq values of 3400, 780, 1300, 950, 420, and 780 ng/mL and their
ICs0 values against chloroquine-resistant strains of P. falciparum respectively are
4760, 1700, 750, 2000, 850, and 1400 ng/mL. 6-Hydroxymanzamine E showed
activity against chloroquine-sensitive (D6, Sierra Leone) and -resistant strains of P.
falciparum respectively with ICsq values of 780 and 870 ng/mL [44]. neo-Kauluamine
also displayed significant antimalarial activity in vivo, which was assayed against P.
berghei with a single intraperitoneal (i.p.) dose of 100 wM/kg and no apparent toxicity.
Ircinol A exhibited antimalarial activity against both chloroquine-sensitive and -
resistant strains of P. falciparum with ICso values of 2400 and 3100ng/mL
respectively.

12,34-Oxamanzamine A and E, 12,28-oxamanzamine A, 12,28-oxa-8-hydroxyman-
zamine A, 12,28-oxamanzamine E, 12,28-oxaircinal A, ent-12,34-oxamanzamine E,
and ent-12,34-oxamanzamine F did not exhibit antimalarial activity against chlor-
oquine-sensitive and -resistant strains of P. falciparum. The significant difference in
biological activities of manzamines A, E, and F and 8-hydroxymanzamine A and the
corresponding oxa-derivatives indicate that the C-12 hydroxy, C-34 methine, or the
conformation of the lower aliphatic rings play a key role in the antimalarial activity,
and this provides valuable insight into the structural moieties required with this class
of compound for activity against malarial parasites.

The activity of manzamine Y against both the D6 clone and W2 clone of the malarial
parasite P. falciparum (ICso 420 and 850 ng/mL, respectively) is significantly lower than
that of 8-hydroxymanzamine A (ICso 6.0 and 8.0 ng/mL, respectively). This difference
indicates that the change of the hydroxyl substitution from the C-8 position of the -
carboline moiety to the C-6 position decreases the antimalarial activity dramatically.
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The ability of manzamine A to inhibit the growth of the rodent malaria parasite P.
bergheiin vivo is the most promising activity. A single i.p. injection of manzamine A
into infected mice inhibited more than 90 % of the asexual erythrocytic stages of P.
berghei. The interesting aspect of manzamine A treatment is its ability to prolong the
survival of highly parasitemic mice, with 40% recovery 60 days after a single
injection. A significant reduction (90%) in parasitemia was observed by oral
administration of an oil suspension of manzamine A or (—)-8-hydroxymanzamine
A atadose of 2 x 100 wM/kg. Morphological changes of P. berghei were observed 1 h
after manzamine A treatment of infected mice, and plasma manzamine A concen-
tration peaked 4 h after injection and remained high even at 48 h.

Initial in vivo studies of manzamine A and 8-hydroxymanzamine A against P.
berghei at dosages of 50 and 100 pmol/kg (i.p.) showed significant improvements in
survival times over mice treated with either chloroquine or artemisinin [138]. In
addition it was observed that manzamine A possessed a rapid onset of action (1-2 h)
against malaria in mice and provided a continuous and sustained level of the drug
in plasma when measured as long as 48 h after administration. At an i.p. dose of
500 pmol/kg, both manzamine A and chloroquine were shown to be toxic to mice;
however, the toxicity of manzamine A is slower acting than chloroquine indicating
that the in vivo toxicity of manzamine A may be associated with its cytotoxicity. The
fact that mice treated with a single 100 wmol/kg dose of manzamine A could survive
longer carrying fulminating recurrent parasitemia and could in some cases clear
the parasite led to speculation that manzamine A induced an immunostimulatory
effect.

The serum concentrations of immunoglobulin G (IgG), interferon-a (IFN-a),
interlukin-10 (IL-10) and tumor necrosis factor-a (TNF-a) of mice infected with P.
berghei were evaluated to study the effect of manzamine A on the immune system of
P. berghei infected mice [15c]. It was observed that Thl-mediated immunity was
suppressed in P. berghei infected mice treated with manzamine A while Th2-
mediated immunity was found to be upregulated. The concentrations of IL-10
and IgG did not increase with manzamine A alone, indicating that the immune-
mediated clearance of malaria in mice may be a product of the long half-life of
manzamine A resulting in a delayed rise of the parasitemia. This delay in parasitemia
rise may provide the time necessary to upregulate a Th2-mediated response in the
infected mice. In addition, the possibility that manzamine A and the other active
manzamines form a conjugate with a malaria protein may also help to explain the
Th2-mediated immune response.

The in vivo assay results of manzamine A against Toxoplasma gondii at a daily i.p.
dose of 8 mg/kg, for eight consecutive days, beginning on day 1 following the
infection prolonged the survival of Swiss Webster (SW) mice to 20 days, as compared
with 16 days for the untreated control, indicate that 1 may be a valuable candidate for
further investigation and development against several serious infectious diseases,
and in particular malaria [15,138]. The promising antimalarial activity of manzamine
A in laboratory mice, as well as its activity against tuberculosis in vitro indicates that it
could have an outstanding impact on infectious diseases in developing countries. The
diversity of biological activity associated with manzamine A further strengthens the

223



224

8 Manzamine Alkaloids

growing possibility that these manzamines are broad-spectrum antiparasitic—anti-
biotics generated ultimately by the sponge-associated microbial communities.
(—)-8-Hydroxymanzamine A and neo-kauluamine displayed in vivo antimalarial
activity, against P. berghei with a single i.p. dose of 100 wM/kg with no apparent toxicity.
They efficiently reduced parasitemia with an increase in the average survival days of P.
berghei-infected mice (9-12 days), as compared with untreated controls (2-3 days).
Three 50 pmol/kgi.p. doses totally cleared the parasite and were found to be curative.
Two oral doses ata rate of 100 pmoles/kg, provided a notable reduction of parasitemia.

853
Antimicrobial and Antituberculosis Activity

Keramamine-A (manzamine A, 1) exhibited antimicrobial activity with a minimum
inhibitory concentration (MIC) of 6.3 wg/mL, against Staphylococcus aureus [8].
Manzamine A, (—)-8-hydroxymanzamine A (2a), and ent-manzamine F (9a) induced
98-99 % inhibition of Mycobacterium tuberculosis (H37Rv) with an MIC < 12.5 pg/
mlL, and 1 and 2a exhibit an MIC endpoint of 1.56 pg/mL and 3.13 ng/mL (2a),
respectively [15,138]. 6-Hydroxymanzamine A and 3,4-dihydromanzamine A
showed antibacterial activity against a gram-positive bacterium, Sarcina lutea
(MICvalues 1.25 and 4.0 pg/mL, respectively). Manzamine Y (6-hydroxymanzamine
A, 3) and 3,4-dihydromanzamine A also showed antibacterial activity against S. lutea,
with a MIC values of 1.25 and 4.0 wg/mL, respectively. Manzamine F (9, kerama-
mine-B) showed antimicrobial activity (MIC 25 w.g/mL) against Staphylococcus aureus
[8]. Manzamine L exhibited antibacterial activity against Sarcina lutea, Staphylococcus
aureus, Bacillus subtilis, and Mycobacterium 607 with MIC values of 10, 10, 10, and
5 wg/mL, respectively [20]. Nakadomarin A exhibited antimicrobial activity against a
fungus Trichophyton mentagrophytes, with an MIC of 23 wg/mL and a gram-positive
bacterium Corynebacterium xerosis with an MIC of 11 mg/mL [62].

Most manzamines were active against Mycobacterium tuberculosis with
MICs < 12.5 pg/mL. (+)-8-Hydroxymanzamine A had an MIC of 0.91 pg/mL,
indicating improved activity for the (4) over the (—) enantiomer. The little difference
in the M. tuberculosis activity may indicate that the structure—activity relationship for
M. tuberculosis and P. falciparum are different. Comparison of the M. tuberculosis and
P. falciparum activities of manzamine E and its hydroxy derivatives (8 and 9) indicates
that hydroxyl functionality and its position on the B-carboline moiety may play a role
in biological activity. These results may provide valuable information regarding the
structural moieties required for activity against malaria. Manadomanzamine B and
xestomanzamine A are active against the fungus Cryptococcus neoformans with 1Csq
values of 3.5 and 6.0 pg/mL. Manadomanzamine A was active against the fungus
Candida albicans with an ICso of 20 wg/mL. Both 44 and 45 showed strong activity
against Mtb with MIC values of 1.86 and 1.53 wg/mL, indicating that the manado-
manzamines may be a new class of antituberculosis leads.

Manzamine M, 3,4-dihydromanzamine J, and 3,4-dihydro-6-hydroxy-manzamine
A showed antibacterial activity against Sarcina lutea with MIC values of 2.3, 12.5, and
6.3 mg/mL, respectively, and against Corynebacterium xerosis with MIC values of 5.7,
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12.5, and 3.1 mg/mL, respectively. 32,33-Dihydro-31-hydroxymanzamine A, 32,33-
dihydro-6,31-dihydroxymanzamine A, and 32,33-dihydro-6-hydroxymanzamine A-
35-one were not active against chloroquine-sensitive and -resistant strains of P.
falciparum [49]. Ingenamine G exhibited antibacterial activity against S. aureus at
105 wg/mL, Escherichia coliat75 p.g/mL, and four oxacillin-resistant S. aureus strains,
two at concentrations between 10 and 50 wg/mL, as well as antimycobacterial activity
against M. tuberculosis H37Rv at 8.0 pg/mL [58].

From the antimicrobial and HIV-1 activities of the manzamines and the corre-
sponding oxa-derivatives, it is evident that manzamine A and 8-hydroxymanzamine
A are more potent than manzamines E, F, and Y and these results provide valuable
data to show that the nature of the eight-membered ring, and the hydroxyl function-
ality position on the B-carboline moiety are essential for antimicrobial and HIV-1
activity. This observation also suggests that reduction of the C-32-C-33 olefin and
oxidation of C-31 to the ketone reduced the antimicrobial activity for the manzamine
alkaloids. Significant differences in biological activities of manzamine A and 8-
hydroxymanzamine A and the corresponding oxa-derivatives further indicate that the
C-12 hydroxy, C-34 methine, or the conformation of the lower aliphatic rings play a
key role in the antimicrobial and HIV-1 activity and provides valuable insight into the
structural moieties required for activity.

854
Miscellaneous Biological Activities

Manzamine A was able to block the cytosolic calcium increase induced by KCl
depolarization on human neuroblastoma SH-SY5Y cells. The maximum effect was
observed at 1.0 uM, inhibiting by 31.5 %. 8-Hydroxymanzamine A also showed a
similar effect whereas manzamines E, F, and Y, ircinal A and neo-kauluamine did not
show any significant effect [44]. In the B lymphocytes reaction assay hyrtiomanza-
mine showed immunosuppressive activity with an ECs, of 2.0 pg/mL, but no activity
was displayed against the KB human epidermoid carcinoma cell line [53].

Interestingly, when tested in an in vitro enzymatic assay, manzamines A (1,73.2 %),
E (7,53.6%), F (9,29.9 %), and Y (3, 74.29 %), 8-hydroxymanzamine A (2, 86.7 %)
and neo-kauluamine (43, 82.0 %) did show a moderate, although significant, effect in
inhibiting human GSK3 activity, (shown in parentheses). Furthermore, when tested
in a cell-based assay that measures GSK3B-dependent tau phosphorylation, man-
zamine A and 8-hydroxymanzamine A, showed a strong ability to inhibit tau
phosphorylation within cells at concentrations as low as 5 uM without any cytotoxi-
city. Together, these data suggest that the manzamines may be interesting prototypes
for the potential development of novel drugs for the treatment of Alzheimer’s Disease
(AD) and other tauopathies. Manzamine F at a dose of 132 ppm, inhibited 50.6 %
growth of the insect Spodoptera littoralis larvae [44].

Manzamine A, neo-kauluamine, and chloroquine were evaluated against both
medaka fry and eggs and were found to be more toxic than ethanol alone in both cases
(in control groups, percentage fry survival and eggs hatching were over 94 % and
90 %, respectively). Medaka fry were 2.3- and 3.0-times more sensitive than were eggs
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when exposed to manzamine A and neo-kauluamine, respectively. Manzamine A was
about 11 times more toxic than neo-kauluamine to medaka fry (p = 0.0017, t-test), and
about 14.4 times more toxic (unsuccessful hatch) to eggs (p = 0.012, t-test) than neo-
kauluamine. Chloroquine was approximately 150- and 1600-times less toxic than neo-
kauluamine and manzamine A, respectively. Up to a 10.6 uM concentration of
chloroquine did not affect medaka hatch relative to a control [44].

Manzamines A, E, F, and Y, 8-hydroxymanzamine A and neo-kauluamine did not
show any effect on acetylcholinesterase (AChE) or a-amyloid cleaving enzyme (a-
secretase, BACE1) using in vitro enzymatic assays. Likewise these compounds did not
exhibit any significant ability to protect human neuroblastoma SH-SY5Y cells against
oxidative stress-induced cell death [44].

Manzamine A at 132 ppm dose can induce 80 % growth inhibition of the insect S.
littoralis larvae [10]. It also exhibited insecticidal activity toward neonate larvae of S.
littoralis, the polyphagous pestinsect with an EDsq of 35 ppm, when incorporated into
an artificial diet and offered to larvae in a chronic feeding bioassay [44].

Mayer discovered that manzamine A, inhibits mediator formation in microglia
isolated from newborn rats without killing healthy cells. Kauluamine showed
moderate immunosuppressive activity. Manzamine F exhibited 50.6% growth
inhibition of the larvae of S. littoralis at 132 ppm dose [12].

Manzamines A, E, F, ], X, and Y, 8-hydroxymanzamine A, and 6-deoxymanzamine
X exhibited leishmanicidal activity against Leishmania donovani with respective I1Csq
values0f0.9,3.8,4.2,25,5.7,9.8, 6.2, and 3.2 pg/mL and their ICq, values respectively
are1.8,6.8,7.0,45,11, 14, 11 and 11pg/mL. The oxa-derivatives of the corresponding
manzamines did not exhibit any leishmanicidal activity. neo-Kauluamine and ircinal A
exhibited leishmanicidal activity, with ICs, values of 4.2 and 4.6 pg/mL, respectively;
their corresponding [Cyq values are 8.2 and 5.5 pg/mL. The significant leishmanicidal
activity of ircinol A (57, ICso 0.9 pg/mL and ICyy 1.7 pg/mL) indicates that the
B-carboline moiety may not be essential for activity against the leishmania parasite in
vitro which is significantly different from the malaria SAR.

8.6
Concluding Remarks

The manzamine alkaloids are unique leads for the possible treatment of many
diseases, including cancer and infectious diseases. There is considerable structural
diversity in the manzamine class and, although many manzamines have been
isolated and their biological activities evaluated, little is known about the SAR
necessary for the potent biological activity observed. Since the mechanism of action
of antimalarial activity of manzamine A remains unknown, the structural diversity
may be a reflection of the variety of putative targets that exists for Plasmodium, an
organism of considerable complexity. Although further investigations are required to
completely understand the SAR for this class of compounds, to date the greatest
potential for the manzamine alkaloids appears to be viable leads for the treatment of
malaria, as well as other infectious or tropical parasitic diseases, based on their
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significant activity in animal models. In particular manzamine A and 8-hydroxy-
manzamine A show improved antimalarial activity over the clinically used drugs
chloroquine and artemisinin in animal models. The effectiveness of manzamine A
against malaria in laboratory mice, as well as against tuberculosis in vitro suggests
that they could have an extraordinary impact on infectious diseases in developing
countries. In addition, the diversity of biological activity associated with this molecule
further supports the growing possibility that these alkaloids are broad-spectrum
antiparasitic—antibiotics generated ultimately by sponge-associated microbial com-
munities. The sequencing of the P. falciparum genome has raised hopes that valuable
information with respect to drug targets will be unraveled to defeat a disease rivaled
only by AIDS and tuberculosis as the world’s most pressing health problem. If
supported by adequate funding, this would give antimalarial drug discovery and
vaccine development a decisive boost and optimistically, signal the demise of a
scourge that has plagued humankind with such impunity. We strongly advocate
expanding, not decreasing, the exploration of nature as a source of novel active
agents, which may serve as the leads and scaffolds for elaboration into desperately
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needed efficacious drugs for a multitude of diseases.
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9.1
Introduction

The three main treatment modalities currently available to cancer patients are
surgery, radiotherapy, and chemotherapy [1]. Radiotherapy and chemotherapy non-
selectively inhibit rapidly proliferating cells, including cancer cells, and the generality
of the antiproliferative effect of these treatments leads to the severe dose-limiting
toxicities experienced by cancer patients. In addition, the genetic instability of tumor
cells facilitates the development of resistance to radiotherapy and cytotoxic che-
motherapy that eventually causes these treatment approaches to fail in most patients
with solid or metastatic tumors.

A fourth anticancer treatment modality, antiangiogenic therapy, was proposed in a
seminal paper by Folkman published in 1971 [2]. He suggested that many cells
capable of forming tumors appear in the body with regular frequency, but the
majority never develop into detectable tumors. The growth of these “microtumors” is
limited by inadequate blood supply to provide the required nutrients and oxygen. A
small percentage of size-restricted “microtumors” eventually gain the ability to
induce new blood vessel formation in the surrounding tissue (angiogenesis) and then
they increase in size. Since the ability of tumors to grow and become lethal depends
on angiogenesis, Folkman hypothesized that blocking angiogenesis would be an
effective strategy for arresting tumor growth. This hypothesis has been extensively
tested in animal models during the intervening period and is now widely accepted [3].

In more recent papers, Folkman has pointed out that an advantage of targeting the
microvascular endothelium instead of tumor cells directly is that the genetic stability
of endothelial cells might make them less susceptible to developing resistance. His
argument for this contention comes from the observation that, unlike tumor cells,
“normal” dividing cells of rapidly regenerating tissue in the gastrointestinal tract (gut
mucosa), hair follicles, and bone marrow do not develop resistance to conventional
cytotoxic anticancer chemotherapy [4]. Folkman also proposed that harmful side
effects of antiangiogenic therapy would not be expected, provided the therapy is

Modern Alkaloids: Structure, Isolation, Synthesis and Biology. Edited by E. Fattorusso and O. Taglialatela-Scafati
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31521-5
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sufficiently specific, because angiogenesis does not occur in adults under normal
physiological conditions (with the exceptions of wound healing and menstruation) [2].

Metastasis, the spread of cancer cells from a primary tumor to remote sites in the
body, is frequently the ultimate cause of death from solid tumors. Current options for
treatment or prevention of metastasis are very limited. Since vascularization of
tumors (angiogenesis) provides conduits required for the spread of the tumor cells to
other sites (metastasis), targeting tumor vasculature not only offers a noncytotoxic
approach to eradicating primary solid tumors, it should also aid in preventing their
spread via metastasis.

Folkmarn's early papers stimulated an intensive search for endogenous proangio-
genic and antiangiogenic factors. It is now recognized that angiogenesis is tightly
regulated by a fine balance between proangiogenic proteins (for example, vascular
endothelial growth factor — VEGF) and antiangiogenic proteins (for example,
angiostatin and endostatin). In tumors, the “angiogenic switch” is turned “on”
when the effect of endogenous proangiogenic molecules exceeds that of the anti-
angiogenic molecules. There has been significant effort to utilize these endogenous
regulatory proteins to develop “antiangiogenic” cancer treatments. For example,
endostatin has entered into a number of Phase I clinical trials, and the most
encouraging evidence to date for the efficacy of antiangiogenic therapy in human
cancer comes from the recent FDA approval of Avastin, an antibody against VEGF
that has shown significant responses in the treatment of metastatic colon cancer [5].

In parallel with investigations of the therapeutic potential of endogenous proteins
that regulate angiogenesis, there has also been an active search for small-molecule
antiangiogenic agents. Several antiangiogenic small molecules have also entered
clinical trials and three of them, a combretastatin A-4 prodrug (1), the fumagillin
analog TNP-470 (2), and squalamine (3) are either natural products or synthetic
compounds derived from a natural product “lead structure”.
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9.2 Purine Alkaloids

Marine organisms are an extremely rich source of novel bioactive secondary
metabolites and several research groups have been exploring this pool of natural
chemical diversity for the presence of promising antiangiogenic compounds. Many
of the reported antiangiogenic marine natural products are alkaloids, and their
structures and biological activity profiles are discussed below. The compounds have
been grouped according to their putative biogenetic origins and we have adopted a
very broad definition of an “alkaloid” that includes any marine natural product
containing a basic nitrogen or clearly derived from an amino acid and still retaining
its nitrogen atom, whether it is basic or not.

9.2
Purine Alkaloids

1,3-Dimethylisoguanine (4) and its conjugate acid 1,3-dimethylisoguaninium (5)
have been found in several marine organisms as summarized in Table 9.1. These
purine alkaloids were first identified in the marine sponge Amphimedon viridis [6,7]
and later in A. paraviridis [8]. Copp and coworkers have also reported the isolation of
1,3-dimethylisoguanine from the ascidian Cnemidocarpa bicornuta [9].
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Both Mitchell et al. and Chehade et al. proposed the structure of 1,3-dimethyli-
soguanine to be 4 mainly on the basis of the nuclear magnetic resonance (NMR) and
mass spectrometry (MS) data, although the carbon chemical shifts reported by these
groups are not in agreement [6,7]. Gambardella et al. later corrected the proposed
structure of 4 to be 6 via X-ray crystallographic analysis of 1,3-dimethylisoguanine
trihydrate [10]. Jeong et al. investigated an ethanol extract of A. paraviridis showing
inhibition of the proliferation of bovine aorta endothelial cells (BAECs). Assay-guided
fractionation led to the isolation of a crystalline solid, which was determined to be the
cationic form 1,3-dimethylisoguaninium by X-ray diffraction analysis, although no

Tab. 9.1 Marine organisms producing 1,3-dimethylisoguanine.

Marine organism Taxonomic identification Collection sites Structure References
Sponge Amphimedon viridis Bermuda 44 [6]
Sponge Amphimedon viridis Brazil 66 [7,10]
Ascidian Cnemidocarpa bicornuta New Zealand 44 19]
Sponge Amphimedon paraviridis Japan 55 8]

Sponge Xestospongia exigua Australia 66 [11]
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charge-balancing counter ion was reported by this group [8]. Panthong et al. have
subsequently confirmed the crystal structure of 1,3-dimethylisoguanine to be 6-
amino-1,3-dimethyl-1 H-purin-2(3 H)-one (6) and suggest that the compound isolated
from Amphimedon paraviridis was erroneously identified because of the pronounced
hydrogen bonding between molecules in the crystal lattice [11]. The X-ray data
reported by Panthong et al. are in agreement with the previous data for the trihydrate
form published by Gambardella et al. and the NMR data obtained closely matched
those published by Mitchell et al. and Jeong et al.

Low micromolar concentrations of 5 inhibited the proliferation of BAECs stimu-
lated by serum or by basic fibroblast growth factor (bFGF). Compound 5 did not
significantly inhibit the proliferation of human nasopharyngeal carcinoma KB cells,
suggesting some selectivity toward vascular endothelial cells. At 0.1 uM, 5 also
inhibited the ability of BAECs to form tubes resembling neovessels in vitro [8]. To our
knowledge, no studies of the mechanism of action or in vivo antiangiogenic activity of
5 have been published.

9.3
Terpenoid Derivatives

9.3.1
Avinosol

Avinosol (7) was obtained from a methanolic extract of the marine sponge Dysidea
sp. collected in Papua New Guinea that showed anti-invasion activity in a cell-based
assay [12]. The structure of 7 was elucidated by analysis of spectroscopic data. Its
molecular formula was established as Cs;H4oN4O¢ by high-resolution electrospray
ionization mass spectrometry (HRESIMS), and analysis of the one-dimensional (1D)
and two-dimensional (2D) NMR data allowed the identification of a sesquiterpenoid
fragment linked to a hydroquinone ring bearing a 2’-deoxyinosine unit. Interpreta-
tion of 2D nuclear Overhauser effect spectroscopy (NOESY) correlations confirmed
the relative configuration of the sesquiterpenoid fragment and the ribose moiety.

“—OH

The anti-invasive activity of avinosol was examined using two human tumor
cell lines that show distinct mechanisms of movement through the extracellular



9.3 Terpenoid Derivatives

Reagents and Conditions: a) MnO,, Et,O, RT, 10 min; b) 2'-deoxyinosine,
K5,COg3, DMF, RT, 30 min

Scheme 9.1 The semisynthesis of avinosol (7) [12].

matrix: MDA-MB-231 breast cancer cells, which utilize a mesenchymal mode of
invasion involving a path-generating process and LS174T colon carcinoma cells,
which invade in an amoeboid manner. Avinosol showed an ICs, of ~50 pg/mL for
both cell lines.

The putative biogenesis of avinosol involves terpenoid, acetate and/or shikimate,
purine, and carbohydrate biosynthetic pathways. Diaz-Marrero et al. proposed that
avinosol was constructed by nature in an efficient convergent manner by utilizing a
common secondary metabolite pathway to form the meroterpenoid fragment and a
primary metabolic pathway to form the nucleoside. The linkage of the two fragments
to form avinosol would be favored by the intrinsic reactivity of the p-quinone subunit
of the meroterpenoid and the purine ring in deoxyinosine.

The semisynthesis of avinosol was performed from avarone (8) and 2'-deoxyinosine
to confirm the structure of the natural product. Avarone was prepared by oxidation of
the naturally occurring avarol (9) obtained in the same extract (Scheme 9.1).

9.3.2
Cortistatins A-D

Cortistatins A—D (10-13) were isolated from the marine sponge Corticium simplex [13].
These steroidal alkaloids are unrelated to cortistatin, a neuropeptide structurally
related to the hormone somatostatin which has antiangiogenic activity [14].

12:R=H
13:R=0H
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The molecular formula of cortistatin A (10) was established as C3oH3¢N,0; by
electrospray-ionization time-of-flight mass spectrometry (ESI-TOF MS) and NMR
data. A planar structure for cortistatin A consisting of linked 9(10-19)-abeo-andros-
tane and isoquinoline fragments was elucidated by analysis of COSY, HMQC, and
HMBC data. Interpretation of the NOESY data as well as the proton coupling constant
values revealed the relative configuration, which was confirmed by single-crystal
X-ray diffraction analysis. The absolute configuration of 10 was determined via
application of the circular dichroism (CD) exciton chirality method to the diene and
isoquinoline chromophores [13].

Interpretation of 2D NMR data obtained for cortistatin B (11) showed thatit had the
same skeleton as 10, but contained a hydroxyl group on C-16 with the 8 configuration.
The carbon chemical shift value of § 214.4 and the IR absorption at 1740 cm ™"
indicated the existence of a ketone at C-16 in cortistatin C (12). Cortistatin D (13) was
found to be a 17-hydroxy analog of cortistatin C, which was confirmed by '>*C NMR
deuterium shift experiments as well as HMBC data. Analysis of NOESY data for 13
revealed the orientation of hydroxyl group at C-17 as « [13].

Cortistatin A exhibited antiproliferative activity against HUVECs at low nanomolar
concentrations [13]. This potent activity appeared highly selective since the prolif-
eration of four cancer cell lines was inhibited only at 3000-fold higher concentrations.
Cortistatin C inhibited HUVEC proliferation 10-fold less potently than cortistatin A
but it retained the remarkable selectivity of 10. Cortistatins B and D were less potent
still, but nevertheless exhibited good selectivity toward HUVECs. Cortistatin A was
also shown to prevent bFGF- and VEGF-induced HUVEC migration and tube
formation at low nanomolar concentrations [13].

9.3.3
Squalamine

Squalamine, a steroidal alkaloid, was isolated from the stomach tissues of the dogfish
shark Squalus acanthias. This compound was first reported to exhibit potent bactericidal
activity against both gram-positive and gram-negative bacteria. Squalamine also showed
fungicidal activity and proved to induce osmotic lysis of protozoa [15]. The molecular
formula of C34HesOsN3S was determined by fast atom bombardment mass spectro-
metry (FABMS) data. Interpretation of 1D and 2D NMR data disclosed a steroid skeleton
linked to a spermidine moiety, which was confirmed by analysis of the fragment peaks in
the negative-mode FABMS spectrum. Observation of fragment ion peaks 80 mass units
apart in the negative mode FABMS spectrum also revealed the existence of one sulfate
group, which was assigned to C-24 by interpretation of the proton chemical shift value of
H-24. The relative configurations in the steroid nucleus were deduced from NOE data as
well as by analysis of proton coupling constant values [16].

Squalamine inhibits mitogen-induced endothelial migration and proliferation [17]
and VEGF-induced capillary tube formation [18]. A large body of work has been
carried out to understand the mechanism of action of squalamine and to develop the
compound as a potential anticancer drug (for a review see ref. [19]). Squalamine
interferes with important cell signaling pathways that affect vascular endothelial cell
proliferation, adhesion, and mobility through blockage of the VEGF-stimulated
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phosphorylation of p44/p42 MAP kinase, focal adhesion kinase (FAK), and stress-
activated protein kinase-2/p38 (SAPK2) [18,19]. Squalamine-induced reduction of
trans-membrane VE-cadherin-containing adhesions [20], its disruption of the actin
cytoskeleton [20,21], and its ability to induce changes in cell shape [21] have been
proposed to contribute to the antiangiogenic properties of the molecule [19]. The
compound has also been shown to act as a calmodulin chaperone [21] and to inhibit
the Na*/H" exchanger NHE3 [22].

Squalamine has been tested in mammary, ovary, and lung cancer xenograft mouse
models [20,23-26]. Results showed that squalamine alone had a modest effect on
tumor growth delay and in some cases it resulted in decreased number of lung
metastases. However, in most studies, squalamine treatment was more efficacious
when combined with previously established anticancer agents such as cyclopho-
sphamide, cisplatin, carboplatin, paclitaxel, 5-fluorouracil, or genestein, or with
radiation therapy.

In phase I and phase I1 clinical trials, squalamine has been administered to patients
with advanced nonleukemic cancers, advanced solid tumor malignancies, nonsmall-
cell lung cancer, or stage III or IV human ovarian cancer [27-30]. When given alone,
squalamine showed minimal toxic side effects, although some hepatoxicity was noted
[27,28]. Transient tumor regression was also observed [27], but squalamine treatment
alone did not result in any major tumor regression. When administered in combina-
tion with carboplatin or paclitaxel, results suggested that squalamine had increased
clinical benefit. In patients with stage IIIB or IV nonsmall-cell lung cancer, 28 %
showed partial clinical response and 19 % showed stable disease [29].

The promising biological activity of squalamine has stimulated significant interest
in developing synthetic approaches to both the natural product and analogs. All of the
routes published are, in principle, semisynthetic as they employ starting materials
possessing the requisite steroid perhydrocyclopenta[a]phenanthrene ring system.
The synthesis of 3 as an equal mixture of C-24 diastereomers was reported nearly
concurrently by Moriarty et al. [31] and Frye and coworkers [32]. Both groups achieved
the synthesis of 3 in 17 steps from 3B-acetoxy-5-cholenic acid and 3B-hydroxy-5-
cholenicacid, respectively. The (24 R) stereochemistry of squalamine was determined
by Moriarty et al. through the stereoselective synthesis of both squalamine dessulfate
epimers from stigmasterol and the two enantiomeric epoxides 14 and 15 derived
from (S)-(+)-valine [33]. The key step in the synthesis was the condensation of either
14 or 15 with the C-22 anion obtained from the phenyl sulfone 16, and this report
constituted a 20-step formal stereoselective synthesis of 3.
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Subsequent efforts have focused upon improving the synthesis of squalamine in
order to supply adequate material for clinical trials. A second synthesis from
stigmasterol [34,35] and the development of efficient routes from 3-keto-5a-cheno-
deoxycholanate [36] and methyl chenodeoxycholanate [37,38] provided stereoselec-
tive access to 3 in fewer steps. The most significant and applicable advances in the
synthetic strategy to squalamine, however, have involved developments in accessing
adequate supplies of suitable, inexpensive steroid precursors. Formal syntheses
employing the microbial 7a-oxidation of 3-keto-23,24-bisnorchol-4-en-22-o0l [39] and
desmosterol, a waste product obtained from the saponification of wool-grease [40],
have illustrated the potential of alternative steroid sources to circumvent some of the
more laborious synthetic steps and provide short and efficient routes to squalamine.

Numerous squalamine analogs have been prepared and examined for biological
activity (Figure 9.1). The squalamine structure has been varied through the length of
the polyamine chain [41-44]; the nature of the anionic functional group [41]; the
position of the polyamine [43-45], sulfate [45,46], and free hydroxyl [41,43,44,47] on
the steroid scaffold; the stereochemistry and substitution at C-3, C-7, and C-24 [41-44];
the length of the steroid side chain [41,45,46]; and the unsaturation of the steroid
[43,44].

All of the analogs tested in antimicrobial assays [41-44,46] have exhibited broad-
scale bioactivity comparable with that of squalamine, and a number of the amides
25-32 exhibited in vitro activity against the parasitic protozoa responsible for
leishmaniasis, Chagas disease and African trypanosomiasis [45]. It is unfortunate
that none of the squalamine analogs have been assessed for antiangiogenic activity,
although 30, 31, and 34 were cytotoxic against the human nasopharynx carcinoma KB
cell-line [45] and the unsaturated analogs 45-48 were toxic to a human nonsmall-cell
bronchopulmonary carcinoma NSCLC-NG6 cell-line [43,44].

9.4
Motuporamines

Motuporamines A-I 49-55 were found in the extract from the marine sponge
Xestospongia exigua Kirkpatrick collected off Motupore Island, Papua New Guinea
[48,49]. The structures of the motuporamines are composed of a 13-, 14-, or
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Fig. 9.1
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Synthetic analogs of squalamine.
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15-membered macrocyclic amine, linked to a diamino spermidine-like side chain.
Motuporamine C (51) was the most abundant natural product, and its structure was
elucidated by analysis of NMR and MS data. The position of the double bond in the
macrocyclic amine moiety of 51 was confirmed via total synthesis [50]. The structures
of the other motuporamines, except the methylated derivatives motuporamines G-I
(53-55), were also characterized by spectroscopic analysis. Motuporamines G-I were
obtained in such small quantities that the position of the methyl group in each
macrocyclic ring could not be assigned through spectroscopy.

CHj
10
H [~ H
NN~ NH2 N N~ NH2
n
Motuporamine A (49): n=1 Motuporamines G, H and | (53-55): n=3

Motuporamine B (50): n=2
Motuporamine C (51): n=3; A’
Motuporamine D (52): n=2; A'3

The motuporamines were first identified based on their modest cytotoxicity to
human solid tumor cancer cell lines [48]. They were subsequently rediscovered in a
screen for inhibitors of invasion of the tumor-derived basement membrane Matrigel
by MDA-MB-231 breast carcinoma cells [51]. Subsequent studies revealed that
motuporamine C inhibits in vitro MDA-MB-231 cell migration and in vitro angiogen-
esis in a human endothelial cell-sprouting assay. In vivo angiogenesis in the chick
choriallantoic membrane assay was also inhibited [51]. The synthetic analog dihy-
dromotuporamine C (56) activates RhoGTPase and remodels actin stress fibers and
focal adhesions in a Rho-dependent manner. Motuporamines also stimulate Rho
kinase-dependent sodium proton exchanger activity in mouse Swiss 3T3 fibroblasts
[53], as well as Rho/Rho kinase-dependent stimulation of neuronal growth cone
collapse [53]. Attenuation of Rho signaling with the Rho-specific inhibitor C3
exoenzyme re-established invasion in motuporamine-treated cells, thus implicating
RhoGTPase as a key signaling component in the mechanism of tumor invasion
inhibition by motuporamines [52].
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9.4 Motuporamines

The motuporamines are considered as manzamine-related alkaloids owing to their
structural relationship with manzamine C (57), the simplest alkaloid of this family of
compounds. Baldwin and Whitehead have proposed a plausible biogenesis for these
3-alkylpiperidine alkaloids, suggesting that they could be formed from three basic
building blocks: ammonia, a C; unit, and a C unit [54]. The motuporamines, which
contain a spermidine-like side chain instead of the alkylated B-carboline substructure
of manzamine C, appear to be biogenetically derived from the same precursors,
ammonia, acrolein, and along-chain dialdehyde involved in the Baldwin—Whitehead
pathway (Scheme 9.2).

Syntheses of motuporamines A (49) and B (50) were simultaneously reported
rapidly after their isolation by the groups of Baldwin [55] and Weiler [50]. Both
syntheses employed lactams as precursors to the motuporamine macrocycles, with
Baldwin choosing a reductive amination strategy to couple the macrocycle and nor-
spermidine side chain while Weiler achieved the alkylation of the cyclic amine
through Michael addition of methyl acrylate. Weiler also accomplished the synthesis
of motuporamine C using ring-closing metathesis (RCM) to prepare the requisite 15-
membered unsaturated lactam precursor (Scheme 9.3) and the preparation of
diacetamide 61 allowed the unambiguous assignment of the site of unsaturation
in the natural product 51. The predominance of the undesired E isomer of 59, an
inherent problem with the preparation of macrocycles by RCM, prompted Frstner
and Rumbo to apply a stereoselective two-step alkyne metathesis/reduction strategy
and develop an improved synthesis of 51 [56].

The strategies developed for the synthesis of motuporamines A—C have been
applied to the preparation of a series of motuporamine analogs that were evaluated
for anti-invasion activity against MDA-MB-231 cells [49]. Analysis of the structure—
activity relationship (SAR) data obtained for these analogs and the motuporamine
natural product series allowed the definition of a motuporamine pharmacophore
model and the rational design of the simple carbazole derivative 62, which displayed
promising anti-invasive activity in vitro. Studies performed on the most active of the
synthetic motuporamine series, dihydromotuporamine C (56), and its homosper-
midine analog 63 have indicated that these alkaloids do not gain cellular access via the
polyamine transport system [57].
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Scheme 9.2 Proposed biogenesis of motuporamines by Williams et al. [48].
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Scheme 9.3 The synthesis of motuporamine C (51) [50].
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9.5
Pyrrole-Imidazole Alkaloids: “Oroidin”-Related Alkaloids

This class of compounds is extensively described in Chapter 10. Oroidin (64) is
considered the precursor in the elaboration of polycyclic C1;Ns “oroidin” derivatives

isolated from sponges belonging to the Axinellidae and Agelasidae families. These
include the antiangiogenic compounds agelastatin A (65) and ageladine A (70).
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9.5 Pyrrole-Imidazole Alkaloids: ““Oroidin”-Related Alkaloids

9.5.1
Agelastatin A

Agelastatin A has been found in extracts of sponges in the order Axinellida, such as
the New Caledonian sponge Agelas dendromorpha [58] and the Indian Ocean sponge
Cymbastela sp. [59]. It was first isolated as a cytotoxic agent active below 1 pg/mL
toward KB cells [58]. In 1996, agelastatin A was reported to inhibit the proliferation of
the human KB nasopharyngeal and murine L1210 tumor cell lines and to prolong the
life expectancy of mice with L1210 leukemia [60]. Agelastatin A reduced vascular
capillary tube formation in vitro [61]. The compound also showed insecticidal
activity [59] as well as inhibition of the protein kinase GSK-3B activity with an
ICso of 12 pM [62].

The molecular formula of the methylated agelastatin A derivative (66) was
determined as C;5H;9BrN,O; by analysis of NMR and EIMS data. Interpretation
of 1D and 2D NMR data for 66 led to the planar structure, and NOE correlations
observed between H-4 and H-18 and between H-7 and H-8 revealed a cis config-
uration between H-4 and the methoxy group at C-5 and between H-7 and H-8,
respectively [58]. The trans configuration between H-4 and H-8 was established by the
small coupling constant value ( J < 0.5 Hz) between those two proton signals. SAR
studies suggested that the trans relationship between B and D rings, the C-5 hydroxyl
group and the secondary amides at positions 3 and 9 are necessary for biological
activity of 65 [60]. The absolute configuration of agelastatin A was established on the
basis of molecular modeling studies and CD exciton-coupling measurements of two
analogs of agelastatin [63]. These results have subsequently been confirmed by
single-crystal X-ray diffraction of the natural product [61].

HO N_ _O

65 66

Kerr and coworkers identified proline/ornithine and histidine as building blocks
for the biogenesis of the oroidin analog stevensine, a C1;Ns alkaloid isolated from the
sponge Teichaxinella morchella (Axinellidae), through feeding experiments using
radiolabeled amino acids [64]. Based on these results, Al Mourabit and Potier
proposed a biogenetic mechanism in which the enzymatic condensation of tauto-
meric forms of 3-amino-1-(2-aminoimidazolyl)-1-propene (an intermediate derived
from histidine) with pyrrole-2-carboxylic acid or its 4- or 5-brominated derivatives
(derived from proline) can account for the formation of over sixty marine alkaloids in
the oroidin series [65]. Agelastatin A is proposed to be formed by initial oxidation of
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Scheme 9.4 Proposed biogenesis of agelastatin A (65) and
its derivatives by Al Mourabit and Potier [65].
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=

the corresponding pyrrole-2-carboxylic acid and aminoimidazol-propadiene adduct
67 followed by C-8—C-4 intramolecular cyclization and attack of the pyrrolic nitrogen
at C-7 to form the agelastatin carbon skeleton. A sequence of enzymatic transforma-
tions will then lead to agelastatin A and its derivatives (Scheme 9.4) [65].

The unusual heterocyclic framework of the agelastatins in conjunction with the
potent bioactivity of agelastatin A and the problems associated with isolating sufficient
material from natural sources has made 65 an attractive target for total synthesis. The
racemic synthesis of agelastatin A was achieved by Weinreb and coworkers in 1999 via
an elegant 14 step route giving (4)-65 in 7 % overall yield [66,67]. Key transformations
employed in the construction of the agelastatin tetracyclic core in this case included a
N-sulfinyl dienophile hetero Diels—Alder reaction to incorporate the five-membered
carbocyclic ring-C; two [2,3]-sigmatropic rearrangements to situate functionality in
the desired positions for elaboration of the cyclic core and addition of ring-A; an
intramolecular Michael addition to form ring-B; and finally the annulation of the D-
ring employing the addition of methyl isocyanate.

Asymmetric syntheses of agelastatin A rapidly followed Weinreb's racemic synth-
esis, with Feldman and coworkers publishing the first stereospecific approach to the
natural enantiomer [68,69]. This route employed a chiral alkynyliodonium triflate—
alkylidenecarbene—cyclopentene transformation to form the key intermediate 69
from which (—)-65 could be efficiently assembled. Hale et al. initially reported a chiral
formal synthesis of (—)-agelastatin A through the enantiospecific preparation of an
advanced intermediate from Weinreb's racemic route [70] and later described a total
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Scheme 9.5 The key step in the synthesis of agelastatin A by Feldman et al. [68,69].

synthesis modified to avoid the use of methyl isocyanate [71]. More recently, the
natural enantiomer has been prepared using a chiral sulfinimine [72] and (+)-65
synthesized for the first time via palladium-catalyzed asymmetric allylic alkylation of
methyl 5-bromopyrrole-2-carboxylate [73] (Scheme 9.5).

9.5.2
Ageladine A

A hydrophilic extract of the Japanese marine sponge Agelas nakamurai [74] showed
inhibitory activity against MMP-2, a matrix metalloproteinase present at the surface
of endothelial cells that degrades components of the extracellular matrix and
facilitates angiogenesis. Bioassay-guided fractionation led to the identification of
ageladine A (70), composed of a dibromopyrrole and an imidazopyridine moiety.
Ageladine A is a broad-spectrum inhibitor of matrix metalloproteinases at low
microgram per milliliter concentrations, which also inhibits the migration of BAECs
and shows inhibitory activity in an in vitro vascular organization model [74].
Structure elucidation of 70 involved analysis of spectroscopic data and chemical
degradation experiments. Although the structure elucidation via interpretation of the
2D NMR data for 70 was limited to partial structures, analysis of the 2D NMR data for
the methylated derivatives revealed the connectivity between those partial units [74].
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The typical 4,5-dibromo-pyrrole and 2-aminoimidazole fragments of the oroidin-
derived alkaloids can be identified in the chemical structure of ageladine A. However,
the biogenesis of this compound, which contains 10 carbon and 5 nitrogen atoms in its
structure, cannot be postulated to occur from the usual C;;Ns “oroidin’-building block.
The possible biogenesis proposed by Fusetani and coworkers [74] involves a C;oNs
precursor, derived from the amino acids proline and histidine, which undergoes
intramolecular cyclization and dehydrogenation to afford ageladine A (Scheme 9.6).

Despite their relatively simple structure, the preparation of achiral marine alka-
loids via classical synthetic routes and methodology can be extremely challenging.
Ageladine A (70) provides a good example of such a case, where unpredictably inert
intermediates and problematic protecting-group chemistry resulted in a demanding
total synthesis finally achieved in 12 steps and 5% overall yield by Meketa and
Weinreb [75] (Scheme 9.7). Sequential metallation and introduction of thiomethyl
and formamide groups to benzyloxymethyl-protected tribromoimidazole (71)
allowed the preparation of vinyl imidazole 73 through Wittig olefination and
lithiation at the remaining brominated position on the imidazole ring. Conversion
of 73 to the key intermediate O-methyloxime 74 allowed the formation of the
imidazopyridine ring system through a 6m-azaelectrocyclization. A series of
functional group interconversions were then necessary before chloropyridine 76
could be subjected to the second key step in the synthesis, Suzuki-Miyaura coupling
with N-t-butoxycarbonyl-2-pyrryl boronic acid. Removal of the t-butoxycarbonyl and
benzyloxymethyl protecting groups followed by bromination of the pyrrole ring gave
ageladine A along with the monobromo- and tribromo-pyrroles 78 and 79.

Br.
O\CO H n Br
N 2 Br CHO
g l H B (D N
proline r N ~ |
—> —> H —y 70
HN\ HN—\ HN'
N N =N
HoN
H,N" ~CO,H NH,
histidine

Scheme 9.6 Proposed biogenesis of ageladine A (70) by
Fusetani and coworkers [74].
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k)zBr , HOAc, MeOH, 0°C.

Scheme 9.7 Meketa and Weinreb’s synthesis of ageladine A (70) [75].

In stark contrast, a biomimetic approach [76] that was reported shortly after
Weinreb's classical synthesis gave access to 70 in three steps (Scheme 9.8) from
the commercially available 4,5-dibromo-2-formylpyrrole 80 and 2-aminohistidine
81. Protection of the pyrrole 80 followed by Lewis acid-catalyzed Pictet-Spengler
condensation with 81 gave tetrahydroageladine A 83. Treatment of 83 with chloranil
in refluxing chloroform effected aromatization of the imidazopyridine ring system
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Scheme 9.8 Shengule and Karuso’s biomimetic synthesis
of ageladine A [76].

and deprotection of the dibromopyrrole in one pot to give 70 in an overall yield of
about 28 %. The brevity of Karuso's biomimetic synthesis makes this approach an
attractive and applicable route for supplying sufficient quantities of ageladine A for
further biological testing or clinical trials as well as providing access to a range of
analogs for SAR studies [76].

9.6
Tyrosine-derived Alkaloids

9.6.1
Aeroplysinin-1

Aeroplysinin-1 (84) has been obtained from marine sponges belonging to the order
Verongida. The first isolation of (+)-aeroplysinin-1 from Verongia aerophoba collected
in the Bay of Naples (Italy) was reported by Fattorusso et al. in 1970 [77]. Since then,
(+)-aeroplysinin-1 has been reported from a number of marine sponges from various
geographic locations (see Table 9.2) and the (—)-isomer has been isolated from
Ianthella ardis [78].

OH OH

- +—CN
S Br
OH CO,CH3

Br

H3CO H3CO
Br Br

84 85
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Tab. 9.2 Marine sponges producing aeroplysinin-1 (84).

Taxonomic identification Collection sites Enantiomer References
Verongia aerophoba Ttaly (+) [77,79]
Verongia aerophoba Yugoslavia (+) [80]
Verongia aerophoba Canary Islands nd* [81]
Psammaplysilla purpurea Marshall Islands (+) [82]
Aplysia caissara Brazil (+) [83]
Aplysina laevis Australia (+) [84]
Inthella ardis Caribbean Sea (-) [78,85]

“Not determined.

The structure of (+)-aeroplysinin-1 was deduced from analysis of its ultraviolet
(UV), infrared (IR), "H and ">C NMR, and MS data [77]. The proposed structure was
confirmed by chemical degradation experiments in which the degraded material was
found to be identical with methyl 3,5-dibromo-2-hydroxy-4-methoxyphenylacetate
(85). Cosulich et al. confirmed the structure and relative configuration of the (—)-
isomer by X-ray crystallographic analysis [85] while Fulmor et al. determined the
absolute configuration of (—)-84 on the basis of circular dichroism [78].

Low micromolar doses of aeroplysinin-1 induced cytotoxicity to various tumor
cell lines including Hela, Ehrlich ascites tumor cells, L5178y mouse lymphoma
cells, human mammary carcinoma, and human colon carcinoma cells [80,81,86]. A
further study by Rodriguez-Nieto et al. showed that aeroplysinin-1 inhibited the
growth of BAECs and induced apoptotic cell death [87]. The presence of matrix-
metalloproteinase 2 and urokinase in endothelial cell conditioned medium was
reduced by aeroplysinin-1. The compound also inhibited endothelial cell migration
and capillary tube formation in matrigel. In the same study, in vivo inhibition of
angiogenesis was demonstrated in the CAM and matrigel plug assays. In a
modified CAM assay using quail embryos, Gonzalez-Iriarte et al. showed that
aeroplysinin-1 induced apoptotic death was preferentially directed toward endothe-
lial cells [88]. Preferential cytotoxicity toward L5178y mouse lymphoma cells
compared to murine spleen lymphocytes has also been shown by assaying incor-
poration rates of *H-thymidine [80]. In vivo studies by the same group demon-
strated an antileukemic activity of aeroplysinin-1 in an L5178y cell/NMRI mouse
system [80]. These results indicate that aeroplysinin-1 may inhibit both angiogen-
esis and the growth of tumor cells. Aeroplysinin-1 inhibited the in vitro kinase
activity of epidermal growth factor receptor (EGFR) and blocked ligand-induced
endocytosis of the EGF receptor invitro[89]. Thus, an EGFR-dependent mechanism
for activity is indicated, although no significant evidence to further support this
mechanism has so far been reported in the literature.

Feeding experiments carried out with the sponge Aplysina (formerly Verongia)
fistularis have indicated that labeled [U-'"*C]-1-tyrosine, [U-'*C]-1-3-bromotyrosine,
and [U-"*CJ-1-3,5-dibromotyrosine were incorporated into aeroplysinin-1[90].
[Methyl-"*CJmethionine was found to be incorporated specifically into the O-methyl
group [90]. Various ecological studies of Aplysina sponges [81,91-94] suggest that
aeroplysinin-1 could be biosynthesized by the sponge as a chemical defense mechan-
ism. These studies conclude that sponge tissue damage induces the enzymatically
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Scheme 9.9 Enzymatic transformation of isoxazoline
alkaloids in Aplysina sponges into aeroplysinin-1 (84) and a
dienone analog (86).

catalyzed transformation of more complex brominated isoxazoline alkaloids into
aeroplysinin-1 and a dienone analog (86; see Scheme 9.9). The substitution pattern in
the cyclohexadiene moieties of aeroplysinin-1 and the isoxazoline alkaloids supports
the proposal that arene oxides are likely biogenetic precursors to this group of
metabolites [95] (4)-Aeroplysinin-1 was first synthesized by Andersen and Faulkner
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Scheme 9.10 Andersen and Faulkner’s racemic synthesis
of aeroplysinin-1 (84) [96].

[9] in 9 % overall yield and five steps from 2-hydroxy-4-methyoxyphenylacetonitrile
(87) via the stereospecific oxygen-directed borohydride reduction of the o’-hydroxy
o, B-unsaturated ketone 90 (Scheme 9.10). This provided a novel route to the
synthesis of arene glycols that allows the preparation of both trans- and, when the
acetylated intermediate 89 is reduced directly, cis- glycols.

An improved strategy employing the formation and subsequent ring opening of
the spiroisoxazoline intermediate 91 has been published [97] (Scheme 9.11). Anodic
two-electron oxidation of oxime 92 allowed the formation of the spiroisoxazoline
moiety, which was reduced with zinc borohydride to give the isomeric alcohols 93 and
94. Silylation and saponification of 93 followed by ring opening via thermal
decarboxylation gave the protected alcohol 97. Cleavage of the silyl ether gave
(%)-aeroplysinin-1 in six steps and 22 % yield. The enantiospecific synthesis of either
(+)- or (—)-aeroplysinin-1 is yet to be accomplished.

A series of aeroplysinin-1 analogs have been synthesized and evaluated as receptor
tyrosine kinase inhibitors [98]. The natural product had shown inhibitory activity
againstepidermal growth factor receptor tyrosine kinase in isolated enzyme assays, but
was inactive when tested in a whole-cell assay system [89]. Analogs were designed in an
attempt to enhance membrane permeability in cell-based assays without loss of
potential for nucleophilic covalent binding to the enzyme-binding site. Although four
of the synthetic analogs (98-101) exhibited promising inhibitory activity against
epidermal growth factor and platelet-derived growth factor receptor tyrosine kinases
in cell-based assays, none of the analogs have been evaluated for antiangiogenic activity.
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Scheme 9.11 Ogamino and Nishiyama’s racemic
synthesis of aeroplysinin-1 (84) [97].

9.6.2
Psammaplin A

Psammaplin A was simultaneously reported by Rodriguez et al. [99] and Quifiod and
Crews [100] from the sponges Thorectopsamma xana and Psammaplysilla purpurea,
belonging to the order Verongida, and later by Arabshahi and Schmitz from an
unidentified sponge [101]. Psammaplin A has also been isolated from other Psam-
maplysilla purpurea samples [102], Aplysinella rhax [103-105], and Pseudoceratina
purpurea [106]. The two non-Verongid sponges Jaspis wondoensis and Poecillastra
wondoensis were also reported to contain psammaplin A [107]. All known sponge
sources for psammaplin A are summarized in Table 9.3.
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Tab. 9.3 The sponge sources for psammaplin A.

Taxonomic identification Collection sites References
Unidentified Guam [101]
Thorectopsamma xana Guam [99]
Psammaplysilla purpurea Tonga [100]
Psammaplysilla purpurea Tonga [102]
Aplysinella rhax Australia [103]
Aplysinella rhax Pohnpei [104]
Aplysinella rhax Fiji [105]
Jaspis wondoensis Korea [107]
Poecillastra wondoensis Korea [107]
Pseudocerating purpurea Papua New Guinea [106]

Psammaplin A is a symmetrical brominated tyrosine metabolite containing
a disulfide linkage that exists as an interconverting mixture of isomers, 102 and
103, that differ in the configuration of their oxime groups. The (E, E)-isomer (102) was
obtained in greater abundance than the (E,Z)-isomer (103); however, it was observed
that the (E,Z)-isomer was transformed into the (E,E)-isomer in solution. Thus, it is
likely that the (E,Z)-isomer is the natural metabolite and that isomerization may have
occurred during the isolation procedure. The symmetrical structure of the (E,E)-
psammaplin A isomer (102) was deduced from the evidence that the *C NMR
spectrum showed only eleven signals despite FABMS evidence for a molecular formula
of Cy6H3,Br;N,O6S,. Analysis of the NMR data revealed the structure of the mono-
meric unit, which was confirmed by data obtained for the triacetate (104) [101].

OH
o] H Br o
HON S. N AcON SAc
N7 TN NOH N
H H
(¢}
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Br

Br

102: (E E)-isomer
103: (E,Z) -isomer
The isolation of psammaplin derivatives from the sponge Psammaplysilla purpurea,
in particular the only nonhalogenated analog, prepsammaplin A (105), allowed
Jiménez and Crews to propose a biogenesis for this family of amino acid derivatives
in which psammaplin A is formed by the linear combination of two bromotyrosine

oxime derivatives and two rearranged cysteines [102].
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The cytotoxicity of psammaplin A toward a wide range of human cancer cells has
been well documented [104,107-110]. The compound also inhibits the proliferation of
BAECs [110]. Psammaplin A has been reported to affect several biochemical activities,
including inhibition of topoisomerase II [108], inhibition of DNA synthesis and DNA
gyrase [111], inhibition of farnesyl protein transferase and leucine aminopeptidase
[104], inhibition of chitinase B from Serratia mercescens [105], inhibition of SV40 DNA
replication in vitro through targeting of a-primase [109] and activation of peroxisome
proliferator-activated receptor gamma [112]. Psammaplin A also inhibits DNA
methyltransferase activity in vitro [113], although the lack of in vivo inhibition of
DNA methylation suggests that this enzyme is not a major cellular target. In addition,
psammaplin A also causes A549 cells to arrest cell cycle progression at the G,/M phase
and shows weak antioxidant activity [114]. The compound also inhibits amino-
peptidase N (APN), a Zn-dependent metalloproteinase that has been implicated in
tumor invasion and angiogenesis [110]. Psammaplin A suppressed tumor invasion
and bFGF-induced endothelial cell tube formation in tissue culture models [110].

Psammaplin A has been efficiently synthesized in four steps and 23 % overall yield
by Hoshino et al. through conversion of 3-bromotyrosine to the corresponding o-
hydroxyimino acid followed by dimerization through coupling with cystamine [115].
A similar three-step synthesis from 4-hydroxyphenylpyruvic acid that yielded 102 in
43 % yield has also been reported by Godert et al. [113]. Nicolaou et al. modified
Hoshino's synthesis to gain access to 104 and homodimeric analogs that were used to
construct a psammaplin A inspired combinatorial library of disulfide heterodimers
[116]. Both the homodimers and heterodimers were screened for activity against
methicillin-resistant Staphylococcus aureus and structure refinement of promising
lead compounds through parallel synthesis afforded a series of antibacterial agents
significantly more active than the natural product [117]. Heterodimer 106 in
particular exhibited in vitro activities similar to several antibiotics currently in clinical
use. However, no antiangiogenic assays were run on the synthetic analogs.

9.6.3
Bastadins

Bastadins have been isolated from the Indo-Pacific Verongid sponges Ianthella basta
[118-129], Ianthella quadrangulata [130], Ianthella sp. [131] and Psammaplysilla
purpurea [132,133] as well as the Dendroceratid sponge Dendrilla cactos [134].
To date, a total of 23 bastadin analogs have been reported [118-127,130-134], all
of which are heterodimers derived biogenetically from the oxidative coupling of two
brominated tyrosine-tyramine amides. The bastadins are structurally classified into
three groups depending upon the degree and position of the phenolic couplings
linking the monomeric, or hemibastadin [122,135], units. The linear (or “acyclic”)
bastadins contain a single ether or biaryl linkage (for example, bastadin 1, 112, and
bastadin 3, 113), while the macrocyclic members of the series possess either the
bastarane skeleton (for example, bastadin 6, 114), in which the hemibastadin units
are linked by phenolic ethers from C-10 to C-14 and from C-29 to C-33, or the
isobastarane skeleton (for example, bastadin 13, 115), in which ethers link C-9 to
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C-14 and C-29 to C-33. The structures of the bastadins have in most cases been
elucidated through the application of standard spectroscopic techniques, although
those of bastadin 4 and the tetramethyl ether of bastadin 5 have been established
through X-ray crystallography [119].

The absolute stereochemistry of the 6-hydroxybastadins 8, 10, and 12 has been
found to be 6S through application of the Mosher—Trost method [136]. The first
members of the bastadin series were isolated from the methanol extract of an
Australian sample of Ianthella basta because of its potent in vitro antimicrobial activity
against gram-positive bacteria [118,119]. Since then, bastadins have been shown to
exhibit a variety of biological activities including cytotoxicity [120,121,132], anti-
inflammatory activity [120], inhibition of the enzymes topoisomerase II, dehydro-
folate reductase, inosine 5’-phosphate dehydrogenase, 12-human lipoxygenase, and
15-human lipoxygenase [123,132,137], agonistic activity toward the sarcoplastic
reticulum Ca®" channel through modulation of the Ry;R FKBP12 receptor
complex [127,138,139], and antiproliferative effects against a number of cancer cell
lines [134,136]. The antiangiogenic activity of the bastadins, however, has only been
reported by Kobayashi et al. [128,129].

Bioassay guided fractionation of the methanol extract of an Indonesian sample of
I. basta resulted in the isolation of a total of eight bastadins representing each of
the three structural motifs found in the series [128,129]. Bastadin 6 (114) was isolated
as the major bioactive constituent of the sponge and inhibited the VEGF- and
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bFGF-dependent proliferation of HUVECs at sub-micromolar concentrations. The
activity of bastadin 6 was found to be selective toward HUVECs when compared with
normal fibroblasts (3Y1) and several tumor cell lines (KB3-1, K562, and Neuro2A)
[129]. Bastadin 6 also inhibited the VEGF- or bFGF-induced capillary tube formation
and migration of HUVECs in vitro and blocked VEGF- or bFGF-induced neovascu-
larization in vivo in the mouse corneal assay. When assessed in the nude mouse A431
solid tumor xenograft model, bastadin 6 exhibited significant inhibitory activity
against tumor growth without displaying acute toxicity [129]. A SAR study of the
antiproliferative activity of the eight I. basta alkaloids against HUVECs indicated that
a macrocyclic structure is critical for antiangiogenic activity [128]. Bastadins
possessing the bastarane skeleton exhibited greater selectivity against endothelial
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cell proliferation than did those with the isobastarane skeleton, and a molecular-
mechanics-based conformational analysis of the bastadins suggested that this was
linked to the greater rigidity of the bastarane macrocycle [128].

Bastadin 6 was first synthesized by Nishiyama et al. in 1982 via a biomimetic
strategy that employed thallium trinitrate to achieve the key oxidative macrocycliza-
tion step [140-142]. More recently, a chemoenzymatic approach has been reported in
which the oxidative phenolic coupling reactions were accomplished using horse-
radish and soybean peroxidases [143]. In order to continue with their mechanistic and
SAR studies of 114 and facilitate the development of a new antiangiogenic drug
candidate, Kobayashi and coworkers have developed an efficient convergent synthesis
that gave bastadin 6 in an overall yield of 26 % with a longest linear sequence of nine
steps [144]. Kobayashi's synthesis was made possible through the development of a
novel Ce(IV)-mediated oxidative coupling reaction that allowed the preparation of the
key diaryl ether fragments 116 and 117 in reasonable yield.

BnON O

NHBoc (0]

Br
O Br
o
Br Br
Br NH

HO,C
116 NOBn

117

Reduction of the cyclic carbamate 116 to the primary amine 118 allowed the two key
intermediates to be coupled using 1-(3-dimethylaminopropyl)-1-ethylcarbodiimide
hydrochloride in the presence of 1-hydroxybenzotriazole hydrate (Scheme 9.12). The
resulting amide 119 was then prepared for the macrocyclizaton step through
reduction of the spirodienone moiety to yield acid 120 and removal of the Boc
protecting group to give amine 121 as the HCI salt. Formation of the bastarane ring
system was accomplished under similar condensation conditions as those employed
previously in the synthesis and bastadin 6 was obtained in good yield following selective
deprotection of the two oxime groups using boron trichloride-dimethyl sulfide.

9.7
Tryptophan-derived Alkaloids

Scytonemin (123) is a yellow-brown pigment of cyanobacterial sheaths. While a
plethora of cyanobacterial species with yellow-brown sheaths are described in the

259



260 | 9 Antiangiogenic Alkaloids from Marine Organisms

O. Br HO. Br HO Br Br Br
o.__0O
Br NH Br Br e}

NH, N
H NOBn
116 118
119
c
H NOR NOBn
N
CO2H
Br o NHR
Br
O Br O Br
Br OH o o) OH
HO Br. Br < HO Br Br Br
Br O Br 0]
N N
NOR H  NoBn
122:F§:Bn>f 120:R=BOC>d
114:R=H 121: R=H

Reagents and Conditions: a) Na>S>04, THF/H,0, RT, 10min; b) 117, EDCI, HOBt, THF, 0°C,
6h; c) Na>S,04, CH3CN/H,0, RT, 30min; d) TFA, CH.Cl,, RT, 10min then HCI/Et,0; e) EDCI,
HOBt, THF, RT, 3h; f) BCl3-SMe,, CH.Cl,, RT, 3h.

Scheme 9.12 Kobayashi and coworkers’ total synthesis of
bastadin 6 [144].

literature, scytonemin has been detected in only about 30 species [145]. In order to
elucidate its chemical structure, scytonemin was isolated from the sheaths of
several cyanobacteria such as Stigonema sp., Scytonema sp., and Lyngbya sp. [146].
The molecular formula of scytonemin (123) was determined to be C36H,,N,04
from FABMS data and a UV absorption band at 370nm suggested extended
conjugation. The *C NMR spectrum showed only 16 signals, indicating that
123 had a symmetrical structure. Analysis of 1D and 2D NMR data for reduced
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scytonemin (124) identified the monomeric unit of the molecule. Ozonolysis of 124
afforded 125, indicating that the half units are connected to each other via a double
bond. The NOE correlations between 4-NH and H-11 (H-15) in 125 revealed an
E-configuration of the trisubstituted olefin [146].

According to Proteau et al., condensation of two subunits of tryptophan and two
phenylpropanoid-derived units would explain the biogenetic pathway to form the
symmetrical structure of scytonemin (123) [146]. No syntheses of 123 have been
reported.

Scytonemin inhibited the proliferation of HUVECs in the low micromolar
concentration range [147]. Scytonemin was the first identified small-molecule
inhibitor of polo-like kinase 1 (PLK1). The compound also inhibited the cell cycle
regulatory kinases Myt1, checkpoint kinase 1, cyclin-dependent kinase 1/cyclin B
and protein kinase CP2 at similar low micromolar concentrations, indicating that it
is a relatively broad specificity protein kinase inhibitor [148]. Inhibition of HUVEC
proliferation is expected to result in antiangiogenic activity. Use of scytonemin as
an antiangiogenic agent has been proposed in the patent literature but we are
unaware of scientific reports of in vitro or in vivo antiangiogenic activity for this
compound.
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Fig. 9.2 Ancorinosides A-D.

9.8
Ancorinosides

Ancorinosides A-D are tetramic acid glycosides isolated from specimens of the
Japanese sponges Ancorina sp. [149,150] and Penares sollasi [151]. Ancorinoside
A (126) was originally isolated due to its ability to inhibit blastulation of starfish
embryos both as the free acid [149] and as a magnesium salt [150]; however, Fusetani
and coworkers subsequently isolated 126 and three new analogs, ancorinosides B-D
(127-129), as inhibitors of membrane type 1 matrix metalloproteinase (MT1-MMP)
[151]. MT1-MMP is one of the enzymes responsible for the conversion of progela-
tinase A into MMP-2, a metalloprotein particularly implicated in tumor progression
and angiogenesis. The planar structures of the ancorinosides were elucidated from
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detailed analysis of 1D and 2D NMR data in conjunction with HRFABMS data for
ancorinoside A [149] and HRFABMS supplemented with FAB-MS/MS data for
ancorinosides B-D [151]. All of the ancorinosides consist of a tetramic acid unit
linked through a long-chain fatty alcohol to a disaccharide moiety derived from
glucose and galactose (Figure 9.2). Structural differences between analogs are
introduced by virtue of the constitution of the disaccharide unit and the length,
functionality, and branching of the fatty alcohol. The absolute stereochemistries of
anchorinosides A-D have been determined through chemical degradation and
derivatization, and it was found that in this series of natural products all the sugar
residues possess the p-configuration and the tetramic acid moiety is derived from p-
aspartic acid [149,151].

Ancorinosides A-D inhibited MT1-MMP, with median inhibitory concentrations
of 440, 500, 370, and 180 pg/mL respectively, and are an order of magnitude less
potent than the known synthetic MMP inhibitor FN-439 (130)[151,152]. A limited SAR
study of the natural products and the aglycon of ancorinoside B indicated that it is the
tetramic acid moiety that is responsible for the inhibitory activity of the ancorinosides.
Indeed, tenuazonic acid (131), a natural product isolated from the fungus Alternaria
tenuis [153] that has the tetramic acid unit as its only functionality, exhibited inhibitory
activity against MT1-MMP and MMP2 comparable to FN-439 [151].

HoN o N I N HN
e j/ H/\[r OH '
5 L/

130 131

(0]

OH

9.9
Concluding Remarks

Marine natural products provide a rich diversity of unprecedented chemical struc-
tures that can act as lead compounds for drug development and/or tools for basic cell
biology investigations of diseases. Screening marine natural product crude extracts
and pure compounds using sophisticated assay systems has resulted in the identi-
fication of a number of marine alkaloids with antiangiogenic activity that possess
genuine potential to become or inspire future therapeutic agents. Squalamine is
currently being developed as an antiangiogenic drug under license to Genaera and
has progressed to phase II clinical trials as a combination therapy with standard
agents for nonresponding solid tumors and as a primary treatment for advanced
ovarian cancer [154]. It is also present in AE-941 (Neovastat), a standardized
shark cartilage extract being developed by Zterna Zentaris that has been in phase
III trials for nonsmall-cell lung cancer as well as renal carcinoma [154,155]. The
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motuporamines (49-55) have demonstrated their usefulness as biological tools and
given significant insights into important aspects of the angiogenic process at the
cellular level [52]. Their drug potential is still undergoing preclinical evaluation. The
bastadins, particularly bastadin 6 (114), promise to be an important suite of
compounds in the development of natural-product-based antiangiogenic drug can-
didates, and scytonemin (123), the first small-molecule inhibitor of PLK1, represents
a new pharmacophore that may be of enormous value both therapeutically and as a
biological tool [148]. We have only begun to evaluate the drug potential of the natural
products diversity present in the world’s oceans and we can expect that many marine
natural products possessing useful antiangiogenic and antimetastatic activities will
be discovered in the future.
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10
A Typical Class of Marine Alkaloids: Bromopyrroles

Anna Aiello, Ernesto Fattorusso, Marialuisa Menna, Orazio Taglialatela-Scafati

10.1
Introduction

Bromopyrrole alkaloids constitute a family of exclusively marine alkaloids and
represent a fascinating example of the large variety of secondary metabolites
elaborated by marine sponges. The first member of this group to be isolated was
oroidin (1), initially from the sponge Agelas oroides in 1971 and then from several
other sponges [1,2]. Oroidin is considered the key metabolite of this family of
alkaloids, since many bromopyrrole alkaloids possessing a pyrrole-imidazole struc-
ture can be conceived as derivatives of the C;; N5 skeleton of oroidin. These can vary
with regard to (a) oxidation, reduction, or hydration of the 2-amino-4(5)-vinylimi-
dazole unit, (b) dimerization, and (c) cyclization. The pyrrole-2-carboxamide moiety
can be non-, mono-, or dibrominated exclusively in the 2- and 3-positions (numbering
according to Figure 10.1). Bromination of the pyrrole 4-position or of the imidazole
part has never been observed. Actually, small chemical changes within the building
blocks, such as bromination of the pyrrole-2-carboxamide moiety or tautomeric
equilibrium and the consequent bivalent reactivity of the 2-aminoimidazole moiety,
are mostly responsible for the great molecular diversity observed in this group of
alkaloids.

Since the mid-1970s, about 140 derivatives, with various structures and interesting
biological activities, have been isolated from more than 20 different sponges of
various genera, essentially (but not exclusively) belonging to the Agelasidae, Axi-
nellidae, and Halichondridae families. It is currently believed that these alkaloids are
taxon-specific of at least the Agelasida order and can be used as chemical markers of
these phylogenetically related sponges [3].

From the ecological point of view, the antipredatory role of these alkaloids can be
considered their most important biological function. It has been determined that
Caribbean reef sponges of the genus Agelas are chemically defended from fish
predation by bromopyrrole alkaloids [4-6]. The relative activity of the naturally
occurring compounds and the chemical functionalities necessary and sufficient
for this activity have also been determined, thus providing the current knowledge on
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Fig. 10.1 Oroidin, the postulated key precursor of bromopyrrole alkaloids.

the relationships between molecular structure and fish feeding deterrence [7]. The
role of these alkaloids in defense mechanisms is also supported by a study demon-
strating that they have a sponge cellular origin and have not been detected in the
sponge-associated microorganisms [8].

Bromopyrrole alkaloids are important not only for their ecological role and for
chemotaxonomic considerations, but also for the number of interesting pharmaco-
logical activities they have been shown to possess. Among them, the cytotoxicity of
agelastatin (see below) and the immunosuppressive activity of palauwamine (see
below) are remarkable. This is probably why the interest of organic chemists in total
syntheses of bromopyrrole alkaloids has strongly increased since 2000.

Until now, only one review article on bromopyrrole alkaloids has been published,
covering the literature appearing up to the end of 2002 [9]; this article was mainly
focused on the chemistry of this alkaloid family, and a number of biomimetic and
nonbiomimetic total syntheses of bromopyrrole alkaloids were discussed compre-
hensively.

In this chapter we intend to provide a complete picture of the structures of
bromopyrrole alkaloids updated to the first half of 2006. The biological activities of
these compounds are described in outline, together with the plausible biogenetic
pathways that have been proposed so far. An account of the synthetic approaches
reported for preparation of some alkaloids is also given, even if it is not intended to be
a systematic picture but only a few scattered notes.

These alkaloids can be classified from a number of points of view but, in the
present chapter, we have divided them into four groups with respect to their chemical
architecture:

e oroidin-like linear monomers, whose structures contain the
skeleton of oroidin without any further C-C or C-N bond
formation;

e polycyclic oroidin-derivatives, whose structures can be
rationalized by one of the many intramolecular cyclizations
of oroidin or oroidin-like linear monomers. In fact, six modes
of cyclization of oroidin have been found in Nature, which
will be classified according to the oroidin atoms involved in the
linkage formation;

e simple or cyclized oroidin-like dimers;

e other bromopyrrole alkaloids, which cannot be included in the
previous groups, basically because they do not possess the
pyrrole-imidazole moieties.



10.2 Oroidin-like Linear Monomers

Some nonbrominated pyrrole—imidazole alkaloids are included in this chapter, but
only when they are close analogs of the corresponding brominated compounds.

10.2
Oroidin-like Linear Monomers

Oroidin was first isolated in 1971 [1] from the sponges Agelas oroides, but its
structure was definitely assigned in 1973 by synthesis of its monoacetylated
derivative dihydrooroidin [2]. Subsequently, oroidin has been found in several
different sponges, co-occurring with cyclized and/or dimeric related compounds.
In addition to the above cited feeding deterrent activity against the reef fish
Thalassomia bifasciatum [4-7], this molecule is also able to inhibit larval metamor-
phosis of the barnacle Balanus amphirite [10]. The first synthesis of oroidin was
performed in 1986 [11]; since then, several different approaches have been
proposed [12-17]. The key step of most of these synthetic strategies is a Wittig—
Schweizer reaction employing a phosphonium salt prepared in situ via nucleophilic
attack of either phthalimide or trichloroacetamide to tributylvinylphosphonium
bromide [13].

X NH,

7 HN~\<

A N
Y N \/\A/
H

2T

Y =Br
Br Y=H
Y=H

WN = O

X
X
X

Hymenidin (2), isolated from the Okinawan sponge Hymeniacidon sp. [18], is the
2-debromo derivative of oroidin, while clathrodin (3), isolated from the Caribbean
sea sponge Agelas clathrodes [19], is its 2,3-debromo derivative. The degree of
bromination of the pyrrole moiety has been shown to affect the biological proper-
ties of these compounds. Recently, oroidin and hymenidin have been found to
reduce voltage-dependent calcium elevation in PC12 cells, and the potency of the
tested alkaloids increases with the number of bromine atoms associated with the
pyrrole ring [20]. The degree of bromination is also important for the feeding
deterrent properties; as expected on the basis of the experiments performed on
pyrrole-2-carboxilic acid derivatives [7], hymenidin showed a smaller feeding
deterrence than oroidin [21]. Oroidin, hymenidin, and clathrodin showed marked
antiserotonergic and anticholinergic activities [18,22]. Clathrodin and oroidin have
been tested for their effect on membrane sodium currents; these experiments
demonstrated that clathrodin is a sodium channel neurotoxin, which acts by
influencing channel ionic conductance [23].

The same synthetic approach starting from imidazolemethanol and via Wittig—
Schweizer olefination, which provided an improved synthesis of oroidin, was used
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for the preparation of hymenidin [13] and clathrodin [24]. A further total synthesis of
clathrodin has been reported [14].

Br
74 H N>_
A\
Br \ \/\)I NH,
N N ™ N
H
4

H3C’ o)

Sventrin (4) is the pyrrole N-methylated analog of oroidin and it has been isolated
from the Caribbean sponge Agelas sventres [22]. Sventrin was shown to be a feeding
deterrent compound against the reef fish Thalassoma bifasciatum in aquarium assays,
and it has been observed that N-methylation of the pyrrole nitrogen reduces the
feeding deterrent activity [22]. Since attempts to synthesize 4 by regioselective
methylation of oroidin failed, it was obtained by stereoselective reduction of an
alkyne intermediate [25].

Br. Br.
H
N R B .
Hoo N "o N
Me NH, Me NH
5 6

2

Keramadine (5) has been isolated from an Okinawan Agelas sp. and contains an N-
methylated 2-aminoimidazole ring and a (Z)-double bond [26]. Its 9,10-dihydro
analog, dihydrokeramadine (6) has been isolated, again from an Agelas sp. [27].
Total synthesis of keramadine has been performed both via Wittig—Schweizer
olefination [13,24] and via an alkyne pathway [28,15]. In the first case, a problem
was the partial isomerization of the (Z)-double bond, which was avoided in
the second case by masking the unsaturation as an alkyne throughout the synthetic
sequence. Like compounds 1-3, keramadine showed antagonistic activity against
serotonergic and cholinergic receptors with an EDso=1.5 x 10> M [22].

X
1 H R HN™ SN
PG
H o

7 X=Y=Br, R=H
8 X=Br Y=H,R=H
9 X=Y=Br, R=OH
10 X =Br Y =H, R=0OH (dispacamide D/mukanadin A)
11 X=Br,Y=H,R=0Me
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In dispacamides A-D (7-10), isolated from four Caribbean Agelas sponges
(A. conifera, A. longissima, A. clathrodes, A. dispar) [29,30], the 2-aminoimidazole
moiety is oxidized to an alkylidene glycocyamidine. Dispacamide A (7) and its
monobromo derivative dispacamide B (8) differ from oroidin and hymenidin,
respectively, both in an isomerization of the double-bond position and in the
presence of the aminoimidazolone moiety. Dispacamides C (9) and D (10) have
been isolated as racemates and their structures have been found to be 9-hydroxylated
forms of dispacamides A and B, respectively [30]. Interestingly, despite the plain
structural resemblance with alkaloids such as keramadine or clathrodin, dispacamides
A and B were found fully inactive both as anticholinergic and antiserotonergic agents,
even at millimolar concentrations. On the other hand, all dispacamides exhibited a
remarkable antihistaminic activity on the guinea pig ileum [29]. They were shown to
produce a reversible noncompetitive antagonistic effect, specific toward histamine
receptors; dispacamide A was the most potent compound in the series, while the
activity of dispacamides C and D was mild, when compared to dispacamides A and B.
Thus, the insertion of a hydroxyl group in the alkyl chain causes a marked reduction of
the antihistaminic activity, indicating the importance of the central segment for the
pharmacological activity. In has been hypothesized that this portion of the molecule
could interact with hydrophobic groups in the receptor zone, so that the insertion of a
polar group achieves the effect of making this interaction less marked [30].

Total synthesis of dispacamide A has been performed through condensation of 2-
thiohydantoin with a-pyrrolecarboxamidoaldehyde, followed by a one-step treatment
with aqueous ammonia in the presence of tert-butylhydroperoxide to give the
glycocyamidine ring [31]. An alternative synthesis of dispacamide A, in which
assembly of the imidazole ring occurs during the synthetic sequence, has been
developed. It starts from ornithine methyl ester and leads to dihydrooroidin, which is
successively oxidized to either oroidin or dispacamide A [14]. Compound 11, isolated
as aracemate from the Mediterranean sponge Axinella verrucosa [32], has been shown
to be the 9-methoxy derivative of dispacamide B. Compound 11 was found to display
neuroprotective activity against the agonist serotonin in vitro, with a potential to treat
psychosis, different phobias, and mood fluctuation disorders. It acts by reducing the
exitotoxic effect related to the massive entry of calcium ions into the cells as a
consequence of activation of serotonin receptors.

X
O
R HN
v— | “ ’/<NH
N /
H (6] (0]
12 X=Br,Y=R=H
13 X=Y=Br,R=H
14 X=Br,Y=H,R=0H

Mukanadins A (10) and B (12) have been isolated from the Okinawan sponge Agelas
nakamurai [33]; actually, the structure of mukanadin A corresponds to that of
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dispacamide D. Mukanadin D (13) has been found in the acetone extract of the
Jamaican sponge Didiscus oleata [34]. In mukanadins B and D the 2-aminoimidazole
ring of dispacamides is replaced by a hydantoin moiety; the same feature is presentin
compound 14, isolated from Axinella verrucosa [32]. Like compound 11, compound 14
displayed neuroprotective activity but it has been demonstrated that it acts as a potent
glutamate antagonist [32].

The racemic midpacamide (15), possessing both pyrrole-2-carboxamide and N-
methylated hydantoin moieties, has been isolated from an unidentified marine
sponge collected in the Marshall Islands [35] and, subsequently, from the sponge
Agelas mauritiana [36]. Two different total syntheses have been reported for this
compound [37,38].

Br

(0]
B— || H HN"(
NMN‘CHa
N
(0] (0]
15

HsC

Mauritiamide A (16), isolated from the Fijian sponge Agelas mauritiana, contains
the same N-methylpyrrole-2-carboxamide partial structure of midpacamide, but the
second heterocycle is an aminoimidazolone ring [36].

Br H
Oy N
H
Br 4 \ NM\J\: >:NH
N N
/ NH
Me (0] H
MeO3S

Mauritiamide A was the first member of the bromopyrrole alkaloids class to
include a taurine moiety. This uncommon feature has been found successively in
tauroacidin A (17) and its debromoderivative tauroacidin B (18), isolated from an
Okinawan Hymeniacidon sp. [39], in taurodispacamide (19), isolated from the
Mediterranean sponge Agelas oroides [40], and its debromoderivative 20, isolated
from Axinella verrucosa [32]. All the above-mentioned compounds show the taurine
residue attached to a 2-aminoimidazole ring. Tauroacidins A and B are analogs of
taurodispacamide and of compound 20, respectively, bearing a hydroxyl group at
position 9. Different pharmacological activities have been evidenced for these four
compounds. Tauroacidins A and B exhibited inhibitory activity against EGF
receptor kinase and c-erbB-2 kinase, with ICsq of 20 wg/mL. Taurodispacamide
(19) was shown to have a good antihistaminic activity; in particular, the 0.1 pM
response of histamine was almost completely abolished, in a reversible manner,
by a 10 uM solution of 19. Compound 20 was shown to exert a very potent
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neuroprotective effect, since it acts as a glutamate, as well as a serotonin, antagonist
[32]. It should be noted that noncyclized pyrrole—imidazole alkaloids with taurine
side chains (compounds 16-20) have not yet been synthesized.

NH
X
= R HN +NH
=, M /\/303
H o
17 X=Y=Br,R=OH (9S/9R = 6:4)

18 X=Br, Y=H, R=0H (9S/9R =1:1)
19 X=Y=Br,R=H
20 X=Br, Y=R=H

Slagenins A—C (21-23), isolated from the Okinawan sponge Agelas nakamurai[41],
possess a unique tetrahydrofuro[2,3-d]imidazolidin-2-one moiety; their structures
were determined devoid of absolute configurations. Although they are formally
tricyclic, these alkaloids are included in this section because the third ring is not
formed by an intramolecular C—C or C-N cyclization of the key oroidin building block
but through the participation of a hydroxy group at C-9. Slagenins B and C exhibited
cytotoxicity against murine leukemia L1210 cells in vitro with ICs values of 7.5 and
7.0 pg/mL, respectively, while slagenin A was inactive [41].

Br H
H N Br H
- (0] H
o] N__o
/ H T o
21\'(N ——NH 7 H \/é
N : N NH
H H OR
o}

H  OCHs

21 R=H 25
22 R=CH;,

The first total synthesis of slagenins A—C has been accomplished starting from
ornithine [42], but it produced racemic compounds; thus, the absolute configura-
tions of the natural compounds remained undetermined. Subsequently, a short
synthesis of the (—)-antipode of slagenin B and the (+)-antipode of slagenin C has
been performed and the absolute configurations (9R, 11R, 15R) and (9R, 115, 155)
for the natural compounds 22 and 23, respectively, have been indicated [43].
Confirmation of these configurations has been achieved through the first enantio-
selective synthesis of slagenins B and C, performed starting from L-arabinose [44].
Other enantioselective syntheses of slagenins A—-C have been proposed [45,46],
which allowed the absolute configuration of slagenin A to be established as
(9R, 11R, 15R).
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10.3
Polycyclic Oroidin Derivatives

This class of bromopyrrole alkaloids includes all those molecules whose cyclized
skeleton can be formally derived through the formation of one (or more) C—C or C-N
bonds within the oroidin framework. Consequently, we have found it very useful to
classify these molecules according to the oroidin atoms involved in the formal
cyclization. More than 40 molecules have been thus classified into six different groups.

Br

3 H / N13
[ Ve Mol
N\/\ N)\NHz
Br™ i N 7 115
1

Several alkaloids belonging to this class have been shown to possess interesting
pharmacological activity, particularly as antitumor agents (e.g. agelastatins and
palavamine) or inhibitors of pro-inflammatory cytokines (e.g. hymenialdisins).
These activities and their intriguing chemical structures continue to stimulate a
series of elegant synthetic strategies, whose detailed discussion is beyond the scope of
the present chapter.

10.3.1
C-4/C-10 Derivatives

Hymenin (24) has been isolated as an a-adrenoceptor blocking agent, tested on the
isolated rabbit aorta, from the sponge Hymeniacidon sp. [47,48]. In addition, 24 also
exhibited good antibacterial activity against Bacillus subtilis and Escherichia coli [47).
The absolute configuration at the single asymmetric carbon of hymenin (24) has not
been assigned.

. NH,

HN_\_‘/(
+\
N\

A 2-debrominated hymenin (25) has been isolated from the sponge Stylissa
(= Axinella) carteri [49]. A series of alkaloids of the hymenin family differ from this
parent compound only in the number and/or the position of the double bonds.
Stevensine (= odiline) (26) was isolated by Faulkner et al. from an unidentified marine
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sponge [50], but subsequently it has been re-obtained from Pseudaxynissa cantharella
[51], Axinella verrucosa [32], and Stylissa carteri [49]. 2-Debromostevensine (27) has
been isolated from Stylissa carteri [49]. Stevensine has been demonstrated to be one of
the main factors in the chemical defense of the reef sponge Axinella corrugata against
predatory fish [52].

_NH,
HN==(
N NH
Br
7]
R
N NH
H
26 R=Br
27 R=H

Hymenin analogs possessing a double bond A'*'! and a carbonyl group at C-12 are
highly bioactive compounds called hymenialdisins. Both (E) (28-30) and (Z) (31-33)
configurations of the double bond A'®", connecting the azepine and the imidazole
rings, have been found in the hymenialdisin class.

28 R=R'=H 31 R=R'=H
29 R=BrR'=H 32 R=BrR'=H
30 R=R'=Br 33 R=R'=Br

These molecules, initially called “yellow compounds,” have been isolated from
Phakellia  flabellata [53], Axinella verrucosa [54], Acanthella aurantiaca [54],
Hymeniacidon aldis [55], Stylissa carteri [49], and Pseudaxynissa cantharella [51].
The observation that, in solvents such as DMSO, (E)-hymenialdisins slowly
converted into their corresponding (Z)-isomers, as shown below, provided a
reasonable explanation for the finding of both geometrical isomers in the hyme-
nialdisin series (Scheme 10.1).

Hymenialdisins proved to be nanomolar inhibitors of G, DNA damage check-
point and of the protein kinases Chk1 and Chk2 [56], mitogen-activated protein
kinase 1 (MEK-1) [57], and of other kinases [58]; therefore, they could be valuable
agents in cancer therapy. In addition, hymenialdisins have been shown to inhibit
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B . NH,
HNﬁ'(
oA_N
| R
7]
N NH
o}

Scheme 10.1 Interconversion of double bond geometry in
the hymenialdisin series.

several pro-inflammatory cytokines (interleukin-2, IL-6, IL-8, nitric oxide) through
inhibition of the NF-kB signaling pathway [59,60]. This activity is potentially
useful in the treatment of rheumatoid arthritis and osteoarthritis, a pathology for
which specific pharmaceutical agents are badly needed. It is interesting to note
that several hymenialdisin analogs have been tested for MEK-1 inhibitory activity
[56] and the following structure—activity relationships established: (i) a change in
the geometry of the double bond is not important; (ii) the activity is strictly
dependent on the bromination of the pyrrole ring; (iii) the presence of an
aminoimidazolone ring is essential for the activity, indeed hymenin (24) proved
to be much less active.

The deaminated analogs of hymenialdisins have also been found. Compounds
with the E-geometry of the double bond are called axinohydantoins (34-35) and these
have been isolated from Stylotella aurantium [61]; compounds with the Z-geometry of
the double bond are called spongiacidins (36-37), isolated from Hymeniacidon sp.
[62] Interestingly, axinohydantoins and spongiacidins do not share the interesting
bioactivities shown by hymenialdisins, indicating the key role played by the guani-
dinium group in the interaction with the targets.

7] 7]
R R
H NH ” NH
0 0
34 R=H 36 R=H
35 R=Br 37 R=Br

The synthesis of C-4/C-10 cyclic bromopyrrole alkaloids has been inten-
sively explored, and several approaches to their pyrrolo[2,3-clazepin-8-one ring
system (bearing an imidazole-derived ring at position 4) have been proposed
[63-65].
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10.3.2
N-1/C-9 Derivatives

The parent compound of this class is cyclooroidin (38), isolated from the Mediterra-
nean sponge Agelas oroides [40]. Two syntheses of this alkaloid have been proposed
[66,67], and one of them, obtaining rac-cyclooroidin by intramolecular cyclization of
oroidin formate at 95 °C in protic solvents, could have biomimetic significance [67].

Br.
Br /\ 0
N \ N
CA
H2N/<N \“‘K/NH
H
38

It should be noted that cyclooroidin (38) could be envisaged as the precursor of the
nonimidazole bromopyrrole alkaloids longamides (see below). Two cyclooroidin
analogs have been isolated: agesamide (39) from Agelas sp. [68] and oxocyclostylidol
(40) from Stylissa caribica [69]. This latter compound represents the first pyrrole—
imidazole alkaloid that includes an oxidized pyrrole moiety.

Br. Br.
]\ =\ OH
Br
o N © N \O N °
NH /_)\)VNH
H/El\ HQNAN ~
NH
0 39 T,

10.3.3
N-7/C-11 + N-1/C-12 Derivatives

Phakellins (41, 42), tetracyclic derivatives in which both the pyrrole and the amidic
nitrogen atoms are involved in the formation of a linkage with carbon atoms of the
imidazole ring, represented the first members of the family of oroidin-related cyclic
bromopyrrole alkaloids to be isolated. They were found in 1971 by Sharma et al. in the
marine sponge Phakellia flabellata; their structure was confirmed by X-ray diffraction
analysis of a single crystal of the monoacetyl derivative of 41 [70]. Complete spectral
data were provided by the same authors a few years later [71].

Br Br Br

>;N 41 R=H R=H >;N )//NH

H,N 42 R=BrR'=H HoN 6}
45 R=H R=CHg 43 R=H a7
46 R=BrR'=CHg
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More recently, some closely related analogs of phakellins have been obtained.
Firstly, the phakellins 43 and 44, enantiomeric to 41 and 42, respectively, were
obtained from Pseudaxynissa cantharella [51]; later, the 7-N-methylphakellins 45
and 46 were isolated from an Agelas sp. [72], and phakellistatin (47) from
Phakellia mauritiana [73]. This last compound was reported to exhibit potent
cell growth inhibitory activity against a variety of human cancer cell lines (EDs
from 0.3 to 4.0 uM) [73].

Phakellins represent an attractive synthetic target, owing to their compact
and heteroatom-dense structure, including two vicinal, stereogenic aminal
centers. A concise and elegant biomimetic synthesis of racemic dibromopha-
kellin was proposed by Biichi in 1982 [74], while an enantioselective strategy
toward phakellistatin and phakellin, through highly diastereoselective desymme-
trization of the diketopiperazine cyclo(Pro,Pro), has been proposed more recently

[75].

Interestingly, a series of similar cyclo(Pro,Pro) diketopiperazines, named verpa-
camides (e.g. 48), have been isolated from the marine sponge Axinella vaceleti [76]. It
was proposed that these molecules could be the biogenetic precursors of the C;;Ns
skeleton, common to all the alkaloids of this class, through an intramolecular
oxidative rearrangement, via a dioxetanone intermediate.

The class of N-7/C-11+ N-1/C-12 derivatives also includes some complex
metabolites possessing a phakellin skeleton conjugated to another heterocyclic
moiety: the bisguanidine derivatives called palawamines. Palawamine (49) was
first isolated by Scheuer et al. as a strongly cytotoxic (ICso about 0.1 pg/mL
against several cancer cell lines) and immunosuppressive agent from the sponge
Stylotella aurantium [77]. Good antibacterial activity against Staphylococcus
aureus and Bacillus subtilis was also reported [77]. The monobrominated (50)
and the dibrominated (51) analogs have been subsequently reported by the
same group [78]. Interestingly, they proved to be much less bioactive than
palavamine.
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49 R=R'=H
_/H 50 R=Br R'=H
HaN" i “—NH2 51 R=R'=Br

The authors hypothesized the following biogenetic origin for palawamines
(Scheme 10.2).

According to this hypothesis, a phakellin derivative would give rise to a
Diels—Alder reaction with 3-amino-1-(2-aminoimidazolyl)-1-propene, a truncated
oroidin which is clearly related to the alkaloid girolline, also found in the sponge.
The product formed would undergo a chloroperoxidase-initiated chlorination,
1,2-shift/ring contraction, and reaction with water, as shown in the following
scheme. This hypothesis has been recently refined by Romo et al. [79]. Alter-
native biosynthetic proposals have been formulated by Al Mourabit and Potier
[80], and, more recently, by Baran et al. [81]. These latter authors proposed that
palaw’amine biosynthesis could start with ring expansion of the dimeric alkaloid
sceptrin, and could end with the formation of the dimeric konbuacidin
(the structures of these dimeric alkaloids are reported in the next section).
Palawamine would derive from konbu’acidin by loss of one of the pyrrole units
81].

As might be expected, the complex bisguanidine-containing hexacyclic skeleton of
palaramines stimulated a series of creative synthetic efforts, but, while some
moieties of the palauw’amine skeleton have been prepared, a total synthesis is still
lacking [82-84].

H2N—</ H HzN—<’N

ko)
HHH

HN/Q/\ H2N_<\
HoN L CHzNHz
H2N />\‘/'\CH2NH2

OH Girolline

cr*

Scheme 10.2 Postulated biogenetic origin of palau’amines.
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10.3.4
N-7/C-11 + C-4/C-12 Derivatives

Molecules of this class are isomeric with those of the previous class: the only difference
being the linkage of the imidazole carbon C-12 with C-4 in place of N-1. The parent
compounds are called isophakellins (52 and 53), isolated from Acanthella carteri [85]
and Agelas sp. [86], respectively. N-Methyldibromophakellin (54) has been obtained
from Stylissa caribica [87]. Another member of the isophakellin family (55) has been
obtained from Axinella brevistyla [88]; interestingly, this molecule possesses the
chlorohydrin functionality already encountered in girolline (see Scheme 10.2),
and a biogenetic relationship between these two molecules is hypothesized. Also
in the case of isophakellins, the sponge Pseudaxynissa cantharella is able to elaborate a
molecule which is completely enantiomeric to dibromoisophakellin: this metabolite
has been called dibromocantharelline (56) [51]. Finally, an achiral seco-dibromoiso-
phakellin, called ugibohlin (57), has been isolated from Axinella carteri [89].

H
N
\

N:< Br N%NHOH Br N%

NH, 52 R=Br R'=H
53 R=H R'= H NH,»

54 R=Br R'=CH, % 56
HoO
N
N
Br \ ‘
=
NH
Br N<< 2
NH,
57

This class of cyclic oroidin derivatives also parallels the above N-7/C-11 + N-1/
C-12 class in the presence of complex derivatives in which the isophakellin skeleton
appears to be conjugated with an aminoimidazolyl propene unit. These isomers of
palau’amines are called styloguanidines (58-60); they have been isolated from the
same sponge that contains palau’amines, Stylotella aurantium [90].

58 R=R'=H
59 R=Br R'=H
60 R=R'=Br
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These molecules were shown to be potent inhibitors of chitinase, an enzyme
involved in the ecdysis of many insects and crustaceans, whose inhibitors are
supposed to control the settlement of barnacles and, therefore, could have a potential
application as antifouling agents. Unfortunately, no data are available in the literature
about cytotoxic, immunosuppressive, or antibacterial activities of styloguanidines and,
thus, a comparison with the potently bioactive congeners palaw’amines is not possible.

10.3.5
N-1/C-12 + N-7/C-12 Derivatives

The single member of this class is dibromoagelaspongin (61), isolated from an Agelas
sp. collected along the Tanzanian coasts [91]. This molecule is closely related to
dibromophakellin (42), but in this case the nitrogen atoms N-1 and N-7 link the same
carbon of the imidazole ring, namely C-12, and, consequently, the pyrrole-condensed
ring is five-membered and not six-membered. A biogenetic relationship has been
proposed between the two molecules. The absolute configuration at the two chiral
carbons of dibromoagelaspongin has not been determined.

Br. Br

N—Y

H
H2N\<N N
N

HO
61

0]

10.3.6
N-1/C-9 + C-8/C-12 Derivatives

This class includes only agelastatins A-D (60-65), a family of tetracyclic oroidin
derivatives isolated from Agelas dendromorpha [92,93] and Cymbastela sp. [94]. The
absolute configuration of these molecules was deduced through the application of
exciton-coupling techniques [93].

62 R=H R'=H R"=CHj
63 R=Br R'=H R"=CHg
64 R=H R'=0HR"=CHs
65 R=R'=R"=H

Agelastatins are highly bioactive derivatives, possessing activity against several
cancer cell lines at nanomolar concentrations, although the mechanism of this potent
action has not yet been elucidated [93]. In addition, agelastatin A (62) inhibits
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glycogen synthase kinase-3B (GSK-38), an activity that could be useful in the
treatment of Alzheimer’s disease [95], but, since GSK-3f3 is also related to the
production of tumorigenic promoters involved in melanoma and colon cancer, its
inhibition may also be significant in cancer prevention and therapy [95].

The above considerations make agelastatin A (62) a molecule of enormous
biological interest and, consequently, it has been the object of intense synthetic
activity. Indeed, since 2002, four total syntheses of agelastatin A have been reported
[96-99]. The availability of multigram amounts of this alkaloid would be very useful
for deep investigation of its very promising pharmacological potential.

10.4
Simple or Cyclized Oroidin-like Dimers

Dimeric pyrrole-imidazole alkaloids have been found almost exclusively as sec-
ondary metabolites of sponges belonging to the genus Agelas. In 1981, sceptrin (66)
was isolated as the major antimicrobial constituent of Agelas sceptrum [100].
Analysis of spectral data and an X-ray study demonstrated that 66 is a symmetrical
dimer of the 2-debromo derivative of oroidin. Sceptrin exhibits a broad range of
biological activities. First, sceptrin showed an antimicrobial activity against
Staphylococcus aureus, Bacillus subtilis, Candida albicans, Pseudomonas aeruginosa,
Alternaria sp., and Cladosporium cucumerinium considerably greater than that
recorded for oroidin [100,101]. In a study on the mechanism of action, sceptrin
demonstrated a bacteriostatic rather than a bactericidial effect on exponentially
growing Escherichia coli cells [102].

The fungicidal activity of sceptrin at 10 ppm was found to be >65 % inhibition of
Phytophthora infestans (potato late blight) [103]. In addition to its antimicrobial,
antiviral [104], antimuscarinic [22], and antihistaminic [30] properties, sceptrin was
shown to be the first and most potent nonpeptide somatostatin inhibitor in the
submicromolar range [105].

Despite its potent biological activity, sceptrin remained a prominent unanswered
synthetic challenge until 2004. Although upon cursory inspection it appears to be a
photodimer of hymenidin, synthetic strategies involving the dimerization of 2 have
been futile. The first short total synthesis of sceptrin in its racemic form was
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reported by Baran et al. [106], but other approaches, including a short enantiose-
lective total synthesis by programmed oxaquadricyclane fragmentation, have been
proposed [107,108].

Sceptrin has also been found in several different sponges, co-occurring with
related compounds. Oxysceptrin (67), previously found by Rinehart et al. in a sample
of Agelas conifera [109], was re-isolated by Kobayashi et al. together with sceptrin from
the Okinawan sponge Agelas cf. nemoechinata [110]. Its activity as an actimyosin-
ATPase activator has been reported [110].

Numerous antiviral and antibacterial sceptrin/oxysceptrin derivatives (68-72),
along with the diacetate salts of sceptrin and oxysceptrin, were isolated from Agelas
conifera [104,111,112].

Dibromosceptrin (69), tested together with other brominated pyrrole alkaloids
for interaction with cellular calcium homeostatis, was shown to reduce voltage-
dependent calcium elevation in PC12 cells [113].

X1
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X2 N Ic‘;_NH HN)§N HNYN
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68 Br H H H A HOAc
69 Br Br Br Br A HOAc
70 H H H Br B HOAc
71 Br Br H Br A HOAc
72 H H H H A HCI
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Two sceptrin-related compounds, nakamuranic acid (73) and its corresponding
methyl ester (74), have been isolated from the Indo-Pacific sponge Agelas nakamurai
[114,115].

Br NHz
H A
7\ N_ N NH
N Che  \=
H O '
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\

Br

Ageliferin (75), bromoageliferin (76), and dibromoageliferin (77) were first iso-
lated in 1986 by Rinehart from the sponges Agelas conifera and A. cf. mauritiana [116]
but detailed structure elucidation including stereochemistry was reported in 1990 by
Kobayashi et al. [117]. Subsequently, (75-77) were found in the Caribbean sponge
Agelas conifera [104] as well as in Stylissa caribica [118], a sponge closely related to
Axinella corrugata. Both bromoageliferin and dibromoageliferin reduce voltage-
dependent calcium entry in PC12 cells, but not store-operated calcium entry [119].
The first synthesis of ageliferin, accomplished by Baran et al., was based on the thermal
conversion of sceptrin into ageliferin and included the first vinyl cyclobutane
rearrangement of a natural product [120].

75 R'=H R2=H
76 R'=Br R2=H
77 R'=Br R2=Br

Seven new ageliferin derivatives (78-84), characterized by methylation on one or
both of the pyrrole nitrogens, together with previously isolated bromoageliferin and
dibromoageliferin, were found in Astrosclera willeyana, a calcareous sponge coming
from Pohnpei, Micronesia [121].

NH,

o HNTXN 78 R=X=X=H R=CHs Y=Y'=Br
79 R=R=CHz; X=X=H  Y=Y'=Br

83 R=X=H R'=CHz X'=Y=Y'=Br
0 84 R=H R'=C Hj X=X'=Y=Y'=Br
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Sclerosponges such as A. willeyana have been difficult to classify. However, the
discovery of metabolites of the oroidin class lend support to the assignment of
A. willeyana to the order Agelasida. Bioassay-guided fractionation of the methanol
extract of Agelas mauritiana led to the isolation of a new antifouling oroidin dimer
named mauritiamine (85) [122]. Its synthesis has been reported [123].
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Konbu'acidin A (86), a dimeric pyrrole-imidazole alkaloid with a fused-hexacyclic
skeleton containing two guanidine units, related to palau’amine (49) and styloguani-
dines (58-60), was isolated from an Okinawan Hymeniacidon sp.[124]. Konbu'acidin A
(86) exhibited inhibitory activity against cyclin-dependent kinase 4 (cdk4) [124].

Br

Four imidazo-azolo-imidazole alkaloids, axinellamines A-D (87-90), were isolated
from an Australian Axinella sp.; compounds 88-90 had bactericidal activity against
Helicobacter pylori, a Gram-negative bacterium associated with pepticular and gastric
cancer [125].
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Eight dimeric bromopyrrole alkaloids, nagelamides A-H (91-98) were isolated
from Agelas spp. [126]. Nagelamides A—D (91-94) possess a connection between C-10
and C-15’, while nagelamide H (98), like mauritiamine (85), possesses a C-11-C-15’
bond. The elucidation of the relative stereochemistry of each cyclohexene ring in
nagelamides E-G (95-97), was carried out by analysis of ROESY spectra, and these
molecules were thus proved to be diastereomers of ageliferins.

H

NH;

93 A9(109(10)
94 9,9',10,10'-tetrahydro

In 2003, massadine (99), a highly oxygenated congener of dimeric oroidin
derivatives, was isolated from the marine sponge Stylissa aff. massa [127]. In the
proposed structure two cyclic guanidines face each other in the endo positions of ring
B, which adopts a boat conformation. The positive exciton split present in the CD
spectrum of massadine due to 4,5-dibromopyrrole-2-carboxyamide side chains
allowed the 1R,15S configuration to be assigned.

Br




10.5 Other Bromopyrrole Alkaloids

The firstexamples of tetrameric pyrrole imidazole alkaloids, stylissadine A (100) and
B, were isolated from the Caribbean sponge Stylissa caribica in 2006 [128]. They possess
asymmetric dimeric structure derived from condensation of two massadine units, and
differ in the configuration at the center C-2'. Stylissadines represent the largest pyrrole-
imidazole alkaloids isolated so far, and, with their 16 stereogenic centers, they are the
most complex structures known within the oroidin alkaloid family.

Br

10.5
Other Bromopyrrole Alkaloids

Several simple bromopyrroles (101-109) have been isolated from Agelas oroides
(101, 105) [129,1], Agelas flabelliformis (101, 102) [130], Acanthella carteri (103, 104)
[131], Agelas nakamurai (106, 107) [132], Homoaxinella sp. (108) [133], and Axinella
verrucosa (109)[32].

X X

a a
Y Y

N OR N NHR

H o H o

X Y R
101 Br Br H X Y R
102 Br Br CHj 106 H Br H
103 Br Br NH, 107 H Br CH,OCH3
104 Br H NH, 108 Br Br CH,OCHs

105 H H NHCHO 109 Br H CHyOCHj
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Compounds 101 and 103 deterred fish feeding at 10 mg/mL [7]. 4,5-Dibromo-
pyrrole-2-carboxylic acid (101) was investigated for its effects on cellular calcium
homeostatis in PC12 cells. Its unpalatability for predatory reef fish is not only
transduced by specific membrane receptors present on sensory nerve cells but
additionally through a more general pharmacological effect on cellular calcium
homeostatis, even in a rat phaeochromocytoma cell line [134].

Anovel alkaloid with the unusual pyrrolopiperazine nucleus, (95)-longamide (110)
was obtained from the Caribbean sponge Agelas longissima [135], and more recently
from a Japanese Homoaxinella sp. [133]. The 2-debromo derivative of 110 was isolated
from the sponge Axinella carteri (111) [136] together with bromoaldisine (112) and
aldisine (113), previously found in the sponge Hymenaicidon aldis [137].
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110 X=Br Y= OH 113 XH

111 X=H Y= —OH

Longamide B (114) has been isolated, for the first time in racemic form, from the
Caribbean sponge Agelas dispar [138]. The methyl ester of longamide B (115) was
found, in racemic form, in the Japanese Homoaxinella sp. [133], while the (95)-
enantiomer (116) was found in the sponge Agelas ceylonica [139]. The 3-debromo-
derivative (117) of 115 was found in the sponge Axinella tenuidigitata [140]. Hanishin
(118), longamide B ethyl ester, was isolated from a collection coming from the Hanish
Islands (Red Sea) of the highly polymorphic sponge Acanthella carteri [131].

X

B N #)114 X=Br R=H

)
9 N (#)115 X=Br R=CHj
10 (99)-(+)116  X=Br R=CHj
ﬁ (#)117 X=H R=CHj
(#)118  X=Br R=CH,CHg

Racemic syntheses of the pyrroloketopiperazine marine natural products (+)-
longamide (111) [141,142], (+)-longamide B (114) [142], (£)-longamide B methyl
ester (115) [142], and (£)-hanishin (118)[142] have been performed in a concise
fashion starting from pyrrole. The first syntheses of enantiopure (S)-(—) longamide
B, (S)-(—)-hanishin, and (S)-(—) longamide B methyl ester (116) were described
in 2005 [143]. In a study of the cyclization of 2-pyrrolecarboxamido acetals,
the structure reported as homolongamide 119a, a compound obtained by the
quantitative cyclization of 4,5-dibromo-N-(2-formylethyl)-1 H-pyrrole-2-carboxamide
[141], was found to be in better agreement with hemiacetal 119b [144].
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A spermidine derivative with two 4,5-dibromopyrrole-2-carbamyl units, pseudo-
ceratidine (120), has been isolated from the sponge Pseudoceratina purpurea as an
antifouling compound [145].
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Two syntheses of pseudoceratidine (120), which was reported to inhibit meta-
morphosis of the barnacle Balanus amphitrite, have been described [146,147]. To
delineate the structural requirements for this bioactivity, the corresponding N-1 and
N-8 mono-(4,5-dibromo-2-pyrrolyl) amides of spermidine were also synthesized, as
well as the closely related mono- and bis-(4,5-dibromo-2-pyrrolecarboxamido) resi-
dues to test the importance of the pyrrole substituents and the positively charged
secondary amine group in 120 [148].

Agelongine (121), an alkaloid containing a pyridinium ring in place of the typical
imidazole nucleus, has been isolated from Agelas longissima; its antiserotoninergic
activity tested in vitro on the rat stomach fundus trip was also reported [149]. The
bromine-free analog of 121, daminin (122), was isolated from the sponge Axinella
damicornis and its total synthesis was developed. In vitro tests on rat cortical cell
cultures showed that daminin (122) might represent a new therapeutic tool for the
treatment of CNS diseases such as Parkinson's and Alzheimer’s diseases [150].

I\ o A& coo®©
N \/\N(j/
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121 X=Br
122 X=H

X

Clathramides A-D (123-126) are imidazole-containing bromopyrrole alkaloids
but, since in this case the imidazole ring is part of a histidine-like moiety, their
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skeleton appears to be different from that of oroidin. They were isolated from Agelas
clathrodes [151] and A. dispar [138] as mild antifungal agents tested in agar disk assays
on Aspergillus niger.

Br H R R' R?
H N -
]\ N s 123 CH; H CcOoO
N NN 124 CHs COO™ H
H o R' R Me) 3
R 125 H H  COO™

126 H COO™ H

Assmann et al. described, in addition to known alkaloids, the isolation of the first
pyrrole—imidazole alkaloid with a guanidine function instead of the aminoimidazole
(127) [152] from the sponge Agelas wiedenmayeri, while its decarboxylated derivate
laughine (128) was isolated from the sponge Eurypon laughlini [153].
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The hypothetical biosynthetic pathway of 127, which does not correspond to the
proposed biosynthesis of the oroidin-like alkaloids, is based on the formation of an
amide bond between a pyrrole-2-carboxylic acid precursor and an aminopropylimi-
dazole moiety, which are both derived from ornithine [3]. Therefore, the authors
formulated the hypothesis that compound 127 may be alternatively a biosynthetic
precursor of hymenidin/oroidin-related alkaloids in sponges of the genus Agelas.
4-Bromopyrrole-carboxyarginine (129) and 4-bromopyrrole-2-carboxy-N(e)-lysine
(130) were isolated from the sponge Stylissa caribica [154]. They differ from 127
only by replacement of homoarginine with arginine in 129 and with lysine in 130.
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The first bromopyrrole alkaloids with a tetrahydropyrimidine ring attached
through an ester linkage were manzacidins A-C (131-133), isolated from the sponge
Hymeniacidon sp. [155]. By employing a new method for saturated C-H bond
functionalization that makes possible the stereospecific installation of tetrasubsti-
tuted carbinolamines, a rapid, enantioselective, and high-throughput synthesis of
both manzacidines A and Chas been achieved [156]. More recently, a catalytic tandem
asymmetric conjugate addition—protonation reaction, with C-6'-cinchona alkaloid
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derivatives as dual-function chiral catalysts, has been developed; this approach was
employed in the development of a concise and highly stereoselective route to
(—)manzacidine A [157].

The family of manzacidines was expanded with the isolation of manzacidine D
(134) from a living fossil sponge Astrosclera willeyana [158] and, more recently, of
compound 135, N-methyl manzacidine C, from the marine sponge Axinella brevistyla
[159]. The first total synthesis of manzacidin D, in 11 steps and 16 % overall yield,
from commercially available glycine tert-butyl ester hydrochloride was reported in
2004 [160].

131 H H  Br
132 OH H Br
\ /) 133 H H  Br(9-ep)
X 134 H CHg H

135 H CH3 Br (9-epi)

Ageladine A (136), an antiangiogenic matrix metalloproteinase inhibitor was
isolated from the marine sponge Agelas nakamurai [161]. The antiangiogenic effect
0f 136 was evaluated by the in vitro vascular organization model using mouse ES cells.
A 12-step total synthesis of the tricyclic heteroaromatic metabolite 136 has been
achieved using a 6mr-azaelectrocyclization and a Suzuki-Miyaura coupling of N-Boc-
pyrrole-2-boronic acid with a chloropyridine as key step [162].

Iz

137 R=H
138 R=COOH

Latonduines A (137) and B (138), have been isolated from the Indonesian sponge
Stylissa carteri [163]. Their skeleton cannot be derived from the C;;Ns building
block of the oroidins; it has been proposed that ornithine is the biogenetic precursor
to the aminopyrimidine fragment of the latonduines. Agelasine G (139), a new
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antileukemic alkaloid, containing 9-methyladenine and a diterpene moiety, was
isolated from an Okinawan Agelas sp. [164].

HaCN N\W

|
® N
NH™ Y

c- NH,

10.6
Conclusions

The structural complexity and diversity of bromopyrrole alkaloids continue to
challenge organic chemists, as indicated by the high number of contributions
appearing since 2000.

Their interesting pharmacological activities, outlined in Table 10.1, have inspired
the development of several synthetic approaches to these alkaloids for the purpose of
further biological evaluation. However, current interest in this group of marine
compounds has been concerned not only with preparative synthesis and biological
activity but also with their biogenetic chemical reactions. In the group of bromo-
pyrrole alkaloids, all compounds can be considered closely related; they seem to share
a common biogenetic pathway even if a plausible biosynthetic mechanism leading to
these marine alkaloids is still unproven. The first (and only) biosynthetic study
performed in cell cultures of the sponge Teichaxinella morchella using [*C]-labeled
amino acids revealed that histidine and proline/ornithine are precursors of steven-
sine (26) [165].

In thelight of these studies, it has been proposed that both proline and ornithine can
be converted to pyrrole-2-carboxylic acid prior to halogenation; subequently amide
formation by reaction with 3-amino-1-(2-aminoimidazolyl)-prop-1-ene, derived from
histidine, generates oroidin, followed by cyclization to stevensine (Scheme 10.3).

Different molecular mechanisms have been separately postulated for dibromo-
phakellin [74], dibromoagelaspongin [91], agelastatin [92], mauritiamine [88], and
palauamine [78]. Al Mourabit and Potier proposed a universal chemical pathway,
starting from the simple precursors 101 and 140 and leading to over 60 pyrrole—
imidazole alkaloids [80]. A new biomimetic spontaneous conversion of proline to 2-
aminoimidazolinone derivatives using a self-catalyzed intramolecular transamina-
tion reaction together with peroxide dismutation as key step has been described [166].
This work has pointed to dispacamide A as the forerunner of oroidin and compounds
101 and 140 as probable hydrolysis products of oroidin and not the precursors. In this



Tab. 10.1

10.6 Conclusions

Selected bioactivities of bromopyrrole alkaloids.

Biological activity

Compounds

Feeding deterrence”

Interaction with calcium and
sodium homeostasis”
Antifouling”
Antiserotonergic

Antimuscarinic
Antihistaminic

Anti-a-adrenergic

Neuroprotective

Antibacterial

Antifungal
Antiviral
Cytotoxic

Antiangiogenicb

Immunosuppressive
Inhibition of mitogen-activated
kinase 1

Inhibition of EGF kinase”
Inhibition of cyclin-dependent
kinase 4°

Inhibition of glycogen synthase
kinase-3p"

Inhibition of G, DNA damage
checkpoint”

Inhibition of pro-inflammatory
cytokines

Inhibition of chitinase®
Inhibition of somatostatin

Actimyosin ATPase activation

Oroidin (1) [4-7], Sventrin (4) [22], Stevensine (26) [52],
Sceptrin (66) [113]

Oroidin (1) [20], Hymenidin (2) [20], Clathrodin (3) [23],
Dibromosceptrin (69) [114], Compound 101 [134]
Mauritiamine (85) [122], Pseudoceratidine (120) [145]
Oroidin (1) [18,22], Hymenidin (2) [18,22],

Clathrodin (3) [18,22], Keramadine (5) [22],

Agelongine (121) [149]

Oroidin (1) [18,22], Hymenidin (2) [18,22], Clathrodin (3)
[18,22], Keramadine (5) [22], Sceptrin (66) [22]
Dispacamide A-D (7-10) [29], Taurodispacamide (19) [40],
Sceptrin (66) [30]

Hymenin (24) [47]

Compound 11 [32], Compound 14 [32],

Compound 20 [32]

Hymenin (24) [47], Palavamine (49) [77],

Sceptrin (66) [100], Sceptrins (68-72)

[104,111,112], Axinellamides B-D (88-90) [125]

Sceptrin (66) [103], Clathramides A-D (123-126) [151]
Sceptrin (66) [104], Sceptrins (68-72) [104,111,112]
Slagenins B-C (22-23) [41], Phakellstatin (47) [73],
Palawamine (49) [77], Agelastatins

A-D (62-65) [93], Agelasine G (139) [164]

Ageladine A (136) [161]

Palaw’amine (49) [77]

Hymenialdisins (28-33) [57]

Tauroacidins A-B (17-18) [39]
Konbu'acidin (86) [124]

Agelastatins A-D (62-65) [95]
Hymenialdisins (28-33) [56]
Hymenialdisins (28-33) [59,60]
Styloguanidines (58-60) [90]

Sceptrin (66) [105]
Oxysceptrin (67) [110]

“These two activities could be related.
bThese activities are potentially beneficial in the cancer therapy.

“These two activities are related.
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oH NH, HN>\\
OH
HoN HoN N HOOC)\A/N

© noo 14
[4C] ornithine ['4C] proline [**C] histidine
Br i
NH
/ \ o HN‘—\(
Br N H2N ™ N N
H o

101 140

— — Br, Br
NH N NH o NH —
: X NH
2xprolm'e. RS N e O N = PN
and guanidine H D - - AN
° ° o NH H
NHWNHQ NH._NHz NH o /NH
NH NH NH "
141 NH,
Dispacamide A (7)

Scheme 10.4 Postulated formation of pyrrole and
2-aminoimidazolinone moieties.
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view, the pseudo-dipeptide pyrrole—proline—guanidine 141 has been considered as a
likely precursor leading to the amide-connected C;;Ns pyrrole and 2-aminoimida-
zolinone moieties (Scheme 10.4) [166].

In conclusion, research on bromopyrrole alkaloids represents a striking example
in which the combination of isolation of natural products and the study of biomimetic
chemical reactivity can provide new ideas for both biogenetically inspired syntheses
[167] and biogenetic studies.
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Guanidine Alkaloids from Marine Invertebrates
Roberto G.S. Berlinck, Miriam H. Kossuga

11.1
Introduction

Guanidine alkaloids from marine invertebrates were first reviewed by Chevolot [1]
and more recently in a series of reviews that included their occurrence in all natural
sources [2-6]. This chapter includes only those guanidine alkaloids isolated from
marine invertebrates. It does not include simple, primary metabolism related,
alkaloid derivatives, which were reviewed by Chevolot [1], but only alkaloids and
modified peptides derived from nonribosomal peptide synthases. Cyanobacteria
guanidine metabolites such as cyclindrospermopsins, anatoxin-a(s), microcystins,
and many other peptides, as well as guanidine alkaloids bearing a bromopyrrole
moiety isolated from sponges will not be discussed here, since Chapters 6 and 10 of
this volume review these guanidine-containing metabolites. This chapter attempts to
provide an overview of marine invertebrate guanidine alkaloids. Considering the
number of such compounds, only selected examples of the different classes have
been included. The topics are presented by biogenetic relatedness.

Owing to their intrinsic basicity, marine invertebrate guanidine alkaloids have a
rather polar behavior and their isolation from complex mixtures may be difficult.
Isolation procedures frequently include chromatography on lipophilic Sephadex
LH20, on reversed phase silica gel (such as C;3 bonded, aminopropyl bonded, or
cyanopropyl bonded), or even on ion-exchange resins. HPLC purification using
acidic (TFA) or buffered eluents have frequently been employed.

11.2
Modified Creatinine Guanidine Derivatives

Aplysinopsin (1) and many of its derivatives have been isolated from several
species of marine sponges, including Thorecta sp. [7], Verongia (= Aplysina)
spengelli [8], Dercitus sp. [9], Smenospongia aurea [10], Aplysina sp. [11a], Thor-
ectandra sp., and Smenospongia sp. [11b], from the anthozoan Astroides calycularis
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[12], from the scleratinian coral Tubastrea aurea [12], from T. coccinea and its
nudibranch predator Prestilla melanobranchia [14], and from the scleratinian coral
Dendrophyllia sp. [15]. Aplysinopsin was originally identified by analysis of
spectroscopic data and total synthesis from indole-3-aldehyde and N*-methyl-
creatinine [7]. The geometry of the creatinine substituted double bond was
assigned as E by NOE NMR experiments [8]. Aplysinopsin derivatives isolated
from Dendrophyllia sp. were obtained as mixtures of E and Z geometrical isomers,
which could be distinguished by measuring 'H-'">C heteronuclear coupling
constants [15]. 6-Bromo-2’-N-demethyl-3’-N-methylaplysinopsin (2) isolated as a
85 : 15 Z/E mixture undergoes facile photoisomerization to give a mixture richer
in the E isomer. Biological activities of aplysinopsin and naturally occurring
derivatives include in vivo antineoplastic activity in mice with P388 leukemia cells
[8], cytotoxic activity against murine lymphoma L-2110 and epidermoid carcinoma
KB cells [11a], and inhibition of neuronal nitric oxide synthase [16]. Interestingly,
aplysinopsin isolated from the sponge Aplysinopsis reticulata was considered one
of the most promising hits obtained during the first program of a wide screening
of marine invertebrate crude extracts, developed in Australia over seven years at
the Roche Research Institute of Marine Pharmacology. It has been reported that
aplysinopsin was isolated as a potent reversible inhibitor of monoamine oxidase.
Although 36 aplysinopsin derivatives were synthesized and tested as protectors of
tetrabenazine-induced ptosis, none displayed better activity than the natural
product (1). Unfortunately, aplysinopsin was also hepatotoxic, and the project
was closed [17,18]. Many syntheses of aplysinopsin and various derivatives have
been developed [7,9,15,17-21].

HaG NH K CH
N NS
- N - )\ /CH3
“CH N™ °N
3 H
\, © A\
N Br N 2
H 1 H

Interesting “aplysinopsin-like dimers,” tubastrindoles A-C (3-5), have been
isolated from a Japanese Tubastrea sp. [22]. Several related modified creatinine
metabolites have been isolated from sponges. Corallistine (6), was isolated from
the sponge Corallistes fulvodesmus [23] and identified by analysis of spectroscopic data
and X-ray diffraction analysis of an isopentyl acid derivative. Leucettamine B (7) was
isolated from Leucetta microraphis and was shown to be inactive in a membrane
receptor leukotriene, [TB4, binding assay [24]. Leucettamine B has been synthesized
in four steps and 49 % overall yield [25]. Calcaridine A (8), (—)-spirocalcaridine A (9),
(—)-spirocalcaridine C (10), (—)-spiroleucettadine (11), and leucettamine (12) have all
been isolated from Leucetta spp. Compounds 11 and 12 displayed antibacterial
activity against a series of human pathogenic bacteria [26-28].
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11.3
Aromatic Guanidine Alkaloids

The pyridopyrrolopyrimidine alkaloid 3’-methyltetrahydrovariolin (13) has been
isolated from the sponge Kirkpatrickia varialosa along with other variolins, and
displayed moderate cytotoxic and antifungal activities [29,30]. Tubastrine (14) has
been isolated from the coral Tubastrea aurea and displayed antiviral activity against
Herpes simplex virus [31]. It has been also recently isolated from the ascidian
Dendrodoa grossularia as an inhibitor of epidermal growth factor receptor protein
kinase [32]. Related antibacterial tubastrine derivatives have been isolated from the
sponges Spongosorites sp. [33] and Petrosia cf. contignata [34]. The simple acetophe-
none derivative N-(methoxybenzoyl)-N'-methylguanidine (15) was isolated from the
ascidian Polycarpa aurata [35] while the pyridine derivative pyraxinine (16) was
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isolated from the sponge Cymbastela cantharella and inhibited macrophagic NO
synthase at 100 pM concentration [36]. The indole alkaloid discodermindole (17)
has been isolated from Discodermia polydiscus [37] and exhibited in vitro cytotoxic
activity against murine leukemia P388 (ICso = 1.8 pug/mlL), human lung A-549
(ICsp = 4.6 wg/mL), and human colon HT-29 (ICso = 12 pg/mL) cancer cell lines,
while the tetrahydroisoquinoline alkaloid fuscusine (18) has been isolated from
the sea star Perknaster fuscus antarcticus [38]. Additional indole-derived guanidine
alkaloids include compound 19 from the ascidian Dendrodoa grossularia [39] and the
B-carboline alkaloids trypargine (20), tryparginine (21), and 1-carboxy-trypargine (22)
isolated from the ascidian Eudistoma sp. [40].
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11.4 Bromotyrosine Derivatives

The bioluminescence of crustaceans belonging to genera Cypridina is due to the
reaction of Cypridina luciferin (23) with luciferase in the presence of oxygen [41,42].
The structure of Cypridina luciferin was established by analysis of spectroscopic data,
chemical degradations, extensive MS analysis, and total synthesis [41-44]. Cypridina
luciferin is biosynthesized from r-tryptophan, r-arginine, and 1-isoleucine [45,46].
Distomadines A (24) and B (25) have been isolated from the ascidian Pseudodistoma
aureum and were not active in antifungal, antiviral, anti-inflammatory, and anti-
mycobacterial bioassays [47].
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1.4
Bromotyrosine Derivatives

Aplysinamisine II (26) was isolated from the sponge Aplysina cauliformis and
exhibited weak antimicrobial (Staphylococcus aureus, Pseudomonas aeruginosa, and
Escherichia coli) and cytotoxic activity against human breast and leukemia cell lines
[48]. Caissarine A (27) has been isolated from the marine sponge Aplysina caissara [49).
The Mycobacterium tuberculosis mycothiol S-conjugate amidase inhibitor 28
(unnamed) has been isolated from the sponge Oceanapia sp. [50] and subsequently
synthesized through three distinct approaches [51-53].

OMe
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11.5
Amino Acid and Peptide Guanidines

Marine invertebrates are a rich source of guanidine-bearing amino acid and
peptide derivatives. Simple amino acid derivatives include the diketopiperazines
cyclo(-1-Arg-dehydrotyrosine) (29) isolated from the sponge Anthosigmella aff.
raromicrosclera [54], the linear dipeptides N-(p-hydroxybenzoyl)-r-arginine (30)
N-(1H-indol-3-ylcarbonyl)-p-arginine (31), N-(6-bromo-1H-indolyl-3-carbonyl)-L-
arginine (32), N-(6-bromo-1H-indol-3-ylcarbonyl)-i-enduracididine (33) [55], as
well as barettin (34), isolated as a 87 : 13 mixture of E and Z isomers, and
dihydrobarettin (35), from the sponge Geodia baretti. Both 34 and 35 displayed
antifouling activity against larvae of the barnacle Balanus improvisus at 0.9 and
7.9 mM concentrations, respectively [56,57]. Tokaramide A (36) is a modified
tripeptide from the sponge Theonella aff. mirabilis, isolated as a cathepsin
B inhibitor [58]. Eurypamide A (37) has been isolated from the sponge Microciona
eurypa, along with related eurypamides devoid of the (2S, 3S, 4R)-3,4-
dihydroxyarginine residue. None of the eurypamides displayed cytotoxic or anti-
inflammatory activities [59a].
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Dysinosins are alkaloidal tripeptides with very unusual a-substituted acid
residues, including 5,6-dihydroxyoctahydroindole-2-carboxylic acid and 3-sulfonic-
2-methoxy propionic acid, as well as the basic moiety 2-aminoethyl-(1-N-amidino-A-3-
pyrroline). The first member of this series, dysidosin A (38), was isolated from an
unidentified sponge belonging to the family Dysideidae, and was identified by analysis
of spectroscopic data and X-ray diffraction analysis of the dysinosin A—thrombin—
hirugen complex [59b]. Dysinosin A inhibited factor VIIa with a K; of 108 nM and
thrombin with a K; of 452 nM [59b]. Further dysinosins have been isolated from the
sponge Lamellodysia chlorea, and also displayed potent inhibition of factor VIIa and
thrombin [59¢]. Dysinosin A has been synthesized via a convergent route [59d].
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N NH
HO HNJ_C\ ﬁ/ 2
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Several guanidine-modified tetrapeptides have been isolated from marine inverte-
brates, in particular marine sponges. Nazumamide A (39) has been isolated from the
sponge Theonella sp. and identified by analysis of spectroscopic data [60] as well as by
X-ray diffraction analysis of a nazumamide A-human thrombin complex [61].
Nazumamide A has been synthesized by conventional peptide synthesis [62]. A series
of nazumamide derivatives have been prepared via combinatorial synthesis [63].
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Criamides A and B (40) were isolated from the sponge Cymbastela sp.
Criamide B displayed potent cytotoxic activity against human cancer cell lines
such as murine leukemia P388 (EDsy = 7.3 ng/mL), breast cancer (MCF7
(EDso = 6.8 pg/mL), glioblastome/astrocytoma U373 (EDso = 0.27 pg/mL),
ovarian carcinoma HEY (EDsq = 0.19 pg/mlL), and human lung A549 (EDso =
0.29 pg/mlL) [64].
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N TN N~ ~CO,H
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Kalahalide D (41) has been isolated from the marine mollusk Elysia rufescens and
from the alga Bryopsis sp. and identified by analysis of spectroscopic data, chemical
degradations, and chiral HPLC, GC, and TLC [65].

N H
///,,
HN

Eusynstyelamide (42) was obtained from the ascidian Eusynstyela misakiensis [66].
Minalemines (43-47) are a group of modified tripeptides bearing two homoagmatine
moieties which have been isolated from the ascidian Didemnum rodriguesi [67]. The
structures of these bis-guanidine derivatives have been established by analysis of
spectroscopic data and total synthesis of minalemine A [68]. Very unusual modified
tetrapeptides have been isolated from the sponge Anchinoe tenacior, among them
anchinopeptolide A (48) and cycloanchinopeptolide C (49) [69,70]. The total synthesis
of racemic anchinopeptolide D has been reported [71].

2
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The cyclotheonamides are unusual pentapeptides isolated from sponges of the
genus Theonella. The first two members of this series, cyclotheonamides A (50) and
B (51), were isolated from the sponge Theonella sp. as thrombin inhibitors, and
presented two new amino acids, B-ketohomoarginine and (E)-4-amino-5-(4-hydro-
xyphenyl)pent-2-enoic acid [72]. Subsequently, cyclotheonamides C-E have been
isolated from Theonella swinhoei, also as thrombin inhibitors [73]. The bioassay
results indicated that cyclotheonamides A, C, and D were the most potent thrombin
inhibitors among the five peptides. Further cyclotheonamides were isolated from
Theonella spp. as serine protease inhibitors. These include cyclotheonamides E2
and E3, which inhibited trypsin at the nanomolar concentration level [74]. Pseu-
dotheonamides A1, A2, B2, C, and D and dihydrocyclotheonamide A have been
isolated from T. swinhoei, and inhibited thrombin with ICs, values of 1.0, 3.0, 1.3,
0.19,1.4,and 0.33 uM, respectively, while trypsin was inhibited with ICs, values of
4.5,>10,6.2,3.8,>10,and 6.7 uM, respectively. The inhibition of serine proteases
by the cyclotheonamides is due to the presence of the B-keto group in the
B-ketohomoarginine residue [75]. Cyclotheonamides E4 and ES have been isolated
from a sponge belonging to the genus Ircinia. Cyclotheonamide E4 has proven to be
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a more potent inhibitor of human tryptase (ICsy = 5.1 nM) than cyclotheonamide
E5 (ICso = 4.7 nM) [76]. Owing to their potent enzyme inhibitory activities [77-84],
which were investigated at the atomic level by X-ray crystallographic analysis [85,86]
and by NMR conformational studies [87], related to the unique peptide skeleton of
these compounds, the cyclotheonamides have been widely explored as target of
many synthetic approaches, including several total syntheses [88-96].

e

50 R = CHO
J\ 51 R=Ac
NH,

Hymenamide A (52) has been isolated from the sponge Hymeniacidon sp., and
displayed antifungal activity against Candida albicans with MIC at 66 pg/mL as well as
against Cryptococcus neoformans with MIC > 133 pg/mL. Hymenamide A did not
present cytotoxic activity [97]. Hymenamide F (53) was also isolated from Hymenia-
cidon sp.in an S-oxide form [98]. Cupolamide A (54) has been isolated from the sponge
Theonella cupola and displayed cytotoxic activity against P388 murine leukemia cells at
ICso = 7.5 pg/mL [99]. Kalahalide C (55), isolated from the sagoglossan marine
mollusc Elysia rufescens and from the alga on which the mollusc feeds, Bryopsis sp. has
an arginine residue and an N-phenylalanine terminus linked to butyric acid [65].
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Cyclonellin, a new cyclooctapeptide, was isolated from the sponge Axinella carteri
[100], and was shown to be inactive against cancer cell lines.
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Callipeltins A (57), B (58), and C (the linear peptide corresponding to callipeltin A)
are complex polypeptides, originally isolated from the sponge Callipelta sp.[101,102].
The structures of callipeltins A and C include a new guanidine amino acid,
(2R,3R,4S)-4-amino-7-guanidino-2,3-dihydroxyheptanoic acid (AGDHE). The
stereochemistry of the 3-hydroxy-2,4,6-trimethylheptanoic acid moiety in callipeltin
A was subsequently defined by enantioselective synthesis [103].
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The stereochemistry of the N-methyl-alanine residue connected to the end of the
3-hydroxy-2,4,6-trimethylheptanoic acid moiety as well as of the allo-threonin
placed between the 1-methylglutamine and 1-threonin residues have been revised
to the correct actual stereostructure of callipeltin A (57) [104]. Two additional
members of this class, named callipeltins D and E, have been isolated from
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Latrunculia sp. [104], and represent fragments of callipeltin A. A new series of
callipeltins have been isolated from the same extracts, and four additional peptides,
callipeltins F-I have been isolated [105]. Callipeltins F-I are also fragments of the
original peptide callipeltin A, in the case of callipeltins H and I with (Z)-2-amino-2-
butenoic acid replacing the p-allo-threonin residue linked to the 1-methylglutamine
residue. The relative configuration of the para-methoxytyrosine residue and the
absolute configuration of the Thr-2 unit in callipeltin A have been recently revised
using an integrated NMR—quantum mechanical approach, relying on the compar-
ison between calculated and experimental J-values [106]. Callipeltins A-C displayed
in vitro cytotoxic activity against several human carcinoma cells, callipeltin A being
the most active [101]. Callipeltins A and C also exhibited antifungal activity against
Candida albicans, while callipeltin A has been shown to possess cytotoxic activity on
CEM4 lymphocytic cell lines infected with HIV-1[101]. Callipeltin A did not inhibit
the dengue virus [107]. In cardiac sarcolemmal vesicles, callipeltin A induces a
powerful and selective inhibition of the Na*/Ca®" exchanger, with ICs0 at 0.85 WM.
In electrically driven guinea-pig atria, callipeltin A induces a positive inotropic
effect at concentrations ranging between 0.7 and 2.5 uM [108,109]. Callipeltin A
appears to display an Na-ionophore action, since resting aorta responded to
callipeltin A in a dose-dependent manner, with ECs, at 0.44 pM, which was not
inhibited by common calcium channel blockers. Callipeltin A also increased Na™*
efflux of Na-loaded erythrocytes, with ECsq at 0.51 uM [110].

Two sponge-derived arginine-bearing peptides displayed inhibition of the HIV-1
cytopathic effect in CEM-SS target cells. These include neamphamide A (59),
isolated from the sponge Neamphius huxleyi, with an ECs, of 28 nM [111] and
microspinosamide (60) isolated from the sponge Sidonops microspinosa with an
ECsy of 0.2 pg/mL [112]. Recently the stereochemistry of neamphamide was
completely solved by synthesis of the unusual aminoacids present in the peptide
structure and comparison with the hydrolyzed products by HPLC and NMR
analyses [113].
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Polydiscamide A (61) is a depsitetradecapeptide which A has been isolated from
the sponge Discodermia sp. [113a]. Polydiscamide A inhibited the growth of
Bacillus subtilis (MIC = 3.1 pg/mlL) and the proliferation of the cultured human
lung cancer A549 cell linel2 (ICso = 0.7 wg/mL) in vitro. Related polypeptides,
halicylindramides A-E, have been isolated from the sponge Halichondria cylin-
drata [114,115]. All halicylindramides displayed antifungal activity against Mor-
tierella ramanniana and cytotoxic activity against P-388 murine leukemia cells.
Additional similar peptides, the discodermins, were the first polypeptides to have
been isolated from the marine sponge, Discodermia kiiensis. The discodermins
presented a broad range of antimicrobial activity. Discodermin A (62) promotes
permeabilization of the plasma membrane of A10 cells to the nonpermeable
fluorescent probes ethidium homodimer-1 (MW = 857), calcein (MW = 623), as
well as permeabilization of vascular tissue cells to Ca®" and ATP [116-121].
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Koshikamide A2 (63) has been recently isolated from a sponge of the genus
Theonella, and displayed moderate cytotoxic activity against P388 murine cancer
cells, with ICsy at 6.7 pg/mL [122]. Neopetrosiamides A (64) and B are rather
complex linear polypeptides, differing from each other by the stereochemistry of
the sulfoxide group. Both peptides have been isolated from a sponge of the genus
Neopetrosia sp., and were active in an amoeboid invasion assay at 6 pwg/mL [123].
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11.6
Terpenic Guanidines

Siphonodictidine, a guanidine sesquiterpene (65), was found in the mucus secreted
by the sponge Siphonodictyon sp. and inhibits the coral growth in the vicinity of the
sponge [124]. Two approaches for the synthesis of 65 have been developed [125,126].
The structure 66 initially proposed for suvanine isolated from the sponge Ircinia sp.
[127] was later revised to 67 by ion-exchange chromatography, chemical degrada-

tions, and X-ray diffraction analysis, when it was also isolated from the sponge
Coscinoderma matthewsi [128]. It must be noted that the correct sulfate group was
incorrectly drawn as a sulfonic group. A related metabolite, sulfircin (68), was
isolated from the sponge Ircinia sp. [129]. Several analogs of sulfircin have been
synthesized [130].

Agelasidines are diterpene guanidines which have been isolated from sponges of
the genus Agelas. The first members of this series, agelasidines A-C (69-71), have
been isolated from Agelas nakamurai [131], while (—)-agelasidine C (72) and agela-
sidine D (73) have been isolated from Agelas clathrodes [132]. The structures of
agelasidines A-C were established not only by analysis of spectroscopic data but also
by chemical correlations. Agelasidines A-C inhibited N*,K"-ATPase [133].

Stellettazoles A (74) and B (75) have been isolated from a Stelleta sp. marine sponge
[134,135]. Stellettazole A (74) exhibited potent antibacterial activity against Escher-
ichia coli and inhibitory activity against Ca®*/calmodulin-dependent phosphodies-
terase. Stellettazole B (75) displayed only marginal antibacterial activity against E. coli
[135]. Bistellettadines A (76) and B (77) were also isolated from the same sponge, as
moderate inhibitors of Ca*" /calmodulin-dependent phosphodiesterase and potent
antibacterial agents against E. coli (10 ng per disk) [136].
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Polyketide-derived Guanidines

Polyketide guanidines comprise the largest and structurally more complex group of
marine guanidine alkaloids. The antiviral and antimicrobial acarnidines 78-80 have
been isolated from the sponge Acarnus erithacus [137], identified by analysis of
spectroscopic data and later synthesized using different approaches [138-140].
Aplysillamides A (81) and B (82) have been isolated from the marine sponge
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Psammaplysilla purea [141]. Aplysillamide B (82) has been synthesized in order to
define the absolute stereochemistry of its stereogenic center [141,142]. Polyandro-
carpidines A-D have been isolated from the ascidian Polyandrocarpa sp. and dis-
played antimicrobial and cytotoxic activities [143]. The structures initially proposed
[143] were later revised to 83-86, respectively [144]. The hexadyro derivative of
polyandrocarpidine A has been synthesized in order to confirm the structure
reassignment [145]. A series of antibacterial and moderately cytotoxic phloeodic-
tynes Al-A7 (87-93) and CI-C2 (94-95) have been isolated as mixtures of homologs
from the sponge Phloeodictyon sp. [146]. The structure determination of com-
pounds 87-95 was performed by NMR and MS analysis using B/E collisionally
activated dissociation (CAD) FAB mass spectrometry [146]. Recently a series of 17
new phloeodictynes has been isolated from the sponge Oceanapia fistulosa from
New Caledonia, and identified by LC-ESI-MS analysis [147]. Erylusidine (95) was
isolated from the sponge Erylus sp. together with analogs containing N, N-dimethyl-
putrescine and N,N,N-trimethylspermidine replacing the agmatine moiety [148].
Triophamine (96) was isolated from the dorid nudibranch Triopha catalinae [149]
and Polycera tricolor [150]. The stereochemistry of the double bonds was assigned as
E after total synthesis of 96 [151]. The biosynthesis of 96 proceeds from acetate
through butyrate [152,153]. A related acylguanidine, limaciamine (97), was isolated
from the North Sea nudibranch Limacia clavigera [154-155].
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Onnamide A (98) and several of its related derivatives have been isolated from
marine sponges of the genus Theonella. Onnamide A itself was first isolated from
Theonella sp. [156] and displayed potent cytotoxic activity [157]. Subsequently, a series
of related derivatives have been isolated from different species of marine sponges
belonging to the genus Theonella [158,159]. The structure of onnamide A was
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confirmed by synthesis [160]. The mechanism-of-action of onnamide A cytotoxicity is
related to the inhibition of protein synthesis and the induced activation of p38
mitogen-activated protein kinase and c-Jun NH,-terminal protein kinase (JNK) [161].
Interestingly, the gene cluster that is probably responsible for the biosynthesis of
onnamide A has been isolated and compared to the Paederus fuscipes beetle Pseu-
domonas symbiont gene cluster responsible for the biosynthesis of the related
metabolite pederin [162]. It appears that the gene cluster isolated from Theonella
swinhoei includes a variety of subclusters responsible for the biosynthesis of
distinct synthases, including polyketide synthases, a 3-hydroxy-3-methylglutaryl-
CoA synthase (HMGS), oxygenases, methyl transferases, a nonribosomal peptide
synthase (NRPS), as well as additional genes with unidentified functions. These
investigations have been reviewed [163].

Several structurally complex polyketide-derived polycyclic guanidine alkaloids
have been isolated from Poescilosclerida sponges belonging to genera Ptilocaulis,
Crambe, and Monanchora. The first members of this class were ptilocaulin (99) and
isoptilocaulin (100) isolated from the Caribbean sponge Ptilocaulis aff. spiculifer.
Ptilocaulin (99) displayed cytotoxic activity against L1210 leukemia cells with IDs, at
0.39 png/mL as well as antimicrobial minimum inhibitory concentrations (wg/mL)
against the following strains: Streptococcus pyogenes, 3.9; S. pneumoniae, 15.6;
S. faecalis, Staphylococcus aureus, and Escherichia coli, all at 62.5. Isoptilocaulin
displayed cytotoxic activity against L1210 leukemia cells with IDsq 1.4 pg/mL and
antimicrobial MIC’s (ng/mlL) against: S. pyogenes, 25; S. pneumoniae and S. aureus,
100; S. faecalis and E. coli, >100 [164]. Further cytotoxicity studies were performed
with ptilocaulin [165,166]. Owing to their unique carbon structure framework and
biological activities, these compounds were selected targets for several total syntheses
[167-177]. Related ptilocaulin-like alkaloids have been isolated from sponges of the
genera Monanchora [178,179], Arenochalina [180,181], and Batzella [182].
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The isolation of ptilomycalin A (101) from the Caribbean sponge Ptilocaulis
spiculifer and from the Red Sea Hemimycale sp. was published in 1989 [183-185].
Ptilomycalin A possesses a complex pentacyclic guanidine/fatty acid/polyamine
skeleton and shows cytotoxicity against P388 cancer cell line (ICso = 0.1 pg/mL),
antifungal activity against Candida albicans (MIC = 0.8 pwg/mL) as well as antiviral
activity against Herpes simplex virus at 0.2 pwg/mL. Ptilomycalin A was thus of special
interest in organic synthesis [186-198] and further bioactivity studies, which showed
that ptilomycalin A (101) inhibits Na*, K* or Ca*" ATPases [197, 199].

Subsequently, related ptilomycalin A derivatives were isolated from the marine
sponge Crambe crambe, namely crambescidins 800 (102), 816 (103), 830 (104), and
844 (105), as well as isocrambescidin 800 (106) [200-202]. The absolute stereo-
chemistries of compounds 102-106 were established by chemical degradations and
chiral gas chromatography analysis [202]. Crambescidin 816 (103) was active
against HCT-16 human colon carcinoma cells (ICso = 0.24 pwg/ml). The activity
of crambescidin 816 on voltage-sensitive Ca®" channels was also tested in a
neuroblastoma X glioma cell line (NG 108-1 5) and acetylcholine-induced con-
tractions of isolated guinea pig ileum were also evaluated [201]. Crambescidin 816
exerts a potent Ca*" antagonist activity (ICso = 1.5 x 10~* M), more potent than
nifedipine (ICso = 1.2 wM), a known selective blocker of L-type Ca®" channels.
Crambescidin 816 also inhibited acetylcholine-induced contraction of guinea pig
ileum at very low concentrations. Apparently crambescidin 816 operates through a
reversible blockage of Ca** channels [201]. Crambescidins 816 (103), 844 (105), and
800 (102) displayed antiviral activity against HSV-1, with diffuse cytotoxicity, at
1.25 pg/well and displayed 98 % cytotoxic activity against L1210 cell growth at
0.1 pg/mL[200]. Ptilomycalin A and crambescidin 800 were also isolated from the
starfish Celerina heffermani and Fromia monilis, along with the novel alkaloids
celeromycalin (107) and fromiamycalin (108) [203]. Compounds 107 and 108
displayed anti-HIV activity on CEM 4 cells infected by HIV-1, at concentrations
0f0.32 pg/mLand 0.11 pg/mL, respectively. As in the case of ptilomycalin A, the
crambescidin alkaloids have been a target of choice in organic synthesis [204-207].
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Additional but simpler members of this class of guanidine alkaloids are the
icthyotoxic crambescins (formerly crambines) A (109), B (110), and C1 (111) isolated
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from the sponge Crambe crambe as mixtures of homologues difficult to separate
[208,209]. The structure of crambescin C1 [209] has been revised to 111 by tandem
mass spectrometric analysis [209], while the correct stereochemistry of crambescin
B (110) was established after its total synthesis [210-212]. While crambescidin 800
(102) has also been re-isolated from a Brazilian specimen of the sponge Monanchora
arbuscula [213], related members of this series, crambescidin 826 and dehydro-
crambine A, have been isolated from Monanchora sp. along with the known
compounds crambescidin 800 and fromiamycalin [214], and also from Ptilocaulis
spiculifer [215]. The simplest members of the crambescidins, crambescidin 359
(113) and 431 (113) have been isolated from the sponge Monanchora unguiculata
[216], while crambescidic acid (114) has been isolated from M. unguifera [217]. Less
well-characterized crambescidin-related pentacyclic alkaloids have been isolated as
mixtures from the sponge Neofolitispa dianchora [218]. Different syntheses of
crambescidin 359 (112) have been reported [219-221].

Biogenetically related batzelladines have been isolated from several marine sponges
belonging to the order Poescilosclerida. The first series of such compounds were
batzelladines A (115, major homolog), B, C (116, major homolog), D, and E, isolated
from a marine sponge of the genus Batzella as mixtures of homologs [222].
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Batzelladine A and the structurally closely related batzelladine B inhibited the binding
of the gp120 domain of HIV-envelope gp160 glycoprotein to the CD4 receptor on the
surface of the human T cell [223]. A second series of batzelladine alkaloids isolated
from another Batzella sp. sponge include the F (117) and G-I members, all of which
are closely related [223]. Batzelladine F induced a 100 % dissociation of a p56lck-CD4
binding complex, while batzelladine G and an inseparable mixture of batzelladines H
and I induced dissociation of the p56lck-CD4 complex at concentrations of 24 and
7.1 uM, respectively [223]. Further members of the batzelladine alkaloids are dehy-
drobatzelladine C (118) isolated from Monanchora arbuscula [216] and batzelladine ]
(119) from M. unguifera [217]. There have been several chemical and biological studies
aimed at the development of the total synthesis of several batzelladine alkaloids
[224-235] as well as investigations of their mode-of-action and the development of
more-potent and selective antiviral and antiproliferative alkaloids [236-237].
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Monanchorin (120), which has been isolated from the sponge Monanchora
unguiculata [238], is the last example of polyketide-derived guanidines.

NH

HN NH
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The chemistry (isolation, structures, and synthesis) and biological activities of this
large class of guanidine alkaloids have been the subject of several reviews [239-243].
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Analysis of Tropane Alkaloids in Biological Matrices
Philippe Christen, Stefan Bieri, Jean-Luc Veuthey

12.1
Introduction

Tropane alkaloids are an important class of structurally related natural products,
having in common the azabicyclo[3.2.1]octane skeleton. It is now well established
that the tropane ring system derives its pyrrolidine ring from ornithine and/or
arginine [1] and that N-methyl-A'-pyrrolinium salt is the common intermediate
(Figure 12.1). The majority of these alkaloids are mono-, di-, and tri-esters of
hydroxytropanes with various organic acids, such as tropic, atropic, cinnamic,
angelic, tiglic, senecioic, isovaleric, and truxillic acids. Hyoscyamine and scopola-
mine (hyoscine) are important representatives of this class of alkaloids. They are ester
derivatives of tropane-3a-ol and its 6-7 epoxide with tropic acid, respectively
(Figure 12.1).

Tropane alkaloids are commonly found in genera belonging to three families:
Solanaceae, Erythroxylaceae, and Convolvulaceae, but they occur also sporadically in
a number of other families including Proteaceae and Rhizophoraceae [2]. To date,
more than 200 tropane alkaloids have been isolated from biological material [1]. The
natural form of hyoscyamine is the (—)-form. (—)-Hyoscyamine is easily racemized,
yielding atropine. Dimeric (e.g. schizanthines) and trimeric (grahamine) tropane
alkaloids have also been found [3]. There is considerable structural diversity within
this class of compounds. Another important tropane alkaloid, cocaine, occurs in the
genus Erythroxylum. Itis an ester of ecgonine, a derivative of tropane-33-ol carrying a
carboxyl goup at C-2 (Figure 12.1). Recently, the calystegines, a new type of nortropane
alkaloids, have been structurally characterized. A typical feature of calystegines is a
hydroxyl group on the bridgehead carbon 1 (Figure 12.1). According to the number of
hydroxyl groups on the nortropane skeleton (3, 4, or 5), they belong to the series A, B,
or C, respectively. To date, 15 calystegines have been identified and, in contrast to
most other tropane alkaloids, they are not esterified. They were first identified in
Calystegia sepium, Convolvulaceae [4], and later detected in numerous other Con-
volvulaceae [5], Solanaceae, Moraceae [6], Erythroxylaceae [7], and Brassicaceae [8].
Particularly high concentrations are found in potato skins and eggplants.

Modern Alkaloids: Structure, Isolation, Synthesis and Biology. Edited by E. Fattorusso and O. Taglialatela-Scafati
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Fig. 12.1 Tropane alkaloids of pharmaceutical interest.

From a pharmacological point of view, tropane alkaloids show antimuscarinic
activity (parasympathetic inhibition), which at the peripheral level translates into
antispasmodic effects on the gastrointestinal and genitourinary systems. Atropinic
drugs dilate the pupil (mydriasis) and result in a loss of accommodation (cycloplegia).
In terms of its effects on the central nervous system, atropine can prevent vagal
reflexes induced by the manipulation of visceral organs. Scopolamine is used to
prevent nausea and vomiting caused by motion sickness. Cocaine is the parent
compound of local anesthetic; however, its use is limited because cocaine has
stimulatory effects on the central nervous system. To achieve the latter effect, leaves
can be chewed or pure cocaine sniffed or injected.

Semisynthetic derivatives have also been commercialized. These compounds are
quaternary derivatives that have no side effects on the central nervous system. They
are used against spasm of the bladder or of the intestine and to treat bronchospasm
associated with chronic obstructive pulmonary disease.

Owing to their structural similarity with monosaccharides, calystegines exhibit
potent inhibitory activities against glycosidases. Thus, they are of considerable
interest as potential antiviral, anticancer, and antidiabetic agents. The pharmacolo-
gical properties of these compounds have been comprehensively reviewed [9,6].

Among the main toxic plants responsible for human deaths throughout the world,
those producing alkaloids and, in particular, containing tropane alkaloids (e.g. Atropa
belladonna, Datura sp., and Hyoscyamus niger) are of significant importance [10].
Therefore, it remains critical to have rapid and accurate analytical methods for the
identification and quantification of tropane alkaloids in plants or in biological fluids.

In this review, plant material and numerous biological fluids, mainly blood plasma
and serum, urine, and saliva, as well as some alternative matrices such as bile,
amniotic fluid, cord blood, meconium, and maternal hair among others will be
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considered. The tropane alkaloids of interest reported in this review are cocaine and
its metabolites, hyoscyamine, as well as its racemate atropine, scopolamine and their
derivatives. Calystegines and other polyhydroxylated compounds will not be further
discussed in this chapter.

12.2
Extraction

12.2.1
Plant Material

The classical method for the extraction of tropane alkaloids is based on the Stas—Otto
procedure. In this protocol, the alkaloids are transferred to either aqueous or organic
layers simply by changing the pH of the two-phase system: the salts are soluble in
water whereas the free bases are soluble in organic solvents. Chloroform is frequently
used in tropane alkaloid extraction and analysis. El Jaber-Vazdekis et al. [11] have
demonstrated that dichloromethane, a solvent less hazardous than chloroform, can
advantageously replace the latter for the extraction of tropane alkaloids with a similar
eluotropic value. Classically, extraction of tropane alkaloids is carried out using
percolation, maceration, digestion, decoction, and extraction using a Soxhlet appa-
ratus [12]. These techniques have been used for many decades. However, they are very
time-consuming and require relatively large quantities of polluting solvents. Further-
more, some problems may arise using some of these procedures or solvents.
Prolonged treatment with strong alkali leads to hydrolysis or racemization of
hyoscyamine to atropine. Diethyl ether should be avoided not only because of its
volatility and flammability but also because of its tendency to form alkaloid N-oxides
in the presence of peroxides [13].

Another major drawback of classical extractions is that additional clean-up
procedures are frequently required before chromatographic analyses. Solid phase
extraction (SPE) avoids the emulsion problems often encountered in liquid-liquid
extraction. A wide range of adsorbents are commercially available and may be divided
into three classes: polar, ion-exchange, and nonpolar adsorbents. Solid-supported
liquid-liquid extraction on Extrelut columns is frequently reported for efficient clean-
up of crude tropane alkaloid mixtures. Basified aqueous solutions of alkaloids may be
transferred to Extrelut columns and the bases recovered in dichloromethane—
isopropanol mixture [13].

12.2.2
Supercritical Fluid Extraction

Supercritical fluid extraction (SFE) has become a method of choice for the extraction
of plant material [14]. It represents an interesting alternative technique compared to
conventional liquid—solid extraction, with lower solvent consumption and working
temperature. The free bases of hyoscyamine and scopolamine are extractable with
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pure supercritical CO,, but the addition of alkaline modifiers such as methanol
basified with diethylamine is necessary to extract the salts of hyoscyamine and
scopolamine from plant material [15]. Chemometry was used to optimize super-
critical fluid extraction of hyoscyamine and scopolamine from hairy root culture of
Datura candida x D. aurea [16]. A polar modifier was required in order to extract
hyoscyamine and scopolamine quantitatively. The optimal conditions were 20 %
methanol in CO, at a pressure of 15 MPa and 85 °C. Extracted amounts were in good
agreement with those obtained by traditional liquid-solid extraction.

Cocaine has been extracted from coca leaves and the optimization procedure was
investigated by means of a central composite design [17]. Pressure, temperature,
nature, and percentage of polar modifier were studied. A rate of 2mL/min CO,
modified by the addition of 29 % water in methanol at 20 MPa for 10 min allowed the
quantitative extraction of cocaine. The robustness of the method was evaluated by
drawing response surfaces. The same compound has also been extracted by SFE from
hair samples [18-20].

12.2.3
Microwave-assisted Extraction

The use of microwave energy as a heating source in analytical laboratories started in
the 1970s and was applied to acid digestions [21]. Later, the use of microwave-assisted
extraction was reported by Ganzler [22,23]. The fundamental principles of microwave
energy for digestion, extraction, and desorption have been reviewed by Zlotorzynski
[24]. With the wide availability of microwaves ovens, this type of heating system has
been introduced into many analytical laboratories [25]. Microwave heating depends
on the presence of polar molecules or ionic species. Furthermore, the chosen solvent
should absorb the microwaves without leading to strong heating so as to avoid
degradation of the compounds of interest. Disruption of hydrogen bonds, resulting
from dipole rotation of molecules, and migration of dissolved ions facilitate the
penetration of solvent molecules into the matrix and allow the solvation of extracted
components [26]. Heating with microwaves is instantaneous and occurs in the center
of the sample, leading to homogenous, very fast extractions. Two technologies are
available: either closed vessels, under controlled pressure and temperature, also
called pressurized microwave-assisted extraction (PMAE) or open vessels, also called
focused microwave-assisted extraction (FMAE) at atmospheric pressure [27]. Most of
the papers dealing with microwave energy have been dedicated to the extraction of
pesticides and organometallic compounds from environmental matrices, and very
few applications have been published which concern the extraction of alkaloids. In
particular, very little is reported on the microwave-assisted extraction of tropane
alkaloids. Cocaine and benzoylecgonine have been extracted from coca leaves by
FMAE [28]. Several parameters including the nature of the extracting solvent, the
particle size distribution, the sample moisture, the applied microwave power, and the
radiation time were studied by means of a central composite design. Bieri et al. [29]
analyzed cocaine distribution in 51 wild Erythroxylum species. Extraction was
performed using FMAE on 100 mg of hydrated plant material with 5 mL methanol
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for 30s. After filtration, the samples were analyzed by GC-MS without further
purification.

12.2.4
Pressurized Solvent Extraction

Pressurized solvent extraction (PSE), also called pressurized fluid extraction (PFE),
accelerated solvent extraction (ASE™), pressurized liquid extraction (PLE), or
enhanced solvent extraction (ESE), is a solid-liquid extraction that has been devel-
oped as an alternative to conventional extractions such as Soxhlet, maceration,
percolation, or reflux. It uses organic solvents at high pressure and temperature
to increase the efficiency of the extraction process. Increased temperature decreases
the viscosity of the liquid solvent, enhances its diffusivity, and accelerates the
extraction kinetics. High pressure keeps the solvent in its liquid state and thus
facilitates its penetration into the matrix, resulting in increase extraction speed [30].
PSE was applied to the rapid extraction of cocaine and benzoylecgonine from coca
leaves [31]. Several parameters including the nature of the extracting solvent, the
pressure, temperature, extraction, addition of alkaline substances, and sample
granulometry were investigated. Critical parameters were pressure, temperature,
and extraction time. They were optimized by means of a central composite design. It
was demonstrated that an extraction time of 10 min was sufficient to extract cocaine
quantitatively at 80 °C and 20 MPa.

12.2.5
Solid-phase Microextraction

Solid-phase microextraction (SPME) was introduced by Arthur and Pawliszyn in
1990 [32]. It is a simple, solvent-free preparation method. It can be conducted as a
direct extraction in which the coated fiber is immersed in the liquid sample or in a
headspace configuration for sampling the volatiles from the headspace above the
liquid sample placed in a vial. The SPME process consists of two steps: (a) the sorbent
is exposed to the sample for a specified period of time; (b) the sorbent is transferred to
a device that interfaces with an analytical instrument for thermal desorption using
GC or for solvent desorption with HPLC. SPME has become a widely used technique
in many areas of analytical chemistry, such as food analysis, environmental sampling,
and biological analysis. The state-of-the-art of SPME including recent developments
and future challenges has been comprehensively reviewed by O’Reilly et al. [33].
Reports on alkaloid analysis by SPME are still scarce and mainly concern cocaine in
biological fluids [34,35] and human hairs [36]. SPME has been evaluated as an
alternative injection technique in combination with fast GC to carry out a quantitative
determination of cocaine first extracted from coca leaves by FMAE [37]. A 7 um
PDMS fiber allowed an extraction time of 2 min and a very short desorption time of
12 s for the compounds of interest (cocaine and cocaethylene as internal standard).

An effective combination of focused microwave-assisted extraction with solid-
phase microextraction (FMAE-SPME) was carried out for the extraction of cocaine
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from coca leaves prior to GC analysis [38]. SPME was performed in the direct
immersion mode with a 100 wm polydimethylsiloxane coated fiber. A significant gain
in selectivity was obtained with the incorporation of SPME in the extraction
procedure. Therefore, the analysis time was reduced to 6min compared to
35 min with conventional GC. A comparison of extraction methods, namely ultra-
sonic bath, hot solvent under reflux, and pressurized liquid extraction applied to the
extraction of hyoscyamine, scopolamine, and other related alkaloids has been
published [39]. A mixed-mode reversed phase cation-exchange SPE was optimized
for simultaneous recovery of (—)-hyoscyamine, scopolamine, and scopolamine
N-oxide from various Datura species. The alkaloids were qualitatively and quantita-
tively analyzed by HPTLC-densitometry without derivatization and compared with
reversed phase high-performance liquid chromatography with diode array detection
(RP-HPLC-DAD). Another densitometric method for the analysis of hyoscyamine
and scopolamine in different solanaceous plants and hairy roots has been reported by
Berkov and Pavlov [40].

12.2.6
Biological Matrices

The analytical process can be divided into four major steps: sample preparation,
separation, detection, and data treatment. For the analysis of drugs and metabolites in
biological matrices, sample preparation remains the most challenging task since the
compounds of interest are often present at trace level in a complex matrix containing
a large number of biomolecules (e.g. proteins) and other substances, such as salts.

Different procedures can be used for the preparation of biological matrices
prior to separation and detection techniques as a function of the selectivity and
sensitivity of the latter as well as of the matrix complexity. However, for liquid
samples, conventional methods are generally carried out: simple dilution/filtration
and injection (dilute and shoot), protein precipitation (PP), liquid-liquid extraction
(LLE), and solid phase extraction (SPE). These techniques present advantages and
drawbacks; the final choice depending on several criteria, among them: analyte
concentration, selected analytical method, nature of the matrix, number of samples,
time delivery, ease of automation, and so on. They can be performed manually as
well as automatically in conventional and high-throughput modes. Comprehensive
textbooks have been published on this topic in bioanalysis [41,42]. For solid biological
matrices such as tissues or hair, a preliminary extraction with an organic solvent is
performed followed by a purification step (e.g. LLE and SPE), if needed.

Tropane alkaloids are basic compounds, generally water soluble at acidic pH, while
their unionized form (basic pH) is more soluble in apolar organic solvents. There-
fore, LLE has been largely used to extract these compounds from biological fluids
after addition of sodium carbonate, sodium borate, or ammonia to attain a pH > 10
[43,44]. SPE has also been used for extracting tropane alkaloids from biological
matrices. Some advantages exist for SPE methods versus LLE, including the absence
of emulsion, fewer tedious tasks, lower solvent consumption, and possible automa-
tion in both off-line and on-line modes. For this purpose, conventional cartridges
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packed with reversed phase materials (e.g. C8, C18, and other polymeric phases) have
been extensively employed [45]. Other supports such as the hydrophilic-lipophilic
water-wettable reversed phase sorbent Oasis HLB (Waters, Milford, MA, USA),
commercialized in 1996, has gained considerable interest for the extraction of basic
drugs, for example cocaine and metabolites. This kind of support presents a high
retention capacity of polar analytes due to its “polar-hook.” In order to enhance
selectivity and sensitivity for basic compounds, a different water-wettable polymeric
sorbent (Oasis MCX, Waters) was introduced in 1999. It provides a dual mode of
retention with strong cation-exchange and reversed phase mechanisms. These
sorbents are commercialized under different formats (syringe barrel cartridges,
96-well extraction plates, microelution plates, and on-line columns) permitting the
selection of the method of choice as a function of the number of samples to be
analyzed, the sample volume available, the sensitivity required, and so on. A great
number of generic procedures have been developed for the analysis of cocaine and its
metabolites in urine, serum, plasma, whole blood, among others, since cocaine abuse
has increased dramatically during the last decades. Scopolamine, and its internal
standard atropine, were also extracted from human serum with a simple and
automated SPE on Oasis HLB before liquid chromatography tandem mass spectro-
metry analysis [46].

Another possibility for increasing selectivity during the extraction process is the
use of immuno techniques based on molecular recognition. An excellent review was
published on this subject in 2003 by Hennion and Pichon [47] and the reader is
invited to study this comprehensive review, and references therein, for more
information. Immunoaffinity extraction sorbents, also called immunosorbents
(ISs), contain antibodies that can retain an antigen with high affinity and selectivity.
Several ISs have been used for extracting drugs, hormones, peptides, and other large
biomolecules in environmental and biological matrices. However, the major draw-
backs of ISs are their long development time and their cost. Therefore, synthetic
antibodies or plastic antibodies, called molecularly imprinted polymers (MIPs), have
been described and their use as solid phase extraction materials reviewed [48]. In this
case, the molecular imprinting is the synthesis of highly crossed-linked resins in the
presence of a given molecule of interest. After washing, the molecule is eliminated
and the polymer contains cavities with the appropriate size and shape. Thus, the MIP
can be applied to selectively bind the molecule and analogs in different matrices.
Using this strategy, Nakamura et al. [49] developed a uniformly sized MIP
for atropine. This selective sorbent was applied for determining atropine
and scopolamine in pharmaceutical preparations containing Scopolia extracts. A
column-switching procedure was used with the MIP as a precolumn and a conven-
tional cation exchanger as the analytical column. The automated method was
validated and showed good performances in terms of linearity, recoveries, and
precision.

Microdialysis has also been used as a sampling method for measuring the
concentration of drugs in human subcutaneous tissues for pharmacokinetic studies
[50]. The microdialysates are simpler than other biological fluids and do not contain
proteins, permitting their direct injection for analysis by liquid chromatography.
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However, the presence of nonvolatile salts in the microdialysate can cause some
contamination (after several injections) of the mass spectrometer, for instance. Thus,
the ionization source needs frequent cleaning. Microdialysis combined with LC-MS/
MS quantitation has been reported for scopolamine [46] for concentrations ranging
from 50 pg/mL to 10 ng/mL. Free cocaine and benzoylecgonine were also investi-
gated in rat brain with in vivo microdialysis [51] with off-line LC-MS analysis.
Monitoring cocaine and its metabolites is of prime importance for understanding
its effects in the brain. Recently, the same kinds of methods were used to determine
unbound cocaine in blood, brain, and bile of rats with LC-UV and LC-MS/MS [52].

As previously mentioned, besides conventional matrices such as urine and blood,
alternative matrices have become of great interest in toxicology. Different reviews
describe the analysis of drugs of abuse in saliva, sweat, and hair [53-56]. For
conventional matrices, LLE and SPE are usually the methods of choice. However,
for hair analysis, a more drastic extraction step is necessary initially, followed by a
purification step [57].

12.3
Analysis of Plant Material and Biological Matrices

Current methods for tropane alkaloids analysis have been well covered in the
literature. An excellent comprehensive review written by B. Driger [45] appeared
in 2002, describing the analysis of tropane and related alkaloids in plant material.
Sample preparation procedures were reviewed, as well as the analytical methods used
for performing the separation and detection of tropane alkaloids, such as gas
chromatography (GC), liquid chromatography (LC), and capillary electrophoresis
(CE). Therefore, this chapter will not describe in detail these well-known analytical
methods but discuss some recently developed applications for the analysis of tropane
alkaloids in plant material and biological matrices.

12.3.1
Gas Chromatography

The isolation of atropine, scopolamine, and cocaine occurred long before the
development of modern analytical techniques. Gas chromatography was the first
instrumental technique available in the field of separation science and thus it is not
surprising that these alkaloids were firstly analyzed by GC despite their low volatility.
With the advent of capillary columns and the proliferation of various sample
introduction and detection methods, GC has evolved as the dominant analytical
technique for screening, identification, and quantitation of tropane alkaloids of plant
origin as well as in biological fluids. The state-of-the-art of GC analysis of tropane
alkaloids has been the subject of two comprehensive reviews [45,58]. We shall
therefore mainly focus on publications which have appeared since 2002.
Currently, rapid and unambiguous identification of tropane alkaloids is routinely
accomplished by GC-MS by “fingerprint matching,” comparing the MS spectra with
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those available for authentic compounds. The fragmentation of tropane alkaloids is
very well known and may help in the tentative identification of unknown derivatives. A
fundamental parameter for identification in GCis the reproducibility of retention data.
Supporting this is the basic concept of the retention index system, introduced by
Kovats for isothermal conditions and by Van den Dool and Kratz for linear pro-
grammed temperatures. Incorporation of retention indices in peak identification
criteria strongly assists and complements MS matches or alternative confirmatory
detection techniques such as Fourier transform infrared spectroscopy (FTIR) or
element-specific detectors. Today, with more reproducible column manufacturing
technologies and the development of electronic gas flow controllers, instead of relative
retention-based identification, a new software called retention time locking (RTL)
developed by Agilent Technologies allows reliable identification from absolute reten-
tion time values. This software enables the chromatographic system to be adjusted so
that the retention times of analytes remain constant even after routine maintenance
procedures, column replacement, column shortening, and method transference from
instrument to instrument. The use of RTL has been evaluated by Savchuk et al. [59]
during the development of a unified procedure for the detection of drugs (including
cocaine) in biological fluids. The high precision obtained with RTL has also been
pointed out by Rasanen et al. [60], who prefer to use absolute retention time instead of
the more laborious retention index system during toxicological screening for drugs.

Finally, the development of fast GC [61-63] and comprehensive two-dimensional
GC (GC x GC) [64-66] address the continuous demand for increased speed and
separation power in routine analysis. The former technique allows a dramatic
reduction in analysis time without sacrificing resolution, while the latter offers a
markedly increased separation power without altering the analysis time. A fast GC
method for the analysis of cocaine and other drugs of forensic relevance has been
published by Williams et al. [67]. They used a GC instrument in which the column
was resistively heated at rates of up to 30°/s which allowed separation of 19
compounds within 1.5min. A GC x GC time-of-flight mass spectrometry (TOF-
MS) method has been proposed by Song et al. [68] for the analysis of a mixture of 78
drugs of interest, including cocaine and benztropine.

As part of a comparative study, roots, leaves, and seeds of three varieties of Datura
stramonium L., namely var. stramonium, tatula, and godronii were investigated by GC-
MS for their tropane alkaloid pattern [69]. In total, 25 alkaloids were directly detected
in these varieties. The identification was based upon electron impact ionization MS
data from commercially available libraries or from literature. Hyoscyamine and
scopolamine were detected in all plant organs of the three Datura stramonium
varieties grown in Bulgaria but not in the roots, seeds or leaves from the Egyptian
variety stramonium. Among the chromatographically separated tropane alkaloids,
some showed superimposable mass spectra and were accordingly determined as
isomeric series. The difficulty of unambiguously distinguishing tiglioyl from its
isomeric angeloyl or senecioyl derivatives based upon mass spectral information only
is worth emphasizing. Thus, identification by GC-MS of such tropane derivatives
without referring to authentic compounds should be considered with care and
regarded as tentative only.
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Similarly, screening of 12 different species and their varieties belonging to the tribe
Datureae has been reported [70]. GC-MS investigation permitted on-line identifica-
tion of 66 tropane alkaloids from crude leaf and root extracts using no more than
300 mg of plant material. Many of the alkaloids were described for the first time in the
corresponding species, and their identification was based on their fragmentation
pathways. One new tropane alkaloid was reported as well; however, its stereochem-
istry could obviously not be assigned.

Kartal et al. have discussed the quantitative analysis of hyoscyamine in Hyoscyamus
reticulatus L., a plant growing in east Anatolia [71].

GC-MS analysis of the tropane content of shoots from in vitro regenerated plantlets
from Schizanthus hookeri [72] allowed the detection of ten alkaloids ranging from
simple pyrrolidine derivatives to tropane esters derived from angelic, tiglic, senecioic,
or methylmesaconic acids. One of them, 3a-methylmesaconyloxytropane, is a new
alkaloid. Its structure was deduced by comparing mass spectral data and retention
indices with those of a synthetic reference compound. To date, the fastest GC analysis
of tropane alkaloids dealt with the separation of isomeric secondary metabolites
from the stem-bark of Schizanthus grahamii [73]. This study presents a systematic
investigation of very fast GC applied for the baseline separation of a series of four
hydroxytropane esters. Theoretical and practical relationships were used in the
optimization steps, including selection of stationary phase, temperature, internal
column diameter, and optimal practical gas velocity. This work provided a challen-
ging application for isothermal analysis in conjunction with very short, narrow-bore
columns. The investigated approach allowed a baseline separation of the alkaloids of
interest in less than 9s (Figure 12.2).

Even though sample preparation is usually the most time-consuming step in natural
product research, this particular case study demonstrated that phytochemical investiga-
tions can positively benefit from fast GC methods to reduce the overall analysis time.

The usefulness of GC-MS analysis for biosynthetic studies was demonstrated by
Patterson and O’Hagan [74] in their investigation of the conversion of littorine to
hyoscyamine after feeding transformed root cultures of Datura stramonium
with deuterium-labeled phenyllactic acids. This study complements previous inves-
tigations on the biosynthesis of the tropate ester moiety of hyoscyamine and scopo-
lamine [75], where GC-MS played a key role. It also has general relevance in the
biosynthetic pathway of tropane alkaloids in the entire plant kingdom [76].

Gas chromatography of cocaine of plant origin has mainly involved the analysis of
the coca plant [77-79]. Identification and quantitation GC methods of minor naturally
occurring tropane alkaloids in illicit cocaine samples have also been reviewed [80].
Moore et al. presented an in-depth methodology for the analysis of the coca plant by
GC-FID, GC-ECD, and GC-MS for the identification of alkaloids of unknown
structure [81]. Recently, Casale et al. [82] have analyzed the seeds from Erythroxylum
coca for their alkaloidal content. Several tropane alkaloids were detected and
characterized and it appeared that methylecgonidine (MEG) was the primary con-
stituent and not an analytical artifact.

Thus far, the genus Erythroxylum and, more particularly, the coca plant, repre-
sented by the cultivated species Erythroxylum coca and Erythroxylum novogranatense,
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is the only natural source of cocaine. However, little attention has been paid to
noncultivated Erythroxylum species for the possible presence of cocaine.

During a screening of tropane alkaloids in Erythroxylum species from Southern
Brazil, Zuanazzi et al. [83] identified a new alkaloid as 38,6B-ditigloyloxynortropane.
The five investigated species were also screened for MEG, tropacocaine, and cocaine.
Tropacocaine and MEG were present in two plants but no cocaine was detected in any
species.

Leaf samples of various Erythroxylum species have been investigated for their
cocaine content by a fast GC-MS method [29]. Amongst the 51 analyzed species, 28
had not been examined previously and cocaine was detected in 23 wild species.
Cocaine content was less than 0.001 % for all wild species, except for Erythroxylum
laetevirens in which a 10-fold higher concentration was determined. The qualitative
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chromatographic profile of the latter species was very similar to that of cultivated coca
species. Moreover, GC profiles and quantitative results showed that the so-called
“Mate de coca,” was mainly composed of wunadulterated coca leaves.
This result agrees with previous GC-MS investigations on the cocaine content in
coca tea [84,85].

An effective combination of FMAE and SPME to enhance selectivity for the
quantitative GC analysis of cocaine in leaves of E. coca has been proposed by Bieri
et al. [38]. The dual extraction step greatly improved the selectivity, thus allowing
much faster GC-FID analysis. Finally, by optimizing the desorption step after SPME
sampling and by using a fast GC method, Ilias et al. [37] were able to complete a
quantitative cocaine analysis from coca leaves (i.e. sample preparation, extraction,
and chromatography) in less than 1h (Figure 12.3).
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Fig. 12.3 Fast cocaine determination in coca leaves by GC
according to llias et al. (adapted from [37]). (a) Schematic
of the total analysis time. (b) Fast GC-FID chromatogram
using a short 100 wm i.d. column and a fast oven
temperature programming.
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Gas chromatography is an established separation method of major importance in
forensic sciences. In particular, GC-MS is one of the most frequently used techniques
in toxicology. The increasing incidence and variety of “drugs of abuse” have resulted
in a growing demand for rapid and universal screening methods for the analysis of
biological matrices. In particular, identification and quantification of cocaine in
biological fluids and tissues are of great importance. A large range of GC methods
have been developed for the analysis of cocaine and its main metabolites in biological
fluids. A critical review of chromatographic procedures for testing hair sample for
drugs has been published by Sachs and Kintz [86]. An exhaustive review concerning
GC-MS analysis of body fluids for drugs of abuse has been written by Cody and Foltz
[87]. Owing to the limited sensitivity of the flame ionization detector (FID), some
reports pointed out the effectiveness of the element-sensitive nitrogen—phosphorus
detector (NPD) [88,89] or electron capture detector (ECD) [90].

A GC-MS method was developed for the determination of hyoscyamine and
scopolamine in blood serum [91,92]. Extraction was carried out using aqueous basic
solution followed by a purification step on an Extrelut column. Derivatization was
done with N,O-bis(trimethylsilyl)trifluoroacetamide/trimethylchlorosilane (99:1).
GC-MS was performed on a HP-5 MS column (30 m x 0.25 mm i.d. with a 0.25 pm
film thickness). The linearity was good between 10 and 5000 ng/mL. The limit of
detection (LOD) was 5ng/mL for each compound.

SPE and LLE are considered the methods of choice for preparing biological
samples before a GC analysis of cocaine and metabolites. Farina et al. [43] have
developed a simple, rapid, and sensitive method for determining cocaine in urine
with a single-step LLE and using GC with NPD. A mean extraction recovery of 74 %
was reported and the limits of detection and quantitation were 5 and 20 ng/mL,
respectively.

Stir-bar sorptive extraction (SBSE) [93] with polydimethylsiloxane sorbent followed
by thermal desorption—capillary gas chromatography—mass spectrometry has been
used for the detection of drugs of abuse in biological fluids [94]. The following
biological fluids were investigated: urine, blood, bile, and stomach content. The
method was developed for 34 drugs, including cocaine. The GC-MS data were plotted
in a contour plot with locked retention time on the x-axis and ion traces on the y-axis.
Target solutes were identified by a spot in specific positions in the plot and the color of
the spots was related to peak abundances. Semiquantitative information was readily
obtained from the contour plots while precise quantification required calibration
procedures.

A rapid, automated procedure for single-step and simultaneous extraction of
cocaine and 11 related compounds was developed by Lewis et al. [95]. Fluid and tissue
specimens were extracted using an automated SPE system (Zymark Rapid-Trace)
with a Bond Elute-Certify I cartridge. Samples were derivatized with pentafluoro-
propionic anhydride/2,2,3,3,3-pentafluoro-1-propanol prior to GC-MS analysis. The
method allowed differentiation between smoking crack and intranasal/intravenous
cocaine use and was able to elucidate whether ethanol and cocaine were used
simultaneously. Another way to determine cocaine in biological matrices is to
measure its metabolites and/or degradation products. MEG is produced when
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cocaine base is smoked and ecgonidine (EC) is a hydrolytic metabolite of MEG that
has been identified in the urine of crack smokers. These compounds can be used as
biomarkers to differentiate smoking from other routes of administration. A GC-MS
method was developed by Scheidweiler et al. [96] to analyze MEG and EC in blood
samples. The two compounds were extracted from plasma by SPE after methanol
precipitation of proteins. The method was linear between 20 and 2500 pg/L for MEG
and between 30 and 3000 wg/L for EC. The limit of detection was 10 pg/L.

Salivais used increasingly as a matrix of choice for the detection of illicit drugs. The
advantages of saliva over traditional fluids are that collection is almost noninvasive,
easy to perform and can be achieved under close supervision to prevent adulteration
or substitution of the samples. Saliva can be extracted and analyzed in the same
manner as other biological fluids. In general, there is less interference from
endogenous compounds than with blood or urine. The cocaine concentration in
saliva, stored in a plastic container without the addition of citric acid or other
stabilizers, remains unalterated at —4°C for 1week. Generally, cocaine and its
metabolites can be extracted from saliva using a simple SPE procedure in acetate
buffer at pH 4.0 [56]. Similarly, Campora et al. [97] developed an analytical method for
the simultaneous determination of cocaine and its major metabolites, ecgonine
methyl ester, and benzoylecgonine in the saliva of chronic cocaine users. The method
involved LLE, derivatization with (99: 1) BSTFA/TMCS, and GC-CIMS in positive ion
mode using a single quadrupole detector with the appropriate deuterated standards.
Chromatographic elution performed using a 12m x 0.20 mm i.d. column, 0.33 pm
film thickness of 5% phenyl-methylsiloxane, and temperature programming.
Selected ions were monitored, in SIM mode, for each compound studied. Samyn
et al. [98] also used some alternative matrices, such as saliva and sweat for the
detection of drugs of abuse in drivers. Cocaine was determined by GC-MS and the
positive predictive values of saliva and sweat wipe were 92 % and 90 %, respectively.

Teske et al. [99] evaluated a programmed-temperature vaporizing injection for GC-
MS determination of different drugs, among them cocaine, in biological fluids
(blood, saliva, etc.). This method reduced the sample consumption (50 wL) and
possessed good sensitivity.

Hair is also frequently a useful matrix for drug testing because drugs can be
detected for a longer period than in blood or urine. A critical review of chromato-
graphic procedures for drug testing of hair samples has been published by Sachs
and Kintz [86]. Gruszecki et al. [100] reported the detection of cocaine and
cocaethylene in postmortem biological specimens. Hair samples were washed
successively at 37 °C with methanol and with phosphate buffer at pH 6.0 and dried.
The powdered material was then refluxed in methanol. After filtration, the extract
was evaporated to dryness, reconstituted in chloroform and analyzed by GC-MS on
an HP I capillary column (50 m x 0.2mm i.d., 0.1 wm film thickness). The MSD
was operated in the SIM mode with a limit of detection for both cocaine and
cocaethylene of 5ng/mL.

It is also interesting to note that cocaine can be determined in amniotic fluid,
cord blood, infant urine, meconium, and maternal hair to detect prenatal cocaine use
[101]. GC-MS was performed after an appropriate extraction procedure and 51 of 115
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subjects were positive for cocaine metabolites. Urine was most frequently positive in
identified users, followed by hair.

12.3.2
High-performance Liquid Chromatography

The analysis of tropane alkaloids by liquid chromatography has been performed for
over 30 years. The first high-performance liquid chromatography (HPLC) analysis of
tropane alkaloids was published in 1973 and concerned the separation of atropine
and scopolamine as well as homatropine and apoatropine [102]; the first analysis of
these compounds in plant material appeared 12 years later [103].

Numerous HPLC methods for analyzing tropane alkaloids in plant material have
been published and reversed phase (RP) columns appear to be the stationary phase of
choice [45,58]. RP-18 is generally the preferred stationary phase, while others (RP-8,
RP-6, and RP-cyano) are more rarely used. HPLC with UV detection is often
employed for tropane alkaloids with UV-absorbing moieties. Gradient elution with
a mixture of water—acetonitrile or water—methanol at acidic pH is generally used. A
database of retention indices of 383 toxicologically relevant compounds, including
some tropane alkaloids was published in 1994 [104] using gradient elution with a
mixture of acetonitrile and phosphate buffer. The column was packed with a C18
stationary phase and the detection performed by a UV-diode array detector, permit-
ting the on-line collection of UV spectra.

New generation columns made of high-purity silica with the absence or low content of
metals can be endcapped to ensure low silanol activity [105] and thus prevent tailing of
the alkaloids. Such columns (Luna 5 pm C-18, Phenomenex) coupled to a SPE unit
(SupelClean LC-18) have been used for the simultaneous analysis of hyoscyamine,
scopolamine, 6B-hydroxyhyoscyamine, and apoatropine in hairy roots of Atropa bella-
donna and of Datura innoxia [106]. The column was eluted with a mixture of acetonitrile,
methanol, and 0.1 % TFA. Absolute LOD values were 0.6 and 0.8 ng for hyoscyamine
and scopolamine, respectively. Another HPLC separation was developed to investigate
thetropanealkaloid contentin genetically transformed rootcultures of Atropa belladonna
[107]. After extraction with a mixture of chloroform—methanol and 25 % ammonia, the
sample purification was carried out on a self-packed Extrelut column. Chromatography
was performed using a Luna 5um C8 with an isocratic mixture of acetonitrile—
phosphate buffer (pH 6.2)-methanol as eluent. The absolute LODs were 3 ng for
hyoscyamineand 2.3 ng for scopolamine, witha corresponding signal-to-noiseratioof 3.
ARP-HPLC-DAD method was developed and optimized for the analysis ofhyoscyamine
and scopolamine in 14 differentleafand seed samples of Datura sp.[39]. The separation
was performed on an XTerra RP-18 column with gradient of acetonitrile in 15 mM
ammonia solution. LODs were 0.25 and 0.29 ng/p.L for hyoscyamine and scopolamine,
respectively, with limits of quantification (LOQ) of 0.82 and 0.97 ng/pL. Kirchhoff
et al. [108] developed an HPLC method without ion-pairing reagents to separate
the degradation products and by-products of atropine. The separation was performed
on a hydrophilic embedded RP-18 column (Thermo Hypersil Aquasil) characterized
by hydrophilic endcapping. Acidic gradient elution with 20mM phosphate
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buffer—acetonitrile mixture was used. The method was applied to the atropine assay for
eye drops. The short retention time of atropine of about 2min and the baseline
separation of the main degradation products are very convenient for routine analysis.

Since 1990, with the emergence of high-throughput analyses, the approach in
natural products discovery has changed considerably to direct analysis of crude plant
extracts with minimal sample manipulation. This approach led to the dereplication
method, avoiding the tedious isolation of known or undesirable compounds [109].
Conventional detection systems used with HPLC, such as UV or fluorescence
spectroscopy, provide only limited information on the molecular structure of the
separated compounds. The coupling of HPLC with mass spectrometry (LC-MS, LC-
MS") resulted in a powerful analytical tool for qualitative and quantitative determina-
tion of drugs and their metabolites. In particular, LC-ion-trap multiple-stage mass
spectrometry (LC-IT-MS"™) and LC-time-of-flight mass spectrometry (LC-TOF-MS)
are used to study fragmentation patterns and determine elemental formulae of
analyzed compounds. However, mass spectrometry cannot provide unequivocal
structural determination, particularly when no reference material is available or
in the case of isomeric compounds. The complementary use of LC-NMR [110] has
therefore become extremely attractive as it offers unparalleled structure elucidation
capabilities. In this respect, chemical screening strategies have been developed using
hyphenated techniques LC-DAD-UV, LC-MS, and LC-NMR [111] for on-line identi-
fication of natural products in crude plant extracts. Using LC-DAD-UV, LC-APCI-
MS", LC-APCI-TOF-MS, and LC-NMR experiments, Zanolari et al. [112] identified 24
tropane alkaloids from the bark of Erythroxylum vacciniifolium. Among them, six new
compounds were characterized. Bieri et al. [113] have published two fully automated
LC-NMR approaches, namely loop storage and trapping, using a LC-UV-MS/SPE-
NMR set-up to deal with the limited NMR sensitivity and overcome the short
acquisition times during on-flow measurements. Both approaches were applied
to the separation of four isomeric tropane alkaloids isolated from the stem-bark of an
endemic plant from Chile, Schizanthus grahamii (Solanaceae). The chromatographic
separation was carried out on a Hypercarb porous graphitic carbon column
(125 x 4.6 mm 1i.d., 5pm particle size). In the loop storage approach, each peak
was stored into a loop by means of a switching valve and after the separation of the
individual compound, the content of each loop was transferred one at a time into the
NMR flow cell and subjected to NMR spectroscopy without undesirable peak
broadening (Figure 12.4a). In the second approach, LC was combined with parallel
ion-trap MS detection for peak selection, and NMR spectroscopy using an SPE
cartridge for postcolumn analyte trapping (Figure 12.4b). Nondeuterated solvents
were used, reducing the cost and avoiding the interference in MS with the alcoholic
exchangeable protons. After the trapping step, the cartridges were dried and analytes
were sequentially flushed into the cryogenically cooled NMR cell with a deuterated
solvent for measurements.

Analysis of tropane alkaloids in biological fluids has been developed mostly for
cocaine and metabolites. Indeed, it is well recognized that cocaine remains one of the
most widely consumed drugs of abuse worldwide. Generally, reversed phase liquid
chromatography coupled with UV-VIS detection is employed for these analyses.
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In the case of cocaine, its persistence in the blood stream is short owing to hydrolysis
of the ester linkage [114]. Therefore, sensitive methods are needed for measuring
cocaine in biological fluids. With UV detection, Chen et al. [52] investigated the
disposition of unbound cocaine in rat blood, brain, and bile after microdialysis. A C18
column was used with a mobile phase containing 25 % acetonitrile (with triethyla-
mine) and 75 % of 10mM phosphate buffer (pH 4.0). The UV detector was set at
235nm and the LOQ was 0.05 pg/mL. The in vivo recoveries were lower than 50 %
owing to different factors affecting the dialysis efficiency. Thus, the method was not
sensitive enough to determine cocaine in the bile dialysate and a LC-tandem mass
spectrometry assay was developed instead. Raje et al. [44] developed a sensitive LC-UV
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method for determining the benztropine analog AHN-1055 in rat plasma and brain.
This compound, a novel cocaine abuse therapeutic, was first extracted by LLE and
analyzed on a C18 column with a gradient profile. The mobile phase was a mixture of
methanol and phosphate buffer set at pH 3.0 and detection was achieved at 220 nm.
The sensitivity was sufficient (25 and 50 ppb in plasma and brain, respectively) for
performance of a pharmacokinetic study. Harrison et al. [115] have developed a LC-UV
method for determining the rapid hydrolysis of atropine by atropinesterase in plasma
of dogs, goats, guinea pigs, humans, pigs, rabbits, and rhesus monkeys. The activity of
this enzyme in rabbits and some plants is well described, while its presence in other
animal species is very controversial. In this study, atropine and tropic acid were
separated by reversed phase chromatography with a mixture of acetonitrile and
phosphate buffer (pH 3.1) and detection was performed at 205 nm.

As mentioned above, UV detection is often not sensitive enough to determine low
amounts of tropane alkaloids in biological fluids. Therefore, different LC methods
have been published using MS and tandem MS. For this purpose an electrospray
ionization (ESI) source is used, since tropane alkaloids are basic substances that can
be easily protonated. Analysis of free cocaine and benzoylecgonine was performed by
Fuh et al. [51] using a C18 column in the gradient mode with a mobile phase
containing acetonitrile and acetic acid. With a single quadrupole, the authors
investigated in-source collision-induced dissociation (CID) to promote fragmenta-
tion, with the skimmer voltage set at 125 V to obtain two major ions for each tested
substance. Cocaine had characteristic ions at m/z 304 and m/z 182 and correspond-
ing benzoylecgonine ions were seen at m/z 290 and m/z 168. The method was
validated and applied to determine the free form of cocaine and its metabolite in rat
brain following microdialysis. The same strategy was applied by Chen et al. [52] for
the analysis of unbound cocaine in the bile fluid with a triple quadrupole MS. With
the same ions (precursor at m/z 304 and product ion at m/z 182), the sensitivity was
sufficient to determine that cocaine is excreted through the hepatobiliary system.
Scopolamine and atropine, selected as internal standard, were also determined by
LC-MS/MS in serum samples of volunteers after a simple and rapid SPE procedure
and in microdialysates [46]. The sensitivity was excellent, with a limit of quantifica-
tion of 20 pg/mL for scopolamine in serum, allowing the application of this method
for conducting pharmacokinetic studies. Other authors used LC-MS/MS to analyze
cocaine and its metabolite ecgonine methyl ester in human urine [116]. In this study,
a nonconventional hydrophobic pentafluorophenylpropyl (PFPP) bonded silica sta-
tionary phase was used to strongly retain cocaine and its metabolite with good
efficiency. A mobile phase with 90 % acetonitrile was then necessary to elute the
compounds of interest, thus inducing alarge enhancement of the ESI-MS signal. Itis
noteworthy that the M'S signal of cocaine was 12 times greater with the PEPP column
than with a conventional C18. Therefore, the urine was simply diluted (1:10) and
injected directly in the LC-MS, saving time and money.

As already reported by Driger in 2002 [45], the low UV absorption of tropane
alkaloids means that other detection modes have been investigated. Besides mass
spectrometry, electrochemical detection was tested by different authors, but sensi-
tivity was not significantly improved since tropane alkaloids are only moderately
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responsive compounds. Fluorescence detection can also be used to improve selec-
tivity and sensitivity. However, tropane alkaloids are not natively fluorescent and
require a prederivatization step. With 1-anthroylnitrile (1-AN) used as reagent,
atropine was determined by LC-fluorescence at a concentration of 10ng/mL [117].
Jamdar et al. [118] modified an analytical procedure to achieve a rapid and sensitive
quantitation of cocaine and its major metabolites in plasma and urine with two
analytical columns packed in series with a C8 and a cyanopropyl phase. For determin-
ing ecgonine methylester (EME) and rendering this compound UV-detectable, a
derivatization was performed with 4-fluorobenzoyl chloride. Under optimized con-
ditions, quantitation limits were 25 ng/mL for cocaine, benzoylecgonine, and norco-
caineand 50 ng/mL for EME. Therefore, this method was sensitive enough to perform
pharmacokinetic studies.

12.3.3
Capillary Electrophoresis

Capillary electrophoresis (CE) coupled with UV or MS detection has been widely used
for the determination of pharmaceutical compounds because of its efficiency,
accuracy, and high resolution. This separation method appears particularly inter-
esting for the analysis of alkaloids because these compounds are easily protonated if
an appropriate acidic buffer is chosen. In 1998, Stockigt et al. [119] published a review
in which they summarized the use of CE for the analysis of various alkaloids.
Surprisingly, in comparison with HPLC or GC methods, CE was not frequently
applied to the analysis of tropane alkaloids. A capillary zone electrophoresis (CZE)
method in combination with an on-column diode array detection was developed and
validated for the simultaneous determination of atropine, scopolamine, and deri-
vatives in pharmaceutical preparations [120,121] or in plant material [122]. Enantio-
separation of atropine using sulfated B-cyclodextrin has been optimized by means of
a central composite design. The method has been developed for the enantiomeric
purity evaluation of (—)-hyoscyamine as well as for the separation of littorine (a
positional isomer of hyoscyamine) from atropine enantiomers in genetically trans-
formed root cultures of Hyoscyamus albus [123,124]. In plant material, hyoscyamine
and scopolamine are generally present together with other tropane alkaloids with
similar structures and mass-to-charge ratios. Therefore, micellar electrokinetic
capillary chromatography (MEKC) is frequently found more appropriate for analysis
of the alkaloids in plant extracts. Using the same set-up as CZE, MEKC only requires
the addition of a surfactant at a concentration above its critical micelle concentration
to the running buffer. In particular, MEKC is able to separate neutral and ionic
analytes in the same run. This method was applied to the simultaneous analysis of six
tropane alkaloids, including hyoscyamine and scopolamine [125]. The optimized
conditions have been applied to the analysis of tropane alkaloids found in hairy roots
of Datura candida x D. aurea. MEKC was selected for the quantitative determination
of hyoscyamine in Belladonna extract [126] and for the simultaneous quantitative
determination of hyoscyamine, scopolamine, and littorine in different hairy root
clones of Hyoscyamus muticus [127] and other solanaceous plant extracts [128].
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The use of nonaqueous media has gained considerable importance in the analysis of
pharmaceuticals by CE. In particular, very high efficiency and resolution, short
analysis time, and the possibility of increasing the analyte solubility have been
demonstrated. In addition, nonaqueous media are suitable for on-line coupling to
mass spectrometry. Nonaqueous capillary electrophoresis (NACE) has been developed
for the separation of eight tropane alkaloids [129]. The optimized method was applied
to the analysis of hyoscyamine and scopolamine in genetically transformed roots of
Datura candida x D. aurea and results have been compared with those obtained by
MEKC. A simple NACE method has been described for the separation of several
atropine- and scopolamine-related drugs. The robustness has been verified using a full
factorial design and, after validation, the method was applied for the determination of
N-butylscopolamine in different pharmaceutical preparations [130].

The on-line coupling of CE with electrospray ionization mass spectrometry (CE-
ESI-MS) allows high separation efficiency together with high sensitivity and selec-
tivity as well as molecular structural information. A CE-UV-ESI-MS method was
developed for the analysis of hoscyamine, scopolamine, and other tropane derivatives
[131]. The differentiation of hyoscyamine from littorine, commonly encountered in
plant material, was demonstrated using in-source collision-induced dissociation. The
developed method was applied to the analysis of these alkaloids in Belladonna leaf
extractand in Datura candida x D. aurea hairy root extract. Recently, CE coupled with
electrochemiluminescence detection has been used for the determination of atropine
and scopolamine in Flos daturae [132].

Even if capillary electrophoresis is a very powerful technique and has gained
considerable interest in pharmaceutical and biomedical analysis [133], its use in the
determination of tropane alkaloids in biological matrices remains very restricted.
Several reasons could explain this lack of interest in CE. First, sensitivity with UV
detection, even at low wavelength, is often not sufficient to determine drugs and
metabolites at sub-part-per-million levels. This lack of sensitivity is mainly due to the
short optical path length afforded by the small internal diameter of the capillary and to
the small injected volume. Second, the injection is matrix-dependent; therefore, a
sample preparation is generally required, such as a liquid-liquid extraction or a solid
phase extraction, for reducing the complexity of the biological matrix. Third, the
coupling of MS with CE is not yet recognized as a completely routine technique.
However, several strategies can be used to overcome these drawbacks and a large
number of publications have appeared since the late 1990s dealing with the
quantification of drugs and metabolites in blood, urine, and other biological matrices
by CE [134-138]. Presently, tropane alkaloids are only rarely analyzed by CE. In 1998,
Plaut and Staub developed a micellar electrokinetic chromatography (MEKC) pro-
cedure for the determination of atropine in the presence of strychnine and tetracaine
in blood and gastric contents [139]. After sample preparation by LLE, atropine was
detected at the part-per-million level by UV detection with scopolamine as internal
standard. Tagliaro et al. [140-142] used capillary electrophoresis for analyzing illicit
substances, such as cocaine, in hair samples. The sample preparation was conven-
tional, with a washing procedure followed by extraction in acidic medium overnight
and purification in ready-to-use Toxi-Tubes A. The analysis was conducted at pH 9.2,
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with UV detection. A field-amplified sample stacking technique was performed
during the injection for improving sensitivity. The detection of concentrations of
cocaine as low as 0.5 ng/mg have been reported.

CE also suffers from limited reproducibilities of compound migration times.
The major reason is the variability of the electroosmotic flow (EOF). In order to
overcome this drawback, capillaries can be permanently or dynamically coated. The
latter is more advantageous, since the coating can be replaced and regenerated after
each run. CElixir, also called CEofix, has been developed as a commercially available
dynamic coating to stabilize the EOF [143] and Boone et al. [144] used this procedure
for a systematic toxicological analysis. A set of 73 compounds was analyzed, among
them atropine and cocaine. It was clearly demonstrated that a coated capillary gave
better results for the identification of basic drugs in terms of higher reproducibility,
identification power, and shorter analysis time than conventional CE. More
recently, Alnajjar et al. [145] used CE with native fluorescence and laser-induced
fluorescence for the separation and detection of multiple drugs of abuse in
biological fluids. Cocaine was analyzed in urine after solid phase extraction and
derivatization using fluorescein isothiocyanate isomer I. Before derivatization,
cocaine was subjected to an N-demethylation reaction involving the use of
1-chloroethyl chloroformate. The sensitivity of the method was excellent (approxi-
mately 100 pg/mL) with excitation and emission wavelengths of 488 and 522 nm,
respectively.

12.3.4
Desorption Electrospray lonization Mass Spectrometry

Since 2000, the development of ambient desorption electrospray ionization (DESI) as
an ion source for mass spectrometry has emerged as an interesting alternative in
cases where the analyte is otherwise destroyed by sample preparation, as a simple
preliminary screening test in emergency toxicology, or in high-throughput applica-
tions [146,147]. It allows for the rapid analysis of samples under ambient conditions
and without any sample preparation. Typically, DESI is carried out by directing
electrosprayed droplets and ions of solvent onto the surface of a complex sample of
interest. The instrumentation, mechanisms, and applications of DESI in forensics,
chemistry, and biology have been reviewed [148]. Another report presented the
analysis of 21 commercial drugs as well as some illicit Ecstasy tablets [149]. DESI-MS
has also been used for the screening of cannabis samples, resulting in the rapid
detection of the major cannabinoids [150]. In situ detection of tropane alkaloids in
Datura stramonium and Atropa belladonna has been investigated [151]. The effects on
analytical performance of operating parameters, including the electrospray high
voltage, heated capillary temperature, the solvent infusion rate, and the carrier gas
pressure, were evaluated. Fifteen out of nineteen known alkaloids for D. stramonium
and the principal alkaloids of A. belladonna were identified using DESI in combina-
tion with tandem mass spectrometry with methanol : water (1 : 1) as the spray solvent.
Total analysis time was reduced to a minimum, as there is no sample preparation and
no separation.
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12.4
Conclusions

Tropane alkaloids are an important class of natural products possessing different and
interesting pharmacological activities. Hyoscyamine (atropine in the racemate form),
scopolamine, and cocaine are the major representatives of this class. They are
commonly found in plant materials, mainly in genera belonging to three families:
Solanaceae, Erythroxylaceae, and Convolvulaceae. The importance of these com-
pounds requires that there are accurate analytical methods for their determination in
plants and in biological matrices. This chapter describes the state-of-the-art of
analytical procedures (extraction and analysis) for analyzing tropane alkaloids.

Extraction procedures of plant materials: classical percolation, maceration, diges-
tion, decoction, and so on, as well as supercritical fluid extraction, microwave-assisted
extraction, pressurized solvent extraction, and solid-phase microextraction are
described. For biological matrices, liquid-liquid, and solid phase extractions are
mainly used for different samples such as blood, urine, microdialysates, and saliva,
among others.

Analyses of tropane alkaloids are mainly carried out by GC and HPLC and to a
lesser extent by CE. This review describes recent applications developed for the
analysis of this class of compounds in plant materials and biological matrices. Of
course, mass spectrometry is generally used as the detection technique because of its
high sensitivity and selectivity, but other techniques such as UV, fluorescence, flame
ionization detection, nuclear magnetic resonance, among others have also been
investigated. Finally, desorption electrospray ionization mass spectrometry is
reported as a new interesting detection technique for the rapid analysis of samples
without any sample preparation.
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13
LC-MS of Alkaloids: Qualitative Profiling, Quantitative

Analysis, and Structural Identification
Steven M. Colegate, Dale R. Gardner

13.1
Introduction

This chapter will assume a working knowledge of HPLC and mass spectrometry and
the combination of both procedures in what is generically referred to as liquid
chromatography-mass spectrometry (LC-MS). Since the mid-1990s, developments
in LC-MS have resulted in an unprecedented availability of this analytical technology
to researchers across a wide diversity of disciplines. Combined with improved and
more efficient methods of extraction, the liquid chromatographic separation and
mass spectrometric analysis of alkaloidal components of extracts has provided a
frontline tool in the qualitative profiling and quantitative analysis of alkaloids.
Analysis of mass spectral data, including tandem mass spectrometry in which
selected ions are isolated and specifically fragmented in order to determine sequen-
tial relationships of ions, has been used to assist in the structural elucidation of
unknown alkaloids. This latter application goes beyond simply obtaining low- and
high-resolution mass spectrometric data for the molecular ion.

Whilst a review of the literature reveals an abundance of reports dealing with the
LC-MS of alkaloids, this chapter will cover only some of those applications where they
lend support to the aspects being described. In addition the chapter includes a more
detailed description of research from the authors’ laboratories on the extraction and
LC-MS analysis of pyrrolizidine alkaloids and the alkaloids present in Delphinium
spp. (larkspurs).

13.2
LC-MS Overview

There are a number of reviews of the application of various forms of LC-MS to the
detection and identification and quantitation of specific analytes, whether they be
natural products, synthetic drugleads, or metabolites. For example, Korfmacher [1]
provides a good general introduction to LC-MS by describing its basic principles
and how it facilitates new drug discovery. Prasain et al. [2] have reviewed mass
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spectrometric methods, including the ionization sources applicable to LC-MS,
from the perspective of flavonoids in biological samples.

In its most basic form, although not strictly a liquid chromatographic technique,
LC-MS involves simply the introduction of a solution of an analyte (or analytes) into the
ion source of a mass spectrometer. This can be a usefully rapid analytical technique for
the presence of known analytes (see Section 13.6.1). Involving both liquid chromato-
graphy and the mass spectrometric analysis of eluants, successful LC-MS of alkaloids
depends heavily upon the optimization of both components. Whilst data manage-
ment, deconvolution software can assist, the aim is to optimize the chromatographic
resolution of components in an alkaloidal extract whilst optimizing the sensitivity of
ion detection. Changes in the matrix used to effect separation, subtle changes in the
constitution of the chromatographic mobile phases, and changes to various mass
spectrometer parameters can all lead to more efficient and reliable LC-MS analysis. It
is clear that the mobile phases used in the analyte separation procedure must be
compatible with the mass spectrometric detection of the ions. It is the balanced effect
of these optimization approaches that results in the final analytical method.

Derivatization of analytes and modification of the mobile phase can both con-
tribute to markedly increased sensitivities for particular analytes [3]. Itis probably the
latter (mobile phase modification) that has the greater impact upon the LC-MS of
alkaloids, since the need to derivatize to enhance ion formation is reduced by the
presence of the ionizable nitrogen.

Tandem mass spectrometry is becoming the norm as the detector for HPLC
effluents owing to its increased ability to provide structural information. In contrast
to electron impact mass spectrometry, the atmospheric pressure modes of ionization
(API) such as electrospray (ESI) and atmospheric pressure chemical ionization
(APCI) result in strong molecular ion adduct peaks and very little molecular
fragmentation. Techniques such as in-source collision-induced dissociation (CID)
can help but the specificity offered by tandem MS experiments including MS/MS
(MS?), MS/MS/MS (MS?) through to MS" increases the value of these instruments to
structure elucidation, qualitative profiling, and quantitative analysis. Shukla and
Futrell [4] have described two basic configurations for tandem mass spectrometry.
The “tandem-in-space” configuration relies upon multiple, sequential analyzers,
such as the triple quadrupole and quadrupole-time-of-flight instruments whereas the
“tandem-in-time” configuration refers to the selection of parent ions and their
subsequent dissociation within the same analyzer, and is exemplified by the ion trap
spectrometers that allow multiple tandem mass spectrometry (MS").

13.2.1
Optimization

13.2.1.1 Modification of Mobile Phases and lonization Parameters

Providing rapid multiresidue analytical profiling is a first step toward effective quality
control of herbal preparations. For example, Luo et al. [5] developed a method for the
simultaneous analysis of protoberberine alkaloids, indolequinoline alkaloids, and
quinolone alkaloids (Figure 13.1) extracted from the traditional Chinese medicinal
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Fig. 13.1 Alkaloids extracted from the Chinese traditional
medicinal herbs Coptidis rhizoma and Evodiae fructus and
analyzed using C18 reversed phase HPLC-ESI-MS.

A: protoberberine alkaloids where Rs=H or OH and R¢/R;
and R3/R4 are combinations of H, CHs, or -CHp,

B: indolequinoline alkaloids, and C: quinolone alkaloids where
R is one of various long-chain alkanes, alkenes, and dienes.

herbs Coptidis rhizoma and Evodiae fructus into 70 % methanol in water (70%
aqueous methanol). The filtered aqueous methanolic extract was applied to a C18
reversed phase (RP) chromatography column with the eluant directed into a diode
array spectrophotometer and, subsequently, the ESI source of a quadrupole mass
spectrometer. The concentration of an aqueous ammonium acetate and acetic acid
buffer and its gradient mixing with various percentages of acetonitrile and methanol
was optimized for the HPLC separation of the alkaloids. Once the tertiary mobile
phase conditions had been optimized, the cone voltage of the ESI source was varied to
maximize the intensity of the protonated molecular ion adducts (MH ™). The use of a
tertiary mobile phase involved a gradient change of water, acetonitrile, and methanol
and a consequent change in the ammonium acetate and acetic acid concentrations
over the period of the gradient. There were no data to support the superiority of this
tertiary gradient system over, for example, a binary system of water and acetonitrile
both containing the ionic modifiers. However, the protoberberine alkaloids in
Coptidis chinensis have been analyzed using a binary solvent system and HPLC-
ESI-MS [6]. Similar to the previous example, the alkaloids were extracted from the
plant samples into 75 % aqueous methanol. Once again, the aqueous methanolic
extracts were simply filtered and injected directly onto a RP C18 HPLC column
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(250 mm x 4.6 mm, 5 wm particle size). Elution of the alkaloids was accomplished
with a gradient flow of acetonitrile (with no additives) into water containing
ammonium acetate (0.0034 mol/L) and acetic acid (2% v/v). Extensive definition
of the MS/MS spectra for each of the standard alkaloids allowed unambiguous
identification of those alkaloids in the extracts and also allowed a rational structural
assignment of those for which authenticated standards were not available.

In a similar way, the use of formic acid/ammonium formate was shown to be
superior to the use of acetic acid/ammonium acetate in the RP HPLC-ESI MS/MS
analysis of a number of heterocyclic aromatic amines [7]. It is clear from numerous
other examples in the literature that HPLC resolution and MS sensitivity can be
dramatically influenced by the correct selection of mobile phases, organic modifiers,
and ion-pairing additives.

13.2.1.2 HPLC Versus UPLC

The development of 1.7 pm silica-based columns in combination with solvent pumps
capable of delivering the solutions at very high pressures (>10 000 psi) has enabled
ultra-performance liquid chromatography (UPLC) [8]. Combined with the high-
speed detection of eluants using a mass spectrometer, this offers potential improve-
ments in the detection and routine analysis of alkaloids. A recent comparison of the
HPLC and UPLC separations of four phenylamines from Ephedra sinica, directed the
flows from an HPLC column (C18, 150 mm x 2 mm, 3 pm particle size) or a UPLC
column (C18, 50mm x 1 mm, 1.7 wum particle size) into the ESI source of a triple
quadrupole mass spectrometer that was optimized for multiple reaction monitoring
(MRM) analyte detection. The results with ephedrine (and its diastereomer pseu-
doephedrine), methylephidrine and nor-ephedrine clearly demonstrated the
enhancement in overall performance (decreased retention times and increased
sensitivity) resulting from UPLC-ESI-MS/MS [9].

13.2.1.3  Fluorinated HPLC Solid Phases

For the separation of alkaloids prior to MS analysis, perfluorinated stationary
phases for HPLC columns can be a useful alternative to the reversed phase,
alkyl-bonded silica-based stationary phases such as the C8 and C18 reversed phase
columns [10].

Bell et al. [11] described the optimization of the separation of six ephedrine-related
alkaloids, including diastereoisomers (Figure 13.2) on a pentafluorophenylpropyl-
bonded silica column using high concentrations (85-90%) of organic phase
(acetonitrile) in water as the mobile phase. The addition of ammonium acetate to
the mobile phase and adjustment of the ambient temperature of the column were
investigated for their effects on analyte retention, separation, and MS detection. Not
only was the concentration of the ammonium acetate important for manipulating the
resolution of the alkaloids, but, and in contrast to usual observations with C8 and C18
RP phases, the increase in ambient temperature of the column increased retention of
the alkaloids. This is an important observation for the more polar alkaloids
that usually require highly aqueous mobile phases to improve their retention on
alkyl-bonded RP columns.
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Fig. 13.2 Ephedrine alkaloids separated using a
pentafluorophenylpropyl-based HPLC column.

13.2.1.4 Reduction of lon Suppression

Trifluoroacetic acid (TFA) has often been used as an additive in the HPLC of alkaloids
since it improves peak shape by providing a controlled pH for the mobile phase
and acting as an ion-pairing reagent. Owing to its volatility, TFA is also generally
suitable as an acidic additive for LC-MS applications. However, it can suppress
analyte ionization through the formation of ion pairs with the positively charged
analyte ions in the gas phase.

One way of reducing this ion suppression effect is to infuse a solution of
propionic acid in isopropanol into the postcolumn effluent [12]. This provides
an alternative, excess source of ion-pairing agent for the TFA, thus freeing the
analyte ions for subsequent MS analysis. A major disadvantage is the requirement
for more hardware to effect the infusion, and the consequent dilution of the analyte
concentrations. However, it has been shown [13] that reduction of TFA-related ion
suppression can be achieved with the simple addition of a weak organic acid, such
as acetic acid or propionic acid, directly to the TFA-containing mobile phases
used then to elute analytes from the column. The addition of 0.5 % acetic acid or
1% propionic acid to 0.025% TFA in water and 0.025% TFA in acetonitrile
provided mobile phases that were effective in separating eight test alkaloids
(Figure 13.3) and still allowing a two- to fivefold enhanced sensitivity compared
to the absence of the acetic or propionic acids. The method was applied to the
detection of sildenafil in human plasma. The plasma sample was applied to a
properly conditioned bimodal (polar and strong cation exchange) solid phase
extraction cartridge and washed with 5 % acetic acid in water followed by methanol.
The alkaloids, in this case sildenafil, were eluted by washing the cartridge with 2 %
ammonium hydroxide in acetonitrile. Subsequent evaporation of the elution
solvent and reconstitution into 0.05 % TFA in acetonitrile provided the analytical
sample ready for normal or reversed phase HPLC-ESI-MS/MS. It was particularly
noted that the addition of formic acid, instead of acetic or propionic acids, to the
TFA-containing mobile phase did not reduce the ion suppression but in fact
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Fig. 13.3 Eight test alkaloids used to demonstrate the
reduction of trifluoroacetic acid-related ion suppression.

enhanced it. However, in the application to the analysis of sildenafil in plasma it was
shown that under reversed phase chromatography conditions, the use of mobile
phases modified with formic acid alone were superior to the TFA and TFA/acetic
acid modified mobile phases in terms of sensitivity, whilst retaining similar
chromatography [13].

13.3
Clinical Chemistry and Forensic Applications

The use of alkaloids as therapeutic drugs, drugs of abuse and deliberate poisons
has required the development of screening and confirmatory assays for these
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compounds. In addition, plant-based alkaloids have also required such assay devel-
opment to allow or assist confirmation of a plant-related intoxication, including the
overuse or misuse of traditional herbal remedies.

13.3.1
Extraction and Analytical Considerations

Maurer has reviewed the application of LC-MS and LC-MS/MS to the detection of
alkaloids in human biofluids [14]. Extraction techniques include liquid-liquid
extraction relying upon the ionization of alkaloids in aqueous acid, solid phase
extraction (SPE) in which alkaloids are “cleaned up”’ and concentrated from the
biomatrix by adsorption and subsequent elution from a small cartridge of solid phase
adsorbent, and solid-phase microextraction (SPME), in which analytes are adsorbed
directly from the matrix or the headspace above the heated matrix onto a fine fiber of
adsorbent on fused silica. The latter process is more commonly used with GC-MS but
is finding increasing use with LC-MS.
Maurer [14] highlights several aspects or considerations with respect to the
application of LC-MS to the multianalyte screening of biological samples:
* Collision-induced dissociation (CID) or tandem MS techniques
need to be developed to match the fragmentation information
afforded by electron impact ionization fragmentation observed
in GC-MS.
e lon suppression effects, due to coeluting compounds or the
mobile phase, need to be identified.
e The APCI mode may be preferable to ESIin terms of enhancing
the sensitivity by reduction of ion suppression effects.
* Various factors require definition when using the LC-MS in a
quantitative mode. These include stability testing of the
analyte in the sample matrix, selectivity, sensitivity, or level of
detection, the limit of quantitation, and recovery levels from the
sample matrix.

13.3.2
Forensic Detection of Plant-derived Alkaloids

13.3.2.1 Plant-associated Intoxications

Gaillard and Pepin [15] have reviewed the application of LC-MS/MS to the multi-
residue detection of alkaloids associated with those plants that have caused human
intoxication. They developed two methods of C18 RP HPLC-ESI-MS analysis for
the alkaloids, which were dependent of the pK, values of the alkaloids. Thus, for
those alkaloids with pK, values between 6 and 9 the eluting mobile phase was
adjusted to pH 8.2 with ammonium formate and ammonium hydroxide whereas
in the case of alkaloids with pK, values less than 6.5, the eluting mobile phase
buffer was adjusted to pH 3 with ammonium formate and formic acid. To develop
the method, the authors spiked blood samples with up to 14 different authenticated

375



376

13 LC-MS of Alkaloids: Qualitative Profiling, Quantitative Analysis, and Structural Identification

alkaloids. The whole blood was then treated with saturated ammonium chloride
(pH 9.5) and the alkaloids extracted into chloroform—isopropanol. Subsequent
standard acid/base alkaloid extraction provided the analytical samples. To achieve a
multianalyte method, the MS conditions were varied throughout the chromato-
graphic run, thereby providing nearer optimum conditions for individual alka-
loids. Further confirmation of identity was achieved using a triple quadrupole mass
spectrometer to obtain MS/MS data. In this latter instance, the collision energies
were also tailored for individual alkaloids and programmed into the chromato-
graphic run.

13.3.2.2 lllicit Drug Use: Multiple Reaction Monitoring

The determination of lysergic acid diethylamide (LSD), its isomer iso-LSD (which is
a diastereomeric impurity indicative of illegally prepared LSD) and its major
metabolite 2-oxo0-3-hydroxyLSD using LC-MS/MS-based multiple reaction mon-
itoring (MRM) in human blood illustrated the need for analyte separation prior to
MS analysis, since LSD and iso-LSD resulted in the same fragmentation ions [16].
Thus, in a simple solvent—solvent extraction scheme, basified blood samples were
extracted with butylacetate, which was subsequently collected by centrifugation and
evaporated to dryness, and the residue reconstituted for LC-MS analysis. To
improve the selectivity, and hence confidence of identification, of the analytical
process, two MRMs for each compound were identified using the parent ion and
two daughters.

13.3.2.3 Quality Control of Herbal Preparations: APCI-MS

The accidental or deliberate substitution of herbal plants with others that may be
ineffective or toxic is a major issue facing the herbal medicine industry. One such
example is the substitution of Stephania tetrandra with Aristolochia fangchi, the latter
containing the nephrotoxic and carcinogenic nitrophenanthrene acid, aristocholic
acid [17].

A reversed phase HPLC-APCI-MS/MS method was developed to analyze filtered
methanolic extracts of plant samples for the presence of the tetrahydroisoquinoline
alkaloids tetrandrine and fangchinoline (Figure 13.4). In this way it was clearly
shown that 9 of 10 samples purported to be S. tetrandra were in fact the toxic
substituent Aristolochia fangchi whilst the tenth sample was unidentified but also
unrelated to S. tetrandra [17].

13.4
Metabolite Profiling and Structure Determination

Many alkaloids are used therapeutically, or are being developed for therapeutic use,
for illness in humans. The specific and rapid analysis of such compounds and their
metabolites in human plasma can be an important aspect of managing treatment
regimes.
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Fig. 13.4 The tetrahydroisoquinoline alkaloids tetrandrine
and fangchinoline extracted from Stephania tetrandra
and analyzed using HPLC-APCI-MS/MS.

13.4.1
LC-MS/MS Approaches to the Identification/Structural Elucidation
of Alkaloid Drug Metabolites

Even with the advent of powerful techniques such as HPLC-NMR [18], LC-MS
techniques can offer significant insight into the structure of eluted compounds and
can be used to search for compounds/metabolites that are very specifically related to
the target compound.

Liu and Hop [19] have reviewed various LC-tandem MS strategies, with or without
chemical modification or derivatization, which have been successfully applied in the
identification and the rational, but tentative, structural determination of drug
metabolites. These techniques are equally applicable to the analysis of known plant
secondary metabolites or to the de novo structural identification of new compounds.

13.4.1.1 Tandem MS

The multiple MS stages provide a sequential mapping of associated fragments that
can be used to help develop the structure of the analyte. MS/MS experiments can be
performed with both “tandem-in-time” and “tandem-in-space” spectrometers [4]
whereas the MS" (n>2) experiments can only be conveniently conducted with a
“tandem-in-time” spectrometer. Other important tandem MS applications, that are,
however, restricted to “tandem-in-space” instruments, include precursor ion and
neutral loss experiments [19]. These two approaches are particularly valuable for
actively searching for compounds that are closely related to the alkaloid (or other
drug) of interest. In both cases, only those precursor ions that result in the generation
of a common product or eliminate a common neutral product will be represented in
the total ion chromatogram. This can help identify such compounds from a complex
biological matrix (see examples in this Section). Tandem MS techniques are an
invaluable tool to assist in the elucidation, or at least the tentative elucidation, of the
structures of unknown alkaloids (Sections 13.5 and 13.6).
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13.4.1.2 Accurate Mass Measurement

An important parameter to be determined for all novel alkaloids, the accurate
high-resolution mass measurement is a more tolerant surrogate for combustion
elemental analysis in the confirmation of proposed molecular formulae. It also has an
important role in the structural determination of MS fragments, differentiating
between molecular formula candidates that have the same integer (low-resolution)
molecular weight. Confirming the molecular constituents of fragments then enables
a more accurate piecing together of the fragments to deduce the structure of the
parent compound.

For example, Liu and Hop [19] described the hepatocytic incubation of a drug
candidate possessing a methoxy substituent (RCH,OCH3). The resultant observation
of a compound isobaric (at low resolution) with the parent compound was resolved
with high-resolution mass measurements determined using a quadrupole-time-of-
flight mass spectrometer (Q-TOF). The accurate mass of the observed peak was
0.0362 amu lower than the parent compound and correlated to the formation of a
carboxylic acid moiety (RCOOH) via demethylation and subsequent oxidation.

13.4.1.3 Chemical Modification

Microderivatization or chemical modification of analytical samples can be useful in
enhancing the ion response, and hence the LC-MS sensitivity, for any particular
analyte. In the case of alkaloids, which are already capable of ready ionization,
chemical modification can be more valuable in elucidating structures by providing
tandem MS evidence for positions of substitution in the parent molecule. Such
derivatization or chemical modification for HPLC-MS can include H/D exchange by
using deuterated mobile phases, Jones oxidation of aliphatic hydroxyls, selective
acetylation of hydroxyl and amine groups, and N-oxide reduction [19,20].

To avoid the expensive use of deuterated solvents for H/D exchange experiments,
Tolonen et al. [21] have described the postcolumn infusion of D,0 to facilitate the
LC-MS detection and identification of labile protons in a column eluant. Whilst
acknowledging the potential limitations with respect to a reduced level of exchange,
and hence sensitivity, compared to the use of deuterated mobile-phase solvents, they
optimized the column effluent flow rate (via a splitting connector) with the infused
D,0 flow rate to enable the very useful determination of up to four labile protons. The
method was exemplified by the differentiation of hydroxylated metabolites of the
alkaloidal drugs imipramine and omeprazole (Figure 13.5) from the N-oxide and
sulfone metabolites, respectively [21]. This was a differentiation that could not be
achieved by high-resolution mass measurements.

13.4.2
Minimization of Sample Treatment

The piperidyl alkaloid propiverine is an anticholinergic drug that causes relaxation of
the smooth muscle of the urinary bladder. Treatment of plasma samples with
acetonitrile, in a ratio of 1:2 (plasma:acetonitrile) resulted in precipitation of
proteins. Subsequent centrifugation provided a clear aqueous acetonitrile super-
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Fig. 13.5 Hydrogen/deuterium exchange can be used to
differentiate hydroxylated metabolites of omeprazole and
imiprimine from their isobaric sulfone and N-oxide
metabolites, respectively.

natant that was analyzed directly using HPLC-ESI-MS [22]. This approach provided
obvious advantages in terms of decreased sample manipulation (as compared to a
solvent extraction approach) and the consequent time required to complete the assay.
The deproteinized aqueous acetonitrile solution was injected directly on to a silica-
based C8 RP column and the sample components were subsequently isocratically
eluted using water and acetonitrile (50 : 50) containing 0.2 % formic acid. The use of
acetonitrile rather than methanol, and the concentrations of acetonitrile and formic
acid in the water, were all variable factors that were assessed in the optimization of the
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HPLC-MS analysis of propiverine and its primary metabolite, propiverine-N-oxide.
To further enhance the specificity and sensitivity of the analytical procedure for
propiverine and its N-oxide, an MS/MS method was developed using a triple
quadrupole mass spectrometer. Thus, the MH" ions at m/z 368 and 384 for
propiverine and its N-oxide respectively were isolated and specifically fragmented.
Identification of the daughter ions allowed multiple reaction monitoring (MRM),
which tolerated a less-rigorous sample preparation and a faster elution time owing to
the higher specificity.

13.4.3
Structure Determination

NMR experiments (1D and 2D, homonuclear and heteronuclear) are the preeminent
techniques for the determination of molecular structures. However, careful applica-
tion and analysis of mass spectral data can provide sufficient information to postulate
tentative structures. In this respect, the application of tandem MS experiments,
sometimes in conjunction with selective derivatization of the unknown compound,
can be very informative about the structure. The high-resolution mass spectral data
are critical to the support of NMR-deduced structures by providing molecular
formulae for unknowns.

13.4.3.1 Nudicaulins from Papaver nudicaule: High-resolution MS

Nudicaulin was a generic name given to the major pigment(s) in Papaver nudicaule
(Iceland poppy) [23] but the structures have only recently been elucidated using NMR
and high-resolution MS techniques [24].

Lyophilized plant material was extracted with aqueous methanol to provide an
extract that was partitioned between hexane and water. The aqueous fraction
contained the pigments, including the nudicaulins, which were separated using
preparative reversed phase HPLC. Using ESI-Fourier transform ion cyclotron
resonance mass spectrometry (ESI-FT-ICR-MS), the high-resolution mass measure-
ments of the parent molecular ion adducts and some of their major MS fragments
were used to structurally relate the eight isolated nudicaulins as glycosidic pentacyclic
indole alkaloids (Figure 13.6).

13.4.3.2 Endophyte Alkaloids: An MS Fragment Marker

The intimate relationship of endophytes with plants can raise questions about the
validity of assumptions that a secondary metabolite is a true phytochemical rather
than biosynthesized by the endophyte(s) associated with the plant.

Ithas also been proposed that the presence of endophytes can alter the usual suite
of secondary metabolites of plants. For example, whilst Murraya spp. have been
reported to produce indole and carbazole alkaloids, the Brazilian M. paniculata did
not [25]. An endophytic Eupenicillium sp. was isolated from surface-sterilized leaf
material of the Brazilian M. paniculata and subsequently cultured on white corn.
The Eupenicillium sp. produced hydrophobic spiroquinazoline alkaloids that were
separated using silica gel column chromatography and preparative gel-filtration
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Fig. 13.6 Nudicaulin pigments isolated from Papaver
nudicaule and analyzed using high-resolution ESI-Fourier
transform ion cyclotron mass spectrometry.

HPLC. The structures were determined mainly by NMR investigations but a
common APCI-MS fragment (m/z 226, Figure 13.7) was observed that could
readily be used in tandem MS experiments to screen extracts for structurally
related HPLC eluants.

Fig. 13.7 The common fragment ion indicative of the
spiroquinazoline alkaloids isolated from a Murraya
paniculata endophyte, Eupenicillium spp.
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In a similar utilization of MS markers, the total ion chromatograms derived for
extracts of Delphinium species were scanned for the presence of toxic alkaloids
(Section 13.6.1).

13.5
Pyrrolizidine Alkaloids and their N-Oxides

Pyrrolizidine alkaloids or, more specifically, the mono or diesters of 1-hydroxymethyl-
7-hydroxy-1,2-dehydropyrrolizine (Figure 13.8) are a diverse class of naturally
occurring alkaloids.

Over 350 of this class of pyrrolizidine alkaloids have been identified in more than
6000 plant species belonging to the Boraginaceae, Leguminoseae, and Asteraceae
families [26]. These alkaloids, which lead to metabolites that are hepatotoxic and can
be pneumotoxic, genotoxic, and carcinogenic, occur as natural components of many
herbal preparations, cooking spices, and honey, and can contaminate other food
crops and animal-derived food destined for the human food supply [27]. Conse-
quently, regulations governing human exposure to these toxic pyrrolizidine alkaloids
have been instigated by several countries [28].

Whilst the N-oxidation of pyrrolizidine alkaloids is a recognized detoxifying
mechanism in mammals [26], it has also been shown that ingested N-oxides are
indeed toxic, presumably via in vivo reduction to the parent pyrrolizidine alkaloids

RO H OR; RO, H OR;
A\
N N
A B
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RO H OR; R,O O 1
N\ A\
N N
l CHs
&P
C D

Fig. 13.8 General structures of some pyrrolizidine alkaloids.
A: Pyrrolizidine alkaloid esters, B: 1,2-dehydro pyrrolizidine
alkaloid esters, C: the N-oxide of 1,2-dehydro pyrrolizidine
alkaloid esters, and D: an otonecine-based alkaloid. R; and
R can be H or esters of carboxylic acids that may or may not
be cyclized forming a macrocyclic diester.
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and subsequent hepatic oxidation to the toxic “pyrrolic” metabolites [29]. Since the
pyrrolizidine alkaloids are biosynthesized in plants as their N-oxides [30], analysis of
the N-oxide content is an important goal.

Gas chromatography coupled to mass spectrometry is a widely used analytical
method [31] but does require prior reduction of the involatile N-oxides.
Additionally, there are problems associated with some alkaloids that require
prederivatization to enhance the GC characteristics. These requirements for
prederivatization can adversely affect the GC-MS interpretation, especially at
trace levels of alkaloids [32]. Combined SPE-LC-MS approaches have provided
methods for qualitative profiling and quantitative analysis of pyrrolizidine alka-
loids and their N-oxides.

13.5.1
Solid Phase Extraction

Extraction of the pyrrolizidine alkaloids and their N-oxides from plant sources is a
critical first step in LC-MS analysis. Some methods of extraction already described
(Section 13.2) consist simply of treatment with aqueous methanol and, following
microfiltration (0.45 pm), immediate LC-MS analysis with no further treatment.
However, the aqueous methanol treatment will extract more than just the alkaloids.
This can result in a more complicated chromatogram, which may become a
hindrance unless specific analytes are being searched for in the LC-MS total ion
chromatogram. Insertion of a “clean-up” stage such as cation-exchange chromato-
graphy can simplify interpretation of the LC-MS ion chromatogram (Figure 13.9).
The availability of solid phase extraction (SPE) cartridges facilitates the clean-up
process allowing for high throughput of samples. The successful application of
SPE to the capture and subsequent release of pyrrolizidine alkaloids and their
N-oxides from aqueous acidic solutions depends upon the selection of the adsorbent
phase [33]. Utilization of a strong cation-exchange (SCX), silica-based resin provides
for both efficient capture of the pyrrolizidine alkaloids and their N-oxides and their
subsequent elution using ammoniated methanol. The elution in a low volume of
ammoniated methanol allows for facile evaporation of the solvent and subsequent
reconstitution of the residue into methanol in preparation for LC-MS analysis. This is
in contrast to the use of a polystyrene-based SCX resin that efficiently captures the
pyrrolizidine alkaloids and N-oxides but requires the use of large volumes of strong
aqueous acid for elution. This latter process then still requires reduction of the
N-oxides and a traditional acid/base solvent extraction of the pyrrolizidine alkaloids
for subsequent concentration and LC-MS analysis [34].

13.5.2
Qualitative Profiling

Plant samples (e.g. leaves, flowers, pollen) are first extracted into methanol or dilute
aqueous sulfuric acid. In the case of the methanol extracts, the solvent is evaporated
and the residue re-extracted with dilute aqueous sulfuric acid. The aqueous acid

383



Relative Abundance (%)

384

13 LC-MS of Alkaloids: Qualitative Profiling, Quantitative Analysis, and Structural Identification

RT:5.43-13.12

100

Crude extract of Senecio ovatus

354.07 NL:
402.07 2.71E7
Base Peak

m/z=
200.00-

50000 MS
yu181005ic
q174
42013
87215 304.11

354.04

NL:
6.75E7
. N 338.06 Base Peak
SCX SPE purification of crude 56,00
extract of Senecio ovatus 339&?1%0’!3
qi81
372.12
(b) 256.03
T T T T T T L
55 6.0 6.5 7.0 75 8.0 125 13.0
Time
(mins)

Fig. 13.9 The benefits of strong cation exchange (SCX),
solid phase extraction (SPE) “clean-up” of samples. The
reversed phase HPLC-ESI-MS base ion (m/z 200-500)
chromatograms of a reduced (zinc/sulfuric acid) extract of
Senecio ovatus. (a) Methanolic solubles of the reduced
extract and, (b) the SCX SPE of the methanolic solubles of
the reduced extract.

extracts, or aliquots of them, are then applied to the SCX SPE cartridges for capture of
the pyrrolizidine alkaloids and their N-oxides. The combination of HPLC elution
times and the mass spectral data, including the MS/MS spectra where the molecular
ion adducts are trapped and selectively fragmented, helps identify individual alka-
loids in cases where authenticated standards are available for comparison.

Initial investigations have revealed higher than previously reported (based upon
differential quantitative analysis of the naturally occurring pyrrolizidine alkaloids
in a sample and the total levels of pyrrolizidine alkaloids following a zinc/sulfuric
acid reduction of the N-oxides present) of levels of N-oxides relative to their parent
tertiary bases. During the profiling of the pyrrolizidine alkaloid and N-oxide
content of plant-derived samples, several apparently undescribed alkaloids
were identified and assigned tentative structures based upon their MS and MS"
data[33,35]. Since the new alkaloids were isolated from the plant samples in concert
with several known alkaloids, a basic assumption of biogenetic comparability
was made in assigning tentative structures. This was an important concession
to the usual rigor of structural elucidation since much of the diversity in pyrro-
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lizidine alkaloids involves isomeric changes not easily discernible using mass
spectrometry.

Under the ESI-MS conditions used, the N-oxide character of eluted peaks was
indicated by the appearance of a significant (5-10 % Relative Abundance) dimeric
molecular ion adduct (2M + H] ") that was absent, or very low abundance, in the ESI
mass spectrum of the parent tertiary pyrrolizidine alkaloids (Figure 13.10). The
indicated N-oxide character was then confirmed by mixing a methanolic solution of
the extracts with indigocarmine-based redox resin for about 2-4h at 37°C and
then reanalyzing the solution using HPLC-ESI-MS. The formation of new peaks,
usually eluting slightly earlier than the putative N-oxides, with molecular ion
adducts 16 mu less than the N-oxides and no evidence of dimeric molecular
ion adducts, strongly supported the pyrrolizidine alkaloid/N-oxide relationship
(Figure 13.11).

All of the following examples involved HPLC separation of the alkaloids on a
reversed phase (C18 or C8) column (150 x 2.1 mm i.d.) that was tolerant of high
aqueous phases. The alkaloids were eluted using a combination of isocratic flow and
gradient flow (200 pwL/min) of 0.1 % formic acid in water (mobile phase A) and 0.1 %
formic acid in acetonitrile (mobile phase B). The firstisocratic stage (5 min) consisted
0f93 % A and 7 % B. Then, over 15 min, the proportion of A : B was altered in a linear
fashion to 30:70.

13.5.2.1 Echium plantagineum and Echium vulgare

Both Echium plantagineum and E. vulgare are of European origin but have become
opportunistic weeds in other parts of the world. In particular, E. plantagineum is a
major agricultural toxic weed in Australia whilst E. vulgare has infested large parts of
New Zealand. Both have implications for livestock health, welfare, and productivity as
well as human health implications via the presence of their alkaloids in honey and
other food products [26-28].

The HPLC-ESI-ion trap MS base ion chromatograms for extracts of E. planta-
gineum and E. vulgare are shown in Figures 13.11 and 13.12. The profiles for both
plants are very similar but with some obvious additional peaks in the chromato-
gram of the E. vulgare extract. Some of the peaks were identified as being the
N-oxides of pyrrolizidine alkaloids previously isolated from these plants but a
number of peaks were apparently undescribed alkaloids. Careful examination of
the mass spectral data provided confident but tentative structural identifications
[33,35]. Thus, a suite of new alkaloids was tentatively identified in E. vulgare in
which the major E. plantagineum alkaloids were further esterified with angelic acid
(or one of its configurational isomers) on the C-9 esterifying acid (Figure 13.12).
These alkaloids were also identified in samples of honey produced from E.
plantagineum and E. vulgare.

The selective application of MS/MS and MS/MS/MS experiments has been used to
assistin the tentative identification of structures. For example, the ions with m/z 456,
corresponding to acetylechimidine- N-oxide or acetylvulgarine- N-oxide (Figure 13.12)
have been selected from the total ion spectrum derived from directly infusing an
extract of E. vulgare into the ESI source (Figure 13.13). Without a chromatographic
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Fig. 13.11 Confirmation of N-oxide character. Treatment of the same sample with an
The reversed phase HPLC-ESI-MS base ion indigocarmine-based redox resin resulted in
(m/z 200-500) chromatogram of an extract of ~ “mirrored” peaks (1r-8r) with [M + H]" 16
Echium plantagineum petals shows the mass units less and eluting slightly earlier than

predominant presence of N-oxides (peaks 1-8).  their respective N-oxide peaks.

stage, there is no indication from Figure 13.13a whether the ions observed represent
one or more isobaric compounds. However, careful analysis of the tandem MS data
can identify multiple components or yield valuable structural information. For
example, the MS/MS spectrum of m/z 456 (Figure 13.13b) shows five main ions
(m/z 438,396,378, 352, 338, and 254). By then conducting MS/MS/MS experiments
(Figure 13.13c~f) it can be deduced that the ion peak at m/z 456 represents two
compounds and, further, that derivatization appears to occur at either of two
positions on the C-9 esterifying acid [35].

13.5.2.2 Senecio ovatus and Senecio jacobaea

Senecio jacobaea, unlike S. ovatus, has been extensively studied around the world
owing to its weedlike propensity and the toxic effect on livestock. The HPLC-ESI-ion
trap MS profiles for extracts of both plants (Figure 13.14) showed the presence of
pyrrolizidine-N-oxides (Colegate et al., unpublished).

The S. jacobaea profiled (Figure 13.14) was evidently an erucifoline chemotype, in
contrast to a jacobine chemotype, as described by Witte et al. [36] and Macel et al. [37]
and as indicated by the mass spectral data of the major peak, which were consistent
with erucifoline-N-oxide (MH ¥, m/z 366; [2M + H]", m/z 731) (peak a, Figure 13.14).
The N-oxides of seneciphylline (peak d, MH ™, m/z 350) and senecionine (peak e,
MH", m/z 352) were readily identified by their mass spectra and comparison with
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Fig. 13.12 A portion of the reversed phase
HPLC-ESI-MS base ion (m/z 200-500)
chromatogram for an extract of Echium vulgare
pollen showing (a) the presence of a new suite
of alkaloids (peaks 7, 8, and 9, structures below
marked with an®) in addition to those alkaloids
also found in E. plantagineum (peaks 5 and 6),

(b) the mass spectrum for peak 5, common to
both E. vulgare and E. plantagineum and shown
to be echimidine-N-oxide, and (c) the mass
spectrum for peak 7, a new alkaloid found in
E. vulgare. The differences in fragmentation for
peaks 5 and 7 are clear. Similar differences were
observed for peaks 6 and 8.

authenticated standards. The other peaks have not been unequivocally identified but
all have mass spectra indicative of pyrrolizidine-N-oxides (Colegate et al., unpub-
lished). For example, peaks b and ¢, both withan MH™ at m/z 368 could correspond to
the known alkaloids eruciflorine and any one of the hydroxylated senecionine-type
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Fig. 13.13 Application of tandem ESI-MS experiments to
structural elucidation of pyrrolizidine alkaloids. (a) The
direct infusion ESI-MS of an extract of Echium vulgare, (b)
the MS/MS of m/z 456, (c) MS/MS/MS m/z 456 — 438,
(d) MS/MS/MS m/z 456 — 396, (e) MS/MS/MS m/z
456378, and (f) MS/MS/MS m/z 456 — 352.

alkaloids. The ESI-MS and MS/MS data for the latest eluting peak (peak f, MH*, m/z
408) strongly supported an acetylated derivative of erucifoline-N-oxide (peak a).

In contrast to S. jacobaea, very little research has been reported on S. ovatus
(otherwise referred to as S. fuchsii or S. nemorensis). Consistent with the literature
reports of pyrrolizidine alkaloids from S. fuchsii [38], the HPLC-ESI-MS and MS/MS
analysis (Colegate et al., unpublished) clearly identified the presence of 1,2-dehydro-
pyrrolizidine alkaloids (fragment ions at m/z 120, 138, 220) and their 1,2 saturated
pyrrolizidine analogs (fragment ions at m/z 122, 140, 222) (Figure 13.8). The MS/MS
data were critical to the tentative identification of the minor peaks as pyrrolizidine
alkaloids. Thus, MS/MS data for some low abundance peaks (Figure 13.14) were
consistent with simple monoesters of platynecine and retronecine. In particular it
appears from the MS/MS data that a series of a 1,2-unsaturated, a 1,2-dihydro, and a
1H-2-hydroxy monoesterified pyrrolizidine-N-oxide is present where the esterifying
acid is angelic acid or one of its configurational isomers.

Careful analysis of MS and the MS/MS data for the major components of S. ovatus
identified sarracine-related alkaloids. For example, the molecular ion data for peak 7
(Figure 13.14) (MH "'m/z 354) potentially corresponded to the N-oxides of several 1,2-
saturated, macrocyclic or open chain diester pyrrolizidine alkaloids previously
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Fig.13.14 The reversed phase HPLC-ESI-MS base ion (m/z
200-500) chromatograms for, and structures of some
pyrrolizidine alkaloids identified in extracts of Senecio
jacobaea and S. ovatus. The peak labels are referred to in the
text.

isolated from S. fuchsii or S. nemorensis [38]. However, its identity as sarracine-
N-oxide was indicated by coelution and MS/MS data comparison with an authenti-
cated standard. In particular, the losses of 82 and 100 mu indicate an angelic acid
substituent whilst the losses of 98 and 116 mu indicate a sarracinic acid substituent.
In support of this assignment, the MS/MS data for peak 7 (and authentic sarracine-
N-oxide) do not include a loss of 28 mu from the molecular ion adduct. This helps
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Fig. 13.15 HPLC-ESl-ion trap MS/MS spectra showing the
diagnostic appearance of [M -+ H]* - 28 and 30 for
pyrrolizidine alkaloid macrocyclic diesters.

differentiate sarracine- N-oxide from the isobaric macrocyclic diester isomers that can
be expected to show MH'-28 ions (Figure 13.15). The MS data for peak 6
corresponded to triangularine-N-oxide, the 1,2-unsaturated analog of sarracine-N-
oxide. The major alkaloidal component of the S. ovatus (peak 4, Figure 13.14) was
tentatively identified as the novel 2-hydroxysarracine (Figure 13.14) based upon the
MS and MS/MS data. The MS/MS data for peak 4 were similar to data for peaks 6 and
7 and included losses of 82/100 and 98/116 mu that indicated an open chain diester
with angelic and sarracinic acids, respectively. Unlike the rationale applied to EI-MS
[39,40], the ESI-MS data cannot unambiguously differentiate the positions of
esterification since loss of sarracinic acid, or angelic acid, from either the C-9 or
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Fig. 13.16 HPLC-ESl-ion trap MS/MS spectra for peak 2

(top) and peak 4 (bottom) in the extract of Senecio ovatus
(Figure 13.14). The differences in the fragmentation pattern
support the extra hydroxylation of sarracine-N-oxide in the
C-9 esterifying acid for peak 2 rather than in the necine base
to yield 2-hydroxysarracine-N-oxide (peak 4, Figure 13.14).

C-7 position will result in ions with the same m/z ratio, one of which will be
protonated under the ESI conditions. The difference in molecular ion data between
peak 4 and peaks 6 and 7 is consistent with an additional hydroxylation relative to
sarracine-N-oxide and it is tentatively suggested that this extra hydroxylation is a
result of hydration of the 1,2 olefinic center of triangularine-N-oxide to yield
2-hydroxysarracine-N-oxide. In support of this, the abundant presence of an ion
atm/z 138 in the ESI-MS/MS spectra of peak 4, and its redox resin reduction product,
can be rationalized as the 1,2-hydrated analog of the m/z 120 ion characteristically
observed in the ESI-MS spectra of 1,2-dehydropyrrolizidine alkaloids [33]. In contrast
to the proposed structure for peak 4, the MS/MS data for the minor, butisobaric, peak
2 clearly indicated the structural difference between the two (Figure 13.16) and
suggested the extra hydroxylation of the C-9 esterifying acid rather than in the necine
base as with peak 4.

13.5.3
Quantitative Analysis

There is an inherent instability in the ion trap detector that makes inclusion of an
internal standard mandatory for reliable quantitation. In this way, prior to estimating
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Fig. 13.17 Calibration curve generation. The main figure shows
the reversed phase HPLC-ESI-MS base ion (m/z 200-500)
chromatograms for authenticated standards of senecionine,
lasiocarpine, and lasiocarpine-N-oxide. Heliotrine was included as
an internal standard. The inset shows a calibration curve derived
from serial dilutions of the standards.

quantities by comparison to a suitable calibration standard curve, the response of every
peak is adjusted relative to the area response of the internal standard (Figure 13.17).

It has been demonstrated that, when many samples are to be analyzed in
automatically injected sequences, the APCI mode is more stable than the ESI mode
for quantitation [32]. However, the ESI mode is more sensitive for the detection of the
pyrrolizidine- N-oxides.

The apparent sensitivity and resolution of the HPLC-ESI-ion trap MS ion chro-
matograms could be enhanced by software manipulation. Thus, a reconstructed ion
chromatogram displaying only the ion of interest, usually the molecular ion adduct
(MH™), was capable of extracting quantifiable peaks from low abundance chromato-
grams or from superimposed peaks (Figure 13.18).

13.5.3.1 Calibration Standards

Because of the diversity of structures, including stereochemical orientations, in the
pyrrolizidine alkaloids extracted from a plant, it is not usually possible to have
authenticated standards for every alkaloid extracted. An alternative approach is to
generate calibration curves using standard pyrrolizidine alkaloids that best approx-
imate those extracted from the plant [35,41]. Thus, considerations such as
N-oxidation, mono- or diesterification, open chain or cyclic diesterification, and
the character of the esterifying acids are important in deciding which standards to
use. The analytes are then described in terms of equivalents of the standard alkaloid.
At a later stage, if it becomes important, specific authenticated alkaloids can be used
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Fig. 13.18 Reversed phase HPLC-ESI-MS ion
chromatograms of the strong cation exchange solid phase
extract of an Echium vulgare-derived honey. (a) Total ion
chromatogram, (b) base ion (m/z 200-500)
chromatogram, and (c)—(f) reconstructed ion
chromatograms displaying m/z 414, 398, 374, and 332,
respectively.

to define response factors relative to the original calibration standard, and subse-
quent adjustments made to quantitation estimates.

13.5.3.2 Honey

The presence of toxic pyrrolizidine alkaloids in honey has been known for several
decades [42]. The potential health concerns associated with pyrrolizidine alkaloids in
food [27] and honey [28] in particular demand a rapid, sensitive method of detection
in various matrices. The application of LC-MS methods to honey samples extracted
using SCX SPE cartridges has facilitated the analysis of honey for the presence of
pyrrolizidine alkaloids and their N-oxides [34,41]. The SPE and LC-MS analysis has
shown that honey attributed to known pyrrolizidine alkaloid-producing sources can
have levels in excess of 5000 pwg/kg honey. Further to this, honey attributed to non-
pyrrolizidine alkaloid-producing floral sources and unspecified blended honeys can
also have significant amounts of alkaloids present.

Typical HPLC-ESI-ion trap MS ion chromatograms of a honey derived from
Echium vulgare are shown in Figure 13.18, including the total ion chromatogram,
the base ion (m/z 200-500) chromatogram and some representative reconstructed
ion chromatograms that highlight the enhanced resolution and sensitivity capability
of the software management of data. Individual alkaloids (including the N-oxides)
were quantitated with respect to authenticated calibrations standards that were
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judged to best mimic their specific response factors. An example of the levels of
different alkaloids found in a commercial honey sample, as determined using HPLC-
MS is shown in Table 13.1.

13.6
Alkaloids from Delphinium spp. (Larkspurs)

Diterpene (C,o) and norditerpene (Cio) alkaloids are typically found in species of
the Aconitum, Delphinium, and Consolida genera [43—46]. The toxic effects of the
Delphinium and Aconitum species can be attributed to their norditerpene alkaloid
content. Thus, many of the examples presented in this chapter have been taken from
the analysis of norditerpene alkaloids; however, similar experiments would be
applicable for any of the diterpene alkaloids (Figure 13.19).

The biological activity of norditerpene alkaloids is a result of antagonism of
nicotinic acetylcholine receptors resulting in neuromuscular paralysis [44,45,
47,48]. There is usually a large number of norditerpenoid alkaloids in a single
plant species but they are not all equally toxic. The most toxic contain the N-
methylsuccinimidoanthronyl (MSAL) ester functional group at C-18 [49-51], as
represented by methyllycaconitine (Figure 13.19), and are therefore referred to as
MSAL alkaloids.
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Tab. 13.1 Quantities of pyrrolizidine alkaloids and their N-oxides extracted from
E. vulgare-derived honey.

Retention time Molecular ion Concentration
(min) adduct ([MH[") (m/z) Identity (ppb)
11.94 496 Echivulgarine-N-oxide 558 +40
11.81 480 Echivulgarine 879 £35
10.12 456 7-O-Acetylvulgarine-N-oxide Trace
9.97 440 7-O-Acetylvulgarine Trace
9.80 456 Acetylechimidine-N-oxide 96 +4
9.72 440 Acetylechimidine 104 £7
9.27 414 Vulgarine-N-oxide 166 +3
9.01 398 Vulgarine 84+7
8.90 414 Echimidine-N-oxide 29149
8.84 398 Echimidine 299 +25
8.73 398 Echiuplatine-N-oxide 140+ 10
8.72 382 Echiuplatine 194+13
6.07 374 Uplandicine-N-oxide 15+1
3.51 332 Leptanthine-N-oxide 14+1
2.10 332 Echimiplatine-N-oxide 10£1

The total pyrrolizidine alkaloid content was 2850 + 143 pg/kg honey (ppb) expressed as equivalents
of lasiocarpine-N-oxide for the N-oxides present and equivalents of lasiocarpine for the tertiary base
pyrrolizidine alkaloids present. The assignment of the minor alkaloids leptanthine-N-oxide and
echimiplatine-N-oxide may be reversed

Whilst gas chromatography has been used for the analysis of many of the
lycoctonine-based alkaloids [52], the larger, less volatile, and more thermally labile
MSAL compounds require analytical procedures such as TLC and HPLC for
separation and detection. For example, both normal phase liquid chromatography
[53] and reversed phase liquid chromatography [54] with UV detection have been used
for separation, detection, and quantitation of alkaloids from Delphinium species
associated with livestock poisonings in the western US and Canada. The introduction
of API techniques has allowed the analysis of all types of diterpene alkaloids by direct
MS methods and with MS methods coupled to liquid chromatography.

13.6.1
Flow Injection (FI) Mass Spectrometry

One of the easiest MS techniques to use, without involving a chromatographic stage,
is a single loop injection of a sample solution into a stream of solvent that flows
directly into the API source. This is an alternative to infusing the sample solution
directly into the API source via a syringe. The advantages of FI are the rapid analysis
time, high-throughput capabilities, and the ability to obtain quantitative information
for selected ions. Infusion of a sample via a syringe requires more time for system
preparation and sample introduction but it does allow an increase in the number of
different MS measurements that can be completed on such samples.
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Fig. 13.20 Electrospray ionization mass made. Alkaloids identified based on their
spectrum of a crude methanol extract of MH™ are dictyocarpine (DICT), deltaline
Delphinium barbeyi plant material. The (DELT), 14-acetyldictyocarpine (AcDICT),
methanol extract was diluted with the glaucenine/barbisine (GLA), 14-
electrospray flow solvent (50 % methanol in deacetylnudicauline (14DAN), and
1% acetic acid) and a 20 L loop injection methyllycaconitine (MLA).

13.6.1.1 Qualitative FI Analysis

Many of the earliest applications of API-MS used direct syringe infusion of crude
alkaloidal extracts into the ESI source. In this manner, Marko and Stermitz [55] were
able to detect the transfer of alkaloids from Delphinium occidentale to the root parasitic
Castilleja sulphurea.

In more recent applications, FI-ESI-MS analysis of crude methanolic extracts,
without any further purification, of Delphinium species (D. barbeyi, D. geyeri, and
D. nuttallianum) have provided alkaloidal profiles of these plants [56]. Thus, a small
amount (about 100 mg) of ground dry plant material was extracted with methanol
(4 mL) with mechanical rotation at room temperature for several hours. An aliquot
(about 20 L) of the crude extract was diluted with the electrospray flow solvent (1 mL)
and injected (20 L) via a loop into the electrospray flow for subsequent ESI analysis.
The resulting mass spectrum was a pattern of protonated molecular ion adducts
(MH™) from the alkaloids (Figure 13.20). The major alkaloids of Delphinium barbeyi
are easily detected, that is, methyllycaconitine (MLA, MH"m/z 683) and deltaline
(DELT, MH*m/z 508). Several other minor alkaloids, dictyocarpine (DICT, MH " m/z
494), 14-acetyldictyocarpine (AcDICT, MH "m/z 536), glaucenine/barbisine (GLA,
MH*m/z578) and 14-deacetylnudicauline (14-DAN, MH "m/z 669) were also readily
identified. Additionally, this approach allows rapid screening for the presence of
potentially toxic norditerpenoid alkaloids, specifically the MSAL alkaloids. Because of
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the higher molecular weights afforded by the MSAL esterification, selected ion scans
of the region m/z 650-750 can quickly identify if such toxic alkaloids are present in
the sample. It is to be noted that the confident identification of an individual alkaloid
from such a basic mass spectrum, based on the presence of molecular ion data only,
relies on a prior knowledge of the alkaloids present in the plant. Confirmation of
MSAL-like structures of new compounds will require more rigorous structural
information including MS fragmentation and NMR analysis.

Whilst both EST and APCI can be used for analysis of most diterpene alkaloid-
containing plant samples, ESTis recommended as the primary method for screen-
ing plant material, since the true molecular ion adduct is readily observed. With
APCI, the lower molecular weight alkaloids (i.e. non-MSAL) produce good mole-
cular ions with little fragmentation, but the larger esterified alkaloids (e.g. methyl-
lycaconitine, MH "m/z 683) yield significant fragment ions resulting from loss of
water from the MH" molecular ion adduct (i.e. m/z 665 for methyllycaconitine).
Additionally, the loss of methanol and acetic acid observed in APCI spectra from
other diterpene alkaloids, depending on the functional group at C-8 [57,58], could
also complicate the interpretation of the APCI mass spectra from unknown
samples.

13.6.1.2 Quantitative FI Analyses

By specifically and selectively reconstructing the total ion peak observed after a loop
flow injection to display only the m/z values of interest, the area count for that ion
can be extracted from the composite total ion peak. The measured area count can
then be used to estimate the quantity of specific alkaloid by comparison to a
calibration curve. Thus, component compounds in a mixture are separated by
mass, as opposed to chromatography, for quantitation. To normalize the variability
of the API response, an internal reference standard is added to the sample prior to
loop injection. Alkaloids for which standards are not available are reported as
equivalents of a closely related and available standard used to generate the
calibration curve. For example, deltaline and methyllycaconitine have been used
as calibration standards to represent the non-MSAL and MSAL types of alkaloids,
respectively, in the plant material. Calibration curves for these two compounds
were linear (* > 0.990) and there appears to be no selective suppression of lower-
level alkaloids (Figure 13.21). Multiple analyses of Delphinium barbeyi samples
returned a level of precision that was less than 10 % (relative standard deviation) for
all components [56].

Using the quantitative FI method a large number of samples can be extracted
overnight, aliquots and dilutions made the next day, samples loaded into the
autosampler, and run in sequence. The method was validated by comparison to
the previously used HPLC method to measure toxic alkaloids [56]. The level of
methyllycaconitine, 14-deacetylnudicauline, and barbinine, as determined from the
peak areas for ion traces at m/z 683, 669, and 667, respectively, were summed to give
total toxic alkaloids. Measured recoveries are slightly higher for the ESI-MS method
since the HPLC method required further purification of the alkaloidal extract using
an acid/base partition procedure, incurring some loss of alkaloids.
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Fig. 13.21 Calibration curves for quantitative analysis of
alkaloids in delphinium plant material. Standards (DELT,
deltaline; MLA, methyllycaconitine) were prepared in
chloroform and then diluted into electrospray flow solvent
and analyzed by FI-ESI-MS. The area count of the alkaloid
(Area X) is normalized by division by the area count of the
internal standard (Area ISTD).

13.6.1.3 Chemotaxonomy of Delphinium Species
Flow injection ESI-MS has been applied to an examination of the chemotaxonomy
of the major toxic Delphinium species [59]. Of the major toxic larkspur species found
in the western US, Delphinium glaucescens is the most distinct taxonomically whereas
the other three tall larkspurs, D. barbeyi, D. glaucum, and D. occidentale, are
morphologically very similar with only small differences in the type and amount
of pubescence on the inflorescence, and in the shape and arrangement of the
flowers [60]. Those plants historically classified as Delphinium occidentale have recently
been regrouped into D. glaucum, D. barbeyi has been restricted to a small geogra-
phically restricted population in central Utah, and the D. occidentale classification has
been used to define those plants being a hybrid of D. barbeyi and D. glaucum [61].
Because of the difficulties associated with the Delphinium classification, the
diterpene alkaloid content was assessed as an aid to determining the chemical
taxonomic diversity of the toxic larkspur species [59]. Plant samples were collected
from 18 different locations in five western states in the US. The crude methanolic
extracts were analyzed for diterpene alkaloids using FI-ESI-MS. The data from the
individual ESI mass spectra were statistically analyzed using canonical discrimi-
nant analysis and analysis of variance. In brief, the sample (100 mg) was extracted
by mechanical shaking at room temperature with methanol (5mL) for 16h.
Reserpine (500 pug) was added as an internal reference standard and the sample
mixed for 5 min and then centrifuged. An aliquot (30 nL) of the supernatant was
then diluted with of 1:1methanol/1 % acetic acid (1.0 mL) and an aliquot (20 L)
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injected for analysis. The mass spectral data was tabulated by recording the relative
abundance for all ions above 0.1 %. The amount of each compound (as represented
by a single mass unit) detected was calculated based on its abundance relative to
reserpine (MH " m/z 609). The data was reduced to a final set of 33 individual
masses by eliminating all components below 5 pg alkaloid/100 mg of plant and all
obvious isotope peaks.

Based on the observed ESI-MS alkaloid profiles, those plants collected from
the Sierra Nevada region and identified as D. glaucum using the morphological
characteristics described by Ewan [60] were quite distinct from all other samples
(Figure 13.22). The larkspur populations from the Central Rocky Mountain regions
were not easily grouped by the simple presence or absence of particular alkaloids;
however, statistical grouping analysis was able to separate the samples (Figure 13.23).
Plants historically identified as D. barbeyi and D. occidentale were indeed found to be
chemotaxonomically distinct groups, albeit somewhat closely related. Samples
representing a putative hybrid between Ewan's [60] D. barbeyi and D. occidentale
were found to be more closely related to D. occidentale, but were significantly different
from all other groups. The chemotaxonomic data and geographic relationships are in
agreement with those based on the historical morphological characteristics [60] and
are contrary to the more recent relationships upon which it has been proposed to
combine D. occidentale with D. glaucum into one species. In addition, enough of a
difference between D. occidentale and D. barbeyi was observed that assigning to them
subspecies status under another species is not warranted [62].

The classification of the larkspur species using the chemical alkaloid profiles was
in complete agreement with the molecular genomic data [63].

13.6.2
LC-MS Analysis of Diterpene Alkaloids

Both normal phase [53] and reversed phase [54] HPLC methods have been used for
the separation of diterpene alkaloids. Reversed phase HPLC coupled to APCI mass
spectrometry has been used for the analysis of diterpene alkaloids of Aconitum spp.
[64,65] and normal phase HPLC conditions [53] have been successfully used with
APCI-MS for the detection of diterpene alkaloids in Delphinium species [56].
However, caution should be observed in the use of APCI sources with some normal
phase HPLC solvents such as hexane, to ensure no oxygen is introduced into the
system producing a possible explosive mixture in the API source.

13.6.2.1 Toxicokinetics and Clearance Times

Reversed phase HPLC conditions have been used with good success in the analysis of
low levels of specific alkaloids. For example, the toxicokinetics of methyllycaconitine
were determined by analyzing mouse sera and tissue samples (kidney, brain, liver,
muscle) with detection down to one part per billion using selected ion monitoring
MS/MS conditions [66]. Similar procedures are being used to measure alkaloid
clearance times in sheep sera for methyllycaconitine and deltaline (Gardner, unpub-
lished data).
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Fig. 13.22 ESI-MS spectra of composite plant
samples (Delphinium spp.) used for
chemotaxonomy (reserpine was not added for
this qualitative comparison). Group D
(Delphinium glaucum, from the Sierra Nevada
region) was the most distinct group based on
simple qualitative presence or absence of

13.6.2.2 Diagnosis of Poisoning

individual alkaloids. Interestingly, the
proposed barbeyi x occidentale hybrid
(Group E) plants contain very little toxic
alkaloid (m/z >650) in comparison to their
proposed genetic parents. Plant
identifications were based on Ewan’s
classification [59].

For diagnostic purposes, extracted samples of rumen fluid, kidney, liver, and blood
have all been analyzed using FI-ESI-MS and HPLC-ESI-MS to identify toxic alkaloids
in suspected plant poisoning cases. From a recent submission of a suspected Death
Camas (Zigadenus spp.)-related poisoning case, an ion was detected (m/z 536), using
FI-ESI-MS, in extracted tissue samples and a blood sample that could correspond to
the protonated molecular ion for the Death Camas alkaloid zygacine. However, the
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Fig. 13.23 Plot of the first three canonical variables from
the discriminant analysis of the tabulated ESI-MS data for
toxic Delphinium species according to Ewan [59]. Groups A
and B are Delphinium barbeyi, group C is D. occidentale,
group D is D. glaucum, and group E is a hybrid

(barb. x occi.).

MS/MS data did not confirm the ion as being from zygacine. A number of other ions
were observed indicating the presence of diterpene alkaloids, particularly the toxic
MSAL alkaloids methyllycaconitine (m/z 683) and 14-deacetylnudicauline (m/z 669).
The presence of methyllycaconitine was confirmed using HPLC-ESI-MS/MS ana-
lysis, providing evidence that the animal was poisoned by ingested larkspur and not
Death Camas (Gardner et al., unpublished).

13.6.3
Structural Elucidation of Norditerpenoid Alkaloids

13.6.3.1 Stereochemical Indications

APCI-MS has been used extensively for the structural analysis of diterpene alkaloids
from various Aconitum species for both positional and stereoiosomeric determina-
tion [57,58]. By controlling the drift voltage between the first and second electrodes in
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the ion source, the configurations at C-1, C-6, or C-12 were determined for a series of
isomeric compounds. The characteristic APCI fragment ion included loss of water,
methanol, or acetic acid from the C-8 position and the relative abundance of these
fragment ions was significantly higher for the C-1, C-6, or C-12 B-form alkaloids than
for their corresponding o configurations.

13.6.3.2 Isomeric Differentiation Using Tandem Mass Spectrometry

Sequential tandem mass spectrometry experiments have also been useful for
structural determination of a number of norditerpene alkaloids [56,67]. The most
abundant fragment ions in MS"-generated product ion scans occur from losses of
oxygenated functional groups such as H,0 (MH" —18), methanol (MH " -32) and
acetic acid (MH" -60) [56,67]. For example, the MS/MS, MS/MS/MS, and MS*
spectra for methyllycaconitine show three sequential losses of methanol (MH™ - 32,
[MH" -32]-32, and {[MH" - 32]-32} - 32). For the MSAL-type compounds it was
shown that the functional groups at C-16 are the most labile while those at C-14 are
the most stable [56]. This preferential fragmentation can yield useful structural
information. For example, the alkaloids nudicauline and geyerline cannot be dis-
tinguished based solely on their ESI-MS spectra because they have the same
molecular weight; however, geyerline shows preferential loss of acetic acid
(MH"* -60, m/z 651) while the major fragment loss from nudicauline is methanol
(MH"-32, m/z 679) (Figure 13.24). The stability of the functional group at C-14 is
further supported by the lack of a sequential loss of acetic acid in the MS/MS

IMH"-60)
LRIEY 4
711.3
geyerline
MEMS
6792
. 6193
5872
& o b i . I L |l L |} Il - '
300 ETiH] 5 i 700 00 300 400 500 [ELH] 700 00
(MH"-32)
7111
6792 g
nudicauline
MEMS
- 1o
g 40N Eh] G0 00 RIN)

Fig. 13.24 ESI-MS and ESI-MS/MS analysis of the isomeric
alkaloids geyerline (top) and nudicauline (bottom) which
differ only in the methoxy and acetoxy substitution of C-14
and C-16 (Figure 13.19).
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of nudicauline (i.e. [MH" —32]-60, m/z 619) or indeed in any of the sequential
fragmentations up to MS*.

Itis important to note that the principal fragment ions generated during sequential
MS experiments within an ion trap should not be confused with fragment ions
generated in the ionization source. For example, whilst the functional groups at C-16
were the most labile under MS" (ion trap) conditions, the principal fragmentation
within the APCI source involves losses from the C-8 position [57,58].
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Fig. 13.25 Normal phase HPLC coupled to APCI-MS
analysis of Delphinium nuttallianum from one geographical
location. Individual alkaloids are identified from
reconstructed ion chromatograms and their retention time.
At least two unknown alkaloids, in addition to bearline,
were observed in the reconstructed ion chromatogram
displaying m/z 697.
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13.6.3.3 Novel Diterpene Alkaloid Identification: Application of Tandem

Mass Spectrometry

Delphinium nuttallianum and D. andersonii are amongst the “low larkspurs,” a group
of larkspurs from which ten different MSAL alkaloids have been detected using
normal phase HPLC with APCI-MS detection. Not all of these alkaloids are presentin
every sample of D. nuttallianum or D. andersonii but many samples will contain up to
seven to nine of the alkaloids as demonstrated by the HPLC-APCI-MS total
ion chromatogram of the crude alkaloid fraction isolated from D. nuttallianum
(Figure 13.25). Many of the major MSAL alkaloids present in extracts of
D. nuttallianum samples were readily identified by comparison of their retention
times and mass spectra with authenticated standards. However, some samples of
D. nuttallianum indicated the presence of two unidentified alkaloids (MH "m/z 697
and m/z 739), sometimes in relatively high concentrations. Tandem MS" experi-
ments were conducted on both parent ions following direct infusion of the crude
methanolic extract into the mass spectrometer under ESI conditions. The most
abundant ion in the MS/MS product ion scan of m/z 697 was m/z 637 (MH" —60)
thereby indicating an acetate group at C-16, the most labile position of substitution.
The MS/MS product ion spectrum of m/z 637 (i.e. the MS/MS/MS of m/z 697) and
the subsequent MS/MS/MS product ion spectrum of m/z 637 (i.e., the MS* of m/z
697) indicated two additional methoxy groups at C-1 and C-6. The 1,6-di-methoxy,
14-hydroxy, 16-acetate compound was given the name bearline [56]. The unidentified
alkaloid at m/z 739 corresponded to the 14-O-acetyl derivative of bearline. The MS/
MS/MS product ion spectra (m/z 739 — m/z 679 — m/z 647 — m/z 615) were
analogs to bearline. Subsequently, both compounds were isolated and their structural
identities were confirmed using NMR spectroscopy [68].

13.7
Conclusions

The increasing accessibility of bench-top LC-MS systems to researchers of all
disciplines, combined with the tandem and high-resolution mass spectrometry
capabilities of such instruments, will only increase the number of applications to
which LC-MS can be directed. The examples documented in this chapter illustrate
some of the diversity and power of the techniques, including analytical applications
for known analytes in various matrices, metabolomic analysis, the tentative structural
identification of novel compounds, and the screening of extracts for minor, and
perhaps novel, components of the alkaloidal profile of plants.
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Applications of >N NMR Spectroscopy in Alkaloid Chemistry
Gary E. Martin, Marina Solntseva, Antony J. Williams

14.1
Introduction

>N has had an interesting role in the history of NMR spectroscopy. Following the
appropriation of NMR techniques from the physicists by the chemical research
community, °N studies were few in number owing to the intrinsic properties of this
chemically important nuclide. Specifically, N is a relatively low natural abundance
nuclide, present in nature at only 0.13 %. The low relative abundance is further
exacerbated by a low gyromagnetic ratio, yy (the observation frequency of °N is
~10% that of 'H), which served to make "N a difficult nuclide to observe directly.
Nevertheless, the early literature still contains numerous citations that provide a
wealth of information about "N chemical shift behavior. The development of pulsed
Fourier transform NMR instruments in the early 1970s has ameliorated some of the
difficulties associated with measuring ">N spectra, as did the development of much
stronger field magnets. Probably the biggest single factor in enhancing experimental
access to °N data has been the development of indirect (sometimes referred to as
“inverse”) detection NMR pulse sequences [1,2] and probes whereby an insensitive
nucleus such as >N can be detected via a much more sensitive, high abundance
nuclide such as 'H, *F, or *'P [3-7]. Proton-detected measurement of '*N spectra is
300 times more sensitive than direct "°N excitation and observation [8]. Through the
use of indirect detection techniques, itis possible to acquire direct (one-bond) or long-
range "Jyn (n>2) 'H-"°N heteronuclear shift correlation information for even
submilligram quantities of material in a few hours or overnight.

14.1.1
>N Chemical Shift Referencing

>N chemical shift referencing has changed over time. At present there are two
conflicting referencing schemes in widespread use and it is important for investi-
gators with an interest in '°N data to be aware of both. Older work in the literature was
most commonly referenced to nitromethane, which was assigned a chemical shift of
0 ppm. Nitrogen references downfield of nitromethane were assigned a positive (+)
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Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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chemical shift while those upfield, which encompasses virtually all nitrogens
commonly encountered in natural products, were assigned a negative (—) chemical
shift. Ammonia, NH3, the other 15N chemical shift reference compound, had a
chemical shift of ~—379.5 ppm relative to nitromethane. More recently, the sign
convention for nitromethane >N chemical shift referencing has been reversed. Now,
>N resonances upfield of nitromethane are assigned a positive (+) chemical shift.
Care must obviously be taken when delving into older literature to be certain of which
sign convention is employed if the >N data are referenced to nitromethane.

To add still further confusion, the use of ammonia as a "*N chemical shift reference
has become increasingly prevalent as various heteronuclear 2D NMR studies of
proteins have been reported. (NHj is assigned a chemical shift of 0 ppm on the NH;
scale while nitromethane has a shift relative to liquid NH; that has been variously
reported as +379.5, +380.2, and +381.7 ppm.) The authors of this chapter find it
convenient to use the NH; chemical shift scale to maintain the “sense” of N
chemical shifts in parallel to those of *Cand "H. Chemical shifts referenced to liquid
ammonia in the ACD/Labs NNMR database are referenced relative to nitromethane
at +380.2 ppm. Given what would be considered as normal F; digitization in long-
range 'H-">N 2D NMR experiments, °N chemical shifts derived from these
experiments are probably only accurate to ~+1ppm in any case. Hence, small
deviations between what may be reported in the literature and what is contained in
the ACD/Labs NNMR database are to be expected, since it would be very problematic
to maintain several reference values for the "°N chemical shift of nitromethane
relative to liquid NHs.

A number of other N chemical shift referencing schemes have also appeared
sporadically in the literature. The authors are aware that nitric acid, ammonium
chloride, ammonium nitrate (variously using both of the N resonances), and
formamide have all been applied to natural product "N studies in general. Hence,
care must be taken when using °N data from the literature to ensure that the
chemical shift referencing scheme for the reported data is the same as that in use in
an investigator’s laboratory. Otherwise, reported >N chemical shift data must be
converted to the referencing scheme used in the investigator’'s laboratory. The
appropriate conversion factors are shown in Table 14.1.

Tab. 14.1 Inter-relation of >N chemical shifts in the various °N referencing schemes®.

5N Chemical shift reference

Lig. NH; CH3;NO, >NH4NO; NH,'°NO; NH,CI
Liq. NH; 0.0 379.5 -19.9 383.5 ~26.6
CH;NO, 379.5 0.0 359.6 4.0 352.9
NH,NO; 19.9 359.6 0.0 363.6 -6.7
NH,"°NO; 383.5 —4.0 363.6 0.0 356.9
BNH,Cl 26.6 352.9 6.7 356/0 0.0

“The standards shown have been the most commonly utilized although others such as nitric acid,
formamide, and potassium nitrate have also been reported.
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14.1.2
5N Chemical Shifts

The "N chemical shift range is very broad, encompassing approximately 900 ppm.
For natural products, however, the majority of '°N resonances of interest will be in
the range from about 20 to 350 ppm, with the exception of a few functional groups
such as nitro groups that resonate in the vicinity of ~380ppm and methoxime
(=N-OCH3) groups that resonate at ~405 ppm. >N Chemical shifts of alkaloids
range from those of amino groups, which are generally ~20-60 ppm down through
thiazolyl and pyridyl nitrogens which resonate in the range of about 300-340 ppm
(relative to NHj3).

Even with the restriction of the >N chemical shift range of interest to 20-350 ppm,
this spectral window is still experimentally challenging from the standpoint of
experiment parameterization. At the low observation frequency of >N (~60 MHz
on a 600 MHz instrument), it is difficult to generate observed pulses short enough to
effectively cover a 300+ ppm spectral window. For this reason it is preferable, when
an investigator is working with a system that they understand reasonably well, to limit
the F; spectral window to whatever extent possible. The use of >N chemical shift
calculation algorithms such as Advanced Chemistry Developments ACD/NNMR
software can help in this regard. Alternatively, as shown in the work of Hadden [9], it
is also possible to employ adiabatic pulses to increase the '°N excitation bandwidth in
a uniform manner.

14.1.3
*N Reviews and Monographs

There are several reasonably extensive reviews of the reported applications of '°N
NMR. Unfortunately, monographs that have dealt with >N applications are becom-
ing somewhat dated and, for the most part, do not discuss contemporary experi-
mental methods applicable to "°N. The first comprehensive review in the area of long-
range '"H-">N NMR spectroscopy was that of Martin and Hadden published in 2000
[10]. Marek and Lycka again reviewed the growing body of long-range 'H-">N
applications in 2002 [11]. The most recent review to appear was that of Martin
and Williams published in mid-2005 [12]. While applications of long-range 'H-">N
methods to alkaloids have been cited in the three published reviews [10-12] there has
thus far been no comprehensive report that specifically deals with applications of
these methods in alkaloid chemistry. A general review of applications of indirect
detection methods in alkaloid chemistry has appeared [13], and a chapter has been
published on the application of advanced multidimensional NMR methods to the
structure determination of the Amaryllidaceae alkaloids [14]. Similarly, there has been
no discussion of parameter considerations applicable to alkaloids in any of the work
published to date.

Monographs dealing with N include volumes by Levy and Lichter [15],
Witanowski and Webb [16], Martin, Martin, and Gouesnard [17], and a volume
dealing with the NMR of a number of nonmetallic elements by Berger, Braun, and
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Kalinowski which includes "N [18]. There have also been a number of volumes
devoted to >N NMR in the Annual Reports on NMR Spectroscopy series [19-24]. In
spite of the age of these volumes, they still contain a wealth of valuable "*N chemical
shift information.

In addition to the published literature, a >N chemical shift database is being
developed by Advanced Chemistry Development (ACD/Labs) that can be used
interactively by an investigator both to predict >N chemical shifts for a molecule
being investigated and to search the database by a multitude of parameters, including
structure, substructure, and alphanumeric text values. This database is accessible in
the NNMR software package offered by ACD/Labs and presently contains data on
more than 8800 compounds with over 20700 >N chemical shifts. Examples of the
use of the NNMR database will be presented later in this chapter.

14.2
Indirect-Detection Methods Applicable to >N

The development of older heteronuclear 2D NMR experiments relied on the detection
of the heteronuclide, typically **C. Quite early it was recognized that detection via a
proton or other high sensitivity, high natural abundance nuclide, for example "F or
1P, offered a considerable sensitivity advantage [2,3]. There were, however, experi-
mental challenges to overcome, specifically in the case of "H-"*C shift correlation
methods the need to suppress and reject ~99 % of the proton signal arising from
'H-2C species. In the case of "H-">N experiments, the problem is magnified by
another factor of 10 because of the difference in the natural abundance of **C versus
5N. Nevertheless, investigators, instrument vendors, and probe developers rose to the
inherent challenges of indirect detection methods. Bax, Griffey, and Hawkins [3]
reported the application of "H-">N indirect detection methods to the study of labeled
proteins in 1983. By the mid-1980s, the HMQC (Heteronuclear Multiple Quantum
Coherence) experiment pioneered by Baxand Subramanian [25] began to be applied in
the structural characterization of small molecules. The HMQC experiment was
followed in 1986 by the HMBC (Heteronuclear Multiple Bond Correlation) experi-
ment of Bax and Summers [26] used for establishing long-range correlations between
protons and a heteronuclide over two or more bonds. The HMBC experiment quickly
supplanted the assortment of older, heteronucleus-detected long-range experiments
that were reviewed by Martin and Zektzer [27].

Applications of indirect detection experiments to 'H-">N one bond (direct) and
long-range (across two or more bonds) correlation initially differed in relative utility.
While indirect-detection one-bond correlations work quite effectively in the authors’
experience, the same could not always be said for "H-">N HMBC experiments. While
groups such as N-methyls could be readily observed, the observation of other long-
range correlations to '°N was challenging [28].

The development of gradient-enhanced heteronuclear shift correlation experi-
ments in the early 1990s heralded a major improvement in the applicability of these
experiments for 'H-'"N direct and long-range heteronuclear shift correlation
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applications [29,30]. Based on these fundamental experimental developments, the
first successful applications of long-range "H-'"N heteronuclear shift correlation
experiments were reported by groups led by Koshino [31] and Martin [32-34].

14.2.1
Accordion-optimized Long-range '"H-">N Heteronuclear Shift
Correlation Experiments

While 'H-"2C heteronuclear long-range couplings are generally fairly uniform, the
same cannot be said for the corresponding "H-">N couplings. Rather, the orientation
of the C—H bond vector of a proton that is long-range coupled to °N, relative to the
orientation of the nitrogen lone pair of electrons, can have a significant impact on the
size of the "H-""N coupling constant. In cases where the C—H bond vector is synclinal
to the orientation of the lone pair, couplings tend to be larger and are more readily
exploited experimentally. In contrast, when the C-H bond vector is anticlinal, the
corresponding couplings tend to be much smaller and are consequently more
difficult to observe experimentally. The inherent variability of long-range 'H-'°N
couplings makes the optimization of the delay for the long-range transfer of
magnetization between a proton and >N in an HMBC experiment a much more
difficult undertaking for an investigator.

Unlike a "H-"?C long-range correlation experiment in which optimization of the
long-range delay for an assumed coupling in the range of 6-10 Hz generally gives
acceptable results, the same will not necessarily be true for a "H-'"N long-range
correlation experiment. Consequently, early investigators either relied on the acquisi-
tion of several "H-">N HMBC experiments, each recorded with a different optimiza-
tion of the long-range coupling delay, or a single experiment with a long-range delay
optimized for a small coupling, for example 2-2.5 Hz, thatwould refocus magnetization
for several different larger long-range couplings of interest. Unfortunately, the down-
side of optimizing for a small delay are the signal losses during the very long delays. For
example, 10 Hz optimization of an HMBC experiment corresponds to [1/(2"]cy)] to a
50 ms delay. In contrast, optimizing for a 2 Hz long-range coupling requires a 250 ms
delay. Signal losses during a delay five times longer when the experiment is optimized
for 2 rather than 10 Hz leads to an undesirable reduction in sensitivity.

A viable alternative to “static” optimization of the long-range delay in "H-""N long-
range heteronuclear shift correlation experiments is available through the use of
accordion-optimized long-range experiments derived from the ACCORD-HMBC
experiment described by Berger [35]. A modified accordion-optimized experiment,
IMPEACH-MBC [36] has been applied to long-range 'H-">N heteronuclear shift
correlation and offers a considerable advantage over the GHMBC experiment in a
directcomparison [37]. More recently, Kline and Cheatham [38] reported a modification
of the CIGAR-HMBC [39] experiment specifically intended for use in the acquisition of
long-range "H-"°N heteronuclear shift correlation data with excellent results. It is
useful to note that in the direct comparisons performed by Kline and Cheatham [38]
some responses that were not observed at all in the HMBC experiment were in contrast
observed with excellent intensity in the *N-optimized CIGAR-HMBC data.
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Accordion-optimized heteronuclear 2D NMR experiments operate by the succes-
sive reoptimization of the long-range magnetization transfer delay in successive
increments of the evolution time (t;) in the experiment. The experiments are
generally designed so that the longest magnetization transfer delay (the smallest
coupling constant for which the experiment is optimized) occurs with the first
increment of the evolution time. In this fashion, the duration of the long-range delay
is successively decremented as the duration of the evolution time is incremented,
thereby keeping the overall duration of the experiment as short as possible to avoid
losses of magnetization arising from relaxation processes. Generally, in the authors’
experience, the best optimization range, regardless of which of the accordion-
optimized experiments is used for long-range 'H-'"N heteronuclear shift correla-
tion, is obtained with the optimization range set for 4-8 Hz.

14.2.2
Pulse Width and Gradient Optimization

Optimization of pulse widths and gradient ratios for long-range "H-">N correlation
experiments has been treated in several reviews [10,12] and in recent publications [9]
to which the interested reader is referred.

14.2.3
Long-range Delay Optimization

The impact of delay optimization versus long-range correlation response intensity is
graphically illustrated by the data presented in Figure 14.1, which were derived for
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Fig. 14.1 Horizontal stack plots of a series of ~ the long-range delay was utilized [33]. As can be
successively reoptimized selective 1D "H-">N readily seen from these comparative plots, the
shift correlation experiments performed on the ~ agreement between the delay optimization of
N9 amide nitrogen resonance of strychnine (1). 10 Hz (red peaks) and the actual coupling
The optimization of the long-range delay was constants was rather poor, leading to minimal
varied in 0.5 Hz increments from 3 to 16 Hz. response intensity for the H13-N9 long-range
When strychnine was originally studied by one  correlation that could have been missed if

of the author’s in 1995, a 10 Hz optimization of ~ working with a dilute sample.
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strychnine (1) in a series of selective one-dimensional experiments in which the
duration of the long-range delay was successively varied in 0.5 Hz steps over the
range from 3 to 16 Hz. While it is certainly possible to cover the range of potential
coupling constants by acquiring a series of GHMBC experiments with varied settings
for the long-range delay, a more expeditious approach to ensuring that all long-range
couplings are observed is to utilize one of the accordion-optimized long-range
experiments described above.

A direct comparison of the results obtained using conventional GHMBC versus
3-8 Hz optimized IMPEACH-MBC experiments performed on strychnine is shown
in Figure 14.2. Traces were extracted from an 8 Hz optimized GHMBC spectrum
(Figure 14.2, bottom trace) and a 3-16 Hz optimized IMPEACH-MBC spectrum
(Figure 14.2, top trace). While the signal-to-noise (s/n) ratio of the former was some-
whathigher, thatis solely due to the intensity of the correlation between the H11a and
N9. In comparison, despite the slightly lower s/n in the IMPEACH-MBC data shown
in Figure 14.2 (top trace), the response intensity for the H8-N9 and H13-N9
correlation responses is markedly better than was observed in the conventional
8 Hz optimized GHMBC experiment.

H11a

H13ax

sIN=136:1

sIN=42:1

T T T T T T T

4.0 3.5 3.0 2.5 2.0 1.5 1.0
ppm 1

Fig. 14.2 Comparison traces for the N9 amide
resonance of strychnine: top) trace extracted
from a 3-16 Hz optimized IMPEACH-HMBC
experiment; bottom) trace extracted from a
conventional 8 Hz optimized GHMBC
spectrum. Parameters were adjusted to give
equivalent data matrices, the only difference
being total acquisition time because of the
difference between the statically optimized
delay in the case of the GHMBC experiment
and the accordion-optimized delay in the
IMPEACH-MBC experiment [36]. While the

overall s/n ratio of the IMPEACH-MBC
spectrum is slightly lower than that of the
GHMBC data (36: 1 vs. 42:1), the
response intensities for the H8 and H13
2 and ¥ correlations, respectively, is
significantly improved in the IMPEACH-
MBC data. The response intensity
improvement can be attributed to the
accordion-optimization range encompassing
the actual long-range correlations of the
H8-N9 and H13-N9 correlations

(~3.5 Hz).
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14.2.4
Establishing F; Spectral Windows

A fundamental consideration of any long-range "H-">N heteronuclear shift correla-
tion experiment is the determination of appropriate spectral windows in the two
frequency domains. Setting the F, spectral window is straightforward, based on the
acquisition of a proton spectrum, and does not merit any further discussion. The F;
spectral window, in contrast, requires either some knowledge of the nature of the
alkaloid structure in question and the >N chemical shifts characteristic of that
alkaloid skeleton or a means of predicting the >N chemical shifts for the working
structural hypothesis. Since the body of *N chemical shift information for alkaloids
is still somewhat limited, coupled with a lack of familiarity with >N chemical shift
ranges for most investigators, generally >N chemical shift prediction is the preferred
approach for establishing F; spectral windows for the experiments to be performed.

One of the fundamental approaches to acquiring heteronuclear 2D NMR data for
unknown molecules in many laboratories is to acquire data using “survey” spectrum
conditions. For “survey”’ conditions, pre-established spectral windows are routinely
used in both frequency domains. In the case of "H-"*C HSQC and HMBC experi-
ments, using survey conditions works reasonably well since most investigators have a
very good intuitive feel for where carbons in a molecule will resonate.

Further, the F; spectral windows generally used to acquire "H-">C survey spectra
are compatible with the probe performance, allowing good quality data to be acquired
in most circumstances, assuming that parameters such as coupling constant
optimization(s) are reasonable for the sample in question. In contrast, the possible
F, spectral window for '"H-">N long-range heteronuclear shift correlation experi-
ments is effectively twice the width of that used for "H-">C long-range correlation
survey spectra. In addition, on a 600 MHz NMR spectrometer, while '>C resonates at
~150 MHz, N resonates in the vicinity of ~60 MHz. When triple resonance
inverse-detection gradient NMR probes are built, they are usually biased toward
more efficient pulse capabilities for the '>C end of the turning range of the doubly
tuned X coil. At the other end of the range, "N pulses are generally less efficient,
leading to a situation where the F; spectral width that can be effectively excited is
more narrow for °N than for *C, which can be exasperating given that the "N long-
range heteronuclear correlation spectral window can in practice be twice that
required for the corresponding '*C long-range correlation experiment.

Figure 14.3 shows what can happen when long-range "H-"°N 2D NMR data are
acquired using survey conditions compared with acquiring these data following '°N
chemical shift calculations. The data shown in Figure 14.3a were acquired for the
simple alkaloid harmaline (2) using the "H-""N survey conditions established in the
laboratory where these data were acquired. These survey conditions set the F; spectral
window for the range from 50 to 200 ppm, which is perfectly adequate for indole
alkaloids and related compounds. Unfortunately, the N1 resonance of harmaline
involves a C=N double bond, which shifts the N1 resonance considerably downfield
and outside of the F; spectral window used in Figure 14.3a, resulting in this
resonance folding back into the observable spectral window. If an investigator were
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Fig. 14.3 Figure showing two 'H-""N spectral window set from 50-200 ppm
IMPEACH-MBC spectra of the simple alkaloid  (relative to liq. NH3=0ppm). The
harmaline (2, structure inset). The data were data shown in panel B were acquired with
recorded using an accordion optimization the F; spectral window set from 100 to
range of 3-8 Hz. The spectrum shown in panel 320 ppm based on >N chemical shift

A was recorded using standard survey calculations for harmaline performed
conditions routinely used in the laboratory in using ACD/NNMR v 9.07 software.
which these data were acquired, with the F; (See Figure 14.4).
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Fig. 14.4 ACD/NNMR chemical shift calculation for the
simple alkaloid harmaline (2). The N6 resonance, as
expected, has a '°N chemical shift in a range typical for
indoles while the N1 resonance exhibits a calculated °N
chemical shift more typical of that of pyridine, which is well
outside the Fy window provided for the survey conditions
shown in Figure 3A.

dealing with an unknown structure, folding of this type could suggest a completely
different type of environment for the N1 nitrogen than it actually occupies, leading, in
turn, to a potential misassignment of the structure in some cases. In contrast, when
the N chemical shifts of harmaline are calculated using ACD/NNMR software, the
predicted "N shifts for N1 and N6 are 298.1 and 131.6 ppm, respectively. After the F;
spectral window was adjusted from 50-200 to 100-320 ppm, the 3-8 Hz optimized
IMPEACH-MBC spectrum of harmaline was reacquired, affording the results shown
in Figure 14.1b. The N6 indole resonance again resonated in the vicinity of 120 ppm,
as expected. More importantly, the N1 C=N resonance appeared at the correct
position in the spectrum near 300 ppm as predicted. An example of the value of
prediction prior to data acquisition will be described later in this chapter. Through the
process of comparing experimental shifts with predicted chemical shifts we were able
to identify potential issues with the experimental data, which were later confirmed to
be erroneous (Figure 14.4).

14.3
5N Chemical Shift Calculation and Prediction

14.3.1
Structure Verification Using a '°N Content Database

For the chemist attempting to elucidate a chemical structure, the "N chemical shift is
a sensitive probe of the nitrogen environment. For the purpose of structure
verification, a common approach is to review the literature for related species and
use their chemical shifts and couplings as models to allow estimates of these
properties for the new species. While there are a number of texts, reviews, and
publications available that have brought together the spectral properties of tens to
hundreds of molecules, these paper-based collections are cumbersome to use when it
comes to searching for a particular chemical shift or a chemical structure or
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substructure. With both time and quality being of the essence for such searches of
data, the most obvious approach is to compile an appropriate collection of data into an
electronic database and enable the appropriate types of searches.

When a content database of chemical structures and associated spectral para-
meters is made available, this can greatly speed up the process of identifying the
nature of a compound. Electronic content databases are available from a number
of sources. The largest and most up-to-date source of °N data is that supplied by
ACD/Labs. The content database is delivered with their ACD/NNMR Predictor
program [40]. It can be searched by structure, substructure, similarity of structure,
chemical shift or range of chemical shifts, as well as by coupling constants. Add to this
the ability to search through the databases by formula and mass (nominal, average, or
exact) and an NMR spectroscopist has immediate access to a warehouse of valuable
information.

The ACD/NNMR v10 content database contains >8800 chemical structures
(>21000 "N chemical shifts). These data have been culled from the literature
and checked for quality according to a number of stringent criteria prior to being
added to the database. The chemical shift reference is homogenized during the
process such that all shifts are relative to one reference (even though predictions can
be referenced to four common standards: liq. NH;, NH,4Cl, HNO3, and CH3NO,). A
single database record includes the chemical structure, the original literature
reference, the >N chemical shift(s) and, where available, associated heteronuclear
coupling constants.

The database is updated on an annual basis with new data extracted from the
literature. This database is also the foundation of data supporting the prediction
algorithms that are required to predict NMR spectral properties for chemical
structures not contained within the database.

14.3.2
SN NMR Prediction

NMR prediction brings the possibility of structure verification based on chemical
shifts as well as offering the opportunity of using prediction to optimize experimental
acquisition parameters and sweep widths for the acquisition of 2D spectra, a valuable
facility considering the example of the survey conditions applied to harmaline as
discussed earlier. ACD/Labs uses proprietary algorithms based on a modified form of
HOSE-code technology [41]. In order to perform a prediction, the user simply
sketches the chemical structure of interest using a structure editor. The calculation
of the chemical shifts and coupling constants is performed in a matter of seconds. A
resulting table of chemical shifts displays the number of the atom in the structure
that gives rise to the predicted shift, the value of the predicted shift, and the
uncertainty of the predicted shift, based on 95 % confidence limits for the structure
fragment. The table also includes predicted coupling constants between pairs of
atoms.

It is possible to determine how the chemical shifts were predicted, and the type of
structural fragments used to derive the parameters though a Calculation Protocol
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window which shows a series of points, each representing an individual chemical
structure and associated chemical shift that was used to influence the chemical shift
prediction. If the prediction was performed on a compound not in the database, then
avariety of different structures are shown in the Calculation Protocol and displayed as
a histogram plot containing structures that are only fragmentally similar to the input
structure. The general applicability and success of >N NMR prediction will be
examined in further detail below.

14.3.3
Enhancing NMR Prediction With User-“trained” Databases

Since chemical structure diversity continues to shift and new compounds are
synthesized and characterized almost daily, it is a significant effort to ensure that
the content of the database and the associated improvement in prediction accuracy
is maintained. ACD/Labs culls data on an ongoing basis with sources including the
published literature, academic laboratories, and commercial projects in which the
compounds are now of noncommercial interest or have been protected by
patenting. The value of proprietary data generated in-house is limited if these
data cannot be collected and incorporated into a database for the reasons cited
above. The ideal of allowing these data to be searched together with the internal
content database, as well as allowing them to contribute to the NMR predictions is
possible by creating a user database of structures, associated shifts, and other data.
User databases can be built to contain hundreds to thousands of chemical
structures that can then serve to enhance chemical shift prediction for a given
laboratory and to provide a legacy resource for any organization. For researchers
studying specific alkaloid classes the ability to populate a database with experi-
mentally determined values of both shifts and coupling constants offers significant
benefits for future data-mining and for short-cutting the process to both structure
identification and experimental condition optimization. Coupled with the ability to
manage the collective wealth of related information, including thousands of data
fields, the scientist can find such flexibility inherently beneficial to managing their
laboratory operations.

14.3.4
Validating ">N NMR Prediction

The validation of >N NMR prediction is best performed by comparing the predicted
shifts for compounds not in the database with the experimental shifts available in the
literature or measured directly. ACD/Labs have reported [42] a statistical analysis of
their "N NMR prediction. Using a classical leave-one-out (LOO) approach they
predicted the N shifts for >8300 individual chemical structures contained within
the ACD/NNMR v 8.08 NNMR program database. The resulting analysis gave a
correlation coefficient of R” = 0.97 over 21 244 points. The distribution in deviations
between the experimental values and the predicted values using this LOO approach is
shown in Figure 14.5.
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Fig. 14.5 LOO (leave-one-out) analysis of the The resulting analysis gave a correlation

>N NMR database contained in ACD/Labs coefficient of R?=0.97 over 21244 points. The
NNMR chemical shift and coupling constant presentation shows a plot of a number of
prediction package. The calculation was done chemical shifts vs. the difference between the
by removing one °N shift and then calculating  experimental and predicted chemical shift

the >N shift in question using the remaining values. Approximately 250 shifts out of >20,000
structures and data contained in the database.  have a deviation of >20 ppm.

Selecting 24 random compounds (none from tables of related structures) from
different sections of the authors’ review [12] on long-range 'H-'"N heteronuclear
shift correlation that are not in the ACD/NNMR v8.08 database, the authors
calculated the "N shifts for the 71 nitrogen resonances contained in these structures.
Plotting calculated versus observed '°N shifts for the 24 compounds used, we
obtained the results shown in Figure 14.6. Regression analysis of these data gave
R*=10.97, with a standard error of 14.8 ppm. Based on the structural diversity of
the 24 compounds used in this analysis, a standard error of < +15ppm is quite
reasonable, and affords a basis for setting F, windows to acquire long-range 'H-"°N
data if one were dealing with an unknown molecule.

As described earlier the prediction algorithms are derived from a training set of
over 21 000 chemical shifts. The training set is upgraded on an annual basis based on
published literature data. For the chemical shifts reported in this chapter, almost 75 %
of the data reported are contained within the database presently associated with the
version 10 release. For the remaining 25 % of chemical shifts listed in this article a
regression analysis was performed to compare experimental versus predicted
chemical shifts. The results are represented in Figure 14.7. Regression delivers a
value of R? =0.987, an excellent correlation and demonstrative of the performance of
the NMR prediction algorithms.
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Fig. 14.6 Plot of observed versus calculated °N chemical
shifts for 24 compounds from a previously published review
(71 N shifts) [12]. None of the 24 compounds selected were
contained in the NNMR v8.08 database. When regression
analysis was performed on these data the following results
were obtained: R” = 0.97, standard error 14.8 ppm.

14.4
Computer-assisted Structure Elucidation (CASE) Applications Employing "°N
Chemical Shift Correlation Data

There have been very few reports of the combined use of computer-assisted structure
elucidation methods that have employed any form of >N data, whether direct or
long-range correlation. Two papers appeared in 1999, the first by K6ck, Junker, and
Lindel [43]. These authors compared the application of computer-assisted structure
elucidation methods to the alkaloid oroidin (3) with and without the inclusion of N
chemical shift correlation data. The tabulated results obtained for oroidin and
reported in the study are quite interesting in terms of the impact of the availability
of "N chemical shift correlation data.
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As is readily seen from the data contained in Table 14.2, when there were
limited numbers of long-range 'H-"C HMBC correlations provided to the
program with the COSY data, the number of possible structures generated was
enormous. As the quality of the data set increased in terms of the numbers of
'"H-">C HMBC correlations provided to the program, the number of structures
generated dropped precipitously. However, when the 'H-">N HMBC data were
included, even with an underdetermined "H-"*C HMBC data set, the program still
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Fig. 14.7 Plot of observed vs. calculated "*N chemical
shifts for 49 >N chemical shifts from this chapter. These
chemical shifts and associated compounds are not
contained within the training set. Regression analysis
delivered: R*=0.987, standard error 14.8 ppm.

generated only a small number of structures that an investigator would have to
sort through.

Nugzillard and coworkers [44] also reported the application of the LSD CASE
program to the elucidation of the structure of acosmine acetate (4) in 1999. The

Tab. 14.2 Impact of information content on the application of the COCON CASE program for
the elucidation of the structure of oroidin (3).

Oroidin datasets #HMBC correlations COSY, HMBC COSY, HMBC, >N HMBC
A 9 (29%) 234336 10
B 18 (58 %) 27142 10
C 23 (74 %) 690 10
D 26 (84%) 60 6

The #HMBC column shows the number of correlations provided to the program as a percentage of
the total number of possible correlations. The values in the two columns to the right are the number
of structures generated from the input data.
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available NMR data, when supplemented by the "H-">"N GHMBC data, led to the
generation of a single structure by the program in 0.1s.

AcO

The structure of a complex degradation product of cryptospirolepine, 5, crypto-
quinoline, 6, was elucidated in parallel by both a spectroscopist and by colleagues
using the Structure Elucidator CASE program [45]. After 10 years of storage in DMSO
in a sealed NMR tube, a sample of cryptospirolepine (5) was totally degraded. Two of
the major degradation products were isolated from the complex mixture. The more
abundant degradant was readily identifiable as cryptolepinone, presumably derived
by the oxidation at the spiro center of cryptospirolepine. The molecule gave a
molecular ion (MH" =479) and HRMS data consistent with a molecular formula
of C3,H,4N,O. MS/MS fragment ions were observed at 464, 447, 435, 432, 247, 232,
and 217 Da; the 232 daughter ion corresponds to a cryptolepine fragment minus a
proton, suggesting that an 11-cryptolepinyl moiety (7) was an integral part of the
degradant structure. The presence of an 11-cryptolepinyl fragment in the structure of
the degradant was readily confirmed from the 2D NMR data available and the mass
spectral data.

The 2D NMR data were interpreted to assemble the structural fragment 8, which
can be logically cyclized to afford 9. Linking 7 and 9, which is consistent with the
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fragmentation observed in the mass spectral data, affords the final structure of the
degradant as cryptoquindolinone (10).

Long-range "H-"°N heteronuclear chemical shift correlations were observed for
three of the four nitrogens in the structure of 10 in a 3-8 Hz optimized CIGAR-
HMBC "H-""N spectrum recorded for the ~100 ug sample using a 600 MHz Varian
ColdProbe. As in the case of the report by Kéck, Junker, and Lindel [43] discussed
above, the "H-""N data afforded a significant reduction in the computation time in
the determination of the structure using the Structure Elucidator program. From the
start of data interpretation to the completion of the structure elucidation, including
the “quantum leap” provided by the recognition that the structure contained an
11-cryptolepinyl moiety based on the observed color and then confirmed by the data
assignment, a highly competent spectroscopist required 72h to assemble the
structure. Using the same data, including the "H-">N CIGAR-HMBC data, which
afforded correlations to three of the four annular nitrogens in the structure, Structure
Elucidator v7.0 consumed ~8h of computer time, generating ~3300 structures in
the process. After filtering, the output reduced to 355 structures, which after sorting,
left the cryptoquindoline structure in the second position, with a deviation, d = 3.947.

Another example of the impact of "H-'>N chemical shift correlation was observed
when the NMR data for the dimeric Cryptolepis alkaloid cryptomisrine (11) was used
as input for the Structure Elucidator CASE program. Only "H-">N HMQC direct
correlation data were available. When this small piece of information was not
provided as input, the program ran for 210h, generating >75 million structures,
of which >22 000 remained after filtering and the removal of duplicates. In contrast,
when the 'H-">N HMQC data were provided as input, the program generated a total
of only five structures in ~1 min [46].
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In another report utilizing CASE methods and long-range "H-"°N 2D NMR data,
Grube and Kock [47] reported the characterization of oxocyclostylidol (12),
an intramolecular cyclized oroidin derivative from the marine sponge, Stylissa
caribica.
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The authors used the COCON program to verify the assigned structure of
oxocyclostylidol (12). The full complement of spectral data, including both long-
range '"H-"°N 2D and 1,1-ADEQUATE correlations were used as input. When
the full NMR data set was used as input, four structures, 12-15, were
generated by the program. The calculation without the 'H-""N GHMBC data
generated more than 50000 structures; if the 1,1-ADEQUATE data were also
excluded, the number of generated structures rose to more than 150000. These
observations clearly underscore the importance of long-range 'H-'"N 2D
NMR data in the computer-assisted structure elucidation of complex alkaloid
structures.

A separate analysis of oxocyclostylidol has been performed recently by Elyashberg
(private communication). Elyashberg, in collaboration with the authors of this
chapter and other collaborators, previously reported on the applications of a CASE
system, ACD/Structure Elucidator to complex molecules and specifically to natural
products [45,46,48-58]. The details of the system and its associated algorithms will
not be reviewed here and readers are referred to the previous articles for
information.

In our earlier reports [56,59] we have already discussed the problems that arise
when an expert system is used for molecular structure elucidation from 2D NMR
data containing correlations assumed to correspond only to *Jcy and *Juy
coupling constants, respectively. We have defined such correlations as ““standard”
correlations [51,55,56]. For n>3 Junycu couplings we define these correlations as
nonstandard. The origin and nature of nonstandard correlations (NSCs) has been
discussed elsewhere in the literature [60]. It is generally believed by others in this
field of study that correlations of nonstandard length are observed fairly rarely
[61-63]. Results obtained in our work [59] contradict this opinion. Previously the
solutions of more than 250 problems were investigated by applying ACD/Struc-
ture Elucidator [55,56] to the structural identification of complex natural products
from 2D NMR and MS spectra. The studies indicated that almost half of the
problems (45 %) contained nonstandard correlations in the 2D NMR data. Mean-
while, expert systems are usually optimized to structure elucidation assuming a
set of correlations of common (standard) length. Prior to actually establishing the
structure of the unknown molecule, the presence or absence of nonstandard
correlations, as well their number and real lengths, remains unknown. Therefore,
the problem adds up to molecular structure elucidation from spectrum-structural
information that is not only fuzzy by nature (**Jcy in HMBC), but can also be
both contradictory and uncertain (i.e. the number of nonstandard connectivities
and their lengths are unknown).

In previous reports [56,58] we suggested approaches for solving problems in the
presence of correlations of nonstandard lengths. The details will not be discussed in
further detail here. Our experience has shown that the number of nonstandard
correlations contained within the 2D NMR data associated with a molecule can be
rather large — up to about 20 correlations. Elyashberg’s review of the data presented by
Grube and Kock [47] indicates that the lengths of the nonstandard correlations were
likely determined post-elucidation by the authors. Six nonstandard correlations were

427



428

14 Applications of >N NMR Spectroscopy in Alkaloid Chemistry

identified, five within the HMBC data (unidirectional arrows) and one within the
COSY (double-headed arrow) data. These are shown on structure 16. The COCON
program is unable to facilitate elucidation in the presence of such nonstandard
correlations and would likely produce an empty structural file if the nonstandard
correlations were included into the input data set.

Br

Elyashberg applied ACD/Structure Elucidator to the problem using the HMBC,
COSY, 'H-">’N HMBC, and 1,1-ADEQUATE data as inputs. A number of
approaches to solving the problem were considered. The results demonstrated
that the process of fuzzy generation [58] allowed elucidation of the structure with no
assumptions being made regarding the number and lengths of the nonstandard
correlations. The value of the '"H-">N HMBC data was demonstrated since when
the data are excluded, the number of structures and generation time increase
dramatically as previously demonstrated in applications of the COCON program
[43,47]. The four structures generated as output by the Structure Elucidator
program, ranked according to d,'*C (accurately calculated '*C shift) are shown
in Figure 14.8.

14.5
Applications of >N Spectroscopy in Alkaloid Chemistry

Following the development and commercial availability of pulsed Fourier transform
NMR instruments in the early 1970s there was considerable interest in the acquisi-
tion of "N chemical shift data. One of the first papers that the authors are aware of
dealt with the assignment of the *C and "°N shifts of the alkaloid physostigmine (20)

[64]. While examining the literature for direct observation "N studies of alkaloids
between the 1977 report by Steenberg [64] and the first reported applications of
inverse-detected long-range "H-">N 2D NMR studies at natural abundance by one of
the authors in 1995 [32-34] is completely beyond the scope of this chapter, it is still
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Fig. 14.8 Structures generated by Structure
Elucidator v9.07 for the data reported by Grube
and Kock [47] when both the "TH-">N HMBC
and 1,1-ADEQUATE data were included in the
data input for the program. When the 'H-"°N
HMBC and 1,1-ADEQUATE were excluded, the
number of structures generated by the program
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reported by Grube and Kock [47] when the
structure was solved using the COCON
program. While the structures generated by
Structure Elucidator are similar to the output
from the COCON program, they are not
identical, undoubtedly owing to differences in
the fundamental algorithms of the two program
packages.

interesting to note that interest in the application of >N NMR in the study of alkaloids

dates back to the early history of FT NMR.

optimized IMPEACH-MBC spectrum of

For purposes of comparison, a 3-8 Hz
physostigmine (20) was acquired and

processed [36,37,65]. The chemical shifts were virtually identical to those reported
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from the '°N directly observed spectrum. Long-range couplings, including a pair of
weak °Jyy correlations (denoted by dotted arrows) from the aromatic protons
flanking the point of attachment of the N-methyl carbamoyl group were observed
in the spectrum as shown by 21.

721
H3C

n 72

Another useful collection of N data on alkaloids is contained in the 1979
report of Fanso-Free and colleagues, who described a study of the Rauwolfia alk-
aloids and related model compounds [66]. Their results are summarized in
Figure 14.9.

With any review of applications of a given technique, there is always the question of
where to start and how to organize the applications. This chapter is no different in that
regard. Applications are grouped in the following section on the basis of the nitrogen-
containing species, for example, pyrrole, imidazole, and so on, and are arranged in
order of increasing complexity. This grouping is completely arbitrary on the part of
the authors.

14.6
Applications of Long-range '"H-"°N 2D NMR

14.6.1
Five-membered Ring Alkaloids

The simplest alkaloid families to which "H-">N chemical shift correlation methods
have been applied are those containing a single five-membered ring with one or more
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Fig. 14.9 >N Chemical shifts of several Rauwolfia alkaloids
and related model compounds. Chemical shifts are
reported in chloroform or, parenthetically, in DMSO [66].
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OCH,4
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isoreserpine (28)

cevadine (29)

486,491

sparteine (30)

thermopsine (31)

Fig. 14.9 (Continued)

nitrogen atoms. In one of the initial reports on the application of "H-'>N long-range
heteronuclear chemical shift correlation, Koshino and Uzawa reported the

application of the technique to nicotine (32), in addition to other model compounds
[67]
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Kato et al. [68] reported the isolation and characterization of a novel imidazole
antifungal alkaloid, fungerin (33) from the fungus Fusarium sp. The authors
employed a "H-""N GHMBC experiment optimized for 60 ms (8.3 Hz) to establish
the substitution pattern of the N-methyl imidazole ring.

CO,Me

228.8 '/\‘
N
Q
LN N -Cs
142.3 <|3H:> HsC
33

Fractionation of an alkaloid extract of Psychotria colorata flowers led to the isolation
of six alkaloids, one of which was unknown. The new pyrrolidinoindoline alkaloid
was, in part, characterized through the use of long-range 'H-">N GHMBC data as
the highly symmetric structure 34 [69].

Later in 1998, two new pyrrole alkaloids were isolated and characterized from the
berries of Solanum sodameum collected in the Libyan desert[70]. The structures were,
in part, confirmed through the acquisition of "H-">N GHMBC spectra. Long-range
couplings observed and the >N chemical shifts of the alkaloid on which the proton—
nitrogen experiments were performed are shown by 35. The structure shown is
reproduced as reported in the literature, although, in the opinion of the present
authors, itis likely that the double bond between the two annular nitrogens within the
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imidazole ring probably favors the nitrogen resonating further downfield rather than
as the structure is drawn because of the chemical shift.

19(534 /@ .
225.2 (ﬁj\)

165.8
35

The next isolation and characterization of an imidazole alkaloid in which °N data
were employed during the characterization is found in the work of Dunbar et al. [71] who
reported a novel imidazole alkaloid, naamine-A 36, from the calcareous sponge Leucetta
chagosensis. The authors did not report the optimization used to acquire the data.

N

| >:NH

i)
HaCO AH 1352

36

Ford and Capon [72] used long-range "H-'>N 2D NMR data in the process of
characterizing the complex pyrroloiminoquinone alkaloid discorhabdin-R (37) from
two latrunculiid marine sponges Latrunculia sp. and Negombata sp. Unfortunately,
the authors only reported the N chemical shift of one of the three nitrogen
resonances in the structure; they did not report any experimental details.

In a very interesting report from 2001, Ciminiello and coworkers [73] reported the
isolation and structural characterization of the complex bromotyrosine-derived
imidazole alkaloid archerine (38) that was isolated from the Caribbean marine
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sponge Aplysina archeri. The authors used long-range 'H-"°N correlation data to
assemble four substructural fragments, 39-42. °N Chemical shift data reported in
conjunction with these fragments are shown with the individual fragments. The final
structure was assembled from the substructural components through the use of
long-range 'H-'C correlation data. This study demonstrates quite clearly how
long-range 'H-""N heteronuclear shift correlation can be used strategically in the
assembly of a complex alkaloid structure.

A
J N N H
- A=A

142.5, 178.7
41

NH»

More recently, Kretsi and coworkers [74] reported the isolation and chemical
structure characterization of several hepatotoxic pyrrazolidine alkaloids from
Onosma leptantha. The structure of leptanthine (43) and leptanthine N-oxide (44)
are shown. As would be expected following N-oxidation, the 5N resonance of the
latter is shifted downfield by +80.9 ppm relative to the parent compound. This
behavior is consistent with the authors’ experience, which has shown that N-oxidized
nitrogens are shifted downfield from +65 to approximately +105 ppm [75].
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In an interesting report, the structure of tetapetalone-A (45), isolated from a Strepto-
myces sp., was revised through the use of long-range "H-">°N GHMBC data by Komoda
et al. [76], who first reported the structure; the revised structure is shown by 46 [77].

HC
HaC Chs

14.6.2
Tropane Alkaloids

In an interesting application, Fliniaux and coworkers [78] reported the use of long-
range "H-""N GHSQC and GHMBC data to monitor nitrogen metabolism leading to
the formation of tropane alkaloids of Datura stramonium in transformed root culture.
While there have not been many studies of this type, the increasing availability of
cryogenic NMR probes, which offer greatly increased sensitivity over conventional
NMR probes, will undoubtedly foster more such studies in the future.

Long-range 'H-">N 2D NMR methods were also used to examine the kinetics
of the formation of calystegines (47-50) in root cultures of Calystegia sepium [79].
>N-Labeled tropinone was used as a precursor. The structures and assigned °N
chemical shifts of some of the alkaloids that were studied are collected in
Figure 14.10.
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14.6.3
Indoles, Oxindoles, and Related Alkaloids

14.6.3.1 Strychnos Alkaloids

Members of the strychnos family of alkaloids were among the first compounds to
which long-range 'H-'°N 2D NMR methods were applied at natural abundance.
Specifically, strychnine was studied both in the laboratory of one of the authors [33]
and in the laboratory of Koshino and coworkers [31]. In addition, brucine (51) and
holstiine (52) were studied in the author’s laboratory. It is also quite probable that
there have been more applications of long-range 'H-""N methods to indole alkaloids
than to any other alkaloid class. The 1995 studies in the author’s laboratories predated
the development of accordion-optimized long-range methods by several years and
hence employed conventional GHMBC experiments with multiple optimizations of
the long-range 'H-"°N delay in the pulse sequence.

The "N chemical shifts of the three alkaloids were quite similar. The N-9 amide
shifts were observed toward the downfield end of the normal range for amide °N
chemical shifts. The N-19 aliphatic nitrogen shifts were observed in the vicinity of
37 ppm, which is typical of secondary and tertiary aliphatic "N shifts. >N Chemical
shifts for the three compounds are collected in Table 14.3.

HN HSC\
OH N
HO OH
OH
82.2
71.9
47
48
OH
HN
OH HN
HO OH
OH HO
OH
77.9
HO 77.8
49
50

Fig. 14.10 Structures and °N chemical shift assignments
of calystegins monitored in root cultures of Calystegia
sepium [79]. "°N chemical shifts were reported relative to
potassium *N-nitrate. Chemical shifts in this figure have
been referenced to liquid NH; using 376.5 ppm, the
chemical shift of sodium "*N-nitrate in water as the
conversion factor.
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Tab. 143 N Chemical shift assignments for strychnine (1), brucine (51), holstiine (52),
strychnine N-oxide (54), and brucine N-oxide (55) in deuterochloroform.

Compound 3"*N N9 (ppm) 3'°N N19 (ppm)
1 148.0 (D: 148.7/5.0) 35.0 (D: 34.8/5)
51 151.0 (D: 151.7) 37.0 (D: 36.8)
52 146.5 (135.2/10.7) 39.5 (31.7/19.8)
54 146.5 [~1.5] 136.3 [+101.3]
55 145.3 [—2.6] 135.5 [+99.6]

Values in square brackets are the shift relative to the parent molecule. Numbers in parentheses
represent the predicted chemical shift and estimated error. The notation D indicates the structure
is in the database. Occasionally a structure can be in the database multiple times with

different chemical shifts (see Figure 14.11). The results will be the annotation of a record as
contained in the database but a “prediction error” will be reported.

R=-H
5IR = -OCH; 52

54R=-H
55R =-OCH;

A complete summary of the long-range "H~">N coupling pathways of strychnine
is shown by 53. The long-range proton-nitrogen couplings of brucine (51) and
holstiine (52) were virtually identical to those of strychnine. In 1999, Hadden et al.
[80] reported a study of the effects of N-oxidation at the N-19 position of strychnine
(54) and brucine (55). As expected, the N-19 resonance of both compounds was
shifted downfield by ~100 ppm relative to the chemical shift of N-19 in the parent
alkaloid. In contrast, N-9 was shifted upfield slightly in both N-oxides.
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14.6.3.2 Azaindoles

In 1996, a novel alkaloid, agrocybenine, 56, with an azaindane skeleton was iso-
lated from a Korean mushroom by Koshino and coworkers [81]. Long-range
'"H-""N GHMBC data were used to locate the two annular nitrogens in the
skeleton (Figure 14.11).

99.5
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X —N CHj
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NG CH,
HSC L/
318.0
56

14.6.3.3 Indoloquinoline Alkaloids
The authors have also extensively studied the indoloquinoline families of alkaloids
related to cryptolepine (indolo[3,2-b]quinoline 57), applying direct and long-range
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Fig. 14.11 The database record in ACD/NNMR associated
with strychnine. Note that four references are reported with
their associated chemical shifts and coupling constants.
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'H-">N heteronuclear shift correlation methods during the study of a number of
analogs.

In 1995, 'H-"°N HSQC data were generated for an 800 p.g sample of quindolinone
(58) in ~2h [82]. Both nitrogen resonances in the structure are protonated, and
long-range "H-"°N heteronuclear shift correlation data for this alkaloid have never
been reported.

3.0Hz

207.8

Cryptolepine (57), the parent alkaloid in the series, was studied in 1996 using long-
range '"H-">N GHMBC data [83]. In order to observe a correlation to the N-10
nitrogen resonance, it was necessary to run GHMBC experiments with 4 and 10 Hz
optimization to observe the weak peri-couplings to the N-5 and N-10 resonances. The
>N shift of N-10 is in excellent agreement with the corresponding shift of an
azacarboline with a similar exo double bond [84].

Cryptospirolepinone is the most complex member of the cryptolepis family of
alkaloids, constituted as a spiro nonacyclic molecule 5 [85]. The molecule also
required the acquisition of multiple long-range "H-"°N spectra to assign all of
the "N resonances in the structure. Data were acquired with optimizations of 10, 6, 4,
and 2.5 Hz. A single *Jxy; correlation from H-13 to the N-3 resonance was observed
only in the 2.5 Hz optimized spectrum, while correlations were readily observable to
the other three nitrogen resonance in the structure [86].

131.4

A 1999 study of the alkaloid cryptolepinone (59) also afforded >N chemical shift
correlation data for the 5-oxide 60, as this alkaloid undergoes facile air oxidation [87].
While transmitted electronic effects from the oxidized nitrogen to other nitrogen
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resonances are generally small [75] that was not the case for cryptolepinone 5-oxide, in
which the N-10 nitrogen resonance was shifted downfield +23.9 ppm. Presumably,
the effects of N-oxidation at the 5-position were transmitted to N-10 via the inter-
vening C-5-C-10a double bond.

Later in 1999, an attempt was made to record long-range "H-"°N heteronuclear
correlation data for 11-isopropylcryptolepine (61), usinga <100 pg sampleina 1.7 mm
submicro (SMIDG) 600 MHz NMR probe [88]. While correlations were observed from
H-4 and the N-methyl resonance to the N-5 resonance at 147.8 ppm, no correlation was
observed in the 3.3 Hz optimized spectrum to the N-10 resonance from H-9.

135.3
111.4 e Q

103.4

59 60

14.6.3.4 Vinca Alkaloids

To date, two studies have been reported in which long-range "H-"°N heteronuclear
shift correlation data have been applied to vinca alkaloids. The first report in the
literature was a 1995 application to the semisynthetic molecule vinorelbine (62) by
one of the authors and a coworker [89]. Correlations to three of the four nitrogens in
the structure of vinorelbine (62) were observed within a few hours of the initiation of
data collection. In contrast, the single observable correlation to the azocine nitrogen
in the structure (azocine ring is denoted in red) took a considerable period of time to
observe and was then only weakly observed. The authors attributed this behavior to
motion within the azocine ring. Itis quite possible, however, thatan IMPEACH-MBC
'H-"°N spectrum would give better results because of the range of potential long-
range coupling pathways being interrogated.

43.0
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The only other reported application of long-range 'H-""N methods to a vinca
alkaloid was an application to vincamine, 63 [90]. It is interesting to note that the
hydroxyl proton exhibited a strong long-range correlation to the N-1 resonance
observed at 143.0 ppm. The H-15e proton was long-range coupled to N-1 and also to
N-4 via a *Jyy coupling pathway.

14.6.3.5 Other Indole Alkaloids
In addition to the molecules described above, a number of other reports have appeared
in the literature detailing applications of direct and/or long-range "H-">N 2D NMR
methods to various indole alkaloids. One of the earliest of this group of studies was the
1997 report by Kim et al. [91] of the characterization of three indoline benzastatin
alkaloids, E, F, and G that were isolated from a Streptomyces nitrosporeus culture broth.
'"H-">N GHSQC data were reported only for benzastatin-E (64).

74.9
N

HO
HaCO
64

\\\\\\\\\

Wang and Ganesan [92], in the process of synthesizing a series of fumiquinazoline
alkaloids, reported the extensive use of long-range "H-'°N correlation data. The
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N H 110.5
ﬁ/\NH

232.6
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Scheme 14.1
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authors reported chemical shifts and long-range correlations observed for fiscalin-B
(65) as well as for several of the substituted analogs shown in Scheme 14.1. >N
Chemical shift data for analogs of 66 are collected in Table 14.4, while the BN
chemical shifts for the one product, 67, for which they were reported are shown on the
structure. The original report also contains >N chemical shift data for a number of
synthetic intermediates to which the interested reader is referred.

The authors also reported "’N chemical shift assignments for one additional
compound [92]. Refluxing the t-butyl substituted precursor of 66 in CH,Cl, with
triphenylphosphine, iodine, and triethylamine led to the formation of the substituted
B-carboline, 68

Seto and coworkers reported a study of the novel neuronal cell protecting substance
mescengricin (69), a pyridoindole produced by Streptomyces griseofulvis [93]. There
were only a few long-range correlations to the two nitrogen atoms, as shown on the
structure. No details of the optimization of the long-range delays used in determining
the long-range correlations to nitrogen were reported. This study is also interesting in
that it is one of relatively few reports in the literature of the use of the D-HMBC
experiment [94,95] The "N shifts of the indole and pyridine nitrogen resonance were
reported as 122 and 207 ppm, respectively, the former in the normal range for an
indole nitrogen resonance while the pyridine nitrogen is shifted considerably upfield
relative to the normal pyridine nitrogen shift range of ~300-320 ppm.

CHj3

Tab. 14.4 "°N chemical shift assignments for several analogs of 66 [92].

Substituent Indole NH Exo C=N Benzoxazine C=N
R=CHj; 122.2 224.2 223.0
R=C¢H;s 121.7 222.6 223.4

R=CH,CH(CHs3;), 123.4 221.9 225.0
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Muhammad et al. [96] reported the isolation and structure characterization of a
group of oxindole alkaloids 70-74, from Una de Gato, or cat’s claw, a plant indigenous
to the rainforests of Peru and used by the native peoples for a variety of aliments. The
plant has a wide range of secondary metabolites including tetra- and pentacyclic
oxindole alkaloids among others. The '*N chemical shifts reported for five oxindole
alkaloids described in this report were interesting reporters of stereochemical
differences between the alkaloids. The N-1 "N chemical shift was observed within
a fairly narrow range of 136.9 to 135.1 ppm, while in contrast, the N-4 >N chemical
shifts ranged more broadly from 54.6 to 64.8 ppm. These data are summarized in
Table 14.5.

Later in 2001, Clark and coworkers [97] reported the isolation and structure
characterization of an indolopyridoquinazoline alkaloid, 3-hydroxyrutaecarpine,
(75) from Leptothyrsa sprucei. This study was particularly interesting in that the
authors reported the substructural fragments 76-78, which were assembled prior to
the final determination of the structure of 75. Long-range 'H-">C and 'H-"°N
correlations (GHMBC) were used to link the substructural fragments together to
afford the final structure.

Tab.14.5 Comparison of the stereochemical, N1and N4 >N shifts and long-range couplings of
a series of pentacyclic oxindole alkaloids isolated from the Peruvian plant Ufia de Gato (Cat’s
Claw) [96].

N1 N shift
and long-range N4 "N shift and long-range
Stereochemistry  coupled protons  coupled protons

70  Uncarine-C 3S, 7R, 158, 136.9 H-1, 56.9 H-5, H-6, H-14, H-20, H-21
198, 208 H-12
71  Uncarine-D 3R, 78, 155, 135.1 H-1, 64.8 H-3, H-6, H-14
198, 208 H-12
72 Uncarine-E 38,78, 155, 136.7 H-1 54.6 H-5, H-6, H-20, H-21
198, 208
73 Mitraphylline 38, 7R, 158, 135.1 H-1, 64.7 H-3, H-5, H-6, H-14
19S, 20R H-12
74  Isomitraphylline 3§, 75, 158, 135.8 H-1, 64.7 H-5, H-6, H-21

19S, 20R H-12
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Based on what might be considered the “normal” range of amide "N chemical
shifts, the N-6 amide resonance of 75 might appear somewhat anomalous. However,
it should be recalled (Table 14.3) that the N-9 amide chemical shifts of the strychnos
alkaloids thus far studied are in the range of ~145-151 ppm; the "N shifts of
oxoberberine (128, see Section 14.66) and nauclealine-A (76, following section) are
assigned at 153.7 and 164.2 ppm, respectively. Hence, the N-6 >N chemical shift of
3-hydroxyrutaecarpine is quite reasonable.

In another study later in 2001, Clark and coworkers reported the application of long-
range 'H-"°N experiments during the isolation and structural characterization of
another group of indole alkaloids, nauclealine-A (76), -B (77), and naucleaside-A and -B
from the bark of Nauclea orientalis [98]. >N Chemical shifts were reported only for the
former, although it is likely that the "°N shifts of the latter would be quite similar.

Itis interesting to note that the >N chemical shift calculation of nauclealine-A (76)
when performed using ACD/NNMR v10 gives a result for the indole nitrogen of
131.6 £ 6.8 ppm, which is quite reasonable and would readily allow the use of the
predicted >N chemical shift to establish an F;, window for the acquisition of long-
range '"H-"°N data. In stark contrast, the calculated >N chemical shift of the N-6
amide nitrogen was 84.9 + 36.2 ppm, which is inconsistent with the observed and
assigned "N chemical shift of 164.2 ppm for this resonance. On examining the
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compounds on which the chemical shift calculation is based, there is a strong bias
toward bridgehead nitrogen-containing molecules with only scant representation of
molecules such as oxoberberine, which contains a legitimate amide nitrogen. The
bias inherent to the compounds used in the calculation, unfortunately, skewed the
calculated "N chemical shift of N-6 unacceptably low. However, as >N chemical shift
data for more compounds are added to expand the database, calculation problems of
this type should diminish in frequency.

Another interesting report that appeared in 2002 dealt with the revision of the
structure of porritoxin (78) reported by Horiuchi and coworkers [99]. When this
alkaloid, which is produced by the fungus Alternaria porri, was first characterized [100],
long-range 'H-""N 2D NMR methods were not available. The structure was originally
reported as incorporating the eight-membered azoxacine as shown by 78. When the
structure was re-examined in 2002, it was necessary to revise the structure as shown by
79 on the basis of the long-range "H~">N 2D NMR correlations observed ina GHMBC
spectrum, which were inconsistent with the originally proposed azoxocine ring.

Q H /O
HaCWO N HSCT/\/O ‘ =
H
CHs | j ot Q_OH
Ha o] CHa
78

OCH,
79

Copp and coworkers [101] made extensive use of both '"H-">’N GHSQC and
GHMBC data in determining the structures of kottamides A-D, novel indole-
containing alkaloids from the New Zealand ascidian Pycnoclavella kottae. Reported
N chemical shifts and 'H-'"N long-range coupling pathways are shown for
kottamide-A (80, R; =R, =Br). '°N data were unfortunately not reported for the
other alkaloids in the series (81-83) whose structures were determined (Table 14.6).
Key long-range "H-"°N correlations were observed from the methine protons of the

Tab. 14.6  Structural comparison of substituents and side chains of kottamides A-D[101].

R 14 /7\%1‘2\123.0 /0;3)

J 3
132.
7
» / 7y
D)
Structure R, R, C-2 side chain C-5 side chain
80 Br Br Isopropyl (as shown above) Sec-butyl (as shown above)
81 Br H Isopropyl Sec-butyl
82 H Br Isopropyl Sec-butyl

83 Br Br Sec-butyl Methyl
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isopropyl and sec-butyl side chains to the imidazolone nitrogen, N-1, resonating at
326.1 ppm for 80, which allowed the assembly of the imidazolone heterocyclic ring
during the determination of the structures of these interesting alkaloids.

In 2003, Appleton and Copp [102] reported the isolation and characterization of
another related alkaloid, kottamide-E (84) again making use of long-range 'H-">N
heteronuclear chemical shift correlation data.

During the attempted total synthesis of the alkaloid roquefortine C, the synthetic
step leading to the diketopiperazine went astray, leading to the formation of an
unanticipated cyclization product. Hadden et al. [103] employed 6 Hz optimized
long-range "H-""N GHMBC data to establish the structure of the novel cyclization
product as 85 shown in Scheme 14.2.

A novel pentacyclic oxindole, speradine A (86) was isolated from a marine-derived
fungus, Aspergillus tomarii and characterized, in part using long-range "H-"*N 2D
NMR data [104]. The only long-range correlations to the two nitrogens in the structure

H136.2
Br N . s—s
Y 126.0 ‘ 101.7
NH N
Br o \/\NH H
C’) 1227 ©
84

195.3 é(Ph)s

85

Scheme 14.2
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of the alkaloid were from directly bound or nearby methyl groups, making the
acquisition of the long-range correlation data a very simple undertaking.

86

Another report in 2003 described the isolation and characterization of bacillamide
(87) from a marine bacterium Bacillus sp. SY-1 [105]. This indole-containing alkaloid
interestingly has both algicidal activity and potent activity against the harmful
dinoflagellate Cochlodinium polykiroides

o)
326.7 CHa
D, s
N HN ~
130.0 H 115.0 |
o}
87

Despite the large numbers of reports that described the application of long-range
'H-">N 2D NMR methods to indole alkaloids during 2003, there were none reported
in 2004. In 2005, Glover, Yoganathan, and Butler [106] reported the isolation and
characterization of three indole-containing aspidofractinine alkaloids, kopsine,
fruticosine, and fruticosamine (88). Long-range 'H-">"N GHMBC data were acquired
during the characterization of fruticosamine, although no details of the long-range
coupling pathways observed were contained in their report.

14.6.4
Carboline-derived Alkaloids

Several carboline-derived alkaloids have been studied using 'H-"°N 2D NMR meth-
ods, the first in 1995 was ajmaline (89) [107]. Long-range "H-">N couplings for
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ajmaline were measured and allowed the assignment of the resonances of the two
nitrogens contained in the structure. Relatively few studies of alkaloids have reported
the measurement of the actual long-range "H-""N coupling constants. Instead, the
vast majority of the reports in the literature have merely exploited the long-range
coupling pathways to assign the >N chemical shifts, and/or to provide structure
confirmation.

g9 53.0

Marek et al. [108] reported the >N chemical shifts and long-range correlation
pathways for the alkaloid roemeridine (90) in 1996 in conjunction with data for a
number of isoquinoline-derived alkaloids that are discussed below.

A comprehensive study of the alkaloid harman (91) in which the long-range
"H-""N couplings were measured using modified 'H-"°N J-HMBC methods has
been reported [109]. The review of long-range "H-'°N 2D NMR applications by
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Martin and Hadden [10] reported the °N chemical shifts and long-range coupling
pathways of B-carboline (92).

H
113.0 H 303.0

14.6.5
Quinoline, Isoquinoline, and Related Alkaloids

Marek and coworkers have reported extensively on the utilization of direct and long-
range "H-"°N 2D NMR methods isoquinoline, benzo[c]phenanthridine, and related
alkaloids. In a 1996 study, the ">N chemical shift and long-range couplings of the
alkaloid armepavine (93) were reported [108,110].

H;CO q
O N 32.7

HsCO v CHs

Two other closely related benzyl isoquinoline alkaloids are papaverine (94) and
escholamine iodide (95). The '°N resonance of the fully aromatic isoquinoline of
papaverine, as would be expected, was observed at 297.2 ppm. In contrast, the
quaternary methyl iodide salt form of escholamine iodide shifted the >N resonance
upfield to 189.9 ppm [111].

OH
93

94 95

The investigation of bisbenzylisoquinolines has been an active area of natural
product research that has been reviewed [112]. Frappier and coworkers [113] have
studied and characterized some antiplasmodial bisbenzylisoquinoline alkaloids
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from Isolona ghesquiereina using long-range "H-""N HMBC data in their study. The
authors characterized (—)curine (96) and chondrofoline (97), for which >N chemical
shift data were reported. Unfortunately, the observed long-range "H-">N correlations
were not reported. The N-2 and N-2' resonances of 96 were assigned as 22.5 and
34.7 ppm, respectively. The corresponding resonance assignments for N-2 and N-2/
of 97 were comparable at 23.2 and 35.4 ppm.

HiC fz
o]

R C 5
“CHj4
96 R =R,=-H 97 Ri=-CH;, R,=-H

Orabi and coworkers [114] reported the elucidation of the structures of several bis-1-
oxaquinolizidine N-oxide alkaloids from Red Sea specimens of Xestospongia exigua,
employing long-range 'H-">N HMBC data in the process. Two of the compounds
were known, araguspongine A and araguspongine-C; however, their corresponding
N-oxides, araguspongine-K (98) and araguspongine-L (99) were new compounds.
Only partial "°N data were reported for 98, specifically the shift of the N-5-oxide
nitrogen, which resonated at 117.1 ppm. Both shifts were reported for the symmetric
99. In the case of the latter, N-5 resonated at 43.1 ppm, while the N-5'-oxide nitrogen
resonated at 117.0 ppm, which represents a downfield shift of +73.4 ppm due to the
N-oxidation. The downfield shift observed following N-oxidation is consistent with the
downfield *°N shifts following N-oxidation reported from these laboratories [75,80,88].

N\

H6 axial “" 117.1
N

Ho™"

98 929
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The new quinoline alkaloid sarcomejine (100) was isolated from the bark of
Sarcomelicope megistophylla by Fokialakis et al. [115] The skeletal framework was
assembled from NMR and mass spectrometric data, necessitating the authors to then
differentiate between two alternative structures on the basis of a 5 Hz optimized long-
range 'H-""N GHMBC spectrum. Correlations from the proton at the 8 position of
the quinoline ring and from the side-chain methane proton resonating at 5.28 ppm
allowed the authors to fix the locations of the side chain as shown by 100 rather than
the alternative structure, 101.

101

Muhammad and coworkers [116] reported the isolation and structural character-
ization of two alkaloids from Duguetia hadrantha, hadranthine-A and -B (102) that
were related to the known alkaloid imbiline-1. To confirm the placement of the
annular nitrogen atoms in the skeletal framework, the authors used long-range
'H-">N HMBC data. Thus, correlations from protons resonating at 9.11 and
8.22ppm to a nitrogen resonating at 321.0 ppm were used to position N-1 of
hadranthine-A (102, R; = CHj3; R, = OCHj). A correlation from the amide methyl
group to a nitrogen resonating at 135.6 ppm located N-6. To provide confirmation of
the structural assignment, imbiline-1 (102, R; = CHj3, R, = H) was also examined by
long-range 'H-">N methods. Identical long-range correlations were observed to
nitrogens resonating at 321.9 and 135.4 ppm, confirming the structural assignment.
Only partial "°N data were reported by the authors for hadranthine-B (102, R; = CHj;
R, = H); the N-1 resonance was observed at 321.5 ppm. The '°N chemical shift of the
N-6 resonance was not reported.

Francisco, Nasser, and Lopes [117] used long-range "H-">N 2D NMR data in the
characterization of tetrahydroisoquinoline alkaloids isolated from Aristolochia
arcuata. The only compound for which >N data were reported was 103.
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HO ﬂ

NH 50.7

HO
H3C CHs )

103

Yang et al. [118] reported the isolation and characterization of a novel naphthy-
lisoquinoline alkaloid, ancisheynine (104) from the aerial part of Ancistrocladus
heyneanus. The alkaloid is interesting in that it contains a previously undescribed
N-2-C-8' linkage between the naphthyl and isoquinoline subunits, the presence of
which was established with long-range 'H'°N correlation data.

OCH; OCHg
197.0 H I I CHs
HaC /N* CHs
OCH
H A 3
104

14.6.6
Benzo[c]phenanthridine Alkaloids

In their 1996 report cited above, in which long-range "H-'""N 2D NMR data were
acquired in the study of roemeridine (90) and armepavine (93), Marek and coworkers also
reported data for the benzo[cJphenanthridine alkaloids chelerythine (105) and sangui-
lutine (106), which had "N chemical shifts of 186.2 and 186.6 ppm, respectively [108].

105 R; + Ry=-O-CH»-O-, R3=-H
106 R1 = R2= R3= -OCH3

Marek and coworkers followed their initial report with a 1997 study of a group
of dimeric benzo[cJphenanthridine alkaloids using 'H-">N GSQMBC data [119]
(Table 14.7).
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Tab. 14.7 >N Chemical shifts of selected benzo[c]phenanthridine alkaloids and their O and
—NH- dimers.

Compound X Ry +R; R; + R4 Rs 3N (ppm)
107a — 0-CH,-O 0-CH,-O OCH; 49.7
107b — 0-CH,-0O 0-CH,-0O H 50.3
108a -O- 0-CH,-O 0-CH,-O OCH; 40.1
108b -O- 0-CH,-0O O-CH,-0O H 41.2
108c -O- 0-CH,-0O R3;=R,=O0OCH; H 39.0
108d -NH- 0-CH,-0O 0-CH,-O H 38.4
108e -NH 0-CH,-O R;=R,=O0CH; H 35.8

107 108

Sanguinarine pseudobase (109) was also re-examined by NMR, including long-
range "H-"°N data [120]. The intent of the study was to unequivocally confirm the
structure of sanguinarine pseudobase and to prove the existence of a hemiaminal OH
group. The ">C chemical shift of the C-6 resonance for 109a (R = H) was 78.9 ppm,
which is consistent with a hemiacetal. The "N shift of 107 (Rs = H) was 50.3 ppm. In
the case of 109b (R=CHj3) and 109¢ (R =C,Hs), the "N shifts were 40.3 and
41.3 ppm, respectively.

In addition to the study of the bis-benzo[c]phenanthridines just discussed above,
Marek and coworkers have also extensively studied other benzo[c]phenanthridine
alkaloids [111,121]. The structures of the alkaloids for which data have been reported
and their respective >N chemical shifts are collected in Figure 14.12. These alkaloids
include the methyl chloride salts, sanguinarine chloride (110), chelrythine chloride
(111), sanguilutine chloride (112) and chelirubine chloride (113). 6-Substituted and
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Fig. 14.12 "N Chemical shifts of benzo[c]phenanthridine alkaloids [111,121].
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Fig. 14.12 (Continued )

dihydro analogs included 6-hydroxydihydrosanguinarine (109a), 6-hydroxydihydro-
chel-erythrine (115) 6-hydroxydihydrocelirubine (116) 6-methoxydihydrosanguinar-
ine (109b), 6-ethoxydihydro-sanguinarine (109c), 6-ethoxydihyrochelerythrine (117),
dehydro-sanguinarine (118) and dihydrochelerythrine (119). Related alkaloids
included norchelerythrine (120), chelidone (121), and homochelidone, (122).

In addition to the benzo[c]phenanthridine alkaloids, Marek and coworkers
[111,121] also reported on a number of protoberberine alkaloids which are collected
in Figure 14.13. The protoberberines that have been studied include berberine
chloride (123), coptisine chloride (124), canadine (125), stylopine (126), tetrahydro-
palmatine (127), oxoberberine (128), dihydroberberine (129), 8-hydroxy-7,8-dihydro-
berberine (130), corydaline (131), thalictricavine (132), palmitine chloride (133),
jatrorhizine chloride (134), mecambridine (135), and cyclanoline iodide (136). These
extensive reports also contain data for aporphine and proaporphine alkaloids, which
are summarized in Figure 14.14. The aporphine and proaporphine alkaloids for
which data are available include isothebaine (137), isocorydine (138), bulbocapnine
(139), and mecambrine (140). Data have also been reported for several pavine analogs
thatare collected in Figure 14.15. The pavines include californidine perchlorate (141),
eschscholtzine (142), and argemonine (143). The authors have also reported data for
rhoeadine (144) and bicuculline (145).

14.6.7
Pyrazine Alkaloids

Chill, Aknin, and Kashman [122] used long-range 'H-""N data in the characterization
of two pyrazine alkaloids with an unprecedented skeleton isolated from an uni-
dentified tunicate collected at the Barren Islands, Madagascar. The assigned
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Fig. 14.13 Protoberberine Alkaloids. [111,121].
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Fig. 14.13 (Continued )
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Fig. 14.14 Aporphine and proaporphine alkaloids [111,121].
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Fig. 14.15 Pavine alkaloids [111,121].

144

structure, 146, was differentiated from an alternative isomeric structure, 147, on the
basis of the long-range 'H-"°N correlation data.

NH

NH

14.6.8
Diazepinopurine Alkaloids

Selective cytotoxicity of the marine sponge alkaloid asmarine-A (148) [123] triggered
Kashman's laboratory to undertake the synthesis of this unique diazepinopurine
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Tab. 14.8 >N Chemical shifts for asmarine-A (148), -F (149), -G (150), and -H (151) [125].

5N Chemical shifts

Compound -R N-1/ N-3' N-7/ N-9 N-10'
148 -OH 2333 247.0 245.8 153.9 166.5
149 —OCHj; 5-epi, 8-oxo 224.0 239.2 120.0 113.5 186.9
150 —OCH; 236.7 231.2 243.8 152.9 189.9
151 -H 243.0 231.2 243.8 155.9 116.6

alkaloid [124]. Long-range 'H-">N 2D NMR data were recorded for asmarine-A (148),
-F (149), -G (150), and -H (151) [125]. The authors noted that the originally reported
>N chemical shifts were misreferenced and reported the corrected assignments
[124]. The corrected assignments are summarized in Table 14.8. Long-range 'H-"°N
coupling pathways in the asmarine series are shown by 152 [124]. The '°N chemical
shift assignments for a number of synthetic intermediates, 153-161, are collected in
Table 14.9. Further synthetic work reported by the same group of authors [126] resulted
in "N chemical shift data for several additional compounds, which also afforded some
insights into the effects of 9-substitution on the °N shift of the N-10 resonance. These

data are presented in Table 14.10.

14.7

Pyridoacridine, Quinoacridine, and Related Alkaloids

There has been considerable interest in pyridoacridines and related compounds owing
to their biological activity (cytotoxicity, mutagenicity, or antibacterial activity). Wawer
and coworkers [127] reported the study of a pair of quinoacridinium salts from this



461

14.7 Pyridoacridine, Quinoacridine, and Related Alkaloids

Tab. 14.9 N Chemical shifts of tetrahydrodiazepinopurine analogs of asmarine-A (148) [124].
>N Chemical shifts
Compound N-1 N-3 N-7 N-9 N-10
oy N\
hiog /
L N 7
T~
I | / 245.0 235.3 156.0 245.5 149.3
L‘KN/%'_'N
1 9
" 153
OEIn-.__N/ \
II' 2 N7
[ N//“""Q:r'/
i | 250.8 237.9 155.6 245.0 92.6
IH\HN,//F)“"'N
9
3 154
'
W /
I\ N7
s
I 1l / 234.0 161.3 167.3 231.9 119.2
| \
K
N
| 3 9
TMPM
155
OBn\N
e
S \>
| I
\NWN\ ; 136.9 207.9 247.4 173.9
156
HO—,
B
OBn---_N \\
{ 141.8 204.0 172.2 180.0

285.3

288.2
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Tab. 14.9 (Continued)

5N Chemical shifts

Compound N-1 N-3 N-7

N-9

N-10

Hz

Cl
f
HO —\
OBn—_ N
i ! 134.4 226.7 164.5

|6 N7 Not obs. 263.5 155.9
G - Not obs. 262.6 155.7

248.0 260.5 154.7

250.0

2445

244.2

245.4

280.0

203.9

188.3

150.7 (HSQC)

TMPM, (3,4,5-timethoxyphenyl)methyl; DPM, diphenylmethyl.
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Tab. 1410 "*N Chemical shifts of synthetic tetrahydrodiazepinopurine analogs of asmarine-A

(148) [126].
5N Chemical shifts
N-10

N-1 N-3 N-7 N-9

Compound

246.8 167.7

HO""N \I
\ / 247.9 234.0 155.0

III |lI
| 6 g
245.4 168.7

e
i ) 250.8 237.9 155.0

| 251.0 2373 155.0 246.8 1782

BnDHxN i
' 247.5 241.8 153.4 245.6 188.1
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Tab. 14.10 (Continued)

5N Chemical shifts

Compound N-1 N-3 N-7 N-9 N-10
He, s
BnDHN> \
I'ul_ﬁ hjl 5 253.2 240.0 155.0 246.8 188.8
a8 N\
| W 7
= /’J_-_"N
3 3 9
166

broad family of compounds using long-range °N heteronuclear shift correlation data
in their study. There are numerous resonance structures, two of the 18 that the authors
report as possible are shown as 167 and 168. The authors were able to differentiate the
chemical shifts of the two N-ethyl groups at N-8 and N-13 on the basis of calculated
nitrogen shielding constants and by heteronuclear shift correlation spectra. Based on
their work, the authors conclude that N-8 is significantly more shielded than N-13,
giving rise to the chemical shift assignments contained in Table 14.11.

167 168

Copp and coworkers [128] reported the isolation of two new pyridoacridine
analogs, isodiplamine (169) and lissoclinidine (170) from the New Zealand ascidian
Lissoclinum notti. The authors used 6 Hz optimized '"H-'>N HMBC data in the
process of characterizing these novel compounds. The >N chemical shifts and
observed long-range couplings are shown on the structures.

Tab. 1411 "*N Chemical shift assignments for two quinoacridinium salts [127].

Substituent N-8 N-13

R=-H 135.6 143.7
R=-CH; 134.9 142.7
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14.8
Conclusions

Alkaloids are widely distributed in both terrestrial and marine organisms. The
feasibility of performing direct and long-range 'H-"°N heteronuclear shift correla-
tion experiments at natural abundance has provided investigators with an extremely
powerful tool for alkaloid structure elucidation. Advances in the electronics employed
in NMR spectrometers, the wider availability of very high field instruments, coupled
with routine access to small-volume high-sensitivity NMR probes and, in growing
numbers of laboratories, cryogenic NMR probes is also greatly facilitating the
utilization of N chemical shift and long-range coupling pathway information in
the determination of the structures of novel alkaloids. We have tried to include in this
chapter all the reports contained in the literature that involve natural abundance
direct and long-range "H-"°N heteronuclear chemical shift correlation data. Doubt-
less, vast as the chemical literature is, we have overlooked some report(s). To the
authors of those works, we apologize. As time goes on, we expect that there will
growing numbers of reports in the literature describing the use of direct and long-
range '"H-">N 2D NMR data for the elucidation of alkaloid structures.

We have also attempted to highlight the value of >N chemical shift calculations for
establishing F; spectral windows when performing long-range 'H-'"N heteronuc-
lear chemical shift correlation experiments. Examples have also been presented
illustrating the impact of "H-"°N heteronuclear shift correlation data in minimizing
calculation times for computer-assisted structure elucidation (CASE) applications.

Finally, there are several very interesting papers currently in press. First, work by
Kupce and Freeman [129] has demonstrated the possibility of obtaining natural
abundance N-"*C correlation spectra using vitamin B-12 as a model compound for
their study. Their method uses a new reconstruction technique based on simulta-
neously acquired standard HMQC and HMBC spectra at *C and N natural
abundance. In contrast to standard 3D NMR methods, the authors claim the method
they have described offers a two orders of magnitude improvement in sensitivity. It
remains to be seen what impact this method will have on alkaloid chemical structure
characterization. The authors have also reported work involving computation
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methods, specifically indirect covariance [130,131] and unsymmetrical indirect
covariance NMR methods [132-134], that may facilitate the acquisition of hyphe-
nated (HSQC-COSY, -TOCSY, -NOESY, -ROESY, and -HMBC) 2D NMR data that can
be used in the determination of alkaloid structures.

Finally, Parella and coworkers [135] have reported a pulse sequence that allows for
the simultaneous acquisition of 'H-"C and 'H-""N HMBC spectra. One of the
model compounds that they used to demonstrate the technique, not surprisingly, was
strychnine. How all of this new work will affect alkaloid structure characterization
remains to be seen, but it does appear that the future is quite bright in terms of new
spectroscopic techniques that may facilitate alkaloid structure characterization.
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15
Synthesis of Alkaloids by Transition Metal-mediated

Oxidative Cyclization
Hans-Joachim Knélker

The application of transition metals for selective C—H bond activation has emerged as
a powerful tool for organic synthesis. We have demonstrated that the oxidative
cyclization of appropriately substituted primary or secondary alkyl- and arylamines
opens up simple and direct approaches to nitrogen-containing heterocyclic ring
systems. This transformation can be efficiently induced using stoichiometric or even
catalyticamounts of transition metals (e.g. iron, molybdenum, palladium, and silver).
The advantages of this method are mild reaction conditions and toleration of a broad
range of functional groups. Thus, the construction of nitrogen-heterocyclic frame-
works by fusion of fully functionalized building blocks becomes feasible. Application
of this chemistry in natural product total synthesis provides convergent and highly
efficient short-step approaches to a variety of biologically active alkaloids [1]. The
present chapter summarizes some of the advances in this area achieved since 2001
and emphasizes the utility of transition metal-mediated oxidative cyclizations.

15.1
Silver(l)-mediated Oxidative Cyclization to Pyrroles

The pyrrole ring system represents a pivotal substructure in naturally occurring
alkaloids and pharmaceutical products. Following the classical Hantzsch, Knorr, and
Paal-Knorr syntheses numerous alternative assemblies of pyrroles have been
described [2]. Homopropargylamines and (allenylmethyl)amines represent easily
available building blocks for pyrrole synthesis [3,4]. The cyclization of (allenylmethyl)
amines to 2,5-dihydropyrroles can be induced by silver(I) salts and has already been
investigated [4]. We have reported a novel pyrrole synthesis by silver(I)-mediated
oxidative cyclization of homopropargylamines to pyrroles [5]. The required precursors
are readily accessible by condensation of simple arylaldehydes to Schiff bases and
subsequent Lewis acid-promoted addition of 3-trimethylsilylpropargylmagnesium
bromide (Scheme 15.1). Under optimized reaction conditions, treatment with 1.1
equivalents of silver acetate at room temperature affords almost quantitative yields of
the corresponding pyrroles. This procedure represents a versatile and simple synthetic
routeto 1,2-diarylpyrroles, which are of interest because of their biological activities [6].

Modern Alkaloids: Structure, Isolation, Synthesis and Biology. Edited by E. Fattorusso and O. Taglialatela-Scafati
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31521-5

475



476 | 15 Synthesis of Alkaloids by Transition Metal-mediated Oxidative Cyclization

Ph \H/H ANH, P H F,B-OFEt,
_AMA >
o —H,0 N_  BrMgCH, CCTMS

78%

Ph \(\ AgOAc /@
————>  ph
_NH TMS ~ CHaClprt N
Ar 99% Ar

Ar =4-MeO-CgH,

Scheme 15.1 Silver(l)-mediated oxidative cyclization of
homopropargylamines to 1,2-diarylpyrroles.

Cyclic Schiff bases are easily prepared by Bischler—Napieralski cyclization of
N-formyl-2-arylethylamines. Thus, the silver(I)-mediated oxidative cyclization of
homopropargylamines can be exploited for the synthesis of polyheterocyclic ring
systems. Annulation of a pyrrole ring on 3,4-dihydroisoquinoline provides simple
access to the pyrrolo[2,1-a]isoquinoline framework (Scheme 15.2) [5]. Addition of
the propargyl Grignard reagent affords the homopropargylamine as the major
product along with the (allenylmethyl)amine resulting from attack at the y-C atom.
Silver(I)-mediated oxidative cyclization of the homopropargylamine to 5,6-dihydro-
pyrrolo[2,1-alisoquinoline proceeds at room temperature, whereas cyclization of
the (allenylmethyl) amine requires elevated temperatures and gives lower yields.
Protodesilylation of the silylacetylene and subsequent silver(I)-mediated oxidative

F,B-OEt,
L +
_N BrMgCH, CCTMS NH NH

% TMS
80% ™S 1%
AgOAc
Me, CO, 56 °C
56%
AgOAc 5% Rh/C
—_— —_—
NH CH,Cl,, rt N H, N
71% \ /) 91%
—
\ H

Scheme 15.2 Silver(l)-mediated oxidative cyclization to
pyrrolo[2,1-alisoquinolines.
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Scheme 15.3 Proposed mechanism for the silver(l)-

cyclization to 5,6-dihydropyrrolo[2,1-ajisoquinoline gives a yield similar to the
cyclization of the silyl-protected precursor. Chemoselective hydrogenation of the
pyrrole ring using 5 % rhodium on activated carbon as catalyst provides
1,2,3,5,6,10b-hexahydropyrrolo[2,1-alisoquinoline [7], which represents a degrada-
tion product of the alkaloid norsecurinone [8] and is reported to show useful
pharmacological activities [9].

Silver(I)-catalyzed cyclizations of substituted allenes to heterocyclic ring systems
including 2,5-dihydropyrroles have been described previously [4,10]. Moreover, sil-
ver(I) salts are known to form stable mr-complexes with terminal acetylenes [11]. On the
other hand, on treatment with silver nitrate silylacetylenes were reported to afford
silver acetylides [12]. Based on these considerations and additional experimental
evidence [5,13], the following mechanism has been proposed for the silver(I)-mediated
oxidative cyclization of homopropargylamines to pyrroles [5] (Scheme 15.3).

Activation of the acetylene by coordination of the triple bond to the silver cation
enables a 5-endo-dig cyclization via nucleophilic attack of the amine [14]. Protonation
of the resulting vinyl silver complex leads to an iminium ion. Subsequent B-hydride
elimination affords metallic silver and a pyrrylium ion which aromatizes by
proton loss to the pyrrole. For trimethylsilyl-substituted homopropargylamines
(R? = SiMe;), the resulting pyrrole (R* = SiMe;) undergoes protodesilylation to
the 1,2-disubstituted pyrrole.

15.1.1
Synthesis of the Pyrrolo[2,1-alisoquinoline Alkaloid Crispine A

The hexahydropyrrolo[2,1-aisoquinoline alkaloid crispine A was isolated in 2002
from Carduus crispus [15]. Extracts of this plant have been applied in Chinese folk
medicine for the treatment of colds, stomach ache, and rheumatism; moreover they
inhibit the growth of several human cancer cell lines. The useful biological activities
induced a strong interest over the last few years in the synthesis of this alkaloid [7,16].
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Scheme 15.4 Synthesis of (+)-crispine A via silver(l)-
mediated oxidative cyclization.

We used the silver(I)-mediated oxidative cyclization of homopropargylamines to
pyrroles for the synthesis of crispine A (Scheme 15.4) [7].

Reaction of 3,4-dihydro-6,7-dimethoxyisoquinoline with the propargyl Grignard
reagent leads to the cyclic homopropargylamine, which on silver(I)-mediated oxida-
tive cyclization affords 5,6-dihydro-8,9-dimethoxypyrrolo[2,1-alisoquinoline. Che-
moselective hydrogenation of the pyrrole ring provides racemic crispine A (three
steps, 24 % overall yield).

15.1.2
Synthesis of the Indolizidino[8,7-b]indole Alkaloid Harmicine

The basic fraction of the ethanolic leaf extract of the Malaysian plant Kopsia griffithii
exhibits a strong antileishmania activity. One of the two novel alkaloids isolated
from this plant in 1998 was the indolizidino[8,7-b]indole harmicine [17]. Synthetic
approaches to harmicine became attractive owing to its pharmacological potential
[18,19]. We applied our three-step pyrrolidine annulation strategy to the synthesis of
harmicine (Scheme 15.5) [19].

Addition of the propargyl Grignard reagent to 3,4-dihydro-B-carboline followed by
silver(I)-mediated oxidative cyclization to the dihydroindolizino[8,7-b]indole and
chemoselective hydrogenation provide racemic harmicine (three steps, 46 % overall
yield).

15.2
Iron(0)-mediated Oxidative Cyclization to Indoles

Indole alkaloids represent a fundamental class of natural products and have impor-
tant biological properties. Therefore, a large number of different methods for indole
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Scheme 15.5 Synthesis of (+)-harmicine via silver(l)-
mediated oxidative cyclization.

annelation has been developed [20]. Taking advantage of the useful reactivity of
tricarbonyl(n*-cyclohexa-1,3-diene)iron complexes [21], we established a novel
procedure for indole ring formation by an iron(0)-mediated oxidative cyclization
of alkylamines (Scheme 15.6) [22].

The tricarbonyliron-coordinated cyclohexadienylium salts are readily available
on a large scale by azadiene-catalyzed complexation of the corresponding cyclo-
hexadienes with pentacarbonyliron [23] and subsequent hydride abstraction using
trityl tetrafluoroborate [24]. Alkylation of methyl lithioacetate with the iron complex

OLi
1.DIBAL, —78 °C to rt

Y

+
Fe(CO) 5 %\ - OMe
OMe Y \n/ 2. TosCl, pyridine
—  » (OC);Fem—
NS (0]

~ THF,—78°C 3. PhCH ,NH,
BF,
95% 71%
ZN \ Cp,FePF 4, Na,CO, =
(00)sFe= | > (0C)3Fe=
1N cH,ph  CH2Cla,25°C N
99% CH,Ph
1.hv, MeCN, —30°C _
2.air, —30°C, 5min N
85% CH,Ph

Scheme 15.6 Iron(0)-mediated oxidative cyclization of
alkylamines to indoles.
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salt at low temperature proceeds almost quantitatively. Elaboration of the alkylamine
side chain has been achieved by reduction to the primary alcohol using diisobutyl-
aluminum hydride (DIBAL) followed by tosylation and nucleophilic substitution
with benzylamine. Oxidative cyclization using ferricenium hexafluorophosphate
in the presence of sodium carbonate provides the tricarbonyliron-coordinated
2,3,3a,7a-tetrahydroindole. Demetallation via a photolytically induced ligand exchange
reaction with acetonitrile affords the corresponding free ligand [25].

This method can be applied to the total synthesis of natural products. The lycorine
alkaloids anhydrolycorinone and hippadine have a pyrrolo[3,2,1-de]phenanthridine
framework and have been isolated from Amaryllidaceae plants [26]. Hippadine
exhibits reversible inhibition of fertility in male rats. Diverse synthetic approaches
to the pyrrolophenanthridine alkaloids have been developed because of their potent
biological activities [27]. We applied the iron(0)-mediated arylamine cyclization
described above to a concise synthesis of anhydrolycorinone and hippadine
(Scheme 15.7) [28].

Selective reduction of the methyl ester to the corresponding aldehyde using
DIBAL at low temperature and subsequent reductive amination with iodopiperonyl-
ammonium chloride affords the tricarbonyliron—cyclohexadiene complex with the
secondary alkylamine in the side chain. Iron(0)-mediated oxidative cyclization

NH
Z \\\\\ﬂ/OMe DIBAL \\\\n/ :@\ 8
(OC)zFe —< (OC) ;Fe m=— o

0 -78 °C >
61% NaBHs CN, MeOH, MS
87%
2N
(OC)sFe= © \N S (oc)sFe—@ | MeNO
- e e
H P2 6 A N S T o
| 86% 80%
O
0 o—!

|
Pd(PPh3),, DMF N DDQ N
N ( a)a

1002°C°), air o 78% o
JO 9%
(o) o}
o -0 -0
Anhydrolycorinone Hippadine

Scheme 15.7 Synthesis of anhydrolycorinone and
hippadine via iron(0)-mediated oxidative cyclization.
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followed by demetallation provides the tetrahydroindole. Heating the tetrahydroin-
dole with a stoichiometric amount of tetrakis(triphenylphosphine)palladium in the
presence of air leads to an intramolecular biaryl coupling with concomitant aroma-
tization of the cyclohexadiene and oxidation at the benzylic position to the lactam,
thus providing anhydrolycorinone directly. Finally, dehydrogenation leads to hippa-
dine (seven steps, 8 % overall yield).

153
Iron(0)-mediated Oxidative Cyclization to Carbazoles

A broad structural variety of carbazole alkaloids with useful biological activities has
been isolated from different natural sources. The pharmacological potential of this
class of natural products led to the development of diverse methods for the synthesis
of carbazoles [29,30]. We elaborated an efficient iron-mediated construction of
the carbazole framework by consecutive C-C and C-N bond formation. This
method provides highly convergent routes to carbazoles as demonstrated first for
4-deoxycarbazomycin B (Scheme 15.8) [31].

Electrophilic aromatic substitution of 2,3-dimethyl-4-methoxyaniline by reaction
with the tricarbonyliron-coordinated cyclohexadienylium salt generates the aryl-
substituted tricarbonyliron—cyclohexadiene complex. Treatment of this complex with
very active manganese dioxide results in oxidative cyclization and aromatization with
concomitant demetallation to afford directly 4-deoxycarbazomycin B, a degradation
product of the antibiotic carbazomycin B [32]. Using ferricenium hexafluorophos-

+
Fe(CO), OMe _MeON (0C)4 Fe
+ 1
© oo O §:}
O Br,” 2N Me g%

Me
v.a. MnO, Cp, FePFq
28% A47%
OMe OMe
(OC) sFe o =
O O Cp,FePFq $NC
Me <€ _— N\ Me
l}l 68% l}l
H Me H Me

4-Deoxycarbazomycin B

Scheme 15.8 Synthesis of 4-deoxycarbazomycin B via
iron(0)-mediated oxidative cyclization.
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phate as the oxidizing agent the two oxidations involved can be achieved sequen-
tially: first, C-N bond formation by iron(0)-mediated oxidative cyclization to the
tricarbonyliron-coordinated 4a,9a-dihydrocarbazole and second, aromatization fol-
lowed by demetallation to 4-deoxycarbazomycin B.

15.3.1
3-Oxygenated Carbazole Alkaloids

Hyellazole and 6-chlorohyellazole have been isolated from the blue-green alga Hyella
caespitosa [33]. They represent the first carbazole alkaloids that have been obtained
from marine sources. Carazostatin has been isolated from Streptomyces chromofuscus
and exhibits a strong inhibition of free-radical-induced lipid peroxidation [34].
Carazostatin and O-methylcarazostatin, a nonnatural derivative, are potent antioxi-
dants [35]. We have developed a common approach to these 3-oxygenated carbazole
alkaloids based on the iron-mediated carbazole synthesis (Scheme 15.9) [36,37].
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(73 MeCN (OC) ;Fe \_
+ — o Me
- 82°C \
BF 4 H,N Me
R H,N Me
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P2 6 Me + O O Me
Na,CO;4 N
| R
H
a 29% a Hyellazole 59%
b 33% b O- Methylcarazostatin 53%
| 1.Me 3 NO, 2. K ,CO5, Mel *
a 88%; b 89%
OMe Br OMe Cl OMe
O e i se T
Me 92% Me 96% Me
\ \ )
|
H Ph H Ph H Ph
Hyellazole 6-Chlorohyellazole

Scheme 15.9 Iron(0)-mediated synthesis of 3-oxygenated
carbazole alkaloids.
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Electrophilic substitution of the 4-methoxyanilines by reaction with the iron
complex salt and subsequent oxidative cyclization using ferricenium hexafluorophos-
phate in the presence of sodium carbonate affords the 3-methoxycarbazoles hyellazole
and O-methylcarazostatin along with their corresponding tricarbonyliron-coordinated
4b,8a-dihydrocarbazol-3-one complexes. Demetallation of the latter followed by
O-methylation of the 3-hydroxycarbazoles resulting from tautomerization converts
the iron complexes to the carbazole products, which become readily available (three
steps and 82-83 % overall yield based on the iron complex salt for both compounds).
Although three previous syntheses for 6-chlorohyellazole have been described, a
transformation of hyellazole into 6-chlorohyellazole has not yet been reported. We
found that halogenations of hyellazole occur with remarkable regiospecificity. While
chlorination takes place selectively at the 4-position, bromination leads to the desired
halogenation of the 6-position. Halogen exchange by treatment of 6-bromohyellazole
with an excess of cuprous chloride provides 6-chlorohyellazole (five steps, 73 % overall
yield based on the iron complex salt).

15.3.2
Carbazole-1,4-quinol Alkaloids

Carbazomycin G and H have been isolated from Streptoverticillium ehimense [38]. In
nature carbazomycin G occurs as a racemic mixture and the same is assumed for
carbazomycin H. Carbazomycin G was reported to show antifungal activity. The two
compounds share a unique structure, namely the carbazole-1,4-quinol moiety.
Starting from the appropriate iron complex salt, iron-mediated arylamine cyclization
provides a simple route to both alkaloids (Scheme 15.10) [39].

Electrophilic aromatic substitution of 5-hydroxy-2,4-dimethoxy-3-methylaniline by
reaction with the iron complex salts affords the corresponding aryl-substituted
tricarbonyliron—cyclohexadiene complexes. O-Acetylation followed by iron-mediated
arylamine cyclization with concomitant aromatization provides the substituted carba-
zole derivatives. Oxidation using cerium(IV) ammonium nitrate (CAN) leads to the
carbazole-1,4-quinones. Addition of methyllithium at low temperature occurs prefer-
entially at C-1, representing the more reactive carbonyl group, and thus provides in only
five steps carbazomycin G (46 % overall yield) and carbazomycin H (7 % overall yield).

Carbazole-1,4-quinones, the key intermediates of this approach, can be even more
efficiently prepared by the palladium(II)-catalyzed oxidative cyclization (see below,
Scheme 15.17). In a screening for anti-TB active carbazoles, 3-methoxy-2-methyl-
carbazole-1,4-quinone showed significant inhibition of Mycobacterium tuberculosis
strain Hs3,Rv, with an MICy, value 2.2 pg/mL (9 wM) [40]. Thus, carbazoles may be
developed as anti-TB drug candidates by structural modifications.

15.3.3
Furo[3,2-a]carbazole Alkaloids

Furostifoline, the first furocarbazole alkaloid obtained from natural sources, was
isolated from the root bark of Murraya euchrestifolia (Rutaceae) [41]. The extracts of the
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Scheme 15.10 Iron(0)-mediated synthesis of
carbazomycin G and H.

leaves and bark of this shrub growing in Taiwan have been used in folk medicine.
Furoclausine-A, another furo[3,2-a]carbazole alkaloid, has been isolated from the
root bark of Clausena excavata [42]. In traditional Chinese folk medicine, extracts of
this plant have been used for the treatment of various infections and poisonous
snakebites. Because of their pharmacological potential the furocarbazole alkaloids
became attractive synthetic targets [43]. Using an iron-mediated oxidative cyclization
for the construction of the carbazole nucleus we established a simple three-step
approach to the furo[3,2-a]carbazole framework, which was originally applied to the
synthesis of furostifoline (Scheme 15.11) [44].

+ Me
Fe(CO) 3 Me 1. MeCN, 25 °C
@ N @ 2. iodine, air _ o
_ OEt 3 amberlyst15
OFt & H

Furostifoline

Scheme 15.11 Iron(0)-mediated synthesis of furostifoline.
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Scheme 15.12 Iron(0)-mediated synthesis of furoclausine-A.

Furoclausine-A

Electrophilic substitution of the appropriately functionalized arylamine and
subsequent iron-mediated oxidative cyclization with aromatization generates
the carbazole skeleton. Annulation of the furan ring by treatment with catalytic
amounts of amberlyst 15 affords furostifoline directly. Comparison of the six total
syntheses reported so far for furostifoline demonstrates the superiority of the iron-
mediated synthesis (Table 1 in ref. [43a]). Starting from the 2-methoxy-substituted
tricarbonyliron-coordinated cyclohexadienylium salt this sequence has been
applied to the synthesis of furoclausine-A (Scheme 15.12) [45].

The regioselective nucleophilic attack of the arylamine at the 2-methoxy-
substituted iron complex salt is controlled by the methoxy group, which directs the
arylamine to the para-position. Moreover, electrophilic attack takes place at the
sterically less-hindered ortho-amino position. Iron-mediated oxidative cyclization of
the resulting iron complex to the carbazole followed by proton-catalyzed annulation of
the furan ring provides 8-methoxyfurostifoline. Oxidation with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) to O-methylfuroclausine-A followed by cleavage
of the methyl ether provides furoclausine-A (five steps, 9 % overall yield).

15.3.4
2,7-Dioxygenated Carbazole Alkaloids

The family of 2,7-dioxygenated carbazole alkaloids has been isolated from different
terrestrial plants. Prior to our work this group of natural products was synthetically
completely unexplored. 7-Methoxy-O-methylmukonal has been isolated from the

Et

Et
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roots of Murraya siamensis[46]. Clausine H, also named clauszoline-C, and clausine
K, also named clauszoline-], have been obtained from the stem bark of Clausena
excavata [47]. Clausine K (clauszoline-]) was also isolated from the roots of Clausena
harmandiana [48]. Clausine O was found in the root bark of Clausena excavata [49]. It
has been reported that clausine H (clauszoline-C) shows antiplasmodial activity
against Plasmodium falciparum [48] and clausine K (clauszoline-]) exhibits antimy-
cobacterial activity against Mycobacterium tuberculosis [50]. These promising phar-
macological activities prompted us to develop an efficient iron-mediated synthetic
route to this class of carbazole alkaloids (Scheme 15.13) [51].

Electrophilic aromatic substitution of 3-methoxy-4-methylaniline using the 2-
methoxy-substituted iron complex salt followed by oxidative cyclization with conco-
mitant aromatization of the resulting iron complex affords 2,7-dimethoxy-3-methyl-
carbazole. Oxidation of the methyl substituent with DDQ leads to 7-methoxy-
O-methylmukonal, which subsequently can be used as a relay compound to the
other 2,7-dioxygenated carbazole alkaloids. Oxidation of 7-methoxy-O-methylmukonal
using manganese dioxide in methanol in the presence of potassium cyanide provides
clausine H (clauszoline-C) quantitatively. On ester cleavage this gives clausine K
(clauszoline-]). Cleavage of the methyl ethers of 7-methoxy-O-methylmukonal leads
to clausine O.
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Scheme 15.13 Iron(0)-mediated synthesis of 2,7-
dioxygenated carbazole alkaloids.



15.3 Iron(0)-mediated Oxidative Cyclization to Carbazoles |487

15.3.5
3,4-Dioxygenated Carbazole Alkaloids

In former applications, the iron-mediated oxidative cyclization has proven to provide
highly efficient synthetic routes to 3,4-dioxygenated carbazole alkaloids [30]. In 1991
the neocarazostatins were isolated from Streptomyces sp. strain GP 38 on screening
for novel free-radical scavengers [52]. They show a strong inhibition of free-radical-
induced lipid peroxidation in rat brain homogenate. The absolute configuration for
neocarazostatin B was not determined. Two years later, carquinostatin A, a strong
antioxidant, was isolated from Streptomyces exfoliatus [53]. Although it contains an
ortho-quinone, carquinostatin A is structurally related to neocarazostatin B. For
carquinostatin A an (R)-configuration has been assigned to the stereogenic center
of the side chain at C-1. Based on the structural analogy, the same absolute
configuration has been assumed for neocarazostatin B. This hypothesis led us to
develop an iron-mediated enantioselective synthesis for both natural products
(Scheme 15.14) [54].
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Scheme 15.14 Iron(0)-mediated synthesis of (R)-(—)-
neocarazostatin B and carquinostatin A.
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Reaction of the iron complex salt with the fully functionalized arylamine in air
proceeds via sequential C—C and C-N bond formation to afford the tricarbonyliron-
coordinated 4a,9a-dihydrocarbazole complex. This one-pot annulation is the result of
an electrophilic aromatic substitution and subsequent iron-mediated oxidative
cyclization, with air as the oxidizing agent. Aromatization with concomitant deme-
tallation followed by regioselective electrophilic bromination leads to a 6-bromocar-
bazole that has been submitted to nickel-mediated prenylation. At the stage of the 6-
bromocarbazole the absolute configuration of the stereogenic center in the side chain
at C-1 has been confirmed by an X-ray crystal structure determination. Finally,
removal of the acetyl groups by reduction using lithium aluminum hydride provides
(R)-(—)-neocarazostatin B (five steps, 36 % overall yield). Smooth oxidation with
cerium(IV) ammonium nitrate generates carquinostatin A. The identity of the
absolute configurations of both alkaloids and also the enantiomeric purity of
neocarazostatin B (>99 % ee) has been additionally confirmed by transformation
of carquinostatin A to the corresponding Mosher ester [54].

15.4
Palladium(ll)-catalyzed Oxidative Cyclization to Carbazoles

The oxidative cyclization of N,N-diarylamines represents a straightforward alter-
native route to the carbazole framework [55]. However, application of the classical
thermally, photolytically or radical-induced process provides only moderate yields.
Much higher yields are obtained for this transformation by palladium(II)-mediated
oxidative cyclization, first reported by Akermark (Scheme 15.15) [56].

R

R

©\ /@/ 1 equiv. Pd(OAc) ,

N HOAGC, reflux N
| 70-80% |

H H
R =H, Me, OMe, CI, Br

Scheme 15.15 Palladium(Il)-mediated oxidative
cyclization of N,N-diarylamines to carbazoles.

Heating of the N,N-diarylamines with palladium(II) acetate in acetic acid at reflux
results in smooth oxidative cyclization to the corresponding carbazole derivatives. A
variety of substituents are tolerated in different positions. Thus, this procedure has
found many applications in organic syntheses [30,55]. However, the drawback is that
stoichiometric amounts of palladium(Il) are required, as one equivalent of palla-
dium(0) is formed in the final reductive elimination step. In the Wacker process,
regeneration of the catalytically active palladium(II) species is achieved by oxidation
of palladium(0) to palladium(II) with a copper(II) salt [57]. We were the first to
demonstrate that oxidative regeneration of the catalytically active palladium(II)
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Scheme 15.16 Palladium(l1)-catalyzed oxidative cyclization
to 4-methoxy-2-methyl-5H-benzo[b]carbazole-6,11-dione.
Tab. 15.1 Palladium(ll)-catalyzed oxidative cyclization to 4-methoxy-2-methyl-5H-
benzol[b|carbazole-6,11-dione.
Pd(OAc), Cu(OAc), Reaction Start. mat., Product,
(equiv.) (equiv.) conditions yield (%)* yield [%]”  TON¢
1.0 — HOAc, 117 °C, 0.5 h 0 84 —
0.12 —_ HOAc, 117 °C, 1 h 80 11 —_
0.12 1.1 HOAc, 117 °C, 17 h 56 34 2.8

“Recovered starting material (N-[2-methoxy-4-methylphenyl]-2-amino-1,4-naphthoquinone).
bIsolated yield of 4-methoxy-2-methyl-5 H-benzo[b]carbazole-6,11-dione.
“Turnover number.

species can be exploited for palladium(II)-catalyzed cyclizations of arylaminoqui-
nones to carbazole derivatives (Scheme 15.16, Table 15.1) [58,59].

Oxidative cyclization of the 2-arylamino-1,4-naphthoquinone by reaction with
stoichiometric amounts of palladium(II) acetate in refluxing acetic acid leads to
the corresponding benzo[b]carbazole-6,11-dione in high yield. Using catalytic
amounts (12 mol%) of palladium(II) acetate in the presence of equimolar amounts
of copper(II) acetate provides the benzo[b]carbazolequinone in 34 % yield and 56 %
of the starting material, demonstrating a catalytic cycle with a turnover number of 2.8
[58]. In a blank experiment (reaction with 12 mol% of palladium(II) acetate in the
absence of copper(II) salt) the product was obtained in only 11 % yield, indicating
the necessity for reoxidizing the palladium(0). Subsequently, other reoxidants for
palladium(0) have also been applied in this reaction [60]. We have applied the
palladium(Il)-catalyzed oxidative cyclization to efficient syntheses of biologically
active carbazole alkaloids.

15.4.1
Carbazolequinone Alkaloids

The carbazoquinocins are carbazole-3,4-quinone alkaloids and have been isolated
from Streptomyces violaceus 2942-SVS3 [61]. They are strong antioxidative agents and
thus represent potential drugs for the treatment of diseases initiated by oxygen-
derived free radicals. We have developed an efficient synthesis of carbazoquinocin C
using palladium(II)-catalyzed oxidative cyclization as the key step (Scheme 15.17,
Table 15.2) [62].
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Scheme 15.17 Palladium(ll)-catalyzed synthesis of
carbazoquinocin C.

Addition of aniline to 2-methoxy-3-methyl-1,4-benzoquinone affords the
anilino-substituted benzoquinone with complete regioselectivity. Optimization of
the palladium(II)-catalyzed oxidative cyclization to 3-methoxy-2-methylcarbazol-1,4-
quinone was achieved by varying the different reaction parameters. The best yield of
the product was obtained using 30 mol% of the palladium(II) catalyst. Using 5 mol%

Tab. 15.2 Palladium(ll)-catalyzed oxidative cyclization to 3-methoxy-2-methylcarbazole-1,4-

quinone.

Pd(OAc), Cu(OAc), Product,

(equiv.) (equiv.) Reaction conditions yield [%]" TON?
1.0 — HOAc, 117 °C, 5 h, Ar 83 —
0.3 2.5 HOACc, 117 °C, 72 h, air 91 3.0
0.2 25 HOAc, 117 °C, 22 h, air 73 3.7
0.1 25 HOAc, 117 °C, 96 h, air 78 7.8
0.1 1.0 HOAc, 117 °C, 17 h, air 54 5.4
0.1 0.25 HOACc, 117 °C, 18 h, air 24 2.4
0.05 25 HOAc, 117 °C, 19 h, air 56 11.2

“Isolated yield of 3-methoxy-2-methylcarbazole-1,4-quinone.
"Turnover number.
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Scheme 15.18 Palladium(ll)-catalyzed synthesis of
carbazole-1,4-quinone alkaloids.

Tab. 15.3 Palladium(l1)-catalyzed oxidative cyclization of 5-arylamino-2-methyl-1,4-
benzoquinones.

Pd(OAc),  Cu(OAc), Product,
R R? (equiv.) (equiv.) Reaction conditions yield (%)  TON’
H H 1.0 —_ HOAc, 117 °C, 4 h, Ar 68 —_
H H 0.1 2.5 HOAC, 95 °C, 48 h, air 73 7.3
OMe H 1.0 — HOAc, 117 °C, 4.5 h, air 71 —
OMe H 0.1 2.5 HOACc, 117 °C, 12 h, air 44 4.4
OMe OMe 1.0 — HOAC, 117 °C, 4 h, air 73 —
OMe OMe 0.2 2.5 HOACG, 117 °C, 6 h, air 69 3.5
OMe OMe 0.1 2.5 HOAc, 117 °C, 10.5 h, air 52 5.2

“Isolated yield of murrayaquinone A (R', R? = H), koeniginequinone A (R! = OMe, R? = H) and
koeniginequinone B (R', R* = OMe).
PTurnover number.

of the catalyst we observed the best turnover with respect to palladium(II). In contrast
to the Wacker oxidation, copper(lI) cannot be used in catalytic amounts under the
present reaction conditions. Addition of heptylmagnesium chloride at low tempera-
ture takes place preferentially at the more reactive carbonyl group (C-1) to provide the
corresponding carbazolequinol. On treatment with hydrogen bromide in methanol,
this intermediate is smoothly converted into carbazoquinocin C (four steps, 39 %
overall yield). Moreover, 3-methoxy-2-methylcarbazol-1,4-quinone also represents a
synthetic precursor for carbazomycin G and exhibits significant anti-TB activity (see
Section 15.3.2, Scheme 15.10) [39,40].

Because of their promising pharmacological properties, the carbazole-1,4-quinone
alkaloids became attractive synthetic targets [30,63]. Murrayaquinone A has been isolated
from the root bark of the Chinese medicinal plant Murraya euchrestifolia and shows
cardiotonic activity [64]. The koeniginequinones A and B have been obtained from the
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stem bark of Murraya koenigii [65]. Palladium(I1)-catalyzed oxidative cyclization opens up
a simple two-step route to these natural products (Scheme 15.18, Table 15.3) [66].

Addition of the appropriate arylamines to 2-methyl-1,4-benzoquinone provides the
desired 2-arylamino-5-methyl-1,4-benzoquinones as major products (ratios:
2.3-2.9 : 1). Oxidative cyclization of these intermediates leads directly to murraya-
quinone A (51 % overall yield), koeniginequinone A (46 % overall yield) and
koeniginequinone B (47 % overall yield). Using copper(lI) acetate under the opti-
mized reaction conditions described above (Table 15.2), these transformations have
also been carried out with catalytic amounts of palladium(II).

15.4.2
Carbazomadurins and Epocarbazolins

The carbazomadurins have been isolated from the microorganism Actinomadura
madurae 2808-SV1 and exhibit a strong neuronal cell-protecting activity against 1-
glutamate-induced cell death [67]. High extracellular concentrations of the excitatory
amino acid 1-glutamate occurring after brain ischemic attack lead to destruction of
cerebral tissue. Thus, radical scavengers are considered to be potential drugs for the
treatment of brain ischemia injury. The epocarbazolins have been obtained by a
research group of Bristol-Myers from the actinomycete strain Streptomyces anulatus
T688-8 on screening for 5-lipoxygenase inhibitors [68]. Inhibitors of 5-lipoxygenase
represent potential therapeutics for inflammatory and allergic processes, such as
psoriasis, asthma, and hypersensitivity. A common approach to the carbazomadurin
and epocarbazolin alkaloids has been established by using sequentially three different
palladium-catalyzed cross-coupling reactions (Scheme 15.19) [69,70].

A palladium(0)-catalyzed Buchwald-Hartwig coupling of the appropriately sub-
stituted aryl triflate, available in two steps and 91 % yield from isovanillic acid, with 2-
bromo-4-methoxy-3-methylaniline followed by a palladium(II)-mediated oxidative
cyclization of the resulting N,N-diarylamine, leads to the 1,2,3,5,8-penta-substituted
carbazole nucleus. Cleavage of both methyl ethers and subsequent double silylation
effect a switch of the protecting group. Introduction of either side chain at C-1 of the
carbazole framework is achieved using a palladium(0)-catalyzed Stille coupling. The
required 1-(E)-alkenylstannanes are readily prepared from the appropriate alkynes by
application of Negishis zirconium-catalyzed carboalumination as the key step.
Reduction of the methyl ester with diisobutylaluminum hydride (DIBAL) affords
the benzylic alcohols as common precursors for the carbazomadurins and the
epocarbazolins (Scheme 15.20).

Removal of both silyl protecting groups from the disilyl-protected precursors using
tetrabutylammonium fluoride (TBAF) provides carbazomadurin A (nine steps, 11 %
overall yield) and carbazomadurin B (nine steps, 13 % overall yield). Based on our
enantioselective synthesis of carbazomadurin B (>99 % ee) an (S)-configuration has
been assigned to the stereogenic center in the side chain of the natural product [70].
Because direct epoxidation of the carbazomadurins and of the disilyl-protected
precursors has been unsuccessful, the latter have been transformed quantitatively
into the corresponding trisilyl-protected intermediates. Epoxidation of the fully
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Scheme 15.19 Palladium(ll)-catalyzed synthesis of the
disilyl-protected precursors.

protected compounds with dimethyldioxirane at —20 °C and subsequent desilylation
provide racemic epocarbazolin A and epocarbazolin B [71].

15.4.3
7-Oxygenated Carbazole Alkaloids

Clauszoline-K and clausine C (clauszoline-L) have been isolated from the stem bark
of the Chinese medicinal plant Clausena excavata [72]. Clausine M and clausine N
have been found in the root bark of the same plant [73]. The bioassay-guided
fractionation of the organic extract of Murraya siamensis, collected in Thailand,
led to the isolation of siamenol, which shows HIV-inhibitory activity [74]. A simple
route to these 7-oxygenated carbazole alkaloids has been developed, based on a highly
efficient palladium-catalyzed approach (Scheme 15.21) [75] (Table 15.4).
Buchwald-Hartwig amination of p-bromotoluene with m-anisidine affords
quantitatively the corresponding diarylamine. While oxidative cyclization using
stoichiometric amounts of palladium(II) acetate provides only 36 % yield of
7-methoxy-3-methylcarbazole, up to 72 % yield is obtained using catalytic amounts
of palladium(Il). The highest turnover for the catalytic cycle is obtained with
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CH, OH OTPS CH,OH OH
TBAF
Me —_— Me
N N
TPSO HO ' =
H
TPS= t-BuPh,Si 1 R
a R=Me a Carbazomadurin A 70%
b R=Et b Carbazomadurin B 88%
TPSCI
CH, OH OH
1. Me, CO
2 22 O O Me
2. TBAF I}l
HO H
e}
R
a 100% a rac-Epocarbazolin A 13%
b 100% b Epocarbazolin B 5%

Scheme 15.20 Syntheses of the carbazomadurins and
epocarbazolins.

2 mol% of the palladium(II) catalyst. Obviously, stoichiometric amounts of palla-
dium(II) lead to significant decomposition by oxidation of the electron-rich
carbazole. Support for this hypothesis comes from a control experiment by treating
7-methoxy-3-methylcarbazole under the conditions for the stoichiometric reaction
(1.2 equiv. PA[OAc],, HOAc, 117 °C, 1 h). Only 65 % of 7-methoxy-3-methylcar-
bazole has been reisolated, because of decomposition. In the following, 7-methoxy-
3-methylcarbazole serves as a relay compound to approach the other 7-oxygenated
carbazole alkaloids. Oxidation with DDQ affords clauszoline-K. Further oxidation
of clauszoline-K by treatment with manganese dioxide and potassium cyanide in
methanol provides clausine C (clauszoline-L) quantitatively. Starting from clausine
C, cleavage of the ester gives clausine N and cleavage of the ether leads to
clausine M.

Regioselective electrophilic bromination of 7-methoxy-3-methylcarbazole followed
by ether cleavage and introduction of the prenyl group in a nickel-mediated coupling
reaction provides siamenol (five steps, 34 % overall yield) [75] (Scheme 15.22).
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100%
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99% R=H: Clausine N

Scheme 15.21 Palladium(Il)-catalyzed synthesis of
clauszoline-K and clausine C, M, and N.

15.4.4
6-Oxygenated Carbazole Alkaloids

The 6-oxygenated carbazole alkaloids glycozoline and glycozolinine (glycozolinol)
were first isolated from the Indian medicinal plant Glycosmis pentaphylla [76]. The
alcohol glycozolinine (glycozolinol) shows a much stronger antibiotic activity than
glycozoline [77]. Glycomaurrol, the 5-prenylated derivative of glycozolinine, has been
obtained from the stem bark of Glycosmis mauritiana [78]. 3-Formyl-6-methoxycar-
bazole has been isolated from the roots of Clausena lansium [79]. The corresponding
S5-prenylated derivative, micromeline, has been identified along with 3-formyl-

Tab. 15.4 Palladium(ll)-catalyzed oxidative cyclization to 7-methoxy-3-methylcarbazole.

Pd(OAc), (equiv.) Cu(OAc), (equiv.) Reaction conditions Product, yield (%)° TON®
1.2 — HOAc, 117 °C, 2 h, Ar 36 —
0.1 2.5 HOAc, 117 °C, 23 h, air 64 6.4
0.1 2.5 HOAc, 117 °C, 48 h, air 72 7.2
0.05 2.5 HOAc, 117 °C, 40 h, air 61 12.2
0.02 2.5 HOAc, 117 °C, 6 d, air 53 26.5

“Isolated yield of 7-methoxy-3-methylcarbazole.
" Turnover number.
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Scheme 15.22 Nickel-mediated prenylation to siamenol.
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Scheme 15.23 Palladium(ll)-catalyzed synthesis of
6-oxygenated carbazole alkaloids.
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6-methoxycarbazole in an antituberculosis bioassay-directed fractionation of the
stem bark extract of Micromelum hirsutum [80]. Both compounds show inhibitory
activity against Mycobacterium tuberculosis H3;Rv. Eustifoline-D has been isolated
along with furostifoline from the root bark of the Chinese medicinal plant Murraya
euchrestifolia[41]. Easy access to the 6-oxygenated carbazole alkaloids is provided by the
palladium-catalyzed construction of the carbazole framework (Scheme 15.23) [81].
Palladium(0)-catalyzed coupling of p-bromoanisole and p-toluidine followed by
palladium(II)-catalyzed oxidative cyclization provides glycozoline directly. In this
series glycozoline has been exploited as a relay compound to give access to the other
6-oxygenated carbazole alkaloids. Cleavage of the methyl ether affords glycozolinine
(glycozolinol). Regioselective bromination of glycozolinine at C-5 and subsequent
nickel-mediated prenylation leads to glycomaurrol. Williamson ether synthesis by
alkylation of glycozolinine with 2-bromo-1,1-diethoxyethane and subsequent proton-
catalyzed annulation of the furan ring provide eustifoline-D (five steps, 20 % overall
yield). Oxidation of glycozoline with DDQ affords 3-formyl-6-methoxycarbazole.
Regioselective bromination of the latter followed by ether cleavage and nickel-
mediated prenylation provides micromeline (six steps, 9 % overall yield).
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Camptothecin and Analogs: Structure and Synthetic Efforts

Sabrina Dallavalle, Lucio Merlini

16.1
Introduction: Structure and Activity

Camptothecin (CPT, 1) is a natural compound isolated for the first time [1] from
the wood of Camptotheca acuminata Decne (Nyssaceae), a deciduous plant (xi shu,
happy tree) of Southeastern China, but produced also by the Indian Icacinacea
Nothapodytes foetida (Wight) Sleumer (formerly Mappia foetida Miers) [2], and by
some other plants [3], the two former being the major sources of the compound.

Although CPT s not basic, it certainly belongs to the alkaloid family, as its structure
clearly shows the derivation from the basic precursors of monoterpenoid indole
alkaloids, tryptamine and secologanin. The well-known intermediate of this pathway,
strictosamide, has been shown to be a precursor of CPT, by incorporation of a
radiolabeled sample [4]. The subsequent steps in the rearrangement of the indole to
the quinoline nucleus most probably involve oxidation and recyclization of the
C and D rings, oxidation of the D ring and removal of the C-21 glucose moiety,
and oxidation of ring E. In agreement with this hypothesis is the isolation of 3-(S)- and
3-(R) deoxypumiloside and 3-(S)-pumiloside from Ophiorrhiza pumila, another plant
producing CPT. (See ref. [3] for a detailed review of CPT biosynthesis.) (Scheme 16.1).
13C NMR studies have established that the secologanin moiety is formed via the
plastidic nonmevalonate (MEP) pathway [5], but details of the last steps of the
biosynthesis remain hypothetical.

Camptothecin was discovered during a program of screening plant extracts for
antitumor activity, launched by NCI in 1955. The unusual activity of the extracts of
Camptotheca acuminata against some leukemia cellular lines prompted a study of the
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Scheme 16.1 Putative last steps of camptothecin
biosynthesis.

components, which led to the bio-guided fractionation, isolation, and structural
elucidation of CPT in 1966 [1]. As soon as sufficient material became available,
further in vitro and in vivo assays were conducted, culminating in Phase I and II
clinical trials in 1970-1972 [6]. Owing to its extremely low solubility in water, CPT had
to be administered as the sodium salt of the hydroxycarboxylic acid 2 (Scheme 16.2).
However, shifting of the equilibrium toward the lactone form in tissutal compart-
ments with acid pH caused precipitation of crystals of CPT, which caused severe
hemorrhagic cystitis. This effect, together with other toxicities, led to the termination
of clinical trials in 1972.

Interest in possible applications of CPT declined. However, renewed interest in
CPT emerged when, as a result of a cooperative effort between Johns Hopkins
University and SKB, it was found that DNA damage, which is the main reason for the
antitumor activity, was due to inhibition of the ubiquitous nuclear enzyme topoi-
somerase I [7]. Elucidation of the mechanism of action of CPT and, therefore, of a
definite biological target at which to aim new drugs gave rise to a fresh wave of
research aimed at finding new more active and less toxic camptothecin derivatives.

Scheme 16.2 Lactone—nhydroxyacid equilibrium in
camptothecin.
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Papers (white) and patents (grey) on Camptothecin (source: CAS SciFinder)
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Fig. 16.1 Trend of publications and patents on camptothecins from 1985 to 2005.

This is clearly shown by the sharp increase in the number of publications and patents
that followed Liu’s paper (Figure 16.1).

To avoid the problems encountered with CPT itself, the introduction of functional
groups able to make the compounds sufficiently water soluble to allow intravenous
administration was a main issue.

The results of this effort were a detailed pattern of structure—activity relation-
ships (Figure 16.2), and the production of two compounds, topotecan 3[8] and
irinotecan 4[9], which were approved for clinical use in 1996, the main indications
being ovarian and small-cell lung cancer for the former and metastatic colorectal
cancer for the latter. Irinotecan is a water-soluble prodrug of the active compound
SN-38 (5) Figure 16.3). Several reviews of this phase of research have been
published [10-12].

Together with the synthesis and screening of new derivatives and analogs, research
continued unabated to unveil the details of the mechanism of action of CPT at the
molecular level. The decade 1995-2005 brought new exciting results and some
changes in the perspective of research in the CPT field [13].

Camptothecin acts by forming a reversible ternary complex (“cleavable complex”)
with DNA and topoisomerase I, preventing the re-ligation of the DNA strand cut by
topoisomerase to allow relaxation, and thus inducing apoptosis [14]. The X-ray
structure of crystals of such a complex of a 22-base DNA fragment with topoisome-
rase I and topotecan has been reported [15], and molecular models of the interaction
have been proposed [16-18]. This kind of information should be of help in
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Fig. 16.2 Structure—activity relationships for antitumor
activity in camptothecins as known around 1995.

designing new active compounds, but so far no breakthrough substance seems to
have been obtained on such a basis, and discussion on which feature of ring E of
camptothecin is essential for activity is still lively [19].

Over the years, the feature of interest for pharmacologists in camptothecins has
progressively shifted, so that water solubility is no longer an essential requisite.
Lipophilic compounds have the advantage of compartmentation in tissues, thus
assuring the stabilization and enhanced persistence of the active lactone form, and
allowing oral administration of the drug, with increased compliance by the patients.
A seminal paper in this respect was published by Burke in 1993 [20], and now this
trend is largely accepted [21]. These changes had important consequences in the
design and synthesis of new analogs. In fact a series of lipophilic analogs of CPT
are in preclinical development at the time of writing (2006) (Figure 16.4).

CH,N(CH3),

Topotecan
. R _ — —
(Hycamtin) 4 R= < :N@N CO0 Irinotecan
(CamptosaI)R
5 R = OH SN-38

Fig. 16.3 Structures of topotecan and irinotecan.
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Karenitecin HO O Gimatecan HO O

Rubitecan Difluomotecan

Fig. 16.4 Lipophilic analogs of camptothecin in clinical development.

Another aspect of the progress toward the development of a camptothecin drug
candidate concerns the study of proper formulations, such as liposomes [22], and
the finding of innovative drug delivery systems [23].

16.2
Synthetic Efforts

For the synthesis of a new camptothecin derivative, the first choice is between a
semisynthesis starting from the natural compound CPT, or a total synthesis.
Camptothecin is a chiral compound, with only one asymmetric center, carbon 20,
the active compounds possessing the natural configuration (S). A semisynthesis has
the advantages of starting from a compound that possesses all the necessary
stru