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PREFACE

This volume marks the 60th in this series, which began publication in 1950
under the editorship of the late Professor R.H.F. Manske. Through the
successive editorships of Professor Russell Rodrigo and Dr. Arnold Brossi, the
series evolved in scope in an effort to try to keep up with the burgeoning field of
“alkaloids.” As Editor, I have tried to continue this evolutionary process,
blending together diverse chapters on the discovery, biological evaluation, and
clinical applications of alkaloids. In this volume, the six chapters reflect areas
of alkaloid research which are new to the series and others which require
updating because of the recent progress.

In Chapter 1, Soepenberg, Sparreboom, and Verweij present a detailed
discussion of the clinical aspects of camptothecin, one of the most important
alkaloids to be studied in the past 40 years. In Chapter 2, Sings and Singh
describe the various 2,3-fused indole diterpenoid derivatives and their powerful
biological effects. A much needed update on the Daphniphyllum alkaloids is
offered by Kobayashi and Morita in Chapter 3.

A significant group of marine alkaloids, the manzamines, which have
attracted a lot of interest in the past few years, is reviewed by Hamann and
colleagues in Chapter 4, and Lido summarizes in Chapter 5 the advances that
have been made in the sesquiterpene alkaloids, a group not reviewed previously
in the series. Finally, following the untimely death of Professor D.P.
Chakraborty, Dr. Shyamali Roy agreed to complete the work of updating the
field of melanin chemistry and biology.

Geoffrey A. Cordell
University of Illinois at Chicago
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CLINICAL STUDIES OF CAMPTOTHECIN
AND DERIVATIVES

OTTO SOEPENBERG, ALEX SPARREBOOM, AND JAAP VERWEIJ

Department of Medical Oncology, Erasmus MC — Daniel den Hoed Cancer
Center, Rotterdam, The Netherlands
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I. Introduction

About a half century ago, thousands of natural products were chemically
screened in a program initiated by the National Cancer Institute to search for
steroidal sapogenins which would be cortisone precursors. This program led to the
discovery of the plant alkaloids, the camptothecins (CPTs) — isolated from the stem
wood of the Chinese tree Xi Shu or Camptotheca acuminata (Decaisne, Nyssaceae)
(1-5). Initial in vitro and in vivo studies using the chloroform extract of the aqueous
ethanolic residue of C. acuminata suggested widespread antitumor activity (2,3).
Camptothecins are related to the monoterpenoid indole alkaloids, and the parent
alkaloid was shown to be a high-melting substance [molecular weight (MW)
348.111] comprising a unique and highly unsaturated pentacyclic-ring structure
(1,3). The structures of CPT and selected analogs are shown in Fig. 1.

The six-membered quinoline B-ring and the five-membered C-ring are
formed by a ring expansion and contraction sequence of reactions. The E-ring
presents a a-hydroxylactone system which can undergo a pH-dependent reversible

THE ALKALOIDS, Vol. 60 Copyright © 2003 Elsevier (USA)
ISSN: 0099-9598 1 All rights reserved
DOI: 10.1016/S0099-9598(03)60001-5
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Figure 1. Lactone—carboxylate interconversion and chemical structures of six- and
seven-membered E-ring camptothecin analogs.

hydrolysis. Camptothecin forms the sodium salt of a hydroxy acid after adding
alkali and is relactonized on acidification. Both the E-ring and the D-ring, which
has a conjugated pyridone moiety, are essential structural features for the
antitumor activity of CPT (3).
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Triggered by the preclinical antitumor activity, early Phase I clinical trials
were performed in the early 1970s using CPT as a water-soluble sodium salt
formulation, because of its ease of use as an intravenous (i.v.) formulation (6).
Although in the first Phase I study five, short-lasting partial remissions were
reported in 18 patients with primarily gastrointestinal cancers, these results could
not be confirmed in subsequent Phase I and II studies in the USA (7-9). In contrast,
a large program in the People’s Republic of China involving up to 1000 patients
treated with the sodium salt formulation of CPT reported favorable results, but for
a variety of reasons these had to be interpreted with caution (3). However,
unpredictable severe adverse events, i.e., life-threatening diarrhea, considerable
hemorrhagic cystitis, and myelosuppression, likely related to the poor aqueous
solubility of the parent compound, led to the suspension of the further development
of this antineoplastic agent during the next two decades. The recognition that the
nuclear enzyme DNA topoisomerase I was the prime target in the mechanism of
action of the CPTs, and the possibility to develop numerous semisynthetic CPT
analogs with improved aqueous solubility, and, in consequence, a more predictable
toxicity profile, resulted in renewed interest in these cytotoxic agents.

Currently, two CPT derivatives, irinotecan and topotecan, are registered for
use in oncologic practice. Irinotecan is registered for use in metastatic colorectal
cancer. Topotecan is approved for the treatment of patients with cisplatin-
refractory ovarian cancer and for small-cell lung cancer (SCLC) after the failure of
first-line chemotherapy. During the last 10 years, knowledge of the pharmaco-
kinetic and pharmacodynamic properties of the semisynthetic CPT analogs has
significantly increased. The next challenge in their development will be to maximize
efficacy and to minimize side effects in the treatment by biomodulation of
the pharmacokinetic and pharmacodynamic properties. For instance, the
pharmacological profile of irinotecan is extremely complex and the various
processes involved in drug elimination, either through metabolic breakdown or
excretion, likely impact substantially on interindividual variability in drug
handling. Strategies to individualize irinotecan administration schedules based on
patient profiles in enzyme and protein expression or by co-administration of
specific agents modulating side effects are under investigation (/0). Once the results
of pharmacogenetics can be more crystallized, this may ultimately lead to more
selective or “‘tailor-made” dose scheduling for patients to adjust the “fine-tuning”
administration of these agents.

In this review, we will focus on the clinically important aspects of the CPT
alkaloids with an emphasis on their mechanisms of action and resistance, their
pharmacokinetic and pharmacodynamic behavior, and their routes of administra-
tion.

II. Mechanisms of Action

The cytotoxic CPTs belong to the class of topoisomerase I inhibitors. DNA
topoisomerases are essential enzymes found in all nucleated cells. These enzymes
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are involved in the regulation of DNA topology and are necessary for the
preservation of the integrity of the genetic material during DNA metabolism,
e.g., RNA transcription, DNA replication, recombination, chromatin remodeling,
chromatin condensation, and repair during cell division (/7,/2). Based on
their different reaction mechanism and cellular function, there are two types of
DNA topoisomerases (type I and type II). Their characteristics are summarized
in Table I.

Human topoisomerase I is a monomeric ~91-kDa polypeptide of 765
amino acids encoded by an active-copy gene located on chromosome 20q12-13.2
and two pseudogenes on chromosomes 1923-24 and 22ql11.2-13.1 (/3-15). The
coding sequence of the gene is split into 21 exons spread over at least 85 kilobase
pairs of human genomic DNA (/6). The human topoisomerase I gene promoter is
influenced by positively and negatively acting transcription factors, which are
described in more detail elsewhere (16,17).

This protein is comprised of four major domains: a highly charged NH,-

terminal domain (MW 24 kDa), a conserved core domain (MW 56 kDa), a

TABLE 1.
Differentiation of Human DNA Topoisomerases Type I and II.

Type I topoisomerase
— Monomeric protein, molecular weight ~91 kDa
— Single-copy gene located on chromosome 20q12-13.2
— Transiently breaks one strand of duplex DNA and forms a 3’-phosphotyrosine
covalent intermediate
Single-step changes in the linking number of circular DNAs
— Its expression is continuous during the cell cycle and in quiescent cells
— Mainly involved in relaxation of supercoiled DNA during RNA transcription
— ATP independent

Type 11 topoisomerase

— Homodimeric protein, molecular weight 170 kDa (isoenzyme Il) and 180 kDa
(isoenzyme 118)

— Single-copy gene located on chromosome 17q21-22 (isoenzyme Ilo) and
chromosome 3p24 (isoenzyme 115)

— Breaks both strands of duplex DNA and forms a pair of 5-phosphotyrosine
covalent intermediates

— Generates a gate through which another region of DNA can be passed

— Double-step changes in the linking number of circular DNAs

— Its expression increases during S-phase of the cell cycle (especially isoenzyme Ilw)
and almost absent in quiescent cells (primarily expression of isoenzyme I1)

— Involved in DNA replication, recombination, RNA transcription, and repair

— ATP dependent
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positively charged linker domain (MW 7 kDa), and a highly conserved COOH-
terminal domain (MW 6 kDa) containing the active-site thyrosine, i.e., the
nucleophilic Tyr’** amino acid residue (75,/8). Human topoisomerase promotes the
relaxation of both positively and negatively torsionally strained (supercoiled)
duplex DNA with equal efficiency so that transcription and replication can proceed
(15). Hereby, a transesterification reaction takes place by which topoisomerase
I cleaves one strand of the double-helix structure of DNA using the C4-oxygen
atom of the active-site tyrosine (Tyr’*?) residue and constitutes a transient, covalent
phosphotyrosyl intermediate with the 3’ end of the nicked DNA strand, the
so-called cleavable complex. This way it changes the linking number in single steps
(15,19). Later, the energy of this covalent attachment is recycled for the reverse
transesterification reaction that reseals the DNA strands (religation) and liberates
the enzyme. Consequently, for these intertwining processes neither energy cofactors
nor metal cations are required by human topoisomerase I (20).

Recent studies have revealed more detailed insights in the three-dimensional
structure of human topoisomerase I and its interactive function with the DNA
molecule (27,22). In Table II, the principal structural characteristics of human
topoisomerase I are summarized.

The mechanism of DNA relaxation after formation of the covalent complex
and before religation is still not completely elucidated (27). So far, two mechanisms
are supposed, viz. the strand-passage model and the free-rotation model. Both
models represent the two extremes of a continuum in the conceptual framework
for how topoisomerase I might effect changes in linking number (27,22). In the
strand-passage (or enzyme-bridging) model, it is hypothesized that the intact DNA
strand is passed through an enzyme-bridged gate, which is made by the covalent
linkage of the 3’ end and by noncovalent binding to the 5" end of the broken strand.
On the other hand, in the free-rotation model, relaxation of torsonially strained
duplex DNA is possible due to releasing of the 5’ end of the broken strand from the
active site and as a result is allowed to rotate freely about the complementary
unbroken strand (/5,22). X-Ray crystallographic studies with complexes of human
topoisomerase I and DNA lead to the proposal that the relaxation of supercoiled
DNA elapsed by a controlled rotation mechanism (2/,22).

In the controlled rotation model, the DNA structure is allowed to rotate
completely free at 30° intervals downstream of the cleavage site round the intact
DNA strand modulated by the interaction of the nose-cone helices of subdomains I
and II in a positively charged cavity formed by the cap of the enzyme and the linker
domain (/5). In vitro studies with reconstituted human topoisomerase I have
revealed the more precise function of the linker region. During the normal
relaxation of supercoiled DNA it acts to slow the religation (/8). From these
studies, it is also hypothesized that the inhibition of DNA relaxation caused by
CPT - by stabilizing the cleavable complex — depends on a direct effect of the
cytotoxic agent on DNA rotation which is mediated by electrostatic interactions
between the linker domain and DNA (/8).
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TABLE II.
Structural Characteristics of Human DNA Topoisomerase Type I.

Two domains with essential functions for catalytic activity and relaxation function
I. Core domain (MW 56 kDa)

— Amino acid residues 215-635 (Ile*!>~Arg®*)
— Subdomain I

— Amino acid residues 215-232 and 320-433

— Two « helices and nine g strands
— Subdomain II

— Amino acid residues 233-319

— Five « helices and two B strands
— Subdomain III

— Amino acid residues 434-635

— Ten « helices and five g strands

— Contains all active-site residues except the Tyr’>

— Extends from the top half of the molecule downward through two long «

helices that functions like a hinge that opens and closes the enzyme around
the DNA

Subdomains I and II are folded tightly together and form the “cap” (top-lobe)
region of the enzyme
Subdomains I and II have two long “nose-cone” helices (a5 and B6) that make
an ~ 90° angle with each other and come together in a “V”’-figure at a point 25 A
away from the body of the molecule, and enclose a triangular-shaped empty
space between them
Subdomain III forms the bottom lobe of the enzyme
Subdomains I and III interact via two short “lips” opposite from the long-hinge
helices

II. COOH-terminal domain (MW 6 kDa)

Amino acid residues 713-765 (Gln”'*~Phe’®%)

Contains the active-site (catalytic) thyrosine Tyr’>*

Two domains without essential functions for catalytic activity and
relaxation function
II1. NH,-terminal domain (MW 24 kDa)
— Amino acid residues 1-214 (Met'-Gly*'%)

— Highly charged, very few hydrophobic amino acids, is largely disordered, and

contains several nuclear-targeting signals
— Involved in nucleolar localization through interactions with nucleolin

IV. Linker domain (MW 7 kDa)
— Amino acid residues 636-712 (Pro®**~Lys"'?)
— Coiled-coil structure that is positively charged
— Reaches 50 A away from the body of the enzyme
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When the attachment of CPT is modeled in the three-dimensional structure
of human topoisomerase I, it is believed that the DNA duplex is extended in such
a way that carbon positions 7 and 9 of the CPT structure are facing out into
open space. These carbon positions are very accessible to chemical modifications.
Consequently, this gives the opportunity to expand the potency of modified
CPT analogs by auspicious interactions of these derivatives with distant proteins or
DNA atoms at the binding site (22).

Stabilization of the cleavable complex by CPTs is not sufficient in itself for
the induction of cell death because the complex can reverse spontaneously in a
short time. The lethal effects of these drugs are caused by the interaction between a
moving replication fork (or transcription process) and the drug-stabilized cleavable
complex, resulting in irreversible arrest of DNA replication and the formation of
a double-strand break located at the fork. This so-called fork-collision model
leads to the arrest of the cell cycle in the S/G,-phase, and finally to apoptosis (23).
As cells in the S-phase division are up to 1000-fold more sensitive to topoisomerase
I inhibitors than cells in G- or G,/M-phases after exposure, the cytotoxicity of
these agents is considered S-phase specific (24-27).

The time of persistence of the drug-stabilized cleavable complex depends
on the production and/or repair of replication or transcription lesions. In
general, transcription lesions require longer persistence, i.e., greater stability of the
cleavable complex, than do replication lesions (28). Unfortunately, the fraction of
replicating cells in tumor tissues is underrepresented. This means that cell kill
results predominantly from the transcription lesion mechanism. For this reason,
the potency of different CPT analogs to stabilize the cleavable complex is of
paramount importance for efficacious therapeutic use (28). Of relevance for all
topoisomerase I inhibitors are the data from in vitro experiments which revealed
that the cytotoxicity increases with the duration of exposure. Short-time exposures
to high concentrations are less effective than long-term exposures to low
concentrations (29,30).

III. Mutagenicity and Resistance Mechanisms

Owing to their mechanism of action, topoisomerase I inhibitors are a
double-edged sword, because besides their cytotoxic properties, these agents are
potential mutagens, although their mutagenicity and oncogenicity still remain to be
elucidated (37/-33). This is stressed by the fact that mutations may lead to drug
resistance, limiting further treatment, or to the development of secondary
malignancies. If mutations arise in germ cells, this could eventually be transmitted
to subsequent generations. Furthermore, the tendency to administer topoisomerase
I inhibitors in protracted schedules or prolonged exposure regimens could
hypothetically lead to an increased risk of mutagenicity (34,35).

The stabilization of the cleavable complexes by topoisomerase I inhibi-
tors disrupts the DNA integrity and interferes with the normal processes of
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DNA topology, including replication, transcription, DNA repair, chromosome
condensation, and chromosome separation (3/). The formation of these drug-
induced cleavable complexes is essential, but is not sufficient in itself to cause
cytotoxicity. This implies that cells need to undergo DNA synthesis to yield
maximum toxicity (37,36—38). Experimental studies showed that in the presence of
topoisomerase II inhibitors chromosomal aberrations arise during replication
which seems a more important cause of cytotoxicity (3/,36,39). Furthermore, it was
postulated that recombination processes must be initiated to bypass the replication
block created by topoisomerase II inhibitor-stabilized complexes, and that some
of these events cause aberrant, illegitimate, or nonhomologous recombination,
which may lead to cytotoxicity and/or mutations. Nonhomologous recombination
that causes deletions of an essential gene, partially or completely, resulted in the
loss of gene products and finally to cell death. In contrast, aberrant recombination
or rearrangement causing deletion of a suppressor gene, or activation of a
proto-oncogene, stimulated cell growth with the potential to induce secondary
cancers (31).

Similar data exist for topoisomerase II inhibitors (37), one use of which has
been related to the occurrence of acute myeloid leukemia (40-57). These secondary
leukemias are characterized by a short induction period and present as
myelomonocytic or monocytic leukemia, rather than myelodysplasia (52). The
rearrangements are usually distinguished by balanced chromosomal translocations
involving either the MLL (ALL-1, HRX) gene at 1123 or the AMLI gene
21922 (53,54).

In principle, topoisomerase I inhibitors can produce similar molecular
alterations as those caused by topoisomerase II inhibitors. Consequently, they may
have similar clinical consequences (3/). Direct comparative in vitro studies have
shown that, on a molar basis, the topoisomerase I inhibitors were more mutagenic
than the topoisomerase II-inhibitor etoposide (37). Topotecan was found to be less
mutagenic than the parent compound CPT.

So far, the clinical use of topoisomerase I inhibitors has not been linked to
secondary malignancies. However, the relative survival time of patients treated with
irinotecan or topotecan as compared with those treated with epipodophyllotoxins
(e.g., testicular cancer or hematological malignancies) possibly results in a less
clinically apparent mutagenic risk of topoisomerase I inhibitors.

As with decreased levels of topoisomerase I, various point mutations of
topoisomerase I in different CPT-resistant cell lines have been associated with CPT
resistance (55-63). The different point mutations in human topoisomerase I in
several CPT-resistant cell lines are summarized in Table II1. These point mutations
cause alterations to the topoisomerase I enzyme, resulting in decreased
topoisomerase I catalytic activity or impaired binding of CPT to topoisomerase I
(55,64). In some models, single amino acid changes resulted in partial resistance,
while double mutation induced a synergistic resistance (55).



CLINICAL STUDIES OF CAMPTOTHECIN AND DERIVATIVES 9

TABLE III.
Different Point Mutations of Human Topoisomerase 1.
CPT-resistant cell line Point mutation Reference
CPTR-2000 cell line Gly”"" to Val, and Thr’® to Ile (55)
CPT-KS5 cell line Asp®® to Gly*, and Asp>® to Gly (38)
Asp>® to Gly
PC-7/CPT cell line Thr'? to Ala (59)
By in vitro mutagenesis Gly*® to Cys (60)
Chinese hamster DC3F/C-10 Gly>® to Ser (62)
U-937/CR cell line Phe®®! to Ser (63)

*Only Asp>** to Gly is responsible for resistance.

In a small clinical study involving eight non-small cell lung cancer (NSCLC)
patients treated with irinotecan, two-point mutations were identified that were
located near a site in topoisomerase I that was previously identified as a position
of a mutation in the CPT-resistant human lung cancer cell line PC7/CPT (64).
Although this is the first prospective clinical study which demonstrates that point
mutations in topoisomerase I occur after chemotherapy with irinotecan, further
clinical studies will be needed to verify if the occurrence of topoisomerase I gene
mutations relates to the occurrence of clinical resistance to topoisomerase I
inhibitors (64).

IV. Irinotecan
A. CLINICAL PHARMACOLOGY

Irinotecan (CPT-11; 7-ethyl-10-{4-[1-piperidino]-1-piperidino}-carbonyl-
oxycamptothecin) is a semisynthetic, water-soluble prodrug that requires hydrolysis
or de-esterification by carboxylesterases to form its active-metabolite SN-38
(7-ethyl-10-hydroxycamptothecin), which is 100-1000-fold more cytotoxic in vitro
than the parent compound (65). Irinotecan contains a dibasic, bispiperidine
substituent, linked through a carbonyl group to the hydroxyl at C-10, crucial for
water solubility.

Irinotecan pharmacology is extremely complex and still the subject of
research (65). It is known to be dependent on various enzyme and protein systems
for metabolic transformation and active transport, all regulating intestinal
absorption and hepatobiliary secretion mechanisms. Both irinotecan and SN-38
exist in an active lactone form and an inactive carboxylate form, through
an equilibrium that depends on the pH and the presence of binding proteins (65).
SN-38 is detoxified in the liver by the polymorphic enzyme uridine-diphosphate
glucuronosyltransferase 1A1 (UGTI1A1) to SN-38 glucuronide (SN-38G) (66). This
isoenzyme is also responsible for bilirubin glucuronidation (67). Because of this,
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patients with hereditary UGT enzyme polymorphism — e.g., familial hyperbili-
rubinemia conditions (Crigler—Najjar syndrome types I and II or Gilbert’s
disease) — are at increased risk for irinotecan-induced diarrhea due to decreased
glucuronidation of SN-38 (68).

Irinotecan showed a linear pharmacokinetic behavior (69-73). Both the
lactone form and the carboxylate form of irinotecan and SN-38 are detectable in
plasma shortly after i.v. administration (74). The AUC of SN-38 is only
approximately 4% of the AUC of irinotecan, which means that only a small
fraction of the dose is converted to the active form. After administration of
irinotecan as a short-time i.v. infusion over 30-90 min, there is a three-exponential
decline of the plasma concentration of the drug (75). The biological half-life of the
lactone form of SN-38 is 11.5 h. This is much longer than for other CPTs, for
instance topotecan (70,74). The clearance of irinotecan lactone (53.5 I/h/m?) is
approximately two times larger than that of topotecan. At steady state, the mean
volume of distribution of the total drug is 142 1/m?, representing approximately
four times the total body weight (74). When irinotecan is administered as a
protracted i.v. infusion over 7-21 days, the plasma levels of irinotecan, SN-38, and
SN-38G are comparable on days 7, 14, or 21 during the infusion. The AUC ratio of
SN-38 to irinotecan was 16% and was constant over the tested dose range (76).
This metabolic ratio was higher compared with the ratios found after short-time
infusion, namely 3-9%. This partly explains the relatively low maximum-tolerated
doses (MTDs) achieved with the continuous infusion regimens, which are thus due
to the greater conversion of irinotecan to the cytotoxic-metabolite SN-38.

Recently, Xie et al. reported a population analysis in 70 cancer patients on
the clinical pharmacokinetics of irinotecan and four of its metabolites (77). These
authors found that the interconversion between the lactone and carboxylate forms
of irinotecan was relatively rapid, with an equilibration half-life of 14 min in the
central compartment and hydrolysis occurring at a rate five times faster than
lactonization. Also, the same interconversion took place in the peripheral
compartments. The irinotecan lactone form had extensive tissue distribution (Vss,
445 1) in comparison with the carboxylate form (Vss, 78 1, excluding peripherally
formed irinotecan carboxylate) (77). The clearance of the lactone form (74.3 1/h)
was higher than the carboxylate form (12.3 1/h). These models revealed that there
was a preference of SN-38 and NPC to be formed out of the lactone form of
irinotecan, whereas APC could be modeled best by presuming formation from
irinotecan carboxylate (77). The interconversion between SN-38 lactone and
carboxylate was slower than that of irinotecan. SN-38 lactone is more tightly
bound to serum albumin than the carboxylate form, and for this reason the
dynamic equilibrium is preferential toward the lactone form. Although the
clearances for SN-38 lactone and carboxylate were similar, the lactone form had
more extensive tissue distribution (77).

Diarrhea originates from intestinal epithelium cell damaged by SN-38.
This reversible reaction can be modulated by changing the intestinal flora using
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Figure 2. Summary of irinotecan-elimination (CPT-11) routes, showing esterase- (hCEl
and hCE2) mediated conversion to the active-metabolite SN-38, its further conjugation
into the glucuronic-acid derivative SN-38G by UGT1AI, the reversible deconjugation
by bacterial beta-glucuronidase (Beta-Glu), CYP3A-mediated conversion to the
oxidized derivatives APC and NPC, P-glycoprotein- (ABCB1) mediated cellular efflux
of irinotecan, and MDRI1- (ABCC1), cMOAT- (ABCC2), and BCRP- (ABCG2)
mediated transport of SN-38.

antibiotics, e.g., neomycin or other beta-glucuronidase inhibitors, such as
cyclosporin A, which inhibits the cMOAT-mediated biliary excretion of
SN-38 (78,79). Furthermore, cytochrome P-450 3A4 (CYP3A4) metabolizes
irinotecan into several oxidized derivatives, including APC (7-ethyl-10-[4-N-5-
aminopentanoic acid)-1-piperidino]-carbonyloxycamptothecin) and NPC (7-ethyl-
10-[4-N-(-1-piperidino)-1-amino]-carbonyloxycamptothecin)  (7/,80-83).  The
various genes with a putative role in irinotecan disposition are shown in Fig. 2.
Both metabolites are also poor inhibitors of topoisomerase I and only the minor-
metabolite NPC can be further converted to SN-38 (74,83,84). Because CYP3A4
is involved in the biotransformation of many other drugs, there is a potential
risk of clinically relevant drug interactions. A Phase I study of irinotecan in
malignant glioma patients revealed that the clearance of irinotecan was significantly
faster in patients who required cotreatment with anticonvulsants and glucocorti-
coids — inducers of the CYP3A4 enzyme — as compared with patients who did not
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receive such concomitant treatment (85). A recent investigation indicates that a
significant interaction occurs between irinotecan and the herbal product
St. John’s wort because of CYP3A4 induction, resulting in 42% decreased
circulating concentrations of SN-38 (86). In contrast, inhibition of CYP3A4
activity, for example by ketoconazole, leads to substantially increased exposure
(~two-fold) to SN-38 (87). It has also been shown that the sequence of treatment
with irinotecan and infusional 5-FU affects the tolerability of this combination,
with the SN-38 area under the concentration versus time curve (AUC) being
40% lower (P <0.05) when irinotecan preceded 5-FU. This suggests that well-
defined 5-FU/irinotecan regimens are needed because the administration sequence
or the interval between the agents might affect treatment tolerance and perhaps
also activity (88).

Elimination of irinotecan occurs primarily in the feces via hepatobiliary and
intestinal secretion and secondarily in the urine (§9). Approximately, 50% of the
total administered dose of irinotecan is recovered in urine (28%) and feces (25%) as
unchanged parent compound or its inactive metabolites (87). The hepatobiliary
elimination route is dependent on the presence of drug-transporting proteins,
notably P-glycoprotein and canalicular multispecific organic anion transporter
(cMOAT), present on the bile canalicular membrane (/0). Because of the close
connection of irinotecan with liver biotransformation and elimination, the drug
should not be administered in case of increased bilirubin concentrations or elevated
transaminases (68,90).

The cytotoxic activity of SN-38 is performed by producing intermediate
forms of drug-stabilized covalent DNA /topoisomerase I complexes, also referred
earlier as the cleavable complexes, as outlined previously. SN-38 exerts this
cytotoxic function by trapping cleavable complexes instead of inhibiting
topoisomerase I enzyme function. Antitumor activity of CPT analogs can be
predicted in vitro based upon gene-copy number, mRNA content, and protein
expression of topoisomerase I (90). The fact that in human tumor samples from
colon cancer, there was increased topoisomerase I expression and activity as
compared to normal mucosa, could partly explain the activity of irinotecan in this
disease (90-93).

B. DOSE-FINDING TRIALS

Phase I studies were performed first in Japan, later in the USA and Europe.
The recommended regimen of irinotecan in the USA is 125 mg/m? administered
as a 90-min i.v. infusion once weekly for 4 or 6 weeks (70). In Europe, the approved
administration schedule of irinotecan is 350 mg/m’ given as an i.v. infusion
over 60-90 min once every 3 weeks (94), while a recent reevaluation indicated a
maximum-tolerable dose of 320 mg/m? or 290 mg/m? in patients with prior
abdominal/pelvic radiation therapy (95). Finally in Japan, the administration
schedule of irinotecan was developed as 100 mg/m? every week or 150 mg/m?
every other week (96). Remarkably, the dose intensity (DI) of all applied dosage
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regimens of irinotecan is approximately 100 mg/m?/week, which suggested a
schedule independency. This phenomenon can be explained by the long
half-life of SN-38, which is achieved after a single dosage of irinotecan.
Although the half-life of SN-38 does not fully support this approach, in an effort
to further explore the possible therapeutic advantage of prolonged exposure
to CPTs, protracted or repeated dosing regimens of irinotecan have been studied.
Irinotecan was administered as a short infusion repeated on 5 consecutive days,
as a 4-day i.v. continuous infusion weekly for 2 weeks every 3 weeks, and as a
14-day continuous i.v. infusion every 3 weeks (97). Since protracted i.v.
infusion is inconvenient for patients, an oral formulation of irinotecan is also
under study (717).

In the transatlantic Phase I clinical trials, the maximum DI of irinotecan
was achieved with short-time i.v. infusion once every 2 or 3 weeks (mean DI
125 mg/m?/week; range, 80-167 mg/m?/week), whereas the lowest DI was achieved
with continuous iv. infusion (DI 27 and 47 mg/m?/week). In the
weekly x 4 schedule and the daily i.v. infusion over 3 or 5 consecutive days, the
mean calculated DI was 83 mg/m?/week (range, 73-100 mg/m?/week). Thus,
the maximum DI achieved with prolonged exposure schedules of irinotecan is
2-3 times lower than that achieved with short-infusion administration. But, as
indicated previously, irinotecan is more effectively converted to SN-38
during protracted i.v. infusion. The SN-38 to irinotecan AUC ratios ranged from
16% to 24% (97). After oral administration of irinotecan, the absolute
bioavailability of the drug based on lactone measurements is relatively low (74).
However, the SN-38 to irinotecan AUC ratio, expressed on a molar basis, is
three times greater after oral administration than after i.v. infusion. Possibly, the
first-pass conversion of irinotecan to SN-38 in the intestine and liver could explain
this observation (74).

The principal dose-limiting toxicity (DLT) for all schedules used
was delayed diarrhea, with or without neutropenia (70,94,96). The frequency of
severe diarrhea (grade 3 or 4) was reported as 35% in the Phase I studies.
The incidence of this toxicity can be reduced by more than 50% if an
intensive treatment with loperamide is used as described in the safety guidelines in
Table IV (98).

Neutropenia was dose related, generally of brief duration and noncumu-
lative, and occurred in 14-47% of patients treated once every 3 weeks and less
frequently using the weekly schedule (12-19%) (98—102). In approximately 3% of
patients, the neutropenia was associated with fever. In one Phase I study, where
irinotecan was given as a 96-h continuous infusion for 2 weeks every 3
weeks, thrombocytopenia was also dose limiting (/03). Due to inhibition of
acetylcholinesterase activity by irinotecan within the first 24 h after dosing of the
drug, an acute cholinergic reaction can be observed. The symptomatology of this
syndrome, as well as the other nonhematological toxicities of irinotecan, is
summarized in Table V.
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TABLE 1V.
Safety Guidelines for the Use of Irinotecan.

Proper patient selection according to known risk factors:

— For severe neutropenia: Performance status; serum bilirubin level

— For severe diarrhea: Performance status; prior abdominopelvic radiation therapy,
hyperleucocytosis

Proper training of the treating medical oncologist and his staff, and extensive
information to the patient:
— Including patient’s information leaflet about management of toxicities

Early use of high-dose loperamide as soon as the first loose stool occurs.
— Recommendation:
4 mg Loperamide for the first intake and then 2 mg every 2 h at least
12 h After the last loose stool for a maximum of 48 h

Early use of oral broad-spectrum antibiotics (e.g., fluoroquinolone) in case of:
— Any grade 4 diarrhea

— Febrile diarrhea

— Diarrhea with concomitant grade 3¢ or 4 neutropenia

— Failure of a 48-h high-dose loperamide therapy

e Dose reduction in case of:
— Grade 4 neutropenia (even asymptomatic)
— Grade 3 neutropenia concomitant with fever and/or infection
— Severe diarrhea

e Contraindication for use in patients with:
— WHO? performance status >2
— Predictable poor compliance
— Baseline serum bilirubin >1.5 x UNL®

e® Treatment only with caution and close survey between cycles in patients with:
— WHO performance status =2
— Baseline serum bilirubin between 1 and 1.5 x UNL
— Prior abdominopelvic radiation therapy
— Baseline hyperleucocytosis

“Grade 3 and 4 according to NCI common toxicity criteria (version 2.0).
bWHO, World Health Organization.
“UNL, upper normal limit.

C. ANTITUMOR EFFICACY

Phase II studies consistently revealed response rates of 10-35% to single-
agent irinotecan in advanced or metastatic colorectal cancer (89,90,104,105),
independent of the applied schedules. There was no apparent difference between the
applied schedules with respect to the median remission duration and median
survival time, respectively 6-8 months and 8-13 months (90).
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TABLE V.
Main Toxicities of Irinotecan.

Hematological
o Grade 3“ and 4“ neutropenia
— Dose and schedule dependent
— Lowest frequencies in protracted dose regimens
Reversible, noncumulative, and of short duration
Febrile neutropenia occurred in about 3% of patients

Nonhematological
e Acute cholinergic-like syndrome (£9% of patients)
— Caused by rapid and reversible inhibition of acetylcholinesterase by lactone form
of irinotecan and can be induced by co-administration of oxaliplatin
— Symptoms may occur shortly or within several hours after drug administration,
and are short lasting, never life threatening
— Symptoms: diarrhea, gastrointestinal cramps, nausea, vomiting, anorexia,
asthenia, diaphoresis, chills, malaise, dizziness, visual-accommodation distur-
bances, salivation, lacrimation, and asymptomatic bradycardia
— Responsive to and preventable by subcutaneous administration of 0.25-1.0 mg
atropine
® Declayed-onset diarrhea
— Could be severe and unpredictable at all dose levels with increased intensity and
frequency at higher dose levels (£34% of patients grade 3 or 4 after use of
loperamide) and occurred later than 24 h after drug administration with peak
incidence at day 5 or 6
e Nausea and vomiting (£ 86% of patients, but +19% grade > 3)
— Manageable with 5-HT3 antagonists
o Other common toxicities
— Fatigue (£ 17%), mucositis (£ 12%), skin toxicity (4 5%), asthenia, alopecia,
and elevated liver transaminases
e Less common toxicities
— Pulmotoxicity (pneumonitis), cardiotoxicity (bradycardia), microscopic hema-
turia, cystitis, dysarthria, and immune thrombocytopenia

“Grade 3 and 4 according to NCI common toxicity criteria (version 2.0).

In a randomized Phase III study, comparing treatment with irinotecan
given as a 300-350 mg/m?® i.v. infusion every 3 weeks to best-supportive care
in patients refractory to previous treatment with 5-FU based chemotherapy, the
one-year survival rate was significantly greater for the irinotecan-treated group
than for the control group, 36% and 14% (P <0.01), respectively (99). Another
randomized Phase III study, comparing treatment with irinotecan to three different
continuous i.v.-infusion schedules of 5-FU in patients with previously treated
advanced colorectal cancer, revealed a survival advantage for the irinotecan-treated
group in comparison to the 5-FU-treated group (/00). The one-year survival
rates were 45% and 32%, respectively (P <0.05).
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TABLE VI.
Phase II Studies of Single-Agent Irinotecan.

Tumor type Dose level and schedule Overall response rate (%)
SCLC 100 mg/m?/wk® 47
NSCLC? 100 mg/m?/wk 32
Gastric cancer 100-150 mg/m?/1-2 wk 23
Pancreatic cancer 100-150 mg/m?/1-2 wk 10

350 mg/m?/3 wk 9
Breast cancer 100-150 mg/m?/1-2 wk 14-20

200 mg/m?/3-4 wk

350 mg/m?/3 wk 8
Cervical cancer 350 mg/m?/3 wk 15-23

125 mg/m?/wk x 4 q%.6 wk 0-23
Ovarian cancer 100-150 mg/m?/1-2 wk 24
Head and neck cancer 75-125 mg/m?*/wk x 4 q.6 wk 21
Leukemia/lymphoma 40 mg/m?/d° x 5 q.3-4 wk 17-24

40 mg/m?/d x 3 q.wk 38

“SCLC, small-cell lung cancer.
’NSCLC, non-small cell lung cancer.
‘wk, week(s).

4q, every.

“d, day(s).

Apart from colorectal cancer antitumor activity, single-agent irinotecan
was also active in Phase II studies in several other solid tumors summarized in
Table VI (65,74,106,107).

Based on the activity data in colorectal cancer derived from Phase I/II
studies on the combination of irinotecan with 5-FU/leucovorin, two randomized
Phase III studies were performed comparing this combination to single-agent
5-FU/leucovorin in the first-line treatment of metastatic colorectal cancer
(108,109). Saltz et al. randomized 683 patients to receive either a weekly x 4
regimen of a 90-min i.v. infusion of irinotecan at a dose of 125 mg/m> and
leucovorin at a dose of 20 mg/m?* as a 15-min i.v. infusion, followed by 5-FU i.v.
bolus at a dose of 500 mg/m” (arm A, n=231), or conventional low-dose 5-FU/
leucovorin (arm B, n=226), or irinotecan at a dose of 125 mg/m? for 4 consecutive
weeks every 6 weeks (arm C, n=226) (1/08). An intention-to-treat analysis showed
that the combination of irinotecan and 5-FU/leucovorin (arm A) yielded a
significantly higher remission rate (P <0.001), significantly longer progression-free
survival (P=0.004), and significantly longer median survival (P=0.04) in
comparison to single-agent 5-FU/leucovorin (arm B). There was no difference
between single-agent irinotecan (arm C) and 5-FU/leucovorin (arm B) in terms of
overall response rate, median time to disease progression, and median overall
survival time (/08).
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Severe diarrhea (grade 3 or 4) (arm A 23%; arm B 13%; and arm C 31%)
and neutropenia (grade 4) (arm A 42%; arm B 24%; and arm C 12%) were the
most prominent toxicities in this study, but these side effects did not preclude
the administration of approximately 75% of the prescribed doses of irinotecan
and 5-FU (108). The reverse side of the study was the bias of unreported toxic
deaths in the combination treatment arm (arm A).

Douillard et al. randomized 385 patients to (arm A, n=169) the
combination of irinotecan and an infusional schedule of 5-FU. The regimens
were: once weekly, irinotecan 80 mg/m?* with 5-FU 2300 mg/m? by 24 h infusion,
and leucovorin 500 mg/m* (arm Al); or every 2 weeks, irinotecan 180 mg/m?
on day 1 with 5-FU 400 mg/m” bolus and 600 mg/m* by 22 h infusion, and
leucovorin 200 mg/m? on days 1 and 2 (arm A2) (109). For the control arm (arm B,
n=169), the regimens were: once weekly, 5-FU 2600 mg/m> by 24 h infusion
and leucovorin 500 mg/m? (arm B1); or every 2 weeks, 5-FU and leucovorin at the
same doses and administration as in arm A2 (/09). Although there was a good
balance between both treatment arms for known risk factors, the number of
primary rectal cancers in arm A was slightly higher. Compared with the study by
Saltz et al., in this study proportionally more patients had received prior adjuvant
5-FU-based chemotherapy 10% versus 25%, respectively (90). An objective
response rate of 41% was reported in treatment arm A (combination irinotecan
with 5-FU and leucovorin) compared with 23% in the schedule of 5-FU and
leucovorin alone (arm B) (P<0.001) (/09). Also, the median time to disease
progression (P<0.001) and median survival time (P <0.028) were statistically
significant in favor of the combination treatment arm (arm A) compared to the
control arm (arm B).

The overall response rate of treatment arm Al was 51% and for arm
A2 38%. For the weekly single-agent 5-FU and leucovorin (arm B1) and biweekly
5-FU/leucovorin (arm B2), the overall response rates were 29% and 21%,
respectively (109). More severe neutropenia (29% vs. 21%, P<0.01) and severe
diarrhea (24% vs. 11%) were seen in the combination arm (arm A) compared with
the control arm (arm B). The neutropenia was not significantly associated with
fever or infection.

In a multiregression Cox model analysis, the influence of baseline
characteristics of patients on the efficacy of the cytotoxic therapy in terms
of time to progression and survival were determined. This analysis revealed
that excellent performance status (WHO 0 vs. 1 or more), extension of
organ involvement (1 vs. 2 or more sites), and normal values for lactate
dehydrogenase (LDH), bilirubin, and leucocytes were the major prog-
nostic factors for longer overall survival (90). A significant prolongation
of time to progression adjusted for normal values of LDH and disease extension
(only one organ site) (P=0.0001) was established for the combination irinotecan
and SFU/leucovorin compared to single-agent 5-FU/leucovorin, in both
studies (90).
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Combined analysis of both studies confirmed that the addition of
irinotecan to 5-FU/leucovorin significantly increases response rate, median time
to disease progression, and median time to survival, especially for patients with
excellent prognostic characteristics will have a survival benefit of this combination
therapy (90). The abovementioned treatment schedules of both studies are
approved by the FDA as first-line chemotherapy for patients with metastatic
colorectal cancer (90). Yet, randomized trials to evaluate the merits of this
combination in the adjuvant setting are ongoing (74). Furthermore, clinical trials
evaluating the antitumor efficacy of irinotecan in combination with an oral
fluoropyrimidine (capecitabine), which may replace infusional 5-FU, are currently
in progress (74).

D. OTHER COMBINATION CHEMOTHERAPY TRIALS

The combination of irinotecan and raltitrexed was evaluated in two Phase I
studies, whereby asthenia was found as the DLT in both studies. The recommended
doses were irinotecan 350 mg/m?> and raltitrexed 3 mg/m> once every 3 weeks
(110,111).

In vitro and in vivo studies have revealed synergism or additivity between
irinotecan and cisplatin in numerous tumor cell lines and human tumor xenografts
(112—-120). The mechanism of interaction between both agents involves a delay
by the topoisomerase I inhibitor in the reversal of cisplatin-induced DNA
interstrand cross-links (ISCs) without modifying the formation of ISCs (/20,121).
No alteration in cleavable complexes formation or reversion was observed.

All Phase I studies on the combination of irinotecan and cisplatin,
except for one, focused on fractioned dose schedules for both agents (120,122—128).
Neutropenia (grade 4 in 35% of the patients) and diarrhea were the dose-limiting
toxicities. In only 4% of all patients neutropenia was complicated by fever.
A 33% and 65% increase in DI of irinotecan could be achieved by adding G-CSF
to schedules with neutropenia as the DLT (726,127). Only one Phase I study
involved the 3-weekly administration and studied the relevance of sequence of
drug administration (/28). Patients were randomized to receive irinotecan,
immediately followed by cisplatin in the first course, and the reversed sequence in
the second course or vice versa. Significant differences in toxicity between the
treatment schedules were not observed. Neither could a pharmacokinetic
interaction be discerned. In addition, irinotecan had no influence on the platinum
DNA-adduct formation in peripheral leukocytes in either sequence (/28).
Apparently there is no administration sequence that should clearly be favored
for this particular topoisomerase I inhibitor.

Phase II studies of this combination indicate high levels of activity in
various tumors, but none of these studies were randomized, so their interpretation
is difficult (74). A Phase I1I study using this combination as first-line chemotherapy
for patients with extensive disease of SCLC showed a significant improvement
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in the one-year survival rate (60%) in comparison with conventional treatment
with etoposide and cisplatin (40%) (P =0.005) (129).

The combination of irinotecan and oxaliplatin was evaluated in Phase |
studies using a once every 2 weeks and once every 3 weeks schedule with
neutropenia, and a combination of diarrhea and neutropenia as dose-limiting side
effects in the different schedules, respectively (/30-132). Remarkably, the
interaction of both drugs showed acute cholinergic toxicities, whose severity is
potentiated by oxaliplatin (/33-135). The recommended dose of oxaliplatin is 85
mg/m? for both schedules. The recommended dose of irinotecan is 175 mg/m? for
the once every 2 weeks and is 200 mg/m? for the once every 3 weeks. In a Phase IT
study in patients with advanced colorectal cancer, this combination was compared
with raltitrexed as first-line treatment, which showed an acceptable toxicity profile
after dose reduction of irinotecan to 150 mg/m? once every 3 weeks (136).

In Phase I and/or II studies, irinotecan is also combined with other
cytotoxic agents, including etoposide (/37-142), carboplatin (/43—-145), docetaxel
(146,147), paclitaxel (148,149), mitomycin-C (/50,151), and also the triplet
combination with carboplatin and docetaxel (/52,153). This topic about
combination treatment is reviewed in more detail by De Jonge et al. (120). The
combination of irinotecan and etoposide seems to be hepatotoxic (/54).

V. Topotecan
A. CLINICAL PHARMACOLOGY

Topotecan (TPT; 9-dimethylaminomethyl-10-hydroxycamptothecin) is
a semisynthetic, water-soluble CPT derivative, synthesized by modification of
10-hydroxycamptothecin (/55). It undergoes CYP3A-catalyzed metabolism to
N-desmethyl topotecan. N-Desmethyl topotecan is a less-active metabolite of which
only low plasma levels were found, suggesting minimal CYP3A-related conversion.
Nonetheless, clinical trials have shown significantly altered clearance of topotecan
in patients on CYP3A-inducing anticonvulsants, similar to that observed with
irinotecan (65). Both topotecan and N-desmethyl topotecan exist in an active
lactone and inactive carboxylate form in a similar equilibrium (/56). Only a very
small amount of total topotecan is present in the lactone form at equilibrium.
At physiological pH, most topotecan is in the inactive carboxylate form, whereas
in an acidic environment the ratio is opposite (/57). These circumstances
have practical consequences because, on reconstitution in normal saline, a large
amount of topotecan is converted to the carboxylate form, whereas at lower pH of
5% dextrose for injection, the maximum extent of conversion is 10% with
equilibrium being achieved within half an hour (74,758). For this reason, a
new parenteral formulation has been produced that contains tartaric acid in the
infusion diluent to provide a sufficiently low pH to maintain the agent in the
essential lactone form (759).
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Both the carboxylate form and the lactone form of topotecan may undergo
further metabolism into an UGT-mediated glucuronide product (i.e., topotecan-O-
glucuronide and N-desmethyl topotecan-O-glucuronide) (/60). This is a reversible
transformation because beta-glucuronidase is able to reform topotecan and
N-desmethyl topotecan. Because topotecan is metabolized in the liver only to a
minor extent, it is not surprising that the pharmacokinetics in patients with
impaired liver function did not significantly differ from those in patients with
normal hepatic function (/61). In contrast, patients with moderately impaired renal
function had significantly reduced plasma clearance (/62). As a clinical practical
consequence, dose modifications are recommended for patients with impaired renal
function and are not required for patients with liver dysfunction (/61,162).

Topotecan is most commonly administered as a 30-min i.v. infusion (74).
Within 5-10 min after the end of the infusion plasma concentrations of the
carboxylate form exceed those of the lactone form. Under the abovementioned
circumstances, the AUC ratio of the lactone to total drug ranges from 30% to 40%.
The same AUC ratio of both compounds in plasma is achieved when topotecan is
administered as a prolonged infusion once steady-state concentration is reached
(163—172). After i.v. infusion of topotecan, the plasma levels of the lactone form
and total drug descend in a biexponential way with similar terminal half-lives of
2.4-4.3 h. Compared with most other CPT derivatives, the biological half-life of
topotecan is short. Consequently, no drug accumulation will occur when five
daily doses of topotecan are administered by a 30-min i.v. infusion at an interval
of 24 h, which is the recommended dosing regimen for topotecan (74).

Over the range of tested doses of 0.4-22.5 mg/m?, topotecan showed linear
pharmacokinetic behavior for both the total drug and intact lactone species. This
pharmacokinetic behavior did not change significantly when topotecan was given
daily (74). The total body clearance of topotecan on the average is 27.4 1/h/m? for
the lactone form and 13.4 1/h/m? for the total drug (/64-171). Owing to its
hydrophilic properties, topotecan showed a moderate, steady-state apparent
volume of distribution, being only approximately two times the body weight for the
lactone species and total drug. In comparison with other CPT analogs, the fraction
of topotecan bound to plasma proteins is much lower. Possibly, this property
accounts for the more efficacious penetration of topotecan in cerebrospinal fluid
(173-175) and pleural fluid and ascites (/76) as compared to other CPT derivates.

Furthermore, the plasma pharmacokinetics of topotecan did not change
due to the presence of third spaces, i.e., ascites and/or pleural effusion (/76). The
ratio between the exposure to topotecan in the third space and in the plasma
compartment was 55%. Consequently, topotecan can be safely administered to
patients with malignant ascites and pleural effusion, and it might contribute to local
tumor effects due to its substantial penetration in the third space (176).

A Phase I study on the intraperitoneal (i.p.) administration of topotecan
revealed that the MTD was 20 mg/m?> once every 3 weeks delivered by the i.p.
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route, achieving cytotoxic plasma levels of topotecan, with acceptable toxicity and
avoiding myelotoxicity (/77). Peritoneal total topotecan was cleared from the
peritoneal cavity at 0.4+0.3 L/h-m? with a half-life of 2.741.7 h. The mean
peritoneal to plasma AUC ratio for total topotecan was 54 +34% (1/77). These data
were in good agreement with those from a Phase I study using a topotecan 24-h
continuous i.p. infusion (/78). The terminal half-life for peritoneal topotecan and
for plasma total topotecan was similar for both studies (/77,178). These data
suggest that it would be possible to combine the i.p. administration of topotecan
with other active chemotherapeutic agents.

In a randomized trial on topotecan administered either orally or
intravenously, Herben et al. found that the urinary and fecal excretion of
unchanged drug were the major routes of elimination (/79). The principal route
of excretion was via the kidneys, accounting for approximately 49% of the
intravenously administered dose and 20% of the oral dose (/79). Furthermore,
approximately 18% and 33% of the i.v. and oral dose of topotecan, respectively,
was excreted unchanged in the feces. Elimination through other routes was
approximately 28% of the i.v. dose and 43% of the oral dose.

As mentioned earlier, in patients with impaired renal function the clearance
of total topotecan is reduced, i.e., a 33% decrease in patients with a creatinine
clearance (CrCl) ranging from 40 to 59 ml/min and a 75% decrease in patients with
CrCl between 20 and 39 ml/min, compared to patients with normal renal function
(ie., CrCl =60 ml/min) (/62). In patients with reduced renal clearance of
topotecan, a second plasma peak was seen after the end of infusion due to increased
bile excretion which, in turn, leads to enterohepatic recycling (162,179).
Nevertheless, this is likely not of clinical relevance.

The oral bioavailability of topotecan is influenced by different factors.
Firstly, the relatively high pH in the intestines leads to conversion to the
carboxylate form, which is poorly absorbed by the intestinal walls (/80). Secondly,
the bioavailability is reduced by protein-mediated drug transport of topotecan. The
breast cancer-resistance protein (BRCP), a protein of the adenosine triphosphate
(ATP)-binding cassette family of transmembrane transporters, is highly expressed
in the small intestine and mediates the apically directed drug transport of
topotecan (179,181). Thirdly, the bioavailability is partly influenced by the binding
of topotecan to food, proteins, and intestinal fluids, or by decomposition in the
gastrointestinal fluid. Furthermore, the metabolism to N-desmethyl topotecan was
demonstrated as a minor mechanism for elimination (179).

Population pharmacokinetic studies in patients treated with intravenously
administered topotecan revealed that patient characteristics (i.e., gender, height,
weight) and laboratory values (i.e., serum creatinine concentration) give
a moderate ability to predict the clearance of topotecan in an individual patient
(182). Although a significant correlation between the clearance of topotecan
and patient age was not established, pharmacokinetic results of a greater number
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of patients are warranted in order to make more definite conclusions on this
specific issue.

B. DOSE-FINDING TRIALS

Numerous Phase I clinical trials with topotecan in different schedules of
drug administration have been performed (/83). Based on the in vitro data on long-
term exposure and the fact that efficacy of the drug has been demonstrated to be
dependent on the schedules of administration, two schedules were selected for
Phase II studies. Firstly, there is a 30-min i.v. infusion daily for 5 consecutive days
every 3 weeks, at a dose of 1.5 mg/m?/day. In this schedule, the DLT is short
lasting, noncumulative myelosuppression (/84-186). Nonhematological toxicities
are usually mild and reversible and include nausea, vomiting, fatigue, alopecia, and
sometimes diarrhea. Phase II studies with the drug administered in this schedule
revealed response rates ranging from 9.5 to 25% in pretreated patients with ovarian
cancer, and response rates of 10-39% in patients with SCLC (/87-190). In
addition, a comparative randomized, multicenter trial in which patients with
recurrent ovarian cancer were treated, showed that topotecan was at least as
effective as paclitaxel in terms of response rate (20% vs. 13%), median duration of
response, and median time to progression (/9/-197). In other tumor types,
topotecan was much less active (/95-217). A summary of the safety profiles and
clinically observed toxicities is provided in Tables VII and VIII, respectively
(218,219).

Secondly, various schedules focusing on the continuous infusion of
topotecan have been studied, including a 24-h infusion weekly, and every 3 weeks, a
72-h infusion administered weekly, every 14 days and every 21 days, a 120-h
infusion every 3—4 weeks, and 21-day low-dose continuous infusion every 4 weeks
(27). In addition to the DLT of leucocytopenia, the longest infusion schedules
also induce thrombocytopenia.

With the continuous i.v. administration for 21 days every 28 days, the
MTD was 0.53 mg/m?/day (220). The steady-state concentration of lactone
topotecan was only approximately 4 ng/ml. No consistent relationship between
drug level and hematological toxicity was found. Of interest, the Phase I study
showed several partial tumor responses in tumor types which were initially
chemotherapy resistant (220). In a Phase II study with this regimen in patients
with progressive and platinum-refractory ovarian cancer, the response rate was
37% (221).

Since 21-day continuous infusion is inconvenient, an oral formulation of
topotecan was also investigated (/66). The oral bioavailability of topotecan is
approximately 30-35% with acceptable interpatient variation and independent
of the formulation used. In view of this, the oral route of administration may
provide a more convenient approach to clinical-prolonged exposure (166,222,223).
After oral administration, topotecan is rapidly absorbed with peak plasma
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TABLE VIL.
Safety Guidelines for the Use of Topotecan.

e Proper patient selection according to known risk factors:

— For severe neutropenia: Renal impairment, prior myelosuppressive chemotherapy
(both platinum analogs and alkylating agents), prior bone marrow transplantation,
prior wide-field radiotherapy

— For severe thrombocytopenia: Renal impairment, prior myelosuppressive che-
motherapy (especially carboplatin)

® Proper training of the treating medical oncologist and his staff, and extensive
information to the patient:
— Including a patient information leaflet about the management of toxicities

® Dose reduction in case of:

— Grade 4* neutropenia >2 weeks (with G-CSF®)

— Grade 3" neutropenia concomitant with fever and/or infection

— Complicated grade 3 or 4 thrombocytopenia

— Renal impairment; creatinine clearance <60 ml/min and extensive prior therapy;
creatinine clearance <40 ml/min and minimal prior therapy

— Treatment delay >2 weeks

— Elevated bilirubin in combination with poor performance status and
comorbidities

o Contraindication for use in patients with:
— WHO" performance status >2
— Predictable poor compliance
— Creatinine clearance <20 ml/min
— Baseline serum bilirubin >1.5 x UNLY

o Treatment only with caution and close survey between cycles in patients with:
— WHO performance status =2
— Creatinine clearance <60 ml/min
— Prior myelosuppresive chemotherapy (carboplatin)
— Prior abdominopelvic radiation therapy

“Grade 3 and 4 according to NCI common toxicity criteria (version 2.0).
bG-CSF, granulocyte colony-stimulating factor.

‘WHO, World Health Organization.

4UNL, upper normal limit.

concentrations reached at 0.6-0.78 h after intake (/57). Lactone to carboxylate
ratios was comparable after oral and i.v. administration (/66,223). No relationship
was found between bioavailability and age, gender, performance status, and
the presence of liver metastases. Currently, topotecan is supplied in gelatin
capsules and is administered at least 10 min before a meal, although combination
with high-fat meal only led to a small decrease in the rate of absorption, not in the
extent of absorption (224).
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TABLE VIII.
Main Toxicities of Topotecan.

Hematological
e Grade 4“ neutropenia (81% of patients)
— Dose related, reversible, noncumulative
— (Extensive) prior treatment dependent
— Median onset occurred on day 9
— Median duration of 6 days (in 12% of patients duration longer than 7 days)
— Febrile neutropenia or infections occurred in 26% of patients

o Grade 4 thrombocytopenia (26% of patients)
— Dose related, reversible, noncumulative
— (Extensive) prior treatment dependent
— Platelet transfusions necessary in 13% of patients

o Grade 4 anemia (40% of patients)
— Dose related, reversible, noncumulative
— Blood transfusions necessary in 56% of patients

Non-hematological
® Other common toxicities
— Alopecia, nausea, vomiting, fatigue, stomatitis, constipation, diarrhea, abdom-
inal pain, asthenia

“Grade 4 according to NCI common toxicity criteria (version 2.0).

In order to mimic a prolonged exposure regimen and based on the relatively
short half-life of the drug (average 2.4 h), a twice daily oral administration
schedule for 21 days every 28 weeks was studied (222). The dose-limiting side effect
was diarrhea, at a dose of 0.6 mg/m? twice daily. It occurred in 55% of patients
with a median day of onset on day 15 (range, 12-20) and resolved after a median of
8 days (range, 7-16). Administration of high-dose loperamide did not limit the
diarrhea (222). The hematological toxicity was mild and comprised mainly of
neutropenia (35%).

Because of this diarrhea occurring beyond day 15, and in view of the
emerging insights that topoisomerase I inhibition might be no longer optimal
after 14 days of continuous drug administration, a shorter schedule was
investigated (224,225). Patients were treated once daily or twice daily for 10 days
every 21 days (224). In the once-daily regimen, dose-limiting thrombocytopenia
and diarrhea was seen at a dose of 1.6 mg/m?/day. The DLTs were similar
occurring at a dose of 0.8 mg/m? b.i.d. (157,224).

Because of the persistence of diarrhea as a side effect in the 10-day schedule,
finally a 5-day schedule was studied (226). The DLT was neutropenia similar
to the i.v. drug use, with a nadir between days 8 and 15 and median duration of
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6 days (range, 2—12). Nonhematological toxicities were mild to moderate. Moderate
to severe diarrhea (> CTC grade 2) was observed in 21% of the patients and this
event was self-limiting. The recommended dose was 2.3 mg/m?*/day. Assuming
an average body surface area in patients of 1.75 m?, the recommended dose of
2.3 mg/m?/day equals a fixed dose of 4 mg/day. Pharmacokinetics and toxicity
were studied at this fixed dose in order to ascertain whether dosing based on per
square milligram offered any advantage over flat dosing. Such an advantage was
not found (226).

In summary, hematological toxicity is more pronounced with the shorter
oral regimens, but is still mostly mild and noncumulative, whereas diarrhea is a
severe and intractable side effect of more prolonged daily administration (/57). An
analysis of the pharmacokinetic/pharmacodynamic relationships revealed that
the total AUC per course did not differ between the various regimens, and in an
analysis of the time over the threshold concentration of 1 ng/ml, it appeared that
the daily-times-five schedule provided the best systemic exposure and toxicity
profile (227).

In acute leukemia, the maximum-tolerable dose of a daily 30-min i.v.
infusion for 5 consecutive days every 3 weeks was 4.5 mg/m?/day (228). Dose-
limiting toxicity at higher dose levels were a complex of symptoms, comprising
high fever, rigors, precipitous anemia, and hyperbilirubinemia. Although the
precise etiology of these adverse effects was not known, it was believed that high
doses of topotecan had induced an acute hemolytic reaction (228).

C. ANTITUMOR EFFICACY

The dosage regimen of topotecan approved for clinical use is 1.5 mg/m?/day
given as a 30-min i.v. infusion daily for 5 days every 3 weeks. Dose-related,
reversible, and noncumulative myelosuppression is the most important side
effect of topotecan (229). Neutropenia — the nadir is usually approximately 9 days
after the start of the treatment and the median duration is approximately 7-10 days
— occurred more frequently and is often more severe than thrombocytopenia. Also,
neutropenia was more severe in heavily pretreated patients compared
with minimally pretreated patients (229). Besides myelosuppression, stomatitis
(24-28% of patients) and late-onset diarrhea (40%) were noted at higher doses
(65,229). Other nonhematological toxicities reported included alopecia (76-82% of
patients), nausea (75-78%), vomiting (53-64%), fatigue (30-41%), and asthenia
(21-22%) (229).

Antitumor activity of topotecan, given as a single agent in various schedules
of administration, was established in a variety of Phase II studies, including
ovarian cancer [overall response rate (OR), 14-38%], SCLC (OR, ~39%), NSCLC
(OR, ~13%), breast cancer (OR, ~10%), myelodysplastic syndrome (MDS)
[complete response rate (CR), ~37%], and chronic myelomonocytic leukemia
(CMML) (CR, ~27%) (65). Marginal activity was seen in head and neck cancer
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(202,230), prostate cancer (231), pancreatic cancer (210,215,217), gastric cancer
(211,212), esophageal carcinoma (204), hepatocellular carcinoma (2/3), and
recurrent malignant glioma (276).

In a Phase IIT study, the daily-times-five i.v. topotecan regimen was
compared with paclitaxel (3-h infusion of 175 mg/m?/day every 3 weeks) in ovarian
cancer. In this disease, topotecan and paclitaxel were equally effective with regard
to response rates, progression-free survival, and overall survival (/97). The
median duration of response was 26 weeks (range, 7-84 weeks) for topotecan and
22 weeks (range, 9-67 weeks) for paclitaxel. The respective median times to
progression were 19 weeks (range, <1-93 weeks) and 15 weeks (range, <1-77
weeks), while the median survival was 63 weeks (range, <1-122 weeks) versus
53 weeks (range, <1-130 weeks) (232).

In an open-label, multicenter study comparing the activity and tolerability
of oral versus i.v. topotecan, 266 patients with relapsed epithelial ovarian
cancer after failure of one platinum-based regimen, which could have included a
taxane, were randomized to the two arms (233). Oral versus i.v. doses of topotecan
were administered as 2.3 and 1.5 mg/m?/day, respectively, for 5 consecutive days
every 3 weeks. The principal toxicity was noncumulative myelosuppression,
although moderate to severe neutropenia was less frequently seen in patients
treated with oral topotecan. Furthermore, grade 3 and 4 gastrointestinal toxicities
were seen slightly higher in the oral treatment arm. No difference in response
rates between the treatment arms was reported. Although a small, statistically
significant difference in survival favored the i.v. formulation (58 weeks) versus the
oral formulation (51 weeks) (P=0.033), in the context of second-line palliative
treatment for ovarian cancer, this outcome has only limited clinical significance
(233). For this reason, oral topotecan could be an alternative treatment modality
in this setting because of its convenience and good tolerability. Its definite place
has to be clarified in further studies.

A Phase III study compared single-agent topotecan with combination
chemotherapy, comprising cyclophosphamide, doxorubicin, and vincristine
(CAV), in 211 patients with SCLC relapsing after first-line chemotherapy (234).
Although response rate, time to disease progression, and overall survival
were similar, palliative efficacy of disease-related symptoms was better with
topotecan (234). In a randomized Phase III trial performed by the Eastern
Cooperative Oncology Group (ECOG), topotecan was compared with best
support of care in patients with extensive SCLC. In this trial, topotecan was
administered as a consolidation therapy after response induction with cisplatin and
etoposide (235). Although topotecan induced a moderate increase in the time
to disease progression, it did not improve survival (235). Finally, similar to the
study in ovarian cancer, oral topotecan was compared to i.v. administration of
topotecan in patients with relapsed and chemosensitive SCLC. The oral
formulation was found to be similar in efficacy with less severe neutropenia and
greater convenience of drug administration (236). Based on these data, topotecan
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has been approved by the FDA for the treatment of recurrent SCLC in the
USA (74).

Although topotecan has shown some activity against hematological
malignancies, its use for this specific indication has still to be further explored
in research (237). As indicated, the complete remission rate is interesting in
MDSs (37%) and in CMML (27%) (238,239). Of note, the presence of a mutation
of the ras-oncogene seems to predict insensitivity to topotecan treatment in
CMML. In relapsed or resistant multiple myeloma, the overall response
rate was 16% (95% CI, 7-31%). Responses have lasted 70 to 477+ days, with a
median progression-free survival of 13 months and a median survival time of
28 months (240,241).

VI. Considerations of Route of Administration

As mentioned earlier, cytotoxicity of topoisomerase I inhibitors increases
with the duration of exposure. In vitro studies showed that short-term exposures
to high concentrations are less effective than long-term exposure to low
concentrations (29,30). Low-dose, prolonged exposure in vivo studies in animal
models also resulted in less toxicity (242-246). On the other hand, in vitro and
animal models have shown to be poor predictors of clinical efficacy and toxicity for
several reasons, including species differences in drug disposition, tolerability,
and intrinsic differences in tumor sensitivity, and the ascertainment that animal
models are relatively resistant to the myelosuppresive effects of the CPT analogs
(157). As a consequence, various Phase I and II studies have been performed to
focus on low-dose prolonged exposure to or continuous infusion of CPT derivatives
in the treatment of cancer patients (76,170,171,209,220,242,247,248). In addition,
the results of studies in animal models showing that the intragastric administration
of CPTs was effective, added to the fact that the low gastric pH would favor the
active lactone-ring configuration of the CPTs; these data would favor oral drug
application (157).

From a clinical point of view, as long as equivalent safety and efficacy can
be ensured, the majority of patients prefer oral instead of i.v. administration of
chemotherapy, predominantly due to the convenience of administration outside a
clinical setting and avoidance of vascular complications, related to i.v. access,
including catheter-associated infections or potential thrombosis (249,250).

From a pharmacological point of view, the oral route of drug
administration has some disadvantages. Absorption of an oral drug from the
gastrointestinal (GI) tract is a prerequisite for its activity, but this process can be
influenced by several factors. Delays or losses of the drug during absorption may
contribute to variability in drug response or may even result in failure of the
treatment (250). Both anatomical and physiological factors affect the overall rate
and extent of absorption from the GI tract and they influence the precise
quantitative prediction. Ideally, a cytostatic drug should have little interpatient
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variability in absorption and AUC, and even more important, little intrapatient
variability with successive doses (257). As an inverse relationship is demonstrated
between decreasing absolute bioavailability of drugs and the interindividual
variation in bioavailability, it is recommended that caution must be taken in
prescribing oral drugs with low oral bioavailability as the therapeutic index is
narrow and thus, either toxic or subtherapeutic dosing may easily occur (250). For
instance, given the relatively low bioavailability of orally administered topotecan,
ranging from 30% to 40%, and the relatively high variability in the AUC both
between patients (CV, 40-73%) and within the same patient (CV, 25-96%)), this
issue of a narrow therapeutic index is clearly demonstrated for the oral
administration of topotecan at its maximum-tolerable dose (/66,252).

The variability of pharmacokinetics of orally administered anticancer drugs
can among other things be explained by the affinity for drug-transporting proteins
expressed in the intestinal epithelium and directed toward the gut lumen (250).
Currently, three major classes of drug pumps, including P-glycoprotein (ABCB1),
multidrug resistance-associated protein (MRP1 or ABCCI) and its homolog
MRP2 (also known as cMOAT or ABCC2), and BRCP (synonymous for
MXR, ABCPI, or ABCG?2), have been characterized, that may play a role in
mediating transmembrane transport of anticancer agents, including irinotecan
and topotecan (250). The abovementioned proteins belong to the large superfamily
of ATP-binding cassette transporters that are found in almost all prokaryotic
and eukaryotic cells. The characteristic tissue distribution of these drug
transporters strengthens the indication that they play an important role in
detoxification and protection against xenobiotic substances (250). In vivo studies
with genetic knockout of murine P-glycoprotein genes revealed that the intestinal
absorption of various anticancer drugs, including paclitaxel and topotecan,
was increased (/817,250). These experimental studies led to the development of
clinical trials of anticancer drugs modulated by co-administration of inhibitors
of P-glycoprotein and BCRP. Recently, a proof-of-concept study in 16 patients
with solid tumors was reported in which topotecan was administered in the
presence and absence of GF120918, a potent inhibitor of BRCP and P-glycoprotein
(253). This study showed that the co-administration of the inhibitor of the drug
transporters significantly increased the systemic exposure of oral topotecan, with
the mean AUC of total topotecan increasing from 32.4+9.6 pgh/l without co-
administration of GF120918 to 78.74+20.6 pgh/l with co-administration of
GF120918 (P=0.008). Furthermore, the apparent oral bioavailability increased
significantly from 40% to 97.1% (P =0.008) (253). Interpatient variability of
the apparent bioavailability was 17% without versus 11% with co-administration
of the inhibitor.

There is no doubt that, in order to approach the conceptual starting
point of prolonged exposure to a minimum concentration of the drug for
optimizing therapeutic efficacy, daily oral dosing would be preferable to
continuous i.v. infusion. But, up till now Phase I and II studies did not show
superior efficacy after prolonged exposure of topotecan (/72,220,222,253,254).
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Actually, the assumptions about the importance of prolonged exposure are being
reconsidered (254).

VII. Investigational Derivatives
A. 9-SUBSTITUTED CAMPTOTHECINS

9-Aminocamptothecin (9-AC) is a semisynthetic CPT derivative which
showed outstanding preclinical activity against a wide spectrum of tumor types,
including those of breast, colon, lung, prostate, and melanoma (255). In clinical
trials, the drug has been very extensively studied using two different formulations
based on the use of dimethylacetamide/polyethylene glycol 400 or a colloidal
dispersion preparation, which enhances solubility and stability. Clinical Phase I
investigations have been conducted using a variety of i.v. administration schedules,
including a 30-min infusion given daily for 5 days every 3 weeks (256), and
more prolonged infusion schedules using 24-h (257), 72-h (258-261), 120-h (262), or
7-day continuous dosing repeated every 4 weeks (263). In addition, trials
have evaluated the usefulness of delivering the agent intraperitoneally (264) or
orally (265-267).

All of the studies report neutropenia as the DLT, while thrombocytopenia
is also frequent and sometimes severe. Gastrointestinal toxicity is the second
most reported, though not dose limiting. Other toxicities are considered mild to
moderate. Numerous multi-institutional Phase II studies have been conducted in
several disease types, and overall, 9-AC shows only very modest single-
agent activity with the prolonged (72- or 120-h infusion) regimens. These
include trials in breast cancer (268), colorectal cancer (269-272), glioblastoma
(273), head and neck cancer (274), lymphoma (275,276), and NSCLC (277,278).
Therefore, its further evaluation does not seem to be indicated. It has been
suggested that the lack of clinically relevant antitumor efficacy relates to substantial
inactivation of the agent due to the unfavorable lactone/carboxylate ratio
in patients (279,280). In addition, using preclinical studies it has been shown
that solid-tumor xenografts were highly sensitive to 9-AC therapy, but the systemic
exposure required for antitumor effects was in excess of that achievable clinically
in patients (281).

Because of the poor aqueous solubility and poor antitumor activity of 9-AC
clinically, some major efforts have been put into the design and synthesis of more
derivatives that could be alternatives to the parent drug, including an N-(2-
hydroxypropyl)methacrylamide copolymer conjugate (282). Some of the synthe-
sized compounds have shown only marginal improvements in solubility or are too
unstable to allow administration in a clinical setting. In addition to solving
solubility issues, linkage of specific carriers to 9-AC offers the possibility of targeted
drug delivery that may enhance the therapeutic index. The potential targeting of
9-AC to tumor cells has been investigated with the use of enzyme-activatable
prodrugs, which include a 9-AC-glucuronide (283) and a 20-carbonate-linked
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derivative (284) designed for activation by tumor-associated beta-glucuronidase
and plasmins, respectively.

To date, only one approach in prodrug design has yielded an agent that
has progressed to clinical evaluation, i.e., the 9-nitro derivative of CPT [i.e.,
9-nitrocamptothecin (9-NC; RFS 2000; rubitecan)], which acts as a partial prodrug
of 9-AC (285,286). 9-NC has a nitro group in the C-9 position and is highly
insoluble in water, and was initially identified as a precursor in the semisynthetic
production of 9-AC. Since nearly all human cells are able to convert 9-NC to
9-AC, including tumor cells, it has been proven difficult to identify whether 9-NC-
mediated antitumor activity is directly associated with the parent drug alone or
with 9-AC alone, or the combination of both (287).

Phase I clinical evaluation of 9-NC has been focused on oral administration
in a daily-times-five per week regimen, either given alone (288,289) or in
combination with cisplatin (290). More recently, attempts have been made to
administer the drug as an aerosolized liposomal preparation (290,291). Preliminary
evidence generated in Phase II clinical trials with the oral formulation suggests
that 9-NC has moderate activity in the treatment of advanced pancreatic cancer
(292,293) and refractory ovarian cancer (294). An extensive Phase II clinical
program is currently being conducted in Europe to test the efficacy of this agent
against various malignant diseases. Thus far, oral 9-NC has been shown to be
inactive against metastatic colorectal cancer (295), advanced glioblastoma
multiform (296), and cutaneous or uveal melanoma (297).

B. EXATECAN MESYLATE (DX-8951f)

The hexacyclic camptothecin analog exatecan mesylate (DX-8951f) ([15,95]-
1-amino-9-ethyl-5-fluoro-1,2,3,9,12,15-hexahydro-9-hydroxy-4-methyl-10 7,13 H-
benzo[de]-pyrano[3’,4":6,7]-indolizino[1,2-b]quinoline-10,13-dione monomethane
sulfonate [salt], dihydrate) is a synthetic derivative with an amino group at C-1
and a fluorine atom at C-5. The compound has increased aqueous solubility in
comparison with other CPT analogs. As exatecan does not require enzymatic
activation, interindividual variability in efficacy and side effects might be reduced
as compared to some prodrug analogs (298). The anhydrous free-base form of the
drug is referred to as DX-8951. The lactone form of DX-8951 is hydrolyzed into
an open-ring hydroxy-acid form, comparable with most other CPTs. Similarly,
the lactone and hydroxy-acid form coexist in solution according to a reversible
pH-dependent equilibrium, i.e., DX-8951 is presented by its lactone form at acidic
pH and by its hydroxy-acid form in neutral and basic pH (299,300).

Exatecan showed superior and a broader spectrum of antitumor activity in
vitro and in vivo in comparison with some other CPT analogs tested (298,301-306).
Comparable with other CPT derivatives, exatecan is metabolized by CYP3A4 and
CYP1A2, resulting in the formation of at least two hydroxylated metabolites
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referred to as UM-1 and UM-2. The antitumor activity of these metabolites is
much less potent than the parent compound itself (299,307,308).

Phase I clinical studies included DX-8951f administered as a 30-min i.v.
infusion once every 3 weeks, as a 30-min i.v. infusion daily for 5 days every 3 weeks,
as a 24-h continuous i.v. infusion every 3 weeks, and as a weekly 24-h i.v. infusion
3 of every 4 weeks (309-314).

Reversible, noncumulative, and dose-related neutropenia was the DLT
in all five schedules (309-313). With a 24-h continuous infusion every 3 weeks,
thrombocytopenia was an added DLT in heavily pretreated patients (370).
Neutrophil and platelet count nadirs occurred between days 10 and 15, with
recovery by day 22. Nonhematological toxicities included mild to moderate
gastrointestinal toxicity (nausea, vomiting, stomatitis, diarrhea), fatigue, asthenia,
and alopecia (309-313). Transient and reversible liver dysfunction was also
observed, and in a Japanese study this event was dose limiting at the dose of
6.65 mg/m> (309,312).

In advanced leukemia, stomatitis was dose limiting (37/4). Remarkably, the
MTD in leukemia (at 0.9 mg/m?/daily for 5 days) is almost double the one in solid
tumors (374).

For Phase II clinical trials, the 30-min infusion regimen with daily admi-
nistration for 5 consecutive days every 3 weeks was selected because this schedule in
Phase I studies showed mostly antitumor activity.

Exatecan was already tested in a Phase II study program in a variety of
malignancies, including NSCLC, pancreatic cancer, ovarian cancer, and colorectal
cancer, and Phase III studies are currently ongoing. Only preliminary results of
these Phase II studies are available, and the Phase III studies have yet not been
reported (242,315).

C. DIFLOMOTECAN (BN80915)

Diflomotecan (BN80915) (5-ethyl-9,10-difluoro-4,5-dihydroxy-5-hydroxy-
1 H-oxepino[3',4':6,7]indolazino[1,2-b]quinolone-3,15[13 H]dione) belongs to the
class of fluorinated homocamptothecins. Homocamptothecins are synthetic,
water-insoluble CPT analogs with a stabilized lactone ring due to modification
of the naturally occurring six-membered «-hydroxylactone ring into a seven-
membered B-hydroxylactone ring by insertion of a methylene spacer between the
alcohol and the carboxyl moieties (242). Lactones are cyclic carboxylic esters and are
rather unstable molecules (3/6). The inductive effect from the electronegative
oxygen of the adjacent hydroxyl group causes higher reactivity of the carboxyl
group of CPTs. By inserting a methylene spacer between the carboxylic and
alcoholic functions of the E-ring, it was believed that the electronic influence of
the hydroxyl group was removed (376). The alcohol moiety was seen as an important
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structure for stabilizing the cleavable complex, because neither dehydroxycamp-
tothecin nor the non-natural enantiomer of CPT is biologically active (3/6). Since
a one-carbon ring expansion is chemically termed a homologation, these new
lactone- or E-ring modified compounds were named homocamptothecins (317).

In comparison with most other CPTs, which show rapid hydrolysis of the
lactone moiety until a pH- and protein-dependent equilibrium has been reached,
homocamptothecins display a slow and irreversible hydrolytic lactone-ring opening
(318). This key feature of irreversibility of E-ring opening may lead to reduced
toxicity (376). After 3 h incubation of camptothecin and homocamptothecin in
human whole blood at 37°C, the fraction present in the lactone form was 6% in the
case of camptothecin and 80% in the case of homocamptothecin. Besides the slower
ring opening of homocamptothecin, this difference is also due to a higher affinity of
homocamptothecin for red-blood cells (37/6). Indeed, the homocamptothecins were
shown to be more stable than camptothecin, were a highly potent inhibitor of
cell growth with superior topoisomerase I-inhibitory activity as compared
to camptothecin, and changed the sequence specificity of the drug-induced
DNA cleavage by topoisomerase 1 (3/9-321). In vitro studies revealed that the
fluorinated homocamptothecins showed the best antiproliferative activity in the
A427 human lung carcinoma cell line in comparison with other homocamptothecin
compounds (376).

Diflomotecan, one of the fluorinated homocamptothecin derivatives, has
entered Phase I clinical testing. Oral diflomotecan administered once daily for
5 days every 3 weeks was limited by dose-dependent myelosuppression (377). Other
toxicities observed were gastrointestinal (i.e., mild nausea and vomiting), alopecia,
and fatigue. The recommended dose for Phase II studies is 0.27 mg once daily for
5 days every 3 weeks. The i.v. studies have yet not been published.

Oral diflomotecan exerts a linear, dose-independent, pharmacokinetic
profile over the higher dose-range studied with high inter- and intrapatient
variability. It was also reported that flat dosing of oral diflomotecan resulted in the
same variation in AUC as dosing per square meter would have done, as already
established for many other cytotoxic agents (322). In the future, population
pharmacokinetic studies might enable to reduce the interpatient variability. But, as
long as these models are not available, the more convenient flat dosing of
diflomotecan is as accurate as the more complex dosing per body surface area. The
oral bioavailability of diflomotecan at the recommended dose was 67.1% which is
much better than for other oral topoisomerase I inhibitors such as topotecan
(F=30-44%), lurtotecan (F=12-21%), and 9-AC (F=48.6%) (166,252,265,323).

D. LURTOTECAN (GI147211 or GG211)
Like DX-8951f, lurtotecan (also known as GI147211 or GG211) is a

hexacyclic CPT analog currently under clinical investigation as an anticancer drug.
Lurtotecan is a water-soluble, totally synthetic derivative with a dioxalane moiety
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between C-10 and C-11 (324). This agent has been evaluated clinically in various
Phase I and II trials using a 30-min i.v. infusion given daily for 5 consecutive days
(325,326), and as a 72-h (327) or 21-day continuous i.v. infusion (328). The DLT in
all schedules was myelosuppression, including severe neutropenia and thrombo-
cytopenia. Nonhematological toxicities were various and only mild to moderate. In
Phase II trials, lurtotecan has shown modest activity in breast cancer, colorectal
cancer, NSCLC (329), and SCLC (330). Overall, these data suggest that the
hematological-toxicity profile and antitumor activity closely resemble that observed
with topotecan, which remains the leading CPT analog for salvage treatment of
lung cancer.

Because the oral bioavailability of lurtotecan was previously shown to be
highly variable and as low as 10% (323), alternative ways of drug administration
are currently being developed, including a new liposomal formulation (OSI-211;
also known as NX 211). Preclinical data have been generated demonstrating that
this unilamellar liposomal formulation of lurtotecan has significant therapeutic
advantage over the free drug, showing increased antitumor activity in xenograft
models, which is consistent with increased systemic exposure and enhanced tumor-
specific delivery of the drug (337). Based on these exciting data, a Phase I clinical
trial has been performed with OSI-211 given to cancer patients as a 30-min infusion
in a once every 3-week regimen (332). As expected, the DLTs in this trial were
neutropenia and thrombocytopenia, and pharmacological findings seem to
corroborate the preclinical profile of this agent. Indeed, the clearance of total
lurtotecan following administration of OSI-211 was approximately 25-fold slower
than that of the free drug, which might prove to be beneficial for pharmacodynamic
outcome of treatment.

VIII. Conclusions

The CPTs are a class of effective anticancer drugs derived from plant
alkaloids that exert their action against DNA topoisomerase I and have been
developed in recent years. This specific mechanism of action and the activity against
a broad spectrum of malignancies perpetuated a stimulus for research and clinical
development of several CPT derivatives with improved physicochemical and
pharmacological properties. At present, two analogs, viz. irinotecan and topotecan
are registered for clinical use for the treatment of first- or second-line therapy in
advanced colorectal cancer and second-line therapy in cisplatin-refractory ovarian
cancer, respectively. Furthermore, in Japan irinotecan is also registered for the
treatment of NSCLC. Other members of this promising class of cytotoxic agents,
including 9-AC, 9-NC, exatecan, diflomotecan, and lurtotecan are in progress of
clinical development to specify their definite place in the spectrum of anticancer
treatment.

Several pharmacokinetic and pharmacodynamic factors, including poor
aqueous solubility, a pH-dependent reversible interconversion between the active
lactone and the inactive carboxylate form, increased lactone stability by
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substitutions at specific sites on the molecule, cellular efflux, mechanism of
resistance, and drug—drug interactions influence the antitumor efficacy and toxicity
profile of these drugs.

The knowledge from preclinical studies that topoisomerase I inhibitors
showed S-phase-specific cytotoxicity led to the development of protracted schedules
of administration or prolonged exposure of the drug. Although this concept
established greater tumor efficacy compared with bolus administration in
experimental studies, the optimal treatment and dosing regimens such as chronic
oral delivery, continuous i.v. infusion, liposomal encapsulation, or polymerized
drug formulations have to be crystallized in further clinical investigations. So far,
current insights derived from Phase II clinical trials suggested that prolonged drug
exposure may be at least as effective and less toxic than more conventional
schedules of intermittent administration of higher doses given as short bolus i.v.
infusion. For a variety of reasons, oral regimens of anticancer drugs are more
convenient for continuous drug administration, and, in general, more preferred by
patients. But, the use of oral CPTs has to overcome some disadvantages. These
include maintenance of stability of the drug in the low-pH environment of the
stomach, absorption through the biochemical barrier of efflux pumps, i.e., drug
transporters, and modulation by cytochrome P-450 isoenzymes in the epithelium of
the intestine, the first-pass effect in the liver, and the excretion in the bile, all
influence the relatively low, and highly variable, bioavailability of the CPTs. In
addition, their narrow therapeutic index offers a potential risk of an accidental
overdose and consequently unpredictable excessive toxicity, or suboptimal
exposure and hence lower efficacy.

The biotransformation of the CPTs is a complex process, in which the
hepatic metabolism significantly contributes to the elimination of the drug.
Additionally, the pharmacokinetics of the CPTs can easily be altered by
comedication that modulates the cytochrome P-450 isoenzymes. Furthermore,
new insights of the genetic polymorphisms of the UGTIAl enzyme, which
detoxified SN-38 to SN-38 glucuronide (SN-38G), may lead to more individualized
dosing of irinotecan guided by pharmacogenetics to overcome the variability in
SN-38 glucuronidation, a major determinant of the severity of late diarrhea.

What will the future bring in the development of the CPTs? Efforts may
focus on enhancement of the antitumor efficacy of the CPTs by combining these
agents with other anticancer drugs, biological modifiers, or radiotherapy.
Especially if these treatment modalities can modulate cell-cycle checkpoints
which promote CPT activity. Furthermore, a new generation of CPTs with a
broader spectrum of cytotoxicity or greater chemical stability of the lactone ring,
e.g., exatecan and diflomotecan, respectively, and with more predictable side effects
are now in clinical development. Also, protracted exposure to the drug can be
achieved by using polymerized or macromolecular CPTs with prolonged half-lives.
In addition, these macromolecular drugs penetrate in tumor tissue better due to
their enhanced permeability and retention characteristics, and have lower systemic
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toxicity associated with the free drug. Further investigations are required to
demonstrate if these drugs show better antitumor activity.
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1. Introduction

This chapter reviews the literature of indole diterpenoids consisting of a
minimum of five fused rings that involve indole C-2 and C-3, as represented by
structure 1. Although these alkaloids have been reviewed in various forms (/-3),
there is no published comprehensive review that covers this group of alkaloids. The
reported biological activities of some of these alkaloids have included definitions of
various tremors and staggers, which were reviewed in 1989, including a proposal
for a pharmacophore model for y-amino butyric acid (GABA) activity (4). This
chapter includes details of the isolation and structure elucidation, chemical
modifications, and biological activities of all alkaloids reported in the published
literature until 2002 (Table I), synthetic studies toward total synthesis, and
biosynthetic studies. We have divided these alkaloids into six groups based on the
substitution around the phenyl ring of the indole moiety. These groups are the
paspalanes (2), aflatremanes (3), penitremanes (4), janthitremanes (5), lolitremanes
(6), and nodulisporanes (7).

THE ALKALOIDS, Vol. 60 Copyright © 2003 Elsevier (USA)
ISSN: 0099-9598 51 All rights reserved
DOI: 10.1016/S0099-9598(03)60002-7



52 SINGS AND SINGH
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H

1 Minimal Structure

6 Lolitremanes
(Modified atom numbering)

7 Nodulisporanes

The tremorgenic and nontremorgenic indole diterpenoids represented by
these six groups are produced by members of various fungal genera represented
by saprophytes and endophytes. The paspalanes, aflatremanes, and penitermanes
are produced by Penicilli and Aspergilli, which are common saprophytic molds
growing on moribund vegetation, either in soil or in the form of carbohydrate-
rich agricultural products. The ubiquitous growth of these organisms under the
diverse conditions of moisture and temperature, particularly on the saprophytic
sources (such as food grains and foodstuffs) result in the spoilage of the food
and produce toxic effects. These organisms are most frequently isolated from
home refrigerators and from moldy foodstuffs and pose serious threats to human
health. The endophytes such as the ergot fungus Claviceps paspali growing on
cereal crops produce the paspalanes, while the endophytic fungi Acremonium sp.
and Neotyphodium sp. growing on ryegrass produce most of the lolitrems, and
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Penicillium janthinellum growing on ryegrass produces all of the janthitrems. Lastly,
the pharmacologically useful and biologically well-studied nodulisporanes, the
only class of nontremorgenic indole diterpenoids, are produced by fermentable
Nodulisporium species growing as an endophyte on twigs.

II. Isolation
A. PASPALANES

The paspalanes are structurally the simplest of the six groups because they
lack substitution on the indole ring. This class constitutes the largest group of
alkaloids, all characterized by the presence of four or five methyl groups, and
two pairs each of aromatic doublets and triplets in the 'H NMR spectrum and
the corresponding '*C NMR signals. For consistency, an atom numbering from
Munday-Finch was adapted for this group in which the methyl group at C-12 is
numbered as C-30, designating it as the last carbon atom. General HPLC
conditions and the chemotaxonomic distribution of many indole diterpenoids were
described by Frisvad in 1987 (5).

1. Paspaline (8)

Paspaline was first isolated in 1966 from C. paspali Stevens et Hall by
Fehr and Acklin (6) in Arigoni’s lab. It displayed [o]p = —23° and a molecular ion
at m/z 421. Elemental analysis led to a molecular formula of C,gH39NO, It showed
IR hydroxy group absorption (3500 cm™") and a UV absorption band at A,.y 282
nm, characteristic of an indole group. Fehr and Acklin elucidated the structure of
this alkaloid by chemical methods as a hexacyclic indole diterpenoid possessing
a 2,3-indole fused with a diterpenoid unit via a five-membered ring connection to a
bis-cyclohexyl-pyran unit. They also deduced the stereochemistry of five of the
seven asymmetric centers. The structure, including complete stereochemistry, was
firmly established by Springer and Clardy in 1980 (7) by X-ray crystallographic
analysis. The *C NMR spectrum of paspaline (8) was first reported by Cole ez al.
(8) in 1977, followed by Nozawa et al. from a reisolation (9) from Emericella
striata. However, many of the assignments were ambiguous. In 1996, Munday-
Finch reported (/0) the isolation of paspaline (8) from P. paxilli Bainier and
established the '*C NMR assignments by 2D NMR (Table II), resulting in a
reassignment of nine of the 28 carbon resonances.

Paspaline (8) was also isolated from Albophoma yamanashiensis (11) and
Lolium perenne L. infected with Neotyphodium [olii (12), as well as from sclerotia
of Aspergillus alliaceus (13), and Aspergillus flavus (14). A LC analysis method,
including traces of UV and mass spectra, was reported for this and related alkaloids
(15). Paspaline did not display tremorgenic activity in mice at 500 mg/kg (8).
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8 Paspaline 9 Paspalicine (R = H) 11 Paspaline B
10 Paspalinine (R = OH)

2. Paspalicine (9)

In conjunction with paspaline (8), Fehr and Acklin reported the isolation of
its congener paspalicine (9) from C. paspali Stevens et Hall (6). It showed an optical
rotation of [o]p=+173° which is opposite in sign to that of paspaline. Mass
spectral and elemental analysis suggested a molecular weight of 417 and a
molecular formula C,7H3;NOj3, which indicated paspalicine (9) contained one less
carbon compared to paspaline. An absorption band corresponding to a conjugated
ketone (1670 and 1620 cm™') was observed in the IR spectrum, which was
supported by an absorption band at A, 244 nm in the UV spectrum. The latter
spectrum exhibited the indole specific absorption band at A, 275 nm. Like
paspaline (8), the Zurich group elucidated the structure of this alkaloid by chemical
degradation, and the stereostructure was firmly established by Springer and Clardy
(7) by a single crystal X-ray analysis. A comparison of the structures of paspalicine
(9) and congener paspaline (8) indicated that they differ in the sixth ring F.
Demethylation of paspaline at C-12 followed by oxidation of C-10 and 11,12-
dehydrogenation leads to the A'''">-enone of paspalicine. In addition, the C-27
hydroxy group of paspalicine forms a six-membered ring in the form of a spiro-
hemiketal at C-7 (§c 104.4 versus 8¢ 84.7) (8). It exhibited a positive Cotton effect
in the CD spectrum at A, 348 nm similar to paxilline (vide infra) indicating
an identical absolute stereochemistry of the two alkaloids (7). A LC analysis
method, including traces of UV and mass spectra, was reported for this and related
alkaloids (/5). Paspalicine did not induce tremors in mice at 250 mg/kg (8).

3. Paspalinine (10)

Paspalinine (10) was originally reported by Fehr and Acklin (6) in 1966
from the ergot fungus C. paspali, and was subsequently isolated by Cole ez al. (8)
in 1977 through a bioassay-guided isolation using Dekalb cockerels via oral
administration. Paspalinine gave a molecular formula of C,;H3;NO; (MW 433)
indicating that it possessed an extra oxygen atom compared to paspalicine (9). Like
paspalicine, it exhibited an UV spectrum with maxima at 232, 250, and 274 nm, and
IR absorption bands corresponding to NH (3480 cm™') and conjugated ketone
groups (1669 and 1620 cm™'). In contrast to paspalicine (9), it displayed an
absorption band for a hydroxy group (3590 cm™") that could not be acetylated. The
13C NMR spectrum of paspalinine and paspalicine were essentially similar, except
for the substitution of the C-13 methine (6¢ 39.2) with a quaternary oxygenated



TABLE I.
Physicochemical Properties, Natural Occurrences, and Biological Activities of Indole Diterpenoids.

Alkaloid (#) MW MF [o]p Mp Producing Tremors in Other References
organism mice at activity
(mg/kg)
N,Y,NR*
Paspalanes
Paspaline (8) 421  CygH39NO,  —23° Claviceps paspali N (500) (6-8,52)
Emericella striata )
Penicillium paxilli Bainier (10)
Albophoma yamanashiensis (9))]
Lolium perenne L. (12)
( Neotyphodium lolii)
Aspergillus flavus (14)
Aspergillus alliaceus (13)
Paspalicine (9) 417 CyH3NO;  +173° Claviceps paspali N (250) Maxi-K 6,7,52)
Paspalinine (10) 433 Cy;H3NOy4 Claviceps paspali Y (80) Maxi-K (6,8,17,52)
Aspergillus flavus (18)
Eupenicillium shearii Anti-insectan 19)
Paspaline B (11) 435  CygH37NO; Penicillium paxilli NR (10)
Emindole SB (12) 405 Cy3H39NO Emericella striata NR (9,24)
Albophoma (11)
yamanashiensis
Paxilline (13) 435  CyH33NO,4 253-255°C Penicillium paxilli Y (4, 25) Maxi-K, 9,16,21,
InsP; 22,37)
Acantherum inebrians 27)
Eupenicillium shearii (19)

(continued)
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TABLE 1.
Continued.
Alkaloid (#) MW MF [a]p Mp Producing Tremors in Other References
organism mice at activity
(mg/kg)
N,Y,NR“
Acremonium lolii (23)
Emericella striata (24)
Emericella desertorum (25)
Emericella foveolata (24,20)
2,18-Dioxo-2,18- Eupenicillium shearii N (40) Anti-insectan (19)
seco-paxilline (14)
13-Desoxypaxilline (20) 419 C,;H33NO;3 Penicillium paxilli NR (10)
Lolium perenne (12)
( Neotyphodium lolii)
Eupenicillium shearii (19)
Emericella striata 9)
27-0-Acetylpaxilline (21) 477 Cy9H;35NOs5 Emericella striata Y (3.13) (24)
7o-Hydroxy-13- 435 CyyH33NO,4  —20° Penicillium paxilli NR (35)
desoxypaxilline (22)
Eupenicillium shearii Anti-insectan (19)
Ta-Hydroxypaxilline (23) 451 C,;H33NOs Penicillium paxilli N (4) (35)
Acremonium lolii (35)
108-Hydroxy-13- 421 Cy;H35NO;3 Penicillium paxilli NR (39)
desoxypaxilline (24)
Acremonium lolii (35)
PC-M5’ (25) 479 C,9H37NOs Penicillium crustosum NR (36)
PC-M6 (26) 421 Cy;H3sNO; Penicillium crustosum NR (36)

9¢
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Paxinorol (27) 377 CyHy»7NO; Penicillium paxilli NR 37)

14-Hydroxypaspalinine ~ 449 C,;H;NOs +126° Aspergillus nomius NR Anti-insectan (38)

(29)

14-(N,N-dimethyl- 577 Ci34H4sN-Og +102° Aspergillus nomius NR Anti-insectan (38)

L-valyloxy)

Paspalinine (30)

Terpendole A (31) 536 C;3;,H4NOg +11.6° Albophoma yamanashiensis NR ACAT inhibitor  (/1,39)

Terpendole B (32) 421 Cy7H35NO; —3.6° Albophoma yamanashiensis NR ACAT inhibitor  (/1,39)

Terpendole C (33) 519 C;H4yNOs —2.3° Albophoma yamanashiensis ACAT inhibitor (/1,39)
Lolium perenne Y (8) 41

( Neotyphodium lolii)

Terpendole D (34) 505 C;Hu3NOy, —31.2° Albophoma NR ACAT inhibitor (/1,39)
yamanashiensis

Terpendole E (35) 437 CygH3oNO; —36.4° 174-176°C Albophoma NR ACAT inhibitor (40)
yamanashiensis

Terpendole F (36) 453 CygH3oNO, —35.8° Albophoma NR ACAT inhibitor (40)
yamanashiensis

Terpendole G (37) 451 CyH37NO4 —28° 248-250°C Albophoma NR ACAT inhibitor (40)
yamanashiensis

Terpendole H (38) 451 Cyp;H33NOs —47° Albophoma NR ACAT inhibitor (40)
yamanashiensis

Terpendole 1 (39) 453 C,;H3sNOs  +7° Albophoma NR ACAT inhibitor (40)
yamanashiensis

Terpendole J (40) 521 C3;Hy3NOs —30.3° 248-250°C Albophoma NR ACAT inhibitor (40)
yamanashiensis

Terpendole K (41) 517 C3,H3oNOs +21.8° Albophoma ACAT inhibitor (40)
yamanashiensis

(continued)
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TABLE 1.
Continued.
Alkaloid (#) MW MF [o]p Mp Producing Tremors in Other References
organism mice at activity
(mg/kg)
N,Y,NR*
Terpendole M 535 C3,H4NOg Lolium perenne Y (8) (12)
(42) ( Neotyphodium lolii)
Thiersinines A 523 C39H37NO; —80° 255-258°C  Penicillium thiersii NR Anti-insectan (42)
43)
Thiersinines B 509 Cy9H;35NO,;  —93° Penicillium thiersii NR Anti-insectan (42)
(44)
Aflatremanes
Aflatrem (45) 501 C3,H39NOy4 Aspergillus flavus Y (4) GABA, Cl  (14,30,43-50)
Maxi-K

B-Aflatrem (46) 501 Cs,H3oNO4 +77.9° 188-190°C  Aspergillus flavus NR Anti-insectan (14)

Aspergillus parasiticus (14)

Aspergillus oblivaceus (14)
Paspalitrem A (47) 501 C33H39NO, Claviceps paspali Y (<14) Maxi-K 8,52)

Phomopsis sp. (30,51)
Paspalitrem B (48) 517 C3,H39NOs Claviceps paspali Y (<14) &)
Paspalitrem C (49) 501 C33H30NO, Claviceps paspali NR Maxi-K (52)
Phomopsis sp. (30,51)

Sulpinine A (50) 503 C3H4NOy4 —29.6° 149-152 °C  Aspergillus sulphureus NR Anti-insectan (53)
Sulpinine B (51) 487 C3;H4NO; —43.2° Oil Aspergillus sulphureus NR Anti-insectan 53)
Sulpinine C (52) 535 C3H4NOg +17.1° Oil Aspergillus sulphureus NR (53)

8¢
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Terpendole L (53)

21-Isopentenylpaxilline (54) 503

Penetremanes
Penitrem A (55)

Penitrem B (58)

Penitrem C (59)
Penitrem D (60)
Penitrem E (61)

Penitrem F (62)
Secopenitrem B (63)
Thomitrem A (64)
Thomitrem E (65)
Pennigritrem (66)
Penitremone A (67)

Penitremone B (68)
Penitremone C (69)
Janthitremanes
Janthitrem A

633

583

601
567
599

617
585
633
599
633
599

633
583

601

CypHyNO, —12°

C37H44CINO

C37H45N05 —4.9°

C37H44CINO,
C37HysNOy
C37H4sNOg

C37H44C1N05
C37H47NOs
C37H44CINOg
C37H4sNOg
C;37H44CINOg
C37H4sNOg

—5.2°

C37HysNO;
C37H4sNOs

C37H47NO¢

Oil

237-239°C

Solid

Solid
>300°C
Solid

Solid
185-189°C

Albophoma
yamanashiensis
Eupenicillium shearii

Penicillium cyclopium

Penicillium crustosum
Penicillium nigricans
Penicillium sp.
Penicillium crustosum

Aspergillus sulphureus
Penicillium crustosum
Penicillium crustosum
Penicillium crustosum
Penicillium nigricans
Penicillium crustosum
Aspergillus sulphureus
Penicillium crustosum
Penicillium crustosum
Penicillium nigricans
Penicillium sp.
Aspergillus sulphureus
Penicillium sp.
Penicillium sp.

Penicillium janthinellum

NR

NR

Y (0.25-0.6)

Y (5)

NR
NR
Y (2)

NR
NR
NR
NR

Y (80)

Y (5.6)

N (16.8)
NR

NR

ACAT inhibitor

Anti-insectan

Maxi-K,
GABAY®,
Glut, Asp?t

Anti-insectan

Anti-insectan

Anti-insectan

(40)

(19)

(54,5759,
65)

(56)
(68)
(64,70)
(57.38,
65)
(53)
(57.58.65)
(57.58,65)
(57.58,65)
(68)
(57.58,65)
(53)
(67)
(67)
(68)
(70,69)

(70)
(70)

(71,73)

(continued)
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TABLE I.
Continued.
Alkaloid (#) MW MF [ Mp Producing Tremors in Other References
organism mice at activity
(mg/kg)
N,Y,NR*
Janthitrem B (72) 585 C37H47NOs Penicillium janthinellum Y (0.2) (71,
73,165)
Janthitrem C (73) 569 C3;H47NOy4 Penicillium janthinellum NR (71,73)
Janthitrem D NA NA Penicillium janthinellum NR (71,72)
Janthitrem E (74) 603 C37H49NOg Penicillium janthinellum NR (74)
Janthitrem F (75) 645 C39Hs5NO, Penicillium janthinellum NR (74)
Janthitrem G (76) 629 C39Hs5;NOg Penicillium janthinellum NR (74)
Shearinine A (77) 583 C37H4sNOs +16°  >250°C  Eupenicillium shearii NR Anti-insectan (19)
Shearinine B (78) 585 C37H4NOs —76° 165-170 °C  Eupenicillium shearii NR Anti-insectan (19)
Shearinine C (79) 618 C37;H47NO; —146° 180-190°C  Eupenicillium shearii NR Anti-insectan (19)
Lolitremanes
Lolitrem A (80) 701 C4HssNOg Lolium perenne Y (2) (78-80,82)
( Acremonium lolii)
( Neotyphodium lolii)
Lolitrem B (81) 685 Cy4oHssNO, 303-304°C Lolium perenne Y (0.5-1) (27,79,85)
( Acremonium lolii)
Acantherum inebrians (27,87)
( Acremonium lolii)
Lolitriol (83) 619 C37;H4NO; Lolium perenne N (20) (16,80)

( Neotyphodium lolii)

09
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10-0O-Acetyllolitriol (84) 661 C39Hs5 NOg Lolium perenne NR (16,80)
( Neotyphodium lolii)

Lolitrem C (86) 687 C4oHs7NO4 Lolium perenne NR (79,85)
( Acremonium lolii)

Lolitrem D Lolium perenne NR (84)
( Acremonium lolii)

Lolitrem E (87) 687 C4Hs7NO, Lolium perenne N (2) (89)

( Acremonium lolii)

Lolitrem F (88) 685 Cy4oHssNO, Lolium perenne Y (0.5-1) (84)
( Acremonium lolii)

Lolilline (90) 601 C37H47NOq Lolium perenne N (8) (41)
( Acremonium lolii)

Lolicine A (91) 603 C33Hs3NOs Lolium perenne NR (80)
( Neotyphodium lolii)

Lolicine B (92) 617 Cs3Hs5NOg Lolium perenne NR (80)
( Neotyphodium lolii)

Lolitrem N (93) 619 C37H4NO; Lolium perenne NR (80)
( Neotyphodium lolii)

11-O-Propionyllolicine A (94) 659 C41Hs57NOg Lolium perenne NR (80)
( Neotyphodium lolii)

11-O-Propionyllolicine B (95) 673 C41HssNOg Lolium perenne NR (80)
( Neotyphodium lolii)

10-O-Propionyllolitrem N (96) 675 C4oHs53NOg Lolium perenne NR (80)
( Neotyphodium lolii)

26-¢epi-10-0O-Acetyllolitrem N (97) 661 Cs9Hs;NOg Lolium perenne NR (80)
( Neotyphodium lolii)

26-epi-lolitrem N (98) 619 C37H4NO; Lolium perenne NR (80)

( Neotyphodium lolii)

(continued)
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TABLE 1.
Continued.
Alkaloid (#) MW MF [o]p Mp Producing Tremors in Other References
organism mice at activity
(mg/kg)
N,Y,NR"
Nodulisporanes
Nodulisporic acid A (99) 679 C43HssNOg  +13° 250-255°€ Nodulisporium sp. N Insecticidal (89)
Nodulisporic acid A; (101) 695 Cy43Hs;NO; —10.5° Nodulisporium sp. N Insecticidal 91)
Nodulisporic acid A, (102) 713 C43HssNOg =21 Nodulisporium sp. N Insecticidal 91)
Nodulisporic acid B (103) 665 Cy3HssNOs — —40° Nodulisporium sp. N Insecticidal (92)
Nodulisporic acid B; (107) 681 C4,HssNOg  —36 Nodulisporium sp. N Insecticidal (92)
Nodulisporic acid B, (108) 699 C43Hs7sNO;  —30° Nodulisporium sp. N Insecticidal (92)
Nodulisporic acid C (109) 667 Cy3Hs7;NOs —42.5° Nodulisporium sp. N Insecticidal (93)
Nodulisporic acid C; (111) 683 Cy3Hs7NOg  —30° Nodulisporium sp. N Insecticidal (93)
Nodulisporic acid C, (112) 701 C43H5oNO; —42.5° Nodulisporium sp. N Insecticidal (93)

“N=No;Y = Yes; NR =specific tremorgenic experimental data has not been reported.

9

HONIS ANV SONIS



TREMORGENIC AND NONTREMORGENIC INDOLE DITERPENOIDS 63

TABLE II.

'H and '*C NMR Spectral Assignments of Paspaline (8) in CDCl; and Paxilline (13) in
DMSO-dg+CDCl; (1:2).

# Paspaline” Paxilline”
8¢ Su, m, J (Hz) 8¢ Su, m, J (Hz)

2 150.9 152.6

3 53.0 50.4

4 40.1 42.6

5 34.0 1.96, 1.63 26.4 oz 2.55, B: 1.81

6 24.7 1.72, 1.82 28.5 o 2.26, B: 1.80

7 85.8 3.04 71.7 4.87

9 84.8 3.23 83.0 3.69

10 22.0 1.45, 1.66 198.8

11 37.7 1.14, 1.85 119.3 5.80

12 36.6 - 169.6

13 46.5 1.50, m 75.9

14 22.0 1.46, m 32.9 a: 1.72, B: 1.87
1.69, m 20.9

15 25.3 1.61, m a: 2.02, B: 1.69
1.79, m

16 48.8 2.76, m 49.5 2.78

17 27.6 2.34,dd, J=13.0, 10.4 27.0 oz 2.37, B: 2.64

2.68, dd, J=13.0, 6.4

18 118.3 - 115.3

19 125.2 - 124.6

20 118.4 7.43, m 117.7 7.29

21 119.6 7.08, m 118.5 6.93

22 120.5 7.08, m 118.8 6.91

23 111.5 7.30, m 111.8 7.28

24 140.0 - 139.9

25 14.6 1.03, s 16.2 1.29, s

26 20.0 1.14, s 18.9 0.96, s

27 72.0 - 72.6

28 23.8 1.19, s 24.7 1.22, s

29 26.1 1.21,s 26.3 1.24, s

30 12.7 0.88, s -

“Taken from Munday-Finch er al. (10)
bTaken from Miles et al. (16)

carbon (8¢ 76.0), thus the hydroxy group was placed at C-13 (/7). The structure
was confirmed by single crystal X-ray crystallographic analysis. The absolute
stereochemistry of paspalinine was determined by biosynthetic conversion of
paspaline to paspalinine (/7).
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Cole et al. reported in 1977 that paspalinine (10) was one of three
components responsible for the neurological disorder called Dalhsgrass poisoning
or “paspalum staggers”, a syndrome found in animals, which graze on fungal-
infected Paspalum sp. in Georgia and Louisiana. Paspalinine was also isolated from
the aflatoxin-producing fungus, A. flavus Link Fr (/8) and from FEupenicillium
shearii (19). A LC analysis method, including traces of UV and mass spectra, was
reported for this and related alkaloids (75).

Paspalinine caused tremors in mice at 80 and 160 mg/kg when dosed IP and
the clinical effect was indistinguishable from that of paxilline (13) (vide infra) (4,8).
It was even more tremorgenic to sheep and caused tremors at 1 mg/kg iv (4).
Paspalinine (10) was tremorgenic to one-day-old chickens at 25 mg/kg (EDsq <25

mg/kg) (18).
4. Paspaline B (11)

Munday-Finch reported (/0) the isolation of paspaline B (11) from P.
paxilli in 1996 along with paspaline, and 13-desoxypaxilline (20) (vide infra) from
the mother liquor of paxilline (vide infra) crystallization. It had a molecular weight
of 435 and molecular formula C,3H37,NO;. A comparison of the '"H NMR spectra
of paspaline B (11) and paspaline (8), suggested that the C-30 methyl group (§c
12.7) of paspaline (11) was substituted with an aldehyde (8¢ 207.3) moiety. This
substitution was supported by the reciprocal nOe between the aldehyde H-30 and
H;3-26 (8 0.94) and an aldehyde substitution-induced downfield shift of C-12 (§¢
50.7 versus 8¢ 36.6 in paspaline) (/0). The proposed structure of paspaline (11) was
fully established as paspalin-30-al by 2D NMR. No specific biological activity has
been reported for this alkaloid.

5. Emindole SB (12)

Emindole SB (12) was isolated (9) from E. striata as a congener of paspaline
(8), and 13-desoxopaxilline (20) (vide infra). A molecular weight of 405 and
molecular formula of C,sH39NO was determined by mass spectral analysis. The
difference between the structures of emindole SB (12) and paspaline (8) lies in the
right hand side of the molecule. The 8,9-ether bond of the tetrahydropyran ring of
paspaline (8) is opened in emindole SB (12) and an olefin is present at A%*’. The
structure was elucidated by the comparison of the NMR spectra of the respective
alkaloids (9,20). The isolation of emindole SB was also reported (/) from A.
yamanashiensis as a congener of terpendoles (vide infra). Emindole SB is the simplest
member of the family and is a likely biosynthetic precursor of paspaline and other
advanced alkaloids. No biological activity has been reported for this alkaloid.

12 Emindole SB
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6. Paxilline (13)

Paxilline (13) is a tremorgenic metabolite originally produced by a strain of
P. paxilli isolated from insect-damaged pecans (27). Paxilline was isolated from
the chloroform extract of the fungus by silica gel chromatography, and the purifica-
tion was followed by measurement of tremorgenic activity by oral dosing of the
fractions to one-day old Dekalb cockerels. It produced plates from acetone and
showed a melting point of 252 °C. It showed a characteristic indole diterpene UV
spectrum (230 and 281 nm), displayed a molecular ion at m/z 435 and molecular
formula of C,7H33NO,. The structure and relative stereochemistry of paxilline (13)
were elucidated by single crystal X-ray analysis by Springer et al. (22). They reported
the CD spectral data and showed that paxilline exhibited two positive (Apa, 335 and
330 nm) and a third shorter band negative Cotton effects. The 'H and '*C NMR
assignments (Table II) of this alkaloid were reported by Nozawa et al. (9,20).
However, the complete 2D NMR based assignment was reported by Miles et al. (16).
The major structural difference between paspalicine (9) and paxilline (13) is the
presence of the hydroxy group at C-13 and absence of the dioxane ring.

Paxilline was subsequently isolated from many fungal sources, including
E. shearii (19), and Acremonium lolii (23), Nozawa et al. (24) studied the
distribution of paxilline in 19 species of Emericella and found that it was produced
by three species, namely Emericella desertorum (25), E. foveolata, and E. striata
(24,26). Paxilline was detected in the endophytic fungus Acantherum inebrians by
ELISA and HPLC assays (27). Paxilline was also detected in the extracts of
other indigenous Australian grazing grasses, such as Echinopogon sp. infected by
Neotyphodium sp., by ELISA detection (28). Several HPLC procedures have been
reported for the analysis and isolation of this class of indole diterpenoids, including
paxilline, paspaline, paspalicine, and paspalinine (/5).

Paxilline (13) has been reported to cause strong tremors in mice at 25 mg/kg,
which are sustained for several hours. Unlike many nonindole diterpenoid
tremorgens, paxilline is less toxic with a LDsq of 150 mg/kg (4,21).

13 Paxilline 14 Dioxoindole-paxilline

Incubation of paxilline (13) in bile from pasture fed sheep efficiently
produced the indole oxidation product 2,18-dioxo-2,18-seco-paxilline (14). Active
enzyme is not required for this oxidation as there was no effect on the reaction
using boiled bile. Ozonolysis of paxilline mimicked the biotransformation reaction
and small amounts of dioxoindole paxilline were produced when a methanolic
solution of paxilline was stirred in air (/9). The oxidized product was
nontremorgenic in mice at 40 mg/kg ip, thus this route may be used by animals
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as a potential detoxification mechanism (29). It is proposed that the increased
polarity of the oxidized product may increase its xenobiotic elimination.

Several semisynthetic paxilline derivatives have been made as follows.
Reduction of paxilline (13) with NaBH, produced two epimeric alcohols (15
and 16) in a ratio of 1:5.5 as a result of 1,2-reduction of the C-10 ketone. These
alkaloids were named o- and B-paxitriol. These alkaloids have not been reported as
natural products and did not cause tremors (/6). In addition, paxilline was reacted
with hydroxylamine to give ketoxime (17, 60%), which, on reduction with NaBHy,
produced paxillinamine (18). Treatment of paxilline ketoxime (17) with diphenyl
disulfide and tributyl phosphine afforded paxizoline (19) in 75% yield (30).

17 Paxilline ketoxime 18 Paxillinamine 19 Paxizoline

Paxilline binds with high affinity to maxi-K channels and enhances
charybdotoxin binding to Maxi-K channels in vascular smooth muscle and blocks
these channels in electrophysiological experiments (30). These data indicate that the
paxilline binding site is distinct from the charybdotoxin binding site and is located at
an external entrance of the pore of the channel, which is important for channel
gating. This is distinct from the paxilline-binding site, which is blocked by
elevated levels of calcium (37). Paxilline potently inhibited the large conductance,
calcium-activated potassium outward currents sensitive to iberiotoxin by a single site
interaction (Ki=35.7 nM) in rat mesenteric arterial cells (32). In another study,
paxilline increased the spontaneous contractibility of guinea pig and rat urinary
bladders, as well as rat duodenum, and induced tension in guinea pig trachea as a
result of blockade of large-conductance, calcium-activated potassium (BKc,)
channels (33). Paxilline is also a reversible antagonist of the cerebellar inositol 1,4,5-
triphosphate (InsP3) receptor (34). See paspalitrem C in the aflatremanes section for
further discussion of the biological activity of paxilline and its derivatives.

7. 13-Desoxypaxilline (20)

In a targeted search for indole diterpenoids Nozawa et al. (9,20) reported
13-desoxypaxilline 20 (a.k.a. dehydroxypaxilline) from extracts of E. striata as a
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minor congener of paxilline in 1988. It lacked one oxygen atom compared to
paxilline and showed a molecular formula of C,;H33NO3 (MW 419). Comparison
of the '*C NMR spectral data of this alkaloid with paxilline revealed the absence
of the oxygenated quaternary carbon signal at §c 76.78 and the presence of a
methine at §c 42.69 with appropriate changes in the chemical shifts of the
surrounding carbons, thus confirming the absence of the C-13 hydroxy group. This
alkaloid was reported from E. shearii (19), P. paxilli (10), and N. lolii (12). No
biological activity was reported.

8. 27-0-Acetylpaxilline (Original Name 1'-O-Acetylpaxilline, 21)

This alkaloid was isolated from E. striata together with paxilline (13)
(20,24). Tt showed a molecular formula of C,9H35NOs (MW 477), indicating that it
was the acetylated version of paxilline. The acetyl group was placed on the paxilline
C-27 hydroxy group on the basis of the downfield shift (Ady 0.23) of the C-29 and
C-30 methyl groups, as compared to paxilline. Acetylation of paxilline produced
acetylpaxilline 21, which was identical to the isolated material, thus confirming the
structure and stereochemistry of natural 27-O-acetylpaxilline (21). The tremorgenic
activity of acetylpaxilline was as strong as paxilline, showing sustained tremors
in mice at 3.125 mg/kg (24).

20 13-Desoxypaxilline (R = Ry = H)
21 27-O-Acetylpaxilline (R = OH, Ry = Ac)

9. 70-Hydroxy-13-Desoxy-Paxilline (22)

This alkaloid was originally isolated by Mantle et al. (35) from P. paxilli,
and subsequently reported from ascostromata of E. shearii (19). It showed a
molecular formula C,7;H33NO, that is isomeric to paxilline (13). The NMR spectra
of 22 easily distinguished it from paxilline by the absence of the C-7 oxymethine
and the oxygenated quaternary carbon at C-13, and the presence of a bis-oxy
quaternary carbon (§¢c 93.7), which was easily assigned to C-7, and a methine
(8¢ 41.9) assigned to C-13. No biological data was reported for this alkaloid.

22  70-Hydroxy-13-desoxypaxilline 23  70-Hydroxypaxilline 24  10B-Hydroxy-13-desoxypaxilline
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10. 7a-Hydroxypaxilline (23)

This alkaloid was isolated (35) from P. paxilli and was detected in A. lolii.
It showed a molecular formula of C,;H33NOs indicating the presence of an
extra oxygen atom when compared to paxilline (13). The structure was assigned as
7a-hydroxypaxilline based on the absence of the H-7 signal in the 'H NMR spectrum
(recorded in DMSO-dy); the observation of an additional OH singlet (5 3.62); and
the small chemical shift differences observed for some of the methyl groups,
particularly H;-25 (A8y 0.24). Unfortunately, no '*C NMR data were reported
which would have enabled the unambiguous assignment of the substitution pattern
at C-7. The stereochemistry of the hydroxy group was assumed to be o, based on the
argument that enzymatic transformations of this type proceed with retention of
configuration (35). Alkaloid 23 did not show any sign of tremor at 4 mg/kg in mice,
while in a parallel experiment, paxilline produced significant tremors, indicating that
oxidation at C-7 is detrimental for tremorgenic activity (35).

11. 10B-Hydroxy-13-Desoxypaxilline (24)

This metabolite was isolated from P. paxilli as a congener of
Ta-hydroxypaxilline (23) and 7a-hydroxy-13-desoxypaxilline (22), and exhibited a
molecular formula of C,;H33NO;3 (35). The presence of 24 was also detected in
extracts of A. lolii. The "H NMR spectrum of 24 in DMSO-d, lacked the C-13
hydroxyl singlet observed in paxilline and showed an additional downfield doublet
at 3y 4.80 (J=6.3 Hz) and a doublet of triplets at 8y 4.05 (/=2.5, 6.3 Hz).
These latter signals were assigned to the OH at C-10 and H-10a by "H-'"H COSY.
Reduction of the C-10 ketone of 13 to a B-paxitriol (16) resulted in the loss of
W-coupling between H-7a and H-9a, similar to what is observed in PC-M6 (26)
(vide infra) (35). No tremorgenic activity data was reported for this alkaloid.

12. PC-M5' (25)

PC-MY (25) was isolated from Penicillium crustosum, a fungus known to
contaminate cream cheese, walnuts, and hamburger meat, and to cause tremorgenic
intoxication in dogs and other animals in California and Australia (36). The tremor-
causing metabolites have been identified as the penitrems (vide infra). During the
course of mycotoxicological investigation of P. crustosum isolated from retailed
cocoa and bread at the Shinagawa Ward Institute of Public Health Research,
Tokyo, the alkaloids PC-M5 (25) and PC-M6 (26) (vide infra) were isolated as
congeners of the penitrems. PC-M5’ produced a molecular formula of C,9H37NOj5
(MW 479). It showed 'H and '>*C NMR spectra characteristic for paxilline (13),
except for the absence of the '*C NMR signal for the C-10 keto group and the
presence of an acetylated oxygen-bearing methine (5 66.0) assigned to C-10 (36).
The structure and stereochemistry of PC-M5’ (25) was confirmed by comparison
with the major NaBH, reduction product of paxilline, followed by acetylation. No
biological activity was reported for this alkaloid.
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25 PC-ms’ 26 PC-M6

13. PC-M6 (26)

PC-M6 (26) was isolated (36) from P. crustosum as a congener of PC-M5’
and the penitrems. It gave a molecular formula of C,7;H35NO3; (MW 421) which
was 14 amu less than paxilline. Like PC-MY5’, the signal for the C-10 keto group
was absent in the °C NMR spectrum of PC-M6 (26) and was replaced by an
oxymethine carbon. Unlike PC-M5, the '*C NMR spectrum of 26 lacked the signal
corresponding to the oxygenated C-13 of paxilline (¢ 77.5), displaying instead a
methine (8¢ 40.5). The '"H NMR of 26 also showed small couplings (/= 1.8 Hz)
between H-9 and H-10, as observed for PC-M5, thus confirming the
B-configuration of the hydroxy group at C-10. Based on these data, PC-M6 was
assigned as 10-dihydro-13-dehydroxy-paxilline (26) (36). No biological activity
was reported for this alkaloid.

14. Paxinorol (27)

Miles et al. (37) reported the isolation of paxinorol (27) from the
fermentation broth of P. paxilli Bainier as a trace component. They successfully
employed TLC-based ELISAgram to aid in the isolation of this minor component.
Paxinorol (27) showed a molecular formula of C,4H,7;NO; (MW 377). The mass
spectrum produced a prominent ion at m/z 182, characteristic of the unsubstituted,
intact A-C ring of paxilline (13). The NMR spectrum of paxinorol lacked signals
for the gem-dimethyl groups observed in paxilline (C-28 and C-29), and showed
several differences for the signals corresponding to C-7 to C-13. In particular, the
3C NMR signals of the C-10 keto group and C-12 were significantly downfield
shifted to 8¢ 206.9 and 3¢ 183.4, respectively. This indicated a substantial structural
change in the F ring. In addition, the '>*C NMR spectrum indicated that C-7 was
no longer connected to an oxygen atom (8y 46.6, 8y 3.73) and was coupled to an
oxymethine (8¢ 80.9, 8y 4.30). Therefore, based on these arguments, and by
comparison of the '>*C NMR shifts of model alkaloids, and measurements of 'Jeyy
coupling constants, structure 27 was assigned for paxinorol. The stereochemistry
of paxinorol was firmly established by measurements of nOe’s after irradiations
of H-9, H-7, H-6a, and H-68. Standard acetylation of paxinorol yielded the C-9
monoacetate (28). Biological activity of paxinorol was not reported.

27  Paxinorol (R = H)
28 Paxinorol-9-acetate (R = Ac)
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15. 14-Hydroxypaspalinine (29)

14-Hydroxypaspalinine (29) is among the first reported alkaloids of the
paspalane class to be oxygenated in the D-ring. It was isolated from the sclerotia of
Aspergillus nomius by Gloer’s group at the University of Iowa (38) by a bioassay-
guided isolation using corn earworm, Helicoverpa zea. It possessed a molecular
formula of C,7H3NOs (MW 449), [a]p =-+126°, indicating that it contained an
extra oxygen atom compared to paspalinine. The extra oxygen was unambiguously
placed at C-14 by HMBC correlation of the new methine proton (§y 4.25) to C-12,
C-13, C-15, and C-16. Scalar couplings and NOESY correlations established
the stereochemistry of the new chiral center. For example, the methine proton
(H-14) showed NOESY cross peaks with H-16 and H;-26, thus establishing their
1,3,5-triaxial relation. No tremorgenic activity was reported for this alkaloid.

16. 14-(N,N-Dimethyl-L-Valyloxy )-Paspalinine (30)

Gloer’s group isolated this C-14 ester as a congener of 14-hydroxypaspa-
linine (38). It showed a molecular formula of C34H44N>Og (MW 577) and [o]p =
+102°. The difference in molecular formulae of the two alkaloids suggested the
presence of a dimethyl valine group, which was elucidated by NMR analysis and
confirmed by hydrolysis that led to the isolation of N,N-dimethyl-L-valine.
Esterification of the C-14 hydroxy group with dimethyl valine was unequivocally
confirmed by the downfield shift of H-14 (6y 4.25-5.36), and requisite HMBC
correlations of H-14, including correlation to the ester carbonyl (C-1") of valine.
Both C-14 oxygenated alkaloids (29 and 30) gave virtually identical activity against
larvae of H. zea and resulted in 91% and 88% weight gain reduction at 100 ppm
when these alkaloids were fed to H. zea with a standard pinto bean diet. Paspalinine
(10) showed no anti-insectan activity under the same assay conditions. No other
biological activity was reported for this alkaloid.

29 14-Hydroxypaspalinine 30 14-N,N-Dimethylvalyloxypaspalinine

17. Terpendoles (31-42)

These alkaloids are a class of indole diterpenoids of the paspalane sub-
family that contain either an 11,12-epoxide group or a C-11 hydroxy group. Twelve
of the thirteen members (A—L) of the terpendoles were isolated from the soil fungus
A. yamanashiensis by Omura’s group (/1,39,40). The last member, terpendole M
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(42), was isolated by the Miles group (/2) from L.perenne infected with N. lolii.
Because of prenyl substitution in the aromatic ring, terpendole L has been grouped
with the aflatremanes and is discussed later. These alkaloids were isolated by
bioassay-guided fractionation using an acyl-CoA cholesteryl transferase (ACAT)
inhibition assay. The ratio of these alkaloids in A. yamanashiensis was determined
to be as follows: A (0.20), B (0.97), C (1.18), D (0.22), E (0.26), F (0.24), G (0.14), H
(0.04), I (0.26), J (0.19), K (0.11), and L (0.14), respectively (40). Representative 'H
and '*C NMR spectral data of terpendole C, E, and L are presented in Table III.

=
0

A

35 R =CHj(Terpendole E) 38 Terpendole H
36 R =CH,OH (Terpendole F)
37 R =CHO (Terpendole G)

39 Terpendole | (R = H) 41 Terpendole K
40 Terpendole J (R = CHCHC(CHg),)

42 Terpendole M
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TABLE III.
'H and '>C NMR spectral assignments of terpendoles C (33), E (35) and L (53) in
DMSO-d.
# Terpendole C* Terpendole E” Terpendole L”
3¢ Sy, m, J (Hz) 3¢ Sy, m, J (Hz) 8¢ Sy, m, J (Hz)
1-NH 10.69, s 10.54, s 10.64, s
2 152.7 151.3 152.0
3 50.2 52.7 49.9
4 42.2 40.1 42.2
5 256 241, m; 1.69, m 32.1 1.86, m; 1.69, m 25.5 242, m
6 28.5 214, m; 1.64, m 250 1.67, m 28.4 1.63, m; 2.14, m
7 70.7 4.26, brt, J=9.0 76.9 3.48, dd, 70.7 4.26,t,J=9.0
J=11.0, 4.0
9 71.1  3.39,d,J=9.5 789 3.42,dd, 71.1 3.40,d, J=9.0
J=12.0,2.5
10 70.2 4.05, brd, J=9.5 29.3 145, dt, 70.1 4.06,d, J=9.0
J=14.0,
2.5; 1.78, dd,
J=14.0, 6.0
11 59.0 3.51, s 68.4 3.59, brd, 58.9 3.51, s
J=3.0
12 67.1 39.2 67.0
13 76.5 37.0 2.13, dd, 76.5
J=12.5,2.0
14 284 1.53,m; 1.47, m 21.0 1.62, m; 1.23, m 28.6 1.46-1.50, m
15 20.5 1.79,m; 1.47, m 243 1.57, m 20.4 1.48, m; 1.78, m
16 49.6 2.68, m 48.6 2.63, m 49.7 2.69, brs
17 269 2.26,dd, J=13.0, 27.1 2.22, 28.5 2.42, m; 2.70, m
10.8; 2.56, dd, /=13.0,
dd, /=13.0, 6.2 2.0; 2.54,
dd, J=13.0, 6.0
18 114.9 115.7 114.4
19 124.5 124.4 123.9
20 117.6 7.24, m 117.5 7.24, m 131.4
21 118.4 6.87, m 118.3 6.87, td, 117.6 6.64,d, /=170
J=17.0,1.5
22 119.2 691, m 119.2 6.91, td, 119.5 6.81, dd, /=8.0, 7.0
J=17.0,1.5
23 111.8 7.24, m 111.8 7.25, m 109.6 7.06, d, J=8.0
24 139.8 140.2 139.8
25 16.1 1.17, s 14.5 0.95,s 16.0 1.16, s

(continued)
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TABLE III.
Continued.
Terpendole C* Terpendole E” Terpendole L”

# (SC 8H, m, J (HZ) 8C (SHa m, J (HZ) 5(: 8].[, m, J (HZ)
26 18.0 1.02, s 194  1.03,s 18.0 1.03, s
27 74.1 70.3 74.1
28 16.7 1.22,s 248 1.02,s 16.7 1.22,s
29 283 1.12, s 26.7 1.06, s 28.3 1.13,s
30 13.1  0.77,s
31 920 5.51,d, J=6.5 92.0 5.51,d, J=6.5
33 122.5 5.09, brd, J=6.5 1225  5.10, dt, J=6.5, 1.0
34 1375 137.4
35 184 1.63,d, /=12 25.0 1.65,d, /=10
36 25.1 1.65,d,J=1.2 18.3 1.64,d,J=1.0
37 31.6 3.46,d,J=17.0
38 124.0 5.30,dt,J=7.0, 1.5
39 130.6
40 17.7 1.69,d, J=0.5
41 25.5 1.66,d, J=0.5

“Taken from Huang et al. (39).
bTaken from Tomoda et al. (40).

18. Terpendole A (31)

Terpendole A (31) exhibited a MF of C3,H4NOg (MW 536) and [o]p =
+11.6°. The molecular formula indicated that it had the same hydrogen count as
terpendole C (33), and possessed an extra oxygen atom. The '"H NMR spectral
comparison of terpendoles C and A indicated that terpendole A lacked the olefinic
methyl groups Hs-35 and H3-36 (8 1.63 and 1.65) and the olefinic methine (H-33,
Sy 5.09) observed in terpendole C, and contained instead a shielded methyl pair
(6u 1.22, 1.29) and an oxymethine (8¢ 64.7, 8y 2.79). These signals were assigned to
the C-35 and C-36 methyl groups and the oxymethine at C-33, respectively. This led
to the placement of an epoxide group at C-33, C-34 that was confirmed by HMBC
correlations (39). The stereochemistry of terpendole A (31) was reported later based
on the analogy with other terpendoles (40).

19. Terpendole B (32)

Terpendole B possessed a molecular formula of C,;H35NO3, a molecular
weight of 421, and an optical rotation of [o]p=—3.6°. The NMR spectra of
terpendole B (in comparison with C) lacked the signals for the prenyl group
(C-31-C-36) and the C-10 oxymethine was replaced with a methylene (6¢ 27.7, 8y
1.76, 2.07). These assignments were corroborated by COSY correlations among
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H-9 (84 3.53), H»-10 (6 1.96, 2.07), and H-11 (8y 3.46) and confirmed by requisite
HMBC correlations (39). This is the simplest member of the terpendole family. Like
terpendole A, the stereochemistry of this alkaloid was also reported based on the
analogy with other terpendoles (40).

20. Terpendole C (33)

Terpendole C had a molecular formula of C3,H41NOs, (MW = 519), [a]p =
—2.3°, and showed a characteristic indole UV spectrum (Ag.x 225, 275 nm). The
structure was thoroughly elucidated by extensive 2D NMR (COSY, HMQC,
HMBC, and NOESY) experiments and complete NMR assignments (Table IIT)
have been reported (39). Terpendole C (33) possessed an additional isoprene unit,
the tail of which was part of a new 1,3-dioxane ring fused with tetrahydropyran
ring F as deduced by HMBC correlations of H-31 to C-27 and C-10. The nOe’s of
H-31 with H-10; H3-29 with H-9; H-9 with H-7; and H-11 with H-14a, established
the stereochemistry of the new stereocenters of terpendole C. The nOe’s of the
remainder of the molecule verified the stereochemistry of the remaining
stereocenters to be that found in all paspalanes. Terpendole C was subsequently
reisolated from the ryegrass L.perenne infected with the endophytic fungus N. lolii
(12). Terpendole C caused more intense tremors than paxilline in mice at 8 mg/kg
when administered ip (4/).

21. Terpendole D (34)

Terpendole D (34) showed a molecular formula of C3;,H43NO4 (MW 505)
indicating that it was the dihydro derivative of terpendole C (33) and lacked one
oxygen atom. Analysis of the NMR spectra indicated the absence of the hydroxy
group at C-13, leading to a methine (§c 40.6, 8y 2.13, coupled with H-14) and the
appearance of an oxymethylene (¢ 58.0, 8y 3.96) at the expense of the C-31
hemiketal carbon, thus establishing the structure of terpendole D (34), which was
confirmed by X-ray crystallographic analysis (39).

22. Terpendole E (35)

Terpendole E (35) showed a molecular formula of C,sH39oNO3; (MW 437)
and [o]p = —36.4°. The comparison of the spectral data (Table III) of 35 and other
terpendoles, particularly of terpendole B (32) indicated that the 11,12-epoxide
group of 35 was replaced with an angular methyl (6¢ 13.1) at C-12 (8¢ 39.2) and a
hydroxy at C-11 (8¢ 68.4). This was verified by HMBC correlations. In addition, it
lacked the hydroxy group at C-13 (8¢ 37.0, 8y 21.3) as in terpendole D (34). The
structure of 35 was also confirmed by X-ray crystallography (40).

23. Terpendole F (36)

Terpendole F displayed a molecular formula of Co3H3oNO4 (MW 453) and
[o]p = —35.8°. This alkaloid differs from terpendole E (35) by an additional oxygen
atom, which was present as a hydroxymethyl (§¢ 59.8, 8y 3.72, 3.90) group located
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at C-12, and was confirmed by HMBC correlations of the hydroxymethyl protons
to C-11, C-12, and C-13. The stereochemistry was similar to other terpendoles (40).

24. Terpendole G (37)

A molecular formula C,gH37NO4 (MW 451) and [o]p=-—28.0° was
determined for terpendole G (37). The NMR spectrum showed the presence of an
aldehyde group (§c 208.0, 8y 10.1) and an absence of the hydroxymethyl group of
terpendole F. The HMBC correlations of the aldehyde proton to C-12 and the
correlation of H-7 (8y 3.64) to the aldehyde carbonyl confirmed the location of the
aldehyde group at C-12 (40). The stereochemistry was found to be identical to
terpendoles D and E.

25. Terpendole H (38)

It produced a molecular formula of C,7H33NOs (MW 451) and [o]p = —47°.
The comparison of the NMR spectra of terpendoles H (38) with those of B (32) and
C (33), indicated that it possessed the C-11, C-12 epoxide group like terpendole C
(33) and lacked the prenyl group like terpendole B (32). In addition, it showed the
presence of two shielded oxygenated carbons including a methine, which was
assigned to a second epoxide group placed at C-13, C-14 and confirmed by HMBC
correlations of H»-15 with C-13 (§¢ 67.1) and C-14 (8¢ 54.9, 8y 3.22) (40). The
stereochemistry was identical to terpendole C.

26. Terpendole I (39)

Terpendole T (39) showed a molecular formula C,;H;35NOs5 (MW 453) and
[o]p =+7°. The formula of this alkaloid differs from terpendole H (38) by two extra
hydrogen atoms. The '*C NMR spectrum indicated the absence of the signals for
the 13,14-epoxide carbons of terpendole H and showed the presence of a
quaternary oxygenated carbon at 8¢ 78.7 which was assigned to C-13, consistent
with other C-13 hydroxylated terpendoles such as C (40). The stereochemistry of
terpendole I was similar to terpendoles D and E.

27. Terpendole J (40)

A molecular formula of C3,H4»NOs (MW 421) and optical rotation of
[o]p = —30.3° was determined for terpendole J (40). The molecular formula of this
alkaloid indicated that it contained an isopentenyl group, which was corroborated
by the NMR spectra. The structures of terpendoles I (39) and J (40) differed by the
presence and the absence of the isopentenyl group that was placed at the C-27
oxygen in the form of an ether bridge, as in terpendole D, and was confirmed by the
HMBC correlations of H,-31 (§y 3.96) with C-27 (§¢ 79.1) (40).

28. Terpendole K (41)

This isolate showed a molecular formula of C3;,H3;oNOs (MW 419) and
[o¢]p =+21.8°. The formula of this alkaloid has two hydrogen atoms less than that
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of terpendole C (33). The NMR spectral comparison of the two alkaloids indicated
that the signals for the C-7 oxymethine and the C-6 methylene were replaced by a
trisubstituted olefin (8¢ 145.0 and §c 105.4, 5y 5.25). The assignment was confirmed
by HMBC correlations of Hy-5 to C-6 and C-7 (40). The stereochemistry was
similar to terpendole C.

29. Terpendole M (42)

The discovery of this alkaloid was reported by the Miles group (/2) as a very
minor congener of lolitrem B, together with minor, but significantly higher
amounts of paspaline (8) and 13-desoxypaxilline (20) from the ryegrass L.perenne
infected with the endophytic fungus N. lolii. Terpendole M is produced presumably
by the fungus. The molecular formula of C3,H4NO¢ and molecular weight 535 as
determined by mass spectrometry indicated that it had an extra oxygen atom
compared to terpendole C (33), also isolated from this ryegrass. This oxygen was
placed at C-14 by HMBC correlations of H-15 (8 1.89) to two oxygenated carbons
i.e., C-13 (8¢ 77.3), and C-14 (8¢ 70.5), and two nonoxygenated carbons i.e., C-3 (§c
50.7), and C-16 (8¢ 46.0). The stereochemistry at this new center was established
by ROESY correlations of the H3-26 methyl group to H-14, thus proving
the equatorial (o) orientation of the hydroxy group at C-14, as seen in
14-hydroxypaspalinine (29).

30. Biological Activity of the Terpendoles

Terpendoles inhibited ACAT activity in a dose dependent manner and
showed the following ICs, values: A (15.1 uM), B (26.8 uM), C (2.1 uM), D (3.2
uM), E (288 uM), F (221 uM), G (388 uM), H (230 uM), I (145 uM), J (38.8 uM), K
(38 uM), and L (32.4 uM). The most potent of the terpendoles is C followed by D,
A, and B. The activity of the other terpendoles are significantly weaker. The
presence of an additional prenyl group at the C-27 oxygen appears to be important
for the activity. Terpendole C (33) produced tremors at 8§ mg/kg in mice and was
faster acting, but of shorter duration, than paxilline (4/). The tremorgenic activity
of terpendole M (42) was significantly reduced compared to terpendole C (33),
as measured in a standard mouse assay. This is a clear indication that in contrast
to the C-13 hydroxy group that appears to be critical (e.g., paspalinine (10) vs.
paspalicine (9) for tremorgenic activity, a hydroxy group at C-14 causes diminu-
tion of such activity, even in the presence of C-13 hydroxy group. Molecular
modeling indicates that a potential H-bond between the C-13 and C-14 hydroxy
groups may occur, however whether or not that plays a role in the reduction of the
tremorgenic activity is not clear (/2). The tremorgenicity of other terpendoles is
unknown.

31. Thiersinines A (43) and B (44)

Thiersinines A (C30H;37NO7, MW 523) and B (CyyH35NO7, MW 509) were
isolated from cultured Penicillium thiersii following anti-insectan bioassay by Gloer
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and coworkers (42). The EI mass spectrum produced a characteristic paspalane
fragment ion at m/z 182 due to the cleavage of C3-C4 and C14-Cl15. They
elucidated the structure of these alkaloids by extensive application of 2D NMR
(600 MHz) techniques and showed that these alkaloids contain a novel (for this
class) C-12 spiro tetrahydrofuran ring with an acetylated C-27 hydroxy group.
Structurally, the two alkaloids differ by having either a C-7 ketone (thiersinine B)
or enolic methyl ether at C-7 (thiersinine A). These alkaloids exhibited equal anti-
insectan activity and displayed 83% and 84% reduction in growth rate of the
agriculturally important armyworm Spodoptera frugiperda at 100 ppm (42).
No tremorgenic activity was reported.

43 Thiersinine A 44 Thiersinine B

B. AFLATREMANES

The aflatremanes are a group of indole diterpenoids that contain one or
more acyclic isoprene substitutions on the indole ring and are represented by a-

(3a), B- (3b) and y- (3¢) aflatremanes due to substitution at C-20, C-21, and C-22,
respectively.

3 Aflatremane

3a o (R =CgHg, Ry = R, = H) o-alfatremane
3b B (Ry=CsHg, R = R, = H) B-alfatremane
3C v (R =CsHg, R = Ry = H) y-alfatremane

1. Aflatrem (45)

Aflatrem, a toxin that is produced by several sclerotia-forming strains of A.
flavus, a common fungus that grows on various foodstuffs. It was originally
discovered in 1964 by Wilson and Wilson, who recovered the organism from
moistened cracked corn, which caused tremors and convulsions to animals feeding
on infected corn (43). It produced tremors and convulsions to mice at 0.5-1.0 mg,
resulting in death at higher doses. Mass spectral analysis revealed a molecular
formula of C3,H39NQy, and, like most of the indole diterpenoids, it showed UV
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absorption bands at 231, 282, and 292 nm. In addition, it also showed strong
absorption at 250 nm, indicative of an o,B-unsaturated ketone, as seen in
paspalinine (10). Clardy and coworkers (44,45) elucidated the structure of this
isolate in 1978-1980 by comparison of mass spectral and NMR data with
paspalinine (10). The '>*C NMR spectra of aflatrem (45) and paspalinine (10) were
identical, except for the presence of five additional carbons and a ~20 ppm
downfield shift of one of the aromatic carbons. The "H NMR spectrum indicated
that one of the four available positions of the aromatic ring of the aflatrem indole
was substituted, as only three aromatic protons, each with ortho-couplings, were
observed. The five new carbons were assigned to an o,a-dimethylallyl group by 'H
and '*C NMR spectral data and were attached to the downfield-shifted aromatic
carbon (C-20) by reasoning of the shielding effects on the 'H and '*C NMR
chemical shifts of the aromatic ring.

Aflatrem (45) appears to be the first reported example of the tremorgenic
indole diterpenoids. However, its structure elucidation was hampered at the
time due to a significantly major focus on the highly hepatotoxic and carcino-
genic toxin, aflatoxin, which is also produced by 4. flavus and A. parasiticus.
Hence, although aflatrem was discovered in 1964, its structure was not reported
until 1978, and only after the structures of the paspaline class were elucidated (45).
This is first example of the o-aflatremane class and should be renamed as
a-aflatrem.

Wicklow and Cole reported (46) that aflatrem was produced by sclerotia
of A. flavus and not by mycelia. It was subsequently reported from other isolates of
A. flavus (14,30).

Aflatrem exhibited tremors in mice in a dose-dependent manner when tested
ip at 0.5, 1.0, 2.0, and 4.0 mg/kg. It gave a sharp tremor with maximal response at
30 min post injection, with subsequent sharp fall off with barely detectable effect
after 24 h. After one week post injection, the behavior of all murine subjects were
normal, including feeding behavior (4,47).

In a study with isolated hippocampal nerve terminals, Valdes et al. (48)
reported that aflatrem caused a decrease in the capacity of the GABA and
glutamate uptake systems, which were interpreted as a loss of nerve terminals. The
study also showed that aflatrem caused a decrease in the release of these
transmitters and induced degeneration of neuronal processes in hippocampal
neurotransmitter systems. Therefore, it was suggested that aflatrem represented a
long-term health hazard (48). Aflatrem allosterically potentiates the GABAA
induced chloride channel expressed in Xenopus oocytes at <5 uM, and the site of its
action on this channel is different from that of the benzodiazepines, pentobarbital,
and picrotoxin (49). At 10 uM, it has no significant effect on the co-expressed
voltage-dependent sodium, calcium, and kainate channels. The potentiating effect
of aflatrem on the GABA , channel does not directly explain its tremorgenic effect
on animals (49). However, in a separate report Gant et al. reported (50) that
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aflatrem inhibited GABA-induced chloride influx in rat brain, thus putting these
two findings at odds with each other. It is fair to mention that the concentrations
used in both studies were different, and some of the experiments could not be
repeated in the later (49) studies due to the poor solubility of aflatrem. Aflatrem
and paspalinine (10) were tremorgenic to one-day old chickens at 25 mg/kg (EDs
<25 mg/kg) (18).

45 Aflatrem (o—aflatrem) 46 B-aflatrem

2. B-Aflatrem (46)

An alkaloid isomeric (C3,H39NO,) to aflatrem was isolated (/4) as a
major congener of aflatrem from the sclerotia of A. flavus. The structure of
B-aflatrem differs from aflatrem in the location of the o,a-dimethylallyl chain,
which was placed at C-21 by selective INEPT NMR experiments in which
irradiation of the aromatic proton doublet (6y 7.43, J=1.5 Hz) resulted in
strong polarization transfer to C-18 and C-30. The full NMR assignments
are listed in Table IV. g-Aflatrem (46) is the first member of the g-aflatremane
family.

Minor amounts of B-aflatrem (46) were also detected in both aflatoxin
containing and nonaflatoxin containing strains of A4. parasiticus and a strain of
A. sublivaceus.

B-Aflatrem (46) exhibited significant activity against H. zea causing a 57%
reduction in weight gain relative to controls when fed at 100 ppm mixed with
a standard diet. No specific tremorgenic activity was reported.

3. Paspalitrem A (47)

Paspalitrem A (47), C3,H39NOy4, a member of a g-aflatremane group, was
isolated from the sclerotia of C. paspali collected from the cattle grazing grass
Paspalum dilatatum, along with paspalitrem B (vide infra) (8). It was reported that
paspalitrems A and C (vide infra) could not be resolved by TLC, but were easily
separated by reversed phase HPLC. The UV and most of the '"H and '>*C NMR
spectra of this alkaloid were similar to paspalinine. The structural difference of the
two alkaloids was attributed to the presence of an additional isoprene (3-methyl-
2-butenyl) unit which was attached to C-21 on the basis of comparison between
the observed and calculated '*C NMR shifts of the aromatic carbons. It was
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TABLE IV.
"H and '*C NMR Spectral Assignments of -aflatrem (46)“ in
CDCls.
# 8C SHa m, J (HZ)
1-NH 7.73, s
2 152.5
3 S1.5
4 39.9
5 26.9 2.26, m; 2.69, m
6 21.1 1.75, m; 1.82, m
7 104.4
9 88.0 4.32,s
10 197.3
11 117.6 5.86, s
12 169.8
13 77.6
14 28.3 2.73, m; 2.83, m
15 33.8 1.97, m; 1.92, m
16 48.6 2.83, m
17 27.6 2.45,dd, J=12.5,10.3 2.73, m
18 117.2
19 124.9
20 115.3 743,d,J=1.5
21 140.1
22 119.5 7.13,dd, J=8.8, 1.5
23 111.0 7.27,d, J=8.8
24 138.1
25 23.5 1.19, s
26 16.3 1.23,s
27 78.7
28 23.1 1.14, s
29 28.8 1.42, s
30 41.1
31 149.0 6.12, dd, J=17.3, 10.5
32 109.9 5.05, brd, J=10.5
5.09, brd, J=17.3
33 28.8 1.48, brs
34 28.8 1.48, brs

“Taken from TePaske et al. (14).
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reisolated from Phomopsis sp. (30,51). Paspalitrem A caused tremors at < 14 mg/kg
ip in mice (4)

47 Paspalitrem A 48 Paspalitrem B 49 Paspalitrem C

4. Paspalitrem B (48)

Paspalitrem B (48), C3,H39NOs, also a member of a B-aflatremane group,
was isolated as a congener of paspalitrem A (8). The molecular formula of 48
indicated that it had an extra oxygen atom compared to paspalitrem A, the location
of which was deduced to be at the terminal carbon of the isoprene unit by '*C
NMR (8c3» 71.2). The UV spectrum of paspalitrem B (48) showed a bathochromic
shift of the indole absorption bands (An.x 305, 336 nm) indicating an extended
conjugation of the indole ring with the side chain in the form of a trans-olefin.
Both paspalitrems A (47) and B (48) were isolated along with paspalinine. Like
paspalitrem A, it exhibited tremors at <14 mg/kg ip in mice (4).

5. Paspalitrem C (49)

Paspalitrem C (49), C3,H39NO,4, a member of an g-aflatremane group, was
isolated from sclerotia of P. paspali by Dorner et al. in 1984 as a congener of
paspaline, paspalinine, paspalicine, and paspalitrem A (52). The structure of
paspalitrem C was elucidated by comparison of its '*C NMR spectrum with the
corresponding spectrum of the isomeric alkaloids paspalitrem A and aflatrem. The
"H NMR spectrum of paspalitrem C (49) showed the presence of the 3-methyl-
2-butenyl group like paspalitrem A (47). Unlike paspalitrem A, the '"H NMR
spectrum of paspalitrem C showed the presence of three contiguous aromatic
protons, each showing ortho couplings (/=7.3 Hz) as seen in aflatrem. Therefore,
the isoprene unit was connected to C-20 in paspalitrem C (52). It is noteworthy that
the sclerotia of P. paspali perform normal isoprenylation of both the C-20 (e.g.,
paspalitrem C), and C-21 (e.g., paspalitrem A) positions of the indole ring, whereas
the sclerotia of A. flavus perform the reversed isoprenylation of C-20 (e.g., aflatrem)
and C-21 (e.g., B-aflatrem). Paspalitrem C (49) was reisolated from Phomopsis
sp. (30.51).

Aflatrem (45), paspalitrem A (47), paspalitrem C (49), and paspalinine (10)
inhibited the binding of [I'*’] charybdotoxin (ChTX) to large-conductance, Ca*"-
activated K+ (maxi-K) channels in bovine aortic smooth muscle sarcolemmal
membranes (30). In contrast, paxilline and paspalicine (9) enhanced toxin binding.
The binding activity (K) of these alkaloids was in the range of 100-1700 nM.
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Despite these differences in binding, these alkaloids (both inhibitors and
stimulators) potently inhibited the maxi-K channels in electrophysiological
measurements, thus indicating allosteric effects on ChTX binding. Chemical
modification of paxilline led to a defined SAR. Reduction of the C-10 keto group to
the epimeric alcohols 15 and 16 rendered these alkaloids inactive at 100 pM.
Likewise, C-10 amino 18 and oxime 17 derivatives were also inactive. Paxizoline
(19) exhibited biphasic activity, but demonstrated identical activity as paxilline (13)
in the ChTX binding assay. These studies indicated a preference for the enone type
of arrangement around C-10 for activity. These indole diterpenes are among the
most potent nonpeptide inhibitors of maxi-K channels, and some of their
physiological activities could be explained by the inhibition of maxi-K channels.
However, since both tremorgenic (e.g., paspalinine, 10) and nontremorgenic (e.g.,
paspalicine 9) alkaloids exhibit no difference in their ability to block maxi-K
channels, tremorgenicity is probably not related to the channel blocking activity
(30). Paspalitrem C was suggested to be tremorgenic based on its structural
similarity with related alkaloids, but no experimental tremorgenic data has been
reported (52).

6. Sulpinine A (50)

Sulpinine A (50), C3,H4NO,4, a member of the y-aflatremane group, was
isolated from A. sulphureus through bioassay-guided purification following anti-
insectan activity against the agriculturally important lepidopteran H. zea (53). The
structure was thoroughly elucidated by NMR spectral studies. Sulpinine A
exhibited a slow decomposition in CDCl;, which hampered initial structure
elucidation. The diterpene portion of the molecule is similar to penitrem B (vide
infra), a congener, as evidenced by the identical "H and '*C NMR spectra of the
two alkaloids. Like penitrem B, it showed the presence of long-range coupling
between H-7 and H-11 and a lack of vicinal coupling between H-9 and H-10 (53).
The 'H NMR spectrum of sulpinine A indicated the presence of an o,o-
dimethylallyl group like aflatrem, and the aromatic portion of the spectrum showed
the presence of three aromatic signals [(§y 7.20, d, J=8.3 Hz, H-20), (§g 6.95, dd,
J=28.3, 1.7 Hz, H-21), and (§y 7.28, d, J = 1.3 Hz, H-23)], two with ortho couplings
(/=28.3 Hz) and one with meta coupling (J=1.3 Hz) indicating substitution at
either C-21 or C-22 A selective INEPT experiment (H-20 to C-18, C-19, C-22 and
C-24; H-23 to C-21, C-22, C-24, C-19, and C-30) confirmed the location of the
reversed isoprene unit at C-22. The stereochemistry was deduced by comparison of
the reported stereochemistry of penitrem B and was substantiated by NOESY data
(53). The EIMS spectrum of sulpinine A exhibited a base peak at m/z 250 due to
simultaneous cleavage of the C3-C4 and C14-Cl15 bonds, a characteristic
phenomenon observed in other aflatrems with similar substitutions.

Sulpinine A showed potent activity against H. zea showing a 96% reduction
in weight gain at 100 ppm relative to control, with 10% mortality (53) It was not
evaluated for its tremorgenic activity.
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7. Sulpinine B (51)

Sulpinine B (51), also a y-aflatremane, was isolated from A. sulphureus as a
congener of sulpinine A (50) by bioassay-guided purification following anti-
insectan activity against the agriculturally important lepidopteran H. zea (53). A
comparison of the molecular formulae of the two alkaloids (sulpinine
B =C;3,H4NO3) indicated a difference of only an oxygen atom, which was
attributed to the lack of an epoxide ring in sulpinine B, resulting in a A'®-olefin.
The EIMS spectrum of sulpinine B showed a base peak at m/z 250 like sulpinine A
(50), indicating that the difference between the two alkaloids resided in the right
hand portion. The NMR spectra of sulpinines A (50) and B (51) were similar with
the following exceptions: the signal for H-10 (§y 3.47, /=2 Hz) of sulpinine A was
shifted downfield to 8y 5.82 (brd, J=4.7 Hz), with a corresponding downfield shift
observed in the '>*C NMR spectrum of sulpinine B (51). Structurally, the sulpinines
differ from aflatrem and the paspalitrems in the position of the substitution of the
prenyl group on the aromatic ring, and the lack of an oxygen atom at C-27.

Sulpinine B (51) displayed similar activity to sulpinine A (50), showing 87%
reduction in weight gain at 100 ppm for H. zea (53). It was not evaluated for its
tremorgenic activity.

8. Sulpinine C (52)

This biological oxidation product of sulpinine A (50) displayed a molecular
formula of Cs;,H4;NOg indicating a higher level of oxygenation (53). The EIMS
spectrum of sulpinine C did not exhibit the ion at m/z 250, indicating that the
additional two oxygen atoms were present in the left side of the molecule. The '*C
NMR spectrum of sulpinine C showed the presence of two carbonyl groups (8¢
176.6 and 202.4) indicative of an oxidized indole ring like that in paxilline and other
indole diterpenoids.

Sulpinine C (52) is significantly less active than the other two sulpinines
in corresponding anti-insectan assays. It was not evaluated for its tremorgenic
activity.

52 Sulpinine C



84 SINGS AND SINGH

9. Terpendole L (53)

Terpendole L was isolated from A. yamanashiensis with the other
terpendoles (vide supra) (40). Terpendole L (53) is an a-aflatremane, displaying a
molecular formula of C37H4NOs (MW 587) and an optical rotation of [a]p =
+16.5°. The formula of terpendole L differs from that of terpendole C (33) by an
extra isopentenyl group as confirmed by COSY, and was placed at the a-position
(C-20) by HMBC correlations of the methylene protons (g 3.46) of the isopentenyl
group to C-19, C-20, and C-21 (see Table III for NMR assignments). It was not
evaluated for its tremorgenic activity.

53 Terpendole L

10. 21-Isopentenylpaxilline (54)

21-Isopentenylpaxilline (54) is a B-aflatremane and was isolated from
ascostromata of E. shearii as a congener of the shearinines (vide infra) and paxilline
(13) (19). The mass spectral data led to a molecular formula of C3,H4;NOy, for this
alkaloid, indicating that it was related to paxilline (13), and contained an extra
isoprene unit, which was placed at C-21 by expected HMBC correlations from H-20
to the isoprene carbons, and the isoprene CH> to the aromatic carbons C-20, C-21,
and C-22 (19). It was not evaluated for its tremorgenic activity.

54 21-Isopentenylpaxilline

C. PENITREMANES

The penitremanes are a group of indole diterpenoids that have two ortho
positions of the phenyl ring substituted with two isoprenes that are cyclized in fused
cyclohexyl—cyclobutyl rings and differ by chlorine, hydroxy, and epoxide
substituents. The early work of penitrems A—F has been reviewed previously,
and this review included details of the structure elucidation (2). The atom
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numbering of the penitrems has been modified for this review to make it consistent
with the other indole diterpenoids, which are discussed here.

4 Penitremane 35

1. Penitrem A (55)

The first member of decacyclic indole diterpenoids, penitrem A (MF
C37H44NO(Cl) was initially isolated in 1968 by Wilson et al. (54) from Penicillium
cyclopium growing on feedstuff, which subsequently caused outbreaks of disease
among farm animals. This class of alkaloids was originally called “tremortins”, but
was later renamed to penitrems. Penitrem A was subsequently isolated in 1971 by
Hou et al. (55) from Penicillium palitans, together with two new alkaloids, penitrem
B (C537H45NOs), and penitrem C (no formula given). In a study of the production of
penitrems, Pitt (56) concluded that all of the fungal isolates which produced
penitrems belong to the soil borne fungus P. crustosum. The structural studies of
these alkaloids were hampered due to extreme acid sensitivities, compound
availability and molecular complexity, and were not resolved until 1981 when Steyn
and his group (57) reisolated penitrems A—F and the first structural information
was reported.

Penitrem A (55), the major metabolite, was isolated by prep TLC along
with other penitrems (57,58). It displayed an UV spectrum (L.« 233 and 295 nm)
that is characteristic of the indole diterpenoids. It differs from other indole
diterpenoids such as paspaline (8) by virtue of possessing two extra isoprenes,
which are cyclized to form a cyclohexyl-cyclobutyl bicycle, and are fused at C-20
and C-21 (C-27 in penitrem numbering) of the indole phenyl ring. In addition,
C-17 and C-36 are connected via an oxygen atom to form an eight-membered
ring. Like sulpinine A, the hydroxy group classically present in most of these
alkaloids at C-33 is dehydrated to form a A****-olefin and the classically present
A2 0lefin is oxidized to form an epoxide. The '"H NMR analysis indicated the
presence of only one of the aromatic protons, suggesting that three positions of
the indole ring were substituted. The '"H and '*C NMR spectrum of penitrem A
indicated the presence of two vinyl groups, one olefinic methyl, and two extra
angular methyls when compared with paspaline (8), with additional signals
accounting for the presence of two isoprene residues attached to the indole
aromatic ring. The final structure was elucidated by extensive application of
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the NMR techniques available at the time including "H-'H decoupling,
nuclear Overhauser enhancements, deuterium-induced shift measurements,
proton—noise-decoupled, single frequency off-resonance proton-decoupled,
selective proton-decoupled '*C NMR spectra, and selective population inversion
(SPI) experiments (58). The structural assignments were supported through
biosynthetic studies by feeding '’C-labeled acetate and mevalonate, with
subsequent analysis of the resulting '*C NMR spectra (57-59). The NMR
assignment and thorough discussion of structure elucidation has been detailed.
The NMR assignments have been excerpted and are presented in Table V. The
relative stereochemistry of penitrem A (55), including eastern and western
hemispheres, was elucidated by application of scalar couplings and nOe
measurements. De Jesus and coworkers used Horeau’s esterification method
(60) by applying ‘partial resolution” to deduce the absolute stereochemistry. In
this method, penitrem A (55) was reacted with racemic a-phenylbutyric acid to
yield 10-O-a-phenylbutyrate penitrem A and recovered o-phenylbutyric acid that
had [o]p=—7.5°, indicating an S-configuration at C-10 of penitrem A (58).
Acetylation of penitrem A produced 25-O-acetylpenitrem A (56) and hydrogena-
tion over PtO, gave tetrahydropenitrem A (57) (58).

Penitrem A (55) elicited sustained tremors, discoordination, and
convulsions in laboratory and farm animals. In 1980, Norris et al. (61)
directly measured the release of the amino acid neurotransmitter from rat
synaptosomes and reported that penitrem A (55) affected the presynaptic
transmission in central synapses by excessive release of transmitter amino acids
e.g., glutamic, aspartic, and y-aminobutyric acids, but without impairing
neurotransmitter synthesis (67). Penitrem A inhibited binding of charybdotoxin
to maxi-K channels in bovine aortic smooth muscle sarcolemmal membrane
(30). In order to clarify the neurotoxic effect of penitrem A, in 1998, Cavanagh
et al. studied the pathological effect of penitrem A on the rat brain and
reported that it caused a three- to four-fold increase in cerebellar cortical blood
flow. It caused mitochondrial swelling in cerebellar stellate and basket
cells within 30 min of administration, which persisted for more than 12 h
without causing cell death. It also caused a massive degeneration of Purkinje
cells, which was both time and dose dependent. Despite the morphological
changes and degeneration of these cells, the effect of the drug disappeared
over time and the animal behavior became almost normal within a week.
Penitrem A did not show any observable morphological changes to other
parts of the brain (62). A similar result of dose-dependent injuries in the
cerebellum with massive degeneration of Purkinje cells was simultaneously
reported by Breton et al. (63) though the precise mechanism of these effects is
not clear.

Penitrem A caused significant tremors (250-600 pg/kg, ip in mice, 20 pg/kg,
iv in sheep, 2 mg/kg, po. in sheep) in vertebrates and was highly toxic to mice
(LDsy=1.05 mg/kg ip). Details of the various activities of penitrem A have been
reviewed (4). Penitrem A caused significant mortality to Heliothis zea (corn
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"H and '3C NMR Spectral Assignment of Penitrem A (55)¢ in CD;0D.

# SC 8H= m, J (HZ)

2 154.4

3 50.1

4 43.6

5 26.9 2.61,ddd, J=13.4, 134,52
1.58, ddd, /=134, 6.0, 2.0

6 28.9 2.22,dddd, /=135, 8.0, 5.2, 2.0
2.04, dddd, J=13.5, 13.4, 10.0, 6.0

7 72.0 4.29, ddd, /=10.0, 8.0, 1.4

9 74.7 4.04, ddd, J=1.5, 1.4, <1

10 66.3 4.04, dd, J=17.5, 2.6

11 61.9 3.57,dd, J=2.6, 1.4

12 66.1

13 78.2

14 30.6 1.68, ddd, J=13.5, 3.3, 2.6
1.48, dddd, J =13.5, 12.5, 4.3, 2.6

15 18.6 1.92, dddd, /=12.5, 12.5, 13.1, 3.3
1.78, dddd, J=12.5, 4.3, 2.6, 2.6

16 58.8 2.63, ddd, J=13.1, 8.2, 2.6

17 72.4 493,d,J=82

18 120.6

19 122.0

20 133.3

21 81.0

22 52.7 2.49,ddd, J=11.1,9.3, 1.0

23 24.7 241,dd, J=11.1,9.2
2.26,ddd, J=11.1,9.3, 2.6

24 47.0 2.98, m

25 149.5

26 35.1 3.63,d, J=15.6
3.26, dddd, J=15.6, 1.6, 1.6, 1.6

27 125.8

28 124.6

29 111.9 7.24, s

30 139.7

31 21.4 1.40, s

32 19.0 1.22, s

33 143.3

34 19.7 1.71,ddd, J=1.5, <1,0.9

35 111.6 5.07, ddd, J=2.6, 1.5, 0.9

4.87,ddd, J=2.6,1.5, 1.4

(continued)
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TABLE V.
Continued.
# BC SHa m, J (HZ)
36 76.1
37 20.3 1.07, s
38 31.1 1.75, s
39 107.1 5.01,ddd, /=29, 1.6, 1.6

4.86, ddd, /=3.0, 1.6, 1.6

“Taken from Delesus et al. (58).

earworm) at 25 ppm. In contrast, while it is toxic to insects such as H. zea, it did not
show any tremorgenic effect in insects (64).

57 33,35,25,39-Tetrahydropenitrem A 58 Penitrem B

2. Penitrem B (58)

Penitrem B was one of the penitrems isolated in the early 1970s and was
reisolated as a congener of other penitrems in 1981 (57,65). It displayed a molecular
formula of C37H45NOs suggesting that it was a deoxy-deschloro analog of penitrem
A (55), which was supported by the presence of a methine (§ 39.4 vs. § 81.0) at C-21
like penitrem F, and two ortho-coupled aromatic protons like penitrem E (vide
infra) (65). A cis stereochemistry at C-21 was assigned based on "H-'H coupling
constants and the cis-stereochemical requirements for a six- and four-membered
ring fusion (65).

Penitrem B (58) was reisolated (53) from Aspergillus sulphureus as a
congener of the sulpinines and exhibited similar anti-insectan activity as was
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observed for sulpinine B (51) and secopenitrem B (vide infra) and showed weight
reduction of 87.4% of H. zea at 100 ppm without any apparent larval mortality
(53). Penitrem B was less tremorgenic than penitrem A and caused tremors at
5 mg/kg, ip in mice (4).

3. Penitrem C (59)

Penitrem C showed a molecular formula of C37H44NO4CI indicating that
it was a dideoxy analog of penitrem A (55) or a chloro derivative of penitrem D
(vide infra) (65). The '*C NMR spectrum of penitrem C was identical to the
corresponding spectrum of penitrem D (60) except for the 5 ppm downfield shift of
C-28 (8¢ 125.3) and other chlorine-induced shifts of the corresponding signals in the
vicinity of C-28. The '"H NMR spectrum of penitrem C (59) was similar to penitrem
F (vide infra) except for the differences caused by substitution of the C9-C10
epoxide with an olefin.

59 Penitrem C 60 Penitrem D

4. Penitrem D (60)

Penitrem D was also isolated from P. crustosum together with other
penitrems (65), and showed a molecular formula of C;;H4sNO4 which suggested
that it was a dideoxy-deschloro analog of penitrem A (55). Like penitrems B (58)
and F (62), the "H NMR spectrum of penitrem D showed an ortho-coupled pair of
aromatic protons (§y 6.70 and 7.02) and a resonance corresponding to the C-21
methine (§y 3.86). In addition, an olefinic proton doublet of doublets at §y 5.75
(J/=5.75, 1.8 Hz) was present at the expense of the oxymethine proton at C-10 and
was supported by the presence of olefinic carbons at §c 119.6 (C-11) and 8¢ 148.4
(C-12) confirming the replacement of epoxide with an olefin. Later, Wilkins et al.
(66) reported the reversal of the '3C NMR signal assignment of C-7 and C-9 of
penitrems C (59) and D (60) based on the 2D NMR of janthitrem B (72).

5. Penitrem E (61)

Penitrem E (61) was isolated (65) as a congener of penitrem A (55), and
showed a molecular formula of C3;H44NOg indicating that it was a C-28 deschloro
analog of penitrem A (55). This was supported by the presence of two ortho-
coupled (J=8.3 Hz) aromatic (8; 6.70 and 7.09) protons in the "H NMR spectrum
of penitrem E. The remainder of the '"H NMR spectrum of penitrem E was identical
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to penitrem A except for the observation of chlorine-induced shifts. A separation of
AlSHa—81b] =0.57 ppm was observed between the two C-26 geminal methylene
protons in penitrem A (55) while the corresponding separation was A = —0.26 ppm
in penitrem E (61), indicating strong steric influence exerted by the bulky chlorine
atom. The H-9 and H-10 protons of penitrem E (two magnetically equivalent
protons in penitrem A) were somewhat resolved and displayed a separation of
A =0.1 ppm in the "H NMR spectrum of penitrem E allowing for the measurement
of the scalar coupling (J=1.5 Hz) between these two protons (65). Penitrem
E caused tremors at 2 mg/kg ip in mice and was more tremorgenic than
penitrem B (4)

=t

H
61 PenitremE 62 Penitrem F

6. Penitrem F (62)

Penitrem F (62) was isolated (65) in conjunction with penitrems A-E and
exhibited a molecular formula of C3;;H44CINOs, indicating that it was a deoxy
analog of penitrem A. The absence of the oxygenated carbon signal at §c 81.0 and
the presence of a methine carbon at §c 39.5 and the corresponding proton at 8y
3.87 (a multiplet with couplings to all protons of the cyclobutyl ring) in the '*C and
"H NMR spectra of penitrem F corroborated the replacement of the hydroxy group
with a proton at C-21 (65).

Like penitrem B, a cis stereochemistry was assigned to C-21. Like penitrem
A, the absolute stereochemistry of penitrem D (60) was deduced by the partial
resolution method developed by Horeau in 1961 (60). Since penitrems A—F all
produced similar CD spectra it was concluded that they must have the identical
absolute stereochemistry (58).

7. Secopenitrem B (63)

Secopenitrem B, C37H47NOs, was isolated from A. sulphureus as a congener
of the sulpinines (50-52) and penitrem B (58) (53). The formula indicated that it
had one degree of unsaturation less than penitrem B. A comparison of the 'H and
13C NMR spectra of secopenitrem B with those of penitrem B and the sulpinines
indicated the absence of the C-17 oxygen atom present in penitrem B (§c 72.1), and
the presence of a methylene group (8¢ 29.4, 8y 2.99, dd, J=13.0, 6.1; 811 2.47, m) as
observed in the sulpinines, suggesting a severed ether linkage between C-17 and
C-36. The HMBC correlations of H-16 to three methylenes C-17, C-15 and C-14,
and one of the methylene protons H,-17 to C-2 and C-18, confirmed this
assignment.
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Secopenitrem B (63) exhibited similar anti-insectan activity as was observed
for sulpinine B and penitrem B and showed weight reduction of 87% of H. zea at 100
ppm with 32% larval mortality (53). The tremorgenic activity was not determined.

63 Secopenitrem B

8. Thomitrem A (64)

Thomitrem A (64), C3;H44CINOg, was isolated as a minor component from
P. crustosum recovered from Norwegian foodstuff and grown on rice (67). It was
isolated by reverse phase HPLC from this strain along with the major component,
penitrem A (55). Thomitrem A was isomeric to penitrem A, however, the mass
spectrum of 64 showed fragment ions for a loss of [M-18-68]", as was seen in
secopenitrem B (63), and was different from penitrem A, which showed fragment
ions for [M-18-58]". Comparison of the "H NMR spectra of thomitrems A with
secopenitrem B and penitrem A indicated a severed ether bond between C-17 and
C-36, a lack of the C-17 oxygen atom, and the presence of an olefinic doublet (8
6.82, J=1.8 Hz) in 64. The COSY, HSQC, and 1D-SELTCOSY experiments
helped to assign the 16,17-olefin, which was confirmed by HMBC correlations of
the Hs-31 methyl protons to two olefinic (C-2 and C-16) and two aliphatic (C-3 and
C-4) carbons. The severed ether linkage caused a significant upfield shift of H;-38
(811 1.01 or 1.17 vs 8;;1.73 of penitrem A). In addition, the presence of the A'®-olefin
in 64 caused significant shielding of the C-32 methyl group (8 0.51 vs §y 1.22 in
55). These authors performed a detailed conformational analysis of 55 and 64 by
NOESY and ChemDraw 3D modeling, and found that despite having identical
stereochemistries of the A and B rings, not surprisingly, their conformations were
different. The B-ring adopted o-, and g-half-chair conformations in 64 and 55,
respectively with the C-39 methylene oriented toward the B-face in each case (67).
Thus, structure 64 was assigned to thomitrem A, which can be named as 16,17-
dehydrosecopenitrem A. No biological activity was reported.

9. Thomitrem E (65)

Thomitrem E was isolated as a significantly minor congener of thomitrem
A, and showed a molecular formula of C37H4sNOg4. A C-28 deschloro thomitrem A
(16,17-dehydrosecopenitrem E) structure was assigned to 65 by NMR spectral
comparisons, and named as thomitrem E due to the structural similarity with
penitrem E (61). No biological activity was reported (67).
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64 Thomitrem A (R = Cl)
65 Thomitrem E (R = H)

10. Pennigritrem (66)

Pennigritrem was isolated (68), along with penitrem A, from Penicillium
nigricans by silica gel chromatography followed by reversed phase HPLC, as a minor
component, which eluted between penitrems E (61) and A (55). It had a molecular
formula of C37;H44NO4Cl indicating that it was isomeric with penitrem A. The 'H
NMR spectra of the two alkaloids were mostly identical, except for the protons in
ring I of 66, where H-9 (8 3.87,d, J=4.17 Hz) and H-10 (8} 4.60, dd, J=4.17,0.75
Hz) were well resolved from each other with associated J values of 4.17 Hz. The
spectrum of pennigritrem lacked the signals for an isopropenyl group (vinyl and
olefinic methyl), and showed the presence of two methyl singlets at 8y 1.40 and §y
1.20. In addition, signal splitting of H-7 (8y 3.51) was simplified to a doublet of
doublets with J values of 7.2 and 4.2 Hz compared to a multiplet observed in the '"H
NMR spectrum of most of penitrems. These observations indicated the formation of
oxetane ring J, which was corroborated by measurement of various Jcy values and
comparison of these values with known rings. It was confirmed by the observation of
several nOe effects of H-9 to H-10, and H-10 to H-34 (68). These nOe’s also
established the cis-fusion of rings I and J. The oxetane ring J exhibits a new
cyclization motif in this series of alkaloids and contrasts with other cyclizations
involving C-33 such as paxilline (13), paspalinine (C-27 in paspaline numbering),
and the lolitrems (vide infra). While penitrem A and pennigritrem were produced
equally in submerged culture of P. nigricans, the latter alkaloid was the principal
product of mycelia when grown in stationary conditions using the same media. The
isolation of pennigritrem has not been reported from P. crustosum, but it is not clear
whether the culture was specifically examined for the production of pennigritrem.

Pennigritrem (66) was reported to be considerably less active as an acute
tremorgen than penitrem A (55), and its activity was of the same order as paspalinine.
The presence of the oxetane ring J clearly would impair the binding of this alkaloid
to its neurological receptors, leading to diminished tremorgenic activity (68).

66 Pennigritrem
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11. Penitremone A (67)

Penitremone (67) was first isolated from the sclerotia of A. sulphureus (69).
Penitremones A (67), B (68), and C (69) were subsequently isolated by Naik ez al.
(70) from the culture of a Penicillium sp. along with penitrem A (55). The later
isolation of the penitremones was prompted by an earlier report by Frisvad (5) that
this Penicillium sp. was different from the species that produced the penitrems.
Penitremone A (67) produced a molecular formula of C3,H45NOg4 and was isomeric
with penitrem E (61). However, the UV spectrum (Agn. 260, 286 nm) of
penitremones A—C showed a bathochromic shift of one of the absorption bands.
The NMR spectrum of penitremone A showed the absence of the vinyl protons at
C-39. These protons were replaced by a secondary methyl group (6 1.11,d, J=5.5
Hz; 8¢ 12.7), which was coupled to a methine multiplet at §y 2.77 (¢ 45.9)
positioned next to a ketone group at C-26 (§¢ 200.2). Like penitrem F (62), the
quaternary carbon bearing the hydroxy group at C-21 is replaced by a methine (8¢
35.2, 8y 3.82) in penitremone A (67). The stereochemistry at C-25 has not been
determined. Reduction of penitremone A with NaBH, produced the dihydro
derivative 70 (70).
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12. Penitremone B (68)

Penitremone B (68) had the same UV spectrum as penitremone A (67) and
showed a molecular formula of C;7H4sNO- indicating that it had an additional
oxygen atom compared with penitremone A (70). The "H and '*C NMR spectrum
of penitremone B (68) was similar to penitremone A (67) except for the exchange of
a hydrogen for a hydroxy group at C-21 (8¢ 76.5). Like penitremone A, reduction
of this alkaloid gave the dihydro derivative 71.

13. Penitremone C (69)

Penitremone C (69) produced a molecular formula of C37H4sNOs indicating
that it had one less oxygen atom than penitremone A (67). This was attributed to
replacement of the 11,12-epoxide with an olefin, as in penitrems C (59) and D (60)
and was supported by the NMR and mass spectral data (70).

14. Biological Activity of Penitremones

Penitremone A (67) exhibited three-fold less tremorgenic activity than the
potent penitrem A, and the activity was similar to penitrem E at a dose of 0.14 mg/
25 g (per mouse) tested with albino mice (70). The reduced product 70 was inactive
at the same dose. In contrast, penitremone B was not tremorgenic at doses up to
three-fold higher than penitremone A. The hydroxy derivative B 71 was inactive at
the same dose, but at a ten-fold higher dose evidence of marked tremor was
observed (70). These observations point out the significance of the molecular
architecture of the eastern side of the molecule present in penitrem A. Any
modification, either the substitution of the chlorine atom or changes in the level of
oxidation in the B ring, caused significant loss of tremorgenic activity.

D. JANTHITREMANES

The janthitremanes are a group of indole diterpenoids that have two ortho
positions on the phenyl ring of the indole unit substituted with two isoprenes that
are cyclized in fused cyclohexyl-pyranyl rings.

5 Janthitremane

1. Janthitrems A-D

Janthitrems A-D were isolated (77) from the fermentation of P. janthinellum
(a fungus which is associated with ryegrass staggers), using TLC chromatographic
separations, by monitoring their purple-blue fluorescence properties under
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longwave UV light. The crude extract and TLC bands were tested for tremorgenic
properties in a mouse bioassay. These alkaloids produced grey-green colored spots
on TLC plates when sprayed with Ehrlich reagent (1% p-dimethylamino
benzaldehyde in 95% ethanol, followed by 5-10 min exposure to HCI vapor).
These alkaloids showed A, 228, 258, 265, and 329 nm, indicating a 2,3-substituted
indole with an extended conjugation to the aromatic ring, as evidenced by the
bathochromic shift of the indolic absorption (Ayax 290-300 to Amax 329 nm). High-
resolution MS measurements provided a molecular formula of C3;;H47NOg (MW
601), C37H47NOs (MW 585), and C37H47NO4 (MW 569) for janthitrems A-C,
respectively. The different oxidation states differentiate these three alkaloids,
however no full structures have been reported. Janthitrem D was reported as a
component of the same extract by HPLC analysis without any structural
information (72). Janthitrems A-C were reisolated (73) from the same New
Zealand strain of P. janthinellum as was used for the first isolation of these
tremorgens, resulting in the structure elucidation of janthitrems B (72) and C (73).
The structure of A was not reported due to paucity of material.

The structures of janthitrems B and C were elucidated (73) by comparison
of their 'H and '*C NMR spectra with the corresponding spectra of janthitrems E
(74) and G (76) (vide infra), respectively. The spectral data of these alkaloids were
similar, except for the absence of the resonances for the acetate group and the
signals for the 2-hydroxypropyl (C34-C36) group, which were replaced with
propenyl group signals in both alkaloids. Like janthitrem E (74), janthitrem B (72)
has a C-22 hydroxy group, while janthitrem C lacks this hydroxy group, as does
janthitrem G (76) (73). These assignments were fully corroborated by a full
complement of NMR spectral data including nOe measurements. The eastern part
of the structures of janthitrem B (72) and C (73) is identical to penitrem D (60),
and the spectral data of that part were identical. The relative stereochemistry of
C-22 and C-23 in rings A and B of janthitrem B (as well as E and F, vide infra)
was reported for the first time by Wilkins et al. (66) in 1992 by the application of
nOe difference experiments. They reversed the methyl assignments of H3-32/H-37
and H3-39/H3-40 of janthitrem E (74) and B (72) reported by De Jesus et al. (74)
on the basis of 2D NMR, which was critical for the nOe experiments (66).
Irradiation of H-37 of janthitrem B produced strong enhancement to the gem-
methyl H3-38 and the methine H-23, and a weak enhancement to H-22. Similar
irradiation of H-22 afforded strong enhancements of H-20, 22-OH, and H5-38,
and a weak enhancement of H-23. There was a nOe enhancement observed
between H-27 and H-30. H-22 and H-23 exhibited a J value of 6 Hz, consistent
with a pseudo-trans relationship between H-22 and H-23 in a half-chair ring
system. Based on these and molecular mechanics calculations, the relative
stereochemistry was assigned as shown, but unfortunately, the relative
stereochemistry of the rings A and B was not unambiguously related to the
relative stereochemistry of the rings F-H, which is identical in all indole
diterpenoids. Janthitrem B exhibited characteristic tremors at 200 pg/kg ip in
mice, which was accompanied by incoordination and hypersensitivity to sound
and touch (71).
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72 Janthitrem B (R = OH)
73 Janthitrem C (R = H)

2. Janthitrem E (74)

Janthitrem E (74) was isolated (74) by De Jesus et al. in 1984, by silica gel
chromatography, from the fungus P. janthinellum collected in New Zealand. It
showed an UV spectrum similar to other janthitrems, including the absorption
maxima at Apa.x 330 nm. It produced a molecular formula of C3;H4NOg (MW
603), which has an additional mole of hydrogen compared to janthitrem A. De
Jesus et al. (74) elucidated the eight-ringed structure of janthitrem E (74) by high
resolution NMR analysis using '"H-'"H decoupling, SPI deuterium isotope shift,
and nOe experiments. The right hand part of the structure containing rings C-H
was identical to B-paxitriol. The allylic and homoallylic coupling of H-22 to H-20
and H-27, and the subsequent para-coupling of H-20 to H-30, along with
enhancements of C-23, C-24, and C-38 by irradiation of H3-37; C-26, C-27, and C-
40 by irradiation of H3-39; and C-26 and C-29 by irradiation of H-27 established
the connectivity of rings A and B with aromatic ring C, and establishing the
structure of janthitrem E (74). The full '"H and '*C NMR assignments of janthitrem
E (74) are listed in Table VI. The relative stereochemistry of rings E-H of
janthitrem E (74) was deduced by "H-"H coupling constants and comparison with
known alkaloids and was found to be identical to other indole diterpenoids, such as
paxilline (13) and g-paxitriol (15). The stereochemistry at C-22 and C-23 was not
determined at the time, but these centers were later determined through nOe
measurements by Wilkins et al. (66).

3. Janthitrem F (75)

Janthitrem F (75) was isolated as a congener of janthitrem E (74) from P.
Jjanthinellum by De Jesus et al. (74). The molecular formula (C39yHs;NO5) of
janthitrem F indicated that it was an acetylated derivative of janthitrem E (74),
which was unequivocally elucidated to be 10-O-acetyljanthitrem E (75) based on
the downfield shift of H-10 (8¢ 5.21) by A8 1.07 ppm with concomitant effects on
H-7 and H-9.

4. Janthitrem G (76)

Janthitrem G (76), C39Hs;NOg, another congener of janthitrem E and F,
contained one oxygen less than janthitrem F (74). The C-22 oxymethine (§y 4.90, 8¢
76.5) group of janthitrem E and F was replaced by a methylene group (8y 3.07,
2.65, 8¢ 33.5) in the respective NMR spectra. The new methylene protons showed
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TABLE VI.

'H and '3C NMR Spectral Assignments of Janthitrem E (74) in Acetone-dg and
Shearinine A (77) in CDCls.

# Janthitrem E¢ Shearinine A”
8¢ Sy, m, J (Hz) 8¢ Sy, m, J (Hz)
1-NH 7.62, s
2 155.9 153.2
3 51.8 51.6
4 43.4 39.9
5 27.9 2.61, m; 1.58, m 27.0 2.67, m; 1.80, m
6 29.2 2.05, m; 1.78, m 28.2 2.78, m; 2.03, m
7 75.0 4.56, m 104.4
9 81.8 3.04,d, J=2.0 88.0 4.30,d,J=1.0
10 64.5 4.15, m 197.0
11 119.2 5.63,dd, /=538, 1.7 117.7 5.82,d,J=1.0
12 148.6 169.9
13 77.5 77.7
14 34.5 1.56, m; 1.65, m 33.9 1.97, m; 1.87,
brd, J=13.6
15 22.0 2.01, m; 1.56, m 21.1 2.04, m; 1.76, m
16 50.3 2.66, m 48.5 2.77, m
17 28.0 2.35,d, J=14.7 27.5 2.39, dd, J=13.0, 10.7
2.66, dd, J=14.7, 2.8 2.68, m
18 116.9 117.0
19 127.8 126.7
20 114.0 7.38, m 114.0 7.24, s
21 139.9 137.0
22 76.5 4.90, ddd, 33.0 3.10, dd, J=15.7,9.3
J=738,6.0,1.0 2.66, m
23 60.3 2.66, dd, J=6.0, 2.9 48.8 291, m
24 74.3 74.5
26 72.8 72.6
27 120.1 5.99,d, J=2.99 119.9 591.d,J=3.0
28 137.1 139.5
29 131.5 133.5
30 103.7 7.37,d,J=0.8 102.9 7.32,s
31 142.1 139.9
32 16.6 1.32% s 16.2 1.36, s
33 20.2 0.87, s 23.6 1.21,s
34 72.7 78.8
35 27.3 1.25, s 23.1 1.17, s

(continued)
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TABLE VI.
Continued.
# Janthitrem E“ Shearinine A”
dc dn, m, J (Hz) dc du, m, J (Hz)
36 27.2 1.28, s 28.9 1.43,s
37 30.4 1.41¢ s 30.0 1.32, s
38 23.8 1.09, s 22.0 1.07, s
39 30.6 1.25% s 31.9 1.32, s
40 325 1.297 s 30.1 135, s

“Taken from Delesus et al. (74).
*Taken from Belofsky er al. (19) in CDCl,.
“dAssignment reversal, see Ref. (66).

"H-"H couplings with H-23 and H-27, thus unequivocally establishing the structure
of janthitrem G as 22-deoxyjanthitrem F (76).

74 Janthitrem E (R = OH, R; = H)
75 Janthitrem F (R = OH, R; = Ac)
76 Janthitrem G (R = H, R; = Ac)

It has been reported that the janthitrem-producing organisms either
produce janthitrems A-D or E-G, and are found both in Australia and New
Zealand (73). Although it is assumed that these alkaloids are tremorgenic, no
specific data has been provided, except for janthitrem B.

5. Shearinine A (77)

Shearinine A (77), C37H4sNOs, was isolated from the organic extract of
ascostromata, produced by solid-substrate fermentation of E. shearii, through
bioassay guided separation using a feeding assay against the larvae of H. zea (corn
earworm) (/9). The UV spectrum indicated that it was an indole diterpenoid of the
janthitrem class, which was confirmed by comparison of the 'H and '*C NMR
spectra of shearinine A (77) with janthitrem E (74). The NMR spectra of shearinine
A indicated the replacement of the oxymethines assigned for C-7, C-10 and C-22 in
janthitrem E, with a bis-oxy quaternary carbon (§c 104.4), a ketone (8¢ 197.0), and
a methylene (8¢ 33.0), respectively, by COSY, NOESY and HMBC experiments,
thus establishing the structure and relative stereochemistry of shearinine A (77).
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The full NMR assignments of shearinine A are listed in Table VI.

79 Shearinine C

6. Shearinine B (78)

Shearinine B (78), a congener of shearinine A, was isolated from
ascostromata of E. shearii (19). It gave a molecular formula C;;H4;NOs that
contains two extra hydrogen atoms compared to shearinine A (77). This was
attributed to the opening of the dioxane ring (I) as evidenced by the presence of the
C-7 methine group (8y 4.83, 8¢ 72.6) and the absence of the bis-oxy quaternary
carbon (8¢ 104.4). These data established the structure of shearinine B and were
corroborated by extensive 2D NMR experiments.

7. Shearinine C (79)

Shearinine C (79), C37H47NO-, is an artifact of isolation, presumably due to
the auto-oxidation of shearinine B (/9). In fact, it was produced in reasonable
amounts when a methanolic solution of shearinine B was stirred in air. The
structure was elucidated by standard NMR techniques. It showed two additional
carbonyl groups at ¢ 203.0 and 8¢ 176.2 assigned to C-18 and C-2. Paxilline (13)
converts to a dioxoindole 14 when treated with thermally inactivated sheep bile via
a nonenzymatic oxidation process (vide supra). Many members of this class of
alkaloids, including shearinine A (77) and paspalinine (10), undergo these
transformations. However, the rate of the oxidation of paxilline under similar
conditions appears to be much slower. There has been an increased preponderance
of reports of dioxoindole type structures, suggesting that this oxidation process
may be a key pathway for the degradation of the paspalane class of alkaloids and
plausibly common among the members of this class as well (/9). Monosubstituted
indoles do not appear to undergo similar oxidation reactions. Therefore, it has been
suggested that the 2,3-bis-substitution of the indole, particularly in the form of
strained 5,5-fused rings, contributes to the susceptibility of this class of alkaloids
towards auto-oxidation to the dioxoindole (79).

Shearinines A and B exhibited significant anti-insectan activity and showed
89 and 94% reduction in growth rate of H. zea relative to control. The oxidized
product, shearinine C, was substantially less active. Paxilline was only slightly less
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active than shearinine A in the H. zea assay. Shearinine B and paxilline also showed
similar activities against S. frugiperda (fall armyworm) (/9). No tremorgenic
activity data were reported for any of these three alkaloids.

E. LOLITREMANES

The lolitremanes are a group of indole diterpenoids that have two ortho
positions of the phenyl ring substituted with two isoprene units. These isoprene
moieties are then cyclized to form fused cyclohexyl-tetrahydrofuranyl rings. These
alkaloids also contain an isoprene unit in the extreme right hand portion of the
diterpenoid, connected either in the form of 1,3-dioxane, forming ring I, or as an
ether. Cattle that graze perennial ryegrass (L. perenne L.) infected with endophytic
fungi such as N. lolii, A. lolii and others experienced severe tremor, as well as
discoordination and hypersensitivity to external stimuli as a result of nervous
disorders. Although this was predominantly observed in New Zealand, and
Australia, Neotyphodium infected grass is indigenous to every continent except
Antarctica, and has now been implicated in the poisoning of grazing animals (28),
including a ryegrass staggers outbreak reported in Cumbria, UK in 1997 (75).
Although this phenomenon and evidence of the fungal infection of the ryegrass was
reported as early as 1902 (28,76), the role of endophytic fungi in the toxicity of
L.perenne was not firmly demonstrated until 1980 (28,77). Subsequently, Gallagher
et al. isolated lolitrems A (80) and B (81) from ryegrass pastures (78) infected with
the endophyte and established that these alkaloids were responsible for ryegrass
stagger syndrome and reported the structure of the major alkaloid lolitrem B (81) in
1984 (79). Since then, numerous lolitrems and related alkaloids have been isolated
from ryegrass (L. perenne) pastures (41,80) and ryegrass seed (87). No lesions were
observed and animals return to normalcy after they ceased grazing on such infected
grasses.

Lolitrem B Lolitrem B
Atom numbering by Gallagher et al. Atom numbering by Miles et al.

6 Lolitremane 36
Modified atom numbering used for this review
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1. Lolitrem A (80)

Lolitrem A was isolated as the second most abundant albeit minor (8% of
total lolitrems), congener of the ryegrass pastures and seed extract (78,82). It
exhibited a molecular formula of C4,HssNOg indicating that it had an extra oxygen
atom and the same degree of unsaturation as seen in lolitrem B (81, vide infra). The
mass spectrum produced the characteristic fragment at m/z 348, suggesting the
oxygen was present in the diterpenoid part. It was assigned a structure of 44,45-
epoxylolitrem B (80), which exists as a 7:3 mixture of o and g diastereomers at C-
44, as indicated by the '"H and '*C NMR spectra (844 =2.88, d, J=6.3 Hz; 2.86, d,
J=06 Hz; §c44=062.8, 63.0; 8cq5 =157.88, 57.9). The NMR spectra were assigned by
2D NMR, including HMBC experiments, and the stereochemistry was confirmed
by nOe measurements and molecular modeling.

The tremorgenic activity exhibited by lolitrem A (80) in the mouse was
equal to that of lolitrem B (81), both in potency (2 mg/kg) and duration of
action (82).

80 Lolitrem A 81 Lolitrem B

2. Lolitrem B (81)

Lolitrem B (C4HssNO;) was isolated (78,79) from ryegrass L. perenne
pastures and seeds infected with the endophyte A. lolii. It displayed a UV
spectrum (Ayax 267 and 290 nm) similar to the penitrems, indicating the presence of
a ketone conjugated with the aromatic ring of the indole. It produced a major,
characteristic, indole-containing fragment ion at m/z 348, due to concomitant
cleavage of C3-C4 and C14-C15 (79). The 'H and '*C NMR spectra of lolitrem B
(Table VII) were related to other indole diterpenoids and were assigned (79) by
decoupling, nOe, and SPI experiments, and were later verified by 2D NMR
experiments, which led to the revision the assignments of C-20, C-28, and C-29 (80).
The location of the ketone group at C-27 was established by a SPI experiment by
irradiation of H-29, which gave population inversion of the ketone carbonyl at §¢
196.5. The location of the 2-methylprop-1-enyl moiety at C-42 was evident from its
proton (8 5.52, d, J=6.6 Hz) and carbon (8¢ 92.7) chemical shift values (§0) which
were confirmed by HMBC (80). The trans-fusion of rings H and I, and the relative
stereochemistry at C-10 and C-42, were confirmed by the nOe effects of the
axial methyl group at C-34 to H-10 and H-42 (/6). A trans A/B ring fusion was
proposed by Gallagher et al. based on the vicinal J value of 14.3 Hz between H-22
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TABLE VII.

'H and '3C NMR Spectral Assignments of Lolitrem B (81)" in CDCls.
# SC (SH, m, J (HZ)
I-NH
2 152.8
3 50.7
4 42.4
5 27.4 2.70, m

1.36, m
6 28.0 2.27, m

1.76, m
7 71.5 4.33, brt, J=9.0
9 71.2 3.57,d,J=9.4
10 71.1 392,d,J=9.4
11 61.3 3.63
12 67.7
13 78.1
14 30.3 1.56, m; 1.42, m
15 20.5 1.95, m; 1.64, m
16 50.1 2.86, m
17 29.2 2.63, m; 2.94, m
18 118.6
19 123.9
20 137.0
21 28.3 2.98,dd, J=15.9, 12.3

3.44,dd, J=15.9, 3.9
22 49.9 2.68, m
23 79.3
25 79.9
26 59.9 2.78,d, J=14.3
27 196.5
28 125.4
29 120.2 7.87,d, J=8.7
30 110.4 7.22,d,J=8.7
31 142.0
32 15.9 1.28, s
33 18.9 1.15, s
34 74.7
35 28.3 1.30, s
36 16.6 1.30, s
37 30.6 1.54, s
38 25.1 1.32, s
39 25.0 1.26, s

(continued)
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TABLE VII.
Continued.
# 8¢ Sy, m, J (Hz)
40 29.3 1.39, s
42 92.7 5.54,d, J=6.7
44 122.0 5.30, m
45 139.5
46 18.6 1.73, brs
47 25.6 1.75, brs

“Taken from Munday-Finch ez al. (80,84).

and H-26 (79). Finally, the H-228 and H-26a stereochemistry was unambiguously
elucidated by Ede er al. (80,83) by hydrogenation of lolitrem B to 28, 188, 44,
45-tetrahydrololitrem B (28, 18B-lolitrem C, 82) followed by the observation of
molecular modeling-supported nOe effects of H-18 to H-178 and H-218 (83).

Acid hydrolysis of lolitrem B (81) produced exclusively lolitriol (83) (/6),
which was also detected (/6) in the extracts of L. perenne. Acetylation of lolitriol
with acetic anhydride in pyridine produced 10-O-acetyllolitriol (84) (80). It was
reported that lolitrem B (81) was unstable in moist CDCIl;-DMSO (/6). Lolitrem B
was easily prepared by PTSA-catalyzed reaction of lolitriol with 3-methyl-2-butenal
dimethyl acetal (/6). Base (NaOH) catalyzed epimerization of lolitrem B gave
26-epi-lolitrem B (85) (84).

82 2p,18B-Lolitrem C 83 Lolitriol (R = H)
84 10-O-Acetyllolitriol (R = Ac)

85 26-Epiolitem B

Miles et al. reported a modified method for the isolation of lolitrem B by
Soxhlet extraction with petroleum followed by solvent partitioning, flash
chromatography, and crystallization, leading to a much better recovery (85).
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The low-level production of lolitrem B (81) and lolitriol (83) was recently
demonstrated (/6) in the axenic cultures of A. Jolii which are also capable of
producing large amounts of paxilline (13), indicating a biosynthetic association
between the lolitrems and paxilline (/6,23). A HPLC method for the analysis of
lolitrem B was reported (86). Lolitrem B was detected in perennial drunken horse
grass A. inebrians infected with the endophytic fungus Acremonium sp. by ELISA
and HPLC assays (27). Acremonium sp. was reported to have caused intoxicating
effect to horses grazing this grass in northwestern China and Mongolia (87).

Lolitrem B (81) exhibited dose-dependent tremors in mice when tested ip at
0.5, 1.0, 2.0, 4.0, and 8.0 mg/kg. All doses gave a sustained and detectable tremor at
30-min post injection with a maximal response after 2-3 h. The maximal tremor
responses plateau between 2.5-5 h with a slow decline in intensity. The response
was still observed 24 h-post injection, but was essentially gone after 48 h. Mice
became normal after one week (47). In a parallel experiment, Miles et al. reported
that the tremorgenic activity of lolitrem B (81) was five-fold higher than paxilline
(13). In this experiment they reported (/6) that paxilline is much more tremorgenic
than reported earlier and this was attributed to a variance in the test vehicle
[DMSO-water (16) vs. corn oil (21)]. Lolitriol was nontremorgenic to mice at
20 mg/kg, indicating that lolitriol (83) is at least 20 times less tremorgenic than
lolitrem B (81), but appears to be lethal at 16 mg/kg, depending on the type of
administration (/6). 26-Epi-lolitrem B (85) was at least three times less tremorgenic
than lolitrem B. It was postulated by Munday-Finch et al. (84) that the cis-ring
fusion in the 26-¢pi-lolitrem B (85) results in an a-bend of the A ring, placing the
methyl groups at the a-face. This may result in steric hindrance which prevents its
binding to the receptor. -Face bend (c.f., lolitrem F) has no effect on the activity
(vide infra) (84).

3. Lolitrem C (86)

Lolitrem C (C4Hs;NO,) was isolated as a minor congener of lolitrem B
(81) and was reported as the 44,45-dihydro derivative of lolitrem B without spectral
or physical data (79). The existence of this structure was since disputed based on its
lack of solubility in CDCl; and HPLC analysis of a sample labeled lolitrem C found
in Gallagher’s collection, which showed that it coeluted with lolitrem E (87). Thus
it has been postulated that lolitrem C has the same structure as lolitrem E (vide
infra) (85).

46

86 Lolitrem C 87 Lolitrem E
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4. Lolitrem D

It was reported as one of the four alkaloids obtained during original
isolation, but no further data and structural information have been reported (§4).

5. Lolitrem E (87)

Lolitrem E (87) was isolated as the second most abundant (15% of total
lolitrems) of the lolitrems and was isolated during a large-scale isolation of lolitrem
B from ryegrass seeds and gave a molecular formula of C4Hs;NO7, the same
formula assigned to lolitrem C (85). The NMR spectra of this alkaloid were similar
to those of lolitrem B (81), differing only in the ring H, and showed the absence of
the signals for the acetal (C-42) carbon and proton, indicating opening of the 1,3-
dioxane ring I. The presence of an oxymethylene, two-proton doublet (81 4.06,
J="17.2 Hz), which was coupled to the C-43 olefin (8y 5.36, t), which in turn was
coupled to two methyl groups, indicated the presence of an intact isoprene unit.
This was located at the C-34 oxygen versus the C-10 oxygen based on the observed
couplings between H-10 and the attached OH group and the observation of the
acetylation induced shift of H-10 (85).

Lolitrem E (87) is not tremorgenic at 2 mg/kg in mice, while, in comparison,
lolitrem B (81) exhibited significant tremor at 1 mg/kg (85).

88 Lolitem F 89 26-Epi-lolitrem F

6. Lolitrem F (88)

Lolitrem F was isolated as an extremely minor congener of lolitrem B (81)
that eluted as a small polar shoulder by HPLC. It was isolated by silica gel
chromatography of the mother liquor from lolitrem B crystallization, followed by
acetylation and HPLC purification (84). It showed a molecular formula of
C4HssNO; suggesting an isomeric relationship with lolitrem B. A 22-epimeric
lolitrem B (88) structure was assigned to lolitrem F based on the "H and '*C NMR
spectral analysis. The "H NMR spectrum of lolitrem F showed downfield shifts of
AS§=0.57 and 0.34 ppm of H-26 (8y 3.35, d, /J=6.5 Hz) and H-36a (5 3.30, dd,
J=6.9, 16.6 Hz), respectively (84). The lower J value of H-26 was indicative of a
cis-fusion of the A/B rings, which was confirmed by the observation of a nOe
between H-26 and H-22. This was further verified by base (NaOH) catalyzed
epimerization of lolitrem F which yielded 26-epi-lolitrem F (89), an alkaloid that
displayed an upfield shifted H-26 (5y 2.78) with a larger J value of 14.1 Hz, as seen
in lolitrem B (81). The '"H NMR spectral pattern of 26-epi-lolitrem B (85) was
essentially identical to the spectrum of lolitrem F (88), and vice versa was the case
for 26-epi-lolitrem F (89) and lolitrem B (81) (84).
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Lolitrem F (88) and 26-¢pi-lolitrem F (89) were as tremorgenic as lolitrem B
(81) in mice, both in terms of their potency and their duration of action (84).

7. Lolilline (90)

Lolilline (90) was also isolated as a minor component from perennial
ryegrass L. perenne infected by the endophytic fungus A. lolii during the large-scale
isolation of lolitrem B (81). It had a molecular weight of C53;H47NOyg indicating that
it differed from lolitriol (83) by a mole of water (47). The mass spectral data showed
a prominent ion at m/z 348 characteristic of the indole part of the molecule of
lolitrem B (81). The comparison of the NMR spectral data of lolilline (90) with
lolitrem B (81) and paxilline (13), followed by complete NMR assignment by 2D
NMR, allowed Munday-Finch ez al. (4]) to assign a lolitrem B-paxilline hybrid
structure for lolilline (90), whereby the diterpenoid structure was identical to
paxilline (13); hence the name lolilline.

Lolilline (90) did not exhibit any tremorgenic activity at 8§ mg/kg in mice,
and is much less active than paxilline (13) and lolitrem B (81) (41).

90 Lolilline

8. Lolicine A (91), lolicine B (92), and lolitrem N (93)

Lolicines A and B, and lolitrem N were purified (80) after separation of the
propionate ester derivatives of the extract of the perennial ryegrass L. perenne
infected with the endophytic fungus N. lolii. These three alkaloids could not be
isolated in their natural state due to their poor chromatographic resolution.
Therefore, all of the data reported for these alkaloids are of their respective
propionate esters (80). No biological activity was reported.

91 Lolicine A (R = CHg, Ry = H)

92 Lolicine B (R = CHO, Ry = H)

94 11-O-Propionyllolicine A (R = CHz, Ry = COCH,CHg)
95  11-O-Propionyllolicine B (R = CHO, Ry = COCH,CH3)

9. 11-O-Propionyllolicine A (94)

A molecular formula of C4;Hs7;NOg was determined for the propionate
ester of lolicine A (94) by mass spectral analysis, suggesting a molecular formula of
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C;33H353NOs for lolicine A, indicating that it contained an extra CH4 and had lost
two oxygen atoms when compared with lolitriol (83) (80). The presence of the
characteristic fragment ion at m/z 348 and the absorption bands in the UV
spectrum indicated the presence of the intact A—E rings of lolitrem B (81), including
the ketone at C-27. The 'H and '*C NMR spectra indicated the presence of an extra
angular methyl group (841 0.96, s; 8c41 12.8), and a methine (g3 1.95, §c13 39.0).
Based on 2D NMR experiments (including HMBC) Munday-Finch et al. (80)
elucidated the structure of lolicine A-11-O-propionate ester, which like paspaline
(8), contains a methyl group at C-12, lacks the C-13 hydroxy group, and possesses
an o-hydroxy group (811 4.96, s; 8¢ 72.3) at C-11, as determined by the ROESY
correlation of H-11 with H3-41 (80). No biological activity was reported.

10. 11-O-Propionyllolicine B (95)

It showed a molecular formula of C4;HssNO; (C33Hs;NOg for lolicine B)
and indicated the presence of an additional oxygen atom and two hydrogen atoms
less than lolicine A-11-O-propionate ester (94). This was attributed to the
substitution of the C-12 methyl group with an aldehyde (8y4; 10.15, 8cq; 204.6),
and the structure was thoroughly established by 2D NMR (80). No biological
activity was reported.

93 Lolitrem N (R=H) 97 26-Epi-10-O-acetyliolitrem N (R = COCHg)
96 10-O-Propionyliolittem N (R = COCH,CHz) 98  26-Epi-lolitrem N (R = H)

11. 10-O-Propionyllolitrem N (96)

The mass spectrum of lolitrem N-10-O-propionate (96) produced a
molecular formula of C4Hs3NOg (C37H4NO5 for lolitrem N) and suggested
that it was isomeric to lolitriol (83) (80). A comparison of the NMR spectrum of
lolitrem N-propionate (96) and lolitriol acetate (84) suggested that the difference
between the two alkaloids resided in the stereochemistry at C-22, aside from the
acetate and propionate. Like lolitrem F (88), a cis-ring fusion of the A/B rings was
established based on 2D-NMR experiments and a J value of 7.3 Hz between H-22
(6u 2.68, ddd) and H-26 (8 3.35, d) (80). No biological activity was reported.

12. 26-Epi-10-O-acetyllolitrem N (a.k.a., 31-Epi-10-O-acetyllolitrem N) (97)

This alkaloid was not purified, but it was detected by '"H and COSY NMR
as a 15% contaminant of lolitriol-10-O-acetate (84), which was prepared by the
acetylation of natural lolitriol isolated from ryegrass L. perenne infected with N.
lolii (80). The NMR spectrum of the mixture of the two acetates (84 and 97)
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indicated that the minor component was the 22a, 268-epimer of lolitriol acetate,
which is same as the 26p-epimer of lolitrem N-acetate (97). The "H NMR spectrum
of the mixture displayed the chemical shifts and coupling constants of H-21a (8y
3.34,dd, J=15.9, 3.9 Hz), H-218 (64 3.01), and H-22a (§y 2.70) identical to those
observed for 26-epi-lolitrem F. Therefore, Munday-Finch et al. (80) assigned
26-epilolitrem N-10-O-acetate to the acetylated product and 26-epilolitrem N (98)
as the natural product, present with natural lolitriol (83), which apparently was
not observed in the synthetic lolitriol from lolitrem B (vide supra). No biological
activity was reported.

F. NODULISPORANES

Nodulisporanes are a group of indole diterpenoids, represented by the
nodulisporic acids, whereby two ortho positions of the phenyl ring of the indole are
substituted with two isoprene units, which are cyclized to produce fused cyclohexyl-
pyranyl rings, but with a different spacial arrangement than the janthitremanes.
These alkaloids are grouped here with the other indole diterpenoids, however, they
are characteristically different from the classical indole diterpenoids for the
following reasons. While most of the indole diterpenoids form a fused pyran ring at
C-7 and C-9, all of the nodulisporanes are devoid of that ring. In addition, these
alkaloids have not shown toxicity to any animals tested to date, and are a potent
and important class of insecticide, particularly for the treatment of flea and tick
infestation of dogs and cats.

Nodulisporic acid A (99), the first member of the nodulisporane family, was
originally isolated in low yield (~ 2 mg/L) from an extract of laboratory cultured
endophytic fungus Nodulisporium sp. (ATCC 74245), which was recovered from a
woody plant (Bontia daphnoides) collected in Hawaii. These alkaloids were isolated
as a part of an insecticidal screening program using in vitro blowfly larvae (Lucilia
sericata) followed by an in vivo evaluation using compound medicated diets fed to
mice, which were infested with bed bug (Cimex lectularius). It is noteworthy that
like many other indole diterpenoids, the fungus that produces nodulisporic acids is
also an endophyte, but unlike the lolitrem producers, Nodulisporium sp. could be
cultured in the laboratory. A review describing many of these alkaloids, including
the chronology of their discovery and biological activities, was published recently
by Meinke et al. (88). The original atom-numbering scheme has been adapted for
the discussion of these alkaloids.

7 Nodulisporane
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1. Nodulisporic Acid A (99)

Nodulisporic acid A (99) was the first alkaloid isolated (89) at a level of
~ 2 mg/L from Nodulisporium sp. as a yellow solid. It produced a molecular
formula of C4;3H53NOg and gave an UV spectrum similar to other indole
diterpenoids. Its structure was originally elucidated by NMR spectroscopic studies
(Table VIII) supported by extensive 2D NMR techniques, including HMBC and
computerized INADEQUATE analysis of Dunkel. Some of the critical features of
the structure of this alkaloid were the presence of a dienoic acid chain, a highly
strained B-ketodihydropyrrole, and a fused cyclopentyl-dihydropyranyl ring. The
latter two fused rings are present in the janthitrems, but the fusion of these two
rings is reversed in nodulisporic acids.

The relative stereochemistries of the eastern and western hemispheres
of nodulisporic acid A were independently deduced by scalar couplings, nOe
difference, and NOESY experiments. The Merck group established the
stereochemical relationship of the two remote hemispheres by a novel method in
which they prepared the C-24 O-MOM ether of methyl ester 100, and reduced the
keto group of the p-ketodihydropyrrole ring by NaBH, thus creating a
stereochemical bridge between the two hemispheres. The link was established by
nOe measurements between the H-2', H-1", H-24, MOM-CH,, and C-1" OH groups
(89). The structure and relative stereochemistry was finally confirmed by X-ray
crystallographic studies of a 7-O-p-bromobenzoate methyl ester. Finally, the
absolute stereochemistry was deduced by application of advanced the Mosher
method to the methyl ester 100. Nodulisporic acids and the penitrems are the only
examples in which the stereochemistries of the eastern and western hemispheres
have been correlated (89). Ether protection of the C-24 alcohol caused the alkaloids
to be more labile, resulting in a loss of the C-24 oxygen and the formation of A4,
This observation lead to the hypothesis that the natural product was stabilized by a
6-center hydrogen bond involving the C-24 hydroxy group and the C-1’ ketone (89).

Of the 448 Nodulisporium sp. isolates (370 from tropical sources and 78
from temperate sources) that were identified during screening efforts, only 13
species produced nodulisporic acid A (90). All of the nodulisporic acid producers
were endophytes and were isolated from plant leaf litters, twigs, stems, herbivore
dung, and fruiticose lichen, and were collected from such diverse places as Hawalili,
Colombia, Mauritius, French Polynesia, Equatorial Guinea, Puerto Rico, and
Peru (90).

99  Nodulisporic acid A (R = H)
100 Nodulisporic acid A methyl ester (R = CHg)
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TABLE VIII.
"H and '*C NMR Assignments of Nodulisporic Acids A (99)* A, (101)” and A, (102)” in
CD,Cl,.
# Nodulisporic acid A Nodulisporic acid A, Nodulisporic acid A,
3¢ Sy, m, J (Hz) 3¢ Sy, m, J (Hz) 3¢ Sy, m, J (Hz)
2 1547 - 154.8 154.7
3 56.1 - 55.5 55.4
4 39.1 - 39.5 39.6
5 323 1.93 m, 1.76 m 30.0 ~1.90 m 30.7 ~1.83 m
~2.00 m
6 2595 1.78 m, 1.81 m 30.4 ~1.70 m 30.1
~191m
7 76.8  345m 106.9 105.5
8 478 - 49.6 49.2
9 452 1.65 m 41.3 1.68 m 47.4 ~1.70 m
10 247 147 m, 1.47 m 24.8 ~1.56 m 23.2 ~1.48 m
~1.92m
11 25.7 1.55m, 1.49 m 26.0 ~1.9 25.8 ~1.78 m
~1.83m
12 480 285m 48.1 293 m 48.2 2.87 m
13 2775  o:2.33dd, 27.8 2.35 dd, 27.8 2.33 dd,
J=10.38, 13.9 J=10.8, 14.0; J=1038, 13.9
B:2.76 dd, 2.75 dd, 2.77 dd,
J=6.5,13.9 J=6.5,14.0 J=6.6, 13.9
14 1227 - 122.6 122.5
15 121.8 - 121.8 121.8
16 116.7 7.73s 116.7  7.72s 116.7  7.70 s
17 1340 - 135.9 135.9
18 1359 - 134.0 134.0
19 1220 6.07d,J=32 122.0 6.06d,J=2.9 122.0 6.06d,J=2.9
20 726 - 72.6 72.6
22 739 - 73.9 73.9
23 582  2.82dd, 58.2 2.81 dd, 58.2 2.81 dd,
J=3.0,6.2 J=29,6.3 J=29,6.3
24 753 524d,J=6.2 75.3 521d,J=63 75.3 521d,J=63
25 1384 - 138.3 138.4
26 113.1 - 113.2 113.2
27 1620 - 162.0 162.0
28 15.1 0.97 s 29.9 1.34 s 29.9 1.33 s
29 19.6 1.15s 32.0 1.31s 32.0 1.31s
30 1124 1.07s 234 1.122's 234 1.118 s
31 29.9 1.34 s 30.1 1.42's 30.0 142 s

(continued)
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TABLE VIIIL.
Continued.
# Nodulisporic acid A Nodulisporic acid A, Nodulisporic acid A,
SC 8H, m, J (HZ) SC (SH, m, J (HZ) 8C (SHa m, J (HZ)

32 3195 1.31s 153 095s 15.1 0925

33 2345 1.13s 16.7 1.06s 16.7 1.05s

34 30.1 143s 17.7 1.126's 17.6  1.112s

I 198.0 - 198.1 198.1

2> 764 5.11s 76.6 5.10s 76.6  5.10s

3 1400 - 140.1 140.1

4 117.5 523brs, 499 brs 117.8 5.0 brs 1179  5.00 br s
520dq, J=~1.2 5.20 br s

5 18.1 1.48 brs 18.0 1425 17.8 1425

1”7 1546 596d,J=152 445  1.73 dd, 40.3 1.48 dd,
J=9.3, 12.6; =~9, ~13;
2.34 dd, 1.72 dd,
J=173,12.6 J=175,12.7

27 1259 6.42 dd, 73.3 4.88 brdt, J=~38 789 43 m

J=11.2,152

37 140.8 7.34brd, J=11.2 147.1 693dq,J=8.0,13 81.1 396m

47 1251 - 126.8 404 270 m

5" 1726 — 172.0 176.3

6” 12,65 196d,J=12 125 186d,J=13 132 1.09d,J=17.0

“Taken from Ondeyka et al. (89).
bTaken from Hensens et al. (91).

2. Nodulisporic Acid A; (101)

Nodulisporic acid A;, C4;3H53NO; (MW 695), was isolated (97) as the
second most abundant congener, and its structure was elucidated by 2D NMR and
mass spectrometry. It differed from nodulisporic acid A by an extra oxygen atom,
which was placed in the form of tetrahydrofuran ring I formed as a result of the
formal addition of water across C1”-C2” followed by cyclization at C-7 (8¢ 106.9)
presumably via a putative C-7 keto group. The structure was fully corroborated by
"H and "*C NMR spectral assignments (Table VIIT) which revealed an ABMX spin
system (—CHAHg—CHp(O)-CHx =) assigned to C17-C3” (91).

101 Nodulisporic acid A,

102 Nodulisporic acid Ay
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3. Nodulisporic Acid A, (102)

Nodulisporic acid A,, C43HssNOg (MW 713), was isolated (97) as a third
most abundant congener from the cultured extract of Nodulisporium sp. along with
nodulisporic acids A (99) and A; (102) and the structure was elucidated by 2D
NMR and the mass spectrometry. It differed from nodulisporic acid A; by an extra
mole of water, which was added across the C3”-C4” olefin. The hydroxy group
was placed at C-3” with the assistance of the 'H and '*C NMR spectra
(Table VIII) (91).

i
103 Nodulisporic acid B (R = H)
104 Nodulisporic acid B methyl ester (R = CHg)

105 A23-Dehydronodulisporic acid B 106

4. Nodulisporic Acid B (103)

Nodulisporic acid B, C43HssNOs (MW 665), was initially detected in the
original natural isolate of Nodulisporium sp., but was eventually isolated from a
mutant culture ATCC74382 as a result of a targeted screening for nodulisporic
acid analogs (92). The structure of this alkaloid differed from nodulisporic acid A
(99) by the absence of an oxygen atom and the presence of two additional
hydrogens. This was attributed to the substitution of the C-1" ketone (5 198.0)
with a CH; (§¢ 41.1) group in nodulisporic acid B (Table IX). The structure was
supported by the 2D NMR analysis. Nodulisporic acid B formed a chemically
stable methyl ester 104 on reaction with diazomethane. The C-24 hydroxy group of
nodulisporic acid B readily dehydrated to produce A?*-dehydronodulisporic acid B
(105), particularly when it is present in the free acid form, and therefore it was
isolated as a sodium salt. The higher propensity of intra-molecular acid-catalyzed
dehydration of nodulisporic acid B was attributed to the lack of the six-center
hydrogen bond between the C-24 hydroxy group and the C-1’ keto group of
nodulisporic acid A (99) (92). The dehydration reaction was observed in all
nodulisporic acids lacking the C-1’ keto group, including all B- and C-series of
nodulisporic acids, but the rate of dehydration was much more pronounced in the
B-series. The indole oxidation product 106 of the methyl ester 104 was also
reported (92).
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TABLE IX.

'H and "*C NMR Assignments® of Nodulisporic Acids B (103), B, (107), and B, (108)
in Acetone-dg.

# Nodulisporic acid B Nodulisporic acid B, Nodulisporic acid B,
3¢ 8y, m, J (Hz) 3¢ 8u, m, J (Hz) 3¢ 3y, m, J (Hz)

2 151.9 152.0 152.1

3 56.1 55.6 55.7

4 39.6 41.4 41.1

5 328 1.8, m;2.0,m 30.0 2.0, m, 2H 33.1 1.8, m; 1.95, m

6 273 178, m 30.7 1.7, m; 1.85, m 30.5 175, m; 1.9, m

7 769 348, m 106.4 105.9

8 47.9 48.0 49.6

9 454  1.75, m 41.1 1.8, m 420 1.7,m

10 25.0 1.62, m, 2H 253 1.74,m, 2H 254 1.55,m; 1.7, m

11 26.2 145 m,2H 26.6 145, m, 1.65, m 26.6 1.4, m; 1.65, m

12 479  2.70, m 499 275, m 50.3 275, m

13 28.5  2.25,m; 2.60, m 28.5  2.20, m; 2.60, m 28.5 2.2, m;2.6,m

14 1209 120.3 120.8

15 124.1 124.0 124.1

16 107.9 7.25,s 107.8  7.20, s 107.9  7.20,s

17 1339 1339 1339

18 1356 135.3 135.3

19 119.6 5.93,d,J=3.0 1194 595,d,J=3.0 119.6 5.95,d,J=3.0

20 72.6 72.9 72.9

22 74.1 74.0 74.4

23 60.5 2.67, dd, 60.2  2.64, dd, 60.3  2.64, dd,
J=3.0,6.0 J=3.0, 6.0 J=3.0,6.0

24 756  4.92,d,J=6.0 755 492,d,J=6.0 75.5 4.90,d, J=6.0

25 1374 137.3 137.4

26 118.5 118.8 118.6

27 1557 155.6 155.7

28 153  0.96,s 153 090, s 16.8  0.85,s

29 19.5 1.13,s 17.6  1.07,s 17.7  1.04, s

30 1.7 1.07,s 17.1  1.00, s 16.3  0.95,s

31 303 1.29,s 303 1.27,s 305 1.27,s

32 324 1.25,s 323 1.23,s 323 1.23,s

33 23.6 1.10,s 235 1.07,s 235 1.07,s

34 30.5 1.40,s 30.2  1.40,s 30.5  1.38,s

I 41.1  3.5,d, J=16.0; 41.0 3.5,d,J=16.0; 41.1  3.5,d, J=16.5;
4.0, dd, 4.0, dd, 4.0, dd,
J=38.0, 16.0 J=38.0, 16.0 J=8.0, 16.5

(continued)
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TABLE IX.
Continued.
# Nodulisporic acid B Nodulisporic acid B; Nodulisporic acid B,
SC (SH, m, J (HZ) SC 6]—[, m, J (HZ) SC 8]_[, m, J (HZ)
2/ 69.8 5.35,d,J=8.0 69.9 5.35,d,J=8.0 69.7 5.35,d,J=8.0
3 1475 147.4 147.6
4 112.7 4.79,s,4.82,s 1129  4.78,s,2H 1129  4.78,s,2H
s 17.0  1.24,s 16.7 1.17, s 174 1.15,s
1”7 1548 596,d,J=15.0 453 1.7, m, 2.3, m 379 18,20, m
27 125.7  6.38, dd, 74.3 4.3,t,J=06.0 79.3 420, m
J=15.0,13.5
37 139.6 7.22,d,J=13.5 140 6.56, d, J=6.0 74.7  3.90, m
47 1257 120.3 429 23, m
5" 170.4 171.5 175.6
6 129 1.9, brs 13.9 1.78, brs 16.2  1.16, brs

“Taken from Ondeyka er al. (92).

5. Nodulisporic Acid B; (107)

Nodulisporic acid By, C43HssNOg (MW 681), was also isolated as a sodium
salt from a mutant culture of Nodulisporium sp. (ATCC74382) as a result of a
targeted screening for nodulisporic acid analogs (92). The molecular formula of this
alkaloid differed from nodulisporic acid B (103) by one oxygen atom, which was
attributed to oxidation of the side chain, followed by cyclization to produce
tetrahydrofuran ring I, as seen in nodulisporic acid A; (101). This structure was
fully supported by the NMR spectral data (Table IX) (92).

6. Nodulisporic Acid B> (108)

Nodulisporic acid B,, C43H57NO; (MW 699), is a minor component that
was also isolated as a sodium salt from the same mutant culture of Nodulisporium
sp. (ATCC 74382) as a result of similar targeted screening designed for the isolation
of nodulisporic acid analogs, like nodulisporic acids B (103) and B; (107) (92). The
molecular formula of this alkaloid differed from nodulisporic acid B; (103) by a
mole of water, which was added across the C3”-C4” olefin, similar to nodulisporic
acid A, (102). The structure was thoroughly assigned by 2D NMR and the
assignments are presented in Table IX (92).

107 Nodulisporic acid B4 108 Nodulisporic acid B,
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7. Nodulisporic Acid C (109)

Nodulisporic acid C, C43H57NOs (MW 667), like nodulisporic acid B, was
initially detected in extracts of the original, naturally isolated culture, but was
eventually isolated as a sodium salt from a mutant culture of Nodulisporium sp.
(ATCC 74383) as a result of a targeted screening for nodulisporic acid analogs,
similar to the nodulisporic acids B series (93). The molecular formula of this
alkaloid differed from nodulisporic acid B by a mole of hydrogen. A structure
possessing an opened D-ring was assigned to nodulisporic acid C by the 'H and *C
NMR spectral comparisons with nodulisporic acids A (99) and B (103), which
showed the absence of the isopropylidene methyl and the presence of a
dimethylallyl group (Table X) (93). Dehydration of the C-24 hydroxy group of
nodulisporic acid C was also observed when it was concentrated, particularly in its
free acid form, leading to the formation of A**-dehydro-nodulisporic acid C (110).
The dehydration propensity was lower for this class of alkaloids compared to the
more strained nodulisporic acid B (103).

109 Nodulisporic acid C 110 A23-Dehydronodulisporic acid C

8. Nodulisporic Acid C; (111)

Nodulisporic acid C;, C43Hs7,NOg (MW 683), a minor component, was also
isolated as a sodium salt from the same mutant culture of Nodulisporium sp. that
produced nodulisporic acid C (109)(93). Structurally, it differed from nodulisporic
acid C by an extra oxygen atom, which was found to be present in the form of
tetrahydrofuran ring I, similar to nodulisporic acids A; (101) and B, (103), and was
fully assigned by 2D NMR spectral analysis (Table X) (93).

111 Nodulisporic acid C4 112  Nodulisporic acid C,

9. Nodulisporic Acid C5 (112)

Nodulisporic acid C,, C43H50NO; (MW 701), another minor component,
was also isolated as a sodium salt from the same mutant culture of Nodulisporium
sp. (ATCC 74383) in a similar targeted screening used for other C-series of
nodulisporic acids (93). Like nodulisporic acids A, and B,, it contained a
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TABLE X.

'H and '*C NMR Assignments® of Nodulisporic Acids C (109), C, (111), and C, (112)
in Acetone-dg.

# Nodulisporic acid C Nodulisporic acid C, Nodulisporic acid C,
3¢ 8, m, J (Hz) 8¢ Sy, m, J (Hz) 3¢ 8, m, J (Hz)

2 153.0 153.0 153.1

3 54.3 53.7 53.7

4 39.7 40.1 40.0

5 334 185 m 30.5  1.90, m, 2H 30.5  1.90, m, 2H

6 27.6  1.78, m; 1.81, m 279  1.75, m, 2H 279 175, m, 2H

7 76.9  3.45,dd, 106.6 105.7
J=4.5,10.5

8 479 49.7 49.6

9 450 1.75,m 41.1 190, m 41.5 1.80, m

10 254  1.46, m, 2H 25.6 1.58, m, 2H 255 175, m; 1.9, m

11 26.0 1.60, m, 2H 264 1.65,m, 2H 264 1.50, m; 1.75, m

12 49.7 275, m 50.0 2.80, m 50.0 2.80, m

13 27.9  2.25,dd, 28.0  2.28, brt, 28.0 230, m
J=10.5, 13.0 J=13.0
2.60, dd, 2.62, dd, 2.60, m
J=6.5,13.0 J=64,13.0

14 1188 118.8 118.7

15 1274 127.4 127.3

16 107.6 7.3L,s 107.5 731, s 107.5  7.30,s

17 1322 132.2 132.2

18 1372 137.2 137.2

19 119.8 5.96,d,J=3.0 119.7  595,d,J=6.0 119.7 5.94, brs

20 72.7 72.7 72.7

22 74.2 74.2 74.2

23 60.7  2.70, dd, 60.7  2.68, dd, 60.6  2.68, brs
J=3.0, 6.0 J=3.0,6.0

24 76.5 5.00,d, J=6.0 76.5 5.02,d,J=6.0 76.3  5.05, brs

25 137.1 137.2 137.5

26 1233 123.2 123.2

27 1421 142.1 142.0

28 147 1.05,s 149  1.02,s 149 1.00, s

29 194  1.13,s 17.7  1.15,s 17.7  1.12,s

30 1.7 1.07,s 17.0  1.06, s 174 1.05,s

31 303  1.26,s 304 1.27,s 304 1.26,s

32 323 1.27,s 324 1.25,s 324 1.25,s

33 23.1  1.00, s 23.1  1.00, s 23.1  1.00, s

34 30.3  1.40,s 304 1.40,s 304 1.40,s

(continued)
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TABLE X.
Continued.
# Nodulisporic acid C Nodulisporic acid C, Nodulisporic acid C,
(SC (SH, m, J (HZ) (Sc (SHa m, J (HZ) 5(: 5]_[, m, J (HZ)
Iy 26.6 3.70, dd, 26.4 3.70, dd, 26.4 3.70, brm
J=6.0, 15.0; J=16.0, 15.0;
4.00, dd, 4.00, dd, 4.00, brm
J=38.0, 15.0 J=28.0, 15.0
2/ 1244 530,t,J=6.0,80 1244 530, m 1244 529, m
3 131.7 132.2 131.1
4 254 1.80,s 264 1.82,s 25.8 1.82,s
5 18.1 1.67,s 18.1 1.67,s 18.1 1.66,s
1” 155.2 5.96,d,J=15.0 450 1.73,m;234,m  31.3 1.60, m; 2.0, m
2" 125.6 6.38, dd, 742 494, m 784 432, m
J=11.5,15.0
37 140.1 7.22,d,J=11.5 146.0 6.90, brd 74.6  3.85, m
4" 125.4 123.2 445 235 m
5" 170.0 170.5 174.8
6" 12.7 190,d,J=1.2 127 1.82,d,J=13 12.5 1.16, brs
NH 9.00, brs 9.00, brs 9.00, brs

“Taken from Ondeyka et al. (93).

tetrahydrofuran ring I and a C-4” hydroxy group, which was assigned by the
comparison of the NMR spectra (Table X) (93).

10. Chemistry of Nodulisporic Acid A (99)

Nodulisporic acid A (99) was methylated with diazomethane at —78 °C to
produce methyl ester 100, which was selectively acylated with p-bromobenzoyl
chloride to afford crystalline 7-O-p-bromobenzoate 113 that was reacted with
MOMCI to yield 24-O-MOM ether 114. The MOM ether appeared to be unstable
in chlorinated NMR solvents such as CDCl; and CD,Cl,, exclusively yielding the
A*-dehydronodulisporic acid A 115, but was stable in nonchlorinated solvents
such as CD;CN. The formation of dehydro alkaloid 115 also predominated during
various attempts to methylate the C-24 hydroxy group (89). While sodium
borohydride reduction of the 24-O-MOM ether 114 exclusively furnished the 1'-8-
hydroxy derivative 116, similar reduction of the unprotected derivative 113
provided a mixture of the - and B-epimeric 1’-hydroxy derivatives 117 and 118 in
a 1:9 ratio, indicating the steric crowding on the g-face, which was enhanced by
the MOM group in 114 (89). The C-2' center o to the ketone group of the
B-ketodihydropyrrole ring was prone to epimerization under basic conditions.
For example, 4-(dimethylamino) pyridine (in a mixture of CH;CN-CH,Cl,)
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readily epimerized the methyl ester 100, affording the 2’-R-nodulisporic acid A
methyl ester derivative 119.

o]

N OMe
113 (R = p-Br-CgH4CO, Ry = H) 116 (R = p-Br-CgH,CO, Ry = MOM, 1-B-OH)
114 (R = p-Br-CgH4CO, Ry = MOM) 117 (R = p-Br-CgH,CO, Ry = H, 1-B-OH)

118 (R = p-Br-CgH,CO, Ry = H, 1-0-OH)

115 (R = p-Br-CgH4CO) 119

11. Oxidative Cleavage of the Side Chain of Nodulisporic Acid A (99)

After extensive studies, Chakravarty ez al. (94) developed a specific method
for the oxidation of the side chain of nodulisporic acid A (99). In this method,
reaction of nodulisporic acid A with KMnO4 preadsorbed on weakly acidic
alumina produced a 94% yield of 3”-aldehyde 120 on a gram scale, requiring no
chromatography. The subsequent oxidation of this aldehyde with sodium chlorite
gave the 3”-acid 121 in 76% yield, which, on repeat oxidation with KMnOQy, gave
the 1”-aldeyde 122 in 24% yield (Scheme 1). The steric factors around C-1"caused
longer reaction times, which led to poor yields of the 17-aldehyde (88,94).
Protection of the hydroxy groups of 120 as the triethylsilyl (TES) ethers led to the
formation of the bis-TES ether 123, which, on sodium chlorite oxidation of the
aldehyde group, gave the protected acid 124. Subsequent reaction of 124 with
diphenylphosphoryl azide (DPPA), followed by thermolysis-induced Curtius
rearrangement, produced vinyl isocyanate intermediate 125. Hydrolysis of the
isocyanate intermediate with pyridinium p-toluenesulfonate (PPTS) afforded
the deprotected 2”-acid 126 in a very good yield (88,95).

The synthesis of the 4”-carboxylic acid required a different strategy and is
illustrated in Scheme 2. The bis-TES ether 123 was treated with the lithium enolate
of NCCH,;N=CPh, to produce an unstable dienyl intermediate, which on
methanolic hydrolysis, gave the methyl ester 127 (95). Direct saponification of the
methyl ester to the corresponding carboxylic acid was not successful. However,
titanium isopropoxide-mediated transesterification led to the formation of the
4”-allyl ester 128, which was converted to the 4”-acid 129, the 4”-aldehyde 130,
and a series of simple and substituted amides 131 (88,95).
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KMnOj, H,0, CH,Cl,

Weakly acidic alumina
25 °C, 20 min, (94%)

EtsSiOTH[__ :gg

NaClO,, NaH,PO,
+-BuOH, H,0, 4 h
25 °C, (76%)
KMnOy, H,0, CH,Cl,

Weakly acidic alumina
25°C, 12 h, (24%)

121
124 (R=TES)

1. DPPA, EtsN, (97%)
2. PhMe, 80°C, 4 h, (100%)

PPTS, dioxane-water
25 °C, 30 min, (80%)

125

(i) NCCH,N=CPh,, LDA

(iiy MeOH

127 (R=0Me)

128 (R =OCH,CH=CHy)
129 (R=0H)

130 R=H)

131 (R=NR4Ry)

Scheme 2. Side-chain modifications of nodulisporic acid A (99).

Methyl Grignard reaction of the bis-TMS-protected 3”-aldehyde 132,
followed by allylic oxidation produced the 3”-methyl ketone 133. Subsequent
olefination of either aldehyde 132 or methyl ketone 133 produced homologs of
nodulisporic acids of the types 134 and 135 (Scheme 3) (96). However, these
reactions were mostly unsuccessful for the formation of the 3”- and 4”-dimethyl
homologated derivatives (88).

12. 2"-Oxazole and 2"-Thiazole Derivatives

Berger et al. (97) reported the synthesis of the oxazoles 136-138 and the
thiazole 139 derivatives from the 3”-carboxy acid 124 following a procedure
developed by Wipf and coworkers (Scheme 4) (98,99).
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2. MnO,
133
1. Ph3P=CRER? 1. (EtO),P(O)C(R")CO,R?
2. PPTS, EtOH 2. PPTS, EtOH
134 135

Scheme 3. Homologation and other side-chain reactions of nodulisporic acid A (99).

H
) i
| s AL, 1 BOP, HaNCH,CH(OH)CHg
B N3 0H -
= - 2. Dess-Martin
'OTES

3. PhyP, (BrCI,C)z
4. PPTS, EtOH

1. BOP, Serine-allyl ester.HCI
2. Burgess reagent
3. BrCCls. DBU
4.Pd(PPhg),Cl,, BugSnH

COH CON(Me),

\/z@ 1. BOP, Me,NH-THF
B 0 _—

2. PPTS, EtOH
OTES

1. BOP, cysteine-allyl ester.HCI
2. Burgess reagent
3. BrCCl3. DBU
4. Pd(PPh;),Clp, BugSnH

5. BOP, Me,NH-THF
6. PPTS, EtOH

CON(Me),

124

139

Scheme 4. Synthesis of 2”-oxazole and 2”-thiazole derivatives.

13. Nodulisporamides

The esters 140 or thioesters of nodulisporic acid A (99) were synthesized
using Coste’s conditions (ROH, CH,Cl,, BOP, —20°C to rt), whereas BOP-
mediated coupling with primary and secondary amines in Castro’s conditions
efficiently produced the respective amides 141 and 142 (Scheme 5). Meinke and
coworkers synthesized a series of esters and amides using these methods and
reported the structure activity relationships (/00).
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ROH, BOP

R4R,NH, BOP, DIPEA

99 140 (R =0CH3R)
141 (R=NHRyp)
142 (R=NR;NRy)

Scheme 5. Esterification and amidation of nodulisporic acid A (99).

14. Biological Activities of Nodulisporic Acids and Derivatives

The nodulisporic acids were originally discovered by screening natural
product extracts against L. sericata in an in vitro assay, followed by in vivo
evaluation of the crude extract, fractions, and purified alkaloids against the bedbug
Cimex lectularius. The details have been recently reviewed by Meinke et al. (88).
Nodulisporic acid A (99), the most potent of the series showed LCsy (lethal
concentration to kill 50% of L. sericata larvae) of 3001000 parts-per-billion (ppb)
and was much more potent than known insecticides, except ivermectin, which
exhibited an LCsy of 40 ppb. Among the remaining eight natural nodulisporic
acids, only nodulisporic acid A, (101) was as active as 99, and exhibited an LCs of
300 ppb. The remaining seven were less active (88,92,93). A similar activity profile
was also observed when they were evaluated against Aedes aegypti mosquito larvae
(88,89). Nodulisporic acid A (99) was about 10-fold (LDgy = 0.4 mg/kg) more active
than ivermectin (LDyy = 5 mg/kg) when dosed orally against bedbug infected mice.
It exhibited complete paralysis of the parasite (88).

After confirmation of the activity of nodulisporic acid A (99) against
the aforementioned, commercially nonrelevant targets, L. sericata and A. aegypti,
it was evaluated for its effect against a commercially relevant flea target
(Ctenocephalides felis) using an artificial membrane flea feeding method (88,101).
Nodulisporic acid A (99) exhibited 10-fold better activity than ivermectin and
displayed an LDy, of 1 parts-per-million (ppm) compared to an LDy, of 10 ppm for
ivermectin. The remaining natural nodulisporic acids were 5—> 100-fold less active
(92,93). This assay provided a method to measure systemic flea efficacy and was a
key bioassay used for the evaluation of derivatives from the medicinal chemistry
efforts, which provided predictive SAR data.

The systemic evaluation of nodulisporic acid A (99) against hard tick
(Dermacentor variabilis) in a mouse assay did not show any efficacy at 2.5 mg/kg
(97). Similarly, nodulisporic acid A (99) did not have any effect against either
in vitro nematocidal assays or an in vivo nematode-infected rodent assay (88).

Mechanistically, like ivermectin, nodulisporic acid A (99) activates the
glutamate-gated chloride ion channel in invertebrates, and, unlike ivermectin, it
has no effect against glycine- and GABA-gated chlorine ion channels, which are
found in mammals (/02,103). The exquisite specificity of nodulisporic acids for
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insect-specific neuronal chloride channels leads this alkaloid to selectively paralyze
the insects, while having no effect on mammals which naturally lack these channels,
thus providing a superior safety profile. The details of the mechanistic studies have
been reviewed (88). These studies were made possible by performing binding studies
using radiolabeled nodulisporamides and [*H]-ivermectin. From these studies, it
was observed that there were high affinity binding sites for the radiolabeled
nodulisporamides in fly head membranes, but essentially none in the fly body
membrane (/04). However, there was ample binding observed for [*H]-ivermectin
in both types of membranes, again indicating the exquisite specificity of
nodulisporic acids for those channels present only in fly heads (88,702).

Most importantly, nodulisporic acid A (99) exhibited systemic efficacy
against flea infested dogs. In a trial using eight dogs in the treatment group and
four dogs in the control group, dogs were challenged with an equal number of fleas,
and the treatment group was dosed once orally with 15 mg/kg of nodulisporic acid
A (99). Fleas were counted after 48 h post-dosing. Fleas were completely eliminated
from the nodulisporic acid A treated animals showing 99.7% efficacy. Repeated flea
challenge of dogs with new fleas after every 48 h and examination of dogs after 48 h
post-dosing revealed 96.6% and 50.5% efficacy after 4 and 6 days, respectively. No
efficacy was observed after 6 days. A large number of dead fleas were recovered
from the treatment group and none from the control group of dogs. Furthermore,
the dogs did not exhibit any adverse effects (88).

Nodulisporic acid A (99) showed a maximum blood plasma concentration
(Chnax) of 2 pg/mL 8 h post oral dosing at 15 mg/kg and a plasma half life of 19.3 h.
It exhibited first-order kinetics of drug elimination from blood. A similar
pharmacokinetic profile was exhibited by nodulisporic acid A (99) when dosed at
1.5 mg/kg iv, except for the expected observation of the C,,,x at one hour earlier,
and a half life of 23 h (88). A 20% bioavailability was observed for nodulisporic
acid A. Nodulisporic acid A did not show any toxicity to mice at 100 ppm (of feed)
and dogs at 15 mg/kg orally, the highest dose tested.

15. Medicinal Chemistry and SAR of Nodulisporic Acid A

It was very clear from the in vivo activity of nodulisporic acid A (99) that it
had great potential as a significant chemical lead for further development as a flea
control drug. Therefore, a significant medicinal-chemistry effort was launched at
Merck Research Laboratories. Chemical modification of the various accessible sites
of nodulisporic acid A, including preparation of a variety of esters and amides of
the 5”-carboxylic acid, derivatization of the C-7 and C-24 alcohols, including
ethers, acylation, and oxidation, 1”-carbonyl reductions with either hydride or
Grignard reagents, 2'-epimerizations, 23,24-dehydrations, indole-2,14-oxidative
cleavage, and oxidative cleavages (94) of the two olefins followed by subsequent
modifications (95-97) of resulting alkaloids (as described earlier) led to the
identification of a number of more potent and pharmacologically more desirable
anti-flea alkaloids. This allowed for the definition of the “‘permissive” and
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TABLE XI.
Amide Derivatives of Nodulisporic Acid A (99) and Anti-Flea Activity.

Non-permissive

Compound R Flea (ppm)
929 OH 1

143 NHCH,CH,OH 0.5

144 N(Me)Et 0.1

145 NHCH,(2-tetrahydrofurfuryl) 0.1

146 NHCH,OPh(4-OMe) 0.1

147 NMe, ~0.1
148 NHC(Me,)C(O)NMe, 0.01
149 N-1-[(4-SO,Me)piperazinyl] 0.01

“non-permissive” structural regions of nodulisporic acid A as illustrated in Table XI
(88). The most pharmacologically important series were the C-5” amides. Selected
amides are listed in Table XI. In general, nodulisporic acid A esters, aliphatic
amides with polar groups other than hydroxyls (e.g., 143) were biologically not
interesting. However, a variety of other intermediate-sized structurally diverse
amides, exemplified by 143-149, were some of the better compounds that showed
enhanced systemic flea efficacy (Table XI) (88,/00). Nodulisporamides 148 and 149
were at least 100-fold better than nodulisporic acid A (99) in the artificial
membrane feeding assay. Recently, a comparison of flea and L. sericata activity of
nodulisporamides was reported. In general, the derivatives that were more active
against flea were also more active against L. sericata (105).

Nodulisporamides 144, 145, and 146 were further evaluated in vivo as a flea
control agent in a dog model. Like nodulisporic acid A (99), 15 mg/kg of each
alkaloid was administered once orally to two dogs each. It was found that these
alkaloids were more efficacious than nodulisporic acid A. They were 100% effective
against fleas for 8 days. Nodulisporamides 144 and 145 were > 90% efficacious for
2 weeks postdosing. The amide 146 was slightly less efficacious. The efficacy of these
alkaloids was consistent with their improved pharmacokinetic profiles (88,106).

Selected analogs were derived from other modifications of C-2” to C-4” and
their activity is presented in Table XII. While some of the alkaloids showed
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TABLE XII.
Selected Nodulisporic Acid A Derivatives and Their Anti-Flea Activity.

Compound R Flea (ppm) Flea/dog (mg/kg/days) Ref.
150 \/E-&\ 10 10/<14 97)
o
151 R N/ 1 10/~ 14 97)
Vel
\/ko
152 Q 1 NR 97)

153 NNCOE 1 NR (96)

154 N\ CONH, ~1 NR (96)

155 \/\ 10 NR (96)

CONH,
156 N\ CONMe, ~0.1 NR (96)
157 WCONH-I—BU ~1 NR (96)
OMe

158 N\ ~CONH-+Bu 1 NR (96)
\/I

159 N\ ~CONMe, ~1 NR (96)
\/\CerCH=CH2

160 X CONH-t-Bu 1 NR (96)

161 X NH-t-Bu 1 NR (95)
\/\g/

162 AN NH-Et ~10 NR (95)
\/\c])/

163 A NHE ~10 NR (95)
\/\g

164 Q ~10 NR (95)
\/U\NH-Me

165 \j’\ 1 NR (95)

NHCMe,(2-pyridyl)

NR, not reported.
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enhanced activity over nodulisporic acid A (99), none were profoundly better than
the simple amides presented in the Table XI.

Nodulisporic acids are a novel class of nontremorgenic indole diterpenoids
with insecticidal properties and a mechanism of action similar to the avermectins,
but with an improved therapeutic index and an unparalleled safety profile. This
class of alkaloids represents an unprecedented structural type for the control of
fleas on dogs and cats.

III. Synthesis

The total synthesis of paspaline by Smith and coworkers (107-109)
represents the first effort toward the synthesis of the tremorgenic indole alkaloids.
To date, the total syntheses of four tremorgenic indoles have been achieved:
paspaline, paspalicine, paspalinine, and penitrem D. In addition, the total synthesis
of nodulisporic acid A is close to fruition. This section will outline the published
total syntheses and the efforts toward total syntheses.

A. THE PASPALANES

1. The Total Synthesis of Paspaline

a. First Generation Synthesis of Paspaline. The retrosynthetic analysis of
paspaline, as outlined in Scheme 6, begins with removal of the indole ring, to be
introduced ultimately via a Fisher (//0) or Gassman (///) indole synthesis.

indole oxidative
removal cyclization
[ —
Reductive alkylation ‘0
"Cornerstone” =
)

R0
OTBS

169

cyclopentenone 0
annulation o =
et e [— O
OH (¢]
170 171

(+)-Wieland-Miescher ketone

Scheme 6. Retrosynthetic analysis of paspaline (8).
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Intermediate 166 would then arise from the acid-promoted cyclization of tricyclic
ketone 167. Ketone 167 would evolve from a two-carbon extension of the allyl side
chain of 168, thus leading to what the authors describe as the “Cornerstone” of
their synthetic strategy: reductive alkylation of enone 169 to afford the trans-
cyclopentenone 168. Enone 169 would be derived from the Wieland—Miescher

ketone 171 (112).

As outlined in Scheme 7, the synthesis commences with the (4)-Wieland—
Miescher ketone 171 (/12). A three-step sequence, involving the chemoselective

o stOH __PTSOH (95%) </ HCHO, PhSH </
Et,N, EtOH
o) o (87%)

1.LiICECCH,OTHP
(90%)

2. MeOH, dil. H,80,
(95%)

1. NaBH,
2. 3NHOl, THF O
(95%)

1. MeOH, cone. H,SO,(1:1)
2. TBSCI, imidazole, DMF

Li/NH,, THF;
_ LR, THF |
Mel, HMPA

OTBS 50 °C, (47%)

169

1. PhyP=CHMe
(81%)

2. aq. HF, CH,CN
(98%)

_ HaO-THF, LiNH, _
B

175

1. disiamylborane
30% H,0,, (73%)

2. PCC, (94%)

PCC MeMgCl LDA, THF
K,COs, MeOH (82%) HMPA, Me,S,
(81% over 3 steps) (92%)
1. N-chioroaniline
Et;N, CH,Cl, p-TsOH

Scheme 7. First generation total synthesis of paspaline (8) (107-109).
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transketalization protocol of Kirk and Petrow, afforded enone 173 in 87% overall
yield (713). Reductive alkylation of 173 with allyl bromide gave ketone 174, which
was stereoselectively reduced with sodium borohydride (//4). Subsequent
deketalization afforded a 4:1 mixture of the desired alcohol 170 and its C-7
epimer. Alcohol 170 was then treated with the lithium anion derived from the THP
ether of propargyl alcohol to generate, after acid catalyzed removal of the THP
protecting group, triol 175. Triol 175 was briefly exposed to a mixture of
concentrated H,SO, and MeOH, followed by reaction of the product mixture with
tert-butyldimethylsilyl chloride and imidazole to afford enone 169. It should be
noted that in addition to the desired product 169, formed in 25% yield, the authors
also report three minor side products whose structures are not listed here. The key
synthetic step in this sequence was the stereoselective reductive alkylation of
cyclopentenone 169 to generate the core structure 168. Here the authors describe in
excellent detail their failed attempts to generate the desired zrans alkylation product
168. Eventually however, the authors were able to generate 168 in synthetically
useful yields by reduction of 169 with lithium in liquid ammonia followed by
inverse addition of the derived enolate to a warm solution of Mel-HMPA.
Completion of the diterpene unit of paspaline was subsequently achieved via a two-
carbon extension of the allyl group of 168 over four steps to give the homologated
keto olefin 167 as an 85:15 F-Z mixture. Treatment of alcohol 167 with m-CPBA
followed by a catalytic amount of p-TsOH afforded a mixture of C-9 epimeric
alcohols 177. The mixture was subsequently treated with PCC to generate the
corresponding diketones, which, after equilibration with K,CO; in MeOH,
followed by recrystallization from hexane—ether, gave a 95:5 mixture of 178 (major
isomer shown) in 81% yield (initial ratio before equilibration and recrystallization
was 2.2:1). Methylation of the C-27 ketone proceeded with high chemoselectivity,
completing the diterpene portion of paspaline, namely 166.

The final stage in the synthesis of paspaline was the nontrivial introduction
of the indole ring. After successful construction of indoles using model ketones, the
authors proceeded to incorporate the indole following the Gassman protocol (/171).
Thus advanced intermediate 166 was converted to the epimeric methylthio keto
anilines which were reduced with Raney nickel to furnish aminophenyl ketone 180
in 47% yield from 179. Acid-catalyzed cyclization to the indole completed the
synthesis of paspaline (8), which was spectroscopically identical to an authentic
sample.

In summary, the first total synthesis of (—)-paspaline was achieved in 23
steps from the Wieland—Miescher ketone, affording the target alkaloid in high
enantiomeric purity. The authors also describe an analogous synthesis of C-3-epi-
paspaline, the details of which can be found in Ref. (106).

b. Second Generation Synthesis of Paspaline: Development of a Unified Synthetic
Strategy. With the first account in 1985 of the total synthesis of (—)-paspaline,
Smith and coworkers reported extreme difficulty with the stereoselective
introduction of the quaternary vicinal centers at C-3 and C-4, and acknowledge
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that the route was not readily amenable to other members of this class. Thus they
embarked on the development of a stereocontrolled synthesis of a common
intermediate, which would lead to a more efficient, second-generation synthesis of
(—)-paspaline, and provide what they describe as a “‘unified strategy...applicable
to the entire class of simple indole diterpenes’ (/15). This effort led to the synthesis
of the advanced intermediate 181 (Scheme §), which was used in the second-
generation syntheses of paspaline (8), as well as paspalicine (9) and paspalinine (10).

In 1988, Smith and coworkers reported an efficient synthesis of intermediate
181 in 9 steps (9.4% overall yield) from (4)-Wieland—Miescher ketone (171)
(108,115,116). A full account of this synthesis, including an alternate 14-step route
is described (/15). Later, when Smith and coworkers reported the synthesis of
paspalinine and paspalicine, they described an improved synthesis of intermediate
181, whereby the yield was increased from 9.4% to 21%, and it is this improved
synthesis, which will be described here (Scheme 9) (/17). In summary, ketone 171
was converted into ketal 182 using a modified Paquette ketalization protocol
(118) to afford a (1:1) mixture of A'% and A'*.ketals (67%). Subsequent
equilibration of the products by exposing the mixture to the same acidic conditions
in the absence of ethylene glycol, increased the amount of the more
thermodynamically stable A'>'*-ketal 182 to 9:1, in 85% overall yield. A two-
step Robinson annulation (/79) then afforded tricyclic enone 183. With 183 in
hand, the most efficient approach to the introduction of the C-3 quaternary methyl

common advanced
intermediate

O
9 Paspalicine 13 Paxilline

10 Paspalinine

Scheme 8. Common advanced intermediate for the synthesis of the paspalane family of
indole diterpenes (115).
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group would be through direct 1,4-conjugate addition. Here, the authors examined
several routes to effect this transformation without success, given the steric
hindrance at the B-carbon. In spite of the difficulty, the authors were able to
generate the desired 1,4-adduct 184 using conditions described by Luche (720).
Thus, treatment of 183 with dimethylzinc and a catalytic amount of nickel
acetylacetonate, followed by quenching with trimethylsilyl chloride gave the elusive
l,4-adduct in 90-95% yield! This highly effective 1,4-addition procedure is
presumed to be a direct result of the thermal stability of the organozinc reagent,
which allows for the addition to take place at room temperature. Silyl enol ether
184 was then ozonized to the corresponding carboxy aldehyde 185, which was
subsequently esterified to afford 186. Closure of the five-membered ring using
lithium hexamethyldisilazide generated a mixture of p-hydroxy esters 187.
Oxidation following the Swern trifluoroacetic anhydride-DMSO protocol (1217)
gave the corresponding B-keto esters that were hydrolyzed with concomitant
decarboxylation to afford target compound 181. The yield for this final
transformation was later improved (//7) by replacing the Swern conditions with
the Collins oxidation protocol (chromium trioxide, pyridine)(/22) which, after
decarboxylation following the Krapcho procedure (sodium chloride in hot
DMSO)(723) afforded 181 in 73% versus 60% yield. Completion of the second-
generation synthesis of paspaline (8) involved an eight-step transformation of
181 to 168, an advanced intermediate in the first total synthesis of paspaline (8)
(Scheme 9).

1a. PhCH,NH,

14
1. CPTS, benzene benzene, TsOH
o ethylene glycol, A o 120 b. methyl vinyl ketone, EtOH, O o
o 2 CPTS, benzene, A oJ (87%) o\>
171 (92% over 2 steps) 182 2. NaH, benzene, A 183
(82%)
1a. ZnMe,, cat. Ni(acac), 14 O, CH,Cl;, DMS, -78 °C
44%
ether, RT ™SO 12 (or )
b. TMSCI, Et;N \) Oy, CHICI, pyr
184 © DMS, -95 °C (61%)
HO,C
EEO,C.
O.
\o> ﬁ 7 TsOH OHC”: o 1. LiN(SiMe,),, THF
O % 90%
185 (79%) 1860 (90%)
EEO,C DMSO, TFAA; 8 steps
__ HCLA®B0%) |  ——
o : — 168
[e] o]
o CrO3 Pyr; O\>
DMSO, NaCl (73%) 181
°. common advanced
intermediate

Scheme 9. Second generation synthesis of paspaline (8) (/17).
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2. The Total Syntheses of Paspalicine (9) and Paspalinine (10)

a. First Generation Synthesis. The total syntheses of paspalicine (9) and
paspalicine (10) (Scheme 10) were initially reported by Smith and coworkers as a
communication in 1990 (7/24), with the full paper appearing in 1992 (/77). Unlike
the paspaline synthesis, whereby the indole ring was incorporated late in the
synthesis, here the authors chose to convert advanced intermediate 181 into the
indole derivative 188, thus first constructing the ABCDE-ring system (following
Gassman protocol, see Scheme 7, 166—180). Before embarking on the next key step
involving the coupling of enone 188 with epoxide 189 (generated in six steps
starting from 3-methyl-2-buten-1-ol) the authors investigated these final reactions
on model systems, resulting in the independent synthesis of the D-G rings of

1. H,NNMe,, EtOH, ACOH (96%)
Gassman indole 2a. LDA, THF, -20 to -65 °C

protocol b. \/\é<
O,
5 steps, 47% P

171 (o]
starting material used ¢. PhCO,H, CH,Cl, (50-65%)
in model studies

1. Ac,0, Py, DMAP (84%)
O 2. Mel; HCO,Na
O

MeO(CH,),0H
(59%)

Model study: NalO,, +-BuOH
190 191

1. K,COq, MeOH (95%)

70% HCIO,, CH,Cl, 2. DCC, TFA, Py
(76%) DMSO, Benzene
(80%)

O  se0,
Dioxane
(44%)

9 Paspalicine

10 Paspalinine

RHCI;, EtOH
Benzene (70%)
Model Study: Isomerization failed

Scheme 10. First generation syntheses of paspalicine (9) and paspalinine (10) (/77,124).
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paspalicine. The authors were also able to construct the equivalent D-G rings of
paspalinine, but only as the C-13 epimer. The steps whereby the chemistry
developed in the model system differed from the real system are noted in Scheme 10.

Following the Stork metalloenamine protocol, enone 188 was successfully
coupled to epoxide 189 to generate a mixture of A'%!3/A'31* double-bond isomers.
However, brief exposure to benzoic acid gave exclusively the desired a,8-hydrazone
190. Acetylation of 190 was followed by removal of the hydrazine moiety via
quaternization with Mel and hydrolysis of the derived sodium salt with sodium
formate to afford 191 as the major product in 59% yield. Acid-catalyzed
deketalization with concomitant cyclization afforded 192 as a 2:1 mixture of A'%'3-
and A'*'bicyclic ketals. Deacetylation of the mixture 192 furnished, after
chromatographic separation, the corresponding A'®'-alcohol (67%) and the
A'*1alcohol (28%). Moffatt oxidation of the desired A'%! alcohol gave a 5:1
mixture of f,y-enone 193, and paspalicine (9). In contrast to their findings with
their model systems, the authors could successfully isomerize the olefin of 193 using
the Clive modification of Grieco’s rhodium chloride protocol (/25), thus affording
paspalicine (9) as the only product in 70% yield. The structure of synthetic
paspalicine was confirmed via single-crystal X-ray analysis and by comparison with
an authentic sample. Allylic oxidation of paspalicine (9) to generate paspalinine
(10) was achieved with selenium dioxide in 44% yield. The synthetic material 10
was found to be spectroscopically identical to a sample of authentic alkaloid.

b. Toward Paspalicine: Synthesis of Rings D-G. 1In 1991 a group at the University
of Leeds reported an independent approach to the D—G rings of paspalicine (9),
which they believed offered an efficient alternative to the route developed by Smith
and coworkers (preliminary communication 1989, full paper 1991) (126,127). In
this approach, synthesis of the D-G rings revolved around the synthesis of the
crucial intermediate aldehyde 197, which could be generated from the monoketal of
the (+4)-Wieland—Miescher ketone, namely 194 (Scheme 11). Thus, reductive
alkylation of 194 with lithium—liquid ammonia, followed by allyl bromide addition
generated the o-substituted ketone 195. The product 195 was subsequently
ozonized and the resulting keto-aldehyde cyclized to the furanodecalin derivative
196. Formylation of 196 by the Vilsmeier—Haack procedure afforded intermediate
aldehyde 197. Wittig condensation of aldehyde 197 with the appropriate
triphenylphosphorane gave alkene 198, which, upon treatment with OsOy,, followed
by oxidative ring expansion with m-chloroperbenzoic acid, gave a mixture of diols,
201 and 202, which were readily separated. X-ray crystallography showed one of
these diols to have structure 202, as shown in Scheme 11, possessing the desired C-9
paspalinine/paspalicine stereochemistry alpha to the carbonyl group. Cyclization
with copper sulfate via the oxonium ion generated the desired g-pyrone ketal 204,
having the paspalinine/paspalicine stereochemistry, as determined by single crystal
X-ray analysis.

The second diol generated from the oxidative ring expansion of 199 was
deduced to have the structure 201 shown in Scheme 11. Cyclization of 201 with
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e RPN O
Q/o 10 _ LiNH __b. PPhy (85%) _ Q, \
o /\/Br T 2. AO-ACOH, A |

194 (85%) 195 (77%)

0}

_ HCONMe,, POCI, {3/ 0 _Me,C=PPh;_ Q, \ )— _OsO,NMO _
0 |

T Eew | \ CHO  (g79)
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<)/ | A OH m-CPBA chromatographic resolution
O = - —
S oH of diastereomeric diols
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201 202
stereochemistry inferred stereochemistry determined
from NOE of 203 by X-ray analysis
l CuSOQ,, p-TsOH, l CuSOy, p-TsOH,

stereochemistry determined
by X-ray analysis

0.7% NOE

Scheme 11. The synthesis of the D-G rings of paspalicine (126,127).

copper sulfate generated S-pyrone ketal 203, possessing the undesired stereo-
chemistry at C-9 as determined by the observation of the small NOE between H-13
and Me-28/29. It should be noted that in the preliminary 1989 communication, the
authors reported that both of the individual diols 201 and 202 cyclized in the
presence of copper (IT) sulfate to give the same undesired S-pyrone ketal 203. This
was based on comparison of the "H NMR spectra of the semi-purified products of
very small-scale cyclizations. Unfortunately, the authors reported that the original
samples and NMR data were misplaced, so it was not possible to re-examine

the data (7298).
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Paspalicine (natural) Paspalinine (natural)
44.26 kcal/mol 50.85 kcal/mol

Paspalicine (ketal diastereomer) Paspalinine (ketal diastereomer)
41.32 kcal/mol 46.59 kcal/mol

Figure 1. MM2 energy minima for paspalicine, paspalinine, and ketal diastereomers
(117).

The 1989 communication by the Saxton group, which reported that both
diols 201 and 202 furnished the undesired ketal 203, prompted the Smith group to
examine whether or not the unnatural ketal 203 was in fact thermodynamically
preferred. Thus they calculated the enthalpy differences for a model pair of
diastereomeric ketals (data not shown here), as well as for paspalicine and
paspalinine (Fig. 1) (/17). The computations were done with the MM2 forcefield
(MACROMODEL v 2.5) (129). For each structure listed in Fig. 1, two geometries
were used: a chair conformation for ring D and both chair and boat conformations
for ring E. Each system was allowed to minimize until the gradient RMS
was <0.01 and these results are summarized in Fig. 1. The calculations revealed
that in the model and paspalinine/paspalicine systems, the unnatural bicyclic
ketal moiety was the thermodynamically preferred, with energy differences of
4.26 (paspalinine diastereomeric pairs) and 2.94 (paspalicine diastereomer pairs)
kcal/mol.

c. Toward Paspalinine (10): Synthesis of the C/D Rings. After the successful
construction of the D-G ring system of paspalinine (Scheme 11), the Saxton group
focused their effort of the preparation of the C/D ring system (/30). The difficulties
encountered by Smith and coworkers in the synthesis of the trans C/D ring system
prompted the authors to investigate a different approach, whereby an isomer of the
Smith ketone 181 was envisioned to serve as the key synthetic intermediate, namely
207. Ketone 207 was readily accessible from monoketal 182 of the (4)-Wieland—
Miescher ketone. Alkylation of 182 gave the ketophosphonate 205, whereby
the introduced alkyl group is equatorial. Hydration of 205, following Corey’s
method (/31), gave the diketo phosphonate 206, which was subsequently cyclized
via an intramolecular Wadsworth-Emmons reaction to afford the desired
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Scheme 12. Synthesis of the C/D rings of paspalinine (/30).

cyclopentenone 207. Intermediate 207 was then stereoselectively reduced to the
a-allylic alcohol 208 in excellent yield. Cyclopropanation of 208 with butyl-lithium
and the Simmons—Smith reagent gave the hydroxycyclopropane 209. Oxidation and
cleavage of the cyclopropane ring then gave the target ketone 210, comprising the
C/D rings of paspalinine, the structure and stereochemistry of which was confirmed
by X-ray analysis. Though the synthesis of 210 appeared in 1992, further
elaboration of 210 to generate paspalinine has not yet been reported (Scheme 12).

B. PENITREM D

1. Retrosynthetic Analysis

With the syntheses of paspaline, paspalicine, and paspalinine completed,
Smith and coworkers embarked on the next target, the more complex penitrems,
with penitrem D (60) as the initial synthetic goal (/32). Penitrem D possesses
several synthetically challenging structural elements, namely, a highly substituted
indole core, an eight-membered oxocane, nine fused rings, eleven stereogenic
centers, and two allylic hydroxyl groups. The molecule was thus divided into
western and eastern hemispheres, 211 and 212, with the eastern hemisphere being
derived from lactone 214, and the western hemisphere ultimately arising from
enone 213 (Scheme 13). A summary of the key transformations involved in the
synthesis of penitrem D will be presented.

2. Synthesis of the Western Hemisphere

The synthesis of the western hemisphere 211 of penitrem D (Scheme 14) was
reported as a communication in 1988 (/32). The synthesis of 211 began with enone
213, which was obtained in 77% yield from 3-ethoxy-2-cyclohexenone by the
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Scheme 13. Retrosynthetic analysis of penitrem D (60) (/32).
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Scheme 14. Synthesis of the western hemisphere of penitrem D (60) (/32).



136 SINGS AND SINGH

method of Stork and Danheiser (/33). Enone 213 was irradiated in the presence of
methyl acrylate to furnish a complex mixture of photoproducts, which were carried
through the next synthetic sequence without purification (Scheme 14). Thus, the
mixture was subjected to ketalization, followed by Grignard addition, and
deketalization to afford, after purification, the keto alcohol 215 in 49% yield from
213. Protection of 215 as the MOM ether, followed by Robinson annulation of 216
introduced the D ring of penitrem D, in the form of enone 217. Enone 217 was then
converted into the corresponding oxime, which was subjected to a Semmler—Wolff
reaction to aromatize ring D (/34,135). Hydrolysis of the benzamide, followed by a
benzyl ether to TBS protecting group switch, completed the construction of the
western subunit 219. The overall yield for this 15-step sequence was 10.5% (732).

3. Synthesis of Eastern Hemisphere

The eastern portion of penitrem D is derived from tricyclic lactone 214
(Scheme 15). For the more complex penitrem class of indole diterpenes, lactone 214
serves as a common advanced intermediate, as 181 did in the syntheses of the

o)
\o} KO-+-Bu, TBSCI S¢S BF,- o
o) T o e e—
5 THF, DMPU (98%) o GHyClp, MeNO, (86%) \)
220 221 © 222
S
J, 1. Ac,0, i-Pr,NEt, DMAP (cat) OHC:,
L-Selectride S fo) CH,Cly, quant. 1. NaBH,
(99%) O\) 2. Hg(ClO4)*3H0 . 2. TBSCI, i-ProNEt
HO™ CaCOjg, CHCIy/THF (1:1) AcO DMAP (cat), CHxCly
223 224
TBSO” " BSO”
o NayCOj3 O Zn(Cu), CHaly
OJ MeOH/H,0 E1,0 (83%)
AcO™ (96% over 2 steps) HO™
225 226 227
T8SO” "
PDG, pyre TFA -, o Na/NHy tBUOH, THF 1. MegCuli
CH,Clp (99%) o\) = (84%)
o cl )—NTi,
N (68%)
228
o 8SO” "
TBSO o _NalOg, KMnOy (cat) | o) 1. 4N HCI
0\} K2CO3, H0 HO,C™ o\> (48% over 2 steps)
t-BuOH 2. KO-tBu (68%)
230 o 231 214

Scheme 15. Construction of the advanced F-H ring precursor for the synthesis of
penitrem D (/37).
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paspalanes. Here, the lactone 214 is required for the successful construction of the
indole nucleus, as the structural complexity of the penitrems prevents use of the
Gassman protocol for the incorporation of the indole moiety. To this end, Smith
and coworkers reported three asymmetric syntheses of 214 (/36,737). The most
improved, third-generation synthesis will be summarized here (/37).

Lactone 214 is ultimately derived from the monoketal of the (—)-Wieland—
Miescher ketone, 220 (the enantiomer of 170). The monoketal 220 was exposed to
potassium tert-butoxide and the derived thermodynamic enolate trapped with
TBSCI to afford the silyl dienol ether 221. Alkylation of 221 with 1,3-dithienium
tetrafluoroborate generated the desired y-alkylation product 222 (o:8=3.5:1,
major product shown) in 86% yield. Crystallization of the epimeric mixture
afforded pure 222, whose structure was confirmed via X-ray analysis. Ketone 222
was then stereoselectively reduced with L-selectride to afford the desired a-alcohol
223. Acylation, followed by dithiane removal, generated aldehyde 224, which was
reduced, and the resulting alcohol protected as the TBS ether. Removal of the
acetate protection group of 225 afforded cyclopropanation substrate 226. This five-
step sequence to transform 223 to 226 proceeded with an overall yield of 84%. The
authors report an alternative three-step sequence to generate 226 from 223,
however, diminished yields (42%) for the shorter sequence were observed. The
hydroxyl-directed cyclopropanation/reductive ring opening, which transformed 226
into the trans ring fused product 229, was the key step for the successful generation
of lactone 214. In summary, Simmons—Smith (/38,/39) cyclopropanation of allylic
alcohol 226 generated cyclopropane 227, whose relative stereochemistry was
deduced by NOE. Oxidation of 227 was followed by dissolving metal reduction to
generate the trans ring fusion product 229. o-Bond olefination of 229 with lithium
dimethylcuprate then provided 230 in 84% yield. After several attempts to effect
oxidative cleavage of the trisubstituted olefin 230, the authors found success using a
modification of the Lemieux—von Rudloff protocol (/40) to generate the keto acid
231. Without purification, 231 was exposed to 4N HCI, which removed the TBS and
ketal protecting groups and promoted lactonization. Ring closure of the corres-
ponding diketone then furnished the tricyclic lactone 214. Thus, lactone 214 was
synthesized in 15 steps from the (—)-Wieland—Miescher ketone in 8.3% overall yield.

With lactone 214 in hand, completion (Scheme 16) of the eastern
hemisphere commenced with a three-step sequence to furnish a mixture of a- and
B-acetals 232 (/41). The mixture of isomers 232 was separated (on a preparative
scale, the a- and B-acetals 232 were carried forward without separation) and
individually  converted into the corresponding dimethyl hydrazones.
Metalloenamine coupling with epoxide 234 (/42) in the presence of host dimethyl
hydrazone 233, followed by benzoate protection of the hydroxyl groups, afforded
the individual a- and g-isomers 235. Concomitant hydrolysis of the hydrazone and
acetal groups was followed by PDC oxidation to generate lactone 236. Treatment
of 236 with TfOH removed the MTM moiety, which induced cyclization to
generate ring I and silane reduction of the resulting hemiacetal furnished exclusively
the cis pyran 237. Removal of the benzoyl group caused partial hydrolysis of the
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Scheme 16. Completion of the eastern hemisphere of penitrem D (60) (/41).

lactone, which was restored with EDCI. Dess—Martin oxidation of 238 gave the
B,y-unsaturated ketone, which was auto-oxidized to the corresponding tertiary
hydroperoxide, reduction of which with PPh; gave alcohol 239. Stereoselective
reduction of the ketone followed by protection as the TES ether completed the
synthesis of the eastern hemisphere 212 (Scheme 16), the structure of which was
confirmed by X-ray analysis.

4. Completion of Penitrem D (60)

To complete the synthesis of penitrem D (60), the authors first explored
routes for the synthesis of 2-substitued indoles. This led to the report of an efficient
synthesis of such indoles whereby o-toluidine derivatives were condensed with
esters and lactones (/43,144) and this synthetic protocol was then applied to the
synthesis of penitrem D (/47). Here, treatment of the western hemisphere 219 with
n-BuLi, followed the by addition of 212 resulted in acylation of the lactone
carbonyl. /n situ Peterson olefination generated intermediate 240 in 81% overall
yield (Scheme 17). Parikh—Doering (/45) oxidation followed by TMS and TES
removal afforded an equilibrium mixture of alkaloids (intermediates not shown
here) which were treated with Sc(OTf);, The Sc(OTf); promoted an aldehyde
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Scheme 17. Completion of penitrem D (60) (/41).

cyclization-gramine fragmentation which was followed by capture of the
intermediate carbocation by the tertiary C-17 hydroxyl group to construct rings
A and F in a highly stereoselective manner (> 95:5). Acylation of the C-10 hydroxyl
and removal of the TIPS group was followed by selenation, following Grieco’s
(146) protocol, to generate 242. Subsequent oxidative-elimination of the selenide
generated the C-39 exo olefin, and hydrolytic removal of the acetate completed the
synthesis of penitrem D (60). The authors confirmed the identity of synthetic
penitrem D with that of natural material by direct comparisons.

C. NODULISPORIC ACID A

1. Introduction

In 1997, Merck reported a new member of the indole diterpenoid natural
product family with potent insecticidal and antiparasitic activity, which is not
tremorgenic, namely nodulisporic acid A (NodA, 99) (89). Subsequently, several
papers have been published describing medicinal chemistry efforts initiated
to identify the nodulisporic acid A pharmacophore, and to improve the
ectoparasiticidal activity and pharmacokinetic profiles. For a summary of the
SAR for the nodulisporic acids, see Section II.F (94,96,97,100). This section will
focus only on efforts toward the total synthesis of the natural product.
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2. Synthesis of the A—D Rings

As pointed out by Smith and coworkers, NodA is a most formidable
synthetic target. To summarize, the molecule contains an N1-C26 bridge with an
epimerizable isoprenyl side chain, a dihydropyran, and a cyclopentyl ring
possessing a labile secondary benzylic hydroxyl group. The first report on efforts
toward the synthesis of NodA appeared in 1999 (/47), two years after the Merck
group reported its isolation (89). Magnus and Mansley successfully synthesized the
ABCD-rings of nod A starting from phorone (243) as outlined in Scheme 18.
Addition of the corresponding aryl lithium product of 245 to ketone 244 generated
alkoxide 246. The authors found that the product obtained on workup was rather
acid sensitive, thus 246 was treated in situ with carbon disulfide and heated at reflux
to give 248 (presumably through intermediate 247). Acid catalyzed hydrolysis of
ketal 248 afforded aldehyde 249 in 81% yield. Aldehyde 249 was exposed to several
reaction conditions to generate 250, the details of which can be found in Ref (/47).
Installation of the indole ring required regioselective formylation of 250, which was
accomplished with dichloromethyl methyl ether and tin(IV) chloride. Exposure of
251 to a-azido methyl acetate gave the vinyl azide 252 in 53% yield. The isomeric
indoles 253 and 254 were then formed by heating 252 in xylene. Indoles 253 and 254
were readily separated, with 253 representing the ABCD-rings of nod A. Further
elaboration of 253 to generate NodA has not been reported.
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Scheme 18. Synthesis of the A-D rings of nodulisporic acid A (99) (147).
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3. Alternative Synthetic Approach by Smith and Coworkers

a. Retrosynthetic Analysis. In 2001, Smith and coworkers reported sequential
papers their overall strategy for the synthesis of nod A and the synthesis of the
ABC- and FGH-rings (/49,150). In their retrosynthetic analysis (Scheme 19),
removal of the five-membered-ring isoprenyl unit reveals indole 255. Indole 255 is
predicted to arise from the union of the corresponding western and eastern halves
of the molecule, via the indole ring synthetic protocol utilized in the synthesis of
penitrem D (vide supra). The western hemisphere 256 would arise from a palladium-
catalyzed tandem transmetalation-cyclization of 257. Triflate 257 would come
about from the asymmetric addition of SAMP hydrazone 258 to aldehyde 259,
which, after removal of the chiral auxiliary and hydroxyl protection would provide
the appropriate precursor to enol triflate 257. Eastern hemisphere 260 was
envisioned to arise from tandem installation of a vinyl moiety and the C-8
quaternary methyl group via a Koga three-component conjugate addition—
alkylation protocol via intermediate 261. Further disconnection of 261 leads to the
known diol 262 (/48) (Scheme 19).

b. Synthesis of the western hemisphere. The synthesis of western hemisphere 256
proceeded (/49) as outlined in Scheme 20. Ketone 263 was converted into the
Enders hydrazone 258 by refluxing 263 with hydrazone 264 in cyclohexane.
Subsequent treatment of 258 with 7-BuLi at —78 °C, followed by addition of
aldehyde 259 (synthesized in five steps from commercially available 3-amino-
4-methylbenzyl alcohol) (/49) at -100 °C, generated an 11:2 mixture of
B-hydroxyhydrazones, which after separation by flash chromatography afforded
264 in 71% yield. Ozonolysis provided the g-hydroxyketone 265 whose absolute
configuration was assigned by advanced Mosher ester analysis. (/517) Vinyl triflate
257 was prepared from 265 via protection of the secondary hydroxyl group,
followed by formation of the enol triflate with Comins (/52) reagent. Conversion
of 257 to the vinylstannane and subsequent cyclization with aryl iodide (Shibasaki-
Mori protocol) (153) afforded 266. Completion of the western hemisphere 256 was
realized by deprotection of the aniline moiety.

c. Synthesis of the Eastern Hemisphere. The synthesis of the eastern hemisphere
began with the familiar (4)-Wieland—Miescher ketone (171) (1/50). Chemoselective
transketalization followed by (phenylthio)-methylation (Kirk—Petrow protocol)
(113) gave enone 267 (Scheme 21). S-Hydroxyketone 268 arose from reductive
alkylation of 267 using aqueous formaldehyde and Sc(OTf); (/54) catalyst.
Stereoselective reduction of 268 afforded the previously reported trans diol 262
(148). Ketal hydrolysis and disilylation, followed by sulfonation with the Comins
reagent, gave the corresponding enol triflate, which underwent palladium-catalyzed
carbonylation to give aldehyde 270. The relative stereochemistry at C-7 and C-8 of
aldehyde 270 was determined by single-crystal X-ray analysis. Condensation of
aldehyde 270 with a leucine derivative gave imine 261, the substrate for the Koga
three-component conjugate addition—alkylation (/55). Addition of vinylmagnesium
bromide to imine 261, followed by quenching of the resulting anion with iodo-
methane afforded, after hydrolysis, aldehyde 271. Methyl ester 272 was prepared by
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Scheme 19. Retrosynthetic analysis of nodulisporic acid A (99) (149.150).

ZnZ

oxidation of aldehyde 271 to the carboxylic acid and esterification with TMS-
diazomethane. As shown in structure 272, the undesired stereochemistry at C-12
was obtained, contrary to the expectation based on the Koga precedent. However,
the C-3 quaternary center did possess the requisite stereochemistry for nodulisporic
acid A. The stereochemistry at C-12 could be easily corrected by ozonolysis, followed
by epimerization to give the desired stereochemical precursor 273, the structure of
which was assigned by 2D NOESY. Reduction of aldehyde 273 and treatment of
the resulting alcohol with TsOH was the final step in the construction of the eastern
hemisphere y-lactone 260. The synthesis of 260 was achieved in 17 steps and 9%
overall yield (Scheme 21). The union of the eastern and western hemispheres,
resulting in the total synthesis of nodulisporic acid A, has yet to be reported.
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Scheme 20. Synthesis of the western hemisphere of nodulisporic acid A (99) (/49).
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Scheme 21. Synthesis of the eastern hemisphere of nodulisporic acid A (99) (150).
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IV. Biosynthesis
A. INTRODUCTION

The study of the biosynthesis of the tremorgenic indole alkaloids is a
formidable task, and though much groundwork has been covered, very little is
known about the nature of the biochemical intermediates, or the enzymology of
their biosynthesis. Most biogenetic schemes that have been published are based on
radiolabeling studies and the isolation of proposed intermediates. The following
section will chronologically trace the progress that has been made in the
biosynthesis of the tremorgenic indole alkaloids.

B. GERANYL-GERANYL-PYROPHOSHATE (GGPP) AND TRYPTOPHAN
AS THE PRIMARY METABOLIC PRECURSORS FOR THE PASPALANES
AND PENITREMANES

As early as 1977, Arigoni and coworkers (/56) reported that paspaline is
formed via condensation of tryptophan (274) and GGPP (275), and proposed that a
migration of the carbon skeleton occurs during the course of the biosynthesis (/57).
The studies were presumably done in submerged fermentation as no fermentation
conditions were published. As shown in Scheme 22, the authors proposed that
condensation of tryptophan with GGPP followed by dealkylation to produce
intermediate 277. Epoxidation of the penultimate olefin results in ring closure to the

H
274 Tryptophan
ypiop 275 Geranylgeranylpyrophospahte

279 280
AN A\ 13 Paxilline
N L — N T 9 paspaic
H Sh H o - aspalicine
281

8 Paspaline

Scheme 22. Proposed biogenesis of paspaline (8) (/56,157).
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Me=CO,H [1,2-13C,]acetate
Me—CO,H [1-'3Clacetate

Scheme 23. Labeling pattern for Penitrem A (55) (59).

carbocation intermediate 279. A 1,2-migration of the carbon skeleton then occurs
to afford 280 and the A-E paspalane rings. A second epoxidation-ring closure
affords paspaline, the proposed precursor to paxilline and paspalicine.

In 1983, de Jesus reported that penitrem A (55) is also derived from
tryptophan and GGPP, along with two isopentenyl-pyrophosphate units (59). The
incorporation of the indole portion into penitrem A (Scheme 23) was established by
feeding, in separate experiments, either side-chain labeled, or benzene-ring labeled,
14C tryptophan to cultures of P. crustosum. The benzene-ring labeled '*C
tryptophan gave an eight-fold higher incorporation of radioactivity into penitrem A
than did side-chain labeled tryptophan. However, the overall incorporation was still
quite low (0.16%). In a separate set of experiments, cultures which were fed [1-'°C]-
acetate showed enhancement of 12 carbon signals in the NMR spectrum, pointing to
the involvement of six mevalonate units in the formation of the terpene unit of
penitrem A. The authors also reported several one-bond couplings between C-3/C-4,
C-36/C-37, and C-16/C-17. The observed one-bond coupling between C-3 and C-4
suggests that a rearrangement in the form of a 1,2-shift occurs during the
biosynthesis of penitrem A, as proposed for the biosynthesis of paspaline (vide supra,
279 to 280). The two other, low intensity, one-bond couplings between C-36/C-37
and C-16/C-17 were presumed to be due to coupling between a '*C-enriched carbon
and the adjacent carbon atom present at the natural abundance level (1.11%).

In response to the eight-fold higher incorporation of benzene-ring labeled
“C tryptophan and the lower level of incorporation of side-chain labeled
tryptophan reported by de Jesus, Mantle and Laws sought to find more definitive
evidence that indeed the indole moiety of penitrem A is derived from tryptophan.
To Laws and Mantle, the question remained: “‘is eight times a spurious value, due
only to metabolic scrambling of the radiolabel in the putative precursor, compelling
evidence?” (158). The study Laws and Mantle thus involved a side by side
comparison of the amount of radioactivity incorporated into penitrems A (55) and
E (61), with that incorporated into roquefortine, a substituted tryptophan-histidine
diketopiperazine in which the whole carbon skeleton of tryptophan is retained.
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Thus roquefortine was viewed as an internal standard against which incorporation
into the penitrems of tryptophan radiolabeled in the indole moiety could be
measured. A comparative biosynthetic incorporation of radiolabeled putative
precursors into 55 and 61 and roquefortine is shown in Table XIII. Entries 1-5 list
the % incorporation of precursors when administered to P. crustosum in stationary
liquid culture. As shown in Table XIII, 'C labeled tryptophan was incorporated
into roquefortine with >20% efficiency, regardless of the position of the radiolabel
(entries 2-3). In contrast, very little labeled tryptophan was incorporated into the
penitrems, and only three times more radioactivity was observed from benzene-ring
labeled tryptophan as compared to side-chain labeled tryptophan (entries 2-3). In
addition, '*C phenylalanine and '*C tyrosine (entries 4-5) gave similar values for
the extent of incorporation when compared to side-chain labeled tryptophan,
presumably through metabolic recycling through pathways leading to acetate,
phosphoenolpyruvate, or erythrose-4-phosphate (/58). Therefore, the experiment
failed to provide compelling evidence that the indole moeity of the penitrems is
derived from tryptophan.

TABLE XIII.

Comparative Biosynthetic Incorporation of Radiolabeled Precursors in Alkaloid
Metabolites of P. crustosum (158).

Stage of Amount Metabolite yield %
Entry Precursor fermentation (uCi) (mg/100 ml medium) incorporation
1 DL-[benzene ring'*C]  Day 2 5 Penitrems (4.9) 1.0
Tryptophan Roquefortine (5.0) 10.5
24 DL-[benzene ring'*C]  Day 5 5 Penitrems (7.2) 1.4
Tryptophan Roquefortine (10.3) 23.4
3 pL-[methylene'*C] Day § 5 Penitrems (6.4) 0.5
Tryptophan Roquefortine (10.1) 21.5
4 L[U-"q) Day 5§ 5 Penitrems (6.3) 0.2
Phenylalanine
Roquefortine (10.6) 0.1
5¢ L-[U-"#C]Tyrosine Day 5 5 Penitrems 0.4
Roquefortine 0.2
6" DL-[benzene ring'*C] Day 5 5 Penitrems (7.2) 3.6
Tryptophan
Roquefortine (10.3) 10

“Radioactive precursors administered to stationary liquid culture.
’Radioactive precursors applied to fungal mat.
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In a separate set of experiments, the authors administered the radiolabeled
precursors via the hydrophobic spores that form the upper surface of P. crustosum
mycelia. Here they obtained a greater incorporation of aromatic ring labeled
tryptophan (3.6%, entry 6, Table XIII), providing what the authors believe to be
definitive evidence that tryptophan is indeed the precursor of the penitrem indole.

C. ALTERNATIVE CYCLIZATION PATHWAY: ROUTE TO EMINDOLES

In 1988, Nozawa and coworkers isolated Emindoles DA (282) and DB
(283), followed by emindole SA (284), and paxilline from Emericella (157,159). The
isolation of emindole SA, along with paxilline suggested that there is a second
possible cyclization pathway for the diterpene moiety at an early stage of the
biosynthesis (157). The first pathway, leading to paspaline, involves migration of
the carbon skeleton as described in Scheme 22. The alternative pathway outlined in
Scheme 24 gives emindole SA by direct cyclization/epoxide opening without
migration of the carbon skeleton.

D. PAXILLINE: A PUTATIVE PRECURSOR TO OTHER
INDOLE DITERPENES

The core structure of the tremorgenic indole diterpenes is well exemplified
by paxilline (13), and it can be postulated that paxilline may serve as a biosynthetic
intermediate for other tremorgens. In 1989, Mantle and Penn administered
radiolabeled paxilline (obtained biosynthetically using [2-'*C]-mevalonate) to P.
Janczewskii fermentations (/60). After four days, the major penitrems were
extracted and isolated by preparative TLC. The most abundant metabolite,
penitrem A, was further purified by reversed-phase HPLC to ensure removal of
residual '*C-labeled paxilline. The authors found that between 3.1 and 8.7% of the
4C-paxilline administered was incorporated into penitrem A (55). Other, less
abundant penitrems were also radiolabeled. In particular, radiolabeled penitrem E

I
)
. UhoN=" —+
N\ N oH Y
NH NH
286 284 Emindole SA
282 Emindole DA
Ao —» \ o
N OH o OH
NH 287 283 Emindole DB

Scheme 24. Alternative cyclization pathway: route to emindoles (/57).
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(61) was isolated, and when combined with penitrem A biosynthesis, the percent
incorporation ranged from 3.3 to 17%. It would appear therefore that paxilline (13)
may serve as a biosynthetic intermediate for the penitrems.

Further evidence that paxilline (13) is the precursor to other indole
diterpenoids was obtained in 1994, when Penn and Mantle fed paxilline derivatives,
biosynthetically radiolabeled with '*C in the diterpene, to submerged fermentation
of P. janczewskii and P. janthinellum, organisms which produce both the penitrem
and janthitrem alkaloids (/67). In addition, the authors examined the potential
biosynthetic role of a- and B-paxitriol (15 and 16) obtained by sodium borohydride
reduction of the C-10 carbonyl of radiolabeled paxilline. It was found that addition
of ["*C]-paxilline and p-['*C]-paxitriol to P. janczewskii and P. janthinellum
fermentations resulted in incorporation of both precursors into penitrems A and E,
pennigritrem (66), and janthitrems B (72) and C (73) (Table XIV). On the other
hand, a-["*C]-paxitriol was not significantly incorporated into these metabolites.
This result is not surprising, as the stereochemistry at the C-10 positions of these
metabolites is B. The authors also reported that g-['*C]-paxitriol was transformed
into some unidentified metabolites, which were chromatographically identical to
those observed in fermentations receiving ['*C]-paxilline. Thus, the authors
speculated that these unidentified metabolites could be intermediates or by-
products leading to other indole diterpene alkaloids (/61).

In 1994, Mantle and Weedon fed [*C]-tryptophan or ['*C]-mevalonate to
P. paxilli and isolated, in addition to paxilline, three minor alkaloids that were
radiolabeled from either or both precursors (35). The new metabolites were
elucidated to be 7a-hydroxypaxilline (23), 7a-hydroxy-13-desoxy paxilline (22),

TABLE XIV.
Incorporation of ['*C]-Paxilline and ["*C] o~ and g-Paxitriols into the Principal Indole-
Diterpenoid Metabolites of P. janczewskii and P. janthinellum Biomass in Submerged
Fermentations (/61).

Entry Radiolabeled Incorporation of *C (% of the '*C-labeled
precursor precursor that became cell associated)
1 P. janczewskii  Penitrem A (55) Penitrem E (61) Pennigritrem (66) Total
2 Paxilline (13) 8.13 1.87 3.73 13.7
3 B-Paxitriol (16) 6.05 2.47 2.16 10.7
4 a-Paxitriol (15) 0.11 0.33 0.28 0.72
P. janthinellum Janthitrem B (72) Janthitrem C (73) Total
5 Paxilline (13) 11.1 12.1 23.2
6 B-Paxitriol (16) 15.0 19.5 34.5

7 a-Paxitriol (15) 6.05 1.1 0.00 1.1
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Scheme 25. Proposed biogenetic pathway for the indole diterpenoids (/0,35).

and 10B-hydroxy-13-desoxypaxilline (24) (Scheme 25). In consideration of the
structural range of indole-diterpenoid alkaloids thus far described from
Acremonium, Aspergillus, Claviceps, and Penicillium, the authors generated a
scheme describing the putative biosynthetic relationships of some of these
alkaloids. This scheme was later modified by Munday-Finch to include emeniveol
(286) and paspaline B (11), and a combination of these proposed grids is
summarized in Scheme 25 [adapted from Munday-Finch et al. (10) and Mantle et al.
(35)]. As shown in Scheme 25, GGPP and tryptophan serve as the primary
metabolic precursors. Paspaline (8) is placed early in the scheme as it contains all
the requisite carbons present in the diterpene unit. Oxidation of C-30 to the
aldehyde would convert paspaline (8) to paspaline B (11), the first oxidized
analogue of paspaline to have been isolated (/0). Paspaline B (11) may thus
represent one of the early stages in the transformation of paspaline to form the
diterpene unit on which most of the other tremorgens are based (/0). This could
occur via elimination of the C-30 aldehyde to generate the corresponding 11,12-
alkene (this proposed intermediate has not yet been isolated) followed by oxidation
of C-10 to generate the known alkaloid PC-M6 (26). Further oxidation of the C-10
hydroxyl to the o,S-unsaturated ketone would afford 13-desoxypaxilline (21) and
could then be converted to paxilline (8) through allylic oxidation of C-13.
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A separate fate of 13-desoxypaxilline would involve oxidation at C-7 to afford
7a-hydroxy-13-desoxypaxilline, an alkaloid isolated by Mantle and coworkers
following ['*C]-tryptophan or ["*C]-mevalonate administration to P. paxilli (vide
supra). This alkaloid could serve as direct precursor to paspalicine (9) and
paspalinine (10). Reduction of the C-10 ketone in paxilline would lead to the o and
B-paxitriols, the putative precursors of the lolitrems and janthitrems. Alternatively,
the C-10 hydroxy group of the latter alkaloids may be derived from the reduction of
putative enone derivatives of the fully assembled skeletons of the lolitrems and
janthitrems.

In 1997 Munday-Finch and coworkers isolated lolilline (90), an alkaloid
containing structural features present in both paxilline and the lolitrems (4/). The
isolation of lolilline and the putative metabolic grid, which traces paxilline (13) to
the lolitrems, is consistent with previously published biogenetic schemes. An
extension of the metabolic grid illustrated in Scheme 25 is shown in Scheme 26, and
sketches a possible biogenesis of the lolitrem family of indole-diterpenoids (47). The
incorporation of two isoprene units into the paxilline skeleton at C-20 and C-21
would form the trans-fused A/B ring system of lolilline (90). Reduction of the C-10
keto group and epoxidation of the C-11 alkene would generate lolitriol (83)
(alternatively, a-paxitriol could serve as the precursor to lolitriol). Subsequent
isoprene addition to the C-27 hydroxyl of lolitriol would lead to lolitrem E (87).
Ring closure to afford lolitrem B (81) could then be followed by epoxidation to
generate lolitrem A (80).

In 1998 Munday-Finch and coworkers reported the isolation of lolicine A
(91), lolicine B (92), lolitriol (83), lolitrem N (93), 26-¢pi-lolitrem N (98), and 26-¢pi-
lolitrem F (89) from L. perenne infected with N. lolii (80). These findings suggest
that assembly of the A/B ring system of the lolitrems lacks stereospecificity,
resulting in a series of lolitrem B analogs, which differ only in the stereochemistry at
C-22 and C-26 (80). The fact that Iolicines A and B contain either a methyl or
formyl group at C-41 suggests they are not biosynthesized directly from paxilline
or a-paxitriol. Rather, they might be produced from paspaline (8) and paspaline B
(11) via terpendoles E (35) and G (37). This is supported by the identification
of terpendoles in endophyte-infected L. perenne (11,39,40). Thus, the authors
proposed the metabolic grid shown in Scheme 27 for the biosynthesis of the
lolicines (80). The authors also point out the possibility that the lolicines could
be metabolized to the lolitrems via the intermediacy of lolitriol. Therefore, it can
be postulated that biosynthesis of the lolitrems may not involve paxilline (13) or
a-paxitriol (15).

E. GENETIC ANALYSIS OF PENICILLIUM PAXILLI

In 1998, Scott and coworkers identified a locus on chromosome Va of
P. paxilli that was involved in paxilline biosynthesis (/62). Three paxilline-negative
(Pax™) mutants were isolated and all were shown to have deletions of 100-200 kb at
a single locus. In 2001, this group then demonstrated that the Pax™ phenotype



TREMORGENIC AND NONTREMORGENIC INDOLE DITERPENOIDS 151

H

15 o-Paxitriol

OH
O

H
80 Lolitrem A

Scheme 26. Proposed biogenetic pathway for the lolitrems (47).

resulted from deletion of the gene cluster responsible for paxilline biosynthesis,
resulting in the first report of the molecular cloning and genetic analysis of
an indole-diterpene gene cluster (/63). The cluster was predicted to lie within a
50-kb region of chromosome Va and is believed to contain 17 genes. As shown in
Table XV, 12 genes have significant similarity to genes of known function, 4 have a
function yet to be identified, and 1 has no significant similarity to genes within the
searched database. The identified functions include a GGPP, two FAD-dependent
mono-oxygenases, a dimethylallyl-tryptophan synthase, and two transcription
factors. The identification of a GGPP (paxG) in the paxilline biosynthesis gene
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TABLE XV.
The Paxilline Gene Cluster of P. paxilli.

Gene Proposed function Homolog Size”
PaxO Oxidoreductase PirlG7510 423
PaxD DMAT synthase EmbICAB39314.1 438
PaxQ P450 monooxygenase EmbICAA76703 512
PaxP P450 monooxygenase EmbICAA76703 515
PaxC Prenyltransferase RefNP_004827.1 317
PaxM Monooxygenase gi12290996 477
PaxG GGPP synthase sp.1P24322 371
PaxU Unknown PirlT33520 291
PaxT Transporter RefINP_01022.1 478
PaxV Unknown No similarity 877
PaxW Unknown GDbIAAD44757.1 518
PaxH Dehydrogenase EmbICAB88427.1 385
PaxX Unknown DbjIBAA84094.1 435
PaxR Transcription factor sp.IP52958 684
PaxS Transcription factor GblAAB05250.1 495
PaxY Glucanosyltransferase GIbAAF40140 489
PaxM Monooxygenase EmbICAB94646.1 402

“Adapted from Ref. (163).
"Predicted sizes of the pax polypeptide given in amino acids.
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cluster was unexpected, as this gene is typically essential for growth. Targeted
replacement of paxG confirmed that it was essential for paxilline biosynthesis, but
not necessary for primary metabolism. The GGPP for primary metabolism was
identified (ggs1) and was mapped to chromosome IV. It was also found that the
mRNA levels for paxG, paxM, and paxP were upregulated just before the onset of
paxilline biosynthesis, which occurs at about 60 h. These results suggest that within
the pax gene cluster there is a coregulation of expression corresponding to the onset
of paxilline biosynthesis.

F. NODULISPORIC ACID A

In 2002, Merck Research Laboratories published the biosynthesis of
nodulisporic acid A (nod A, 99) (/66). The study was undertaken to investigate
whether the biosynthesis of nod A by Nodulisporium sp. used the mevalonate-
tryptophan biosynthetic pathway as proposed for paspaline and penitrem A
(C. paspali and P. crustosum) (59,156,158). The authors reported that incorporation
of [2-"*CJ-acetate and [2-'*C]-mevalonolactone in nod A occurred in the classical
mevalonic acid pattern. However, contrary to what has been found with other
alkaloids, the authors found that tryptophan was not the precursor for the indole
nucleus, rather the indole moeity was derived from anthranilic acid and ribose.
A novel pathway for the biosynthesis of nod A was thus proposed, the details
of which are presented here.

Radiolabeled precursors were applied to washed cells of Nodulisporium sp.
(MF6244 and MF6299). Addition of [2-'*CJ-acetate resulted in enrichment at
carbons 5, 7, 9, 11, 19, 23, 28, 29, 30, 31, 32, 33, 34, 2/, 5, 17, 3/, 5", and 6" as
determined by the '*C NMR. This enrichment pattern was consistent with the
model that [2-'3CJ-acetate is incorporated into four units of [2,4,5-'*C;]-IPP, which
then condenses to form GGPP. The '*C NMR spectrum also revealed a strong
coupling between C-11 and C-12 (J=34.0 Hz), suggesting that a rearrangement
had occurred during the condensation and cyclization of GGPP with the indole
precursor. This 1,2-bond shift is consistent with the rearrangement proposed for the
cyclization of paspaline (8) and penitrem A (55) (vide supra) (59,156). The addition
of [2-"3CJ-mevalonolactone to washed cells confirmed the acetate-labeling pattern
shown in Scheme 28 and the involvement of the mevalonic acid pathway.

In contrast to previously reported biosynthetic studies for penitrem A and
paxilline (35,59,158), all attempts to label nod A with radiolabeled tryptophan or
radiolabeled indole were unsuccessful. However, anthranilic acid incorporation
into nod A was 1.6%, and greater than 6% of the added [ring-'*C¢]-anthranilic acid
was incorporated into the entire family of nod A alkaloids. To substantiate this
observation, the Merck group conducted several control experiments. For example,
unlabeled tryptophan was added to washed cells in conjunction with [ring-"*C¢]-
anthranilic acid, which led to a 2.5-fold increase in anthranilic acid incorporation
into nod A. This result is significant, for if tryptophan was indeed a precursor, the
addition of excess tryptophan should have led to a dilution of the label. The
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Scheme 28. Incorporation of [2-'3CJ-acetate into nodulisporic acid A (99) (166).

apparent increase in incorporation of anthranilic acid in the presence of excess
tryptophan would be expected if tryptophan was in fact not a precursor, as down-
regulation of tryptophan synthesis could occur, allowing for increased shunting of
anthranilic acid in nod A (99).

The authors proposed that if anthranilic acid were being incorporated in
nod A (99) using a pathway analogous to tryptophan biosynthesis, the carboxyl
group of anthranilic acid would be lost as CO,, and thus not be incorporated into
nod A. Therefore, in a separate set of experiments, a comparison of [ring-'*Cg]-
anthranilic acid and [carboxyl-'*CJ-anthranilic acid incorporation was investigated.
A 48 h incubation resulted in 2.0% incorporation of ring-labeled anthranilic acid
into nod A (99), while no incorporation was obtained from carboxyl-labeled
anthranilic acid. This result was in agreement with that observed by Laws, whereby
[carboxyl-'*CJ-anthranilic acid resulted in only 0.016% incorporation into the
penitrems (/58). However, the counter experiment with [ring-'*C¢]-anthranilic was
not performed. Finally, incubation of both ring-labeled anthranilic acid and '>N-
anthranilic acid confirmed the origin of the six benzene indole carbon atoms, as
well as the single nitrogen atom. The six benzene carbons of nod A (99) were
labeled at an enrichment level of two- to three-fold, and two signals with distinct
satellites resulting from '*C-'>N coupling at C-2 and C-27 were observed.

To elucidate the origin of the remaining two carbons of the indole nucleus
of nod A (99), MF6299 cells were supplemented with either [I-'*C]-D-ribose or
[UL-"3Cs]-D-ribose. The '*C NMR spectrum of the isolated nod A produced in the
presence of [1-'°C]-D-ribose showed a two-fold enrichment of carbon 2 of nod A,
the expected site of enrichment if the indole is formed by condensation of
anthranilic acid and phosphoribosyl-pyrophosphate (PRPP). The '*C NMR
spectrum of nod A (99) isolated from incubation of the resting cells with [UL-'3Cs]-
D-ribose revealed a two-fold enrichment of C-2 and C-14, demonstrating that these
carbon atoms arise intact from two adjacent carbons of ribose. Comparison with
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Scheme 29. Proposed biogenetic scheme for nodulisporic acid A (99) (166).

known aromatic amino acid biosynthesis would suggest that phosphoribosyl-
anthranilate (PRPP) would proceed to form indole-3-glycerol phosphate, which is
then proposed to serve as the activated indole intermediate which condenses with
GGPP to form the indole-diterpenoid core of 99. Thus, the novel pathway
described in Scheme 29 was proposed for nodulisporic acid A (99) biosynthesis.

V. Structure and Tremorgenicity

Paspalinine (10) exhibited tremorgenic activity at 80 mg/kg ip in mice, while
its congeners paspaline (8) and paspalinine (9) did not cause any tremors. The only
structural difference between 9 and 10 is the presence of the tertiary hydroxy group
at C-13. This led to a hypothesis by Cole in 1981 (/64) that the hydroxy group at
C-13 modulates tremorgenicity (52). This basic hypothesis remains valid 20 years
later whereby all reported indole diterpenoids that have been reported to be
tremorgens possess a C-13 hydroxy group. However, there is a significant hole in
the published data for many alkaloids either with or without a C-13 hydroxy group,
and there are several C-13 hydroxy-containing alkaloids that are not tremorgenic.
For example, paxitriol, lolitriol, and lolitrem E possess a C-13 hydroxy group, but
lack tremorgenic activity at the highest dose tested. In addition, lolilline (90), which
has the identical diterpenoid unit as paxilline, was not tremorgenic at 8 mg/kg,
indicating that the presence of the furanyl-cyclohexenone unit of 90 contributes to
diminished tremorgenicity in the presence of a paxilline type A'''*en-10-one
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substructure. From these data it is clear that in order to explain the tremorgenic
SAR of the indole diterpenoids, a new model is needed. In the absence of data
generated in tightly controlled parallel experiments, it is rather difficult to compare
and understand the SAR based on the available data. However, an attempt is made
here to compare these data, as well as to define the basic pharmacophore for
tremorgenic activity, and to discuss the structural requirements for tremorgenic
potency.

There is a 20-fold difference in the reported tremorgenic activities of
paspalinine (10) and paxilline (13), the latter being more active. A comparison of
the two structures reveals that paxilline lacks the dioxane-ring and has a lower level
of oxidation at C-7 than paspalinine. The higher level of oxidation at C-7 does
cause diminution of the tremorgenic activity. For example, 7a-hydroxypaxilline
(23) is not tremorgenic at 4 mg/kg ip in mice, while paxilline caused significant
tremors at the same dose. Unfortunately, no titration data was provided. The
presence of an a-hydroxy group at C-14 also appears to cause a reduction of
tremorgenic activity [e.g., terpendole C (33) is more tremorgenic than terpendole M
(38) at 8 mg/kg ip in mice]. Whether or not the presence of the additional hydroxy
group at C-14 will have a similar effect in lowering the tremorgenic activity of
14-hydroxypaspalinine (29) and 14-(N,N-dimethyl-L-valyloxy)-paspalinine (30),
in comparison with paspalinine, remains to be verified.

Aflatrem (45), structurally identical to paspalinine (10) except for the
presence of an isoprenyl chain at C-20, exhibited tremorgenic activity at 4 mg/kg,
which was similar to the activity of paxilline (13). Paspalitrems A (47) and B (48)
exhibited similar tremorgenic activity at <14 mg/kg, indicating that a lipophilic
chain at C-20 or C-21 compensated for the loss of activity due to the C-7 oxygen
and dioxane ring. If this were true then isopentenylpaxilline (54) would be predicted
to be more tremorgenic than paxilline (13). However, this could not be verified due
to lack of the data for 54. Tremors caused by paspalanes and the aflatremanes were
fast acting, but were of shorter duration.

Penitrem A (55) caused significant tremors at 250 pg/kg ip in mice, and is
one of the most potent tremorgens of the indole diterpenoid class. However, unlike
the paspalanes and aflatremanes, it was lethal (LDsg) at 1.05 mg/kg. In addition to
being the most potent, tremors caused by penitrem A were slow acting, but longer
lasting. There were 8-20-fold differences in the tremorgenic activity of penitrems
A (55), B (58), and E (61). Structurally, the three alkaloids are similar and possess
a common 11,12-a-epoxy-10-$-ol, and differ only in the presence or absence of a
chorine and/or a hydroxy group at C-21 and C-28. In the case of paxilline (13),
reduction of the C-10 keto group to generate B-paxitriol led to loss of the
tremorgenic activity. Penitrem A however, has a g-hydroxy group at the equivalent
position on the terpene skeleton, therefore it appears that the substitution of a
A'"12en-10-one with an 11,12-a-epoxy-10-B-ol, together with the presence of a
cyclohexyl-cyclobutyl ring, more than compensates for the tremorgenic activity.
The presence of both the hydroxy and the chloride groups at C-21 and C-28,
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respectively in penitrem A (55) rendered it a 20-fold more potent tremorgen
compared to penitrem B (deschloro, desoxy) and eight-fold more potent compared
to penitrem E (deschloro).

Janthitrem B (72) was also tremorgenic at 200 pg/kg while possessing a
C-10-B-hydroxy group like the penitrems. It also contains an additional bicyclic
lipophilic substitution on the indole ring. Based on the SAR known for paxilline
derivatives, one could predict stronger tremorgenic activity for shearinine B (78)
due to the presence of A'"'%en-10-one as in paxilline (i.e., an analogous
comparison to paxilline and g-paxitriol) if it behaves like the paxilline class. The
activity would be diminished if it behaved like lolilline and lolitrems.

Lolitrems A (80) and lolitrem B (81) showed strong tremors at 0.5 to
2 mg/kg ip in mice, peaking at 2.5 to 5 h, and was detectable until 48 h. Lolitrem B
was five-times more tremorgenic than paxilline (13) as measured in a parallel
experiment. Lolitriol (83), which lacks one of the isoprene ethers present in 80 and
81, was not tremorgenic at 20 mg/kg, indicating at least a 20-fold lower activity
caused by the loss of one of the isoprene groups, probably due to increased
polarity. Lolitriol turned out to be lethal at 16 mg/kg, however, no comparative
data was available for lolitrem B. The stereochemistry of the A/B ring has a
significant effect on the tremorgenic activity of the lolitrems. For example, 26-¢pi-
lolitrem B (85), with the a-cis-fused A/B rings, is three-times less tremorgenic than
lolitrem B (81) with the frans-fused A/B rings. However, lolitrem F (88), with the
B-cis-fused A/B rings, and 26-epi-lolitrem F (89), with the alternative trans-fused
A/B rings, exhibited tremorgenic activity that was identical to lolitrem B. This
observation led to a proposal that the a-bend caused by the a-cis fusion in 85 may
orient the molecule away from the receptor binding site, and thus indicated that this
part of the molecule is probably important for putative receptor binding for this
group of tremorgens. This may be responsible, at least in part, for the slow acting,
long duration of action or both behaviors of these alkaloids.

The tremorgenic activity of these alkaloids can be classified into two groups:
(a) alkaloids that are fast acting (peaking at 15-20 min), but with short duration of
action (<20 h) following a normal decay slope exemplified by paspalanes and
aflatremanes; and (b) alkaloids that are slow acting (peaking at 2-5 h) with long
duration of action (> 48 h) exemplified by the Iolitrems, penitrems, and possibly
the janthitrems (no details of tremor behavior have been reported for janthitrem B).
This would suggest that these two groups of alkaloids exert their tremorgenic effect
by different mechanisms of action, with possible binding to different neuronal
receptors. This may explain the difference in the SAR exhibited by the two classes
of tremorgens. In one case the C-10 keto group is essential (paspalanes,
aflatremanes), in the other case it appears not to be essential (penitremanes,
janthitremanes, lolitremanes).

Finally, it is clear that there are two-tremorgenic pharmacophores
operating within the indole diterpenoids. One pharmacophore exerts fast-acting
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and short-duration tremorgenic activity (e.g., paspalanes and aflatremanes) in
which additional oxidations at C-7 or C-14 render the alkaloids to be less
tremorgenic. A second pharmacophore causes slow-acting and long-lasting activity,
represented by the more complex indole diterpenoids (e.g., penitremanes,
janthitremanes, and lolitremanes). However, in order to propose any definitive
model that could explain these alkaloids, careful systematic and parallel studies of
many of these, both active and inactive, alkaloids are needed. Until then, a
definitive structure—function relationship of the tremorgenicity of these indole
diterpenoids cannot be elucidated. In addition, the molecular mechanism of the
tremorgenicity of the indole diterpenoids requires elucidation.
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1. Introduction

Daphniphyllum alkaloids are a structurally diverse group of natural
products, which are elaborated by the oriental tree “Yuzuriha” (Daphniphyllum
macropodum; Daphniphyllaceae) which are dioecious evergreen trees and shrubs
native to central and southern Japan. Daphniphyllum comes from the Greek and
refers to “Daphne” and ““leaf.”” ““Yuzuri-ha” means that the old leaf is replaced by
a new leaf in the succeeding season. That is, to take over or take turns, with the old
leaf dropping after the new leaf emerges, thus there is no interruption of the foliage.
“Yuzuri-ha” in Japan is used as an ornamental plant for the New Year to celebrate
the good relationships of the old and new generations. There are three
Daphniphyllum species in Japan, D. macropodum, D. teijsmanni, and D. humile.
The other several species, such as D. calycinum, D. gracile, and D. glaucescens are
closely distributed in New Guinea, China, and Taiwan, respectively.

Since the previous review by Yamamura and Hirata in Volume 15 (/) and
by Yamamura in Volume 29 (2) of this treatise, a number of new Daphniphyllum
alkaloids have been discovered. As a result, the number of known Daphniphyllum
alkaloids has grown markedly in recent years to a present count of 63 (compounds
1-63). These alkaloids, isolated chiefly by Yamamura and Hirata et «l. are classified
into six different types of backbone skeletons (/—3). These unusual ring systems
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have attracted great interest as challenging targets for total synthesis or
biosynthetic studies. This chapter covers the reports on Daphniphyllum alkaloids
that have been published between 1987 and 2002, and provides an update of the
previous review by Yamamura in 1984 (2). Since the structures and stereochemistry
of these alkaloids are quite complex and the representation of the structure
formula has not been unified, all of the natural Daphniphyllum alkaloids
(compounds 1-63) are listed in Table I. Classification of the alkaloids basically
follows that of the previous reviews (/,2), but sections on the newly found skeletons
have been added.

It was of substantial interest when Heathcock and coworkers proposed
a biogenetic pathway for Daphniphyllum alkaloids (4,5) and demonstrated a
biomimetic total synthesis of several Daphniphyllum alkaloids.

TABLE 1.
Skeletal Types of Daphniphyllum Alkaloids.

A. Daphnane-Type Alkaloids

OH
Daphniphylline (1)7~19  Codaphniphylline (2)!°~12 Daphniphyllidine (3)'®  Daphnimacropine (4)'4
(Daphniphyllamine) (Ca0H47NO3) (C3oHa7NOy) (C3oH47NOQy)
(Ca2H49NOs)

COOMe

Daphmacrine (5)'5~17) Daphmacropodine (6)'%'®) Methyl Homodaphniphyllate (7)!9:2037)
(Ca2H4gNO4) (C32H51NOy) (C23H37NOy)

(continued)
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TABLE 1.
Continued.

B. Secodaphnane-Type Alkaloids

COOMe

HN/

; : T . . Methyl Homoseco-
Secodaphniphylline (8)'%2":%2) Daphniteijsmine (9)* Daphniteiismanine (10)*% 0 ninhyilate (11)19:2122

(C3oH47NO3) (Ca3H49NOs) (C30HagNO3) (CagH37NO,)

C. Yuzurimine Skeletal Types

Yuzurimine (12)7 152526) Yuzurimine-A (13)2627)  Yuzurimine-B (14)2627)  Yuzurimine-C (15)28
(Macrodaphnidine) (025H35N05) (023H33N03) (CgaH29N05)
(C27H37NO7)

Macrodaphniphyllamine (16)'%Macrodaphniphyllidine (17)'5 Macrodaphnine (18)!52% Deoxyyuzurimine (19)3?)
(Deacethyl yuzurimine-A) (Acetyl yuzurimine B) (Co7H37NO7) (C27H37NOg)
(C23H33NO,) (C25HasNOy)

COOMe COOMe COOMe

Daphnijsmine (2023  Deacetyl daphnijsmine (21)2  Calycinine A (22)3"
(C25H33NOs) (C23H31NO,) (C23H31NO3)

(continued)
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TABLE 1.
Continued.

D and E. Daphnilactones A and B type Alkaloids
Coo

OH

Daphnilactone A (23)32:3%) Daphnilactone B (24)3*-3") Isodaphnilactone B (25)3? Zwitterionic alkaloid (26)%®
(C23H3sNOy) (C22H31NO) (C22H31NO2) (C22H33NO3)

F. Yuzurine-Type and Other Alkaloids

COOMe COOMe

Yuzurine (27)%%4"  Daphnigracine (28)*%4") Daphnigraciline (29)*>*") Oxodaphnigracine (30)**4"
(C24H37NOy) (C24H37NOy) (C23H3sNOg) (C24H35NOs)

Oxodaphnigraciline (31)*04" Epioxodaphnigraciline (32)%4) Daphgracine (33)*2) Daphgraciline (34)*?)
(C23Ha3NOs) (C23H33NOs) (C24HasNOy) (C23H33NOy)

Hydroxydaphgraciline (35)*?) Bukittinggine (36)*%
(C23H33NOs) (C22H31NO,)

(continued)
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TABLE 1.
Continued.

G. Daphnezomines

coo COOMe

*HN
OH
Daphnezomine A (37) *  Daphnezomine B (38)** Daphnezomine C (39)*®  Daphnezomine D (40)%5)
(C22H35NO3) (C23H3sNO3) (C3oHasNO4) (C32H49NOs)

Daphnezomine E (41)*® Daphnezomine F (42)*®  Daphnezomine G (43)*® Daphnezomine H (44)*7)
(C32H49NOg) (C27H35NOg) (C27H3sNO7) (C22H34NO3)

COOH

Daphnezomine | (45)*”)  Daphnezomine J (46)*”  Daphnezomine K (47)*”) Daphnezomine L (48)*®)

(022H31 NOS) (C25H34N05) (023H33N05) (C22H33N02)
COOH COOH
HOOC
HN N N

Daphnezomine M (49)*®)  Daphnezomine N (50)*®  Daphnezomine O (51)*8)
(C22H35NOp) (C22H3a3NOy) (C21Ha3NO,)

(continued)
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TABLE 1.
Continued.

H and I. Daphnicyclidins and Daphmanidins

Daphnicyclidin A (62)*%) Daphnicyclidin B (53)*? Daphnicyclidin C (54)*% Daphnicyclidin D (55)*%
(C22H25NOy) (C22H24NOy) (C22H25NOs) (C23H27NOy)

0
o O\-OCH; o A-0CH; onON-OCH;,

Daphnicyclidin E (56)*® Daphnicyclidin F (57)*® Daphnicyclidin G (58)®) Daphnicyclidin H (59)*°)
(C23H26NOy) (C23H27NOs) (C21H25NO3) (C23H29NOs)

Daphnicyclidin J (60)5? Daphnicyclidin K (61)5% Daphmanidin A (62)5" Daphmanidin B (63)%"
(C23H25NOs) (C23H27NOg) (C25H33NOs) (C25H35NOg)

This chapter describes the recent studies on Daphniphyllum alkaloids isolated
from the genus Daphniphyllum, the proposed biogenetic pathway, and the syntheses
of Daphniphyllum alkaloids based on these biogenetic proposals. In Section II, all
of the Daphniphyllum alkaloids isolated so far and including our recent work are
surveyed, while Sections III and IV mainly deal with the biogenetic pathways,
the total syntheses, and the biomimetic synthesis of the Daphniphyllum alkaloids.

II. Structures of Representative Alkaloids
A. DAPHNANE-TYPE ALKALOIDS

In 1909, Yagi isolated daphnimacrine, one of the Cso-type Daphniphyllum
alkaloids (6). The structure elucidation of daphniphylline (1), one of the major
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Cso-type Daphniphyllum alkaloids, was carried out by X-ray crystallographic
analysis of the hydrobromide (7-/0). Yamamura and Hirata also reported the
structures of codaphniphylline (2) (/0—-12) and daphniphyllidine (3) (/3), both of
which are closely related to daphniphylline (1). Furthermore, they isolated methyl
homodaphniphyllate (7), and the structure lacking the C8 unit of daphniphylline (3)
was elucidated by chemical correlations from daphniphylline (1) (/9,20,37). On the
other hand, Nakano isolated daphnimacropine (4) (/4), daphmacrine (5) (15-17),
and daphmacropodine (6) (/5,18), the structures of which were elucidated by X-ray
crystallographic analysis of their methiodides. The structures and molecular
formulae of these alkaloids are listed in Table I.

B. SECODAPHNANE-TYPE ALKALOIDS

Two secodaphnane-type alkaloids (Table I), secodaphniphylline (8)
(19,21,22) and methyl homosecodaphniphyllate (11) (/9,21,22), were isolated by
Yamamura and Hirata and their structures were elucidated by X-ray analysis of
methyl N-bromoacetyl homosecodaphniphyllate and chemical correlations between
8 and 11. The structures of the two related alkaloids, daphniteijsmine (9) (23) and
daphniteijsmanine (10) (24), were elucidated by spectroscopic analysis coupled with
an exhaustive comparison of the NMR data of secodaphniphylline (8) and methyl
homosecodaphniphyllate (11).

C. YUZURIMINE-TYPE ALKALOIDS

In 1966, Hirata et al. isolated yuzurimine (12) as one of the major alkaloids
from D. macropodum and reported the crystal structure of yuzurimine
hydrobromide (25). They also isolated the two related alkaloids, yuzurimines A
(13) and B (14), whose structures were elucidated through spectroscopic data and
chemical evidence in 1972. At almost the same time, Nakano et al. isolated
macrodaphniphyllamine (16), macrodaphniphyllidine (17), and macrodaphnine
(18) (15,29), whose structures were identical with deacetyl yuzurimine A, acetyl
yuzurimine B, and dihydroyuzurimine, respectively. Yamamura et al. isolated
deoxyyuzurimine (19) from D. humile (30), and daphnijsmine (20) and deacetyl
daphnijsmine (21) from the seeds of D. teijsmanni (23). From D. calycinum
distributed in China, calycinine A (22) was isolated, together with deacetyl
daphnijsmine (21), deacetyl yuzurimine, and the zwitterionic alkaloid 26 (31).

D. DAPHNILACTONE A-TYPE ALKALOIDS

Hirata and Sasaki isolated daphnilactone A (23) as one of the minor
alkaloids from D. macropodum, and the structure was determined by X-ray analysis
(32,33). The skeleton of daphnilactone A (23) is considered to be constructed by the
insertion of a Cl unit into a nitrogen—carbon bond in the daphnane type skeleton,
such as methyl homodaphniphyllate (7), followed by lactonization.
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E. DAPHNILACTONE B-TYPE ALKALOIDS

Daphnilactone B (24) was isolated as one of the major alkaloids from the
fruits of three Daphniphyllum species in Japan, D. macropodum, D. teijsmanni, and
D. humile, and the structure was estimated by extensive spectral analysis, as well as
by chemical evidence, and finally assigned by X-ray crystallographic analysis
(34,35,37). Isodaphnilactone B (25) was isolated from the leaves of D. humile and
the structure was analyzed by spectroscopic methods (30). A zwitterionic alkaloid
26, the hydration product of daphnilactone B (24), was isolated from the fruits of
D. teijsmanni, and the structure determined on the basis of its spectral and chemical
properties (38).

F. YUZURINE-TYPE AND OTHER ALKALOIDS

Nine alkaloids belonging to the yuzurine group were isolated from D.
macropodum and D. gracile distributed in New Guinea. The structure of yuzurine
(27) was established by X-ray crystallographic analysis of yuzurine methiodide (39).
The other alkaloids belonging to this group, daphnigracine (28), daphnigraciline
(29), oxodaphnigracine (30), oxodaphnigraciline (31), epioxodaphnigraciline (32),
daphgracine (33), daphgraciline (34), and hydroxydaphgraciline (35), were isolated
from D. gracile and their structures were assigned by spectroscopic methods.

A new skeletal alkaloid, bukittinggine (36), was isolated from Sapium
baccatum (Euphorbiaceae). The structure, which is closely related to both methyl
homosecodaphniphyllate (11) and daphnilactone B (24), was determined by X-ray
analysis of its hydrobromide (43). The presence of bukittinggine (36) indicates that
this species may be closely related to the genus Daphniphyllum.

G. DAPHNEZOMINES

During the course of our studies for biogenetic intermediates of the
Daphniphyllum alkaloids, a project was initiated on the alkaloids of D. humile.
A series of new Daphniphyllum alkaloids, daphnezomines A—O (37-51), which were
isolated from the leaves, stems, and fruits of D. humile, are of considerable interest
from a biogenetic point of view. All of the structures are listed in Table I.

The leaves, stems, and fruits of D. humile collected in Sapporo were
extracted with MeOH, and the MeOH extract was partitioned between EtOAc and
3% tartaric acid. Water-soluble materials, which were adjusted to pH 9 with sat.
Na,CO;, were partitioned with CHCIl;, and the CHCls-soluble materials were
subjected to a C;g column (CH3CN/0.1% TFA), silica gel column (CHCIl;/MeOH),
and gel filtration on Sephadex LH-20 (MeOH) to afford daphnezomines A (37,
0.01% yield), B (38, 0.008%), C (39, 0.0001%), D (40, 0.00007%), E (41, 0.001%),
F (42, 0.0002%), G (43, 0.0001%), H (44, 0.0002%), 1 (45, 0.005%),
J (46, 0.002%), and K (47, 0.002%), as unspecified salts (44-47). The structures
of these daphnezomines A-G (37-43) were elucidated mainly on the basis of
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extensive spectroscopic studies, including several types of two-dimensional NMR
experiments (e.g., "H-'"H COSY, 'H-">C COSY, HMBC, HMQC, and NOESY
spectra).

Daphnezomine A (37), C,H35NO3, was suggested to possess OH (3600
ecm ™), NH (3430 cm '), and carboxylate (1570 and 1390 cm™") functionalities from
the IR absorptions. '"H and '*C NMR data revealed signals due to a methine (8¢
59.82; 81 3.79) and a methylene (8¢ 45.99; 8y 3.44 and 3.97), which were ascribed to
those bearing a nitrogen, while a quaternary carbon (8¢ 89.64) was assigned as
an amino ketal carbon. Detailed analysis of the '"H-'H COSY, HOHAHA, and
HMQC-HOHAHA spectra allowed the assignment of all of the proton signals and
clearly established the proton-connectivities. HMBC correlations to connect the
above several partial units completed the gross structure of 37, consisting of an aza-
adamantane core (N-1, C-1, and C-5-C-12) fused to a cyclohexane ring (C-1-C-5
and C-8) and another cyclohexane ring (C-9-C-11 and C-15-C-17), and three
substituents at C-2, C-5, and C-8 (44).

OOMe

38: R=H
64: R=Ac

Daphnezomine B (38), C,3H3,NOs3, which was larger than 37 by a CH, unit,
possessed a methoxy signal (§y 3.67) absent in 37. Acetylation of 38 afforded the
monoacetate 64, in which the axially oriented tertiary hydroxyl group was
acetylated. When daphnezomine B (38) was treated with aqueous Na,COs, it was
converted into its free base 65, showing spectroscopic anomalies as follows
(Scheme 1). The '3C signals (C-9, C-12, C-16, C-17, and C-18) of the free base
showed extreme broadening, while the quaternary carbon (C-11) was not observed.
NMR evidence indicating a differently directed nitrogen lone pair was obtained by
the "N NMR spectra (38: Sx 93.7; free base of 38: 8y 63.0). On the other hand, in
the IR spectrum, the close proximity of the carbonyl and the nitrogen permits
pronounced interaction of these two functions to result in a lower shift of the
carbonyl peak (vax 1680 cm’l) for 66, whereas it was not observed for the free
base of 38. In order to examine these spectroscopic anomalies, yuzurimine (12) free
base with the similar amino ketal functionality was prepared under the same
conditions, but the spectroscopic anomalies were not observed. When the free base
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Figure 1. CD spectra of daphnezomine B (38), daphnezomine B free base (65), and
compound 66 (44).

was treated with acetic acid, it was easily converted into 38 again. Compound 66
was obtained by treatment of 38 with CH3I/K,COj3 (Scheme 1) (40). Production of
66 could have resulted from N-methylation of the free base followed by the
alkaline-induced N-C-11 bond cleavage to generate a ketone at C-11. In the CD
spectra (Fig. 1), the structural similarity between the free bases of 38 showing
spectroscopic anomalies and 66 were obtained by the CD spectra (MeOH) [free
base of 38: Amax, 255 (6 +400) and 280 (—80) nm; 66: A« 260 (6 +350), 280 (—20),
and 305 (—30) nm], showing a different CD curve from that of 38 [Ay.x 225 (0
—150) and 265 (4+100) nm]. These data indicated that the balance of the amino
ketal in the free base of 38 declined in the keto form in solution. Thus the structure
of daphnezomine B was elucidated to be 38. The spectral data and the [o]p value
of the methyl ester of 37, which was obtained by treatment of 37 with
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Figure 2. Molecular structure of daphnezomine B (38) hydrobromide obtained by
X-ray analysis (ORTEP drawing; ellipsoids are drawn at the 30% probability level).
Hydrogen atoms are omitted for clarity (44).

trimethylsilyldiazomethane, were in complete agreement with those of natural
daphnezomine B (38) (44).

In order to determine the absolute stereochemistry of 37 and 38, a crystal
of the hydrobromide of 38 generated from MeOH-acetone (1:9) was submitted
to X-ray crystallographic analysis (44). The crystal structure containing the
absolute configuration, which was determined through the Flack parameter (52),
x=—0.02(2), is shown in Fig. 2. Daphnezomines A (37) and B (38) consisting of all
six-membered rings are the first natural products containing an aza-adamantane
core (53-56) with an amino ketal bridge, although there are reports on a number
of Daphniphyllum alkaloids containing five-membered rings, which may be
generated from a nitrogen-involved squalene intermediate via the secodaphnane
skeleton (/7,2).

Daphnezomines C (39) and D (40), possess the secodaphniphylline-type
skeleton with a nitrone functionality, while daphnezomine E (41) is the first N-oxide
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of a daphniphylline-type alkaloid, though the N-oxides of several yuzurimine-type
alkaloids have been reported (45).

Spectral investigations of daphnezomines F (42) and G (43), whose
molecular formulae are C,;H35NOg and C,7H35NO-, respectively, revealed that
they are structurally related and possess an 1-azabicyclo[5.2.2]Jundecane moiety.
The conformation of the l-azabicyclo[5.2.2Jundecane ring in 43 was elucidated by
a low temprature NMR study and computational analysis (46).

The structures, including relative stereochemistry, of daphnezomines H
(44), 1 (45), J (46), and K (47), four new alkaloids possessing a daphnilactone-type
(44 and 45) or a yuzurimine-type skeleton (46 and 47) were elucidated on the basis
of spectroscopic data (47). Daphnezomine I (45) is the first N-oxide alkaloid having
a daphnilactone-type skeleton, while daphnezomine J (46) is the first alkaloid
possessing a yuzurimine-type skeleton with an anti-Bredt-rule imine (57,58).

Relatively polar fractions prepared from the stems of D. humile were
subjected to an amino silica gel column followed by C;s HPLC (CH;CN/0.1% TFA)
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to afford daphnezomines L (48, 0.0001%), M (49, 0.00007%), N (50, 0.00007%),
and O (51, 0.001%) as colorless solids, together with the known zwitterionic
alkaloid 26 (0.0005%) (48). Daphnezomine L (48) was close structurally to a
biogenetic intermediate between the secodaphnane and daphnane skeletons.

22
COOR COOH

50 51: R=H, n=1
7: R=Me, n=2

H. DAPHNICYCLIDINS

Eight highly modified Daphniphyllum alkaloids with unprecedented fused
hexa- or pentacyclic skeletons, daphnicyclidins A (52, 0.003% yield), B (53,
0.0003%), C (54, 0.001%), D (55, 0.002%), E (56, 0.001%), F (57, 0.001%), G (58,
0.001%), and H (59, 0.004%) were isolated as colorless solids from alkaloidal
fractions prepared from the stems of D. teijsmanni and D. humile (49).

52 53 54

Daphnicyclidin A (52), C5,H»5sNOy, showed IR absorptions which implied
the presence of OH and/or NH (3440 cm™") and conjugated carbonyl (1680 cm™")
functionalities. Three partial structures, a (from C-2 to C-4 and from C-18 to C-19
and C-20), b (from C-6 to C-7 and C-12 and from C-11 to C-12), and ¢ (from C-16
to C-17) were deduced from extensive analyzes of 2D NMR data, including the
'"H-'"H COSY, HOHAHA, HMQC, and HMBC spectra in CDCl;-CD-0D (9: 1).
The connections of the three partial structures through a nitrogen atom (N-1) and
also through a quaternary carbon (C-5) were established by the '"H-">C long-range
(two- and three-bond) couplings detected in the HMBC spectrum to afford a
proposed structure. The X-ray crystal structure (Fig. 3) of daphnicyclidin A TFA
salt revealed a unique fused-hexacyclic ring system consisting of two each of five,
six, and seven-membered rings containing a nitrogen atom and two methyls at C-5
and C-18, in which an intramolecular hydrogen bond was observed between the
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F1

Figure 3. Molecular structure of daphnicyclidin A (52) TFA salt obtained by X-ray
analysis (ORTEP drawing; ellipsoids are drawn at the 30% probability level) (49).

C-1 hydroxyl proton and the C-22 carbonyl oxygen. The relative configurations
at C-4, C-5, C-6, and C-18 were deduced from NOESY correlations, together with
a stable chair conformation of ring B as depicted in the computer-generated
3D drawing (Fig. 4).

The FABMS spectrum of daphnicyclidin B (53) showed the molecular
formula, C»,H,4NO,. The 2D NMR data of 53, including the 'H-'H COSY,
HOHAHA, HMQC, and HMBC spectra, corroborated well with those of the imine
(C-4 and N-1) from of daphnicyclidin A (52). Spectral investigation of
daphnicyclidin C (54), whose molecular formula is C,,H,5NOs, revealed that it
was the 2-hydroxy form of daphnicyclidin A (52) (49).

Oy_-OCH3

55 56 57: R=H
67: R=p-Br-Bz



THE DAPHNIPHYLLUM ALKALOIDS 179

Figure 4. Selected NOESY correlations (dotted arrows) and relative configurations for
daphnicyclidin A (52) (49).

The molecular formula, C,3H,7NO4 of daphnicyclidin D (55), was larger
than that of daphnicyclidin A (52) by a CH, unit. "H and '*C NMR data of 55 were
analogous to those of 52 in the left hand part consisting of rings A to C with a
nitrogen atom, except that a methoxy signal (8y 3.76) absent for 52 was observed
for 55. The structure of 55 was elucidated by 2D NMR ('"H-'H COSY, HOHAHA,
HMQC, and HMBC) data. HMBC cross-peaks indicated that C-10 and C-17
(6¢c 69.1) were connected to each other through an oxygen atom to form a
dihydropyran ring. In addition, the presence of a conjugated cyclopentadiene
moiety (C-8—C-9 and C-13—C-15) as in 52 was suggested by HMBC correlations.
Treatment of 52 with methanolic p-TsOH gave daphnicyclidin D (55) (Scheme 2).
Thus, the structure of daphnicyclidin D was assigned as 55 (49).

The IR spectrum of daphnicyclidin E (56), C,3H,sNO,4 was indicative of
the presence of conjugated carbonyl and/or imine (1680 cm™') functionalities. "H
and '>C NMR data of 56 were analogous to those of daphnicyclidin D (55). The
presence of an iminium carbon [C-4, §c 197.5 (s)] was elucidated by HMBC
correlations for Hs-21 and Hy,-3 to C-4, and H,-7 and H,-19 to C-4 through a
nitrogen atom. Treatment of 56 with NaBH, afforded daphnicyclidin D (55)
(Scheme 2). Thus, daphnicyclidin E (56) was concluded to be the imine form at
C-4 of daphnicyclidin D (55) (49).

2D NMR analysis of daphnicyclidin F (57), C,3H»7NOs, and chemical
correlation of daphnicyclidin D (55) with 57, indicated that daphnicyclidin F (57)
was the 2-hydroxy form of daphnicyclidin D (55) (49).
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58 59: R=H

68: R=Ac
The molecular formula, C,;H,5sNOs3, of daphnicyclidin G (58), was less
than that of daphnicyclidin F (57) by a C,H,0O5 unit. Though the 'H and '*C
NMR data were close to those of daphnicyclidin F (57), differences were observed
for the methoxy carbonyl moiety. Daphnicyclidin F (57) possessed a methoxy
carbonyl moiety at C-14, while the 'H and '*C NMR data of 58 showed signals
due to an sp® methine [8; 6.51 (1H, s), 8¢ 118.4 (d)]. Treatment of 57 with p-TsOH
at 70°C for 2 days gave daphnicyclidin G (58) (Scheme 2). Therefore,
daphnicyclidin G (58) was elucidated to be the 14-demethoxycarbonyl form of

daphnicyclidin F (57) (49).

Daphnicyclidin H (59), C,3H,9NOs showed IR absorptions at 3435
and 1680 cm~! indicating the presence of hydroxyl and conjugated carbonyl
groups, respectively. '"H NMR signals assignable to H,-17 (8 3.70) were observed
to be equivalent. Treatment of 59 with acetic anhydride afforded the monoacetate

Os -0
17
2 sy 16 20, 20 8]
p-TsOH ;  NaBH, 7
19 — 19
O CHCIyMeOH
N 50°C, 3 day +N
7 "12
2
CeHsl(OAC)2 p-TsOH
KOH/H,O/benzene CHClyMeOH
t, 1 day t, 1 day

Scheme 2. Chemical correlations for daphnicyclidins A (52) and D-H (55-59) (49).
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68, in which the hydroxyl group at C-17 was acetylated. On the other hand, the
presence of a methoxy carbonyl group at C-14 and rings A—E with a ketone at C-10
(8¢ 204.5) was deduced from the 2D NMR analysis. The 2D NMR data indicated
that the conjugated keto-enol moiety of 59 was the same as that of daphnicyclidin
A (52). Treatment of daphnicyclidin H (59) with p-TsOH gave daphnicyclidin D
(55) (Scheme 2) (49).

The absolute stereochemistry of daphnicyclidin F (57) was analyzed by
applying the exciton chirality method (6/) after introduction of a p-bromobenzoyl
chromophore into the hydroxyl group at C-2. As the sign of the first Cotton effect
[Amax 280 (6+20,000) and 225 (—16,000) nm] was positive, the chirality between the
cyclopentene moiety and the benzoate group of the p-bromobenzoyl derivative 67
of 57 was assigned as shown in Fig. 5 (right-handed screw), indicating that the
absolute stereochemistry at C-2 was S (49).

Figure 5. Stereostructure of p-bromo benzoate (67) of daphnicyclidin F (57). Arrows
denote the electric transition dipole of the chromophore (49).

Daphnicyclidins J (60) and K (61), two alkaloids with unprecedented
fused penta- or hexacyclic skeletons, respectively, were isolated from the stems
of D. humile (50).

Daphnicyclidin J (60), C,3H,5NOs, showed IR absorptions at 1690 and
1660 cm™ !, corresponding to ketone and amide carbonyl functionalities,
respectively. The '"H-'"H COSY and HOHAHA spectra provided information on
the proton-connectivities for three partial structures a (C-2 to C-3 and C-18 and
C-18 to C-19 and C-20), b (C-6 to C-7 and C-12, and C-11 to C-12), and ¢ (C-16 to
C-17). The partial structures were revealed to be linked to each other by long range
'"H-3C correlations. The presence of a fulvene functionality (C-8-C-10 and
C-13-C-15), which was conjugated with two carbonyl groups (C-1 and C-22) and
an exo-methylene group (C-5 and C-21), was elucidated by comparison of the
carbon chemical shifts with those of daphnicyclidin D (55). UV absorptions
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Scheme 3. Chemical transformation of daphnicyclidin D to daphnicyclidins E and J by
a modified Polonovski reaction.

(245, 320, and 330 nm) also supported the existence of the conjugated fulvene
functionality. Thus, the structure of daphnicyclidin J was assigned as 60 having a
uniquely fused-pentacyclic ring system (one five-, two six-, one seven-, and one
ten-membered rings) containing a §-lactam and a pyran ring. The absolute
stereochemistry was established by chemical correlation with a known-related
alkaloid, daphnicyclidin D (55), through a modified Polonovski reaction
(Scheme 3) (50).

Daphnicyclidin K (61) was shown to have the molecular formula
C»3H,7NOg. IR absorptions implied the presence of hydroxyl (3600 cm™'), ester
carbonyl (1700 cm™"), and conjugated carbonyl (1650 cm™") functionalities. The
structure of 61 was elucidated by analyzes of 2D NMR data including 'H-'H
COSY, HOHAHA, HMBC spectra to have an unusual skeleton consisting of
a 6/7/5/7/5/6 hexacyclic ring system (50).

The relative stereochemistry was assigned from NOESY correlations
and conformational calculations by Monte Carlo simulation (59), which
suggested that the seven-membered ring (ring B) with a chair conformation
(61a) was the most stable, whereas those with a twist chair (61b) and a boat
(61c) conformations had considerably higher energy (Fig. 6). In addition, the
NOESY correlations indicated that another seven-membered ring (ring D)
assumed a twist-boat conformation similar to the crystal structure of
daphnicyclidin A (52).
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61a (chair, 252.3 kJ/mol) 61b (twist chair, 282.6 kJ/mol)  61c (boat, 290.9 kJ/mol)

Figure 6. Three representative stable conformers (61a—61c) for daphnicyclidin K (61)
analyzed by Monte Carlo simulation followed by minimization and -clustering
analysis (50).

1. DAPHMANIDINS

Further investigation on extracts of the leaves of D. teijsmanii resulted in the
isolation of daphmanidin A (62, 0.0001% yield), an alkaloid with an unprecedented
fused-hexacyclic ring system, and daphmanidin B (63, 0.00003%) with a pentacyclic
ring system (57).

62 63

The IR absorptions of daphmanidin A (62), C,sH33NOs, implied the
presence of hydroxyl (3616 cm™"), ester carbonyl (1730 cm™'), and imine (1675
em™ ') functionalities. Detailed spectroscopic analysis revealed that the gross
structure of daphmanidin A possesses a fused-hexacyclic ring system consisting of
a dihydropyrrole ring (N-1, C-1, C-2, C-18, and C-19) with a methyl group at C-18,
a bicyclo[2.2.2]octane ring (C-1-C-8) with a hydroxyl at C-7, and a decahydro-
cyclopenta[cdlazulene ring (C-5, C-6, C-8—C-17) with a methoxy carbonyl group
at C-14 and an acetoxy methyl group at C-5. The relative and absolute
stereochemistry of 62 was determined by a combination of NOESY correlations
(Fig. 7) and the modified Mosher method.

The structure of daphmanidin B (63), C,sH3sNOg, was elucidated by
2D NMR (‘H-'H COSY, HOHAHA, HMQC, and HMBC) data to possess
a l-azabicyclo[5.2.2]Jundecane moiety, like daphnezomines F (42) and G (43) (46).
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Figure 7. Key NOESY correlations (arrows) and relative stereochemistry for
daphmanidin A (62) (51).

The relative stereochemistry was deduced from NOESY correlations. The
conformation of the unit (C-2-C-5, C-18 to C-2, C-19, and N) in the
l-azabicyclo[5.2.2Jundecane moiety taking a twist-chair form, as shown in Fig. 8,
was consistent with the results of a conformational search using MMFF force field
(60) implemented in the Macromodel program (59).

III. Biosynthesis and Biogenesis
A. BIOSYNTHESIS OF DAPHNIPHYLLUM ALKALOIDS

Suzuki and Yamamura conducted feeding experiments on the
Daphniphyllum alkaloids using the leaves of D. macropodum (62). Alkaloids, as
well as their amounts, varied with season, and the highest incorporation of DL-
mevalonic acid (69, MVA) and squalene (70) into daphniphylline (1) was recorded
in June and July. From the feeding experiments, followed by degradation studies,
daphniphylline (1) and codaphniphylline (2) were biosynthesized from six moles of
MVA (69) through a squalene-like intermediate (Fig. 9). In addition, the feeding
experiments using the fruits of D. teijsmanni resulted in the incorporation of four
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= - --> NOESY
Figure 8. Selected 2D NMR correlations and relative stereochemistry for daphmanidin

B (63) (5).

2 2 & &

70
14C squalene \

OH
- HOOC\>‘\,CH20H
69

DL-[2-"*CIMVA
DL-[5-1“CIMVA
24 (3R, 4R and 38, 45)-[4->HIMVA 1 2

Figure 9. Feeding experiments with labeled mevalonic acid (69) and squalene (70) into
daphniphylline (1), codaphniphylline (2), and daphnilactone B (24) (62).

moles of MVA (69) into one of the major C22 type Daphniphyllum alkaloids,
daphnilactone B (24) (36).

B. BIOGENESIS OF THE DAPHNANE AND SECODAPHNANE
SKELETONS

Heathcock proposed the biosynthetic pathway of the Daphniphyllum
alkaloids (4,5). In the skeleton of secodaphniphylline (8), the linear squalene (70)
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molecule may be traced in the pentacyclic domain of 8. To convert squalene into
secodaphniphylline (8), four C—C bonds must be formed: C-10 to C-14; C-6 to C-
15; C-3 to the C-15 methyl group; and C-7 to the C-10 methyl group. In addition,
the nitrogen atom is inserted between C-7 and the C-15 methyl group. For
daphniphylline (1), however, the nitrogen seems to have been inserted between C-10
and its methyl group, which is also connected to C-7. Thus, it is likely that
secodaphniphylline (8) precedes daphniphylline (1) in the biosynthetic pathway,
and that an unsaturated amine such as compound 71 provides a biogenetic link
between the two skeletons (5) (Scheme 4). The hypothetical unsaturated amine
71 also contains the bicyclo[4.4.1]undecane feature that is seen in yuzurimine (12),
and could account for the extra carbon that is found in daphnilactone A (23)
(Scheme 5).

This hypothesis led to the postulation of various scenarios whereby
squalene (70) might acquire a nitrogen atom and be transformed into the
pentacyclic secodaphniphylline skeleton. The outline of this proposal is shown in
Scheme 6. Step 1 is an oxidative transformation of squalene 70 into a dialdehyde,
72. In step 2, it is proposed that some primary amine, perhaps pyridoxamine or an
amino acid, condenses with one of the carbonyl groups of compound 72, affording
the imine 73. Step 3 is the prototopic rearrangement of an l-azadiene 73 to a
2-azadiene 74. A nucleophilic species adds to the imine bond of 74 in step 4 to give
the product 75, followed by subsequent cyclization to give compound 76. In
steps 6-9, the resulting bicyclic dihydropyran derivative 76 is transformed into
a dihydropyridine derivative 78 by a sequence of proton-mediated addition and
elimination processes. Alkaloid 78 would then be converted into 79 by a catalyzed

g

squalene (70) secodaphnane daphnane

Scheme 4.

CO,Me CO,H

methyl homodaphniphyllate (7) 71 daphnilactone A (23)

Scheme 5.
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(o) 6 O 7 HNg 8 Ny 9 Ng 10
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79 80

Scheme 6. Biogenesis of proto-daphniphylline (80).

Diels-Alder reaction, and the final ring would result from an ene-like cyclization,
giving alkaloid 80. Because 80 is the first pentacyclic alkaloid to occur in the
biogenesis of the Daphniphyllum alkaloids, it was named proto-daphniphylline (80).

C. BIOGENESIS OF THE DAPHNEZOMINES

Daphnezomines A (37) and B (38) consisting of all six-membered rings are
the first natural products containing an aza-adamantane core with an amino ketal
bridge. A biogenetic pathway for daphnezomine B (38) is proposed in Scheme 7.
Daphnezomines A (37) and B (38) might be generated through ring expansion
accompanying backbone rearrangement of a common fragmentation intermediate.
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OOMe OOMe OOMe OOMe
[H]
H

Methyl
homosecodaphniphyllate an

OOMe OOMe OOMe / OOMe
[0]
H = H

OH

Daphnezomine B (38) Methyl homodaphniphyllate (7)

I

Scheme 7. Biogenesis of daphnezomine B (38).

Scheme 8. Biogenesis of the daphniphylline skeleton of 1.

Daphnezomines C (39) and D (40) are the first alkaloids possessing
the secodaphniphylline-type skeleton with a nitrone functionality, while daphne-
zomine E (3) is the first N-oxide of a daphniphylline-type alkaloid, although the
N-oxides of yuzurimine-type alkaloids have been reported (23,29). Heathcock and
Piettre offered a biogenetic conversion of the secodaphniphylline-type to the
daphniphylline-type skeleton, in which an initial oxidation of the secodaphniphyl-
line-type skeleton occurs on the nitrogen atom, followed by transformation into
the daphniphylline-type skeleton through a ring-opened intermediate such as B
(Schemes 4 and 8) (4,5). The structures of daphnezomines C (39) and D (40) are
very similar to that of a nitrone intermediate synthesized by Heathcock et al. (73).
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Biogenetically, the daphniphylline-type skeleton (e.g., 1) may be generated from the
secodaphniphylline-type skeleton (e.g., 8) through N-oxidation to generate an
intermediate (A) or a nitrone such as 39. Cleavage of the C-7-C-10 bond,
generation of a ring-opened imine intermediate (B), and formation of another C—N
bond between N-1 and C-10, follows Heathcocks’ proposal (Schemes 4 and 8).

The structures of daphnezomines F (42) and G (43) are similar to that of
yuzurimine (12), but they lack the C-1-C-2 bond. A biogenetic pathway for
daphnezomines F (42) and G (43) is proposed in Scheme 9. Daphnezomine G (43)
might be generated through oxidation of a common imine intermediate A
(proposed as a precursor of the secodaphniphylline-type skeleton by Heathcock
et al.), and subsequent cleavage of the C-7-C-10 bond, followed by formation of
the C-19-N-1 and C-14-C-15 bonds to give daphnezomine G (43). Daphnezomine
F (42) may be derived from daphnezomine G (43) through oxidation of the C-7—
C-6 bond. On the other hand, yuzurimine (12) might be generated from the
intermediate A through the secodaphniphylline-type skeleton, although an
alternative pathway through 43 is also possible.

Biogenetically, daphnezomine I (45) may be derived from daphnilactone B
(24) through oxidation at N-1, while daphnezomine J (46) may be generated from
yuzurimine (12) through dehydroxylation at C-1.

Daphnezomine L (48) is structurally close to a biogenetic intermediate on
the pathway from the secodaphnane to the daphnane skeleton (48). Yamamura
et al. suggested that a pentacyclic skeleton such as 48 is a biogenetic intermediate to
the daphnane skeleton 51 (77), while Heathcock ef al. proposed a biogenetic route
from the secodaphnane (49) to the daphnane (51) skeletons through intermediates
A and B (Scheme 10) (73). Daphnezomines L (48) and O (51) might be
biosynthesized through intermediates A and B, while daphnezomine N (50) might
be generated through intermediate A (48).

daphnezomine G (43) daphnezomine F (42)
~ OOMe

yuzurimine (12)
Scheme 9. Biogenesis of daphnezomines F (42) and G (43).



190 KOBAYASHI AND MORITA

COOH COOH

Scheme 10.

D. BIOGENESIS OF THE DAPHNICYCLIDINS

Daphnicyclidins A-G (52-58) and H (59) are novel alkaloids consisting of
fused hexa or penta-cyclic ring systems, respectively. A biogenetic pathway for
daphnicyclidins A—H (52-59) is proposed in Scheme 11. The biogenetic origin of
these alkaloids seems to be yuzurimine-type alkaloids, such as yuzurimine A (13)
and macrodaphniphyllamine (16), with an appropriate leaving group at C-4 and a
methyl group at C-21. Rings B and C might be constructed by loss of the leaving
group at C-4 followed by N-1-C-4 bond formation. Subsequently, cleavage of
the C-1-C-8 bond followed by formation of the C-1-C-13 bond would result
in enlargement of ring A, and aromatization of ring E to generate an
intermediate A. Furthermore, oxidative cleavage of the C-10-C-17 bond could
lead to daphnicyclidin H (59), followed by cyclization and dehydration to produce
daphnicyclidin D (55), which may be oxidized to give daphnicyclidins E (56) and F
(57). On the other hand, cyclization of the 17-OH to C-22 in 59 to form ring F
would generate daphnicyclidins A (52), B (53), and C (54).

A biogenetic pathway for daphnicyclidins J (60) and K (61) is proposed in
Scheme 12. Daphnicyclidins J (60) and K (61), as well as daphnicyclidins A-H
reported more recently, might be derived from the yuzurimine-type alkaloids
such as yuzurimine A (13) and macrodaphniphyllamine (16). Daphnicyclidin J
(60) might be generated through N-oxidation of daphnicyclidin D (55), while
daphnicyclidin K (61) might be derived from an imine form (56) of daphnicyclidin
D (55) through introduction of hydroxy groups at C-2 and C-4, followed by acyloin
rearrangement (Scheme 12).
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yuzurimine A (13), R=Ac
macrodaphniphyllamine (16), R=H

Scheme 11. Biogenetic pathway of daphnicyclidins A-H (52-59).

E. BIOGENESIS OF THE DAPHMANIDINS

A biogenetic pathway for daphmanidins A (62) and B (63) is proposed in
Scheme 13. Daphmanidin A (62) might be generated from a common imine
intermediate A, which has been proposed as a precursor of the secodaphniphylline-
type skeleton (B) by Heathcock et al. (4,5). Cleavage of the C-7-C-10 bond
in B will afford an intermediate with the yuzurimine-type skeleton, such as
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Scheme 13. Biogenesis of daphmanidins A (62) and B (63).

macrodaphniphyllidine (17), while subsequent cleavage of the N-1-C-7 bond,
followed by formation of the C-7-C-2 bond will afford daphmanidin A (62). On the
other hand, daphmanidin B (63) might be derived from the imine intermediate A
through formation of the N-1-C-19 bond.
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IV. Synthesis
A. BIOMIMETIC CHEMICAL TRANSFORMATIONS

1. Transformation of an Unsaturated Amine to the Daphnane Skeleton

Heathcock et al. suggested that the daphnane skeleton, such as methyl
homodaphniphyllate (7), might arise by the cyclization of an unsaturated amine 81
(63). Failure of this transformation under various acidic conditions presumably
results from the preferential protonation of the amine. In contrast, the bis-
carbamoyl derivative 82, obtained by treatment of the amino alcohol 81 with
phenyl isocyanate, cyclizes smoothly in refluxing formic acid to provide the
carbamate 83 (Scheme 14) (63). The ease of cyclization of 82 raises an interesting
question of whether a similar process might also be involved in the biosynthetic
formation of the daphnane skeleton. The biogenetic carbamoylating agent could be
carbamoyl phosphate.

2. Transformation of Daphnicyclidin D (55) to Daphnicyclidins E (56) and J (60)

Daphnicyclidin J (60) was obtained together with daphnicyclidin E (56)
from daphnicyclidin D (55) through a modified Polonovski reaction (64) as
shown in Scheme 15. Treatment of 55 with m-chloroperbenzoic acid (m-CPBA)
followed by reaction with trifluoroacetic anhydride (TFAA) gave two compounds
in 37 and 18% yields, whose spectral data were identical with those of natural
daphnicyclidins E (56) and J (60), respectively (50). This result indicated

CO.Me
R R
NA
7
1. KOH
2. Jones
3. MeOH, HCI
OH OCONHPh OCONHPh
T PhNCO ! HCO.H
HN PhNHCON A N-
81 82 83

Scheme 14. Chemical transformation of 81 to methyl homodaphniphyllate (7) (63).
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(37 %) (18 %)

Scheme 15. Chemical transformation of daphnicyclidin D (55) to daphnicyclidins E (56)
and J (60) (50).

that daphnicyclidin J (60) might be generated through N-oxidation of daphni-
cyclidin D (55).

B. BIOMIMETIC TOTAL SYNTHESIS

1. Methyl Homosecodaphniphyllate and Protodaphniphylline

Heathcock et al. have embarked on a program to establish experimental
methods to accomplish their proposals for the transformations of these alkaloids
(4,5). They initially focused their attention on the final stages of the polycyclization
reaction leading to the secodaphniphylline skeleton (65,66). Three simple building
blocks, amide 84, unsaturated ester 85, and unsaturated iodide 86, were combined
in a highly convergent conjugate addition/enolate alkylation process to obtain the
ester amide 87 in high yield. Straightforward methods were then employed to
convert this substance into the dialdehyde 90. Compound 90 was treated with
ammonia, and then buffered acetic acid, to obtain the unsaturated amine 91 in
excellent yield (64% overall from 87 to 91). The additional functional groups are
used to convert 91 into racemic methyl homosecodaphniphyllate (11) (65,66).

The transformation of compound 90 to 91 involves a cascade of reactions
and the two intermediates can be isolated. Thus, treatment of compound 90 with
ammonia causes almost instantaneous transformation of the nonpolar dialdehyde
to a complex mixture of polar materials, from which the dihydropyridine 92 can be
isolated in about 45% yield. This compound reacts rapidly on being treated with
ammonium acetate in acetic acid at room temperature to give compound 93, as the
result of a formal intramolecular Diels-Alder reaction. Continued treatment with
warm acetic acid converts compound 93 into compound 91 (65,66) (Scheme 16).

In addition, Heathcock and coworkers have intervened at an earlier stage in
the biogenetic pathway depicted in Scheme 6. They prepared the dihydrosqualene
dialdehyde 72 and treated it sequentially with ammonia and warm acetic acid. It
was gratifying to find proto-daphniphylline 80 in the product of this reaction (67).
Although the isolation yield of 80 was only modest (15%), a great deal has been
accomplished, theoretically and practically, by the use of the simple reaction
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1) NHz
2) CH3COOH

15% 65%
72 80 94

1) CHaNH,

2) CHzCOOH

Scheme 17. Synthesis of dihydroprotodaphniphylline (94) (67).

conditions. The fortuitous discovery of using methylamine in place of ammonia
suggested a possible solution to the problem of low yield in the pentacyclization
process with dihydrosqualene dialdehyde 72. When compound 72 was treated
successively with methylamine and warm acetic acid dihydroprotodaphniphylline
(94) was formed in 65% yield (Scheme 17) (67).

This marvelous transformation results in the simultaneous formation of
seven new sigma bonds and five rings. It is fully diastereoselective, and a necessary
consequence of the reaction mechanism is that one of three similar carbon—carbon
double bonds is regioselectively saturated.

2. Secodaphniphylline

An asymmetric total synthesis of (—)-secodaphniphylline (8) was carried out
using a mixed Claisen condensation between (—)-methyl homosecodaphniphyllate
(11) and a carboxylic acid derivative 99 with the characteristic 2,8-dioxabicy-
clo[3.2.1]octane structure commonly found in the Daphniphyllum alkaloids
(Scheme 18) (68,69). The necessary chirality was secured by an asymmetric
Michael addition reaction of the lithium enolate of the C,-symmetric amide 95 to
the o,B-unsaturated ester 96 to give ester amide 98. The conversion of 98 to (—)-11
was performed by the same route as in the racemic series. Ester (—)-11 and acid
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Scheme 18. Synthesis of (—)-secodaphniphylline (8) (68,69).

chloride 99 were joined by a mixed Claisen condensation and the resulting
diastereomeric B-keto ester was demethylated and decarboxylated by treatment
with NaCN in hot DMSO to obtain (—)-secodaphniphylline (8).

3. Methyl Homodaphniphyllate and Daphnilactone A

Synthetic work on the Daphniphyllum alkaloids has been dominated by
the versatile biomimetic synthesis developed by Heathcock and his collaborators.
The first total synthesis of Daphniphyllum alkaloids was achieved for methyl
homodaphniphyllate (7) (Scheme 19) (70,71). The overall yield was about 1.1%.
They employed network analysis outlined by Corey and chose an intramolecular
Michael reaction for the strategic bond formation, since examination of molecular
models of the hypothetical intermediate showed that there are conformations in
which the indicated carbon in the tetrahydropyridone ring is within easy bonding
distance of the B carbon of the cyclohexenone ring. The pentacyclic intermediate
112, synthesized from the known keto acid 101, was treated with a mixture of HCI
and H,SO, in aqueous acetone for 2 days to give two isomers in a ratio of 3: 1. The
major isomer was in full agreement with the expected Michael cyclization product
113. Finally, racemic methyl homodaphniphyllate (7) was obtained by reduction of
117 with hydrogen in the presence of Pearlman’s catalyst, PA(OH), in ethanol
at 120°C and 1800 psi hydrogen pressure for 20 h, together with its isomer 118 at
C-2 in the ratio of 1:1 (Scheme 19).

In addition, biomimetic total synthesis of (£)-methyl homodaphniphyllate
(7) has been carried out (63,72). The synthesis began with the preparation of the
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Scheme 19. Synthesis of methyl homodaphniphyllate (7) (70,71).
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Scheme 20. Synthesis of (£) methyl homodaphniphyllate (7) (63,72).

tricyclic lactone ether 119, which was reduced to the diol 120 with LiAlH4.
Oxidation of 120 gave a sensitive dialdehyde 121, which was treated sequentially
with ammonia and warm acetic acid to obtain the hexacyclic amino ether 122. The
tetracyclization process leading from 120 to 122 proceeded in 47% yield and
resulted in the formation of five new o-bonds and four new rings. Unsaturated
amino alcohol 81 derived from 122 was converted into (&£ )-methyl homodaphni-
phyllate (7) by a biomimetic process utilizing a urea derivative as described
previously. Furthermore, (£)-daphnilactone A (23) was synthesized from the
unsaturated amino alcohol 81 by oxidation to the unsaturated amino acid, which
was cyclized by treatment with aqueous formaldehyde at pH 7 (Scheme 20) (72).

A possibly biomimetic transformation of the secodaphnane to the daphnane
skeleton with various Lewis acids has been investigated (Scheme 21) (73).

4. Codaphniphylline

(+)-Codaphniphylline (2), one of the Czq Daphniphyllum alkaloids, was
synthesized by a modification of Heathcock’s biomimetic approach (74)
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Scheme 21.

(Scheme 22). Modification was carried out by changing the tetrahydropyran to a
tetrahydrofuran as in 131 (Scheme 22). This modification resulted in a yield
improvement for the pentacyclization process from 47 to 66%. Treatment of the
amino ether 134 with diisobutylaluminum hydride in refluxing toluene
accomplished Eschenmoser-Grob fragmentation, and reduction of the initially
formed immonium ion to give the unsaturated amino alcohol 135 in 86% yield. It
was gratifying to find that 135 was the only product formed in this reaction. In the
tetrahydropyran derivative, reduction of 134 to 135 is accompanied by about 15%
simple elimination. Displacement of the tosyl group in 138 gives sulfide 139, which
is oxidized to sulfone 140. This material is metalated and coupled with
enantiomerically pure aldehyde to secure the codaphniphylline skeleton (74).

5. Bukittinggine

Bukittinggine (36) possesses key structural elements of both secodaphni-
phylline (8) and yuzurimine (12). Consequently, the biogenesis of the heptacyclic
alkaloid, bukittinggine (36) isolated from Sapium baccatum, may be similar to that
of the Daphniphyllum alkaloids. The basic secodaphnane nucleus was synthesized in
one step by application of the tetracyclization process to produce dihydroxy diether
147. The pyrrolidine ring was formed by a Pd(II)-catalyzed oxidative cyclization of
148 to give the hexacyclic amine 149. Hydrogenation of 149 proceeded with little
diastereoselectivity in establishing the final stereocenter. However, the sequence of
hydroboration/oxidation, tosylation, and reduction of 149 gave 151 under excellent
stereocontrol. Debenzylation of 151, followed by regiospecific oxidative lactoniza-
tion of the diol, afforded (&£ )-bukittinggine (36) (Scheme 23) (75).

6. Polycyclization Cascade

Recently, the scope of the 2-azadiene intramolecular Diels-Alder cycliza-
tion, employed for the synthesis of the Daphniphyllum alkaloids, has been further
investigated by Heathcock et al. (76). The protocol involves Moffatt-Swern
oxidation of the 1,5-diol to the dialdehyde, and treatment of the crude methylene
chloride solution with ammonia followed by solvent exchange from methylene
chloride to a buffered acetic acid solution. The cyclopentyl ring, quaternary carbon
and tertiary carbon centers in the diol starting material all play a role in providing
a selective and high-yielding cyclization (Scheme 24) (76).
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Scheme 22. Synthesis of (+)-codaphniphylline (2) (74).
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V. Conclusions

Studies on the Daphniphyllum alkaloids from 1966 to 2002 have been
reviewed, particularly focusing on recent developments in the biomimetic synthesis
of these alkaloids, and the structures of the new alkaloid types, such as the
daphnezomines, the daphnicyclidins, and the daphmanidins. There are currently
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more than 60 Daphniphyllum alkaloids of known structure. Further phyto-
chemical investigations will bring increasing structural variation to this alkaloid
group. Although the total syntheses of some of the daphnane and seco-
daphnane skeletons have been accomplished, the other skeletal variants remain an
attractive subject. Since the pharmacological activity of the Daphniphyllum
alkaloids is poorly studied, this area should also be developed. Similarly, the
biosynthesis of Daphniphyllum alkaloids has been only preliminarily studied, and
the pathways have not been characterized with respect to the intermediates
and the relevant enzymes. Widespread efforts for understanding the properties of
these complex and fascinating alkaloids will result in further developments in
this field.
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1. Introduction

The number of alkaloids identified from marine organisms continues to
grow at an increasing rate, but few, if any, provide comparable sophistication in
molecular architecture or as promising a biological significance as the manzamine
class. The manzamines are a unique class of g-carboline-containing alkaloids with
an unusual polycyclic system identified from marine sponges beginning in the late
1980s. The first representative of this class of alkaloids isolated by Higa’s group was
identified as manzamine A (1) (Fig. 1) (1), and the relative, as well as absolute,
configuration was considered unprecedented at the time. X-ray diffraction
crystallographic analysis of manzamine A hydrochloride (1a), showed that apart
from the B-carboline substituent, the molecule comprises a complicated array of
5-, 6-, 8-, and 13-membered rings. The piperidine and cyclohexene ring systems
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manzamine A (1) manzamine A hydrochloride (1a)

Figure 1. The structures of manzamine A (1) and its hydrochloride (1a).

adopt chair and boat conformations, respectively, while the pyrrolidinium ring
forms an envelope. The conformation of the 8-membered Z-olefinic ring is in an
envelope-boat, with a mirror plane passing through C-32 and C-28. The two, six-
membered rings of manzamine A are bridged by a chain of eight carbon atoms
constituting a 13-membered macrocycle with a quadrangular conformation. The six
bonds joining C-12 to C-19 of manzamine A form a “‘convex side” and a pseudo
mirror plane transfixing the double bond and the C-36 atom (/).

In recent years, the manzamines have been regarded as an intriguing group
of marine alkaloids with extraordinary biological activity, and as a result these
compounds have been the subject of several reviews regarding their chemistry and
pharmacology (2—4). In addition, the manzamines have also provoked a great deal
of interest in their unprecedented biosynthetic pathway. In 1992 Baldwin et al. (5)
first proposed a plausible biogenetic pathway involving an intramolecular Diels-
Alder reaction for manzamines A (1) and B (2). This biogenetic scheme suggested
that a macrocyclic bisdihydropyridine maybe derived from ammonia, a C3 unit,
and a C10 unit. The bisdihydropyridine could then be converted through a Diels-
Alder-type [442] intramolecular cycloaddition into a pentacyclic intermediate,
which, in turn, would provide manzamines A and B via a tetracyclic intermediate.
Manzamine C (3) could then easily be formed as a related product through
a straightforward process involving four units including: tryptophan, ammonia,
a C3 acrolein, and a C10 symmetrical dialdehyde (Scheme 1) (5).

Following manzamine A (1) (/), a series of p-carboline-containing
manzamine alkaloids (2-29) (Fig. 2) (2,6-21) have been isolated from marine
sponges over the past two decades, including the fascinating unsymmetrical
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CHO

manzamine A (1) manzamine B (2) c b
COzH
SRR ~

N
H J N
NH3 —> N

+
OHC CHO
O ~

manzamine C(3)

Scheme 1. Biogenetic path of manzamines A (1), B (2), and C (3) proposed by Baldwin
et al. (5).

manzamine dimer from the Scheuer group called kauluamine (25) (/5) and a nearly
symmetrical dimer called neo-kauluamine (26) (/8). Based on Scheme 1,
keramaphidin C (30) (22) may be regarded as the precursor of manzamine C (3).
Keramaphidin C (30) and the closely related marine alkaloids 31 (23), 32-34 (24)
(Fig. 3) are regarded as manzamine-related alkaloids due to their relationship to
manzamine C presented in Scheme 1, despite the fact that they lack both the
B-carboline and isoquinoline ring systems. From this same scheme it is also clear
that ircinal A (35) (/0) maybe a key precursor to manzamine A (1). Therefore,
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ent-8-hydroxymanzamine A (7a)

manzamine A (1): R'=R?=H, noR®
manzamine G (7): R'“H, R? = OH, no R®
manzamine Y (13): R'= OH, R = H, no R®
manzamine A N-oxide (20): R'=R?=H,R*=0

-N
H N
H
N |
— _ manzamine D (4): R' = R?= H
17 _ 8-hydroxy-1,2,3,4-tetrahydro-manzamine A
manzamine C (3) keramamine C (3a) (15): R'=H R2= OH

8-hydroxy-2-N-methyl-1,2,3,4-tetrahydro-
manzamine A (16): R'= Me, R?= OH

Figure 2. p-Carboline-containing manzamines.

ircinal A, as well as the related marine alkaloids 36 (70), 37 (25), and 38 (25), are
also regarded as part of the manzamine class of alkaloids (Fig. 3). Keramaphidin B
(39) (26) is considered a key precursor to ircinals A (35) and B (36) (27), and, as a
result, 39 and its related marine alkaloids 40 (28,29), 41 (28), 42 (30), 43 (30), 44
(31), 45-49 (32), 50 (33,34), 51-54 (35), and 55 (36) (Fig. 3) are also included in this
review of manzamine-related alkaloids. In addition, there is a series of macrocyclic
alkaloids isolated from marine sponges (37-52), which are similar in structure
to compounds 39-55. However, these structures are not detailed in this review due
to a diminished relationship to the manzamine alkaloids. Nakadomarin A (56)
(53) is an example of a manzamine-related alkaloid that could be biogenetically
derived from ircinal A (35) (3).

The manzamine alkaloids have shown a diverse range of bioactivities
including: antitumor and cytotoxicity (/,7,9,10,12,15,16,54), anti-inflammatory
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manzamine E (5): R=H keramamine B (6a) ent-manzamine F (6b)
manzamine F (6): R = OH

I manzamine J (9): R' = nothing
3,4-dihydromanzamine J (18): R' =
manzamine H (8): 1R nothing,
manzamine L (10): 1S manzamine J N-oxide (21): R'= O

manzamine X (12): R = OH

manzamine M (11) 6-deoxy-manzamine X (19): R = H

Figure 2. (continued)
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Figure 2. (continued)
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Figure 3. Manzamine-related marine alkaloids.

(55), insecticidal (16,56), anti-infective and antiparasitic (/7,27), with the greatest
anti-infective activity against malaria and Mtb (/8). The diversity of biological
activity for this class of compounds provides additional evidence that they
maybe of microbial origin and ultimately a novel class of lead, broad-spectrum,
antiparasitic-antibiotics. To date, the greatest potential for the manzamine
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keramaphidin B (39): R = H, C15=C16
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Figure 3. (continued)

alkaloids appears to be against malaria with manzamine A (1), ent-8
hydroxymanzamine A (7a), as well as neo-kauluamine (26) showing improved
activity over the clinically used drugs chloroquine and artemisinin in animal models
(18). The isolation of the manzamine alkaloids from a growing number of sponge
genera further implies the existence of a sponge-associated microorganism as the
actual biosynthetic source for the manzamine alkaloids. A key tool for the study of
the biosynthesis of these intriguing structures will clearly be the identification of
such a microorganism.

II. Isolation and Structure Elucidation from Marine Sponges

To date, there are 17 or more species belonging to 5 families of marine
sponges that have been reported to yield the g-carboline-containing manzamine
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Figure 3. (continued)

and manzamine-related alkaloids (Table I). These sponges have been collected from
Okinawa, Philippines, Indonesia, Red Sea, Italy, South Africa, and Papua New
Guinea. Most species yielded a number of B-carboline-containing manzamine and
manzamine-related alkaloids. The most productive species are those in the genera
Amphimedon sp. (2,27), and Acanthostrongylophora ((58,59)); see Table I), which to
date has yielded the greatest number of S-carboline-containing manzamine and
manzamine-related alkaloids. Some species are particularly unusual due to their
generation of enantiomers, such as 6 and 6b, as well as 7 and 7a (/8).

A. B-CARBOLINE-CONTAINING MANZAMINE ALKALOIDS

The B-carboline moiety is a distinct feature, which has been utilized in
the classification of these alkaloids since the first report of manzamine A (/).
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TABLE 1.
Marine Sponges Yielding Manzamines and Related Alkaloids.
Taxonomy Collection localities Alkaloids References
Order HAPLOSCLERIDA Topsent
Family CHALINIDAE Gray
Genus Haliclona Grant
Haliclona spp. Manzamo and Amitori Bay 1,2,3,4,13 1,7.8,14
(Iriomote Island), Okinawa
Haliclona tulearensis VV&L® Sodwana Bay, South Africa 31 23
Genus Reniera Nardo E
Reniera sp. Capo Miseno, Naples, Italy 55 36 &
Reniera sarai Pulitzeri-Finali Bay of Naples 55¢ 53 :
Family NIPHATIDAE van Soest ~
Genus Amphimedon D&M*
Amphimedon spp. Kerama Islands, Okinawa 1,2,3,3a,4,7,8,10, 11, 13, 2,12,17,19,20,
14, 17, 18, 23, 24, 30, 35, 36, 22,25-2757
37, 38, 39, 56
Genus Cribrochalina Schmidt
Cribochalina sp. Madang, Papua New Guinea 16 13
Family PETROSIIDAE van Soest
Genus Acanthostrongylophora Hooper®
Xestospongia spp.* Miyako Island and Amitori Bay 1,2,3,4,5, 6,12, 27, 28, 40, 9,14,28,29
(Iriomote Island), Okinawa 41
[Prianos sp.] Manado Bay, Sulawesi, Indonesia 25 15
[Xestospongia ashmorica Hooper] Mindoro Island, Philippines 1,5,6,9, 19, 20, 21, 22 16
[Xestospongia ingens Thiele] Papua New Guinea 42, 43, 44, 45, 46, 47, 48, 49, 30-33,35

50, 51, 52, 53, 54



[Petrosiidae n.g.] n. sp. Manado Bay, Sulawesi, Indonesia 6b, 7a, 26, 57, 58, 59, 62, 63, 18,5860

64, 65, 66
[Pachypellina sp.] Manado Bay, Sulawesi, Indonesia 1,7 11
Pellina sp.* Kerama islands, Okinawa 1,6 6
Genus Xestospongia de Laubenfels
Xestospongia exigua Kirkpatrick Papua New Guinea 32, 33, 34 24
Genus Petrosia Vosmaer
Petrosia contignata Thiele Milne Bay, Papua New Guinea 15, 16 13

Order DICTYOCERATIDA Minchin
Family THORECTIDAE Bergquist
Genus Hyrtios D&M
Hyrtios erecta Keller Red Sea 29 21
Family IRCINIIDAE Gray
Genus [Ircinia Nardo
Ircinia sp. Kise, Okinawa 1,2,4,5,8,9, 35, 36 2,10
Undetermined Palau 60, 61 61

“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 (63).

*Those taxa followed by an asterisk have not been examined by MK but their descriptions conform to our understanding of the genus
Acanthostrongylophora.

SAIOTVITV ANINVZNVIN dHL
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In addition to manzamine A (1) (/), the following pB-carboline-containing
manzamines have since been reported and include: B (2) (7,8), C 3) (7.8),
D (4) (7.8), E (5) (9), F (6) (9), G (7) (11,27), H (8) (10), T (9) (10), L (10) (27),
M (11) (17), X (12) (14), Y (13) (12,27), 3,4-dihydromanzamine A (14) (/2),
8-hydroxy-1,2,3,4-tetrahydromanzamine A (15) (/3), 8-hydroxy-2-N-methyl-
1,2,3,4-tetrahydromanzamine A (16) (/3), 3,4-dihydro-6-hydroxymanzamine A
(17) (17), 3,4-dihydromanzamine J (18) (/7), and 6-deoxy-manzamine X (19) (79).
Manzamines A (1) and F (6) were independently isolated almost at the same time
and named as keramamine-A and B (6), respectively. The incorrect structural
assignment of keramamine-B (6a) was revised quickly to be manzamine F (6) (9).

Manzamine G (7) (27) was first described using the name 8-hydroxyman-
zamine A (/1), and it was also called manzamine K at a national meeting (34th
Annual Meeting of The American Society of Pharmacognosy, July 18-22, 1993,
San Diego, CA, Abstract No. P. 46) (/7). 6-Hydroxymanzamine A (/2) was named
later as manzamine Y (13) (/4,27). The Philippine sponge Xestospongia
(= Acanthostrongylophora) ashmorica Hooper is an unusual species, which yielded
the following manzamine N-oxides (/6): manzamine A N-oxide (20), manzamine J
N-oxide (21), and 3.4-dihydromanzamine A N-oxide (22) (Fig. 2).

Manzamine B (2) was the first epoxy alkaloid isolated in 1986 (7.,8), and
more than 10 years later the second epoxy 1,2,3,4-tetrahydromanzamine B (23) was
isolated from a sponge identified as Amphimedon sp. (19). Ma’eganedin (24) is a
tetrahydro-p-carboline alkaloid with a similar core structure to manzamine B (2),
but possessing the unusual structural features of a methylene bridge between N-2
and N-27 and a C-11, C-12 vicinal cis-diol (20). The unsymmetrical manzamine
dimer kauluamine (25) (/5) and the nearly symmetrical manzamine neo-kauluamine
(26) (18) were isolated from two species of Indonesian sponges independently.
Manzamines H (8) and L (10) are C-1 isomers, (/0,27) which were isolated from
a single Okinawan species. Moreover, a striking feature of the manzamine series
is that the two enantiomers of the B-carboline-containing manzamines, ent-8-
hydroxymanzamine A (7a) (/8) and ent-manzamine F (6b) (/8) were obtained from
the same sample collected in Manado, Indonesia. Compounds 7a and 6b possess
opposite absolute configurations to those of 8-hydroxy manzamine A (manzamine
G) and F. The B-carboline alkaloid keramamine C (3a) (22,27), regarded as the
precursor of manzamine C (3), was isolated from the Okinawan sponge
Amphimedon sp. Two B-carboline alkaloids xestomanzamines A (27) and B (28)
(14) were identified from another Okinawan manzamine sponge Xestospongia Sp.
Hyrtiomanzamine (29) is structurally very similar to xestomanzamine A (27), and
was isolated from the phylogenetically distant Red Sea sponge Hyrtios erecta (21).

Manzamine A (1) was first isolated as the major constituent from a sponge
identified as belonging to the genus Haliclona (1). Subsequent studies with this same
species have led to the isolation of the minor constituents manzamine B (2), C (3),
and D (4) (7.,8). The cytotoxic extract was purified over Si gel by successive elution
with chloroform and acetone. The acetone eluate gave manzamine A hydrochloride



THE MANZAMINE ALKALOIDS 219

(1a, 100 mg) as colorless crystals after recrystallization from methanol: mp > 240°C
dec, [oc]lz)0 +50° (¢ 0.28, CHCl3) (/). Almost at the same time, the brownish
Okinawan marine sponge Pellina sp. was collected at the Kerama Islands. The
chloroform soluble part of the 80% ethanol portion was chromatographed twice on
Sephadex LH-20 columns (chloroform—methanol 1:1 and ethanol), followed by Si
gel column chromatography (chloroform—methanol 98 : 2) to give pure manzamine
A (called keramamine-A in the publication) hydrochloride (1a) (0.026% from wet

sponge) (6).

Manzamine E (5) and F (6) were isolated from an Okinawan Xestospongia
sp. (9). Both 5 and 6 possess a ketonic carbonyl group in the eight-membered ring
portion of the molecule. Manzamine F was found earlier from a sponge, Pellina sp.,
and named as keramamine B with an incorrectly assigned 1,2,3-triazacyclohexane
moiety (6). Later, the unusual structure of keramamine B (6a) was revised as 6 (9).
A sample (6 kg) of Xestospongia sp. was extracted by steeping in methanol.
Purification of the fractions containing alkaloids by HPLC (LiChrosorb—NH,,
CHCI3-MeOH 30: 1) gave the free bases of manzamine E (5, 31 mg) and F (6, 111

mg) (9).

8-Hydroxymanzamine A (7, also called manzamine G or K) was isolated
from an Indonesian sponge thought to be an undescribed species of Pachypellina
by Ichiba et al. (11). The CH,Cl,-soluble fraction (320 mg) was separated by high-
speed countercurrent chromatography with a solvent system of hexane—-MeCN-—
CH,Cl, (10:7:3, lower mobile phase) providing semi-pure §-hydroxymanzamine
A, which could be further purified by recrystallization from CH,Cl,/MeOH to
furnish pure 8-hydroxymanzamine A (0.3%, based on dry weight) (/7). This sponge
was recently confirmed by MK to be in the genus Acanthostrongylophora Hooper.

Manzamines H (8) and J (9) were isolated from the Okinawan sponge
Ircinia sp. (10). From this sponge, ircinals A (35) and B (36), two plausible
biogenetic precursors of the manzamine alkaloids were also isolated. The sponge
Ircinia sp. was collected off Kise Island, Okinawa, and kept frozen until processing.
The methanol extract of the sponge was partitioned between ethyl acetate and
water. The ethyl acetate soluble material was subjected to silica gel chromato-
graphy (hexane/acetone 4:1, CHCI;/MeOH 95:5, and hexane/acetone 9:1) to
afford manzamines H (8, 0.0007% wet weight of the sponge) and J (9, 0.0022%)
and ircinals A (35, 0.0057%) and B (36, 0.0020%) (10).

Manzamine M (11, 0.0015% wet weight), 3,4-dihydro-6-hydroxymanza-
mine A (17, 0.0015%), and 3,4-dihydromanzamine J (18, 0.0004%) were isolated
from the sponge Amphimedon sp. collected off the Kerama Islands (/7). Manzamine
M (11) is the first manzamine congener with a hydroxyl group on the C-13-C-20
chain. 6-Hydroxymanzamine A (13) and 3,4-dihydromanzamine A (14) were
obtained from another Okinawan sponge Amphimedon sp. (12). The sponge (1.5 kg)
Amphimedon sp. was collected from Okinawa and kept frozen until extracted with
MeOH and then evaporated under reduced pressure to give 68.4 g of extract.
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A fraction eluting from Si gel with CHCI;/MeOH (95: 5) was further purified with a
Si gel column (cyclohexane-Me,CO-Et,NH, 70:30:2) to give manzamine Y, also
called 6-hydroxymanzamine A (13, 0.005%, wet weight). The fraction eluting with
CHCI3/MeOH (98:2) was separated over a Si gel column (C4Hg~Me,CO-Et,NH,
95:5:2) to afford 3,4-dihydromanzamine A (14, 0.002%) (/2).

8-Hydroxy-1,2,3,4-tetrahydromanzamine A (15) and its N-methylated
derivatives 8-hydroxy-2-N-methyl-1,2,3,4-tetrahydromanzamine A (16) were iso-
lated from sponges of the genus Petrosia (13). The sponge P. contignata was
preserved immediately after collection by immersion in an alcohol:H,O (1:1)
solution. After approximately 24 h this solution was decanted and discarded. The
damp organisms were placed in Nalgene™ bottles and shipped at ambient
temperature. Final purification by HPLC (normal phase, hexane: EtOAC 1:1)
provided 40 mg of 8-hydroxy-1,2,3,4-tetrahydromanzamine A (15) and 35 mg of
8-hydroxy-2-N-methyl-1,2,3,4-tetrahydromanzamine A (16). At the same time,
compound 16 was also isolated from a Cribrochalina sp. (13). The manzamine-
containing fractions were combined and further resolved with HPLC using a Si gel
column and acetone: hexane (1:4). A less polar fraction was rechromatographed
on Si gel HPLC (acetone: hexane 1:5) to give 50 mg of 8-hydroxy-2-N-methyl-
1,2,3,4-tetrahydromanzamine A (16) (/3).

Manzamine X (12) and the B-carboline alkaloids xestomanzamine A (27)
and B (28) were isolated from an Okinawan marine sponge Xestospongia sp. (14).
This sponge was collected in the shallow water (—2 m) off Amitori Bay, Okinawa.
6-Deoxymanzamine X (19) and the N-oxides of manzamine J (20-22) have been
isolated from the Philippine sponge Xestospongia (= Acanthostrongylophora)
ashmorica (Hooper), which was collected off the shores of Mindoro Island (/6). The
samples were freeze-dried prior to transport and extraction. The n-BuOH-soluble
material was subjected to Si gel column chromatography, and seven major fractions
were obtained. The first fraction yielded 6-deoxymanzamine X (19) together
with manzamine J (9), and 6-deoxy-manzamine X (19) was obtained from the
methanolic supernatant upon precipitation of manzamine J (9) at 5°C for 24 h. The
final three polar fractions yielded the manzamine N-oxides (20-22). The presence of
manzamine N-oxides was evident in an HPLC chromatogram of the crude extract,
indicating that these alkaloids are present as natural products and not as oxidation
artifacts formed during isolation. The three N-oxides (20-22) were more polar and
lack the characteristic fluorescence on Si 60 TLC plates when compared with their
parent alkaloids (365 nm). In all cases, the mass spectral data of the N-oxides
indicate that the molecular weight is 16 mass units higher than that expected after
analysis of the NMR spectra. For each of the N-oxides, the 1D and 2D NMR
spectra allowed signal assignments that readily confirm the chemical shift changes
found in the aromatic system. These differences between the shifts of the N-oxides
compared with those of their parent compounds appear to be characteristic, with
large upfield shifts for aromatic carbons in the ortho and para positions to the
substituent, caused by mesomeric redistribution of electron density and downfield
shifts for directly bound sp” carbon atoms. The decisive experiment for ascertaining
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the N-oxide character of the B-carboline moiety was its reduction with zinc dust
and 1 N HCI, which is a specific reducing agent for the conversion of an N-oxide to
its corresponding tertiary base (/6).

Manzamine L (10, 0.0056% wet weight, [06]12)4—]50) together with the known
manzamines A (1), B (2), C 3), D 4, G (7), H (8), Y (13), and 3,4-dihy-
dromanzamine A (14) were isolated from Amphimedon sp. collected off
Kerama Islands, Okinawa (27). From this sponge, keramamine C (3a), ircinals A
(35) and B (36), ircinols A (37) and B (38), keramaphidins B (40) and C (30) were
also isolated.

Both enantiomers of keramaphidin B were separated by using chiral HPLC
(27), of which one may be a plausible biogenetic precursor for both ircinals as well
as manzamines A and B, while the other may be associated with the antipodes of
the manzamine alkaloids, such as ircinols A and B. Ircinols A (37) and B (38), are
the first reported antipodes of manzamine-related alkaloids and were isolated from
an Okinawan sponge Amphimedon sp. collected off the Kerama Islands, Okinawa
(25). The structures were determined to be enantiomers of the alcoholic forms at
C-1 of ircinals A (35) and B (36) (/0), respectively. Treatment of ircinal A (35),
which was isolated from this sponge, with DIBALH afforded a reduced product,
the spectral data of which were identical with those of ircinol A except for the
optlcal rotation [reduction product of ircinal A, [oc]18+20° (c 0.2, MeOH); ircinol A,
[o ] —19° (¢ 0.5, MeOH)]. This result revealed that ircinol A was an enantiomer of
the alcoholic derivative of ircinal A which has been shown to have the same
absolute configuration as that of manzamine A. Manzamines A ([oc] +46°) and B
([05]20 4+93°) and ircinals A (o ]15 +42°) and B ([oc]'5 +15°) isolated from this sponge
had the same absolute configurations as those reported previously (25,27).

Manzamines H (8) and L (10) were isolated from the same sponge, and
both were shown to have the same 2D structure with a significant difference in the
13C NMR chemical shift of C-1 (8: 59.9 ppm, 10: 56.1 ppm, CDCl5). The absolute
configuration of C-1 of manzamine L (10) was deduced to be /S from a negative
Cotton effect, while 8 showed the opposite sign implying the IR-configuration.
At the same time, manzamine D (4) was also isolated from this sponge, and showed
a I R-configuration as per a positive Cotton effect (27).

Dimeric manzamines: kauluamine (25) is the first report of a manzamine
dimer, adding yet another level of complexity to the manzamine-type of alkaloids.
Kauluamine was isolated by Scheuer’s group from an Indonesian sponge originally
identified as Prianos sp. collected in Manado Bay, Indonesia (75). The fact that just
a single bond holds two of these complex polycyclic systems together gives
the molecule kauluamine the unusual appearance of being fragile. This sponge
was also recently identified as a species of Acanthostrongylophora Hooper.
The second unprecedented manzamine dimer isolated by Hamann’s group
was named neo-kauluamine (26) and was isolated from what was originally
identified as an undescribed petrosid genus, together with the new enantiomers
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of 8-hydroxymanzamine A (ent-8-hydroxymanzamine A, 7a) and manzamine F
(ent-manzamine F, 6b) (/8). neo-Kauluamine was also isolated from a sponge
collected in Manado Bay, Indonesia as kauluamine. The relative stereochemistry of
the nearly symmetric manzamine dimer neo-kauluamine (26) was established
through a detailed analysis of the NOE-correlations combined with molecular
modeling, while the enantiomers were elucidated through NOE measurements
combined with optical rotation values (/8). The undescribed petrosid genus is now
known to conform to our understanding of the genus Acanthostrongylophora (63).

B. MANZAMINE-RELATED MARINE ALKALOIDS

Keramaphidin C (30) was isolated from Amphimedon sp. (22). Haliclorensin
(31) was isolated from Haliclona sp. collected off Sodwana Bay, South Africa (23).
Motuporamines A (32), B (33) and C (34) were isolated as an inseparable mixture
from Xestospongia exigua collected in Papua New Guinea (24). Ircinals A (35) and
B (36), two plausible biogenetic precursors of the manzamine alkaloids, were
isolated from the Okinawan sponge [Ircinia sp. (10). The antipodes of the
manzamine-related alkaloids ircinols A (37) and B (38) were obtained from another
Okinawan sponge Amphimedon sp., together with keramaphidins B (39) and C (30)
(22,25-27). Ircinols A and B were determined to be enantiomers of the C-1
alcoholic forms of ircinals A and B, respectively. Xestocyclamine A (40) 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 (41) (28,29). Ingamines A (42) and B
(43) (30), ingenamine (44) (31), ingenamines B (45), C (46), D (47), E (48) and F
(49) (32) were also isolated from the Papua New Guinea marine sponge
Xestospongia (= A.) ingens (Fig. 3).

Madangamine A (50) was isolated from Xestospongia sp. collected off
Madang, Papua New Guinea (33,34), and later madangamines B (51), C (52), D
(53), and E (54) were also obtained from this same sponge (35). Misenine (55), a
polycyclic ‘cage-like’ alkaloid, was isolated from an unidentified Mediterranean
species Reniera sp. (36). The "H-NMR spectrum of this unusual alkaloid showed
significant variations with pH and it was concluded that the dominant species in
neutral and basic solutions was 55a whereas under acidic conditions the structure
55b was preferred. A similar transannular N/C=0 ‘“proximity effect” had
previously been observed in saraine A (55¢) although, in this case, a lowering of pH
enhanced the C-N linkage (53). Nakadomarin A (56) was isolated from
Amphimedon sp., and its structure was reported to contain an unprecedented 8/5/
5/5/15/6 ring system (57).

C. RECENTLY ISOLATED B-CARBOLINE-CONTAINING MANZAMINE
ALKALOIDS

Recently, a number of Indo-Pacific sponges have yielded a novel class of
manzamines, named 12,34-oxamanzamines (58). These alkaloids possess a novel
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ring system generated through a new ether bridge formed between carbons 12 and
34 of the typical manzamine structure. ent-12,34-Oxamanzamines E (57) and F
(58), as well as 12,34-oxamanzamine A (59), were obtained from three Indo-Pacific
sponges. The biocatalytic transformation of enz-8-hydroxymanzamine A (7a) to 58,
using Nocardia sp. ATCC 21145 and Fusarium oxysporium ATCC 7601, has also
been achieved, suggesting that these alkaloids maybe formed through biocatalysis
by a sponge-associated microbe. In fact, the epi-isomers such as manzamines H (8,
IR configuration) and L (10, /S configuration) were isolated from different
sponges, but at the same time the sponge samples also yielded a series of
manzamine-related compounds with /R and/or IS configuration. In 2000,
Kingston’s group reported two new epi-manzamines (60, 61) (67). These two new
B-carboline containing manzamines were isolated from a Palauan sponge, and both
epi-manzamine D (60) and 2-N-methyl-epi-manzamine D (61) possess negative
optical rotation values. Most recently, two unprecedented manzamine-related
alkaloids called manadomanzamines A (62) and B (63) have been reported from an
unidentified Indonesian sponge (59). Manadomanzamines A and B represent an
unprecedented rearrangement of the manzamine skeleton. In addition three new
B-carboline containing manzamines: 32,33-dihydro-31-hydroxymanzamine A (64),
32,33-dihydro-6,31-dihydroxymanzamine A (65), and 32,33-dihydro-6-hydroxy-
manzamine A-35-one (66) have recently been reported (60). Based on biogenetic
considerations, compounds 64 and 65 are likely the reduced derivatives of
manzamine E. Alkaloid 66 is unique in that it possesses a ketone moiety at C-35,
instead of a typical C-31 ketone as seen in manzamine E and F (Fig. 4).

D. PHYSICAL AND SPECTRAL PROPERTIES

The physico-chemical properties of the manzamines are shown in Table II.
Manzamines are solid powders or crystals, and most show strong UV absorption
due to the B-carboline moiety. The majority of the manzamine alkaloids possess a
positive optical rotation, except for ent-manzamine F (6b), ent-8-hydroxymanza-
mine A (7a), manzamine L (10), ircinols A (37) and B (38), epi-manzamine D (60),
and 2-N-methyl-epi-manzamine D (61). The structures were completed by
spectroscopic methods such as HR-MS, high-field 2D NMR, and X-ray diffraction
analysis. The '*C- and "H-NMR spectral data were recorded primarily in CDCls,
and their data are shown in Tables III and IV, respectively.

II1. Biogenesis and Biosynthesis
A. BIOGENETIC PATHWAYS

Since the first representative, manzamine A (1) with a fused and bridged
pentacyclic ring system joined to a S-carboline moiety, was isolated in 1986,
the manzamines have been regarded as an intriguing group of marine alkaloids
(2-4), which have provoked a great interest in their unprecedented bio-
synthetic pathway. In 1992 Baldwin ez al. (5) proposed a biogenetic pathway
with an intramolecular Diels-Alder reaction for manzamines A (1) and B (2).



224 HU ET AL.

ent-12,34-oxamanzamine E (57):R=H
ent-12,34-oxamanzamine F (58): R =OH

manzamine D (4): R'=R%=H, 1R manadomanzamine A (62): 22p-H
epi-manzamine D (60): R'“R%2=H, 1S manadomanzamine B (63): 22a-H
N-methyl-epi-manzamine D (61): R! =Me, R?= H, 1S

R, OH

HO'%,

32,33-dihydro-31-hydroxymanzamine A (64): R' = H
32,33-dihydro-6,31-dihydroxymanzamine A (65): R'=0H

32,33-dihydro-6-hydroxy-
manzamine A -35-one (66)

Figure 4. Recently isolated B-carboline manzamine alkaloids.



TABLE II.
Physico-chemical Properties of Manzamine Alkaloids.

Alkaloids 1, 2, 3, 3a and 4

1(1,9° 2(8) 3 3a (22) 4(7)
Appearance Colorless powder Colorless crystals Colorless plates Colorless oil Colorless powder
(EtOACc) (CHCI3-CH;CN)
Molecular formula C36H44N4O C36H46N4O C23H29N3 C23H33N3 C3(,H48N4O
HR-MS m/z 548.3510 (A 0.5 mmu) 351.2687 (A 1.3 552.3837 (A 0.9
(HREIMS) mmu) (HREIMS)  mmu) (HREIMS)
MP (°C) >200 (dec.) 198-203 77-82 165-168
[o]p + 44.3° (¢ 1.09, + 89° (¢ 1.8, CHCl3) + 20° (¢ 0.92, + 60.6° (c 0.66,
CHCl,) MeOH) CHCls)
UV Apax (MeOH) nm 219 (22900), 236 212 (18000), 235 212 (13500), 234 225 (sh), 271 (5600) 223 (28800), 275
(e) (18600), 280 (10800),  (22000), 240 (22000), 239 285 (sh), 290 (sh) (sh, 6300), 281
290 (sh, 9800), 346 (sh, 20000), 250 (sh, 21000), 248 (6700), 288 (5400)
(5300), 357 (5600) (sh, 15000), 282 (sh, 14000), 282
(sh, 6900), 288 (sh, 6100), 287
(11000), 338 (9500), 335 (3000),
(3500), 351 (3500) 349 (3000)
IR vy (KBr) cm™! 3280, 3150, 3050, 3000, 3340, 3200, 3140, 3000, 2910, 2840, 3400, 2940 3460, 3000, 2920,
2920, 2800, 2760, 2630, 3060, 3000, 2920, 2810, 1640, 1495, 1450, 1440, 1365,
2560, 1617, 1555, 1488, 2845, 1620, 1510, 1465, 1440, 1425, 1340, 1290, 1240,
1448, 1418, 1385, 1370, 1495, 1470, 1445, 1350, 1335, 1320, 1210, 1145, 1105,
1315, 1270, 1230, 1180, 1420, 1400, 1320, 1290, 1230, 1215, 1070, 995, 970
1142, 1110, 1095, 1065, 1275, 1255, 1235, 1200, 1120, 740,
1025, 820, 740, 725, 1210, 1120, 870, 715, 660
700 745, 710, 660, 620
(continued)
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TABLE II.
Continued.
Alkaloids 5, 6, 6b, 7 and 7a
5(9) 6 (9) 6b (18) 7 (11) Ta (18)

Appearance Colorless crystals Colorless crystals Yellowish powder Pale yellow crystals,  Yellowish powder

(CH;CN) (CH;CN) (CH,Cl,/MeOH)
Molecular C36H44N4O5 C36H44N4O3 C36H44N403 C36H44N4O5 C36H44N4O,
formula
HR-MS m/z 565.3555 (M*+H, 581.3496 (M T+ 581.3434 565.3507 (M*+H, 565.3433 (A —11.0

A 1.2 mmu) H, A 0.4 mmu) (A —5.8 mmu) A 1.8 mmu) mmu) [M+H]*"

(HRFABMS) (HRFABMS) [M+H]" (HRFABMS) (HRESIMS)

(HRESIMS)

MP (°C) 174-176 >200 (dec.) 194 (dec) >230 (dec) 196-198 (dec) E
[o]p + 63.7° (¢ 2.51, + 59.9° (¢ 0.67, — 44.6° (¢ 0.11, + 118.5° — 112.0° =

CHCls) CHCly) CHCly) (¢ 1.94,CHCly) (¢ 0.12,CHCly) :
UV Amax (MeOH) 220 (35800), 220 (36000), 244 266 (3.04), 300 206 (sh,22700), 222 266 (2.95), ~
nm (&) 237 (28100), (31000), 265 (3.02), 380 (2.92) (32300), 245 (30600), 282 (2.94),

279 (18000), (13900), 3559 268 (14000), 390 (2.85)

290 (sh, 15300), (8100) 360 (8100)

346 (8700),

359 (9300)
IR Vpax (KBr)em™" 3400 (br), 3050, 3400, 3060, 3020, 3498-3260, 3280, 2900, 1570, 3499-3267,

3010, 2940, 2850, 2950, 2860, 2810, 30262802, 1699, 1540, 1420, 1410, 30172807,

2800, 1700, 1625, 1695, 1595, 1570, 1670, 1564, 1330, 1260, 1230, 1680, 1563,

1560, 1495, 1465, 1465, 1445, 1420, 1446, 1221 1220, 1200, 1055, 1446, 1220

1455, 1420, 1370,
1350, 1320, 1270,
1230, 1150, 1110,
1065, 1020, 820,
785, 740

1375, 1350, 1335,
1275, 1245, 1230,
1115, 1075, 790,
780, 740

1035, 1010, 970,
940, 745, 720




Compounds 8-12

8 (10,27) 9 (10) 10 (27) 11 (17) 12 (14)
Appearance Colorless solid Colorless Colorless Yellow prisms
amorphous solid amorphous solid (n-hexane—acetone)
Molecular C3(,H50N4O C3(,H4(,N4O C36H50N4O C3(,H44N40'_) C3(,H44N403
formula
HR-MS m/z 554.3980 550.3660 554.3975 564.3459 581.3470 [M+H]"
(A —0.5 mmu) (A —1.2 mmu) M*, A —09 (A —0.5 mmu) (A —2.0 mmu)
(HREIMS) (HREIMS) mmu) (HREIMS) (HREIMS) (HRFABMS)
MP (°C) 145 140 143 > 250
[o]p +17° +47° —15° +16° + 66.1°
(¢ 1.1, CHCly) (¢ 2.0, CHCly) (¢ 0.42,CHCl;) (¢ 0.48, MeOH) (¢ 1.93, CHCl3)
UV Amax 225 (29000), 218 (26000), 223 (34000), 205 (14000), 215 (29500),

(MeOH) nm (g)

IR Umax
(KBr) cm™!

CD (MeOH)
Aext (Ag) nm

277 (6600),
282 (6800),
290 (5500)

3400, 3300, 2990,
2910, 2850, 2780,
1650, 1450, 1360,
1340, 1290, 1260,
1210, 1110, 1070,
1035, 1000, 910

236 (21000),

280 (11000),

290 (11000),

348 (5500),

356 (5600)

3400, 3220, 2990,
2920, 2850, 2790,
1620, 1560, 1490,
1450, 1420, 1320,
1280, 1230, 1110,
1070, 1040

283 (6400)

3400, 2900

202 (+13.6),
222 (~10.8),
270 (+4.2)

233 (3000),
276 (1500),
359 (1000)

3410 (br), 2925,
1630, 1405, 1070

300 (17000),
378 (4800)

3290, 2930, 1640,
1562, 1462

(continued )
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TABLE II.
Continued.
Compounds 13-16
13 (12) 13 (14) 14 (12) 15 (13) 16 (13)
Appearance Yellowish Yellow solid Colorless White powder
amorphous solids  (n-hexane—acetone) amorphous solids
Molecular C36H4aN4O, C36H4aN4O, C36H46N4O C36H4gN4O; C37H50N40,
formula
HR-MS m/z 564.3465 565.3530 [M+H]"  550.3653 569.3832 [M+H]"  583.4025 [M4+-H]*
M*, A (A —1.0 mmu) (A —1.9 mmu) (A 2.3 mmu) (A —1.3 mmu)
—1.8 mmu) (HRFABMYS) (HRFABMS) (HREIMS)
(HREIMS)
MP (°C) 253 > 250 237-241
[o]p +139° +33° +86° +5°
(¢ 1.10, MeOH) (¢ 2.50, CHCl3) (c 0.25, CHCl3) (c 0.03, CH,Cl,)
UV Amax 210 (32000), 215 (29500, 230 (sh, 25000), 240, 270, 326, 370

(MeOH) nm (g) 293 (sh, 15000),
300 (16000),
370 (5100)

IR vpax 3300, 2920,

(KBr) cm™! 1450

300 (11000),
378 (3000)

3228, 2930, 1670,
1562, 1462, 1200

244 (21000),
323 (10000)

3280, 2940,
1470, 1450

3005, 2935, 2847,
1648, 1627, 1578

8CC

1V L4 NH



Compounds 17-22

17 (17) 18 (17) 19 (16) 20 (16) 21 (16) 22 (16)
Appearance Colorless Colorless Pale yellow Yellow Yellow Yellow
amorphous amorphous amorphous crystalline crystalline crystalline
solid solid powder powder powder powder
IMOICCUlaf C36H46N4O> C36H4gN4O C36HaaN4O5 C36H44N4O05 C36H46N4O5 C36H46N4O>
ormula
HR-MS m/z 566.3604 552.3815 565 [M+H]" 565 [M+H]* 567 [M+H]" 567 [M+H]*"
(A —1.7 mmuy) (A —1.4 mmu) (FABMYS) (FABMYS) (FABMYS) (FABMYS)
(HREIMS) (HREIMS)
MP (°C) 140
[o]p + 28.0° + 50.0° + 30.1° + 18.6° + 15.0° + 34.1°
(c1.2, MeOH) (¢ 0.10, MeOH) (¢ 0.35, CHCly) (¢ 0.35, (c 0.40, (¢ 0.59,
CHCly) CHCl3) CHCl3)
UV Mnax 207 (9000), 209 (13000), 210 (26000), 201 (26000), 261 (25000), 201 (25000),
(MeOH) 225 (6500), 242 (9000), 260 (11800), 241 (23000), 325 (19000) 355 (11000)
nm (&) 250 (3500), 322 (4500) 312 (sh, 10000), 261 (23000),
337 (2500) 378 (3000) 310 (21000)
IR vpax 3420 (br), 3420 (br),
(KBr) cm™' 2920, 1630, 2920, 1630, 1090
1400, 1070

(continued)
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TABLE II.
Continued.
Compounds 25-28, 35
25 (15) 26 (18) 27 (14) 28 (14) 35 (10)

Appearance Unstable pale Colorless needles Yellow needles Yellow oil Colorless solid

yellow solid (CHCl3-MeOH)
Molecular C72H94NSO3 C72H88N806 C16H12N4O C16H14N4O C26H38N202
formula
HR-MS m/z 1101.7426 1161.6905 277.1100 [M+H]* 279.1250 [M+H]" 410.2924 [M]*

(A —0.4 mmu) (A —=5.1 mmuy) (A —4.0 mmu) (A 0 mmu) (A —0.9 mmu)

for C72H93N802 for C72H89N806 (HRFABMS) (HRFABMS) (HREIMS)

[MH-H,0]" [M-+H]*

(HRFABMS) (HRFABMYS)
MP (°C) 184 185-186 70
[o]p + 0.7° + 94.6° + 48.0°

(¢ 0.18, CHCl3) (¢ 0.1, CHCl3) (¢ 2.9, CHCl3)
UV Anax 252 (4.20), 221 (7400), 222 (27200), 231 (8500)
(MeOH) nm (¢) 357 (3.85) 257 (1700), 270 (10300),

300 (3900), 298 (16500),
395 (1600) 388 (4500)

IR viax 3380, 3150, 2990, 3592, 3475-3250 3427, 3075, 3451, 3110, 2926, 3420, 2950, 2920,
(KBr) cm™! 2900, 2840, 1645, (br), 3007-2802, 1612, 1211, 1128 1641, 1190, 1130 2850, 2790, 1680,

1620, 1450, 1440,
1320, 1235, 1150

1626, 1560,
1454, 1215

1670, 1560, 1450,
1400, 1200, 1150,
1100, 1070, 730

0¢€¢

1V L4 NH



Compounds 30, 36-39

30 (22) 36 (10) 37 (25) 38 (25) 39 (26,27)

Appearance colorless colorless solid colorless colorless colorless needle
amorphous solid amorphous solid amorphous solid

Molecular CioH 9N CysH4oN>05 CysH4oN>O5 CysH4oN>O, CrsHyoN>

formula

HR-MS m/z 153.1493 412.3118 412.3107 [M]*™ 414.3248 [M]* 380.3199 [M]*
M]t (A 2.4 M]* (A +2.9 (A +1.7 mmu) (A 4+0.2 mmu) (A 4+0.8 mmu)
mmu) mmu) (HREIMS) (HREIMS) (HREIMS) (HREIMS)
(HRFABMS)

MP (°C) 106-109 95 83-85 78-79 131-132

[o]p 0 +18.0° —19.0° —2.8° +22.2°¢

(¢ 1.1, CHCly) (c 0.54, MeOH) (c 0.12, MeOH)

UV Amax 224 (12000)

(MeOH) nm (¢)

IR viax 3400, 2940 3400, 2920, 2850, 3400, 2940 3400, 2940 2940

(KBr) cm™!

2800, 1680, 1450,
1190, 1170, 1120,
1040, 700

(continued)
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TABLE II.
Continued.
Compounds 57-61
57 (58) 58 (58) 59 (58) 60 (67) 61(61)
Appearance Brown amorphous Yellowish powder White powder Amorphous Orthorhombic
solid powder crystals
Molecular C36H42N402 C36H42N4O3 C36H42N4O C36H48N4O C37H50N4O
formula
HR-MS m/z 563.3386 579.3335 [M+H]* 347.3408 [M+H] " 552.3830 [M]* 566.3974 [M]"
[M+H]" (A 4+0.4 mmu) (A —5.0 mmu) (A +0.2 mmu) (A —1.0 mmu)
(A —3.0 mmu) (HRFABMS) (HRFABMS) (HREIMS) (HREIMS)
(HRFABMYS) e
MP (°C) 152 158 164 185-188 c
[o]p —54.6° — 49.2° + 40.0° + 77.3° + 91.4° E
(¢ 0.3, CHCly) (¢ 0.10, CHCly) (¢ 0.6, CHCly) (c 0.165, (c 0.27, n
CHCly) CHCl5) =
UV Amax 252 (3.82) 251 (3.83) 252 (3.823) 225 (4.23) 223 (4.24)
(MeOH) nm (¢) 275 (3.65) 273 (3.69) 271 (3.71) 281 (3.79) 281 (3.74)
354 (3.41) 356 (3.42) 358 (3.41)
IR v« 3650, 3001-2818, 3658, 3377, 3635, 3368, 3600-3200, 3500-3200, 3004,
(KBr) cm™! 1714, 1620, 1592, 3002-2822, 1714, 3001-2815, 1715, 3004, 2931, 2937, 1651,
1533, 1452, 1267, 1620, 1592, 1533, 1625, 1590, 1535, 1650, 1620, 1616, 1454,
1144, 1052. 1452, 1267, 1451, 1265, 1454, 1071. 1070, 1060.
1144, 1052 1145, 1050
CD (MecOH) 204 (422.1), 205 (426.8),
hext (Ag) nm 221.5 (—14.3), 223.5 (—13.7),
226 (sh, —13.7), 229 (sh, —12.2),
269.5 (+11.7), 271 (+6.3),

291.5 (+6.8).

295 (+3.4).




Compounds 62-66

62 (59)

63 (59)

64 (60)

65 (60)

66 (60)

Appearance
Molecular formula
HR-MS m/z

MP (°C)
[«]p

UV )\'max
(MeOH) nm ()

IR vinax
(KBr) cm™!

CD (MeOH)
Aext (Ae) nm

White powder
C3oH54N4O7
611.4348 [M4+-HJ*
(A +2.9 mmu)
(HRESIMS)

—19°
(¢ 0.11, MeOH)
282 (7700)

3372, 3002,
2919, 1707,
1468, 1354,
1164, 736

226 (+ 13.4)
271 (=3.62)

White powder
C3oH54N4O,
611.4310 [M4+-HJ*
(A —0.9 mmu)
(HRESIMS)

—18°
(¢ 0.11, MeOH)
282 (7200)

3387, 3001,
2917, 1711,
1460, 1355,
1162, 736

224 (4 15.9)
269 (—3.68)

Colorless crystals
C36Ha6N1O2
567.4052 [M+H]"
(A —=3.5 mmu)
(HRESIMS)

+ 34.44°
(¢ 0.9, CHCl)
215, 248,

281, 291,

352, 359
3280, 2954,
2927, 1560,
1493, 1453,
1370, 1276,
1150, 748, 665

Pale yellow powder
C36HaN4O;3
583.3477 [M+H]"
(A —16.6 mmu)
(HRESIMS)

+25.9°
(c 0.5, MeOH)
218, 240,

280, 291,

356, 359

3324, 2928,
1649, 1559,
1461, 1194, 675

Pale yellow powder
C36HaaN4O3
581.3467
[M+H]*

(A —=2.5 mmu)
(HRESIMS)
>200 (dec.)

+ 10.0°

(¢ 1.0, MeOH)
219, 248,

268, 356, 395

3324, 2935,
1661, 1559, 1461,
1197, 664

“Manzamine A hydrchloride (1a): Colorless crystals (MeOH); MP (°C) > 240°C (dec.); [sc],zJ0 + 50° (¢ 0.28, CHCl3).
bCompound 13 and compound 13’ should have the same structure as manzamine Y (6-hydroxymanzamine A), but the spectral data especially their
optical rotations showed great difference between two different reports (/2,74).
‘A small amount of crystals of keramaphidin B (39) obtained from CH3CN or CHCl; was racemic (26).
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I3C-NMR Data of Manzamine-type Alkaloids in CDCl5.

TABLE III.

Alkaloids 1-8

Atom 1(9) 2.(8) 3(8) 3a (22) 4 (7)) 5(9) 6 (9) 7(11) 8 (10.27)
1 143.6s 146.2s 145.8s 53.9d 60.0d 142.8s 142.5s 143.3s 59.9d
3 137.5d 137.0d 137.4d 4.1t 66.9t 138.4d 137.8d 137.9d 43.0t
4 113.8d 113.7d 113.0d 21.7t 43.6t 113.4d 113.7d 114.7d 22.4
4a 129.3s 129.2s 128.1s 109.5s 127.7s 129.4s 130.2s 129.8s 109.0s
4b 121.1s 121.1s 121.9s 128.0s 109.4s 121.6s 122.8s 123.2s 127.8s
5 120.9d 121.3d 121.6d 119.0d 119.2d 121.3d 112.0d 112.6d 118.0d
6 119.2d 118.8d 119.0d 120.3d 118.0d 119.9d 120.9d 120.7d 119.3d
7 127.9d 128.8d 127.6d 123.1d 129.8d 128.3d 113.0d 114.3d 121.4d
8 112.8d 111.3d 111.8d 112.2d 111.0d 111.9d 143.4s 143.8s 111.0d
8a 141.4s 140.5s 140.6s 138.1s 141.0s 140.6s 129.9s 130.6s 135.5s
9a 133.3s 134.9s 135.5s 115.9s 133.8s 133.3s 133.2s 132.9s 134.2s
10 141.2s 44.5d 34.7t 27.7t 135.4s 140.3s 140.9s 141.9s 143.9s
11 135.1d 60.2d 52.8t 52.9t 134.5d 138.0d 137.3d 134.6d 130.1d
12 71.3s 60.4s 69.8s 68.4s 69.0s 71.2s 70.1s
13 39.1t 18.6t 48.9t 48.9t 40.9t 40.5t 39.9t 39.2t 40.6t
14 20.6t 227t 26.0t 23.0t 21.9t 21.2t 21.4t 20.7t 21.9t
15 126.8d 127.7d 233t 25.0 128.7d 127.9d 127.9d 126.7d 129.4d
16 132.8d 131.8d 24.9¢ 26.8t 132.2d 132.0d 130.1d 133.0d 129.1d
17 24.9t 23.5t 130.9d 132.1d 33.3t 25.0t 25.5t 24.7t 29.1t
18 26.4t 26.7t 130.9d 132.1d 27.1t 26.3t 26.6t 26.5t 28.6t
19 24.5 243t 24.9¢ 26.8t 2.7t 24.8t 25.0t 24.5 29.0t
20 53.3t 50.8t 23.3t 25.0t 53.6t 52.5t 52.8t 53.4t 53.4t
21 26.0t 23.0t 23.0t

22 49.1t 47.5t 48.9t 48.9t 49.8t 49.3t 49.6t 49.1t 49.6t

14%4
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23 33.5t 32.3t 32.0t 33.2t 34.0t 33.4t 32.3t
24 41.0d 32.5d 37.9d 41.7d 42.3d 41.3d 44.6d
25 46.9s 44.0s 47.6s 46.5s 47.3s 47.1s 43.5s
26 78.0d 59.7d 75.5d 80.8d 81.7d 78.3d 59.2d
28 53.3t 39.4t 55.1t 52.6t 53.0t 53.7t 59.2t
29 26.2t 23.4t 26.2t 32.4t 32.7t 26.4t 29.2t
30 24.2t 18.1t 25.9t 44 .3t 45.1t 24.2t 29.2t
31 28.3t 27.9t 28.4t 214.8s 216.2s 28.4t 25.0t
32 142.3d 132.3d 136.4d 38.7t 38.8t 142.8d 131.6d
33 123.5d 131.3d 121.4d 24 .4t 24 .4t 123.3d 131.1d
34 57.0d 27.3t 51.0t 63.2d 63.6d 57.4d 26.2t
35 44.7t 44.7t 44 .8t 46.5t 46.6t 44 .8t 37.3t
36 70.3t 56.6t 68.8t 68.4t 69.0t 70.2t 65.7t
Alkaloids 9-17

Atom 9 (10) 10 (27) 11 (17) 12 (19) 13 (19) 14 (12) 15 (13) 16 (13) 17 (17)
1 144.1s 56.1d 145.6s 142.9s 143.3s 158.9s 60.8d 69.5d 158.8s
3 138.6d 41.3t 139.6d 137.9d 137.0d 48.8t 43.9t 53.0t 48.8t
4 113.4d 21.7t 115.3d 113.4d 113.9d 19.1t 22.3t 21.9t 19.2t
4a 129.4s 109.7s 123.5s 129.0s 129.1s 117.1s 110.3s 110.3s 116.2s
4b 121.9s 126.6s 132.1s 122.3s 121.7s 125.5s 129.5s 129.0s 126.0s
5 121.6d 117.1d 123.1d 106.7d 106.0d 119.7d 109.5d 109.3d 103.4d
6 120.0d 118.6d 121.7d 150.3s 149.8s 120.2d 119.9d 119.9d 149.8s
7 129.4d 120.6d 130.3d 118.5d 118.4d 124.3d 106.8d 106.9d 114.5d
8 111.7d 110.0d 114.1d 112.3d 113.3d 121.1d 143.0s 143.1s 112.9d
8a 140.2s 134.8s 135.7s 134.7s 136.2s 136.1s 125.1s 125.3s 135.2s
9a 133.8s 132.6s 141.3s 134.3s 134.0s 127.6s 144.8s 144.9s 128.3s
10 142.5s 143.3s 143.5s 139.8s 141.3s 139.0s 132.8s 131.6s 138.9s
11 131.7d 128.6d 138.4d 136.6d 134.9d 140.8d 132.7d 132.1d 140.2d
12 70.4s 68.9s 70.7s 69.4s 71.2s 69.9s 70.6s 71.1s 69.9s

(continued)
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TABLE III.
Continued.

13 40.9t 39.6t 50.5t 41.7t 39.2t 40.5t 39.6t 39.8t 40.3t
14 22.2t 21.0t 128.3d 21.8t 20.8t 21.6t 20.6t 20.6t 21.4t
15 128.2d 128.4d 140.6d 128.5d 126.9d 128.4d 127.6d 126.8d 128.9d
16 131.2d 127.9d 74.4d 132.3d 132.8d 132.3d 131.7d 132.9d 132.4d
17 32.5t 28.1t 37.2t 26.1t 25.0t 25.9t 249t 24.8t 25.5t
18 28.7t 27.5t 27.4t 26.3t 26.4t 25.8t 26.4t 26.3t 26.2t
19 29.2t 28.2t 22.5t 22.9t 24.6t 25.6t 24.4t 24.4t 25.1t
20 53.5t 52.8t 55.9t 53.2t 53.4t 53.4t 53.3t 53.2t 53.4t
22 49.7t 48.6t 45.3t 49.8t 49.2t 49.5t 49.1t 49.1t 49.4t
23 29.2t 31.7t 33.3t 32.5t 33.4t 32.5t 33.7t 33.4t 32.6t
24 46.7d 46.2d 42.2d 39.3d 40.8d 40.8d 37.5d 37.4d 38.2d
25 43.5s 42.9s 49.1s 45.4s 47.0s 46.9s 46.7s 44.6s 46.8s
26 59.2d 58.1d 74.7d 75.2d 78.0d 75.1d 78.9d 78.9d 75.2d
28 37.5t 58.1t 53.1t 55.3t 53.4t 50.9t 53.5t 53.3t 51.2t
29 26.2t 28.2t 34.5t 28.0t 26.4t 31.3t 26.3t 26.3t 29.6t
30 25.1t 28.2t 27.2t 26.8t 24.3t 25.6t 24.0t 24.0t 28.2t
31 29.2t 24.1t 30.1t 79.6d 28.3t 28.1t 28.6t 28.7t 25.8t
32 131.0d 130.6d 136.9d 40.7t 142.4d 134.9d 142.5d 142.1d 135.2d
33 129.4d 130.0d 131.4d 36.9t 123.6d 129.6d 123.6d 123.6d 128.2d
34 59.2t 25.1t 57.3d 103.9s 57.1d 55.0t 57.5d 57.5d 55.2d
35 29.2t 37.0t 45.3t 51.4t 44.7t 44.5t 43.2t 42.5t 44.6t
36 65.6t 64.9t 65.6t 66.5t 70.3t 68.6t 70.9t 70.9t 68.9t
N-Me 44.4q
Alkaloids 18-22, and 25
Atom 18 (17) 19 (16)° 20 (16)° 21 (16)° 22 (16)° 25 (15) 25 (15)

Unit A Unit B
1 159.8s 143.8s 135.0s 135.0s 136.6s 147.6s 57.5d
3 48.8t 137.8d 132.9d 133.1d 61.9t 136.6d 38.4t

9¢¢
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19.1t
117.1s
125.5s
119.7d
120.1d
124.2d
112.0d
136.1s
127.7s
140.1s
133.5d
70.2s
40.7t
21.9t
129.3d
129.2d
29.1t
28.6t
29.1t
53.4t
49.5t
32.3t
45.0d
43.2s
59.2d
59.2t
29.1t
29.1t
25.0t

113.5d
129.4s
122.1s
121.8d
120.3d
129.0d
112.0d
140.5s
133.9s
140.0s
138.8d
69.7s
41.9t
22.2t
128.6d
132.6d
NR
NR
NR
NR
NR
NR
NR
NR
78.8d
55.8t
23.2t
37.4t
79.8d

115.2d
120.5s
122.5s
121.2d
121.3d
127.8d
112.0d
141.3s
136.8s
141.3s
140.8d
70.0s
41.3t
22.0t
128.8d
132.9d
NR
NR
NR
NR
NR
NR
NR
NR
75.3d
51.4t
33.7t
26.0t
28.4t

115.3d
120.3s
122.5s
121.2d
121.4d
127.8d
111.9d
141.1s
136.9s
137.8s
134.6d
70.5s
41.0t
26.5t
131.1d
132.4d
NR
NR
NR
NR
NR
NR
NR
NR
59.4d
54.8t
29.8t
29.0t
32.9t

20.3t
108.3s
126.5s
119.1d
121.0d
123.5d
112.0d
137.8s
129.9s
134.5s
141.1d
69.9s
41.2t
21.9t
128.8d
132.9d
NR
NR
NR
NR
NR
NR
NR
NR
75.1d
51.3t
33.9t
26.0t
28.4t

113.6d
129.3s
120.9s
121.0d
118.5d
127.4d
110.6d
140.7s
135.8s
53.0d
58.8d
60.3s
40.1t
24.0t
130.8d
132.2d
249t
28.2t
26.1t
52.8t
127.3d
116.3s
34.6d
35.6s
60.6d
47.7t
26.9t
28.1t
23.4t

23.3t
107.7s
127.2s
117.9d
118.2d
120.2d
110.5d
135.9s
135.3s
38.8d
74.7d
64.2s
31.1t
18.7t
130.2d
130.8d
24.9t
27.6t
26.9t
46.8t
62.0d
23.0t
40.3d
45.2s
66.8d
48.3t
27.6t
26.6t
24.2t

(continued)
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TABLE III.
Continued.

Atom 18 (17) 19 (16)° 20 (16)° 21 (16)° 22 (16) 25 (15) 25 (15)

Unit A Unit B
32 131.0d 28.4t 134.7d 130.0d 134.8d 129.5d 130.6d
33 131.4d 41.0t 130.4d 129.5d 130.3d 132.5d 131.2d
34 26.2t 104.2s 55.7d 25.4t 55.0d 18.4t 20.9t
35 37.4t 51.9t 439t 22.8t 44,1t 32.9t 32.7t
36 65.6t 67.1t 69.3t 65.8t 63.9t 49.9t 56.3t
13C-, 'N-NMR Data of Manzamine-type Alkaloids 26, 57-59 in CDCl;¢
Atom 26 (18) 26 (18) 57 (58) 58 (58) 59 (58)

Unit A Unit B

1 142.8s 143.0s 143.9s 142.6s 143.8s
N2 273.7s 273.7s 298.0s 299.0s ND
3 138.7d 138.8d 138.8d 138.3d 138.2d
4 113.4d 113.5d 114.2d 114.3d 113.9d
4a 129.3s 129.4s 129.9s 130.1s 130.1s
4b 121.8s 121.8s 122.0s 123.4s 112.0s
5 121.6d 121.6d 121.8d 111.9d 122.1d
6 120.1d 120.1d 120.4d 120.9d 120.6d
7 128.4d 128.4d 128.8d 113.6d 128.4d
8 111.5d 111.5d 112.3d 143.6s 111.9d
8a 139.8s 139.9s 140.8s 130.6s 140.3s
N9 83.6p 83.6p 109.0p 105.4p ND
9a 133.5s 133.6s 133.8s 133.2s 133.2s

8¢C

1V L4 NH



10
11
12
13
14
15
16
17
18
19
20
N21
22
23
24
25
26
N27
28
29
30
31
32
33
34
35
36

139.8s
137.2d
70.8s
40.4t
21.7t
128.0d
132.5d
25.9t
26.7t
25.6t
44.6t
13.5s
49.6t
32.4t
39.8d
45.3s
75.5d
57.4s
47.2t
29.7t
72.2d
84.4d
39.5t
26.5t
89.7s
53.1t
68.7t

140.8s
137.2d
69.3s
41.6t
21.8t
128.3d
132.8d
25.8t
26.7t
26.1t
53.1t
13.0s
49.7t
32.2t
39.2d
45.3s
75.9d
37.4s
44.6t
30.0t
72.7d
67.2d
22.8t
26.6t
104.5s
51.2t
67.0t

142.8s
132.7d
80.5s
40.3t
23.1t
129.9d
129.8d
25.4t
30.0t
30.1t
59.3t
36.1s
50.1t
32.1t
46.3d
38.6s
67.2d
73.5s
54.1t
23.3t
33.1t
206.2s
30.9t
30.5t
101.8s
47 .4t
66.3t

140.1s
132.2d
80.3s
39.8t
22.5t
129.3d
129.4d
25.0t
29.7t
29.6t
58.9t
NO
49.7t
32.8t
45.9d
38.0s
66.8d
73.2s
53.7t
22.7t
31.7t
205.1s
30.5t
30.0t
101.6s
47.2t
66.0t

142.9s
135.5d
80.4s
41.4t
23.6t
127.8d
133.2d
24.6t
29.7t
30.1t
58.8t
ND
49.3t
33.8t
43.2d
39.9s
68.8d
ND
54.1t
22.4t
33.9t
29.6t
133.4d
124.1d
94.9s
49.1t
69.9t

(continued)
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TABLE III.
Continued.

13C-NMR Data of Manzamine-related Natural Alkaloids 27, 28, 30, 35-39 in CDCl;.

Atom 27 (14) 28 (14) 30 (22)¢ 35 (10) 36 (10) 37 (25) 38 (25) 39 (26)
1 136.4s 155.8s 193.3d 194.3d 66.0t 65.2t 64.3d
2 42.8t

3 137.9d 49.1t 23.8t 53.6t
4 118.4d 18.8t 25.1t 38.0d
da 131.5s 118.0s 43.3d
4b 120.6s 124.7s

5 121.7d 120.3d 26.5t 27.6t
6 120.5d 119.9d 132.2d 47.4t
7 129.6d 125.1d 132.2d

8 111.8d 112.2d 26.5t 50.8t
8a 140.8s 136.9s 45.1s
9 25.1t 141.8s
9a 136.5s 125.1s

10 184.2s 182.9s 23.8t 142.6s 144.7s 144.3s 143.8s 122.6d
11 129.7s 126.3s 42.8t 157.6d 151.7d 130.4d 126.8d 54.1t
12 70.2s 69.9s 71.6s 70.6s 26.1t
13 143.6d 144.2d 38.9t 40.4t 42.1t 41.2t 25.6t
14 21.0t 21.4t 23.0t 22.6t 22.9t
15 143.3d 144.2d 127.9d 129.3d 129.1d 130.5d 131.2d
16 132.5d 131.4d 134.6d 128.9d 130.9d
17 25.6t 29.2t 27.1t 30.0t 21.0t
18 26.7t 29.2t 28.6t 29.6t 41.6t
19 25.3t 26.2t 26.9t 25.5t 56.2t

20 53.5t 37.1t 55.0t 59.4t 21.1t

0rc

1V L4 NH



21 27.2t

22 49.4t 49.5t S51.2t 49.9t 25.0t

23 31.6t 31.4t 33.6t 30.2t 131.5d

24 34.0d 40.2d 39.9d 44.1d 132.0d

25 46.4s 42.6s 48.7s 43.9s 25.6t

26 76.3d 59.8d 78.8d 60.3d 37.0t

28 51.4t 53.5t 54.5t 52.4t

29 29.8t 29.2t 30.1t 29.4t

30 25.3t 25.0t 26.5t 29.7t

31 28.2t 28.6t 29.7t 23.0t

32 137.1d 131.2d 141.5d 130.9d

33 127.7d 129.2d 127.6d 132.0d

34 55.4d 59.3d 55.8d 29.7d

35 44.6t 29.2t 46.3t 37.5t

36 69.2t 65.6t 71.3t 65.3t

N-Me 35.2q 35.2q

13C-, ’'N-NMR Data of Manzamine-type Alkaloids 60-66 in CDCl;¢

Atom 60 (61) 61 (61) 62 (59) 63 (59) 64 (60) 65 (60) 66 (60)

1 61.3 69.2 53.5 60.1 143.1s 143.5,s 139.4,s

N2 ND ND 46.3 40.4 ND ND ND

3 43.7 53.0 49.3 23.0 137.7d 136.7d 116.2d

4 22.2 22.0 23.0 108.3 113.7d 113.6d 129.5d

4a 109.4 109.4 108.7 127.4 130.3s 129.9s 134.8s

4b 136.2 136.5 127.4 118.2 121.6s 122.2s 123.5s

5 117.4 117.4 118.2 111.9 121.3d 105.3d 105.6d

6 120.8 120.8 119.0 118.9 119.9d 151.4s 153.2s

7 118.5 118.6 121.3 121.3 128.5d 118.5d 123.1d

8 112.0 111.9 111.3 111.3 112.3d 113.0d 114.1d
(continued)
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TABLE III.
Continued.

Atom 60 (61) 61 (61) 62 (59) 63 (59) 64 (60) 65 (60) 66 (60)
8a 127.0 126.7 136.1 136.1 141.1s 134.7s 139.4s
N9 ND ND 123.8 ND ND ND ND

9a 132.5 143.3 134.7 134.9 133.8s 136.1s 136.9s
10 144.1 143.3 43.0 40.4 141.7s 139.5s 143.7s
11 132.5 133.4 74.5 74.7 137.2d 136.9d 143.7d
12 70.7 71.0 64.7 64.6 68.6s 69.9s 72.5s
13 39.5 39.6 31.0 314 40.5t 41.0t 41.2t
14 20.6 20.6 18.6 18.7 21.7t 21.9t 21.6t
15 127.2 127.0 130.0 130.1 127.8d 128.7d 134.8d
16 132.8 132.9 131.1 131.0 132.7d 132.0d 127.5d
17 24.9 24.9 25.0 25.0 25.7t 26.3t 23.6t
18 26.4 26.4 27.6 27.6 26.9t 27.1t 26.1t
19 24.5 24.5 27.0 27.0 25.0t 22.8t 22.8t
20 53.3 53.2 46.6 46.7 52.8t 53.5t 53.2t
N21 ND ND 36.9 ND ND ND ND

22 49.1 49.3 57.9 58.6 49 8t 50.2t 49.7t
23 33.9 33.6 26.8 27.9 33.4t 32.5t 31.5t
24 37.1 37.5 33.6 394 42.4d 40.1d 39.5d
25 46.8 46.9 45.2 45.3 45.9s 45.5s 42.7s
26 78.8 78.8 66.9 66.7 81.9d 75.6d 79.7d
N27 ND ND 32.6 ND ND ND ND

28 53.3 53.3 48.0 48.1 53.5t 53.5t 53.2t
29 26.2 26.2 27.3 27.4 31.7t 32.4t 38.1t
30 24.4 24.4 26.2 26.2 48.2t 48.2t 41.2t

(44

1V L4 NH



31 28.3
32 141.9
33 124.1
34 57.1
35 43.1
36 70.8
37
38
39

28.3
141.8
124.1

57.2

42.6

71.1

44.2

243
131.1
130.8

21.4

333

57.5

45.2
208.6

30.9

243
130.8
130.6

21.2

33.1

57.2

49.6
207.4

30.6

70.6d
36.8t
25.0t
63.8d
46.2t
68.9t

79.9d
37.2t
26.3t
65.4d
47.3t
66.9t

25.8t
23.6t
31.5t
66.9d
197.2s
63.5t

“Recorded in CD;0D.

PRecorded in CgDg+CD;0D

“19-22 were recorded in CD,Cl,. NR = not reported in the original literature.
“Nitromethane was used as external standard for '"N-NMR, s = quaternary, p = protonated nitrogens. NO = not observed. ND = not

determined.

SAIOTVITV ANINVZNVIN dHL

1344



244 HU ET AL.

TABLE IV.

"H-NMR Data of Manzamine-type Alkaloids in CDCl;.

Alkaloids 1-4

Atom 109 2(8) 3(8) 3a (22)¢ 47y
1 4.51, s
8.34,d, 5.1-5.38.26,d, 5 8.26,d, 5 3.36, m 2.35,2H, m
3.13, m
4 7.85,d, 5.1-5.37.84,d, 5 7.81,d,5 2.83, m 2.98, 2H, m
2.88, m
5 8.08,d, 7.9 8.07,d,7.8 8.11,d,7.8 7.43,d,7.8 749,d,7.6
6 7.23,1,7.9 7.46, dd, 7.51, m 7.02,t,7.8 7.08,t, 7.3
7.8,7.8
7 7.52,1,7.9 7.18, dd, 7.34 m 7.11,t,7.8  7.14,t, 7.5
7.8,7.8
8 7.83,d,7.9 7.40,d,7.8 7.51, m 7.32,d,7.8 7.42,d,7.9
10 3.80, dd, 9.5,2.90, dd, 2.22, m
4.5 2H, 5.1, 5.1 231, m
11 6.52, s 3.52,d,44 3.31,dd, 3.04, m 571, s
2H, 5.1, 5.1 292, m
13 2.15, m 1.75, m2.6-1.4, 2.82, dd, 2.99, m 2.2-1.2, overlapped
overlapped 2H, 7.5, 7.5 295, m
14 2.1-2.2, m 2.6-1.4, 2.32,2H, m 1.68, 2H, m 2.2-1.2, overlapped
overlapped
15 5.57, m 5.62, ddd, 1.75,2H, m 1.52,2H, m 5.85, m
10.8, 10.8, 5.4
16 5.57, m 5.47, ddd, 1.52,2H, m 2.27,2H, m 5.52, m
10.8, 10.8, 4.3
17 2.50, m 1.60, m2.6-1.4, 547, m 543, m 2.2-1.2, overlapped
overlapped
18 1.45, m 1.20, m2.6-1.4, 547, m 543, m 2.2-1.2, overlapped
overlapped
19 1.81, m 1.45, m2.6-1.4, 1.52, 2H, m 2.27,2H, m 2.2-1.2, overlapped
overlapped
20 2.58, m 2.38, m2.6-1.4, 1.75,2H, m 1.52, 2H, m 2.62, 2H, m
overlapped
21 2.32,2H, m 1.68, 2H, m 2.2-1.2, overlapped
22 2.93, m; 1.88, m2.80, 2H, m 2.82, dd, 2H,2.99, m; 2.81,2H, m
7.5,7.5 2.95, m
23 2.95, m 1.78, m2.6-1.4, over- 2.2-1.2, overlapped
lapped 1.30,
dd, 13.2, 13.2
24 2.55, m 2.6-1.4, 2.2-1.2, overlapped
overlapped
26 3.72, s 2.95,s 3.40, s
28 4.03, m 3.27, m3.47, m 3.16, m 2.51, m
3.09, br

(continued)
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TABLE IV.
Continued.
Atom 19 2(8) 3(8) 3a (22)° 4 (7)Y
29 2.60, m 2.00, m 2.6-1.4, 2.2-1.2, overlapped
overlapped
30 1.95, m 1.45 m 2.6-1.4, 2.2-1.2, overlapped
overlapped
31 2.30, m 2.6-1.4, 2.2-1.2, overlapped
overlapped
32 6.29, m 5.30, brs 5.64, m
33 5.39,t, 7 5.30,brs 5.20, dd, 9.3, 9.8
34 4.94, m 2.6-1.4, 4.18,t, 7.8
overlapped
35 240, m 1.85,m 1.14,d, 13.9 2.2-1.2, overlapped
0.92, dd, 13.9,
7.9
36 2.88, m232, m 2.6-14, 2.2-1.2, overlapped
overlapped
Alkaloids 5-10
Atom 5(7,9) 6 (7,9) 7 (11) 8 (10) 9 (10) 10 (27)
1 4.64,8 4.65, m
3 8.42,d, 5.1 8.38,d,53 8.33,d,5.1 3.40-3.10 8.44,d5.4 3.6-1.0, m
overlapped
4 7.83,d, 5.1 7.80,d,53 7.83,d, 5.1 3.40-3.10 7.83,d,51 3.6-1.0,m
overlapped
5 8.10,d,7.9 7.62,d,7.7 7.62, brd, 748,d,7.6 8.11,d,7.8 7.48,d,7.7
7.2
6 7.26, dt, 7.14, m 7.15,1,7.2 7.14, m 7.27, m 7.14, t, 8.0
7.9, 1.1
7 7.53, dt, 7.14, m 7.09, dd, 7.09, m 7.53, m 7.09, t, 8.0
7.9, 1.1 7.5,0.9
8 7.59,d, 7.9 733,d,7.8 7.53, m 7.31,d, 8.1
11 6.50, s 6.65,s 6.46,s 5.61,s 6.24,s 5.64,s
13 1.88, m 2.05, m 2.06, m 3.40-3.10 3.6-1.0, m
1.73, m 1.87, m 1.80, m overlapped
14 2.2-2.1, m 2.3-2.1, m 2.23, m 3.40-3.10 3.6-1.0, m
overlapped
15 5.54, dt, 5.63, dt, 5.59, m 5.62, m 5.64, 5.58, m
10.6, 7.8 10.3, 7.9 brt, 11.1
16 5.45, td, 5.52, ddd, 5.55, m 545, m 5.46, 543, m
10.8, 4.6 10.8, 10.8, brtd, 11.1,
4.4 3.8
17 2.50, m 2.50, m 247, m 3.40-3.10 3.6-1.0,m
1.64, m 2.50, m 247, m 3.40-3.10 3.6-1.0, m
1.64, m 1.64,m overlapped

(continued)
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TABLE IV.
Continued.
Atom  5(7.9) 6 (7,9) 7(11) 8 (10) 9 (10) 10 (27)
18 142, m 1.42, m 1.54, m 3.40-3.10 3.6-1.0, m
1.30, m 1.30, m 1.23, m overlapped
19 1.70, m 1.75, m 1.85, m 3.40-3.10 3.6-1.0, m
1.35, m 1.40, m 1.50, m overlapped
20 2.60, m 2.60, m 2.38, 2.62, m 3.40-3.10 3.6-1.0, m
2.38, m m 243, m overlapped
22 2.80, m 2.80, m 297, m 3.40-3.10 3.6-1.0, m
1.90, m 1.90, m 1.88, m overlapped
23 2.03, m 2.25, m 297, m 3.40-3.10 3.6-1.0, m
1.45, m 1.56, m 1.86, m overlapped
24 3.20, m 3.20, m 2.53, m 3.40-3.10 3.33, brd, 3.6-1.0, m
overlapped  11.0
26 3.53,s 3.70, s 3.77,d, 6.9  3.71, brs 3.85, brs 3.74, brs
28 323, m 332, m 4.03, dd, 3.40-3.10 3.6-1.0,m
2.65, m 2.75, m 12.06.9 overlapped
3.32, q, 10.1
29 1.90, m 2.05, m 2.50, m 3.40-3.10 3.6-1.0, m
1.80, m 1.95, m 2.30, m overlapped
30 2.48, m 2.49, m 2.03, m 3.40-3.10 3.6-1.0, m
2.23, m 2.22, m 1.54, m overlapped
31 235, m 3.40-3.10 3.6-1.0, m
overlapped
32 2.35, m 2.63, m 6.34, dt, 531, m 5.36, brt, 532, m
2.15, m 2.33, m 10.8, 6.8 9.9
33 1.95, m 2.10, m 5.42,1,9.8 5.20, m 5.25, brt, 5.19, m
1.60, m 1.70, m 10.7
34 2.85, m 2.98, m 4.98, brq, 3.40-3.10 3.6-1.0, m
6.9 overlapped
35 1.60, m 1.65, m 2.39, m 3.40-3.10 3.6-1.0, m
1.49, m 1.57, m 1.92, m overlapped
36 2.50, m 249, m 292, m 3.40-3.10 3.6-1.0, m
2.35, m 2.30, m 2.40, m overlapped
Alkaloids 11-15
Atom 11 (17)* 12 (14) 13 (14) 14 (12) 15 (13)
1 4.80,brs
3 8.35,d, 5.2 8.31,d, 5.1 8.13,d, 4.8 3.96, m 3.27, brd,
3.84, m 11.0 2.94,
dt, 11.0
4 8.00, d, 5.2 7.59,d, 5.1 7.48, d, 4.8 2.82,2H, m 281, m 2.62,
brd, 13.8
5 8.19,d, 7.7 7.49, d, 2.5 7.39,d,2.4 7.60, d, 7.9 6.96, d, 8.0
6 7.30, dd, 7.13,t,7.9 6.91, dt,
7.7,7.1 8.1, 4.0

(continued)
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TABLE IV.
Continued.
Atom 11 (17)* 12 (19) 13 (14) 14 (12) 15 (13)
7 7.59, dd, 7.13, dd, 7.08, dd, 7.28,t,7.9 6.63, d, 8.1
7.1, 8.2 2.5, 8.6 2.4,17.5
8 7.72,d, 8.2 7.26, d, 8.6 7.54,d,7.5 7.41,d,79
11 6.54, s 6.45, s 6.51, s 6.32, s 5.84, s
13 295 m 2.13, m 2.02, 2H, m 1.93, m 2.00, m
2.73, dd, 1.68, m 1.67, m 1.52, m
10.0, 14.4
14 5.73, ddd, 2.36, m 2.26, 2H, m 2.35, m 2.13, 2H, m
14.8, 10.0, 4.3 2.13, m 2.13, m
15 5.65, dd 5.64, m 5.5, m 5.63, m 5.55, m
14.8, 8.3
16 4.06, brt, 7.5 5.53, m 5.5, m 5.53, dt, 5.53, m
10.6, 4.7
17 1.72, m 1.52, m 2.58, m 2.47, m 2.53, m 2.38, m
1.70, m 1.57, m 1.70, m 1.42, m
18 1.68, m 1.45, m 1.44, 2H, m 1.42, m 1.70, m 1.38, m
1.24-1.17, m 1.33, m 1.13, m
19 1.66, m 1.45, m 1.69, m 1.83, m 1.73, m 1.85, m
143, m 1.42, m 142, m 1.42, m
20 2.60, tt, 4.4, 2.67, m 2.55, m 2.60, dt, 13.2, 2.27, m 2.45,
8.6 2.30, m 245 m 242, m 52244, m dd, 12.0, 5.1
22 281, m2.18, m 2.71, m 2.86, m 2.76, brd, 2.77, m
1.95, m 1.86, m 10.8 1.95, m 1.67, m
23 198, m1.72, m 1.93, m 2.86, m 1.97, m 2.16, m 1.33, m
1.51, m 1.74, m 145, m
24 2.93, m 3.00, dd, 2.55, m 2.00, m 1.97, m
12.0, 6.0
26 4.20, s 3.62, s 3.67, s 344, s 3.55, s
28 2.95, 2H, m 334, m 2.88, 3.98, m 3.17,2H, m 3.82, m
dd, 11.1, 10.3  3.21, m 3.16, t,11.4
29 1.99, m 1.67, m 1.70, m 2.60, m 1.96, m 2.45 m
1.58, m 1.24-1.17, m 1.62, m 1.84, m
30 195, m 145 m 193, m 1.95, m 1.87, m 1.90, m
1.44, m 1.42, m 1.34, m 1.42, m
31 234, m222, m 4.55 m 2.26, m 2.35, m 2.32, m (2H)
2.13, m
32 5.98, dt, 2.40, m 6.20, m 595, m 6.14, m
10.9, 7.1 2.13, m
33 5.36, brt, 8.8 1.44, m 5.30, m 5.26, brd, 5.18,t,9.9
10.6
34 4.32, brt, 8.3 4.89, m 4.19, m 4.70, t, 8.7
35 2.41, dd, 8.6, 2.40, d-like, 2.45 m 2.14, m 1.71, m
13.2 1.68, m 12.7 2.34, 1.83, m 1.69, m 1.42, m
d-like, 12.7

(continued)



248 HU ET AL.
TABLE IV.
Continued.
Atom 11 (7)* 12 (14) 13 (19) 14 (12) 15 (13)
36 2.95,d,11.6 3.14,d, 12 2.86, m 2.78, d, 11.6 2.78, m
1.95,d, 11.6 2.27,d, 12 2.40, m 2.27,d,11.6 2.10, m
Alkaloids 16-20
Atom 16 (13) 17 (17) 18 (17) 19 (16)° 20 (16)°
1 392, s
3.00,dd, 11.0, 393, m 345, m 8.42,d, 5.1 8.06, d, 6.7
4.0 2.44, dd, 3.89, m 3.35, m
12.0, 3.0
4 2.85,t, 12.0 2.81, m 2.88, m 7.87,d,52 7.77,d,6.7
2.65, brd, 15.0 2.79, m 2.86, m
5 6.96, d, 8.0 6.97, brs 7.59,d, 7.7 8.16,d, 7.8 8.04, d, 8.0
6 6.91, dt, 7.14, dd, 7.33, m 7.32,t, 8.0
8.0, 4.0 7.7,7.1
7 6.64, d, 8.0 6.86, brd, 7.26, dd, 7.57, m 7.51, m
8.2 7.1, 8.2
8 7.29,d, 8.2 7.40, d, 8.2 7.57, m 7.54, m
11 591, s 6.36, s 6.15, s 6.41, s 6.07, s
13 1.92, m 1.92, m 2.05, m 2.10, m 2.15, m
1.75, m 1.72, m 1.48, m 1.69, m 1.85, m
14 2.17, 2H, m 1.73, m 227, m 2.40, m 2.40, m
1.43, m 1.98, m 2.14, m 2.10, m
15 5.56, dt, 5.63, ddd, 5.32, ddd, 5.68,q, 10.0 572, m
8.0, 3.0 7.3, 8.3, 10.8 7.0, 8.3, 10.6
16 5.54, dt, 5.54, dt, 5.28, dt, 5.58, dt, 5.60, dt,
11.0, 4.0 10.8, 7.3 10.6, 7.6 10.8, 5.0 7.9, 4.7
17 2.36, m 1.77, m 2.93, m 2.64, m 2.55, m
1.55, m 1.43, m 2.90, m 1.86-1.76, m 1.75, m
18 1.45, m 1.91, m 1.90, m 1.51, 1.41, m
1.14, m 1.43, m 1.55, m 2H, m 1.30, m
19 1.72, m 1.73, m 1.70, m 147, 2H, m 181, m
1.40, m 143, m 1.20, m 141, m
20 2.48, dd, 2.61, m 291, m 2.78, m 2.80, m
13.0, 5.0 243, m 2.82, m 2.54, m 2.38, m
2.26, m
22 2.75, m 2.78, m 295, m 2.80, m 2.98, m
1.61, brd, 11.0  1.95, m 1.94, m 2.01, m 2.50, m
23 2.16, m 2.01, m 2.17, m 1.58,2H, m 3.15, m
1.43, m 1.48, m 1.72, m 1.75, m
24 1.86, m 2.78, m 245, m 3.01, dt, 3.00, dd,
9.3,64 11.5,7.3
26 3.56,d, 7.5 347, s 3.78, s 3.62, s 3.72, s
28 3.88, m 3.16, 3.19, m 3.08,s 2.62, m 3.36, m 3.96, m
q, 10.0 2.35, m 2.89, m 3.20, m
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TABLE IV.
Continued.
Atom 16 (13) 17 (17) 18 (17) 19 (16)° 20 (16)°
29 244, m19l,m 193, m1.27, m 178, m1.70,m 1.86-1.76, 2.84, m
2H, m 1.98, m
30 197, m1.42, m 229, m216,m 1.78, m1.28, m 1.86-1.76, m 1.91, m
1.66, m 1.38, m
31 234, m2200m 1.74, m1.48 m 1.74,m 1.48, m 4.54,brd, 7.9 2.30,2H, m
32 6.17, dt, 12.0, 597,t,104,7.6 5.61, dt, 109, 3.20, d, 11.9 595 m
6.0 7.1 2.05, m
33 5.18, t, 10.0 5.25, brt, 9.5 5.36, brt, 8.8 2.25-2.16, m 535 m
1.63, m
34 4.73, q, 8.1 4.30, m 272, m 2.19, m 429, m
35 1.69, dd, 14.0, 2.78, m 1.72, m 2.18, m 1.45, m 233, d,1 3.9 243, m
8.0 1.30, brd, 1.94, d, 13.9 1.68, m
14.0
36 2.74, brd, 12.1 280, m 2.37, m 3.30, d, 12.1 2.27,d,11.9 280, d, 11.6
2.09, brd, 12.0 2.08, d, 12.1 2.33,d,11.3
N-Me 2.26,s
Alkaloids 21, 22, 25 and 26
Atom 21 (16 22 (16 25 (153) 25 (15) 26 (18) 26 (18)
unit A unit B unit A unit B
1 243, m
3 8.08,d, 6.6 4.36, m4.21, 8.17,d,5.0 2.57, m 2.34, 8.45,d,5.1 8.46,d, 5.1
m m
4 7.79,d,6.2 322, 2H,m 7.62,d,50 2.13, m1.89, 7.83,d,53 7.83,d, 53
m
5 8.04,d,7.5 7.51,d,78 727, m 6.84, brd, 8.0 8.10,d, 7.9  8.10, d, 7.9
6 7.32, m 7.15,d, 8.0 6.51, brt, 6.78, brt, 8.0 7.29, dd, 7.29, dd,
8.0 8.0,79 8.0, 7.9
7 7.51, m 7.21, dt, 7.11, m 6.97,t, 8.0 7.55, dd, 7.55, dd,
7.6, 1.1 8.3, 8.0 8.3, 8.0
8 7.51, m 741, d, 7.17, brd, 7.14, d, 7.51,d, 7.51,d,
8.0 8.0 8.0 8.4 8.4
10 3.50, m 1.22, m
11 6.06, s 597, s 3.44,d,42 3.07, brs 6.37, s 6.41, s
13 2.08, m 2.02, m 2.48, m 233, m 1.11, 2.11, 2.13, m
1.59, br 1.75, m 1.30, m dt, 14.5,5.0 2H, m 1.70, m
14 2.18, 2.41, m 2.49, m 2.51, m 2.37, m 2.37, m
2H, br 2.14, m 2.16, m 1.68, m 2.09, m 2.11, m
15 5.66, dt, 5.69, m 524, m 5.44, dt, 5.64, m 5.64, m
10.8, 4.4 11.0, 6.5
16 5.47, d, 5.59, dt, 5.34, brt, 5.25, m 5.58, m 5.58, m
10.9 10.8, 4.7 11.0
17 2.52, m 2.49, m 2.64, m 1.78, m 1.77, m
1.85, m 191, m 1.78, m 1.59, m 1.55, m

(continued)



250 HU ET AL.

TABLE IV.
Continued.
Atom 21 (16)° 22 (16)° 25 (15) 25 (15) 26 (18) 26 (18)
unit A unit B unit A unit B
18 1.70, m 1.57, m 1.67, m 1.44,2H, m 1.44,2H, m
1.34, m 1.51, m 1.08, m
19 1.20, brd, 1.70, m 1.73, m 1.24, m 1.76, m 1.77, m
10.1 1.34, m 1.53, m 1.24, m 1.39, m 1.41, m
20 2.59, brd, 2.63, dt, 2.75, dt, 2.33, m 2.64, m 2.46, m
11.6 2.38, br 11.7, 4.8 14.0, 4.5 1.85, m 2.49, m 1.96, m
242, m 347, m
22 2.88, br 2.79, m 5.47, brs 2.88, m 2.75, m 2.76, m
1.81, br 1.95, m 1.98, m 1.99, m
23 1.97, m 1.29, m 1.88, mm 1.89, m
1.60, m 0.96, m 1.54, m 1.53, m
24 2.90, brs 2.98, m 2.81,d,85 1.36,m 3.06, m 3.05, m
26 3.77, brs 345, s 3.13, s 2.91, brs 3.85, s 3.66, s
28 2.98, m 3.19, 341, m 3.15, m 3.15, 3.57, m
2.88, m 2H, m 247, m 2.62, m 2H, m 3.18, m
29 1.70, m 1.95, m 1.82, m 2.05, m 227, m
1.55, m 1.62, m 1.57, m 1.56, m 2.12, m
30 1.50, m 1.85, m 1.82, m 1.63, m 3.76, brd, 4.14, d,
1.34, m 1.67, m 1.54, m 6.1 7.5
31 1.75, m 2.35, m 2.50, m 2.26, m 4.41,d,87 3.69, brd,
1.59, br 2.15, m 2.07, m 1.95, m 6.1
32 5.35, m 594, m 5.53, td, 5.63, m 2.07, m 2.12, m
11.0, 3.5 1.55, m 1.52, m
33 5.50, m 5.30,t,9.5  5.69, td, 5.65, m 1.75, m 1.78, m
11.0, 4.0 1.45, m 1.40, m
34 1.48, m 421, m 2.40, m 2.24, m
1.94, m 1.92, m
35 2.47. br 295, m 2.34, m 1.74, m 2.65, m 2.36, d, 13.1
2.19,br 1.65, m 0.91, m 1.26, m 2.45, m 2.05,d, 129
36 2.80, d, 2.98, d, 2.86, d, 3.42, dd, 3.10, dd,
11.6 2.30, 10.5 2.69, 9.52.07, 11.3, 2.0 11.8, 2.1
d, 11.6 d, 10.5 d, 9.5 2.30, m 2.28,d,11.9
Alkaloids 27, 28, 30 and 39
Atom 27 (14) 28 (14) 30 (22)¢ 39 (26)
1 3.01,s
3.08, 2H, t, 7.6
3 8.55,d, 5.0 4.16, dd, 1.76, 2H, m 2.86, dd, 8.5, 1.5 2.91, dd,
9.0, 9.0 20.7, 9.7 1.64, dd, 9.0, 2.3
4 8.09,d, 5.0 297,dd,9.0,9.0 1.58, 2H, m 222, m
4a 0.93, ddd, 11.6, 5.6, 1.9
5 8.12,d, 8.2 7.60,d, 79 2.30, 2H, m 1.36, m 1.17, ddd, 13.0, 8.7, 4.4
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Continued.

Atom 27 (14) 28 (14) 30 (22)¢ 39 (26)

6 7.30, dd, 8.2, 6.2 7.13,dd, 7.9,7.0 5.46, m 2.75, m 2.63, dt, 12.3, 3.6

7 7.55,dd, 7.3, 6.2 7.29,dd, 7.3,7.0 5.46, m

8 7.57,d,7.3 7.40,d, 7.3 2.30, 2H, m 2.23,d, 12.3 2.08, d, 10.7

9 1.58, 2H, m

10 1.76, 2H, m 5.81, brd, 6.3

11 3.08, 2H, t, 7.6 223, m

12 1.45, m 1.24, m

13 893,s 837, s 1.58, m 1.46, m

14 2.35, m 1.57, m

15 7.66,s 7.63, s 5.64, ddd, 13.6, 10.1, 5.2

16 5.69, ddd, 13.6, 10.1, 6.3

17 2.27, m 1.78, m

18 1.88, dt, 12.3, 7.6 1.61, m

19 3.07, m 2.24, m

20 1.55, m 1.34, m

21 1.43, m 1.32, m

22 2.14, m 1.96, brd, 15.2

23 5.24, brd, 10.8

24 5.36, brd, 10.8

25 229, m2.12, m

26 2.33, m2.25, m

Alkaloids 35-38

Atom 35 (10) 36 (10) 37 (25)* 38 (25)

1 9.45, s 9.50, s 4.00, s (2H) 3.88, s (2H)

11 6.75,s 6.53, s 5.68, s 5.70, s

13 1.77, m 3.10-1.0 1.80, m 1.61, m 2.18, brd, 10.8 1.64, m

1.61, m (overlapped)

14 224, m2.11, m 3.10-1.0 2.26, m 1.96, m 2.15, m 1.91, m
(overlapped)

15 556, m 5.58, m 5.49, m 5.42, m

16 5.50,dddd 10.7, 544, m 5.52, m 5.29, m

10.7, 10.7, 4.6

17 243, m 1.63, m 3.10-1.0 252, m 1.63, m 298, brt, 12.7 1.74, m
(overlapped)

18 141, m 1.25, m 3.10-1.0 1.42, m 1.22, 1.65, m 1.19, m
(overlapped) dt, 9.2, 4.3

19 1.71, m 1.38, m 3.10-1.0 1.77, m 1.46, m 1.36, m 1.34, m
(overlapped)

20 2.57,m 2.39, m 3.10-1.0 2.67, dt, 12.0, 249, dt, 12.1, 1.3 2.25,
(overlapped) 52234, m ddd, 16.9, 11.6, 4.6

22 277, m1.86,m  3.10-1.0 2.87,dd, 11.3, 2.77,dd, 9.4, 4.7 1.74, m
(overlapped) 55183, m

(continued)
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Atom 35 (10) 36 (10) 37 (25)* 38 (25)
23 1.78, m 1.22, m  3.10-1.0 1.90, m 1.41, m 1.68, m 1.59, m
(overlapped)
24 2.58, dd, 3.10-1.0 2.05, dd, 12.0, 6.8 1.71, m
12.2, 6.8 (overlapped)
26 3.44, s 371, s 3.59, s 3.60, s
28 338, m3.04, m 3.25, m 3.10-1.0 3.56, dt, 12.7, 7.0 3.00, m 2.90, m
(overlapped) 332, m
29 193, m 1.73, m  3.10-1.0 1.98, m 1.58, m 1.61, m 1.47, m
(overlapped)
30 1.89, m 1.35, m  3.10-1.0 1.77, m 1.45, m 1.65, m 1.34, m
(overlapped)
31 229, m2.14, m  3.10-1.0 2.36, m 2.24, m 2.55, m 1.94, m
(overlapped)
32 6.03, dddd 11.0, 5.27,m 6.18, dt, 10.7, 7.1 5.32, brt, 10.1
71,71, 1.5
33 5.26, ddd 10.5, 5.19,m 5.40, dd, 10.7, 9.4 5.54, brt, 10.8
10.3, 1.2
34 4.36, brt, 8.1 3.10-1.0 4.52, brt, 7.9 1.99, m 1.96, m
(overlapped)
35 1.86, m 1.67, m  3.10-1.0 2.11, dd, 13.6, 2.23, m 1.08,
(overlapped) 8.0 1.71, m brt, 12.7
36 2.81,d, 11.2 3.10-1.0 2.94, brd,1 1.52.29, 3.30, brd, 11.9 1.84,
2.29,d,11.2 (overlapped) d, 11.5 d, 11.9
Alkaloids 57-59 and 61
Atom 57 (58) 58 (58) 59 (58) 61 (61)
1 397, s
3 8.41,d,5.2 8.39,d, 5.6 8.46, d, 5.0 2.49, m 3.03, ddd,
129,47, 1.4
4 7.84,d,5.2 7.82,d, 5.6 7.84,d, 5.0 2.73, ddd, 14.9,
12.9, 1.5 2.89, m
5 8.08,d, 7.8 7.63,d, 7.7 8.12,d, 7.7 7.43,d, 7.6
6 7.26, t, 8.0 7.13,dd, 7.8, 7.7 7.29,t, 7.5 7.09, d, 7.6
7 7.51,t, 7.4 7.02, d, 7.8 7.53,t, 7.6 7.02, dt, 7.6, 1.1
8 7.55,d, 8.0 — 7.49.d, 7.6 7.59.d, 7.6
N9 8.85, s 9.12, s
11 6.24, s 6.33, s 6.58,s 5.94,s
13 235, m1.66,m 227, m2.09, m 2.25, m2.12, m 1.75, m, 1.92, m
14 285, m, 245 m 224, m, 1.83, m 2.31, m, 2.0, m 217, m
15 5.34, brs 5.33, brs 5.65, m 5.59,dt, 3.1, 7.4
16 5.29, brs 5.30, brs 5.57, m 5.54, dt, 10.6, 4.0
17 1.86, m, 1.73, m 1.61, m, 1.49, m 1.65, m, 1.53, m 1.59, m, 241, m
18 1.52, m, 1.24, m 1.81, m, 1.63, m 1.64, m, 1.73, m 1.15, m, 1.45, m
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Continued.
Atom 57 (58) 58 (58) 59 (58) 61 (61)
19 146, m 1.38, m 1.79, m 160, m 1.81, m 1.67, m 1.40, m, 1.72, m
20 271, m228, m 267, m236, m 2.65, m 2.34, m 2.26, m 2.53, dd,
12.2, 5.7
22 3.02, m 2.04, m  3.03, brd, 9.3 2.07, 3.05, m 2.15, m 2.76, m
m
23 2.59, m2.67, m 259, m2.20, m 2.46, m 231, m 1.43, m, 2.16, m
24 2.52, dd, 11.8, 2.57,dd, 12.0, 5.6 2.47,dd, 12.0, 5.4 1.84, dd, 7.0, 11.9
5.5
26 4.36, s 4.39, s 4.38,s 3.53, brs
28 3.38, dd, 12.5, 3.37,dd, 12.8, 11.9 3.35,dd,1 2.7, 11.6, 3.12, dd, 9.6, 11.4
11.3 2.84, dd, 2.84,dd, 12.8,4.7 2.83, dd, 12.8, 4.6 394, m
12.5, 4.4
29 1.72,m 1.76, m  1.57, m 1.48, m 1.63, m 1.46, m 1.91, m, 2.48, m
30 1.64, m 1.78, m  1.83, 2H, m 1.58, m 1.82, m 1.42, m, 1.97, m
31 — - 2.32, m 1.86, m 2.34, m
32 320, m2.75,m 1.79, m 1.5, m 5.37, brs 6.18, dt, 9.9, 7.1
33 225, m, 2.15,m 2.53, m, 1.57, m 5.38, brs 5.21,dd, 9.9, 9.7
34 4.68, m
35 227, d, 12,5 2.34,d,124224,d, 235,d,12.52.21,d, 1.26, dd, 12.5, 1.3
2.34,d, 12.5 12.4 12.3 1.69, m
36 3.15, d, 11.0 3.16,d,11.12.30,d, 3.14,d,11.22.26,d, 2.09,d,11.32.76,d,
2.24.d,11.0 11.1 11.1 12.3
37 2.30, s
Alkaloids 6266
Atom 62 (59) 63 (59) 64 (60) 65 (60) 66 (60)
1 4.16, d, 9.6 4.13,d,9.3
3.25, m, 2.96, m 8.30,d, 5.2 8.22,d, 5.3 8.44,d, 5.3
2.84, m 2.90, m
4 2.80, 2H, m 2.77, 2h, m 7.93,d,5.2 7.84,d,5.3 8.35,d, 5.3
5 7.46,d, 7.6 7.45,d, 7.6 8.14, d, 8.14 7.49,d, 2.3 7.63,d, 2.3
6 7.04,t,7.6 7.03,t, 7.6 7.24,t, 8.0
7 7.11,t,7.6 7.10, t, 7.6 7.53,t, 8.0 7.09, dd, 7.33, dd,
2.3, 8.8 2.3, 8.8
8 7.31,d, 8.0 7.30,d, 7.6 7.66, d, 8.5 7.52,d, 8.8 7.68, d, 8.8
N9 9.17, s 9.04, s
10 1.58, m 1.63, m
11 3.52, m 3.39, m 6.44, s 6.29, s 6.65, s
13 2.48, m, 245, m 1.83, m, 1.81, m, 1.85, m,
1.37, m 1.20, m 1.88, m 1.89, m 1.99, m
14 2.63, m, 2.54, m 2.15, m, 2.11, m, 2.11-2.20, m
1.80, m 1.73, m 2.18, m 2.20, m
15 5.48, m 5.46, m 5.63, q, 5.65, dt, 5.62,q, 9.8
12.08 4.7, 11.38

(continued)
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TABLE 1V.
Continued.
Atom 62 (59) 63 (59) 64 (60) 65 (60) 66 (60)
16 5.29, m 5.30, m 5.52, dt, 5.52, q, 9.09 5.66, q, 10.1
4.4, 10.8
17 2.70, m, 2.68, m, 1.64, m, 1.66, m, 1.65, m,
1.81, m 1.82, m 2.49, m 2.48 m 2.51, m
18 1.15, m, 1.16, m 1.35, m, 1.35, m, 1.32, m,
1.77, m 1.76, m 1.42, m 141, m 1.40, m
19 1.73, m, 1.37, m 1.36, m, 1.34, m, 1.42, m,
1.41, m 1.74, m 1.69, m 1.71, m 1.73, m
20 2.54, m, 2.52, m 2.39, m, 2.37, m, 2.36, m,
2.12, m 2.08, m 2.60, m 2.62, m 2.59, m
22 3.75, m 3.54, m 1.82, m, 1.83, m, 1.93, m,
2.70, m 2.71, m 2.81, m
23 1.43, m 1.49, m 1.48, m, 1.46, m, 1.55, m,
1.78, m 1.74, m 1.95, m 1.85, m 2.75, m
24 2.11, m 1.98, m 3.15, dt, 3.15, dd, 3.05, dd,
64,93 7.3,11.2 7.1, 10.8
26 2.93, s 295, s 3.79, s 3.64, s 5.01, s
28 3.07, m 3.10, m 2.66, m, 2.66, m,
2.70, m 2.69, m 3.56, m 3.56, m
29 1.74, 2H, m 1.65, 2H, m 1.83, m, 1.83, m, 1.83, m,
1.90, m 1.90, m 2.10, m
30 1.47, m 1.46, m 2.65, m, 2.65, m, 2.45, m,
1.86, m 1.72, m 2.98, m 2.98, m 2.87, m
31 222, m 2.25, m 4.05, m 4.05, m 2.05, m
2.03, m 1.98, m
32 5.53, m 5.55, m 1.80, m, 1.80, m, 1.98, m,
221, m 221, m 231, m
33 5.53, m 5.55, m 1.60, m, 1.60, m, 1.70, m,
1.79, m 1.79, m 2.10, m
34 2.05, m 2.26, m 3.05, m 3.2, m 4.13, m
2.24, m 2.00, m
35 1.50, m 1.63, m 1.35, m, 1.34, m,
1.60, m 1.44, m 1.42, m 1.42, m
36 2.89. d, 2.93,d, 2.30, m, 2.31, m, 2.33, m,
10.0 2.39, 9.6 2.28, 2.65, m 2.65, m 2.55, m
d, 10.0 d, 9.6
37 3.06, m 2.54, dd, 15.8,
2.63, m 7.6 2.89, m
39 2.17, 3H, s 2.27,s

“Recorded in CD;0D
’Recorded in C4Dg+CD;0D
‘Recorded in CD,Cl,
“Recorded in CD;OH



THE MANZAMINE ALKALOIDS 255
Sul | 8
|| N
NS NH NH A\ NSy SN
H * H H H
Cs
Ho+  — N  — N

keramaphidin C keramamine C manzamine C(3)

Scheme 2. Biogenetic Pathway for Manzamine C (3) Proposed by Tsuda et al. (2).

The proposal by Tsuda et al. suggested that the macrocyclic bisdihydropyridine
maybe derived from ammonia, a C3 unit, and a C10 unit. The bisdihydropyridine
could then be converted through a Diels-Alder-type [4+2] intramolecular
cycloaddition into a pentacyclic intermediate, which in turn could provide
manzamines A and B via a tetracyclic intermediate (Scheme 1) (5). 8-hydroxy-
1,2,3,4-tetrahydromanzamine A (15) and its N-methylated derivative 8-hydroxy-2-
N-methyl-1,2,3,4-tetrahydromanzamine A (16) are of further interest as it provides
yet another intermediate in the biosynthetic path from acyclic precursors to the
fully aromatized manzamines (/3).

The isolation of keramaphidin C and keramamine C, together with
manzamine C (3) and tryptamine, appears to substantiate, in part, the biogenetic
path of manzamine C (3), which may be derived from the coupling of keramaphidin
C with tryptamine and a C3 unit via keramamine C. On the other hand,
keramaphidin C is probably generated from a C10 unit and ammonia (Scheme 2)
(2). The biogenesis has not yet been investigated experimentally.

The following proposed schemes have been published for the rational
biogenesis of a number of the manzamine and manzamine-related alkaloids and are
shown in Schemes 3-6.

B. INTERMEDIATES

As shown in the Scheme 1, Baldwin ez al. proposed a biogenetic pathway for
manzamines A—C, where the manzamines were presumed to be biosynthesized from
an intermediate composed of two dihydropyridine rings with an alkyl residue and a
tryptophan unit (5). The proposal was based on the isolation of several reasonable
intermediates in the biosynthetic pathway, which include structures similar to the
bis-3-alkyldihydropyridine macrocyclic intermediate (a) and the pentacyclic
intermediate (b). While the isolation of the plausible biosynthetic intermediates
ircinals A (35) and B (36) (/0), ircinol A (37) (25), ingenamine (3/), keramaphidin B
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4 + 2 Cycloaddition

Proposed Biogenesis

OH
ingenamine (44)

Scheme 3. Biogenesis of ingenamine (44), proposed by Kong et al. (31).

ircinal A (35)

nakadomarin A (56)

Scheme 4. Biogenesis of nakadomarin A (56) from ircinal A (35) (3,57).
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Scheme 5. Biogenesis of the 12,34-oxacther bridge in alkaloid 58 (58).

Oxidation

62: 22p-H
63: 22a-H

Scheme 6. Biogenetic pathway of manadomanzamine A (62) and B (63) (59).

(2,26), and xestocyclamine B (28) have facilitated piecing together a reasonable
biogenesis, it is noteworthy to mention that these alkaloids have been isolated from
sponges belonging to a number of different genera. As a result, the manzamines are
certain to be the key to a better understanding of the bioorganic evolution of the
sponges that produce these alkaloids, as well as the evolutionary pressures that
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have allowed for the accumulation of metabolites that fit so neatly as intermediates
into a sophisticated biosynthetic scheme. In addition, it would seem clear that the
microbial associations with the manzamine-producing sponges will play a critical
role in understanding the biosynthesis of many of these manzamine or manzamine-
related alkaloids.

C. A TAXONOMIC SURVEY OF SPONGES THAT PRODUCE
MANZAMINES AND RELATED ALKALOIDS

A large variety of manzamines and related alkaloids thought to be their
biogenetic precursors have been reported primarily from the Order Haplosclerida
(Porifera: Demospongiae); 15 or more species in 7 genera and 3 families have been
listed as producers (Table I). Two species in 2 genera and 2 families within the
phylogenetically distant Order Dictyoceratida have also been found to produce
manzamines and related alkaloids.

Haliclona, Reniera, and Prianos (Order Haplosclerida: Family Chalinidae)-
The first manzamine identified (A (1)) was extracted from a sponge identified as
a Haliclona sp. collected off Manzamo Island, Okinawa, in April 1985 by
Higa’s group (/). Manzamines B, C, and D (2,3,4) were subsequently
extracted from possibly the same species after further collections (8). In 1992,
Kobayashi et al. (14) collected another unidentified Haliclona sp. from Iriomote
Island, Okinawa, reporting the new alkaloid manzamine Y (13) (/2,27). No
taxonomic description of the sponge was given in these early papers, other than the
sponge was “‘brownish”, and no taxonomic authority was acknowledged for
identification.

A further species of Haliclona collected from Sodwana Bay, Durban
in September 1992 (23), containing haliclorensin (31), was identified as Haliclona
tulearensis Vacelet, Vasseur & Lévi (62) by an unknown taxonomic authority.
The sponge was described as a “fine muddy orange laminate sponge with large
oscules on ridges on the surface”, but no details of the skeleton were
given. Although this sponge appears to be somewhat similar to the description of
this type of species (62), spiculation and arrangement of the skeleton will need to be
checked to confirm the generic identification. A species of the manzamine-
containing genus Acanthostrongylophora (Table 1) is known from Pemba Island, off
Zanzibar. The sponge is a bright orange hemisphere with flush oscules, and has a
Haliclona-like skeleton of small strongyles. To the inexperienced eye, this sponge
could easily be mis-identified as an “‘unusual species of Haliclona™ or a thick species
of Prianos.

Misenine (55) and saraine A (55¢), the only two manzamines reported from
Mediterranean waters, were isolated from an unidentified species of Reniera (36)
and Reniera sarai Pulitzer-Finali (37), both sponges were collected from the vicinity
of Naples, Italy. Neither report contains descriptive details of morphology,
skeletal architecture, or spiculation, nor is there a taxonomic authority named.
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Confirmation of these identifications can only come from examination of the
vouchers that are available (36,37).

The genus Haliclona contains species that are characterized by a very
simple spiculation of small oxea spicules joined together at their ends to form a
regular network. In some species, the spicules form tracts, but the sponges are
always soft, compressible and often feel soggy and slightly velvety to the touch.
Reniera is considered by some taxonomists to be a subgenus of Haliclona.
These sponges are typically brightly colored and quite small; it is doubtful
whether the identifications for the material are correct, as “brownish” is not a
common chalinid color, and rather a large amount of material was harvested (8
kg) (8) suggesting a more dense sponge of a different, perhaps petrosid
genus. However, without recourse to examination of the specimens that
the compounds were isolated from (no sample numbers were given or
retained for reference), it is impossible to confirm the taxonomic identity of these
sponges.

It is now known that the sponge described as Prianos sp., from Manado,
Indonesia (15) is closely related to the sponges identified as Pachypellina (11),
Xestospongia (16,28—33,35), and to those reported as an undescribed new genus and
species from the Family Petrosiidae (/8,58,59) (Table I). These taxa have all been
confirmed as species of Acanthostrongylophora Hooper, which was previously
unrecognizable (63).

Amphimedon, Cribrochalina (Order Haplosclerida: Family Niphatidae):
Some 22 alkaloids have been isolated from at least 8 specimens of a sponge
identified as an undescribed species of Amphimedon (see Table I). Examination
of the specimen SS-264 (17,20,57) from Kerama Island, Okinawa, kindly supplied
by the original taxonomic authority, Dr J. Fromont, Museum of Western
Australia, confirms that the generic identification is correct. Several specimens,
SS-326 (12), and SS-932 (/9) from Okinawa Island, Okinawa, also appear to
be correctly identified by the descriptions given of spicule complement and
skeletal arrangements in the literature. However, the remaining reports contain
no taxonomic or morphological information, other than that the specimens
were collected from Kerama Island, Okinawa. Although we cannot assume
that these latter specimens are the same undescribed species of Amphimedon,
the likelihood that they are is quite high since the material had been collected
many times by the same groups. Although no description of the sponge
material, spiculation or skeletal arrangements is reported for Cribrochalina
sp. (I13), the taxonomic authority was reputable and thus the identification is
most probably correct.

Amphimedon and Cribrochalina are sister taxa within the Family Niphatidae
and are characterized by the possession of small oxeas usually embedded in well-
developed spongin. Differences in fiber size and architecture, especially at the
sponge surface, and spicule dimensions, differentiate the genera.
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Acanthostrongylophora, Xestospongia, Petrosia (Order Haplosclerida:
Family Petrosiidae): All of the species listed in brackets under Acanthostrongylo-
phora in Table T are now considered to be species of that genus (MK, R. van
Soest, University of Amsterdam, unpublished data), recently re-described by
Desqueyroux-Faundez (2002) in (63). Along with the specimens in publications
(18,58,59) (Table I), these specimens clearly comprise several species, possibly up to
five (58), and are the subject of ongoing taxonomic evaluation. The genus is
characterized by the possession of small curved to slightly sinuous strongyles
arranged in loose ladder-like tracts to large loose irregular rounded meshes. The
sponges are usually quite crumbly, soft and compressible, and have a rough surface
due to projecting tracts of spicules. They form irregular thick encrustations to
massive lumps with raised oscular chimneys, or can form columns with apical
oscular vents. The color is usually brown externally with a deep yellow interior, and
the surface is frequently tinged with the maroon of a symbiotic cyanobacteria.

One of the authors (//) considered the blackish-brown sponge that they
collected in Sulawesi, Indonesia, to be reminiscent of Xestospongia collected off the
Coast of Miyako Island, Okinawa in June, 1986 (9). The former sponge was
identified as Pachypellina (11), but has since been confirmed as a species of
Acanthostrongylophora (58). Thus, it is highly likely that the material extracted in
publication (9) is also a species of Acanthostrongylophora. However, confirmation
can only be given by examination of voucher material. It seems quite possible that
the “brownish” sponge from Kerama Island, Okinawa, identified as Pellina sp. (6)
by Hoshino, may also be a species of Acanthostrongylophora, as this genus typically
possesses oxeas or strongyles in tracts.

In contrast to the above specimens, it is likely that the identification of
Xestospongia exigua (Kirkpatrick), given to the material extracted by Williams ez al.
(24) is correct, as the taxonomic authority is reputable and Acanthostrongylophora
is exceedingly rare in southern Papua New Guinea, having been found in only two
locations: Eastern Fields and the Louisiade Archipelago (MK, unpublished data).
The great majority of species are found in Indonesia, with some species known
from the Philippines, the northern coast of Papua New Guinea, Micronesia, Fiji,
and Tanzania (MK, unpublished data). The geographic distribution is very similar
to that of the genus Diacarnus (Poecilosclerida: Podospongiidae) (64), but, unlike
Diacarnus, Acanthostrongylophora is less common in the southern Indo-Pacific
locations such as the Great Barrier Reef and southern Papua New Guinea, and
absent, as far as is known, from New Caledonia.

The identification of Petrosia contignata Thiele (13) is probably correct, as
the sponge was described as being gray to tan, barely compressible, with oxeas in
two size categories, arranged in a dense isotropic multispicular reticulate skeleton.

Hyrtios (Order Dictyoceratida: Family Thorectidae) and Ircinia (Order
Dictyoceratida: Family Irciniidae): A manzamine alkaloid has been obtained from
Red Sea specimens of Hyrtios erecta (Keller) (27) and Okinawan specimens of Ircinia
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sp. (10), both of which would be very difficult to mistake taxonomically, as dictyo-
ceratid sponges do not contain spicules as haplosclerid sponges do. These sponges are
fleshy and rubbery and contain only sand-grains embedded in large spongin
(collagen) fibres. These sponges are very distantly related to the haplosclerid sponges
considered above, and are in completely different taxonomic orders. It is interesting
to note that a similar situation exists with the distribution of cytotoxic latrunculins
found typically in the Red Sea sponge genus Negombata (65a), latrunculins are also
found in the dictyoceratid sponge Petrosaspongia mycofijiensis (Bakus).

Following this survey (Table I), it now appears that manzamines and
related alkaloids are restricted to eight genera (Haliclona, Reniera, Amphimedon,
Cribrochalina, Acanthostrongylophora, Petrosia, Hyrtios, Ircinia) within five
families (Chalinidae, Niphatidae, Petrosiidae, Thorectidae, Irciniidae) in two
orders (Haplosclerida, Dictyoceratida). The isolation of these alkaloids from such a
range of genera has led to the speculation that production of these alkaloids may be
due to the biosynthetic participation of microorganisms (6,9,/4). While there is an
increasing level of data to support a microbial origin, the vast majority of alkaloids
are produced by petrosid species, particularly those in Acanthostrongylophora
(Table I). It may thus be interesting to investigate the potential congruence between
the producer microorganisms and sponge phylogenies once the sponge species are
confirmed and the microorganism populations are fully characterized. Future
taxonomic studies based on morphological examination and comparison of all
relevant voucher specimens should reveal the taxonomic and chemotaxonomic
relationships within Acanthostrongylophora in particular, and shed further light on
the distribution of the manzamines and related alkaloids across the Orders
Haplosclerida and Dictyoceratida.

D. MANZAMINE SPONGE-ASSOCIATED MICROBES

Sixteen different species of sponges from five families have been shown to
produce manzamine-related alkaloids to date and the discovery of additional
manzamine producing sponges seems highly likely (Table I). One interpretation for
the fact that these compounds can be isolated from a diverse array of sponges is
that the manzamines are produced by common or closely related microorganism(s)
present as symbionts in all of these sponges. This possibility was proposed by
Kobayashi ef al. in 1995 (14) after six species of sponges were known to contain
manzamines and appears even more likely now that an even greater diversity of
sponges are known to yield manzamines. This possibility warrants careful
investigation as the pharmaceutical potential of manzamine alkaloids continues to
grow. If these compounds are actually produced by symbiotic bacteria within the
sponge, isolation and culture of the producing bacteria may provide an efficient
method for production of the compound in fermentation systems. This could
ensure a ready supply of a particular manzamine in the high likelihood that one of
these drug-leads will advance into clinical trials and applications. Certainly, if it
could be shown that manzamines are microbial products, the pharmaceutical and
biotechnology community would express a greater interest in this group of
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compounds and sponge metabolites in general. The marine natural products
community in particular is highly sensitive to the difficulty associated with the
supply of sufficient quantities of invertebrate metabolites to allow the preclinical
and clinical development. Sustainable sourcing for development has been a strong
justification for thorough microbiological evaluation of manzamine-producing
sponges. In addition, evidence that sponge-associated microbes may play a
significant role in the bioconversion of manzamines to the growing number of
alkaloids found in manzamine producing sponges is provided by the
biotransformation of 8§-hydroxymanzamine A (7) and the entantiomer 7a to
manzamine A (1) and ent-12,34-oxamazamine F (58), respectively (58).

The culturable microbial communities associated with two undescribed
Acanthostrongylophra species also known as 01IND35 (58) and 01INDS52 (59), were
investigated to obtain isolates that could be examined for manzamine production.

A full molecular community analysis of the entire bacterial community
(both culturable and unculturable) was completed for sponge 01IND35 (Fig. 5).
This molecular approach is essential to explore the full diversity of microbes
associated with sponges since typically less than 1% of the bacteria present are
culturable by conventional approaches.

Culturable isolates of heterotrophic bacteria were obtained from sponges
01IND 35 and 01INDS52 and unequivocally identified by 16S ribosomal RNA
gene sequence analysis. Ten isolates were obtained and the nearest relative of
each isolate was found by BLAST analysis (Table V). Phylogenetic trees can
then be inferred for selected isolates, exemplified in Fig. 5. Homologous nucleotides
were compared using the neighbor-joining, Fitch-Margoliash and maximum
parsimony algorithms in the PHYLIP package. Tree topologies were evaluated
after 1000 bootstrap re-samplings of the neighbor-joining data. Isolates of
this undescribed Petrosiidae genus included several closely-related strains of o-
proteobacteria (Fig. 5 and Table V), a group previously found to be important
in culturable sponge-associated bacteria (65b). Interestingly, two actinomycetes
(designated M41 and M42) were also present in the culturable assemblage
(Table V). Actinomycetes are recognized as a significant component of sponge-
associated microbiota (65¢) and are of particular interest considering the
excellent track-record of these microbes in production of bioactive compounds.
The great diversity of bacteria present in the total bacterial community
associated with sponge 011ND35 (Fig. 5) is striking. Clearly, sponges can be a
valuable source of novel microbial isolates for biological screening if methods can
be developed to culture a greater proportion of these microbes. Microbiological
analysis of manzamine-containing sponges provides valuable insights into the
potential of the bacterial communities to produce bioactive metabolites, including
manzamines, considering the diversity of these communities and the presence of
bacteria known to be producers of important compounds. The role that these
microbes play in the biosynthesis or metabolism of the manzamine alkaloids
remains to be determined.
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Fig. 5. Neighbor-joining phylogenetic tree from analysis of ca. 500 bp of 16S rRNA
gene sequence from clones obtained from Acanthostrongylophora sp. (01INDO035) (58).
The scale bar represents 0.1 substitutions per nucleotide position. Culturable isolates
from the sponge are boxed. Sequences shown in bold are those whose nearest relatives,
based on BLAST searches, are also from sponges.
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TABLE V.

Nearest Relatives of Isolates from Two Undescribed Sponges from
Acanthostrongylophora sp. (01INDO035) (58) and (01INDO052) (59) Based on BLAST.

Strain Source sponge Closest relative from Accession no. of

designation BLAST analysis closest relative

M28 01IND35 Bacillus sp. strain VAN35 AF286486

M29 01IND35 Staphylococcus arlettae AB009933

M30 01IND35 Brevibacillus borstelensis AF378230

M31 01IND35 Alpha proteobacterium AB012864
MBIC3368

M34 01IND35 Unidentified firmicute strain AB010863
HTES831

M36 01IND35 Alpha proteobacterium strain AF295099
NWO001

M37 01IND35 Pseudomonas sp. strain PB1 AF482708

M39 01IND35 Unidentified eubacterium clone AJ229178
BSV04

M40 01IND35 Bacillus sp.strain VAN35 AF286486

M41 01IND35 Microbacterium barkeri X77446

M42 01IND35 Micromonospora sp. strain AF131427
IM-7416

M44 01INDS2 Shewanella alga U91547

M45 01INDS52 Alpha proteobacterium strain AF295099
NWO001

M46 01INDS52 Alpha proteobacterium strain AF295099
NWO001

M47 01INDS52 Alpha proteobacterium AB012864
MBIC3368

M52 01INDS52 Shewanella woodyi AF003549

MS53 01INDS52 Alpha proteobacterium AF295099
NWO001

M56 01INDS52 Pseudomonas sp. strain PB1 AF482708

IV. Synthesis

The unusual ring system of the manzamines has attracted great interest as
one of the most challenging natural product targets for total synthesis. Synthetic
studies of the manzamines have been reported by a number of groups and this part
of the review is limited to the most recently completed total syntheses, as well as
semisynthetic studies that have been the key for the structural and stereochemical
determination of these alkaloids.
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A. TOTAL SYNTHESIS

Among the more reasonable manzamine targets is manzamine C (3), which
has been synthesized by Torisawa et al. (Scheme 7) (66,67). A number of research
groups have contributed syntheses of manzamine C or its precursors (68—73).

A total synthesis of the sophisticated manzamine A (1) skeleton was not
achieved until Pandit’s group published their work in 1996 (Scheme 8) (74). They
first reported a total synthesis of the pentacyclic nuclei of manzamine A (1) (74).
Before Pandit’s report, Nakagawa et al. reported the synthesis of a tetracyclic core
of manzamine A (1) (Scheme 9) (75).

In 1998, Winkler’s group reported the first total syntheses of ircinol A,
ircinal A, and manzamines A & D (Scheme 10) (76). There are over 77 publications
reporting the total synthesis of manzamine A, related alkaloids, potential key
intermediates and substructures, attesting to the level of interest and challenge
involved in the synthesis of the manzamine alkaloids (77-153).

B. SEMISYNTHESIS

Ircinals A (35) and B (36), the biogenetic precursors of the manzamine
alkaloids, were isolated from an Okinawan sponge Ircinia sp. (10). Aldehydes 35
and 36 were successfully converted into manzamines A (1) and J (9), respectively,
through a Pictet-Spengler cyclization (/54) with tryptamine (step I, yield: 37%)
followed by 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) oxidation (step II,
yield: 54%) (Scheme 11) (10).

C. BIOMIMETIC METHODS

8-Methoxymanzamine A was generated from 8-hydroxymanzamine A
(manzamine G, 7) by using TMSCHN, (//). Treatment of manzamine L (10)

9
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Scheme 7. Synthesis of Manzamine C (3) by Torisawa et al. (66,67).
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Scheme 8. Synthesis of the pentacyclic core of manzamine A (1) by Pandit et al. (74).

with DDQ yielded the corresponding manzamine J (9) (27). DDQ oxidation of
3.,4-dihydro-6-hydroxymanzamine A (17) and 3,4-dihydromanzamine J (18) yielded
6-hydroxymanzamine A (manzamine Y, 13) and manzamine J (9), respectively (/7).
Manzamine A (1) was shown to be generated from 8-hydroxy manzamine A (7)
in good yields using Fusarium solani and Streptomyces seokies providing further
evidence for the biogenesis of some of these alkaloids from a sponge-associated
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Scheme 9. Synthesis of the tetracyclic core of manzamine A (1) by Nakagawa et al. (75).

microbe and the potential biocatalysis and biotransformations have for the
production of analogs of these complex alkaloids (58b). The 3,4-dihydro analogs
of the manzamine alkaloids, e.g., 3,4-dihydromanzamine A (14), are likely the direct
precursors which generate manzamine A through dehydrogenation (/2). In fact, 14
can be easily converted into 1 by daylight (2). Manzamines X (12) and Y (13) are
examples of 6-hydroxymanzamine-type alkaloids (/2,7/4), and 13 is presumed to
follow manzamine A (1) via oxidation at the C-6 position. The tetrahydrofuran ring
moiety in 12 is then presumed to be biosynthesized from 13 via initial allylic
oxidation at C-31 in 13, subsequent migration of the double bond (A* — A*%), and
cyclization between the hydroxyl at C-31 and C-34 as depicted in Scheme 12 (/4). On
the other hand, a biogenetic pathway of the xestomanzamines A (27) and B (28) is
presumed to occur as depicted in Scheme 13 (/4). That is, these alkaloids could
potentially be biosynthesized from an N-methyl histidine and a tryptamine unit.

As discussed earlier, a species of Amphimedon sp. yielded ircinals A (35) and
B (36), as well as ircinols A (37) and B (38) (27). Ircinals A (35) and B (36) were then
converted into manzamines A (1) and J (9), respectively, through a Pictet-Spengler
cyclization with tryptamine, followed by DDQ oxidation. Treatment of ircinal A
(35) with DIBALH afforded a reductive product (35a), whose spectral data were
identical with those of ircinol A (37). However, the sign of the optical rotation was
opposite {35a, [o]r +20° (¢ 0.2, MeOH); 37, [0] ¥ —19° (¢ 0.5, MeOH)} (Scheme 14)
(2,25). This result revealed that compound 37 is clearly an enantiomer of the
alcoholic form at C-1 of ircinal A (35) (2,25). In the same way, 38 was shown to be
an enantiomer of the alcoholic form at C-1 of 36 (2,25). Alkaloids 37 and 38 were
the first examples possessing the opposite absolute configurations to those of the
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Scheme 10. The Total Synthesis of Ircinal A (35), Ircinol A (37), Manzamines A (1) and
D (4) by Winkler et al. (76).

previously reported manzamine alkaloids, followed by the recently reported new
enantiomers (6b and 7a) of manzamine F (6) and 8-hydroxymanzamine A
(manzamine G, 7).

Keramaphidin B (39) is a unique pentacyclic alkaloid with an unpre-
cedented skeleton isolated from Amphimedon sp., and in addition, several alkaloids
with similar skeletons to that of 39 such as ingenamine, ingenamines B-F,
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Pictet-Spengler cyclization

tryptamine, toluene, r.t.
trifluoroacetic acid, stirring

ircinal A (35) Yield: 37%

manzamine D (4)

DDQ Oxidation
. EtOH + CHCI;, stir, r. t.
yield: 54% 2,3-dichloro-5,6-dicyanobenzo-
quinone

ircinal B (36)

j tryptamine

manzamine H (8) manzamine J (9) manzamine B (2)

Scheme 11. Semisynthesis of Manzamines A (1), D (4), H (8) and J (9) via Pictet—
Spengler Cyclization (2,10).

ingamines A and B, and xestocyclamines A and B from Xestospongia have also
been reported. These structures are very close to those of the corresponding
biogenetic intermediate of manzamines A (1) and B (2) proposed by Baldwin ez al.,
in which a bis-3-alkyldihydropyridine macrocycle may be converted through a
Diels-Alder-type [4+2] intramolecular cycloaddition into a pentacyclic intermediate
like 39, which in turn provides manzamines A (1) and B (2) via a tetracyclic
intermediate such as ircinals A (35) and B (36). This may explain the fact that
manzamines A (1) and B (2) and keramaphidin B (39) possess the same absolute
configurations, and indeed, ircinals A (35) and B (36) were found to have the same
absolute configurations as those of manzamines A (1) and B (2). Keramaphidin B
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Manzamine Y (13) Manzamine X (12)

Scheme 12. Biomimetic Transformations among Manzamines A (1), X (12), and Y (13)
(14).

(39) was optically active as mentioned previously (26,27). However, the crystal of
39 employed for X-ray analysis was revealed to be racemic. On the other hand,
ingenamine, ingamine A, and ingenamine E were reported to be antipodal to the
manzamines and ircinals. Both enantiomers of keramaphidin B (39) were separated
by chiral HPLC [the ratio of (+)- and (—)-forms of the crystals was ca. 1:1], of
which one maybe a biogenetic precursor of ircinals A (35) and B (36) and
manzamines A (1) and B (2), while the other may be associated with the antipodes
of the manzamine alkaloids, such as ircinols A (37) and B (38) (27). Synthetic
strategies that utilized the likely biogenesis to varying degrees for the preparation of
the manzamines are reported by a number of research groups (/55-169).

V. Pharmacology

In addition to being the first reported manzamine alkaloid, manzamine A
(1,1a) has also been the subject of the greatest number of pharmacology studies
revealing a portion of the biological activity for this complex alkaloid. Manzamine
A hydrochloride (1a) showed an ICs, of 0.07 ng/mL inhibiting the growth of P388
mouse leukemia cells (/). Keramamine-A (manzamine A) showed antimicrobial
activity against Staphylococcus aureus with a minimum inhibitory concentration



THE MANZAMINE ALKALOIDS 271

HOOC.
CHO [ N |
NH, 1N
—_— N AN 100
\"N \NcH,
\,N—methylatlon H3
histidine
[O]
Ny |
N
- H
AN O
NCH3 \\—"NCHe
xestomanzamine A (27) xestomanzamine B (28)

Scheme 13. Biogenetic Pathway of Xestomanzamines A (27) and B (28) (/4)

(MIC) of 6.3 ng/mL (6). Manzamine A (1) showed significant activity against KB
(ICs0 0.05 pg/mL), LoVo (ICs 0.15 pg/mL), and HSV-II (MIC 0.05 pg/mL) cells
in vitro (I11). Manzamine A can elicit an 80% growth inhibition of the insect
Spodoptera littoralis larvae at 132 ppm (/6). In addition, manzamine A exhibited
insecticidal activity toward neonate larvae of the polyphagous pest insect
Spodoptera littoralis with an EDsq of 35 ppm when incorporated into an artificial
diet and offered to larvae in a chronic feeding bioassay.

Manzamine A was also active (antibacterial) against the Gram-positive
bacteria Bacillus subtilis and Staphylococcus aureus. Manzamine A exhibited
cytotoxicity against L1578y mouse lymphoma cells with an EDsq 1.8 pg/mL. Among
the most promising activities of manzamine A is the fact that it inhibits the growth of
the rodent malaria parasite Plasmodium berghei in vivo. More than 90% of the
asexual erythrocytic stages of P. berghei were inhibited after a single intraperitoneal
injection of manzamine A into infected mice. A remarkable 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. Oral administration of an oil suspen-
sion of manzamine A or (—)-8-hydroxymanzamine A (2 x 100 uM/kg) produced a
significant reduction (90%) in parasitemia. The plasma manzamine A concentration
peaked 4 h after injection and remained high even at 48 h. Morphological changes of
P. berghei were observed 1 h after treatment of infected mice. Manzamine A also
induced 98-99% inhibition of Mycobacterium tuberculosis (H37Rv) with an MIC
<12.5 pg/mL, and it exhibits an MIC endpoint of 1.56 pg/mL (/8,170).

Initial in vivo studies of manzamine A against P. berghei provided a number of
intriguing characteristics for this drug-lead as compared with either chloroquine or
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ircinal A (35) 35a ircinol A (37)
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Scheme 14. Conversion of Ircinals A (35) and B (36) into their Alcohol Forms (35a and
36a) (2.25).

artemisinin. At dosages of 50 and 100 pmol/kg (i.p.) manzamine A (and
8 hydroxymanzamine A) showed significant improvements in survival times over
mice treated with either chloroquine or artemisinin (/70). In addition, it was
observed that manzamine A possessed a rapid onset of action (1-2 hours) against
malaria in mice and provided a continuous and sustained level of the drug in plasma
when measured as long as 48 hours after administration. Manzamine A and
chloroquine were both shown to be toxic to mice at an intraperitoneal (i.p.) dose
of 500 pmol/kg. However, the toxicity of manzamine A is slower acting than
chloroquine suggesting that the in vivo toxicity of manzamine A may be associated
with its cytotoxicity. The fact that mice treated with a single 100 pmol/kg dose of
manzamine A could survive longer carrying fulminating recurrent parasitemia and in
some cases clear the parasite lead to speculation that manzamine A induced an
immunostimulatory effect.

In order to further evaluate the effect that manzamine A may have on the
immune system of P. berghei infected mice the serum concentrations of
immunoglobulin G (IgG), interferon-y (IFN-y), interleukin-10 (IL-10), and
tumor necrosis factor-oo (TNF-a)) were evaluated (/8). Thl-mediated immunity was
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found to be suppressed in mice infected with P. berghei and treated with
manzamine while Th2-mediated immunity was found to be up-regulated. IL-10 and
IgG concentrations did not increase with manzamine A alone suggesting that the
immune-mediated clearance of malaria in mice maybe a product of the long half-
life of manzamine A resulting in a delayed rise of the parasitemia. This delayed rise
in parasitemia may provide the infected animal the time needed to up-regulate
a Th2-mediated response. In addition, the possibility that manzamine A and the
other active manzamines form a conjugate with a malaria protein may also help
explain the Th2-mediated immune response.

Manzamine A was also selected for in vivo testing against Toxoplasma
gondii because it was the most effective in vitro of the manzamines assayed. A
daily i.p. dose of 8 mg/kg of manzamine A, for 8 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. These data
indicate that the manzamines are valuable candidates for further investigations
and development as leads against several serious infectious diseases, and in
particular manzamine A is quite clearly a new and promising antimalarial
agent (/8,170). The effectiveness of manzamine A against malaria in
laboratory mice, as well as tuberculosis in vitro suggests that they could
have an extraordinary impact on infectious diseases in developing countries.
The fact that manzamine A is found in a diversity of organisms and in reasonable
high yields would facilitate the potential development of cost-effective
antimalarial drugs in regions of the world that are saddled with the disease
burden. 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 the sponge-associated microbial
communities.

Manzamine B (2) with the C-11,12 epoxide group exhibited an ICsy of
6 ng/mL against P388 leukemia cells in vitro (7). In the above assay, manzamines
C (3) and D (4) exhibited ICs, values of 3 and 0.5 mg/mL (7).

Manzamine E (5) showed an ICsq of 5 pg/mL against P388 murine leukemia
cells (9). Manzamine F (6, keramamine-B) showed antimicrobial activity against
Staphylococcus aureus with a minimum inhibitory concentration (MIC) of 25 pg/
mL (6). Manzamine F (6) also showed an ICsy of 5 pg/mL against P388 murine
leukemia cells (9), 50.6% growth inhibition of the insect S. littoralis larvae (dose
=132 ppm), and cytotoxicity against L5178 mouse lymphoma cells of an EDs, of
2.3 pg/mL. Manzamine F did not exhibit antimalarial activity. However, ent-
manzamine F (6b) induced 98-99% inhibition of Mycobacterium tuberculosis
(H37Rv) with a MIC of <12.5 pg/mL (/8).

(+)-8-Hydroxymanzamine A (7, also known as manzamine G or
manzamine K) was relatively active in the KB (ICsq 0.30 pg/mL), LoVo (ICsq
0.26 pg/mL), and HSV-II (MIC 0.1 pg/mL) assays (/7). (—)-8-Hydroxymanzamine
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A exhibits improved activity against P388 with an ICsq of 0.25 pg/mL. This
enantiomer displayed antimalarial activity in vivo, which was assayed against
P. berghei with a single intraperitoneal (i.p.) dose of 100 uM/kg and no apparent
toxicity. It 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 pmoles/kg i.p. doses were found to be curative and totally
cleared the parasite and two oral doses (100 pmoles/kg) provided a notable
reduction of parasitemia. (—)-8-Hydroxymanzamine A (7a) induced 98-99%
inhibition of Mycobacterium tuberculosis (H37Rv) with MIC <12.5 pg/mL, and
it exhibits a MIC endpoint of 3.13 pug/mL (/8).

Manzamines H (8) and J (9) exhibited cytotoxicity against L1210 murine
leukemia cells with ICsq values of 1.3 and 2.6 pg/mL, and KB human epidermoid
carcinoma cells with ICsy values of 4.6 and > 10 pg/mL in vitro, respectively (10).
Manzamine L (10) exhibited cytotoxicity against murine lymphoma L1210
cells and human epidermoid carcinoma KB cells (ICso 3.7 and 11.8 pg/mL,
respectively) and antibacterial activity against: Sarcina lutea, Staphylococcus
aureus, Bacillus subtilis, and Mycobacterium 607 (MIC 10, 10, 10, and 5 pg/mL,
respectively) (27).

Manzamine M (11) showed cytotoxicity against murine leukemia L1210
cells (ICsg 1.4 pg/mL) (/7). Manzamine X (12) exhibited weak cytotoxicity against
KB cells with an ICsy of 7.9 pg/mL (/4). Manzamine Y (6-hydroxymanzamine A,
13) and 3,4-dihydromanzamine A (14) showed antibacterial activity against the
Gram-positive bacteria Sarcina lutea (MIC value, 1.25 and 4 pg/mL, respectively).
Alkaloids 13 and 14 were cytotoxic against L-1210 (ICs, values, 1.5 and 0.48 ug/
mL, respectively) and KB cells (ICsy 2.5 and 0.61 pg/mL, respectively) in vitro (12).
8-Hydroxy-2-N-methyl-1,2,3,4-tetrahydromanzamine A (16) was cytotoxic to P388
leukemia cells, and exhibited an EDsy, of 0.8 pg/mL (/3). 3.4-Dihydro-6-
hydroxymanzamine A (17) and 3,4-dihydromanzamine J (18) showed cytotoxicity
against murine leukemia L1210 cells (ICso 3.1 and 12.5 pg/mL, respectively) (17).
The N-oxides (19, 21) showed cytotoxicity in vitro against L1578y mouse
lymphoma cells with an EDs, value of 1.6 pg/mL (16).

Kauluamine (25) was inactive against tumor cell lines, but showed moderate
immunosuppressive activity (MLR ICsy 1.57 pg/mL, LcV ICso L > 25 pg/mL, LeV/
MLR >16) in the mixed lymphoma reaction (75). neo-Kauluamine (26) possesses
cytotoxicity with an ICsq of 1.0 pg/mL, against human lung and colon carcinoma
cells (18). It also displayed significant antimalarial activity in vivo, which was
assayed against Plasmodium berghei with a single intraperitoneal (i.p.) dose of 100
uM/kg and no apparent toxicity. It efficiently reduced parasitemia with an increase
in the average survival time of P. berghei-infected mice (9-12 days), as compared
with untreated controls (2-3 days).

Xestomanzamine B (28) exhibited weak cytotoxicity against KB cells with
an ICsqg 14.0 pg/mL (/4). Ircinals A (35) and B (36) exhibited cytotoxicity against
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L1210 murine leukemia cells with ICs values of 1.4 and 1.9 pg/mL and KB human
epidermoid carcinoma cells with ICs, values of 4.8 and 3.5 pg/mL in vitro,
respectively (/0). Ircinols A (37) and B (38) were cytotoxic against L1210 cells (ICs,
values: 2.4 and 7.7 pg/mL, respectively) and KB cells (ICs, values: 6.1 and 9.4 pg/
mL, respectively). Ircinol A (37) showed inhibitory activity against endothelin
converting enzyme (ICsq: 55 pg/mL) (25).

Keramaphidin B (39) was cytotoxic against P388 murine leukemia and KB
human epidermoid carcinoma cells with an ICs, of 0.28 and 0.3 pg/mL, respectively
(26). Xestocyclamine A (40) was moderately potent against PKC (ICso 4 pg/mL)
and also exhibited activity in a whole cell IL-1 release assay with an ICsy of 1 pM.
This action appeared to be selective, as compound 40 was inactive against other
cancer-relevant targets, including PTK and IMPDH. Finally, compound 40, at
doses as high as 100 pM, did not show in vitro growth inhibition effects against
cancer cells in the NCI’s disease oriented screening program (29). Ingamines A (42)
and B (43) both showed in vitro cytotoxicity against murine leukemia P388 with an
EDsy of 1.5 pg/mL (30). Ingenamine (44) showed cytotoxicity against murine
leukemia P388 (EDsy 1 pg/mL) (37). Madangamine A (50) showed significant
cytotoxic activity toward a number of tumor cell lines, including murine leukemia
P388 (EDsp 0.93 pg/mL) and human lung A549 (EDsq 14 pg/mL), brain U373
(EDsg 5.1 pg/mL), and breast MCF-7 (EDsq 5.7 pg/mL) cancer cell lines (33). The
saraines, such as saraine A (55¢), generally display significant biological properties
including, vasodilative, antineoplastic, and cytotoxic activities (53). Nakadomarin
A (56) showed cytotoxicity against murine lymphoma L1210 cells (ICs 1.3 pg/mL)
and inhibitory activity against cyclin dependent kinase 4 (ICsq 9.9 pg/mL).
Compound 56 exhibited antimicrobial activity against a fungus (Trichophyton
mentagrophytes, MIC 23 pg/mL) and a Gram-positive bacterium (Corynebacterium
xerosis, MIC 11 mg/mL) (57).

ent-12,34-Oxamanzamines E (57) and F (58), as well as 12,34-oxamanzamine
A (59) were isolated from three Indo-Pacific sponges (58). The biocatalytic
transformation of ent-8-hydroxymanzamine A (7a) to 58, using Nocardia sp. and
Fusarium oxysporium ATCC 7601, has also been achieved (58). Eleven heterotrophic
bacterial isolates, including actinomycetes and a-proteobacteria, were isolated from
one of these sponges in a preliminary investigation to identify a possible microbial
origin for these alkaloids. The potent in vitro activity of the manzamines against
malaria and the AIDS opportunistic infection (OI) pathogen, Mycobacterium
tuberculosis, is also presented. The in vitro activity of manzamines against
Mycobacterium tuberculosis (H37Rv) and the malaria parasite Plasmodium
falciparum is reported with most manzamines showing activity against M.
tuberculosis with MICs <12.5 g/mL. (+)-8-Hydroxymanzamine A had an MIC
0.91 pg/mL, indicating improved activity for the (4+) over the (—) enantiomer. The
significant activity of ircinol A (1.93 pg/mL) indicates that the B-carboline moiety is
not essential for activity against Mtb in vitro. This result suggests the candidacy of
ircinol A as a possible antituberculosis lead for further development since it showed
minimal toxicity and reduced structural complexity. The decreased activity of 57, 58,
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and 59 against M. tuberculosis and P. falciparum is clearly associated with the
changes in the molecule that result during the formation of the new C-12, C-34
oxygen bridge. This data provides significant improvements in the understanding
of the SAR against malaria and Mtb (58).

A crude extract of an unidentified Palauan marine sponge showed initial
inhibitory bioactivities in a yeast assay for inhibitors of methionine aminopepti-
dase-2 (Met AP-2). Bioassay-directed fractionation indicated that the activity was
concentrated in the CH,Cl,-soluble fraction, and chromatography on silica gel
led to the isolation of two new bioactive alkaloids epi-manzamine D (60) and
N-methyl-epi-manzamine D (61) (67). The author’s initial interest in the extract was
due to its potential antiangiogenic activity, the differential activity observed
between the Amapl and Amap2 yeast strains was not significant for either
compound 60 or 61, and the authors thus conclude that neither compound has anti-
angiogenic activity. Both 60 and 61 did, however, show cytotoxic activity against
HeLa and B16F10 cell lines. The greatest potency (ICsq 0.1 pg/mL) was observed
for 61 against the B16F10 cell line (67).

The two novel manzamine-related alkaloids, manadomanzamines A (62)
and B (63), were obtained from an Indonesian species of Acanthostrongylophora
(59). The manadomanzamines 62 and 63 represent an unprecedented rearrange-
ment of the manzamine skeleton and exhibit significant activities against Mtb and
human immunodeficiency virus (HIV-1), with moderate cytotoxicity (59).

Both 62 and 63 exhibited strong activity against Mtb with MIC values of
1.86 and 1.53 pg/mL, indicating that the manadomanzamines are a new class of
antituberculosis leads. Manadomanzamines A and B exhibited modest cytotoxic
activity against human tumor cells. Manadomanzamine A is active against human
lung carcinoma A-549 and human colon carcinoma H-116 with ICsq values of
2.5 and 5.0 pg/mL while manadomanzamine B is only active against H-116 with an
1Csq value of 5.0 pg/mL. Manadomanzamines A (62), B (63), and xestomanzamine
A (27) are active against human immunodeficiency virus (HIV-1) with ECs,
values of 11.4, 62.7, and 42.7 puM, respectively. Manadomanzamine B and
xestomanzamine A are active against the fungus Cryptococcus neoformans with
ICsq values of 3.5 and 6.0 pg/mL. Manadomanzamine A was active against
the fungus Candida albicans with an 1Csq of 20 pg/mL. It is worthy to note
that manadomanzamines A, B, and xestomanzamine A, unlike manzamine A,
8-hydroxymanzamine A, and neo-kualuamine which are extraordinarily active
antimalarial agents (18,770), only exhibited marginal activity against the malaria
parasite indicating that the polycyclic ring system of the manzamine structure is
important for antimalarial activity (59).

B-Carboline containing manzamines 32,33-dihydro-31-hydroxymanzamine
A (64), 32,33-dihydro-6,31-dihydroxymanzamine A (65), and 32,33-dihydro-6-
hydroxymanzamine A-35-one (66) were isolated from an Indonesian sponge (60).
Additional data regarding the in vitro activity of the manzamines against Mtb



THE MANZAMINE ALKALOIDS 277

(H37Rv), P. falciparum, and Leishmania donovani, the causative agent for visceral
leishmaniasis, is reported. Most manzamines were active against M. tuberculosis
with MICs <12.5 pg/mL. Although alkaloids 64 and 66 were inactive against
malaria and leishmania, these results provide valuable information on the
structural moieties required for activity against malaria and leishmania. This
observation further supports the previous report (/8), which indicates that
reduction of the C32-C33 olefin and oxidation of C-31 also significantly reduces the
antimalarial activity for the manzamine alkaloids in vivo. These combined data
strongly suggest that the ability of the C-34 allylic carbon to form a stabilized
carbocation after oxidation both in cell culture and in animals, followed by the
inherent nucleophilic attack, may play a critical role in the biological activity of the
manzamine alkaloids against the malaria parasite. The significant difference in
biological activities of manzamine A, manzamine E, and their corresponding 12,34-
oxa-derivatives indicate that the C-12 hydroxy, the C-34 methine, or the
conformation of the lower aliphatic rings play a key role in the antimalarial and
leishmanicidal activity and provides valuable insight into the structural moieties
required for activity against malaria and leishmania parasites. The significant
leishmanicidal activity of ircinol A (ICsq 0.9 pg/mL and ICyq 1.7 pg/mL) indicates
that the B-carboline moiety is not essential for activity against the leishmania
parasite in vitro. The cytotoxic values of 6-deoxymanzamine X and manzamine X
against A-548, HT-29, H-116, and MS-1 cell lines with ICs, (ug/mL), respectively,
are as follows.1, 5.1; 0.5, 0.5; 0.5, 5.1; 1, 5.1. The anti HIV (ECsg) activity of
manzamine A, 8-hydroxymanzamine A, and 6-deoxymanzamine X against
human PBM cells acutely infected with HIV-1/LAl is 0.59, 4.2, and 1.6 uM,
respectively (60).

VI. Conclusions

The manzamine alkaloids are unique and viable, leads to the treatment of
malaria, as well as other infectious or tropical parasitic diseases, based on their
significant activity in animal models. In addition, the relatively wide range of
biological activity for the manzamines in vitro raises the question that perhaps
these molecules maybe broad-spectrum antiparasitic antibiotics generated by
a sponge-associated microbe. The ecological relationship between the microbial
communities and the sponge in the case of the manzamines is particularly intriguing
due to the structural complexity of these alkaloids.

In spite of the necessity of the g-carboline moiety for in vitro antimalarial
activity, it has little effect on the antituberculosis activity in vitro, suggesting that
several different possible mechanisms of action are likely to exist. Although further
investigations are required to completely understand the SAR for this class of
compounds, the absence of activity associated with the C-12, C-34 oxygen bridge
system provides valuable insight into the structural moieties required for activity
against Mtb and malaria. In addition, the formation of this new oxygen bridge and
its reduced biological activity suggests that this alkaloid maybe a potential
intermediate in the development of resistance to this class of bioactive alkaloids.
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The significant reduction in biological activity observed against P. falciparum for
the C-12, C-34 oxygen bridge system indicates that the C-12 hydroxy, C-34
methine, or the conformation of the lower aliphatic rings, plays a key role in the
antimalarial activity. The reduction of the C32—C33 olefin and oxidation of C-31
also significantly reduces the antimalarial activity for the manzamine alkaloids
in vivo. These data combined suggest that the ability of the C-34 allylic carbon
to form a stabilized carbocation after oxidation both in cell culture and in animals,
followed by the inherent nucleophilic attack, may play a critical role in the
biological activity of the manzamine alkaloids.

Few classes of alkaloids are as unique and intriguing as the manzamine
class. The biological activity of the manzamines against infectious diseases, cancer,
and inflammatory diseases, combined with their unusual structure, strongly
suggests that these alkaloids will ultimately yield useful clinical candidates. In
addition, the manzamine alkaloids are clearly a key to understanding the
sophisticated, but poorly understood, ecological and phylogenetic relationships
between a diverse group of sponges and their associated microbial communities.
Understanding the biosynthesis of this group of alkaloids, and the role that
invertebrates and their microbial association play, will certainly provide a better
understanding of the bioorganic evolution of these complex secondary metabolites
and the evolutionary pressures required to ultimately produce them.
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1. Introduction

Among the naturally occurring nitrogen-containing compounds the
pyridine alkaloids constitute an important group, which are pharmacologically
active constituents in a number of medicinal plants. Species from the Celastraceae
and Hippocrateaceae families are rich sources of sesquiterpene pyridine alkaloids
and are considered their chemotaxonomical markers. Their sesquiterpene
backbones are polyesters of cyclic alcohols derived from dihydroagarofuran. This
skeleton is comprised of A and B rings in the form of an axially dimethylated zrans-
decalin bicycle and a 1,3-diaxially fused (CHj3;),C—-CO bridge constituting the
tetrahydrofuranyl C-ring, as presented in structure A (Fig. 1). This core structure is
found in nature in various oxygenated forms, bearing as many as nine hydroxyl
groups, as in euonyminol and isoeuonyminol, as well as one carbonyl and eight
hydroxyl groups, as in evoninol (Fig. 1). Stereochemical assignments for the
sesquiterpene nucleus were determined by analysis of NOE correlations, and the
correct absolute configuration is shown for those naturally occurring sesquiterpene
pyridine alkaloid derivatives for which determinations have been made (/,2). Two
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numbering systems have been employed for the sesquiterpene nucleus, and the most
common, which is used throughout this text, is the one in line with the numbering
system proposed for eudesman and its derivatives in the Chemical Abstracts Index
Guide 75, 940 (1971), as illustrated in Fig. 1.

Aliphatic and aromatic acids esterify hydroxyl groups of the fundamental
sesquiterpene (Fig. 2). The particular sesquiterpenoids differ from each other by
the number of hydroxyl groups and by the composition of the ester substituents.
Several of them have a tert-hydroxyl group attached exclusively to C-4. If the acid
esterifying the hydroxyl group of sesquiterpenoids contains nitrogen, then the
compounds are weakly basic alkaloids. Such an acid is nicotinic acid or its
carboxylic acid derivatives (Fig. 3), substituted in positions 2,3 or 3,4 of the
pyridine ring, which form macrolide bridges between C-3 and C-13.

evoninol

OH  euonyminol

Figure 1. Classical dihydroagarofuran sesquiterpenes.

]O coH COH
A NCoH /l\ o~ GO
Ho/K ’ )\ oH
acetic acid propanoic 2-met.hyl id 2-hydroxyisobutyric hexanoic acid
(OAc) acid propanoic act acid (OCOPent)
('PrC0O0)
; v
0O, COH . COH X
Y kr Y o
o COH O
o-acetoxyisobutyric 2-methyl butanoic angelic acid tiglic acid furanoic acid
acid acid (OMeBu) (OFu)
MeO
COH @\/COzH ©/\‘
MeO—(i >—C02H
COH
benzoic acid trans-cinnamic cis-cinnamic . e L
(OBz) acid (O'Cinn) acid (O°Cinn) tri-O-methylgallic acid

Figure 2. Esterifying acids of the sesquiterpene cores.
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II. Evoninate Sesquiterpene Pyridine Alkaloids and Derivatives
A. EVONINATE ALKALOIDS

Evoninate sesquiterpene pyridine alkaloids, in which evoninic acid esterifies
the sesquiterpene nucleus, represent the most extensive group of evoninate

OH OH HOC MeQ
o,
(o) “ ~
07NN N o COM
N

\_ 4 \_ 7/ — e
nicotinic acid picolinic acid N-methyl-2-pyridone- cathic acid
(ONic) (OPic) 5-carboxylic acid (CNMP)
OH OH OH OH
NS NS N NS
O  OH O  OoH < "0 oH o
'OH
(X3 4 o”% o7
\ \ \
N 7 N 7 N /
evoninic epievoninic isoevoninic hydroxy norevoninic
acid acid acid isoevoninic acid acid
HO HO
—0 =0
HO.
OH OH
o~ 4 o~
\ \
N / N /
wilfordic isowilfordic hydroxy hydroxy
acid acid wilfordic acid isowilfordic acid
HO HO
=0 =0
BzO FuO
OH OH
o~ 0~
N N
\ 7 \ 7
benzoyloxy furanoyloxy cassinic edulinic
wilfordic acid wilfordic acid acid acid

Figure 3. Nicotinic acid and its derivatives.
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alkaloids. These alkaloids can be conveniently divided into evoninol, euonyminol,
isoeuonyminol, 4-deoxyeunoyminol, and 4-deoxyisoeuonyminol groups based on
the oxidation form of the sesquiterpene core (Fig. 1).

1. Evoninol Derivatives

In the evoninol group, evonine (1) has been frequently isolated from
plants of the Celastraceae family. It was first obtained by Doebel and Reichstein
(3) and later by Pailer and Libiseller (4). The latter group established the
structure of evoninic acid (Fig. 3) as (25,35)-2-methyl-3-methyl-3-(8-carboxy-a-
pyridyl)-propionic acid by alkaline hydrolysis of evonine, and it was further
revealed that evonine consisted of an evoninol sesquiterpene core esterified by
acetic and evoninic acids (5,6). The 2S.3S configurations of the methyl groups
in the evoninic acid side chain have also been determined by X-ray analysis (7),
and confirmed by NOE analysis (8). The complete structure was elegantly
deduced from the 'H-NMR and mass spectrometric data of evonine and its
derivatives, and also by specific reactions approximately one decade later.
Evoninol was separated as an octaacetate derivative prepared from the alkaloid
by LiAlH, reduction and subsequent acetylation of the product (5,9-17). At
the same time, Pailer and Streicher independently deduced the structure of
evonine (/2).

The basic moiety of evonine constituted by evoninic acid is linked to
C-3 and C-13 of the sesquiterpene backbone thus forming a fifteen-membered
macrocyclic ring. Further evoninate sesquiterpene pyridine alkaloids that have been
isolated from plants of the Celastraceae, containing evoninol as the sesquiterpene
core, include the desacetyl derivative of evonine (Table I).

Evoninic acid is characterized in its '"H-NMR spectra by signals at § 7.2 (dd,
J=4.7, 7.8 Hz), 7.9 (dd, J=1.5, 7.8 Hz), and 8.6 (dd, J=1.5, 4.7 Hz), for one
2,3-disubstituted pyridine unit, two secondary methyl groups at§ 1.2 (d, /=7.4 Hz)
and 1.4 (d, /=06.9 Hz), and two methine protons at § 2.8 (q, /J=7.4 Hz) and 4.2
(q, J=06.9 Hz) which are coupled to each other.

2. Euonyminol Derivatives

Most of the macrocyclic sesquiterpene pyridine alkaloids found in
the Celastraceae, including the Hippocrateaceae, contain euonyminol (Fig. 1)
in their sesquiterpene nucleus. Esterifying acids may be observed as aliphatic,
like acetic, 2-methylpropanoic, tiglic, or angelic acids, as aromatic, like benzoic
and 3-furanoic acids, as well as nitrogen-containing acids, like nicotinic acid
(Table II).

Another important group of euonyminol sesquiterpene pyridine alkaloid
derivatives comprises the emarginatines, hippocrateines, and similar compounds
(Table IIT). These alkaloids are characterized by a 5-carboxy-/N-methyl-2-pyridone
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TABLE 1.
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Evoninate Sesquiterpene Alkaloids — Evoninol Derivatives.

Alkaloid R,

Properties

1. Evonine OH

2. Neoevonine or OH

evorine

3. Evozine OH

4. 2,6-Bisdesacetylevonine H OH

5. 2-Desacetylevonine H OH

6. Evonoline

Ac

C36H43N017, mw: 76125, mp: 183—
188°C, [0]p +21.1° (EtOH), IR, UV,
MS, ORD (/3), *C (/4), mp: 184
190°C, [o]p +8.4° (CHCly), UV, IR,
'H (10)

C34H41NO]6, mw: 71924, mp: 264—
265°C, [a]p +24.9° (CHCl3), UV, IR,
'H (15)

C32H39NO]5, mw: 67723, mp: 288—
289°C, [0] +13° (CHCly), UV, IR,
'H (16)

C32H39NO]5, mw: 67723,
141°C, UV, IR, 'H (17)
C34H41N016, mw: 71924,
135°C, UV, IR, 'H (17)
C36H43N016, mw: 74526, [O(]D +6.2°
(EtOH), IR, UV, ORD (73); UV, IR,
'H, BC (18)

C34H4NO;s5, mw: 703.25, mp: 168—
173°C, UV, MS, 'H (18)

mp:

mp:

(CNMP) ring attached to the sesquiterpene nucleus. The CNMP ring is
characterized in its "H-NMR by signals at § 6.6 (1H, d, /=10.0 Hz), 7.9 (1H, dd,
J=10.0, 2.5 Hz), 8.4 (1H, d, J=2.5 Hz), and 3.7 (3H, s, N-methyl). The hydroxyl

groups of the euonyminol

core can be esterified with acetic,

benzoic,

2-methylpropanoic, 2-methylbutanoic, tiglic, or angelic acids.
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TABLE II.
Evoninate Sesquiterpene Alkaloids — Euonyminol Derivatives.

ORe

Alkaloid R, R, R; Ry Rs Rg Properties

8. Euonymine Ac Ac Ac Ac Ac Ac C3H47NOjg, mw: 805.28, mp:
140-146 °C (picrate), [o]p —20°
(CHCly), UV, IR, 'H (15); 'H,
BC (19)

9. Hyponine A Ac Ac Fu Ac Ac Ac C4H4NOyy, mw: 857.27, [oc]zD5
—27.5° (CHCly), UV, IR, MS,
'H, BC (149)

10. Hyponine B Ac  Ac Ac Ac Ac Fu C4H4/NOjo, mw: 857.27, [oc]zD5
—19.5° (CHCly), UV, IR, MS,
'H, BC (19)

11. Hyponine C  Ac Ac Ac Ac Ac Bz C4HyNOg, mw: 867.29, [oc]zD5
—15.5° (CHCly), UV, IR, MS,
'H, BC (19)

12. Hyponine D Ac Nic Bz Ac Ac Ac CyH50N,O15, mw:  930.31,
[0]5 +5.2° (MeOH), UV, IR,
MS, 'H, *C (20)

13. Hyponine E Ac  Ac Fu Nic Ac Ac C4sHyusN>Op9, mw: 920.28,
[0 —4.2° (MeOH), UV, IR,
MS, 'H, *C (20)

14. Hyponine F  Ac Fu Ac Ac Ac Ac C4Hy47/NOjo, mw: 857.27, [oc]zD5
+7.0° (MeOH), UV, IR, MS,
'H, BC (20)

15. Forrestine Ac Bz Ac Ac Ac Ac C4HyuNOgg, mw: 867.29, mp:
113-115°C, UV, IR, MS, 'H,
3C @2n: 'H (22)

(continued)
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TABLE II.
Continued.
Alkaloid Ry R, R3; Ry Rs Rg Properties
16. Cangorinine E-I  Ac  Ac Bz Ac Ac Ac Cy;3HyNO5, mw: 867.29, mp:
98-101°C, [o]p —25.4°
(CHCly), UV, IR, MS, 'H,
13C (8)
17. Neoeuonymine Ac Ac H Ac Ac Ac C36Hy4sNOy7, mw: 763.27, mp:
259-262°C, [o]p —11°
(CHCly), UV, IR (I5), 'H (23)
18. 4-Hydroxy-7- Ac H Ac Ac Ac Ac C34HysNOy;, mw: 763.27, [oc]g)
epi-chuchuhuanine —37.4° (CHCI;), UV, IR, MS,
E-V 'H, C (29)
19. Angulatamine Ac Nic Ac COPr Ac Ac CyuHsN,Op5, mw:  896.32,
[0]5 +13.67° (MeOH), IR,
UV, MS, 'H (22)
20. Putterine A or Ac Ac Ac Nic Ac Ac CyHygN,Oq5, mw: 868.29, IR,
wilfornine G "H (25); [a]lp +11° (MeOH),
UV, IR, MS, 'H, '3C (26)
21. Putterine B Ac COPr Ac Nic Ac Ac CyuH5N,O;s, mw: 896.32, IR,
'H, B (25)
22. Wilfornine F Ac H Bz Ac Ac Ac C4H4NO7, mw: 825.28, [op
+18.2° (MeOH), UV, IR, MS,
'H, BC (26)
23. Celahinine A Bz Ac Bz Ac Bz Ac Cs3Hs53NOjg, mw: 991.33, mp:
>300°C, IR, MS, 'H, 13C (27)
24. Ebenifoline E-I Bz H Ac Ac Ac Ac C4HyNO7, mw: 825.28, mp:
183-185°C, [o]p 0° (CHCI,),
UV, IR, MS, CD, 'H, "*C (19)
25. Ebenifoline E-II Bz Ac Bz Ac Ac Ac C4uHs5NOg, mw: 929.31, mp:
174-177°C, [o]p —13.2°
(CHCl3), UV, IR, MS, CD,
'H, BcC (19
26. Ebenifoline E-IIl Bz Ac Ac Ac Bz Ac CyuHs5NOg, mw: 929.31, mp:
174-177°C, [o]p —25.8°
(CHCl3), UV, IR, MS, CD,
'H, *C (19)
27. Ebenifoline E-V Bz Ac H Ac Bz Ac C4sHy9NO(7, mw: 887.30, mp:

165-169°C,  [a]lp  —27.5°
(CHCl;), UV, IR, MS, CD,
'H, BC (19)

(continued)
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TABLE II.
Continued.
Alkaloid Ry R, R; Ry Rs Rg Properties
28. Mayteine Bz Ac Ac Ac Ac Ac Cy3HyNOg, mw: 867.29, mp:

168-170°C,  [olp  —22.4°
(CHCly), UV, IR, MS, 'H,
BC (19); o] —9.36° (CHCl3)
(28)

29. Euojaponine A Bz Ac H Ac Ac Ac C4H4yNO;y7, mw: 825.28, mp:
273-275°C, [o]l  +24.67°
(EtOH), UV, 'H, *C (29)

30. Euojaponine C Bz H Bz Ac Ac Ac CyuHyN,Oq7, mw: 887.30, mp:
178-182°C,  [o]lp  —1.I°
(CHCIl3), UV, IR, MS, 'H,
B3C (19); mp: 172-175°C, [o]}
+11.4° (EtOH), UV, 'H, 1’C
(29)

31. Euojaponine | Nic Ac Ac Ac Ac Ac CypHyN>Opg, mw: 868.29, mp:
168-171°C,  [o]5  +4.35°
(EtOH), UV, 'H, *C (29)

32. Euojaponine L.  Nic H Bz Ac Ac Ac C4sHyN,Oq7, mw: 888.30, mp:
195-197°C,  [o]f  +11.24°
(EtOH), UV, 'H, *C (29)

33. Euojaponine M Nic H Ac Ac Ac Ac CyHysN,O17, mw: 826.28, mp:
188-190°C, [o]l  +12.57°
(EtOH), UV, 'H, *C (29)

34. Lacvisine A Tig® Ac Ac Ac Ac Ac C4Hs5NOgz, mw: 845.31, mp:
171-173°C,  [o]5  497.3°
(CHCIy), UV, 'H, ¥C (30)

*Tiglic or angelic acid, because double bond stereochemistry was not defined.

3. Isoeuonyminol Derivatives

Evoninate sesquiterpene alkaloids containing an isoeuonyminol core and a
CNMP group have also been obtained from the Celastraceae family, although only
three members of this class of alkaloids have been isolated, as shown in Table IV.
Five isoeuonyminol derivatives not containing a CNMP group have also been
isolated, as described in Table V. In its 'H-NMR, isoeuonyminol differed from the
euonyminol skeleton with respect to the 'H coupling constants between the H-6,
H-7, and H-8 methine protons. In the euonyminol skeleton, while their couplings
are generally near 3.9 (J47) and 5.7 Hz (J;), in isoeuonyminol these couplings are
near to 3.0 (Je7) and 9.6 Hz (J;5). Furthermore, H-7 and H-8 show NOE
correlations with H-5 and H-14, respectively. The peripheral esterifying residues
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TABLE III.
Evoninate Alkaloids — CNMP Euonyminol Derivatives.

Alkaloid R, R, R; R, Properties

35.

36.

37.

38.

39.

40.

41.

42

43

Hippocrateine | Bz Ac Ac Ac CysHs5oN>Op9, mw: 960.31, mp:
300°C, IR, UV, MS, 'H, '*C (31)

Hippocrateine I Bz Ac Ac MeBu Cs5HssN,Op9, mw: 1002.36, mp:
308°C, IR, UV, MS, 'H, '*C (31)

Emarginatine A Ac Ac Ac Ac C;3HsoN,Op9, mw: 898.30, 'H,
BC (32); mp: 312-313°C, [o]F
+70° (CHCI,), UV, IR, 'H, "C,
X-ray (33)

Emarginatine C Ac Ac H Ac C41HygN>Og, mw: 856.29, mp:
312-315°C, [a]p +16.0° (CHCIy),
UV, IR, MS, 'H, *C (34)

Emarginatine D H Ac Ac Ac C41HygN>Og, mw: 856.29, mp:
192-202°C, [a]p +51.0° (CHCIy),
UV, IR, MS, 'H, '*C (39

Emarginatine G = Tig* Ac Ac Ac Cy6Hs4N>O19, mw: 938.33, mp:
315-318°C, [a]y +200° (CHCls),
UV, IR, MS, 'H, "C (35)

Emarginatine H  Ac Ac Ac H C4HygN>Og, mw: 856.29, mp:
313-316°C, [a]p +35° (CHCly),
IR, MS, 'H, "*C (32)

Ac  COPr Ac Ac CysHs4N>O9, mw: 926.33, mp:
300-307°C, [a]p +15.3° (CHCly),
UV, 'H, BC (36)
Ac Ac Ac COPr Cy4sHsuN>O9, mw: 926.33, mp:

246-249°C, [a]p +15.5° (CHCl,),
UV, 'H, C (36)

(continued)
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TABLE IIL
Continued.
Alkaloid R; R, R3 Ry Properties
44 H Ac CO'Pr Ac Cy3Hs5oN,005, mw: 884.32, mp:

194-198°C, [o]p —4.3° (CHCl),
UV, 'H, BC (36)

45 COPr Ac CO'Pr Ac  CuHssN,Opo, mw: 954.36, mp:
177-183°C, [o]p —2.3° (CHCl),
UV, 'H, BC (36)

o)
Ohc \>—</j\>:o
0 =N

AcO,

Alkaloid R Properties

46 Ac  Cy43H50N,O 19, mw: 898.30, mp: 154-178°C, [a]p —11.6° (CHCly),
UV, 'H, BC 36)

47 H  C4HygN,Op5, mw: 856.29, mp: 192-199 °C, [a]p —22.8° (CHCl3),

UV, 'H, 13C (36)

*Tiglic or angelic acid, because double bond stereochemistry was not defined.

vary between acetic, benzoic, and nicotinic acids, and the relative positions of these
residues distinguish each individual alkaloid.

4. 4-Deoxy Sesquiterpene Cores

Chuchuhuanines are sesquiterpene pyridine alkaloids isolated from
Maytenus chuchuhuasca (Celastraceae), a Brazilian medicinal plant used to treat
skin cancer (47). These alkaloids are characterized by the absence of a 4-hydroxyl
group on the isoeuonyminol dihydroagarofuran sesquiterpene core, forming a
4-deoxyisoeuonyminol backbone linked to evoninic or wilfordic acids. Evoninate
type alkaloids are shown in Table VI, and wilfordate derivatives are discussed in the
appropriate section. These alkaloids are characterized in their '"H-NMR by one
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TABLE 1V.
Evoninate Alkaloids — CNMP Isoecuonyminol Derivatives.
o
N__oO
|
P
Alkaloid R, R, R; Properties

48. Emarginatine B Ac Ac Bz Cy3Hs53N>Op9, mw: 960.32, mp: 191-194°C, [o]p
+26° (CHCI3), UV, IR, MS, 'H, '*C (37)

49. Emarginatine E H Ac H C;39Hy4N>Oy7, mw: 814.28, mp: 240-242°C, [o]p
—36.0° (CHCL,), UV, IR, MS, 'H, *C (34)

50. Emarginatine F Bz H Ac Cy4Hs5oN>O15, mw: 918.31, mp: 221-223°C, [oc]g)
+600° (CHCly), UV, IR, MS, 'H, 3C (35)

additional secondary methyl group and one methine proton at approximately § 1.2
(d, J=7.9 Hz) and 2.7 (q, /J=7.9 Hz), respectively.

Three similar sesquiterpene alkaloids are 4-deoxyeuonymine (61), euojapo-
nine N (62), and ebenifoline E-IV (63). These compounds also contain 4-deoxy
sesquiterpene cores, although the esterifying groups attached at C-7 possess the Bax
stereochemistry characteristic of the euonyminol nucleus. Their structures were
elucidated by spectroscopic analyses.

5. Cathedulin Alkaloids

The narcotic drug khat, largely used in many countries of East Africa,
consists of the fresh leaves and shoots of Catha edulis. The main physiological
effects of khat are appetite suppression and stimulant action, which includes the
ability to induce a feeling of elation and peacefulness. These effects have been
attributed to the presence of cathine, also known as norpseudoephedrine, although
cathedulins may also be implicated (43,44).

Cathedulin derivatives isolated to date are polyesters of two sesquiter-
pene cores, euonyminol and 3,4,6,13-tetradeoxy-9-epieuonyminol, and can be
conveniently divided into three groups based on their molecular weights: lower
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TABLE V.
Evoninate Alkaloids — Isoeuonyminol Derivatives.

Alkaloid Ry R, R; Properties

51. Horridina Ac  Ac Bz Cu;3HyNOjg, mw: 867.29, 'H, '3C (38)

52. Aquifoliunine E-I Ac Bz Ac C43HyeNOg, mw: 867.29, [a]p —3.1°
(CHCly), IR, MS, 'H, '3C (39)

53. Aquifoliunine E-IIL H H Ac C34Hyi3NOyg, mw: 721.26, [o]p —17.2°
(CHCly), IR, MS, 'H, '*C (39)

54. Aquifoliunine E-III Ac H Ac C36H45N017, mw: 76327, [O(]D —20.8°
(CHCly), IR, MS, 'H, *C (40)

55. Aquifoliunine E-IV. Ac  Nic Ac C4HysN,Oq5, mw: 856.29, [o]p —15.2°
(CHCly), IR, MS, 'H, *C (40)

molecular weight (~ 600-700 D), medium molecular weight (~ 750-900 D), and high
molecular weight (1100-1200 D) groups (45). The esterifying acids of the sesqui-
terpene cores of the khat alkaloids are acetic, 2-hydroxyisobutyric, 2-acetoxyiso-
butyric, benzoic, nicotinic, and tri-O-methylgallic acids. The lower molecular weight
sesquiterpene pyridine alkaloids will be discussed in detail in the appropriate section.

The cathedulin alkaloids of medium molecular weight comprise cathedulins
K1, K2, K6, and K15 (Table VII), isolated from plant material collected in Kenya.
The most abundant is cathedulin K2 and it was the most intensively studied.
Mass and NMR spectroscopy, as well as ethanolysis of this alkaloid, showed an
euonyminol sesquiterpene core, one evoninic acid, five acetic acid, and one
2-acetoxyisobutyric acid residues. Cathedulin K2 acted as a lead alkaloid in the
formulation of the remaining three substances.

The high molecular weight group comprise cathedulins E3, E4, ES, and E6
isolated from plant material collected in Ethiopia, and K12, K17, K19, and K20
derived from khat of Kenyan origin (Table VIII). Alkaloids E3 and E4 are closely
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TABLE VI.

4-Deoxyisoeuonyminol and 4-Deoxyoeuonyminol Alkaloids.

Alkaloid R, R, R; Properties

56. Chuchuhuanine E-I Ac  Ac Ac  C33HysNO¢7, mw: 789.28, mp: 247—
250°C, [a]p —23.3° (CHCl3), UV, IR,
MS, CD, 'H, *C (1)

57. Chuchuhuanine E-II Bz Ac  Ac  CyuHyNO;7, mw: 851.30, mp: 158—
160°C, [a]p —8.5° (CHCl3), UV, IR,
MS, CD, 'H, *C (1)

58. Chuchuhuanine E-III Ac Bz Ac  Cy3H4NO;7, mw: 851.30, mp: 156—
160°C, [a]p —412.5° (CHCly), UV,
IR, MS, CD, 'H, *C (41)

59. Chuchuhuanine E-IV Ac  Ac H C36HysNOyg, mw: 747.27, mp: 162—
166°C, [a]p —9.3° (CHCl3), UV, IR,
MS, CD, 'H, *C (1)

60. Chuchuhuanine E-V Ac H Ac  C3gHysNOjg, mw: 747.27, mp: 154—

160°C, [a]p —18.3° (CHCl3), UV, IR,
MS, CD, 'H, *C (1)

(continued)
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TABLE VI.
Continued.

Alkaloid Rl R2

Properties

61. 4-Deoxyeuonymine Ac Ac

62. Euojaponine N Nic Bz

63. Ebenifoline E-1V Bz Ac

CisH47NO| 7, mw: 789.28, mp: 138-142°C, [o]p
—13.6° (CHCl3), UV, IR, MS, CD,

'H, BC («1)

C47H5oN,O17, mw: 914.31, mp: 161-163°C, [o]
+31.6° (EtOH), 'H, *C (42)

C43H40NO 7, mw: 851.30, mp: 143-146°C, [o]p

—7.8° (CHCly), UV, IR, MS, CD, 'H, "*C (19)

TABLE VIIL.

Cathedulin Alkaloids of Medium Molecular Weight.

AcO

OR;
o=

@) OAc

Alkaloid R, R, Rj Properties

64. Cathedulin KI Ac Ac Ac CgHs3NO,, mw: 891.32, IR, UV, MS, 'H (46),

mp: 165-168°C; 'H (47)

65. Cathedulin K2 H Ac Ac Cy4Hs5NOg, mw: 849.31, mp: 181-184°C, [oz]g)

66. Cathedulin K6 H Ac

67. Cathedulin K15 H H

—17.8° (CHCly), IR, UV, MS, 'H, 13C (46); 'H
(47)

H C38H49NO]8, mw: 80729, mp: 176*1800C, IR,

UV, MS, 'H (46); 'H (47)

H C;5H47NOj7, mw: 765.28, mp: 191-194°C, IR,

UV, MS, 'H (46); 'H (47)
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TABLE VIII.

Cathedulin Alkaloids of High Molecular Weight.

Alkaloid R; R, Properties
68. Cathedulin E3 Ac Ac Cs53Hs7N,O53, mw: 1089.34, mp: 245-248°C, [01]12)0
—44.8° (CHCL,), IR, UV, 'H, 13C (46); 'H, 13C (48)
69. Cathedulin E4 Ac H Cs5;Hs55N>O,,, mw: 1047.32, [01]2]:,7 —37° (CHCly), IR,
UV, 'H (46); 'H, *C (48)
70. Cathedulin K20 Bz Ac CsgHsoN>Oo3, mw: 1151.35, 'H, '*C (49)
OMe
MeO.
MeOr I
[}
Alkaloid R, R, Properties
71. Cathedulin E5 Bz Ac CsoHgaN>Oo5, mw: 1168.39, 'H, '°C (48)
72. Cathedulin E6 Bz H Cs;HgN>Os, mw: 1126.38, IR, UV, 'H, 13C (46);
'H, BC (48)
73. Cathedulin K12 Ac Ac Cs4HgN>Ooz, mw: 1106.37, mp: 268-272°C, IR,

UV, MS, 'H (46); 'H, 3C (48)
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related, since acetylation of E4 forms E3 exclusively, and partial methanolysis of E3
gave a reasonable yield of E4. In these alkaloids, a novel structural feature is the
cathate bridge between the 8-axial oxygen and the 15-oxygen of the euonyminol core,
forming a second macrocycle. Cathic acid (Fig. 3) was isolated as its dimethyl ester
derivative after alcoholysis of cathedulin E3 and E4, together with 2-acetoxyiso-
butyric and acetic acids, which were also found as the peripheral esterifying residues
on the euonyminol sesquiterpene core. Cathedulin K20 is also closely related to
cathedulin E3, in which a benzoate residue replaced an acetate group located at C-2,
according to the NMR spectra in which H-2 was at lower field than the corres-
ponding proton in alkaloids containing an acetyl group attached to the C-2 position.

Three further alkaloids closely related to cathedulin E3 were isolated from
plant material collected in Kenya and Ethiopia, although the cathate bridge was
observed in the opened form. Thus, trimethylgallic and nicotinic acids are both
esterifying agents of the euonyminol core. In cathedulin K12 the remaining ester
positions are similar to those of E3. A benzoate group replacing acetate on C-1
characterizes cathedulin E5. The latter and E6 are also related, with the C-6
hydroxyl group esterified by an acetate residue.

TABLE IX.
Evoninate and Hydroxyisoevoninate Triptonines.

g COOCH
COOCH; 8

74. Triptonine A 75. Triptonine B

Properties Properties

C45H55N021, mw: 94533, mp: 284 C45H55N022, mw: 96132, [CX]]z)S +15.5°
285.5°C, [o]s —24.1° (MeOH), UV, (MeOH), UV, IR, MS, 'H, *C (51)
IR, MS, 'H, 3C, X-ray (50)
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6. Dimacrocyclic Sesquiterpene Pyridine Alkaloids

Triptonines A and B are sesquiterpene pyridine alkaloids that contain a
second macrocycle in their structure, composed of a monoterpene unit forming a
macrodilactone bridge between C-8 and C-14. These alkaloids represent the first
examples of sesquiterpene pyridine alkaloids in which two terpenoid units are
present (Table IX). This ester linkage was corroborated in their HMBC spectrum in
which the proton signals of H-7 and H-14 were correlated with the carbonyl signals
of the monoterpene unit. In order to confirm the structure of triptonine A (74),
X-ray analysis was undertaken (50). In triptonine B (75) a novel structural feature
is the isomeric form of evoninic acid, called isoevoninic acid, where the acyl
substituents on the pyridine ring are located at positions 3 and 4. Isoevoninic acid
has also been obtained in the hydroxylated form, as in triptonine B. Isoevoninate
sesquiterpene pyridine alkaloid derivatives are discussed in the next section.

Triptonines have been isolated from Tripterygium hypoglaucum, a plant of
the Celastraceae family (57). However, two other reported sesquiterpene alkaloids
isolated from Tripterygium wilfordii were also named as triptonine A (140) and B
(141) (72). Their structures are presented in Table XIX.

B. ISOEVONINATE ALKALOIDS

Evoninate type alkaloids are the most predominant sesquiterpene pyridine
alkaloids isolated from the Celastraceae, although the isomeric evoninic acid has
also been reported in the literature (Table X). The dibasic isoevoninic acid contains
a 3,4-substituted nicotinic acid grouping rather than a 2,3-substituted one, as in the
case of evoninic acid. This isomeric form is characterized in the '"H-NMR spectra
by resonances at § 9.0 (s, H-2"), 8.7 (d, J=5.7 Hz, H-6'), and 7.5 (d, J=5.7 Hz,
H-5), along with two methyl doublets at § 1.1 (/J=7.1 Hz, H-10") and 1.4 (J=6.8
Hz, H-9). On the other hand, the signals of H-4’, H-5', and H-6" in evoninic acid
are observed as double doublets. Furthermore, in their HMBC spectrum
correlations between H-2' and carbons C-3’, C-12, and C-6/, as well as proton
H-5 with carbons C-3', C-4, and C-7" were observed.

Isoevoninate sesquiterpene alkaloids containing a CNMP ring have also
been isolated from Celastraceae (Table XI). Species from this family can synthesize
two classes of CNMP sesquiterpene pyridine alkaloids. The first class of alkaloid
possessing evoninic acid as the alkaloid portion, like the emarginatines and the
hippocrateines (vide infra), and the second represented by hippocrateine 111 (82),
characterized by isoevoninic acid as the diester moiety.

C. HYDROXYISOEVONINATE ALKALOIDS

A small group of sesquiterpene pyridine alkaloids contain a dibasic
hydroxyisoevoninic acid as their alkaloid diester portion (Table XII). This oxidized
residue is characterized in the "H-NMR by the resonances at § 9.0 (s, H-2), 8.7
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TABLE X.
Isoevoninate Sesquiterpene Pyridine Alkaloids.

OR4

Alkaloid Ry R, R3 Ry Properties

76. Wilfordinine A Ac H Ac Ac  C34Hy4sNO7, mw: 763.27, [oc]zD5 —11°
(MeOH), UV, IR, MS, 'H, *C (51)

77. Wilfordinine J H Ac Ac Ac  C34H4sNO(;, mw: 763.27, [o]p —8.1°
(MeOH), UV, IR, MS, 'H, *C (26)

78. Peritassine A Ac Ac Ac Ac  C3gH47NO;g, mw: 805.28, mp: 116—
117°C, IR, 'H, C (52)

79. Peritassine B Ac  Ac Bz Ac  Cy3Hy9NOg, mw: 867.29, mp: 148-
150°C, IR, 'H, *C (52)

80 Ac Ac COPr Ac CuHs5NO;g, mw: 833.31, mp: 162—
164°C, [o]p —36.8° (CHCl3), UV,
'H, 1C (36)

81. Hypoglaunine D Ac Ac Ac Fu C4H4NOpy, mw:  857.27, [oz]%)5

—15.3° (MeOH), UV, IR, MS, 'H,
3¢ (53)

(d, J=5.3 Hz, H-6'), and 7.8 (d, /= 5.3 Hz, H-5), along with two methyl signals at
§1.2(d, J=7.1 Hz, H-9") and 1.4 (s, H-10"). These signals are very similar to those
of the isoevoninate type, differing only by the multiplicity of H-10', that was
observed as a doublet in the isoevoninate alkaloids. Thus, a 2-hydroxy-2,3-
dimethyl-3-(3’-carboxy-4'-pyridyl)-propanoic acid, could be characterized.

Wilfordinines and hypoglaunines are hydroxyisoevoninate sesquiterpene
pyridine alkaloids isolated from T. wilfordii and T. hypoglaucum, respectively.
These plants of the Celastraceae family have been used to treat several diseases in
traditional Chinese medicine.
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TABLE XI.
CNMP Isoevoninate Sesquiterpene Pyridine Alkaloids.

CHs
ORs Aj o
Z
Alkaloid R, R, Rj Ry R; Properties

82. Hippocrateine III  Ac  Ac Ac Ac  MeBu C4Hs¢N>Op9, mw: 940.35,

83

84

85

86

87

88

UV, IR, 'H, *C (59)
Ac  Ac COPr Ac Ac  C4sHs4N,Op9, mw: 926.33,
mp: 189-196°C, [a]p +2.3°
(CHCly), UV, 'H, *C (36)
Ac  Ac COPr Ac COPr C4HsgN,Op9, mw: 954.36,
mp: 179-187°C, [a]p +6.3°
(CHCly), UV, 'H, *C (36)
Ac  Ac COPr COPr COPr CyuHgN>Op9, mw: 982.39,
mp: 186-190°C, [o]p
—18.6° (CHCLy), UV, 'H,
130 (36)
Ac  H COPr Ac COPr CysHsN>Og, mw: 912.35,
mp: 171-176°C, [o]p
+12.5° (CHCly), UV, 'H,
13C (36)
H Ac COPr COPr COPr CsyHgN,O5, mw: 940.38,
mp: 189-194°C, [o]p
—21.7° (CHCly), UV, 'H,
13C (36)
COPr Ac  Ac COPr COPr CuHgN,0p9, mw: 982.39,
mp: 206-210°C, [o]p —16°
(CHCly), UV, 'H, *C (36)
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TABLE XII.
Hydroxyisoevoninate Sesquiterpene Pyridine Alkaloids.

OR4

Alkaloid R, R, R; Ry Properties

89. Wilfordinine B Ac Ac Ac Ac CigHy7NOjy, mw: 821.27, [ot]12)5 +43.5°
(MeOH), UV, IR, MS, 'H, *C (51)

90. Wilfordinine C Bz Ac Ac Ac CuHyuNOj9, mw: 883.29, [oc]zD5 +39.1°
(MeOH), UV, IR, MS, 'H, 3C (51)

91. Wilfordinine I Ac Bz Bz Ac CyuHs5NO, mw: 94531, [o]p +63°
(MeOH), UV, IR, MS, 'H, '3C (26)

92. Hypoglaunine A Ac  Ac Ac Fu CyHyNOsyy, mw: 873.27, [0]5 +42.8°
(MeOH), UV, IR, MS, 'H, *C (53)

93. Hypoglaunine B Ac  Fu Ac Ac C4Hy7NOyy, mw: 873.27, [oc]zD5 +46.2°
(MeOH), UV, IR, MS, 'H, 13C (53)

94. Hypoglaunine C Ac Bz Ac Ac Cyu3HyoNOj9, mw: 883.29, [oz]zD5 +56.7°
(MeOH), UV, IR, MS, 'H, '3C (53)

D. EPIMERIC EVONINATE ALKALOIDS

Epimeric evoninate sesquiterpene pyridine alkaloids are a restricted group
of alkaloids, characterized by the presence of epi-evoninic acid (Table XIII). This
epimeric form was established as (2R,3S)-2-methyl-3-methyl-(8-carboxy-a-pyridyl)-
propionic acid, forming a fifteen-membered macrocyclic ring containing two ester
linkages with the isoeuonyminol sesquiterpene core. Its stereochemistry was
confirmed by X-ray diffraction analysis of a single crystal (56). For evoninic acid
the configuration of the methyl groups are 2S5 (C-8') and 3S (C-7'). The epimeric
relationship of the evoninic acid side chain was also characterized in the "H-NMR
in which the secondary methyl groups and the methine protons of epimeric
acanthothamine (95) are observed at § 0.95 (d, /J=7.0 Hz, H-10"), 1.37 (d, /J=7.0
Hz, H-9), 2.35 (m, H-8'), and 4.37 (m, H-7"). On the other hand, in euonymine (8)
these signals are observed at § 1.19 (d, J=7.1 Hz, H-10"), 1.39 (d, J="7.0 Hz, H-9'),
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TABLE XIII.
Epimeric Evoninate Sesquiterpene Pyridine Alkaloids.

Acanthothamine (95)

Properties

C34H43NO 6, mw: 721.26, mp: 287-290°C, IR, 'H, 13C (55)

2.57 (q, J=7.1 Hz, H-8'), and 4.64 (q, J=7.0 Hz, H-7") (19). Acanthothamine
represents a new epievoninate sesquiterpene pyridine alkaloid-type.

E. NOREVONINATE ALKALOIDS

Norevoninic acid is another evoninic acid derivative that comprises the
alkaloid moiety of the sesquiterpene pyridine alkaloids found in the Celastraceae
(Table XIV). In their mass spectra, the molecular ions were 14 Da smaller than
their analogs, suggesting that hydrogen replaces a methyl group. In the "H-NMR
spectrum the norevoninic residue was characterized by the presence of signals due
to a methylene group at § 2.8 (1H, dd, J=13.0, 8.5 Hz) and at § 4.4 (1H, d,
J=13.0 Hz), and by the loss of a doublet methyl signal (H-9"). This evidence
indicated that the secondary methyl group at C-7’ was replaced by a proton. Thus,
the dibasic acid which composes the alkaloid moiety was 2-methyl-3-
(3-carboxy-2-pyridyl)-propanoic acid.

Sesquiterpene pyridine alkaloids containing the norevoninic residue have
been isolated only from Hippocratea excelsa.

II1. Wilfordate Sesquiterpene Pyridine Alkaloids and Derivatives

A. WILFORDATE ALKALOIDS

Wilfordate sesquiterpene pyridine alkaloids are dihydroagarofuran sesqui-
terpenes esterified by wilfordic acid, and they form a sixteen-membered macrocyclic



308 LIAO

TABLE XIV.
Norevoninate Sesquiterpene Pyridine Alkaloids.

o
N__o
|
=
Alkaloid R, R, Properties
96 Ac Ac C4oHygN>Opo, mw: 884.28, mp: 177-184°C, [o]p +1.8°
- (CHCly), UV, 'H, "C (36)
97 Ac  COPr Cy4Hs5oN,Op9, mw: 912.32, mp: 178-192°C, [o]p +4.2°
_ - (CHCLy), UV, 'H, "C (36)
98 COPr COPr CyHs¢N,Op9, mw: 940.35, mp: 161-164°C, [a]p +2.6°

(CHCly), UV, 'H, '*C (36)

ring, which contains two intramolecular ester linkages between C-3 and C-13.
Wilfordic acid is an evoninic acid isomer where 2-methylbutanoic acid is linked
at carbon 2 of nicotinic acid. The S configuration of the stereocenter in the
2-methylbutanoic acid side chain of wilfordate type alkaloids was determined by
"H-NMR, mainly using coupling constants and nuclear Overhauser enhancement
(19), and it was reinforced by an X-ray analysis of wilforine (100) (57).

Evoninol, euonyminol, 4-deoxyeuonyminol, and 4-deoxyisoeuonyminol
cores characterize the sesquiterpene nucleus of the wilfordate type alkaloids. The
particular sesquiterpene alkaloids differ from each other by the esterifying acids,
which include aliphatics such as acetic acid, aromatics such as benzoic and
3-furanoic acids, as well as nitrogen-containing acids such as nicotinic and CNMP
(Table XV).

4-Deoxy sesquiterpene pyridine alkaloids have also been found in the
wilfordate group. These alkaloids are predominantly euonyminol derivatives,
although sesquiterpene cores composed of isoeuonyminol have also been isolated.
These alkaloids are presented in Table XVI.
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TABLE XV.
Wilfordate Sesquiterpene Pyridine Alkaloids.

Alkaloid R, R, R, Properties

99. Euonine Ac Ac Ac C33H47NO g, mw: 805.28, mp: 150°C,
[o]5 —2.5° (CHCl3), UV, MS, 'H, "*C
(59)

100. Wilforine Ac Bz Ac Cy3HoNOg, mw: 867.29, mp: 169-
170°C, [a]5 +30° (Me,CO), UV, IR
(59); 'H (21)

101. Wilforgine Ac Fu Ac C41H47NO g, mw: 857.27, mp: 211°C,
[0]3 425° (Me,CO) (60)

102. Wilforjine Ac H Ac C;36H4sNO7, mw: 763.27, mp: 156—
158°C, IR, MS, 'H, '3C (61)

103. Wilforzine Ac Bz H C41H47NO7, mw: 825.28, mp: 177-
178°C, [a] +6° (Me,CO) (60)

104. Euojaponine D Bz Ac H C41H47NO 7, mw: 825.28, mp: 253°C,
[0]3 +28.6° (CHCly), UV, MS, 'H, °C
(58)

105. Euojaponine F Bz Ac Ac Cy3H4oNO g, mw: 867.29, mp: 142°C,
[0]3 49.0° (CHCly), UV, MS, 'H, *C
(58)

106. Euojaponine K Bz H Ac C41H47NO(7, mw: 825.28, mp: 188°C,
[0]3 +26.2° (CHCly), UV, MS, 'H, °C
(58)

107. Cangorinine W-I Ac Bz Bz CysHs5NOg, mw: 929.31, mp: 149-

151°C, [a]p +14.4° (CHCly), UV, IR,
MS, 'H, *C (8)

(continued)
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TABLE XV.
Continued.
Alkaloid R, R, R3 Properties
108. Cangorinine W-II Ac Bz Nic C47H50N,O15, mw: 930.31, mp: 153—

109. Wilfornine Ac  Nic
110. Laevisine B Nic Ac
111. Ebenifoline W-I Bz Bz

112. Ebenifoline W-II Bz Bz

AcO

113

158°C, [a]lp +7.9° (CHCl3), UV, IR,
MS, 'H, ¥C (8)

C42H48N2018, mw: 86829, mp: 177-
178°C, IR, MS, 'H, 3C (62)
C42H48N2018, mw: 86829, mp: 148—
150°C, [o]3 +31.2° (CHCl3), UV, 'H,
3¢ (30)

C48H5|N018, mw: 92931, mp: 222~
224°C, [o]p +47.1° (CHCl3), UV, IR,
MS, CD, 'H, '*C, X-ray (19)
C46H49N017, mw: 88730, mp: 118-
122°C, [a]p +61.1° (CHCly), UV, IR,
MS, CD, 'H, BC (19)

114. Isoevonine or evonimine

Properties

Properties

C43H50N20|9, mw: 89830, mp: 178*1820(:, C36H43N017, mw: 76125, [OL]D +30.5°

[o]p +23.6° (CHCL;), UV, 'H, 13C (36)

(EtOH), IR, UV, ORD, 'H (13); [¢]p
+21° (CHCI3) (63); '*C (64)
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TABLE XVI.

4-Deoxywilfordate Sesquiterpene Pyridine Alkaloids.

Alkaloid R, R, R; Properties

115. Chuchuhuanine W-I Ac Bz Ac ()  Cy3H4NO;7, mw: 851.30, mp:
149-154°C, [o]p +14.8° (CHCly),
UV, IR, MS, CD, 'H, *C (41)

116. Euojaponine J Bz H Ac (B) C3gHysNOys, mw: 747.27, mp:
243°C, [o]f +26.2° (CHCly),
UV, MS, 'H, BC (58)

117. Neowilforine Ac Bz Ac (B) CysH4NO;7, mw: 851.30, mp:
156.5-157.5°C, [o]¥  +15.53°
(Me,CO), UV, IR, MS, 'H (65)

118. Alatusamine Ac  Ac  Ac(B) Ci3sHy7NOy;, mw: 789.28, mp:

138-144°C (picrate), [oc]f)2 —11°
(CHCly), UV, IR, 'H (66)

B. HYDROXYWILFORDATE ALKALOIDS

Hydroxywilfordate alkaloids are a group of sesquiterpene pyridine
alkaloids that contain the dibasic hydroxywilfordic acid as their alkaloid diester
portion, and are characterized by a hydroxyl group replacing H-9, as presented in
Table XVII. The '"H-NMR resonances are very similar to those of the wilfordate
type, differing mainly in the H-10" multiplicity that was observed as a singlet at
8 1.5. In the wilfordate type this proton signal was a doublet observed near

§1.2 (J=6.0 Hz).
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TABLE XVII.
Hydroxywilfordate Sesquiterpene Alkaloids.

Alkaloid R, R, R; Properties

119. Wilfordine Ac Bz Ac  Cy3Hy9NOyy, mw: 883.29, mp: 170—
176°C, [o]F +5° (CHCl3), UV, IR,
"H (67); 'H, *C (62)

120. Wilfortrine Ac Fu Ac  C41H47NOy, mw: 873.27, mp: 233—
234°C, [o]F] +12.21° (Me,CO), UV,
IR, MS, 'H (65)

121. Wilforidine Ac H Ac  C36HysNOg, mw: 779.26 (68)

122. 1-Desacetylwilfordine H Bz Ac C4H47NOqg, mw: 841.28, mp: 182—
184°C, IR, MS, 'H, 13C (62)

123. 1-Desacetylwilfortrine H Fu Ac  C39Hy4sNOp9, mw: 831.26, mp: 179-
182°C, IR, MS, 'H, '*C (62)

124. 5-Benzoyl-5- Ac H Bz C4H47NOg, mw: 841.28, mp: 187—

desacetylwilforidine 189°C, IR, MS, 'H, '*C (69)

125. Alatusinine Ac Ac Ac  CigH47NOj9, mw: 821.27, [oc]sz’ —16°
(CHCI3), UV, IR, 'H (66)

126. Emarginatinine Ac CNMP Ac Cy3H50N>059, mw: 914.30, mp: 238—

241°C, [o]p —130° (CHCl3), UV, IR,
MS, 'H, ¥C (34

(continued)

C. ISOWILFORDATE ALKALOIDS

The isomeric wilfordic acid alkaloid moiety in the sesquiterpene pyridine
alkaloids has also been reported (Table XVIII). The dibasic isowilfordic acid
contains a 3.,4-substituted nicotinic acid group rather than a 2,3-substituted one,
as in the case of the wilfordate-derived. This isomeric form is characterized in the
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TABLE XVII.
Continued.

OAc

Alkaloid Ry R, Properties

127. Alatamine Bz Ac C4Hy4sNOg, mw: 839.26, mp: 185-193°C, [oz]f)2
+44° (CHCI,), UV, IR, 'H (67)

128. Wilfornine E  Ac Ac CzgHy3NOjg, mw: 777.25, [o]p +1.1° (MeOH), UV,
IR, MS, 'H, 13C (26)

129. Neoalatamine Bz H  C3gH43NO;7, mw: 797.25,
[0]% +42° (CHCl3), UV, IR, 'H (66)

"H-NMR by resonances near § 9.2 (s, H-2'), 8.7 (d, J=5.1 Hz, H-6), and 7.3 (d,
J=15.1 Hz, H-5), along with one methyl doublet at about § 1.2 (6.4 Hz, H-10") and
five multiplets between § 1.6 and 3.9, referring to H,-7', H»-8', and H-9'. "H-NMR
spectral data of hydroxyisowilfordic acid derivatives were similar to those of
isowilfordic derivatives differing significantly only in the H-10" multiplicity. In
addition, the proton H,-7" showed long-range correlation with the pyridinyl carbon
C-3'; the proton H-5 correlated to carbons C-¢/, C-4, C-3/, and C-7, and the
proton resonance H3-10" correlated with the carbonyl carbon C-11" in the HMBC
spectrum (70).

D. BENZOYLOXY AND FURANOYLOXYWILFORDATE ALKALOIDS

Wilfornines and triptonines are sesquiterpene pyridine alkaloids isolated
from T. wilfordii in which the hydroxyl group in the hydroxywilfordic acid is
replaced by benzoyl or furanoyl groups (Table XIX). Furthermore, benzoyl-
oxywilfordic and furanoyloxywilfordic acids represent two new derivative classes of
nicotinic acids. These alkaloids are characterized in the NMR by the presence of
seven ester groups and a pyridine ring.
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TABLE XVIII.

Isowilfordate and Hydroxyisowilfordate Alkaloids.

5
\N /

Alkaloid R, R, Properties

130. Wilfordinine D Fu H  CyqHyNOyo, mw: 857.27, [0]% +14.6° (MeOH), IR,
UV, MS, 'H, Bc (70

131. Wilfordinine E Ac H  CsgH4NOyg, mw: 805.28, [o]5 —0.6° (MeOH), IR,
UV, MS, 'H, C (70

132. Wilfordinine F Bz H  C43H4NO;5, mw: 867.29, [oc]lzj5 +16.2° (MeOH), IR,
UV, MS, 'H, *C (70)

133. Wilfordinine H Fu OH  C4HyNOoy, mw: 873.27, [0]% +1.4° (MeOH), IR,
UV, MS, 'H, Bc (70

134. Isowilfordine Bz OH C43H4NO 9, mw: 883.29, mp: 165-167°C, IR, MS,

135. Wilfordinine G
Properties

'H, BC (71)
OAc

C36H4sNO g, mw: 777.25, [a]y +4.3° (MeOH), IR, UV, MS, 'H, *C (70)
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TABLE XIX.
Benzoyloxy and Furanoyloxywilfordate Alkaloids.

OAc

Alkaloid R, R, R; Properties

136. Wilfornine A Ac Ac Bz C45H51N02(), mw: 92530, [O(]D —41.9°
(MeOH), UV, IR, 'H, *C (26)

137. Wilfornine B Ac H Bz C43H49N019, mw: 88329, [O(]D —17.8°
(MeOH), UV, IR, MS, 'H, *C (26)

138. Wilfornine C Ac Bz Bz Cs50H53NO,, mw: 987.32, [o]p —50°
(MeOH), UV, IR, MS, 'H, "*C (26)

139. Wilfornine D Ac Ac Fu C43H4oNO,;, mw: 915.28, [o]p —21.1°
(MeOH), UV, IR, 'H, *C (26)

140. Triptonine A Fu Ac Bz C4sHs51NO,;, mw: 977.30, mp: 163-164°C,
[o]Y —36° (Me,CO), IR, MS, 'H, *C (72)

141. Triptonine B Fu Ac Fu Cy6H49NO5s, mw: 967.27, mp: 160-161°C,
[0] —13° (Me,CO), IR, MS, 'H, "C (72)

Triptonines A and B represented the first report of 9'-O-esterified
sesquiterpene pyridine alkaloids. In a previous section, two other sesquiterpene
alkaloids were named as triptonine A and B, although their structures contain
a monoterpene unit comprising a macrodilactone bridge between C-8 and
C-14 of the sesquiterpene moiety (Table IX). They were isolated from
T. hypoglaucum (50).

IV. Edulinate Sesquiterpene Pyridine Alkaloids

Edulinate sesquiterpene pyridine alkaloids are dihydroagarofuran sesqui-
terpenes esterified by edulinic acid (Fig. 3), a dihydro wilfordic acid derivative that
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TABLE XX.
Edulinate Sesquiterpene Pyridine Alkaloids.

OMe

142. Cathedulin K17 143. Cathedulin K19

Properties Properties

C54H58N2023, mw: 110234, 1H (49) C59H62N2023, mw: 116637, mp: 249-251 OC,
'H, °C (49)

forms a sixteen-membered macrocyclic ring, and contains two intramolecular ester
linkages between C-3 and C-13 (Table XX). In the NMR spectrum, the proton
connectivity pattern of edulinic acid was established by decoupling, and the Z
configuration of the double bond was observed by NOE difference spectroscopy
and by a coupling constant of 11 Hz (49). The S configuration of the C-9" was
attributed by comparison with its synthetic analog (S)-edulindiol. This compound
containing an S configuration was obtained on reduction of cathedulin K-19, which
contains an edulinic acid residue esterifying a sesquiterpene core (44).

Cathedulins K17 and K19 isolated from khat of Kenyan origin and
classified as cathedulin alkaloids of high molecular weight, contain a novel diester
bridge derived from edulinic acid. The sesquiterpene core of these compounds is
again euonyminol, and the esterifying acids detected by the NMR spectrum are
cathic, acetic, and acetoxyisobutyric acids. In K17, trimethylgallate and nicotinate
residues replace the cathate bridge.
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TABLE XXI.
Cassinate Sesquiterpene Pyridine Alkaloids.

OAc

144. Orthosphenine 145. Cassinine

Properties Properties

C37H45NO|7, mw: 77527, IR, C44H51N018, mw: 88131,
UV, MS, 'H, Bc (73) mp: 295-298 °C (60)

V. Cassinate Sesquiterpene Pyridine Alkaloids

Cassinate sesquiterpene pyridine alkaloids are dihydroagarofuran sesqui-
terpenes esterified by cassinic acid (Fig. 3) forming a sixteen-membered macrocyclic
ring, and containing two intramolecular ester linkages between C-3 and C-13. Only
two alkaloids have been isolated to date in this class of alkaloid sesquiterpene ester,
orthosphenine (144) and cassinine (145) (Table XXI). The former has evoninol in
the sesquiterpene core, and was obtained from Orthosphenia mexicana, a plant in
the Celastraceae family. The latter sesquiterpene core is comprised of euonyminol,
and was isolated from Cassine matabelicum, another Celastraceae species.

VI. Lower Molecular Weight Sesquiterpene Pyridine Alkaloids

Lower molecular weight sesquiterpene pyridine alkaloids containing a
dihydroagarofuran sesquiterpene core are exclusively isolated from plants
belonging to the Celastraceae family, and they have been considered as its
chemotaxonomical markers (Tables XXII, XXIII, XXIV and XXV). They are
characterized by the absence of a macrocyclic ring, and despite their sesquiterpene
core, these alkaloids are nitrogenous bases through esterification. Thus, they are
legitimately described as alkaloids and have been reviewed as such (/03). These
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TABLE XXII.
Triesterified Lower Molecular Weight Alkaloids.

Alkaloid R, R, R; Properties

146. Triptogelin F-1 ONic H OBz C;3yH35sNO5, mw: 521.24, mp: 193-195°C,
[o]3 +67.7° (MeOH), IR, MS, 'H, '*C (74)

147. Celapagin OBz OH ONic C530H35NOg, mw: 537.24, mp: 275-283°C,
MS, 'H (75)

Alkaloid R, R, R; Properties
148 ONic OBz ONic C34H;3¢N,Og5, mw: 600.25, [a]2D5+67.7°
(MeOH), UV, IR, MS, CD, 'H, 13C (76)
149 OAc ONic OBz C;3yH35sNOg, mw: 537.24, IR, MS,
'H, BC (149)
150. Regelidine OBz ONic OBz C35H37NOg, mw: 599.25, mp: 292-294°C,

[0]¥ +50° (CHCl3), UV, IR, MS, 'H,
13C, X-ray (77): [o]p +92.7° (CHC,),
'H, B (78)

151. Wilforcidine ONic ONic O‘Cinn C33H33N>Og, mw: 626.26, mp: 189°C,
[0]% +17.4° (CHCI3), UV, IR, MS,
'H, *C (79)

(continued)

alkaloids are also known as nicotinoyl sesquiterpene alkaloids. Esterifying groups
include aliphatic and aromatic acids, as well as nitrogen-containing aromatic acids.

VII. Non-Celastraceous Sesquiterpene Pyridine Alkaloids

Most of the sesquiterpene pyridine alkaloids isolated from higher plants
possess a dihydroagarofuran backbone at the terpene moiety, and are obtained
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TABLE XXII.
Continued.

Alkaloid R, R, R4 Ry R; Rg Properties

152. Triptogelin C-4 OAc OHONic H o-OBz H C;3gH;35NOg, mw: 537.24,
[o]5 +193° (MeOH), IR,
MS, 'H (80)

153 OAc H H o-OH B-OBz ONic C3yH35NOg, mw: 537.24,
[0]% +47.6° (CHCly),
UV, IR, MS, 'H, *C 81)

154. Triptogelin A7 OH OH OAc B-ONic -OBz H CsoH3sNOg, mw: 553.23,
[o]3 +63.1° (MeOH), IR,
MS, 'H, 3C (82)

AcO R4
Rai, R2
o T o/~
ONic ¢ OH
Alkaloid R, R, R4 Properties
155 O'Cinn OH H C3,H;,NOy, mw: 579.25, IR, MS, 'H (83)
156 OBz H OH C;yH35NOg, mw: 553.23, mp: 184-186°C,
IR, MS, 'H (83)

from the Celastraceae, including the Hippocrateaceae. On the other hand,
sesquiterpene pyridine alkaloids isolated from non-Celastraceous plants, represent
a small number of these alkaloids (Table XXVI). Rotundines, for example, are
sesquiterpene pyridine alkaloids that have been isolated from Cyperus rotundus
(Cyperaceae), which have an unprecedent sesquiterpene skeleton containing a
cyclopentane ring attached to the pyridine ring (/04). Rotundine B is an epimer of
rotundine C at the C-6 position, although the C-6 stereochemistry has not yet been
determined. Thus, their structures could be interchangeable. Other examples of
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TABLE XXIII.
Tetraesterified Lower Molecular Weight Alkaloids.

Alkaloid R, R, R; Ry, R; Properties

157. Ejap-7 OAc OAc H o-ONic OAc Cy7H35sNOg, mw: 517.23,
IR, MS, 'H (84)
158. Angulatueoid D OAc H  a-OAc B-OBz OPic C3,H3;NOg, mw: 579.25,
mp: 184-185°C, IR, UV,
MS, 'H, 13C (85)
159. Angulatucoid E OCOPr H  0-OAc  S-OBz ONic C3,H4 NOy, mw: 607.28,
mp: 175.5-177.5°C, IR,
UV, MS, 'H, 13C (86)
160. Angulatueoid F OCOEt H  a-OAc B-OBz ONic C33H39NOg, mw: 593.26,
mp: 178.5-180.5°C, IR,
UV, MS, 'H, 13C (86)
161 OAc H -OAc «-ONic OBz C3;H3/NOo, mw: 579.25,
mp: 168-170°C, [o]p
+25.4° (MeOH), UV,
IR, MS, 'H, *C (87)
162 OAc  H «-OCOPr 8-OBz ONic C34H4 NOy, mw: 607.28,
[o]3  +49.9° (CHCly),
UV, IR, MS, 'H, *C (81)
163 OAc H o-OMeBu B-OBz ONic C35H43NOg, mw: 621.29,
[o]3 +44.4° (CHCIy),
UV, IR, MS, 'H, *C (81)
164 OAc H B-OBz  B-OBz ONic C37H39NOy, mw: 641.26,
[0]% —102° (CHCl3), UV,
IR, MS, 'H, *C 81)
165 OAc H o-OAc B-OBz ONic C3,H37NOy, mw: 579.25,
[o]lp  +48.6° (MeOH),
UV, IR, MS, 'H, 1*C (87)
166. Triptogelin B-2  ONic OAc pB-OBz pB-OBz H C;37H39NOg, mw: 641.26,
[0]F 452.3° (MeOH),
UV, IR, MS, 'H, 1*C (88)

(continued)
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TABLE XXIII.
Continued.

321

Alkaloid R,

R,

Rj

Ry

Rs

Properties

167. Celapanin OAc

168. Celapanigin OAc

OFu B-OAc a-ONic

OBz

B-OAc a-ONic

H

H

C30H35N010, mw:
569.23, mp: 245-249°C,
[0]% —64.7° (CHCl3), IR,
UV, MS, 'H (75)
C3,H3;NOy, mw: 579.25,
mp: 184-185°C, IR, UV,
MS, 'H (75); mp: 284
285°C (89)

Alkaloid R,

Rs

Properties

169. Triptogelin C-2 OAc

170. Heterophylline ONic

171. Cathedulin E8  OAc

172. Maymyrsine OBz

173

ONic

ONic

OAc

OH

AcO

N ‘: i _ 6
ONic
C3,H37NO g, mw: 595.24, mp: 114-116°C, IR, MS, 'H (83)

OBz

OBz

OBz

ONic

OBz

OH

ONic

OH

C32H37N09, mw: 57925,
mp:  191-194°C,  [o]}
+43.2° (CHCly), UV,
IR, MS, 'H, '*C (88)
C36H33N209, mw:
642.26, mp: 132-135°C,
[alp  +63.2° (CHCly),
UV, IR, 'H, 3C (90)
C32H37N010, mw:
595.24, IR, UV, MS, 'H
(46); 'H (91)
C32H37N010, mw:
595.24, mp: 185-187°C,
[a]lp +93° (CHCl;), UV,
IR, MS, 'H, X-ray (92)

(continued.)



322 LIAO

TABLE XXIII.

Continued.
R7
Rs, R2
LN "'Rs
Vi 5:0 OH
Alkaloid R, R, R; R; R; Rg R, Properties

174. Cathidin D OAc ﬁ-OBZ OH H H a-ONic OAc C32H37N011, mw:
611.24, mp: 219.5-
222°C, [a]p +74°
(CHCl5) (60)

175 ONic a-OAc OAc OH H «-O'Cinn H C34H39NO;;, mw:
637.25, [o]f +10°
(CHCly), UV, IR,
MS, 'H, ¥C (93)

176 OH B-ONic H OH OAc pB-OBz OMeBu C3;5sHy3NO;,, mw:
669.28, (o]
+42.1°  (CHCly),
UV, IR, MS, CD,
'H, 13C (99)

non-Celastraceous lower molecular weight sesquiterpene alkaloids are patchouli-
pyridine, guaipyridine, and cananodine (/05-108). The latter was isolated from
Cananga odorata (Annonaceae), and the others were isolated from the essential oil
of Pogostemon patchouli (Lamiaceae).

VIII. Biosynthesis and Biogenesis

Sesquiterpene pyridine alkaloid formation in nature involves a mixed
biosynthetic route. Whilst the sesquiterpene moiety originates from acetate
metabolism by way of mevalonic acid, the alkaloid portion has a pathway
employing glyceraldehyde 3-phosphate and amino acid precursors. Coupling
between nicotinic acid and (3.5)-isoleucine forms evoninic acid. This configuration
is the same as at C-8 of the evoninate sesquiterpene pyridine alkaloids. Wilfordic
and edulinic acids have a similar pathway, although the coupling involves another
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TABLE XXIV.
Pentaesterified Lower Molecular Weight Alkaloids.

Re

Alkaloid

Rs; Rg Properties

177

178

179.

180.

181.

182.

183

184.

185.

186.

187.

. Ejap-14 OAc

OAc

Angulatueoid A OAc

Cathedulin E2 OAc

Acetylmaymyrsine OAc

Ever-1 OMeBu

OAc

Triptogelin A-5 ONic

Triptogelin A-6 OBz
Triptogelin A-9 OBz

Triptogelin A-10  ONic

OAc

OAc

OAc

OBz

OAc

OAc

OBz

OBz

OCOPentOAc B-ONic B-OBz

OBz

B-OAc

a-OAc

a-OAc

B-ONic

OAc H

OAc H

OAc H

OAcB-OMeBu -OBz

OAc B-ONic

OAc p-OBz

a-ONic OAc C29H37N01], mw: 57524,
IR, MS, 'H (84)
ﬁ-ONiCONiCCj;}Hj;gNzO]], mw: 63825,
mp:  183-184°C,  [of}
+64.8° (CHCIl3), MS, 'H,
13C (95)
,B-OBZ OPiCC34H39NOI], mw: 63725,
mp: 227-230°C, IR, UV,
MS, 'H, C, X-ray (85)
a-OBz ONicC3gHy4oN->O;, mw: 700.26,
mp: 149-151°C, [o]}] —74°
(CHCly), IR, UV, MS, 'H,
13C (46)
o-ONic OAc C34H39NO|;, mw: 637.25,
[0l +92° (CHCly), UV,
IR, 'H (92)
a-ONic OAc C32H43N011, mw: 61728,
mp: 188-192°C, 'H, X-ray
(%6)
o-ONic OAc C29H37N01 1, Mw: 57524,
UV, IR, MS, 'H (64)
C4Hy7NOy, mw: 741.31,
[0]5 4200.1° (CHCl3), UV,
IR, MS, 'H, 13C (82)
C44H43N011, mw: 76128,
[0]5 +31.5° (CHCly), UV,
IR, MS, 'H, °C (82)
C43H4 NO;;, mw: 755.33,
[0]5 +12.1° (MeOH), UV,
IR, MS, 'H, *C (82)
C44H43N011, mw: 76128,
[0]% +77.6° (MeOH), UV,
IR, MS, 'H, °C (88)

H

H

B-OBz

H

g-OBz H

(continued)
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TABLE XXIV.
Continued.

Alkaloid

R,

R3 Ry Properties

188

OAc

OBz

ﬂ-ONiC OAc C34H39NO]2, mw: 65325,
[0]5 —52.4° (MeOH), UV,
IR, MS, 'H, *C (76)

189. Triptofordinine A-1 O‘Cinn ONic B-OBz OAc C4HyiNO ,, mw: 741.28,

mp: 193-194°C, [o]p
—81.4° (MeOH), UV, MS,
'H, ¥C (97)

190. Triptofordinine A-2 O°Cinn ONic B-OBz OAc C4H43NO,, mw: 741.28,

mp: 94-95°C, [o]p —101°
(MeOH), 'H, *C (97)

191 Oac ONic a-OBz OMeBu C;7H4sNO(,, mw: 695.29,
[o]5 —31.3° (CHCly), UV,
IR, MS, 'H, *C (94)
Alkaloid R, R, R, Properties
192. Maytine OAc ONic OAc CoH37NO,,, mw: 591.23, UV, IR, 'H (98)
193 ONic OFu OCOPr C3H4yNO;3, mw: 671.26, mp: 127-128°C,
[o]¥ +34.5° (MeOH), IR, UV, MS, 'H, "*C
(99)
194 ONic OFu OMeBu C3sHy;NOj;, mw: 68527, [o]X +30.1°
(MeOH), IR, UV, MS, 'H, '3C (99)
195 ONic OFu OAc C3,H37NO 3, mw: 643.23, [0(]%) +23.9°

(MeOH), IR, UV, MS, 'H, *C (99)

(continued)
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TABLE XXIV.
Continued.
Alkaloid R, R, R3 Properties
196 ONic OBz OAc C34H39NO,, mw: 653.25, [oc]g) +43.9°
(MeOH), IR, UV, MS, 'H, 13C (99)
OAc
Alkaloid R, R, Rj R, R; Properties
197 OCOPr H OH ONic B-OBz Cs;cH43NO;5, mw: 697.27, [u]g)
+43.4° (MeOH), IR, UV, MS,
'H, 1C (100)
198. Maytoline OAc OH OAc H  a-ONic CyH37NO3, mw: 607.27, UV,
IR, 'H (98)
TABLE XXV.
Hexaesterified Lower Molecular Weight Alkaloids.
Re
R4
Alkaloid R, R, R3 Ry Rs Rg Properties

199. Cangorin A OAc ONic ONic ONic OBz OAc CyHy3N30p,, mw: 837.27, mp:
136-140°C, [o]p +45.7° (CHCI,),
UV, IR, MS, 'H, *C (101)

200. Cangorin B ONic ONic OBz ONic OBz OAc C4H4sN3;Op4, mw: 899.29, mp:
137-141°C, [o]p +77.3° (CHCl5),
UV, IR, MS, 'H, '3C (101)

201. Cangorin C  OAc ONic OBz ONic OBz OAc Cy4sHy4N->Opy, mw: 836.28, mp:
122-126°C, [o]p +45° (CHCly),
UV, IR, MS, 'H, "*C (101)

(continued)
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TABLE XXV.
Continued.

Alkaloid R, R, R; Ry Rs Rg Properties

202. Cangorin D OAc ONic OAc ONic OBz OAc Cy4H4oN>Opy, mw: 774.26, mp:
123-128°C, [a]p +11.2° (CHCI),
UV, IR, MS, 'H, 3C (101)

203. Cangorin E ONic ONic OAc OBz OBz OAc C4sHyuuN,Opy, mw: 836.28, mp:
103-108°C, [o]p +26.3° (CHCL,),
UV, IR, MS, 'H, 3C (101)

204. Cangorin F OAc ONic OH ONic OBz OAc Cs33Hy4oN>Oy3, mw: 732.25, mp:
214-217°C, [o]p +6.6° (CHCly),
UV, IR, MS, CD, 'H, "*C, X-ray
(102)

205. Cangorin G ONic ONic OH ONic OBz OAc CypHy N3O 3, mw: 795.26, mp:
124-128°C, [o]p +29.4° (CHCly),
UV, IR, MS, CD, 'H, '3C (102)

206. Cangorin H ONic ONic OAc ONic OBz OAc CyHs3N30p4, mw: 837.27, mp:
125-130°C, [o]p +43.4° (CHCly),
UV, IR, MS, CD, 'H, '3C (102)

207. Cangorin I ONic OAc OBz ONic OBz OAc C4sHy4N>Opy, mw: 836.28, mp:
111-115°C, [o]p +14.8° (CHCly),
UV, IR, MS, CD, 'H, *C (102)

208. Cangorin ] OAc ONic OAc ONic OBz OAc C4H4oN,;Opy, mw: 774.26, mp:
115-120°C, [o]p +20° (CHCl,),
UV, IR, MS, CD, 'H, 3C (102)

209 OAc OAc OAc ONic OBz OMeBu C39Hy7NOyy, mw: 753.30, [oz]zD7
—33.1° (CHCI5), UV, IR, MS, 'H,
13C (94)

210 OAc OAc OAc ONic OBz OAc C3gH4NOyy, mw: 711.25, [oc]f)5
—38.4° (MeOH), UV, IR, MS,
'H, 13C (76)

211 OAc OFu OAc OCOPr ONic OCOPr C33H47NOs, mw: 757.29, [oz]%)
+45.8° (MeOH), IR, UV, MS,
'H, *C (100)

212. Maytolidine 213
Properties Properties

C36H41N014, mw: 71125,
mp: 128-132°C, UV, IR, MS (98)

C36H45NO]7, mw: 76327, [u]zD5 +14.1°
(MeOH), UV, IR, 'H, '3C (76)
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TABLE XXVI.
Non-Celastraceous Sesquiterpene Pyridine Alkaloids.

[ok== HO! '~ HO!
a o a
SN SN NN
214. Rotundine A 215. Rotundine B 216. Rotundine C

C15H21NO, mw: 23116, C15H23NO, mw: 23318, C15H23NO, mw: 23318,
[0 —12.3° (CHCly), [o]5 —14.7° (CHCl), [a]f —10.2° (CHCly),
UV, IR, MS, 'H, *C (104) UV,IR,MS, 'H, °C (104) UV, IR, MS, 'H, '*C (104)

=
|
N
217. Patchoulipyridine 218. Guaipyridine
CysHy N, mw: 215.17, CysHy N, mw: 215.17, 'H (106);
[o]3 —31.3° (MeOH), IR, 'H, '3C (105) IR, 'H (107)
=
NS
N
OH
219. Epiguaipyridine 220. Cananodine
CsH, N, mw: 215.17, IR, 'H (107) C,sH>3NO, mw: 233.18,

[0]3 —76.2° (CHCl3), UV, IR,
MS, 'H, 3C (108)

carbon of isoleucine, as shown in Scheme 1 (49). To corroborate nicotinic acid as
precursor of the pyridinium moiety of the sesquiterpene pyridine alkaloids, an
experiment involving nicotinic acid-6-"*C was developed. Labeled nicotinic acid
was efficiently incorporated into wilfordic and hydroxywilfordic acids, the
pyridinium moieties of these terpene alkaloids (/09).

In the sesquiterpene pathway, farnesyl pyrophosphate, the fundamental
sesquiterpene precursor, can adopt both the E and Z configuration at the double
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Scheme 1. Biogenesis of the pyridinium moiety.

bond nearest the pyrophosphate group. Its E,E cation after cyclization by
electrophilic attack to an appropriate double bond leads to the germacryl cation,
a precursor of the dihydroagarofuran sesquiterpenes, according to Briining and
Wagner as depicted in Scheme 2 (60).

In the Southwell and Tucker proposal, hedycaryol, also formed via a
germacryl cation, can theoretically adopt eight different conformations, although
only three have experimental substance (//0,111). Of these, the crossed chair
conformer could cyclize in the reverse direction leading to a frans decalin cation
and hence dihydroagarofuran (Scheme 3).

The controversy between the two proposals involves the isomeric forms of
hedycaryol. Whilst germacra-4,9-dien-11-ol is employed as an intermediate in the
dihydroagarofuran route in the former pathway, E,E-hedycaryol [1(10),4-diene] is
involved in the latter.

The last step in the biogenetic process involves the formation of a
macrocyclic ring. The dicarboxylic bridges are formed from the corresponding
pyridine alkaloid derivative and an appropriate dihydroagarofuran sesquiterpene,
as shown in Scheme 4.
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Scheme 2. Biogenesis of the sesquiterpene moiety — Wagner and Briining proposal (60).
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dihydroagarofuran

Scheme 3. Biogenesis of the sesquiterpene moiety — Southwell and Tucker proposal
(110).
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evoninate sesquiterpene
pyridine alkaloid

Scheme 4. Macrocyclic ring formation.

evonine

Scheme 5. Alternative pathway for evonine biosynthesis.

An alternative pathway for the biosynthesis of the sesquiterpene pyridine
alkaloids may also be proposed. This route involves the lower molecular weight
sesquiterpene alkaloid 213, isolated from T. wilfordii, which is esterified with
nicotinic and 2-methylbutanoic acids in appropriate positions, and whose structure
is very close to those of the macrocyclic evonines (76). Its CoA derivative may
be viewed as an intermediate involved in the evoninate biogenetic pathway, as
depicted in Scheme 5.

IX. Biological Activity
A. INSECT ANTIFEEDANT AND INSECTICIDAL ACTIVITY

The family Celastraceae contains several species that have been used
as natural insecticides for a long time in traditional Chinese agriculture.
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Dihydroagarofuran sesquiterpene esters and alkaloids are the main compounds
having insect antifeedant and insecticidal activities that have already been isolated
from species of Celastraceae. Insecticidal properties of T. wilfordii roots have been
cited in the literature since 1931 (//2), and the sesquiterpene pyridine alkaloids
wilforine (100) and wilfordine (119) were identified as its active components (59).
These alkaloids exhibited potent larvicidal activity against the European corn bore
Pyrausta nubilalis at concentrations of 60 ppm, inducing 100% mortality after
3 days (/13). Extracts of the roots have also produced the alkaloids wilforgine
(101), wilfortrine (120), and wilforzine (103) (/74,115), and biological assay results
have shown that the individual bases exert a similar insecticidal effect (7176).
An exception is the alkaloid 103, which displayed a lower activity than wilforine
(100) when tested toward the larvae of Crotalus adamanteus. Evaluation of
structure—activity relationships has suggested that the esterifying pattern
modulates the insecticidal property (/75). Additionally, wilforine was assayed
toward the third instar larvae of the diamondback moth, and was shown to be more
effective than dimilin used as positive control (//7). This alkaloid has also shown
effective antifeedant activity toward the grasshopper Locusta migratoria and the
caterpillar Pieris rapae at 5x 107°% and 1 x 107°% dry weight, respectively. This
makes wilforine more potent against these pests than azadirachtin, which is one of
the strongest, naturally occurring, insect growth inhibitors known. The latter is a
limonoid isolated from Azadiracta indica (Meliaceae), and has been shown to be
active at 1 x 1072% dry weight against L. migratoria (118). An interesting point is
that the sesquiterpene alkaloids from the roots of T. wilfordii are not toxic for
mammals (/3). Three cathedulin alkaloids have also shown insecticidal activity
comparable to azadirachtin in an artificial diet-feeding assay using a lepidopterous
pest insect, the pink bollworm (Pectinophora gossypiella). Cathedulins E3 (68), E4
(69), and E5 (71) exhibited potent growth inhibitory activity at approximately
1 ppm (119).

The insecticidal properties of the bark and fruits of some Euonymus species
are also noteworthy. Many sesquiterpene esters and alkaloids exhibiting this
property have been isolated from FEuonymus species (67,120). The fresh fruit
extracts of E. nanus yielded the alkaloid evonine (1), which was found to display
larvicidal activity against the large white cabbage butterfly, Pieris brassicae L.
(Lepidoptera), inducing 74% mortality at the dosage of 200 pg per specimen,
topically applied (64).

Traditionally, the powdered root bark of Celastrus angulatus Max.
(Celastraceae), has been used in China to protect plants from insect damage
(121). Non-alkaloidal and alkaloidal sesquiterpenes were found to be responsible
for this insecticidal property (99,/22). Four lower molecular weight sesquiterpene
alkaloids (193-196) from this species exhibited strong antifeedant activity when
tested against P. rapae L., Ostrina furnacalis, and Tribolium castaneum at 222 ppm,
in preliminary screening experiments. Small doses of these substances paralyzed the
tested insects for many hours. After recovering, the insects fed again, but gradually
starved to death (99). In another study, three sesquiterpene alkaloids (149, 156, and
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173) were assayed against the Egyptian cotton leafworm Spodoptera littoralis, using
the leaf disk method. The results showed the highest activity for the sesquiterpene
alkaloid 173, which was active at 0.1 pgem ™2 It was ten-fold more active than the
antifeedant agent triphenyl tin acetate, used as a positive control. The comparable
results suggested that the compact tricyclic system is very important for antifeedant
or insecticidal activity in this type of sesquiterpene (123).

B. ANTI-HIV ACTIVITY

There has been an ever-increasing interest on different plant species to
investigate their potential therapeutic applications. In this context, researchers
interested in AIDS treatment, a disease that has affected millions of people around
the world, detected some sesquiterpene pyridine alkaloids, isolated from
T. hypoglaucum and a clinically used extract of 7. wilfordii, which showed anti-
HIV activity (57). Nineteen compounds were evaluated, and the best results were
obtained for triptonine B (75), hypoglaunine B (93), hyponine B (10), and
wilfortrine (120), which displayed potent inhibition of HIV virus replication in
human lymphocyte cells. The ICsy and ECsy values were similar, with the ECs,
values of the first and last alkaloids, as <0.10 pgml~'. However, the most
significant results obtained involved the in vitro therapeutic indexes that presented
values of >1000 pgml™'. The therapeutic index (ICso/ECso) represents the
selectivity for diseased cells over healthy cells, and in general values greater than
5.0 are considered to be significant.

C. CYTOTOXIC ACTIVITY

Herbal therapies have been characterized as the most popular in cancer
treatment. In this context, species of the Celastraceae have a long history in
traditional medicine, including in cancer therapy (/24). In a search for antitumor
agents in higher plants, extracts of stems and branches of Maytenus emarginata
were evaluated, and sesquiterpene pyridine alkaloids bearing a 5-carboxy-N-
methylpyridonyl substituent, known as emarginatines and emarginatinine, were
isolated. Emarginatines A-B, E-G, and emarginatinine (126) were shown to have
inhibitory activity in vitro against cells derived from a human epidermoid
carcinoma of the nasopharynx (KB cells), while emarginatines C (38) and D (39)
were inactive. These results suggested that the nature of the groups at C-1 and C-9
positions might affect the cytotoxicity. Emarginatine B (48) and F (50), which are
esterified by acetic and benzoic acids at these positions, were the most active with
EDs values of 0.4 and 0.5 pgml ™", respectively. On the other hand, emarginatine
E (49), with hydroxyl groups at both positions, was approximately six-fold less
active. Emarginatine G (40), which contains an alkene group at C-1, was also
inactive. The C-8 configuration was also suggested as an additional structural
feature involved in cytotoxic activity, since emarginatines B and E, which possess
the isoeuonyminol sesquiterpene core were more active than emarginatines A (37),
C, and D that contain the euonyminol sesquiterpene core. The hydroxywilfordate-
type emarginatinine (126) was slightly more active than its evoninate-type analog
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emarginatine A (EDso=2.1 vs. 4.0 pgml™"). Emarginatines F (50) and G (40) were
also evaluated against other tumor cells. The best cytotoxicities of emarginatine F
were against the human melanoma cell line RPMI-7951 (EDs, <0.1 pgml™"), and
against the meduloblastoma cell line TE-671 (EDsy=0.21 pgml™"). Alkaloid 50
also showed interesting results against the murine leukemia cell line P-388
(EDsy=0.69 pgml™') and against the human colon adenocarcinoma cell line
HCT-8 (EDsy=1.29 pgml™'). However, an ambiguous result was obtained
for cytotoxicity against the human lung carcinoma cell line A-549
(EDsy=5.5 pgml™"). The alkaloid 40 was inactive in these five cell lines (34,35).

Recently, the chemopreventive ability of euonymine (8) was evaluated,
using the Epstein-Barr virus early antigen (EBV-EA) method, and marginal
inhibitory activity was observed (73.6% at 1000 mol ratio/TPA). Structure—-activity
considerations, also involving non-alkaloidal dihydroagarofuran sesquiterpenes,
suggested that enlargement of the molecule leads to a decrease in its inhibitory
activities (/295).

The fruit extracts of C. odorata, a non-Celastraceae plant, have also yielded
a cytotoxic sesquiterpene pyridine alkaloid (/08). Cananodine (220) was evaluated
for cytotoxicity against two hepatocarcinoma cancer cell lines (Hep G, and 2,2,15),
and showed strong cytotoxicity against the former cancer cell line (ICs59=0.22

pgml™").
D. IMMUNOSUPPRESSIVE ACTIVITY

Recently, another important biological activity that has been reported for
sesquiterpene pyridine alkaloids is their immunosuppressive action, an essential
factor in organ transplant therapy (26). A series of sesquiterpene alkaloids, isolated
from the clinically used Ty extract of 7. wilfordii, was evaluated in a screen for
immunosuppressive agents on cytokine production, and fifteen of them showed an
inhibitory effect. Ebenifoline E-II (25) and cangorinine E-I (16) displayed the most
significant results, inhibiting 100% of two human cytokines (IL-28 and 1L-4p8) at
10 pgml~', when compared to prednisolone, used as the reference compound,
which showed 65 and 76% of inhibition at 0.3 ugml™".

E. REVERSAL OF MULTIDRUG RESISTANCE

Multidrug resistance (MDR) is a great problem in several disease
treatments. A primary mechanism of MDR is attributed to the over-expression
of P-glycoprotein (Pgp) in the plasma membrane of resistant cells. The MDR
phenotype due to Pgp has been extensively documented as a very efficient
mechanism to reduce intracellular drug accumulation in parasitic protozoans
including Plasmodium and Leishmania (126,127). Three lower molecular weight
sesquiterpene pyridine alkaloids, isolated from Crossopetalum tonduzii, have
exhibited reversal of resistance from the parasitic protozoan Leishmania tropica to
growth inhibition by daunomycin. The alkaloid 191 was the most active producing
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more than 90% growth inhibition at 15 M as compared to control growth. The
other alkaloids (176 and 209), tested in the same conditions, produced 21% and
32% inhibition of growth, respectively. The size of the group at C-2 was suggested
to be important for MDR activity. The most active compounds, including non-
alkaloidal sesquiterpenes, have hydrogen or hydroxyl groups in this position, in
contrast with the acetate or nicotinoyl groups in the less active compounds. The
presence of a 2-methyl butanoate group attached to C-15 is another essential factor
for MDR activity (94).

X. Taxonomic Considerations

As noted throughout this chapter, sesquiterpene pyridine alkaloids have
been encountered mainly in plants belonging to the Celastraceae and
Hippocrateaceae families of the angiosperm Celastrales order. These families
contain several species that are reported to be useful in folk medicine, and several
research laboratories are intensively researching this family, inspired by the
different types of pharmacological actions displayed by its constituents.

The Celastraceae, known as the bittersweet family, consists of about 50
genera and 800 species distributed in both the tropical and subtropical regions. The
chief genera are Maytenus (225 tropical species) and Euonymus (176 species mostly
from the Himalayas, China, and Japan). The family Hippocrateaceae consists of
about 25 genera and more than 300 species which are widespread in tropical regions
(128), and mainly distributed in the genera Hippocratea (100) and Salacia (200). In
another botanical view these genera are subdivided (as many as 12 for Hippocratea
alone) with Hippocratea sens. strict. becoming a monotype (/29).

The taxonomic position of the family Hippocrateaceae has been debated.
Some taxonomists combine this family with the Celastraceae, while others maintain
that it should be considered as a family distinct from the Celastraceae. According to
Robson, the Hippocrateaceae genera are not a natural group, being derived in two
separate lines from the Celastraceae (/30). The connection between these families
has been reinforced by the presence of some common chemotaxonomic markers
such as the quinonemethide triterpenoids, and dulcitol (60). In this context,
sesquiterpene pyridine alkaloids that have also been considered Celastraceae
chemotaxonomic markers have been recently obtained from Hippocrateaceae. This
gives support for the botanical classification in which the two families are grouped
as only one family, as shown in Table XXVII. This table also shows the natural
source of all of the sesquiterpene alkaloids described in this chapter. If the family
Hippocrateaceae is united with Celastraceae, the name Hippocrateaceae is rejected
in favor of Celastraceae.

XI. Synthesis

Very recently Spivey et al. have published a comprehensive review of
Celastraceae sesquiterpenoids in which the synthetic approaches to the
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TABLE XXVII.
Natural Sources of Sesquiterpene Pyridine Alkaloids.

Plant*

Sesquiterpene alkaloid (ref.)

Celastraceae

Acanthothamnus aphyllus (Schltdl.) Standl.
Cassine matabelicum (Loes.) Steedman
Catha edulis (Vahl) Forssk. ex Endl.

Celastrus angulatus Maxim.

Celastrus hindsii Benth.

Celastrus paniculata Willd.

Crossopetalum tonduzii (Loes.) Lundell
Euonymus alatus Forma Striatus (Thunb.)
Makino

Euonymus europaeus L.

Euonymus japonicus Thunb.

Euonymus nanus M. Bieb.

Euonymus sachalinensis (F. Schmidt)
Maxim.

Euonymus sieboldianus Blume

Euonymus verrucosus Scop.

Maytenus aquifolium Mart.

Maytenus blepharodes Lundell

Maytenus buchananii (Loes.) R. Wilczek
Maytenus chuchuhuasca Raymond-Hamet
and Colas

Maytenus cuzcoina Loes.

Maytenus diversifolia (Maxim.) Ding Hou
Maytenus ebenifolia Reissek

Maytenus emarginata (Willd.) Ding Hou

Maytenus guianensis Klotzsch

Maytenus heterophylla (Eckl. and Zeyh.) N.
Robson

Maytenus horrida Reissek

Maytenus ilicifolia Mart. ex Reissek

Maytenus laevis Reissek
Maytenus myrsinoides Reissek

95 (55)

145 (60)

64-67 (47); 68-69, 71-73 (48); 70,
142-143 (49); 171, 180 (91)

19 (22); 153, 162-164 (81); 158, 179
(85); 159-160 (86); 161, 165 (57); 178
(95); 193-196 (99); 197, 211 (100)
23,37 (27)

147, 167-168 (75)

176, 191, 209 (94)

1-2, 8, 119, 127 (67); 118, 125, 129
(66)

2-6, 114 (60)

28-33 (29); 62 (42); 99, 104-106, 116
(58), 157, 177 (84)

1, 114, 183 (64)

6 (18), 183 (64)

1-2, 8, 17 (15); 6, 99, 114 (60)
182 (96)

52-53 (39): 54-55 (40)

175 (93)

124 (69)

8, 24-28, 56-60, 115 (41)

8 (125)
41 (32)

1, 8, 24-28, 30, 63, 105, 111-112 (19)
35, 40, 50 (35); 37 (33); 38-39, 49, 126
(34); 48 (37)

1, 8, 28, 119 (28)

170 (90)

51 (38)

16, 107-108 (8); 199-203 (101); 204
208 (102)

1,8, 24, 28, 31, 34, 100, 105, 110 (30)
172, 181 (92)

(continued.)
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TABLE XXVII.
Continued.

Plant* Sesquiterpene alkaloid (ref.)

Maytenus putterlickioides (Loes.) Exell and  20-21, 28 (25)

Mendonca

Maytenus senegalensis (Lam.) Exell 100 (13)

Maytenus serrata (Hochst. ex A. Rich.) 192, 198, 212 (98)

Wilczek

Orthosphenia mexicana Standl. 144 (73); 149 (14); 155-156 (83)
Rzedowskia tolantonguensis Medrano 149 (14); 173 (83)

Tripterygium forrestii Loes. 15, 100, 119 (21)

Tripterygium hypoglaucum (H. Lév.) Hutch. 1, 9-11, 16, 150 (/4); 12-15, 17 (20);
74-75 (51); 8, 81, 92-94, 100-101,
119-120 (53)

Tripterygium wilfordii Hook. f. 1, 100, 119, 125, 130-133, 135 (20); 8,
12, 16, 20, 22, 25, 28, 74, 77, 91, 128,
136-139 (26); 76, 78, 89-90, 94 (51);
101, 120, 140-141 (72); 102 (61); 99,
103, 109, 121-123 (62); 117 (65); 134
(71); 148, 188, 210, 213 (76); 151 (79)

Tripterygium wilfordii (Hook) var. regelii 146 (74); 152 (80); 154, 184-186 (82);

(Makino) 166, 169, 187 (88); 150 (78); 189-190
97)

Hippocrateaceae

Hippocratea excelsa Kunth 28, 82 (54); 35-37 (31); 4247, 80, 83—

88, 96-98, 113 (36)
Peritassa campestris (Cambess.) A. C. 8, 15, 18, 24, 99-100, 102-103, 105,

Smith. 117 (24)

Peritassa compta Miers 78-79, 99, 100, 105, 111 (52)
Annonaceae

Cananga odorata (Lam.) Hook. f. and 220 (108)

Thomson

Cyperaceae

Cyperus rotundus Linn. 214-216 (104)

Lamiaceae

Pogostemon patchouly Pellet. 217, 219 (105); 218 (106)

*Names according Missouri Botanical Garden (http://www.mobot.org) and The International
Plant Names Index (http://www.ipni.org).
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dihydroagarofuran sesquiterpene core have been well discussed (/37). Their work
emphasizes developments on strategies for synthesis of the dihydroagarofuran
nucleus, and the synthetic approaches involved in forming the highly oxygenated
agarofuran derivatives. The synthetic complexity of the macrocyclic sesquiterpene
pyridine alkaloids was also discussed, and a unique study relating to
macrodilactone synthesis was presented. Thus, we are going to focus only on the
synthesis of non-Celastraceous sesquiterpene alkaloids.

The first guaipyridine (218) asymmetric synthesis, which is an alkaloid of
patchouli oil, was reported by Van Der Gen et al. using guaiol (221), one of the
major components of patchouli oil, as starting material (Scheme 6) (/07).
Guaipyridine was obtained in a mixture with its double bond isomer (222), and the
total yield of guaipyridines, based on guaiol, was 22%. Pure components were
isolated by preparative gas chromatography.

Gen and coworkers have also provided a synthesis of epiguaipyridine (219),
a C(10)-epimer of guaipyridine (Scheme 7). In this synthesis, the sesquiterpene o-
gurjunene (223) was used as starting material, and the first step was an oxidative
ring opening of 223 by ozonolysis. In this synthetic approach epiguaipyridine was
produced in a mixture with four pyridine derivatives, including the C(10)-epimers.
Epiguaipyridine was purified by preparative gas chromatography, and obtained in
low yield. The overall efficiency of this synthesis was compromised by the
composition of the starting natural a-gurjunene (223), which by GC analysis was
shown to be a mixture with 10-epi-a-gurjunene in a ratio of 4 to 1 (107).

More recently, Okatani and coworkers have described two new syntheses of
guaipyridine and epiguaipyridine (/06,132). The first of the two syntheses employed
Diels-Alder reaction of 1,2,3-triazine with a mixture of enamines, where the
cycloaddition selectively occurred at N-3/C-6 of the 1,2,3-triazine nucleus, and at

‘ 5% PdIC, H, 04 (30 °c)
—_——
EtOAc 5% NaHSO, oo\ 0%
56%
) OH OH
guaiol
(221) NH,OH/HCI, A
10% KOH
[¢)
Py (0 °C), =
+
-
SOCl, ~ |
N
guaipyridine OH

222
38%

(218)
60%

Scheme 6. The Gen guaipyridine synthesis (/07).
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0st3070) °c) NH,OH/HCI, A
—_—
5% NaH803 o™\ o” 10% KOH

o-gurjunene epiguaipyridine
(223) (219)

isomers

Scheme 7. The Gen epiguaipyridine synthesis (107).

N
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H,C=CHCHMeONH,

A
i
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N

219 -
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EtOH Sealed tube isomers
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NOCHCH CHz

Scheme 8. The two Okatani guaipyridine and epiguaipyridine syntheses (/06,131).
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(217)

Scheme 9. The Okatani patchoulipyridine synthesis (105).

the nucleophilic carbon of the enamine (Scheme 8). This process resulted in two
mixtures of isomers. One was the mixture of diastereoisomers 218 and 219 in a ratio
1:2, and in a yield of 11.6%, later separated by HPLC. The other mixture was the
isomers of 218 and 219 alkaloids. In the other synthetic approach, the method for
constructing cycloalkenopyridines by the thermal rearrangement of an oxime
O-allyl ether was employed, and the resulting isomeric mixture was the same as
the one resulting from the other synthesis.
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The Okatani group has also synthesized the optically active patchoulipyr-

idine alkaloid (217) as depicted in Scheme 9 using the same thermal rearrangement
(vide infra) (105). The process results in a mixture of cycloalkenopyridines, which
were purified by preparative thin layer chromatography. The overall yield of
alkaloid 217 was 7.8%.
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1. Introduction

Melanins, the natural cosmetics of skin, hair, and feathers, represent
broadly a group of natural and synthetic pigments of diverse origin and chemical
functions. In nature, they usually occur in the form of insoluble fine granules
accumulated in certain parts of animal and plant tissues. The term melanin
(neraS =black) is, however, misleading and confusing since not all pigments of
biological origin are black. For example, the phacomelanins, which vary from red
to brown, or even yellow, are biologically related to the black eumelanins.

Some related synthetic melanins are also known. These are named after the
compounds from which they were prepared via chemical and enzymatic oxidation,
such as tyrosine-melanin, dopa-melanin, catechol-melanin, etc.

*This chapter is dedicated to the Late Professor D. P. Chakraborty, deceased July 24,
2000.
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Melanins have been a subject of interest for a long time. The fact that skin
pigmentation was a natural phenomenon, led researchers to be involved in finding
the nature and origin of these natural cosmetics. Earlier, it was believed that the
color of black skin was due to insoluble granular pigments derived from bile (7).
LeCat (2) compared the black pigment obtained from a black Ethiopion cadaver
with that of the choroid of the eye and the ink of the squid and found that they were
similar to each other and had similar general features. It was a stimulating result
obtained in the early part of melanin research. Later, similar pigments were also
found from hair, melanomas, and other mammalian tissues, including substantia
nigra of the brain. However, these comparative studies were confined to animals,
since the studies of plant melanins were either neglected or overlooked (3). On the
other hand, the high degree of insolubility of melanins in almost all solvents, as well
as lack of experimental methods, led the workers to converge on biological and
physiological studies of skin pigmentation. One major development in melanin
research, as a result of these studies, was the recognition and demonstration that
melanin formation takes place in highly specialized cells, named melanocytes (4)
subsequently.

The term melanin, according to Thomson (5), appears to have been used
first with some precision in 1902 by Fiirth and Schneider (6) with respect to the
black precipitate they obtained in vitro, by the action of insect tyrosinase on
tyrosine. The fact that the general properties and the carbon, hydrogen, and
nitrogen analyses of these materials were in approximate agreement with those
reported for natural pigments obtained from hair, melanomas, sepia black, etc.
implied that these natural pigments were also formed by tyrosinase oxidation of
tyrosine and related compounds. This is now generally accepted, and the term
melanin is here restricted to those pigments which are described as highly complex
nitrogeneous polymers of high molecular weight and which are produced by a series
of oxidation reactions involving tyrosinase, oxygen, and an organic substrate,
either tyrosine or a related compound. The naturally occurring melanins are often
conjugated with protein, and their resistance to either chemical or enzymatic
digestion provides an image of inert materials (7).

The pigmentation of human skin has substantial protective, social, and
cosmetic significance. Although melanins lack well-defined physical and spectral
characteristics, they possess some effective chemical properties by acting as redox
polymers, ion exchangers, and radical scavengers. The extensive studies of these
chemical reactivities of melanin and putative melanin precursors have led
researchers to infiltrate into many areas of scientific research, including the
molecular biology of pigment-related genes (8—70). International meetings,
conferences, and seminars have been held to bring together physicists,
chemists, biochemists, geneticists, cytologists, anthropologists, and clinicians for
discussion on melanin pigmentation and its chemical, biological, and applied
significance, to control epidermal melanogenesis, and its application to human
diseases like melanoma (tumor in melanin-producing melanocytes), vitiligo,
albinism, etc.
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A number of reviews covering the many aspects of melanin are available
(5,11-16). Nicolaus in his voluminous classic book has given an excellent,
comprehensive, and detailed account of these pigments (/7). In the present article,
an attempt has been made to give an account of the chemical and biological aspects
of melanin in condensed form.

II. Biogenesis of Melanin
A. MELANOCYTES

Epidermal melanin synthesis is a multistage process involving fast or slow
reactions, some enzyme catalyzed, others requiring only oxygen. The process is
controlled by the pH, temperature, redox potential, and activity of enzyme, and the
presence of inhibitors. The overall reaction occurs in a genetically controlled,
biochemical environment in specialized cells, called melanocytes. These are
complex structures, mainly made up of protein and various oxidase systems,
including tyrosinase (/8). Melanocytes contain unique organelles, called
premelanosomes, and melanosomes in which the biosynthesis of melanin occurs
(19,20).

In “‘premelanosome,” the enzyme molecules (i.e., protyrosinases) are
arranged in an ordered pattern. The biosynthesis begins when the protyrosinases
become active (i.e., tyrosinases); then the unit is called “melanosome.” As melanin
accumulates in the cytoplasm, melanosome gradually transforms into uniformly
dense and structureless particles, “‘the melanin granule,” in which no tyrosinase
activity is detectable (/9). In fact, a reciprocal relationship exists between the
melanization process and tyrosinase activity in melanosomes, i.e., melanin granules.
Electron microscope studies support this melanosome theory and, using various
modern techniques, studies on melanin, melanin granules, and melanoma, revealing
informative results, have been reported. Thus, according to some authors melanin
granules or melanosomes have a composite structure made up of a colorless protein
matrix on which melanin is deposited (2/-24), while others support the
mitochondrial origin of melanin granules, as appears from mixed particle studies
and a common affinity for Janus green (25,26).

Morphologically, melanocytes and melanin granules from various sources,
are very similar. It has been observed that premelanin granules originate in the
Golgi area from the concentration of minute particles (50-100 A) producing a nidus
for the formation of a melanin granules (27). The electron micrographs of melanin
granules from various human and animal sources have revealed that these particles
exist as elongated rods (0.1 x 0.4 p to 0.18 x 0.6 pn) or as spheres (0.2-2 p in
diameter) (28). According to Hu et al. (29), a definite correlation exists between the
size and morphology of the melanocytes of human skin and their pigment-forming
activities. Biologically active membrane structures exist in melanocytes which differ
biochemically and morphologically from tumor microsomes and which may
participate in the biosynthesis of specialized cell proteins (30,317).
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Pituitary hormones have an important role in melanin biosynthesis. It has
been observed that an appropriate hormone stimulates the stem cells (i.e.,
melanoblasts), which then divide giving rise to melanocytes (32,33). According to
Tchen et al. (34) the primary effect of these hormones is not at the genetic level, but
at the cytoplasmic level. aMSH (intermedin) possesses the greatest ability in this
respect (35). The hormone prolactin can stimulate tyrosinase activity and is able to
supply available substrate for in vivo melanin synthesis (36).

Melatonin, on the other hand, reverses the darkening action of MSH,
ACTH, and caffeine on frog skin (37,38). The synthetic peptide hystidylphenyl-
alanylargenyl-5-methoxy-tryptamine also possesses this activity to some extent
(39). Colchicine, a well-known inhibitor of mitosis, does not inhibit the action of
tyrosinase, but has some effect on ACTH-induced melanocyte formation (40).

The chemical composition of melanosoma and mitochondria have been
determined and compared by Seiji et al. (41), using differential and density-gradient
techniques. The data show that melanosomal fractions contain a high percentage of
zinc and a low content of RNA and phospholipid-P, as compared with
mitochondrial fractions. The high percentage of zinc exhibits its important role
in the decarboxylative rearrangement of dopachrome (42,43). The low content of
RNA indicates the occurrence of very limited protein biosynthesis in melanosoma.
The lack of succinoxidase and glutamate oxidase activities supports the evidence
that melanosomes are subcellular particles, different from mitochondria and
contain a particular specialized metabolic pathway through which tyrosine or dopa
is converted into melanin (44).

B. THE CHARACTERISTICS OF THE ENZYME

The enzymes which catalyze the oxidation of polyphenols are known as
polyphenol oxidases and are widespread in the animal kingdom (45). They are also
abundant in some species of mushrooms. Animal melanomas are rich in tyrosinase,
an enzyme capable of transforming tyrosine into dopa, and then dopa into
dopaquinone at the initial stages of melanin synthesis. Studies on in vitro
melanogenesis using mushroom polyphenol oxidase have been considered as valid
for mammalian melanogenesis, although the enzymes isolated from different
sources show qualitative differences, e.g., the mammalian tyrosinase is more specific
for L-dopa and L-tyrosine and does not significantly oxidize catechol (46,47). The
methods of extraction and purification of the enzyme from mushrooms (48),
Neurospora crassa (49), and hamster melanoma (50) have been reported.

Tyrosinase is a copper—protein complex (45,57), and copper is essential for
normal pigmentation in mammals (3). Moreover, the similarity of the absorption
spectrum of holoenzyme with that of apoenzyme reveals the univalent state of the
metal, as found in other copper—protein complexes (52,53). The oxidation of
monohydroxy phenols to o-quinones by molecular oxygen in the presence of a
copper—secondary amine complex is known (53,54). The “‘cresolase activity” (i.e.,
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hydroxylation of monohydroxy phenol) and the catecholase activity” (i.e.,
oxidation of an o-diphenol) by the enzyme tyrosinase can be represented by the
following equations.

1
Phenol + 7 O, = 0-Dihydrophenol

. 1 .
o-Dihydrophenol + 3 O, = o-quinone + H,O

Both reactions require oxygen. According to Mason, during the
o-hydroxylation process an intermediate complex is formed involving one molecule
of oxygen and two neighboring cuprous atoms attached to a protein chain. The
formation of such a structure depends on the relative position of the copper atoms,
hence the ‘‘cresolase activity” would be sensitive to any variation in the
configuration of the protein chain (55). The o-quinones formed by “catecholase
activity” from the substrate tyrosine are extremely reactive, and undergo
intermolecular reactions to form indole derivatives, which subsequently polymerize
to melanin.

An induction period is often marked in the tyrosine-tyrosinase reaction
before oxidation initiation (3,56). This time lag can be shortened by the addition of
a catalytic amount of dopa or related compounds (57,58), and there is no time lag
when the substrate is dopa (59). This occurs because tyrosinase is only active
toward tyrosine in the reduced (i.e., cuprous) state. When the enzyme is in the
oxidized form (i.e., cupric), it immediately effects the oxidation of dopa, but
remains inert toward tyrosine until activated by a catalyst (i.e., dopa, catechol, etc.)
(52,60). In mammalian melanogenesis, the induction period is prolonged due to the
low concentration of tyrosinase in epidermal melanocytes. On incubation of
sections of human skin in separate solutions containing dopa, tyrosine, and related
o-dihydroxy phenyl compounds, Bloch (67) observed that only dopa was oxidized
to melanin. He concluded that melanoblasts in human skin contained a specific
enzyme which he named “dopa oxidase.” Later, Fitzpatrick et al. (62) in 1950,
established the presence of tyrosinase in human epidermis.

Many substances inhibit tyrosinase activity (3,63); notably, thiol
compounds found in human epidermis, which combine with copper, are mainly
responsible for the inactivation of tyrosinase in normal unpigmented skin (64,65).
Flesh (65) and other workers (66) have shown that the concentration of thiol
groups in the human epidermis can be reduced on exposure to ultraviolet radiation
when thiol groups oxidize, releasing copper, and thus formation of dopa catalyzes
the tyrosine—tyrosinase reaction. Tyrosine can be converted into dopa under similar
conditions e.g., the formation of melanin during sun tanning. The tyrosinase system
in human epidermal melanocytes is normally inhibited unless activated by
radiation, whereas in the melanocytes of pigmented human hair it is active (67); this
accounts for the coexistence of black hair and white skin.
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Dopa at high concentrations inhibits the hydroxylation reaction and ascor-
bate increases this inhibition. Tyrosine acts as substrate inhibitor at above 8 x 10~
M, which can be reversed by increasing the concentration of dopa from a catalytic
amount to 8 x 107* M (57,68). Copper-chelating agents (69), and cyanide and
benzoic acid (70) inhibit tyrosinase activity. The pH optimum for the enzyme is 6-7.

C. MELANOGENESIS AND MELANIN FORMATION FROM TYROSINE

The enzymatic nature of the melanin-producing reaction was first observed
by Bourquelot and Bertrand (77,72) in 1895, when they recognized an enzyme in
certain fungi capable of transforming tyrosine into a black product. It was named
tyrosinase. Later, a similar enzyme was also found in other plants and from tissues
of various invertebrates and vertebrates, including mammals (73). Since then,
melanin and melanogenesis are of obvious interest and consequently have been
subjected to intensive study with substantial progress made by different laboratories.

The pioneering work of Raper (74) on the in vitro enzymatic oxidation of
tyrosine revealed that melanin formation occurs in three stages:

(a) oxidation of tyrosine to give a red pigment
(b) decolorization of the red pigment
(¢) oxidation of the colorless substance to give melanin

Raper used an enzyme obtained from meal worms. He concluded that the
enzyme was essential only for the first stage, i.e., the conversion of tyrosine to dopa
and then dopa to dopaquinone. The latter stages occurred spontaneously without
enzyme (75,76). The importance of temperature and pH control, the purity of the
enzyme and hence its activity, the amount of substrate present, and the influence of
certain heavy metals in the reaction rate were also recognized by Raper (77). The
percentage of nitrogen (8.4%) in the melanin formed was found to be slightly
higher than in tyrosine, indicating that no deamination occurs during this
enzymatic reaction (78).

Using dilute acid, Raper precipitated the enzyme from the reaction mixture
and removed it by filtration. The resulting red solution at pH 6 was allowed to
decolorize by standing in vacuum or simply by adding a small amount of sulfurous
acid. Raper identified the following compounds in the solution: some unchanged
tyrosine (1), 3, 4-dihydroxy-phenylalanine or dopa (2), 5,6-dihydroxyindole (7), and
5,6-dihydroxyindole-2-carboxylic acid (6). The compounds 6 and 7 were isolated as
dimethyl ethers. Later, Pittelle ez al. (79) isolated 7 by extracting with ether a
solution of pH 6.8, obtained by enzymatic oxidation of dopa.

On exposure to air, especially in alkaline solution, the compound 7 rapidly
darkened and deposited a black precipitate. The identification of these indole
derivatives led Raper to formulate the red compound (dopachrome) as 2,3-
dihydroindole-5,6-quinone-2-carboxylic acid (5), and the preceding steps as shown
in Fig. 1.



CHEMICAL AND BIOLOGICAL ASPECTS OF MELANIN 351

COOH
m 0, +enzyme\©/\( 0, +enzymem
NH2
Tyrosine Dopa Dopaqumone
(1 (2) (3\[/)
o]
(o) enzymic or
_ . H > H non-enzym|c m
o
H COOH ¢ H ' COOH H  COOH
Dopachrome
(5) Leucodopachrome
\ @
Hl; COOH
5, 6-dihydroxyindole-2-carboxylic acid
I ®
HO
' enzymlc
or non-enzymlc —> Melanochrome — Melanin
HO H
5, 6-Dihydroxyindole Indole -5, 6—qumone
) (®)

Figure 1. The Raper—Mason scheme of melanogenesis.

The formation of dopachrome (5) from dopaquinone (3) is normally a
quinone—amine addition reaction, but the next base-catalyzed rearrangement of
dopachrome (5), which is accompanied by decarboxylation except under acid
conditions (80), is an important step in melanin synthesis. Zn ions catalyze this
decarboxylative rearrangment, the base catalysis of which is a special feature of
such o-quinoid structures (42,43). The corresponding p-quinones are stable to base
(81). Tt is noteworthy that the choroid of the vertebrate eye, which is heavily
melanized, contains a remarkably high concentration of zinc (§2).

Mason studied the (80) enzymatic oxidation of dopa spectrophotometrically
and characterized three chromophoric phases:

(a) with absorption maxima at 305 and 475 mp

(b) with absorption maxima at 300 and 540 mp
(c) general absorption
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The first phase (a) was considered to correspond to Raper’s dopachrome
(red) and the third phase was considered to correspond to black melanin. Oxidizing
5,6-dihydroxyindole with mushroom polyphenol oxidase at pH 6.8, Mason
obtained a purple colored pigment having a broad absorption maxima at 540 my,
which he considered was due to the compound 8. However, Beer ef al. (83) pointed
out that this light absorption of the purple pigment was not due to indole-5,6-
diquinone (8), but to a small polymer, similar to that of indolylbenzoquinone
derived from 8. Later Bu’Lock ef al. (84) confirmed that during oxidation of 5,6-
dihydroxyindole, an intermediate (purple color) representing a dimeric stage similar
to 9 was first formed having an absorption maxima at 530 mp. The following stages
have broad absorption maxima around 540 mp and were believed to be oligomers
10 occurring between the dimer and the melanin polymer.

HO o HO
K 0| O ey
HO H COOCH
HO H HO H 3 Ij\r
o n HO OH N,
| o] (11) (12)
|
No
N
H (9 H (10) 0

Nicolaus et al. (85) have shown that the polymeric fractions which have a
strong absorption at 522 mp are formed by the chemical oxidation of 11 and that
the properties of these fractions agree with those of oligomers 10.

Another unknown compound, not easily reducible, giving a positive
ninhydrin test was detected by Lissitzky et al. (86) in the oxidation reaction of
tyrosine and mushroom oxidase. The tentative structure 12 was assigned. The
formation of such compound by the hydroxylation of o-quinone at position 6 is not
uncommon in biological metabolism (87,88).

Paper chromatography has been used to detect the probable intermediates
during oxidation of L-dopa by polyphenol oxidase, and three compounds 5, 6, and
7 have been identified. An unidentified product which exhibits a weak yellow
fluorescence (385 my) is also observed (89).

Duliére and Raper (90) measured the oxygen uptake during the enzymatic
oxidation of tyrosine and dopa to melanin. Mason and Wright (97) observed that in
the conversion of dopa into dopachrome the oxygen uptake was too fast and that
there was no evolution of CO; in this phase, while in the subsequent phases oxygen
uptake diminished and CO, was evolved. On the basis of Raper’s work and the
spectrophotometric analysis of different phases of melanogenesis, Mason (92)
concluded that melanins are homopolymers arising by the oxidation of tyrosine
with the consumption of five atoms of oxygen and the evolution of one molecule of
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carbon dioxide from the carboxyl group of tyrosine. Later, Nicolaus et al. (93)
suggested that melanins are rather a ‘“‘poikilopolymer” derived by the random
coupling of various intermediary metabolites in the Raper pathway.

Swan et al. and other authors (94,95) suggested that the evolution of CO,
could result from ring-fission caused by H,O,. Fattorusso et al. (96) concluded
from their experiments that in the process of melanogenesis, 5,6-dihydroxyindole is
oxidized with H,O, formation.

Evidence for H,O, formation also comes from chemical studies on the
synthetic and natural pigments (93). Figure 2 shows the oxidation process of 5,6-

dihydroxyindole (5) in which a free-radical mechanism cannot be ruled out.

Although, according to Raper (97), tyrosinase and polyphenol oxidase act
only on tyrosine and dopa and not on other amino acids, incorporation of different

HO o

mihOZH ] + H:0, —
H

HO H o}
5, 6-dihydroxyindole Unstable

-z | Oxidative
—
N l Process
HO

HOOC H

Figure 2. Polymerization of 5,6-dihydroxyindole.
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precursors into melanin has been established using labeled compounds during
in vitro melanin synthesis. Thus, it has been found that in one sample of
dopa-melanin, 23.5% of the melanin units are of the dopachrome and uncyclized
units (98), while another sample contains 13% of uncyclized dopa or dopaquinone
(99). According to Chen et al. (100), copolymerization of intermediates (including
tyrosine and dopa without decarboxylation) during the melanization process may
be due to the different degrees of attraction between the intermediates resulting
from their structural similarity and polarity.

Copolymerization can also occur in in vivo melanin synthesis. Melanoma-
melanin has been found to contain dopaquinone, 5,6-indolequinone, and 5,6-
indolequinone-2-carboxylic acid in the ratio of 3:2:1 (101).

III. Natural Melanins

At the end of the nineteenth century, with the isolation of the enzyme
tyrosinase from Russula nigricans (71,72), it became apparent that most of the
pigment found in animals originates in processes catalyzed by this enzyme (/02). It
was also noticed that some pigment granules possess optical properties such as
diffraction, light absorption, scattering, and interference, by which they can
enhance further the beauty of the natural colors, e.g., blue eyes in animals, the
fascinating color in the feather of birds, etc. (103).

Presently, melanin pigmentation is mainly determined by two, chemically
distinct, but biologically related, types of pigments. One of them is the dark insolu-
ble eumelanins, produced from the tyrosinase-catalyzed oxidation of tyrosine,
and the other is the alkali soluble phaecomelanins, originating from the
eumelanin pathway through the intervention of cysteine. There exist, however,
certain hybrid pigments in the epidermal tissues that possess structural features, as
well as chemical and physical properties, of both the eu- and phaecomelanins
(8,104).

Although melanins are widespread in the animal kingdom (/7), only a few
have been isolated and chemically characterized. A short discussion on the chemical
and biosynthetic studies of some natural melanins is given here in two parts: (A)
eumelanins and (B) phaeomelanins.

A. EUMELANINS

Eumelanins, obtained from hair, skin, and malignant tumors have been
intensively studied by geneticists and cytologists, while the chemistry of eumelanins
present in the ink sac of the cuttlefish Sepia officinalis has been investigated to
a greater extent due to the ease of isolation and collection of the pigment.
A commercial preparation of this pigment is now available (8).



CHEMICAL AND BIOLOGICAL ASPECTS OF MELANIN 355

1. Sepiomelanin

a. Tracer Studies on Melanin Synthesis. Nicolaus and his collaborators, using
labeled precursors, studied melanin formation in cuttlefish (/05). The slow
incorporation of radioactive precursors indicated that the relatively large amount
of the pigment formation in cuttlefish was the result of a long period of storage. The
amount of radioactivity incorporated after the injection of L-tyrosine-carboxyl-'*C
was about one-tenth of that incorporated when L-tyrosine-'*C (U) was injected.
Thus a considerable part of the tyrosine carboxylic group is eliminated during the
melanization process. Tracer experiments were also carried out with labeled
tyramine, L-phenylalanine, histidine, etc. Tryptophan was tested both in the presence
and absence of enzyme and a very low level of radioactivity [about 1/40 of that
obtained when L-tyrosine-'*C (U) was injected] was found in the pigment of the ink
sac gland. These results imply that, besides the main units derived from tyrosine,
other units, especially aromatic amino acids, if present in the cell during
melanogenesis, can be incorporated into sepiomelanin.

b. Protein Content. Epidermal eumelanins are often associated with a protein
forming sepiomelanoprotein complex which is homogeneous on electrophoresis.
From the amount of amino acids (18 in number) removed by hydrolysis (boiling
native melanin with 30% HCI), it has been calculated that the protein constitutes
about 10% of the weight of melanoprotein (/06). After hydrolysis, sepiomelanin
contains about 0.2% sulfur. This sulfur forms part of a cysteine residue, as can be
shown by oxidizing sepiomelanin with peracetic acid; cysteic acid and taurine are
formed (/06). However, the same result would also be in keeping with the
incorporation of glutathione (GSH) into the growing pigment polymer (/07). Thus,
conjugation of protein could occur by addition of a cysteine residue to the pigment
polymer forming the sulfur-linked melanoprotein.

The position of the sulfur bond is not known. Model studies have
shown that GSH reacts with enzymatically generated 5,6-indolequinone 13a
and its 2-carboxy analog 13b to give the C-4-linked adducts 14a and 14b,
respectively (/08).

SG
(0] (o]
\
(o} HN R o H R
(13a) R=H (14a) R=H

(13b) R=COOH (14b) R=COOH

An alternative mode of conjugation of the protein residue could be through
a peptide linkage. Using the model peptide tyrosylglycine and mushroom oxidase,
Bu’Lock et al. (109) found a red solution having an absorption spectrum identical
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Figure 3. Tyrosinase-catalyzed oxidation of tyrosinylglycine.

to that of the dopachrome-like chromophore. On keeping in nitrogen, the red
solution decolorized forming apparently, a dihydroxyindole peptide (Fig. 3), which
could presumably be oxidized to the quinone, followed by copolymerization with
5,6-indolequinone derived from free tyrosine.

c. Isolation and Analysis. According to M. Thomas (/70) “‘no melanin, whether a
naturally occurring pigment or produced in vitro by the action of tyrosinase or by
chemical means, has yet been isolated as a single chemical compound of definite
composition.” The main difficulty, apart from the generally intractable nature of
the material, lies in separating the pigment from concomitant protein and other
impurities, such as metal ions, and the hydrated state of the sample. Thus variations
have been noticed in the analytical values of eumelanins from different sources.

The procedure for the extraction of eumelanins from natural sources
involves destruction or removal of all components of the tissue by prolonged
digestion with conc. HCI at room temperature or by boiling with 6 M HCI (/2,17),
the latter being more drastic. In 1980, Benathan and Wyler (//7) developed a mild
process comprising the mechanical separation of the pigment granules, followed by
a short treatment with 0.5 N HCI at room temperature and extensive sonication in
deionized water. Likewise, melanosomes from melanoma tissues have been purified
by sucrose density gradient ultracentrifugation after digestion with detergents or
proteolytic enzymes at neutral pH (8). Whether these mild processes can remove the
associated proteins and other impurities from pigment granules is not clear, but this
is undoubtedly a minor drawback compared with the alternative drastic acid
treatment.

Nicolaus et al. (112) using the drastic method, prepared a highly purified
sepiomelanin containing C, 64.08; H, 3.0; N, 8.52; and S, 0.2%. However, repeated
analyses of the same pigment are often significantly divergent. Considering all these
limitations, the use of the molar ratio of carbon to nitrogen (C/N) of the pigment
is preferred for characterization purposes (//3). As a rule, C/N ratios lower than
8.1 (corresponding to that of a 5,6-dihydroxyindole) are indicative of acid
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degradation of the pigment backbone with loss of CO,, while higher values suggest
the presence of associated protein, and/or of C-9 units, such as 5,6-dihydroxy-
indole-2-carboxylic acid.

d. Carboxylic and Phenolic Functions. Sepiomelanin contains less carbon and
nitrogen, but more hydrogen and oxygen, than does the theoretical 5,6-indolequinone
polymer. This discrepancy can partly be explained by the presence of carboxyl
groups in melanin which have been determined by titration, by decarboxylation,
and by esterification (//4). The difference between the methoxyl values from
sepiomelanin treated with methanolic HCl (60%) and that treated with diazo-
methane (18.8%) clearly gave a content of phenolic hydroxyl groups of 13.1%.
Similar results have been obtained with other pigments investigated (//4a).

The ratio of carboxylic and phenolic groups in native melanin has been
found to be 1.1, which was reduced to 0.8 after the removal of the protein content
with acid (/71,115). Significant differences are also noticed between enzymatic (0.5)
and autooxidative (1.7) dopamelanin, the latter possessing the highest proportion
of carboxylic groups. This result is in accordance with the isotopic and degradative
studies by Swan et al. (114a). According to them, during in vitro melanogenesis,
H,0, is generated, which attacks the 5,6-indolequinone moieties giving rise to
carboxylate pyrrolic units (Fig. 4). The same mechanism also seems to be operative

in vivo (1006).
HOOC
‘\l_nf %ﬂj
H
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o H (0] H

Figure 4. Proposed model of peroxidative cleavage of 5,6-dihydroxyindole units in the
eumelanin polymer.

Recently, it was found that the carboxyl content increases with oxygenation
time from 4.8 (4 h) to 8.9% (24 h) when dopamelanin is synthesized by
autooxidation at neutral pH (776).

e. Chemical Degradation. The chemical degradation of sepiomelanins was
extensively studied by Nicolaus and coworkers (106,117). Although the yields of
the products obtained in most experiments were very low and identified only by
paper chromatography, they appear to have some structural meaning. Thus the
four compounds 7, 6, 15, and 16 identified among the series of products
obtained by the alkali fusion of sepiomelanin, suggests the presence of an indole
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“moiety” in the pigment, and that some of the units are linked through the
positions 4 and 7 as indicated by the formation of 5,6-dihydroxyindole-4,7-
dicarboxylic acid (15).

COOH
HO. HO HO HO CHg
0 O ) 1
HO H HO N “COoH 5 N" 1o o
7) (6) COCH
(15)

The carboxyl group of 6 is present as such in the pigment polymer, while
4-methyl catechol (16), which does not arise by alkali fusion of synthetic
5,6-dihydroxyindolemelanin, is ascribed to the presence of dopachrome unit in
the natural pigment (/17).

When sepiomelanin was boiled with 4% aqueous NaOH solution, pyrrole-
2,3,5-tricarboxylic acid (17) (1%) was obtained, presumably arising from hydrolysis
of the terminal carboxylated pyrrole units 18 linked through a carbonyl to positions
4 or 7 of the 5,6-indolequinone units (/78).

The compound 17, along with other minor products, such as pyrrole-2,3.,4-
tricarboxylic acid (19), 2,3-pyrroledicarboxylic acid (20), and pyrrole 2,3,4,5,-
tetracarboxylic acid (21), were obtained when sepiomelanin was oxidized with
KMnOy (119). Quite interestingly, the yield of the dicarboxylic acid increased, and
that of tricarboxylic acid decreased, when decarboxylated sepiomelanin was
oxidized with KMnO,. Moreover, two further acids 2.4-pyrroledicarboxylic acid
(22) and 2,5-pyrroledicarboxylic acid (23) were also obtained in the degradation
products (717) (Fig. 5). Formation of these acids can be explained by the presence
of carboxylated pyrrole units in the pigment polymer.

0" (18) H

The interpretation of these results was confirmed by the data obtained
from the chromatographic separation of the degradation products of sepiomelanin
ether (106).

Benathan and Wyler (///) found that oxidation of eumelanins with
periodate in the presence of a catalytic amount of KMnQy,, results in oxalic and
oxamic acids and, trace amounts of some pyrrolic acids. Five of them were
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Figure 5. KMnOy-oxidation products of sepiomelanin.

identified by GC-MS as the methylated derivatives 24, 25, 26, 27, and 28
after treatment with diazomethane.
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f. Biosynthetic Studies. The previous discussions on eumelanins, reveal that these
natural pigments are highly complex macromolecules, or a mixture of
macromolecules composed of heterogeneous units. Their intractable nature has
rendered their isolation in a pure state difficult, leading to uncertainty in their
chemical composition. Conventional methods used to determine the chemical and
physical properties of a complex polymer are not applicable to these pigments. On
the other hand, since the biosynthetic precursors are known, the extensive studies of
biomimetic reactions under biologically relevant conditions can successfully be used
to understand the chemistry of melanin involving the chemical reactivity of the
putative pigment precursors, identification of the intermediates, the formation of
melanins, and their properties. This biomimetic approach was first exploited with
remarkable success by Raper (74). Later, with more advanced techniques,
biosynthetic studies of eumelanin polymers revealed many aspects of the diversity
of pigment origin, the heterogeneity of its structure, and its unique properties.

In the Raper scheme of melanin biosynthesis (74,78), tyrosine via dopa is
enzymatically converted to dopaquinone. The next subsequent oxidation steps
leading to melanin formation depend on the biochemical environment of the
reaction site. However, in the melanization process in vivo or in vitro, there are
two crucial turning points: (i) the rearrangement of dopachrome and regulatory
factors, and (ii) the oxidative polymerization of 5,6-dihydroxyindoles — which have
been discussed here.

(1) Two possible mechanisms were suggested for the oxidative conversion
of dopachrome (5) to 5,6-dihydroxyindole (DHI) (7) (Fig. 6) (/20). The first
(path-a) involves, decarboxylation giving indolenine 29a, followed by tautomeriza-
tion to 7. Alternatively, (path-b), a hydrogen shift from position 3 could give
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Figure 6. Alternative mechanisms for the rearrangement of dopachrome (5) to DHI (7).

a quinone-methide 29b, which would then undergo decarboxylation to 7. The latter
mechanism was supported by different authors (/21,122).

In a confirmatory study (/23), the rate constants for the rearrangement of
[2-°H,]- and [3,3-*H,]-dopachrome were measured and found to be 0.055 and
0.0073 min~", respectively. The primary isotope effect (ky/kp=8.2) observed for
[3,3->’H,]-dopachrome, indicates the base-catalyzed removal of H-3 is the first step
of the reaction. Further analysis of the analytical data from various laboratories
(58,123,124) has shown that the yield of DHI versus DHICA (5,6-dihydroxyindole-
2-carboxylic acid) is about 95 to 5, at a pH range from 3 to 8.5. This finding
indicates that tyrosinase-catalyzed synthetic dopamelanin is made up mainly of
DHI-derived units, as held by Mason (/4). Hence, the carboxyl content of
dopamelanins must be due to peroxidative cleavage of indole units rather than to
a random incorporation of carboxylated biosynthetic intermediates.

Evidence suggests that some steps in the melanization process are directed
by regulatory factors, and certain metal ions, especially copper, zinc, iron, cobalt,
etc. have long been known to participate in melanin biosynthesis (8,725). Bu’Lock
and Harley-Mason (/26) first reported that in the presence of zinc acetate,
dopachrome rearranges very rapidly to give DHI. This reaction has been ascribed
(127) to the ability of the metal ion to catalyze two sequential reactions, i.e., the
rearrangement of dopachrome and the subsequent oxidation of the resulting
indole(s). However, the zinc acetate used in these experiments was far from being
biomimetic. In fact, under rigorously anaerobic conditions, the zinc-catalyzed
reaction gives mainly DHICA rather than DHI (Fig. 7). Copper and iron were
found to be more effective than zinc, in catalyzing the non-decarboxylating
rearrangement of dopachrome (728).

Recent studies (/29) have revealed the presence in melanocytes of a
melanosomal protein different from tyrosinase, which has the ability to catalyze the
rearrangement of dopachrome to DHICA. This enzymatic reaction is highly
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Figure 7. Effect of metal ions on the rearrangement of dopachrome.

stereospecific for normal L-dopachrome, unaffected by metal chelators and has
an optimal pH of about 6.8. Different names have been proposed for this enzyme,
i.e., dopachrome conversion factor (/29), dopachrome oxido reductase (/30),
dopachrome isomerase (/37), and dopachrome tautomerase (/32). It is of interest
that another enzyme, named dopaquinoneimine conversion factor, has the
remarkable ability to catalyze the decarboxylative rearrangement of dopachrome to
DHI rather than DHICA (122).

According to Pawelek et al. (133), the biosynthesis of melanin in Cloudman
melanoma cells is a complex process and is regulated by three factors: (a) a
dopamine conversion factor which converts dopamine to 5,6-dihydroxyindole (7),
(b) a 5,6-dihydroxyindole conversion factor which catalyzes the conversion of 5,6-
dihydroxyindole to melanin, and is active when the cells are exposed to
melanotropin (MSH), and (c) a 5,6-dihydroxyindole blocking factor which restricts
melanogenesis at the 5,6-dihydroxyindole stage. They have also shown that at least
three steps in the Raper—Mason hypothesis of melanin formation from tyrosine are
catalyzed by tyrosinase.

Using the Udenfriend system (Fe®"/ascorbic acid/EDTA/O,), a biomimetic
study on tryptophan participation in melanogenesis by Chakraborty et al. (134)
revealed that in vitro melanin formation is a complex process requiring the
regulation of various participating reactions (monooxygenases/dioxygenases/
deamination). Their results may have relevance to Pawelek’s regulating factors
for in vivo melanin formation.

(ii) (a) Polymerization of 5,6-dihydroxyindole (DHI): During the enzymatic
oxidation of DHI, Mason (80) in 1948, observed the appearance of a transient
purple pigment with a broad absorption maxima at 540-560 nm, known as
melanochrome. Bu’Lock and Harley-Mason (/09) through model experiments with
simple quinones and indoles (Fig. 8), obtained blue indolylquinones (30), indicating
the involvement of the 3-position of the indole ring.

In further studies, by Cromartic et al. (135), as well as Beer et al. (83), found
that 1-, 2-, 4-, and 7-methyl-5,6-dihydroxyindoles on oxidation gave melanin
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(30) HO
Figure 8. Michael addition of 5,6-dihydroxyindole to 1,2-benzoquinone.

polymers insoluble in the common organic solvents, but slightly soluble in pyridine.
On the other hand, 3-methyl- and 4,7-dimethyl-5,6-dihydroxyindole gave a polymer
soluble in ethanol. These results demonstrated that for the formation of melanin,
it was essential to have a free 3-position.

In a reexamination of the problem, Napolitano et al. (136) prepared
melanochrome by autooxidation of DHI in presence of Zn ions acting as a catalyst.
On reduction and subsequent acetylation, the blue melanochrome thus formed
afforded a mixture of oligomers of DHI in which a symmetrical dimer 31, formed
by the coupling of DHI at the 2-position predominated.

In further studies (/37), the oxidation of DHI was done under the usual
enzymatic conditions of melanogenesis in vitro, and another dimer identified as a
2,4-biindolyl (32) was obtained from the oxidation mixture. Using oxidative enzyme
peroxidase, which is far more effective than tyrosinase, in the polymerization of
DHI (738), three more new oligomers were isolated, besides 32 by preparative
HPLC. They were identified as the 2,7-dimer 33 and the related trimers 34 and 35.

OH

(31) (32)

Overall consideration of the structure of the oligomers, identified so far,
reveals that the dominant mode of coupling of DHI is via the 2- and 4-positions of
the indole ring, with a minor contribution from the 7-position.
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The mechanism of the polymerization reaction has not yet been
characterized; the reaction is too fast to identify the reactive intermediates. Using
fast reaction techniques to study short-lived reactive intermediates, Al-kazwini et al.
(139) compared the kinetics and spectral data of the 430 nm species with those of
the oxidation products of the model compounds, 6-hydroxy-5-methoxyindole and
5-hydroxy-6-methoxyindole. It was inferred that the dominant species in DHI
oxidation is the quinone methide 36 which is in equilibrium with the quinoneimine
37 and the corresponding quinone 38. Lambert ez al. (140) found that the decay of
the 430 nm species was halved when the oxidation was performed in D,O rather
than in H,O. This suggested the intermediacy of a trihydroxy-indole 39 arising by
the nucleophilic addition of water to 36.

HO

)= =10

°© H © HO HO H OH
(38) (36) @37 (39)

(b) Polymerization of 5,6-dihydroxyindole-2-carboxylic acid (DHICA):
Cromartic and Harley-Mason (/35) first suggested that the polymerization of
DHICA must involve both the 4- and 7-positions of indole ring. Ito and Nicol (/41)
obtained a tetramer 40 from the Tapetum lucidum of the catfish that was considered
to arise biogenetically via tyrosinase-catalyzed oxidation of DHICA. When this
reaction was performed in vitro, three oligomers were isolated (7/42) as the acetyl
methylester derivatives, and identified as the symmetrical dimer 41, the 4,7-dimer
42, and the trimer 43. As in the case of DHI, the kinetics of the reaction was slow.

H

COOH HO
| 99
HO N “cooH
HO
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The peroxidase-catalyzed oxidation of DHICA in the presence of DHI
was also studied (/43) in order to understand whether, and to what extent,
copolymerization of the two melanogenic precursors can occur under biologically
relevant conditions. Analysis of the oxidation mixture revealed that it consisted
mainly of DHI and DHICA oligomers, but one mixed dimer 44, arising presumably
by the trapping of 5,6-indolequinone-2-carboxylic acid by the nucleophilic 2-
position of DHI, was isolated in 5% yield. Isolation of 44 provides the first evidence
of the cross-coupling of DHI and DHICA, and supports the concept of eumelanin
as being a mixture of macromolecules composed of homopolymers of DHI and
DHICA and copolymers of two different indole units. The relative proportion of
the homo- and copolymers depends on the ratio of formation of DHI and DHICA
from the rearrangement of dopachrome.

2. Melanoma-Melanin

Nicolaus and coworkers (/44) studied chemically treated rat melanoma-
melanin similarly as they investigated sepiomelanin chemically. Different
experimental results reveal that the melanins differ in the chromophoric system
of their structures, though it is believed that they may have the same precursors,
i.e., dopa.

Purification of rat melanoma-melanin involved treatment with 6N
hydrochloric acid. Permanganate oxidation of the pigment yielded pyrrole-
2,3-dicarboxylic acid (20), 2,3,5-pyrrole-tricarboxylic acid (17), 2,3,4,5-pyrrole
tetracarboxylic acid (21), and pyrrole-2,4 (22) and pyrrole-2,5-dicarboxylic acids
(23). The latter two carboxylic acids were obtainable from sepiomelanin only after
the pigment was decarboxylated. Alkali fusion of melanoma-melanin gave 5,6-
dihydroxyindole (7) and 5,6-dihydroxyindole-2-carboxylic acid (6).

Melanoma-melanin, after treatment with diazomethane followed by
oxidation with KMnOQOy, yielded 5-carbomethoxy pyrrole-2,3-dicarboxylic acid
(45) (see earlier), as in the case of sepiomelanin (/79). The formation of 45 indicates
the presence of some indole units with carboxyl groups at position 2 in the structure
of melanoma-melanin. In addition, the trimethyl amine found among the oxidation
products, reveals the existence of an uncyclized amino acid side chain in the
chromophoric system. Methylated sepiomelanin does not give trimethylamine on
oxidation.

Hampel (/07) in his experiments injected mice, bearing Harding-Passey
melanomas, with dopa labeled in various positions. He observed that all of the
positions in dopa were involved to a greater or lesser extent in the polymerization
process, thus supporting the work of Nicolaus (/7/7,/18) that melanins are
heterogeneous polymers with heterogeneous bonds. Hampel concluded that
melanoma-melanin is a copolymer of dopaquinone, 5,6-indolequinone, and 5,6-
indolequinone-2-carboxylic acid in a ratio of 3:2:1. This formula of melanin as a
pure 5,6-indolequinone polymer contradicts the Raper—Mason hypothesis and
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needs more confirmation. Moreover, the amino group of some melanins was
determined by Bloch and Schaaf (/45), and only one-tenth of the nitrogen of
melanoma-melanin was found to be in the amino group, while sepiomelanin has no
amino group in its chromophore.

Dopa has been identified as a tyrosinase cofactor in melanoma (/46). Blois
et al. (147) found that the administration of DL-3,4-dihydroxy phenylalanine-2'-'"*C
to mice with melanomas results in an appreciable uptake of radioactivity into the
tumor. Hampel (/01), by injecting mice with tritiated dopa, concluded that dopa is
the specific precursor of the tumor melanin. According to Greenstein et al. (148) in
the melanoprotein of mouse melanoma, the protein is conjugated to the pigment
through sulfur bonds.

3. Hair-Melanin

The hair bulb can produce both eu- and phaecomelanins. Melanin from
human hair, obtained in the form of a black powder by treatment with boiling 6 N
HCI, when subjected to KMnO,4 oxidation or alkali fusion yielded the same
products as rat melanoma-melanin produced on similar treatment (/44). The
behavior of methylated hair-melanin, on oxidation, was also similar to that of
melanoma-melanin. The disease phenylketonuria, in which the patient has light-
colored hair due to an incapacity of conversion of phenylalanine to tyrosine,
provides evidence that tyrosine is essential in the pigmentation process (/44).

4. Choroid-Melanin

Melanin from the eye was first studied by Berzelius (/49) in 1840 and it was
found to be insoluble in acids, but slightly soluble in alkali. The color of human
eyes and those of animals is produced by the scattering of white light by melanin
granules, the size of which control the color (/7). Melanin can form complexes with
heavy metals which change the shade and intensity of the color (82,750). Nicolaus
et al. (144) found that ox-choroid melanin when oxidized, yielded pyrrole-
2,3-dicarboxylic acid (20), 2,3,5-pyrroletricarboxylic acid (17), and 2,3.4,5-
pyrroletetracarboxylic acid (21). On alkali fusion it gave 5,6-dihydroxyindole (7)
and 5,6-dihydroxyindole-2-carboxylic acid (6).

5. Feather-Melanin

The black feathers of many birds are due to the presence of eumelanins,
while phaeomelanins give the red color in feathers. On the other hand, the
combination of eumelanins and phaeomelanins, in the presence or absence of
accessory pigments acting as a screen, can produce all of the spectacular color
patterns in feathers (103).

Some genes inhibit the formation of melanin in the skin without influencing
the pigmentation of the plumage. Thus the white silky fowl, with a pure white
plumage and a purplish-black skin, is an example of the genetic control of
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melanogenesis (9,10). Oxidation or fusion with alkali of bird eumelanins yielded the
same products as did melanin from hair or melanoma (/44).

6. Melano-sclerotins

Sclerotins are peculiar proteins responsible for hardening of the insect
cuticle. It has been suggested that the cuticular darkening due to sclerotization
involves cross-linking copolymerization of proteins and enzyme-generated
quinones, probably derived from tyrosine during melanogenesis (/5/). Diphenols
related to tyrosine, e.g., dopa, etc. have been found in the cuticle of insects.
However, it is not clear if the hardening process and melanin formation are
due to the same quinones (/52). On the other hand, pigments of certain
insects are “indole” in nature and yield on KMnO, oxidation, 2,3,5-pyrroletri-
carboxylic acid (17) as one of the degradation products, while 5,6-dihydroxyindole
(7) and 5.6-dihydroxyindole-2-carboxylic acid (6) are obtained on alkali
fusion (753).

B. PHAEOMELANINS

Phaeomelanins are responsible for the brown, red, and yellow color
pigmentation of mammalian hair and bird feathers. Unlike the eumelanins, which
are widely distributed throughout various tissues in the animal kingdom, true
phaeomelanins are restricted to the epidermal tissues, such as skin and hair and are
often associated with biologically related trichochromes (/04). Phaeomelanins also
differ from eumelanins in their solubility in dilute alkali. Fox and Uppdegraff (/54)
first isolated the pigment in crude form and a tentative formula C4;H75N[,0,5S,
was given. Later the pigment was found to be a mixture of peptides derived from
glycine and three novel amino acids, adenochromine-A, -B, and -C which form
chelates with Fe (III) (755).

The chemistry of the phaeomelanins, as known so far, has come from
studies of the pigments obtained from the feathers of New Hampshire chickens
(Gallus gallus). Earlier, acid treatment was used for the isolation of the pigments
from red hair and feathers, and only minor products such as trichochromes were
obtained. Later, Nicolaus and coworkers (1/56) developed an alkaline extraction
procedure. The feathers of New Hampshire hens were treated with 0.1 N NaOH
at room temperature. The extract was acidified and a red-brown, amorphous
precipitate was isolated from the yellow-orange supernatant. The precipitate was
dialyzed, subjected to chromatography on Sephadex or Biogel P columns, when
four gallophacomelanin fractions 1-4 were isolated. The yellow-orange supernatant
was subjected to ion-exchange chromatography, followed by chromatography on
Sephadex, yielding a number of pigments. It was found that the acid-soluble
pigment fractions contained trichochromes.

More recently, Deibel et al. (157) have developed another method for
isolation which involves preparative isoelectric focusing on a granulated bed.
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However, the gallophacomelanins thus obtained are inhomogeneous from
molecular viewpoint, each fraction consists of a mixture of polymers with similar
physical and chemical characteristics.

1. Gallophaeomelanins

Among the four gallophacomelanin fractions, the most abundant pigment is
the protein-free gallophacomelanin-1, with an average molecular weight of ca. 2000
and a N/S ratio of 2.1. Biogenetically, it is related to trichochromes (/56—158) and
is zwitterionic in character. It contains carboxyl, primary amino, and phenolic
groups, though UV, IR, and NMR spectral analysis do not indicate a distinctive
chromophoric system.

On alkali fusion, the pigment gave a mixture of simple catechols and
o-aminophenols e.g., 46 and 47, while H,O, oxidation gave cysteic acid (48) in
10% yield (156). When heated in HCl or HI, it yielded 4-amino-3-hydroxy
phenylalanine (69), benzothiazole (49), and the corresponding isomers 71 and 50
(156,157). From the HI reaction products, the benzothiazole amino acid 70 and
isoquinolines 51 and 52 were isolated as dimethylethers (/59).

COOH COOH
HOZS NW
OH NH 2 NH 2
NH, OH HN
(46) (47) (48) (49)
OH
COOH
\ COOH
HoN
COOH
(50) (51) (52)

On KMnO, oxidation, the pigment gave, in addition to various thiazolic
and pyridine acids e.g., 53, 54, 55, 56, 57, and 58, a larger fragment, identified as
the polyacid 59 (160-162). Isolation of 59 suggested the presence of a chromo-
phoric system like 60 in the pigment polymer, containing tetrahydroiso-
quinoline, benzothiazole, and possibly 1,4-benzothiazine units substituted at
the 3-position. Other phaeomelanin fractions (2-4) studied (/63) gave a similar
pattern of degradation products, indicating that they have the same general
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structure, but differ in molecular size and sequence of various structural units
in the polymer chain.
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Although the presence of 1,4-benzothiazine units in the gallophaeomelanins
is generally accepted and is supported by biomimetic studies, the concepts of other
units in the pigment polymers are questionable and require more investigation
(104). The characterization of protein-containing gallophacomelanin fractions
(2-4) by isoelectric focusing and amino acid analysis, etc. have yet to reveal definite
answers (/64).

2. Trichochromes

Trichochromes are derivatives of Az’zr-bi-(ZH-l,4-benzothiazine), which
contains a double conjugated system —S—C=C—-C=N-, not previously known in
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Figure 9. Structures of selected trichochromes.

natural products. The pigments so far identified from natural sources are
trichochromes B (61), C (62), E (65), and F (66), shown in Fig. 9. A number of
useful reviews on the trichochromes are available (/04,165,166). In acid solution,
trichochromes E and F produce the mesomeric cation 67.

Trichochrome C, on treatment with HI and red phosphorus, undergoes
reductive cleavage of the chromophore resulting mainly in the benzothiazinone
amino acid 68 and 4-amino-3-hydroxy phenylalanine (69), along with smaller
amounts of the benzothiazole amino acid 70 (/67). Under similar conditions,
degradation of trichochrome B with HI and red phosphorus gives an isomeric
mixture of 69 and 71. Thus, trichochromes B and C differ only in the position of
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one alanine side chain on the A%*?’-benzothiazine ring system, which is fully
consistent with the biosynthetic studies (/68).
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Kaul (169) synthesized the basic chromophore of trichochromes B and C,
i.e., 74, by condensing o-aminothiophenol (72) with mucochloric acid (73).
However, the stereochemistry of the A%? -benzothiazine skeleton in the tricho-
chromes has not been defined.

3. Biosynthesis of Phaecomelanins

From the discussion stated so far, it appears that the eu- and phaecomelanins
and the trichochromes are biogenetically related, originating from a common
precursor, i.e., tyrosine (74,78,170). The amount and type of products in the overall
reaction pathways depend on the reactivity of the nascent dopaquinone as affected
by the genetically controlled biochemical environment of the melanocytes (9,70).
Thus, the biosynthesis of eumelanin in vivo or in vitro, involves a sequence of
oxidation steps, cyclization of dopaquinone, rearrangement of dopachrome, and
polymerization of 5,6-dihydroxyindole.

On the other hand, the presence of available sulfydryl compounds, such as
cysteine (/71), in melanocytes involves the rapid interaction between nascent
dopaquinone and these sulfur compounds, which twists the normal course of
melanogenesis toward the formation of sulfur-containing pigments. In support of
this mechanism is the classical observation by Cleffman (/72) that in tissue culture,
phaeomelanin-forming melanocytes produce only a black pigment, but revert to
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phaeomelanin production when sufficient GSH or cysteine is added to the nutrient
medium. The reddish-brown pigment obtained in the in vifro experiment, on
analysis showed close similarity with gallophaeomelanins. When the oxidation was
stopped after a short time by acidification, the pale yellow solution turned violet in
a few minutes, and a small, but significant, amount of trichochromes E and F were
obtained (173).

In another experiment, the formation of cysdopa was studied under
biomimetic conditions (/74). The reaction mixture, after chromatographic
separation, gave, in addition to 2- and 5-cysdopa (75) and (76), a small amount
of the 6-isomer 77, and a diadduct identified as 2,5-dicystein-S,S-yldopa (78) in the
ratio 14:74:1:5, which is consistent with their relative contribution in the
biosynthesis of the natural pigments. The identification of these intermediates
also supports the intractable and heterogeneous nature of the pigment polymer.
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An alternative pathway that has also been considered, involves the reaction
of dopaquinone with glutathione a (GSH) followed by enzymatic hydrolysis of the
corresponding adducts (Fig. 10), i.e., glutathionyldopas (GSH dopas) to cysdopas
(175,176). The enzymes necessary for this transformation, i.e., y-glutamyltransfer-
ase and peptidase, are widespread in biological systems and have been detected in
malignant melanoma (/75,177). Moreover, both 5-cysdopas and 5-GSH dopas
have been found in melanoma tissue (/78).

Which of the two possible pathways is operative in vivo has not yet been
assessed. GSH is by far the most abundant sulfydryl compound in cells, which
points to an important role of GSH dopa in the biosynthesis of cysdopas (7/79).
According to Ito et al. (180), tyrosinase-catalyzed cooxidation of dopa and GSH
proceeds in a similar fashion as with cysteine. On the other hand, the presence of
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Figure 10. Enzymatic conversion of 5-glutathionyldopa to 5-cysdopa (75).

cysdopa and not GSH dopa in the pigmented tissues accounts for the direct
addition of cysteine to dopaquinone.

Homogeneous synthetic phacomelanins are accessible through oxidation
of a single isomer, such as 5-cysdopa, under biologically relevant conditions (/87).
It has been suggested that the corresponding o-quinone 79 undergoes
intramolecular cyclization of the amino group onto the carbonyl carbon to form
an unstable quinoneimine 80 intermediate; this can either give rise to the
dihydrobenzothiazine (81) by redox exchange with the starting material, or undergo
rearrangement, with or without decarboxylation, to give the corresponding 1,4-2H-
benzothiazines 82, and 83 (Fig. 11). Which of the products predominates depends
on number of parameters such as pH, oxygen tension, and the presence of metal
ions (/82).

After the formation of the 1,4-benzothiazines, very little is known about the
fate of this intermediate in the later stages of the in vitro biosynthesis of
phaeomelanin. Radiotracer studies (/83) and model experiments (/84) suggest
that the reaction probably proceeds via an enamine—imine type condensation of the
1,4-benzothiazine-ring system.

Prota and coworkers (/85) reexamined the enzymatic oxidation of
5-cysdopa in phosphate buffer at pH 6.8 and found rapid and almost quantitative
conversion to the dihydrobenzothiazine (81), after which the reaction proceeded
smoothly giving a discrete number of oligomeric products. Two of these were
isolated and identified as two diastereoisomers with the gross structure 84.
Compound 84 is the first product obtained beyond the benzothiazine stage in the
biomimetic synthesis of phacomelanins, though its exact role in the formation of
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Figure 11. Oxidative conversion of 5-cysdopa to 1,4-benzothiazinylalanines.

pigment polymer is still not known. It is noteworthy, however, that 84 is unstable in
acid solution and rapidly gives rise to the violet trichochrome F (66).
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IV. Investigations of Melanins by Physical Methods

A. ULTRAVIOLET AND INFRARED SPECTROSCOPY

Melanins have been studied by UV and IR spectroscopic methods, but no
significant results have been obtained in elucidating the structure of the pigment
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polymer. The high insolubility of natural melanins and the scarce solubility of the
synthetic one produce problems of scattered light which prevent the normal course
of light absorption. In the visible range, the spectrum of melanin shows high
absorption, but no definite bands. The absorption increases toward shorter
wavelengths in the UV. Solid films of eumelanins show spectra even less resolved
(186). According to Wolbarsht et al. (187), the absorbing and scattering properties
of melanin particles have a light-trap role in vitro and their hypothesis provides a
model of the overall optical properties. The proposed absorption mechanism of
melanin as an amorphous semiconductor (/88), with phonon coupling to an excited
electronic state, helps to explain the efficient absorption of internally scattered light.

The IR spectra of melanins show absorption bands as expected in aromatic
substances, but line-broadening and overlapping prevents a detailed interpretation.
However, using very dilute KBr pellets, Bridelli er al. (189) obtained fairly good
results in the fingerprint region. The protonation and deprotonation of titrable
groups at different pH, thus monitoring the binding of iron to various chelating
groups has been studied by this method. Moreover, a comparative study of the
natural and synthetic melanins has been possible by this method (/89-191).

B. NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

3C-NMR has been widely used to study the structural features of both the
synthetic and natural melanins. Chedekel et al. (/92) used this technique to
investigate the conversion of labeled L-dopa and 5,6-dihydroxyindole (DHI) to
melanin. The '*C-NMR of enzymatically produced melanin, has shown the
benzylic carbon of L-dopa as the C-3 carbon in the DHI (or its carboxyl derivative)
repeating unit. In the melanin produced by autooxidation, the C-3 carbon appears
both as pyrrole-like and a carbonyl carbon. Eumelanins produced in a similar way
from DHI show no carbonyl carrying structural units. These results suggest that the
positions 4 and 7 of the indole moiety are involved in the polymerization process
leading to melanin. Aime and Crippa (/93) showed that the spectral features can
differentiate samples according to their various sources and that different
functionalities present in eumelanins can be identified.

C. X-RAY DIFFRACTION STUDIES

Previous X-ray diffraction studies on melanins have revealed evidence of
only a short-range order in the arrangement of indole units, which are stacked upon
one another to form a n-complex, with an average interlayer spacing of about 3.4
A. Tt has been assumed that these units are members of different polymer chains or
distant members of the same chain (/94). Albanese and coworkers (795)
reinvestigated this subject using a new diffraction technique which has an
extremely high energy resolution (AE/E-10") and provides both detailed
structural and dynamic information. The spectra show a broad-structured peak
arising mainly from interlayer distances and a second peak due to intermolecular
distances. The hydrated state of the pigment polymer affects the X-ray diffraction
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curve and is responsible for the inelastic part of the spectrum. The net radical
distribution function deduced from the elastic part shows the atomic distribution of
the melanin structure, a typical layered structure with large anisotropics in the
bonding forces. The X-ray diffraction curve for lyophilized melanosomes appears
similar to that obtained for a synthetic melanin (/96). A recent study with synthetic
DHI-melanin indicates the presence of a pentameric structure with DHI units being
linked at the 4- and 7-positions, and twisted in a helix with a 180° repeat at each
end (197).

D. MOSSBAUER SPECTROSCOPY

The ion-exchange capability of various melanins allows binding of the >’Fe
isotope, the most common probe used in Mossbauer spectroscopy. Natural sepia
and bovine eye melanins, as well as synthetic D,L-dopa melanin, have been studied
by this method (790,798). From the results, it has been suggested that all melanins
occur in the form of very small paracrystalline particles with a broad-size range and
showing a superparamagnetic behavior.

E. ELECTRON SPIN RESONANCE SPECTROSCOPY

Eumelanins were the first biological molecules studied by ESR spectro-
scopy. Commoner and coworkers (/99) detected ESR signals in melanin and
concluded that the paramagnetism was due to free radicals trapped in the pigment.
Considerable attempts were made to correlate the free-radical properties with
some alleged functions of melanins in the physiology of vision and in
photoprotection (200).

1. Characteristics of the ESR Spectra

Both natural and synthetic eumelanins exhibit a similar type of ESR
spectrum, including a single, slightly asymmetrical signal with a linewidth of about
4-6 G and a g-value close to 2.004. The spin concentration is within the range of
4-10 x 10" spins/g, and no hyperfine coupling is detected. The presence of residual
protein in natural melanin does not influence the ESR lineshape or intensity.
However, the effect of temperature on paramagnetism (20/) influences the spin
concentration and linewidth in the spectra, indicating temperature-dependent
equilibria between diamagnetic groups (quinone, hydroquinone, etc.) and their
paramagnetic counterparts (biradicals, semiquinone radicals, etc.).

Semiconductor models and charge-transfer complexes through the stacked
monomer units of the eumelanin polymer have been proposed for these organic
radicals by some authors (202,203), while most workers support Blois’s
interpretation that the paramagnetism is due to a small fraction of semiquinonoid
units deeply trapped into the polymer (204). The concentration of melanin radicals



376 CHAKRABORTY AND ROY

can be varied reversibly with experimental conditions, e.g., alkaline pH, metal
complexation.

The ESR spectra of phaeomelanins are quite different, exhibiting a triplet
with g =2.0052, a value typical of immobilized radicals with hyperfine splitting due
to nitrogen. Experiments were carried out with cysdopa-melanins (205) at various
pH values in D,O and in the presence of metal ions, and a comparative study of
natural melanins and synthetic melanins was made. The ESR spectral analysis
supports the view that natural phaeomelanins are copolymers of dopa- and
cysteinyldopa-derived monomers (/76).

2. Effect of Light on Free Radicals

When melanins are irradiated with UV and visible light, an increased
population of free radicals is generated, which has been detected by ESR
spectroscopy. A more complex ESR spectrum with a shorter T;, a higher g-value,
and a broader linewidth is produced. The transient free radicals consist of two
components, one characterized by a low yield (ca. 1-2%) and a decay time of a few
seconds, and the other with a decay time of a few milliseconds, that accounts for
about 50% of the signal (206). Under continuous irradiation, the yield of the latter
component is 50-100 times that of the former, and the photoexitation process
shows the characteristics of a singlet—triplet intersystem crossing mechanism. The
presence of reducing agents, e.g., NADH, enhances the production of free radicals.
Photooxidation of the pigment polymer induces the formation of superoxide
anion and H,O, (207). During photolysis of phaecomelanins, biologically active
OH and O,H are produced in concentrations about 100 times higher than in the
eumelanins (208).

V. Synthetic Melanins

Synthetic melanins are obtained by a biomimetic-oxidation reaction using
known precursors. They are named after the compounds from which they are
prepared, e.g., dopa-melanin, DHI-melanin, cysdopa-melanin, etc. There are four
different methods of melanin synthesis: in vitro enzymatic, autooxidative,
electrochemical, and photochemical. Of these, the first two methods have been
used, in general, for the large-scale preparation of melanins, while the latter two,
i.e., electrochemical and photochemical synthesis, have most effectively been used
to study the melanization process.

The exact conditions under which the oxidation occurs are extremely
important, and a minor variation can change the reaction sequence and hence the
structure and properties of the final product. Unfortunately, no standardized
procedure for melanin preparation by any of these methods has been developed so
far. Thus, the melanins obtained by these methods, although they look superficially
alike, are by no means similar, as evidenced by analytical, degradative, ESCA, and
NMR data (12,192,209,210).
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A. ENZYMATIC SYNTHESIS

Catecholamines and related compounds are used as starting materials for
the synthesis of eumelanins and phaecomelanins (/7/2,217). The oxidation reaction
is carried out at optimum pH 6-7 in the presence of mushroom tyrosinase, a
metalloenzyme that carries a coupled, binuclear copper active site (73). The enzyme
activity is assayed by the oxidation of tyrosine to dopaquinone at 280 nm or at
475 nm (212).

Dopa, dopamine, and tyrosine are the most common substrates used in the
preparation of synthetic eumelanins. In a typical experiment, a mixture of 15 ml
solution of enzyme (30 mg enzyme in 100 ml Sorensen’s buffer, pH 7) and 150 mg of
L-dopa (in 500 ml pH 7 buffer) is kept in air at 38 °C. Air is bubbled through the
solution mixture. The melanin formed is separated by filtration, fractional
sedimentation, or more efficiently, by centrifuging (500 to 100,000 g), especially
after acidification (pH < 3.5) (213). The sample is further purified by repeated
resuspension and centrifugation or dialysis (2/4).

The syntheses of phaecomelanins are similarly performed by enzymatic
oxidation of L-dopa or L-tyrosine in the presence of excess L-cysteine at pH 6.8.
The chromatographic separation of the acid-soluble fraction on a Sephadex
column yields four major reddish-brown fractions that are similar to the
phaeomelanins obtained from hair and feathers. 5-S-Cysteinyldopa has been used
as a substrate in some procedures, with a catalytic amount of L-dopa in the
reaction mixture. Enzymatic copolymerization of dopa and 5-S-cysteinyldopa
(in various ratios) led to products with both eu- and phaecomelanin
properties (211).

B. AUTOOXIDATIVE SYNTHESIS

In this method, melanins are obtained by air oxidation of dopa and other
related substrates in alkaline medium (pH > 8). They are named after the bases
used in these syntheses, such as NaOH-melanin, NH;-melanin, etc. (275,216). In a
typical experiment (217), air is bubbled for 3 days through a solution of D,L-dopa
(10 g) in 2 liters of deionized water adjusted with concentrated ammonia to pH 8.
Melanin separates after acidification (pH 2), and is washed with 10 mM HCI and
deionized water. Heavy metal ions such as Cu(Il), Zn(II), or Fe(III), which are
commonly found in pigmented tissues, can accelerate the formation of melanins
by this method (2/8). Palumbo et al. (142) observed that autooxidation of 5,6-
dihydroxyindole-2-carboxylic acid in the presence of Co(III) at slightly alkaline pH
proceeds rapidly yielding a dark-brown melanin.

C. ELECTROCHEMICAL SYNTHESIS

Electrochemical synthesis of melanin is a major outcome of melanin
research since 1980. Different authors have studied this method using various
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Figure 12. Electrochemical oxidation of catecholamines to melanoid pigments.

catecholamines and related compounds as substrates (2/9,220). These studies (279)
have confirmed the validity of the Raper—Mason’s scheme of melanogenesis, and
also provided information regarding the mechanism of the chemical steps that
occur in the early stages of the melanization process, identification of each electron-
transfer process, and determination of the rate constants of the nonoxidative
reactions. The oxidation reactions involved in a typical electrochemical synthesis of
catecholamines are shown in Fig. 12.

Using a selective amperometric detector in combination with liquid
chromatography, the pH effect on the sequence of events that occur during
electrooxidation and the quantitative estimation of catecholamines, have been
studied (227). Thus, the cyclic voltammogram in 1 M HCIO, showed only peaks
corresponding to the catechol-quinone redox couple at pH 6, since the protonation
of the amino group prevents the cyclization steps. At pH 6.36, appearance of new
redox couple indicates the formation of cyclic products, i.e., the respective
dihydroindole derivative, in the reaction mixture. At an even higher pH (> 7.68),
the absence of a cathodic peak suggests the half-life of the corresponding quinone
to be of the order of tens of milliseconds (2/9) and simultaneous darkening around
the anode is considered evidence for melanin formation by electrooxidation. The
overall reaction sequence in the electrochemical process, however, is very slow,
involving only a few monolayers.
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D. PHOTOCHEMICAL SYNTHESIS

Catecholamines are thermodynamically and photochemically unstable
compounds. This phenomenon has been utilized in the synthesis of melanin
photochemically (222,223). Thus, an oxygen-saturated dilute solution of adrena-
line, isoprenaline, and noradrenaline on irradiation (254 nm) gives the
corresponding aminochromes in 65, 56, and 35% yield, respectively (223).
Longer irradiation produces melanins (223). Studies of the action spectrum
confirmed the excited state of the catecholamine as the primary factor in the
transformation processes. N-Substituted catecholamines have been found to react
more rapidly than the corresponding N-unsubstituted ones (223).

Using radiolysis, Thompson et al. (224) found that in the presence of azide
radicals, dopa and cysteinyl dopa yield the unstable semiquinones that
disproportionate into a quinone—quinol complex. The quinones rapidly decay to
more stable products, i.e., dopaquinones produce dopachromes, and cysteinyl-
dopaquinones rearrange to benzothiazine isomers.

Photooxidation of various melanin precursors, e.g., dihydroxyindole, has
been studied to understand the mechanism of the immediate pigment darkening,
i.e., natural skin tanning (225). The experiments are performed both under
physiological conditions (phosphate buffer, pH 7) and in organic solvents, e.g.,
methanol, but no definite conclusions can be drawn from the results obtained.

VI. Physicochemical Properties and Biological Functions of Melanins

Natural melanins, although they hold an image of inert material due to their
high insolubility, structural heterogeneity, and unusual spectral characteristics,
possess some distinctive physicochemical properties of biological significance. For
example, in biological systems, melanin can act as an electron-exchange polymer
capable of protecting a tissue against redox reactions and trapping the free radicals
which could disrupt the metabolism of living cells (200). Melanins thus protect the
skin against the harmful UV radiations (226). Longuet-Higgins described melanin
as a one-dimensional semiconductor with the protons acting as electron traps (227).
In eyes, melanin acts as light screen and strongly resists light adaptation.
Interestingly, unlike other alkaloids, reactions of insoluble melanins are
heterogeneous in character and involve both the surface and the interior of the
melanin particles. Moreover, in living systems, alkaloid molecules diffuse to
receptor sites, while owing to their immobility, melanosomes are targets for
molecules that diffuse toward them (/2). In this section, some of the
physicochemical properties and biological functions of melanin are discussed.

A. USE OF MELANIN FOR DEFENSE

The melanin of sepia is found in the ink sac of the cuttlefish. Aristotle, in his
book “Historia Animalia” mentioned this pigment. According to him (Aristotle,
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315 BC), “instead of intestines molluscs have an organ known as the mytin where a
black is found which is especially abundant in cattlefish; they put forth this black
when frightened, particularly the cattlefish™ (/7). The ink has considerable staining
power, and is alkaline and odorless. When fresh it disperses readily in water and is
partly soluble in alkali, but insoluble in acid. This biological function of melanin
appears to be defensive, but the mechanism is uncertain (228).

B. MELANIN AS A LIGHT SCREEN IN THE EYES

The melanin granules of the eye generate a free radical when irradiated with
visible light. According to Sever et al. the rapid generation of a free radical in light
and its decay in the dark, coupled with the proximity of the melanin granules in the
rods and cones of the eye, suggests that melanin plays a more important role in the
visual process than the mere absorption of stray light (229).

The stimulation of a visual receptor in a vertebrate eye by an intense flash of
light generates a fast electrical response, the early receptor potential (RP). A similar
response in the pigment epithelium—choroid complex (PE-CC) of the eye was
observed by Brown (230), which, unlike the early RP, is photostable and resistant
to light adaptation. The PE-CC consists of the cell layers immediately behind the
retina which are densely pigmented with melanin. Brown concluded from his
experimental results that the photopigment involved in the PE-CC response was
related to the visual pigments contained in myeloid bodies, which are somewhat
similar to the outer segments of the visual receptors found in the PE-CC cells.

Ebrey and Cone (23/) reexamined the phenomenon using isolated PE-CC
layers and found that the amplitude of the major peak of the PE-CC response is
proportional to the energy of the stimulus flash. They also studied the action
spectrum of PE-CC response using whole-eye preparations and found that the
early RP which is photolabile to continuous light, dominates the entire response
recorded in the spectrum, and that the resulting action spectrum corresponds to the
appropriate visual pigments. At the far end of the spectrum, the whole-eye response
changes shape, and its action spectrum levels out and remains unaltered when the
eye is exposed to steady light that fully bleaches the visual pigments. After
bleaching, a new response is observed with a flat action spectrum which is similar to
that obtained from isolated PE-CC. The authors concluded that the photopigments
for these responses absorb all the wavelengths of light equally well and melanins,
present in the PE-CC cells, are primarily responsible for generating at least part of
the PE-CC response. This new electrical response of the PE-CC is, however,
fundamentally different from the early RP which depends on visual pigments.

C. MELANIN AND ITS REDOX FUNCTIONS
One of the most characteristic features of melanins is their ability to

exchange electrons with reducing and oxidizing agents. The processes merely
involve the reversible exchange of two electrons and two protons. Thus, eumelanins
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can act either as electron acceptors or electron donors revealing their existence in
both the oxidized quinone and reduced quinol forms (232).

To examine the changes in the oxidation state of melanins, the ESR
technique has been used extensively, while to determine the concentration changes
of the reagents (oxidants, reductants), spectrophotometric or electrochemical
methods were used. Owing to the presence of carboxyl and phenolic groups (acidic
groups) in melanins, positively charged reagents are found to react much faster
than anions or neutral species, especially in basic media. Thus the slow reaction
with Nitro Blue Tetrazolium is dramatically accelerated in the presence of a
cationic detergent (233). Generally, reduction of both natural and synthetic
melanins results in a lighter color and changes in the ESR spectra (235). The
populations and the role of semiquinone states assumed to be responsible for the
characteristic ESR signal have been evaluated (234,235).

Both reduction and oxidation processes have been found to be biphasic.
Thus, in kinetic studies of the reduction of synthetic D,L-dopa melanin with Ti**
and oxidation with Fe**, respectively, a fast electron-exchange step was followed
by a slow second step (236). The biphasic character of the electron-exchange
processes was interpreted as the difference in the reaction mechanisms involving the
surface and the core of the melanin granules (237).

The electron-exchange properties of melanins have been studied with a
number of reagents in order to understand the electron-exchange mechanism, as
well as the role of the melanin redox properties in biological systems. The processes
have been found to be strongly irradiation dependent (both by visible and UV
light). Thus nitroxide radicals are reversibly reduced by melanins in the dark (238),
and the redox equilibria are altered on irradiation. Similarly, other processes in
living systems (involving NADH, NADPH, and cytochrome) have been found to
be directly linked to the redox properties of melanins (239).

Of particular significance to biological systems is the reaction of melanins
with oxygen, and the effect of external factors on this reaction, e.g., pH,
illumination with visible light, temperature, and catalase, has been studied in detail
(240). Melanins were studied in their native, reduced, oxidized, and methylated
forms, and the reaction was monitored via ESR. The rates of oxygen uptake were,
generally, higher with illumination and over the pH range 5.5-11.9.

D. MELANIN IN THE PHOTOPROTECTION OF SKIN

Melanin can absorb electrons, as has been observed for some cation-
exchange polymers, and its ion-exchange activity plays an important role in the
biological system when skin is exposed to sunlight or ionizing radiation (2417).
Studies on this characteristic property of melanin by different authors revealed
the mechanism of photoprotection and broadened our knowledge regarding
melanin color.
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The absorption spectra of both the eu- and phacomelanins throughout the
UV and visible range, show a monotonic increase of the absorbance with
decreasing wavelength without any distinct absorption peak related to the extended
conjugation of a macromolecular m-electron system (242). To explain this
phenomenon, McGinness and Proctor (/88) propose an amorphous semiconductor
theory which states that melanin is black because the absorbed light is not
reradiated, but is instead captured and converted to rotational and vibrational
energy (photon—photon coupling). The relatively structureless spectrum of melanin
means that such photon capture is available for any energy level from the UV
through the visible and into the IR region. Hence melanin can be considered
“black” not just in the visible region.

On the other hand, Wolbarsht ez al. (187) suggest that melanin acts as a
light trap because it is an efficient light scatterer (multiple scattering of the Rayleigh
type). However, solutions of melanin, which show no evidence of scattering, exhibit
a very similar absorption spectrum (243,244), and this experimental observation
contradicts Wolbarsht’s suggestion. An expression for optical density (OD) derived
from the amorphous semiconductor theory can be stated as follows:

OD!? = KE}*(Z - 1)

where Z equals 1.242/LE, (dimensionless), £, is the optical bandgap in eV, A the
vacuum wavelength in pm, z a dimensionless independent variable, and K a
constant. This relationship appears to hold for both eu- and phacomelanin and can
explain both the above theories.

Photoprotection is believed to be one of the major functions of melanin
pigments (245), but both the localization of the pigment and its mode of action with
light, seem some what inconsistent with the conventional sunscreening functions.
However, melanin can effectively protect skin from sunlight and UV radiation by
a photoinduced chemical reaction, resulting in the consumption of molecular
oxygen (246) or by scavenging active oxygen species (247) such as superoxide anion
and HzOz.

In biological systems, superoxide and H,O, are formed in small quantities
during normal processes and both species produce harmful effects in tissues. While
the cell-defense mechanisms are adequate to remove these active oxygen species
under normal conditions, with exposure to UV light, their concentration increases
(247) and thus the function of melanin as an in situ quencher is important for the
protection of skin. However, with continuous exposure to UV radiation, melanin
itself may become energetically overloaded into a toxic state (248) augmenting the
radiative damage to cells (/2). There exists evidence of phaecomelanin’s role in
sunlight-induced skin cancer (249).

The process of photoinduced interaction of melanin with molecular oxygen is
accompanied by photobleaching (243,244,246). Using ESR measurements, the rates
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of photooxidation of eu- and phaeomelanins have been studied and phacomelanin
has been found to be more resistant toward photobleaching than eumelanin (250).

E. BINDING, COMPLEXATION, AND MEDICINAL ASPECTS OF
MELANIN

Metal cations and organic species carrying positive charge(s), possess a
strong affinity to melanins, and binding occurs through an ion-exchange
mechanism. This characteristic phenomenon has been studied by different authors
to explain the medicinal aspects which may involve affinity and binding of various
molecules to melanins in substantia nigra, in malignant melanoma cells, and in the
toxicity of drugs. For example, a pathological pigmentation often occurs in the skin
of the patients taking large doses of chlorpromazine (257). It has been suggested
that chlorpromazine acts on the autonomic nervous system by blocking the
production of pigment-lightening factors such as melatonin (252). According to
some authors, white light produces free radicals from chlorpromazine and the
formation of a stable charge-transfer complex with melanin is the mechanism of
action for this chemical hyperpigmentation (253,254).

Studies of metal binding by both native and synthetic melanins have
provided data that confirm the ion-exchange properties of melanins and reveal
relative affinities of metals to melanins (255). Thus, similar to other ion exchangers,
affinity for melanin increases with valency of the cation and atomic number of the
element (i.e., Cs™ > Li™; Ba®™ > Mg>"). However, the exceedingly high affinity
found for Pb>" when compared with similar divalent ions suggests the possible
involvement of other factors, though the proteins present in native melanins play
a minor role in the binding of metals (255).

Binding studies, combined with ESR spectroscopy, have revealed the
mechanism of interaction of metal ions with melanins, indicating the formation of
a chelate complex between di- and trivalent diamagnetic metal ions and
o-semiquinone radical centers (2/7). This interaction often results in an increase
of total free-radical concentration. Further, for melanins of different origin, the
binding capacity varies with the number of reactive sites (256).

The cation-exchange mechanism has also been observed in the binding of
organic molecules (mostly bases and often positively charged) with melanins (257).
A systematic structure—affinity study was reported for a series of heterocyclic
compounds and synthetic D,L-melanin (258). Relative affinities measured from
absorption in pH 7 phosphate buffer, showed that the n-electron system, basicity,
and steric factors are the main determining factors for the affinity toward melanin.
These results are consistent with the stability of the charge-transfer complexes
between an organic molecule (as donor) and melanin (as acceptor). This structure—
affinity relationship can be used in the application of drugs which may selectively
target melanocytes (e.g., melanoma cells) or drugs with low toxicity that are not
accumulated in melanin-containing tissues, such as the eyes.
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