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English-%3E

This dissertation comprises two parts, one is the chemistry of natural products dealing with the isolation
and structure elucidation of limonoids and the second part is synthetic organic chemistry dealing with the use
of a stereoselective based-catalyzed Diels-Alder reaction for the synthesis of small biologically active

compound ingredient.

Structural Studies of Tetranortriterpenoids from the Congolese species of Entandrophragma angolense

The extracts of E. angolense, a Meliaceae plant used in African folk medicine against malaria, displayed
considerable antifeedant activity against Spodotera insects. Thus, the plant was selected for further fractionation
of its extracts. The fractionation of the extracts has been carried out using chromatographic methods and
resulted to the isolation of twenty-three compounds. The structure elucidation of these compounds was
performed by spectroscopic methods including mass spectrometry, 1D and 2D NMR. Two compounds are not
limonoids and the remaining ones are limonoids and could be classified as protolimonoid, gedunin, andirobin
and phragmalin compound-types. Sixteen compounds have been found to be new rings and the five known
compounds isolated have been identified as methyl angolensante, methyl 6-acetoxyangolensante,

secomahoganin, 3B-hydroxy-3-deoxycarapin and xyloccensin K.

Efficient Short Step Synthesis of Corey’s Tamiflu Intermediate

Catalysts have been used to facilitate the Diels-Alder reaction and almost catalysts developed are Lewis
acids. Our lab developed a unique base-catalyzed diastereoselective Diels-Alder reaction of pyridone derivative
as diene and electron deficient dienophiles. The unique poly-functionalized bicyclolactam obtained from the
reaction between N-nosyl-3-hydroxy-2-pyridone and ethyl acrylate has been used as building block for the
synthesis of Corey’s Tamiflu intermediate. This synthesis route is short and the production of different
intermediates is simple. Only four chemical transformations and three purification steps are required to obtain

the targeted compound, equivalent to the Tamiflu intermediate from the Diels-Alder adduct.
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Part One : Structural Studies of Tetranortriterpenoids from Congolese Species of Entandrophragma angolense

Introduction

Plant chemicals are often classified as either primary or secondary metabolites. Primary metabolites are
substances widely distributed in nature, occurring in one form or another in virtually all organisms. In higher
plants such compounds are often concentrated in seeds and vegetative storage organs and are needed for
physiological development because of their role in basic cell metabolism. (Examples: carbohydrates, lipids,

proteins...)".

Secondary metabolites are compounds biosynthetically derived from primary metabolites. Contrary to
primary metabolites these compounds are not ubiquitous in the living organisms that produce them nor are they
necessarily expressed continuously. Although plants are better known as a source of secondary metabolites,
bacteria, fungi and many marine organisms (sponges, tunicates, corals, snails) are very interesting sources, t0o.
Secondary metabolites, also known as natural products are not essential for normal growth, development or
reproduction of an organism. In this sense they are "secondary". The function or importance of these compounds
to the organism's development is usually of ecological nature as they are used as defence against predators

(herbivores, pathogens etc.), for interspecies competition, and to facilitate the reproductive processes®.

Secondary metabolites can be classified by their chemical structure or physical properties into one or
more of the following groups: alkaloids, terpenoids, polyletides, aliphatic, aromatic, and heteroaromatic organic
acids, phenols, iridoids, steroids, saponins, peptides, ethereals oils, resins and balsams. The terpenoids constitute
the largest family of natural products derived from C5 isoprene units and one of the typical structures contains

30 carbons in its basic skeleton and it is known as triterpenoid®.

The triterpenoid skeleton may be subjected to a variety of structural modifications. A particular
modification leads to loss of several skeletal carbon atoms. Pre-eminent among such degraded triterpenoids are
the steroids (containing the tetracyclic ring system of lanosterol, but lacking the three methyl groups at C-4, and
C-14), quassinoids (which have lost ten carbons, including one of the C-4 methyls) and limonoids (in which

four terminal carbons from the side chain are removed, tetranortriterpenoids).

Limonoids production is confined to plants in the order of Rutales. In particular, they characterize
members of the family Meliaceae, where they are diverse and abundant. And thus, their presence can be used

. 3
for chemotaxonomic purpose’.

Several preparations from leaves, seeds, stem bark and roots of many plants belonging to the Meliaceae
family have been also widely used in traditional medicine and limonoids are believed to be the most important
active principle of the plants of this family. Indeed, several studies have established a wide range of biological
activities for these compounds, including insect antifeedant and growth regulating properties, a variety of

medicinal effects in animals and humans, and antifungal, bacteriocidal and antiviral activities®.
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Chemically, limonoids have been classified on the basis of which the four rings, designated as A, B, C
and D in the intact triterpene nucleus, have been subjected to oxidative changes which could be also
accompagnied by some molecular rearrangements.

Protolimonoids appear to be biochemical precursors of the limonoids and can have an oxidised side chain,
which may or may not have been cyclised. Ring D-seco compounds (gedunin, III) are commonly found in the
African mahogany plants together with rings B,D-seco compounds. Rings B,D-seco compounds are divided into
4 subgroups depending on whether further transformations have occurred. The first subgroup is having the rings
B cleaved and D oxidatively opened (andirobins IVa). A second subgroup, derived from andirobin by
contraction of ring C (trijuginm IVb) while in the third subgroup a new ring has been formed between C-2 and
C-30 (mexicanolide, IVc). The fourth subgroup observed is the one derived for further modification of

mexicanolide by bridging of ring A (phragmalin, IVd).

During an investigation on antifeedant limonoid compounds from Meliaceae plants, the root bark extract
of Entandrophrama angolense, a plant used in African folk medicine as febrifuge for malarial fever, displayed

considerable activity against Spodotera insects and has been selected for further investigations.

In the past, the very first phytochemical studies of this plant led to the isolation of rings B,D-seco
compounds methyl angolensate (major component)5 and geduniné. Interestingly, the discovery of gedunin in this
plant gave a start to the chemical development of limonoids’.

The protolimonoid entandrolide was isolated from the seeds®. In the last decade, two phytochemical studies
have been reported. One led to the isolation of triterpenoids compounds, 3,23-dioxotirucalla-7,24-dien-21-al,
3,4-secotirucalla-23-0x0-4,7,24-trien-21-al-3-oic acid and 3,4-secotirucalla-23-0x0-4(28),7,24-trien-3,21-dioic
acid (21-methyl ester)’. The other described the isolation of ring A,D-seco compounds 7a-
acetoxydihydronomilin, and  7a-obacunyl acetate, along with  22-hydroxyhopan-3-one,  24-

methylenecycloartenol, tricosanoic acid, methyl angolensate, methyl oleanate and betulinic acid'.

A series of experiments have been carried out on the limonoid constituents of the hexane, ether and
methanol extracts of the root bark of this plant. The extracts were fractionated using mainly chromatographic
methods. Successfully, some limonoids compounds were isolated and their structures have been elucidated by

spectroscopic means. In this dissertation, the results of this investigation are described.

Thus, for a better understanding, the present work is broken up into five chapters. The first chapter
describes the limonoids chemistry with some examples of reported active compounds. The second is a review
exploring the chemistry of the genus Entandrophragma. The third chapter is centered in the description of
material and methods. The fourth chapter is a discussion on the structure elucidation and the fifth and last

chapter summarized results obtained during these studies.
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Chapter I. Limonoids

1.1. Plant chemicals

Plant chemicals are often classified as either primary or secondary metabolites. Primary metabolites are
substances widely distributed in nature, occurring in one form or another in virtually all organisms. In higher
plants such compounds are often concentrated in seeds and vegetative storage organs and are needed for
physiological development because of their role in basic cell metabolism. (Examples: carbohydrates, lipids,

proteins...)".

Secondary metabolites are compounds biosynthetically derived from primary metabolites. Contrary to
primary metabolites these compounds are not ubiquitous in the living organisms that produce them nor are they
necessarily expressed continuously. Although plants are better known as a source of secondary metabolites,
bacteria, fungi and many marine organisms (sponges, tunicates, corals, and snails) are very interesting sources,
too. Secondary metabolites, also known as natural products are not essential for normal growth, development or
reproduction of an organism. In this sense they are "secondary". The function or importance of these compounds
to the organism's development is usually of ecological nature as they are used as defence against predators

(herbivores, pathogens etc.), for interspecies competition, and to facilitate the reproductive processes'~.

Secondary metabolites can be classified by their chemical structure or physical properties into one or more
of the following groups: alkaloids, terpenoids, polyletides, aliphatic, aromatic, and heteroaromatic organic acids,
phenols, iridoids, steroids, saponins, peptides, ethereals oils, resins and balsams. The terpenoids constitute the
largest family of natural products derived from CS5 isoprene units. Typical structures contain carbon skeletons
represented by (CS5), , and are classified as hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15),
diterpenes (C20), sesterterpenes (C25), triterpenes (C30) and tetraterpenes (C40). Many other natural products

such as alkaloids, phenolics, and vitamins contain terpenoid elements in their molecules also.

An unusually complex and flexible reaction mechanism generates these ring systems. In the early 1950s,
Ruzicka and co-workers deduced that all C3oHs0O triterpene alcohols known by that time were biosynthesized
similarly, and they proposed the biogenetic isoprene rule, a set of governing principles that could explain the

biosynthesis of these compounds'".

However isoprene, considered as building block for these compounds, is produced naturally but is not
involved in the formation of terpenoids. The biochemically active isoprene units were identified as the
diphosphate (pyrophosphate) esters dimethylallyl diphosphate (DMAPP) and isopentenyl diphosphate (IPP)
which may be derived by two pathways, by way of intermediaites mevalonic acid or 1-deoxy-D-xylulose 5-

phosphate (deoxyxylulose phosphate)®.
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Terpenoids play diverse functional roles in plants as hormones (gibberellins, abscisic acid), photosynthetic
pigments (phytol, carotenoids), electron carriers (ubiquinone, plastoquinone), mediators of polysaccharide
assembly (polyprenyl phosphates), and structural components of membranes (phytosterols). In addition to these
universal physiological, metabolic, and structural functions, many specific terpenoid compounds (commonly in
the C10, C15, and C20 families) serve in communication and defense, for example, as attractants for pollinators
and seed dispersers, competitive phytoxins, antibiotics, and herbivore repellents and toxins. Terpenoids
available in relatively large amounts as essential oils, resins, and waxes are important renewable resources and
provide a range of commercially useful products, including solvents, flavorings and fragrances, adhesives,
coatings, and synthetic intermediates. Members of the terpenoid group also include industrially useful polymers
(rubber, chicle) and a number of pharmaceuticals (artemisinin, taxol) and agrochemicals (pyrethrins,

azadirachtin)lz.

Mevalonic acid Deoxyxylulose phosphate

N
)\AOPP )\AOPP

Hemiterpenes (Cs)

Dimethylallyl PP (Cs) Isopentenyl PP, IPP (Cs)
C Monoterpenes (Cyo)
10 Iridoids
IPP—~|
—— Cy5 Sesquiterpenes (Cis)
PP~
Cxo Diterpenes (Cyg)
PP~
Cos Sesterterpenes (Cys)
Cag Triterpenes (Csg)
Steroids (C1g-Ca0) Quassinoids (Cy)
Limonoids (Cyg)
Cuo Tetraterpenes (Cyg)

Carotenoids

Scheme 1. Terpenoid groups

The triterpenoids are a large and structurally diverse group of natural products derived from squalene or

related acyclic 30-carbon precursors.

As a general mechanism of production of triterpenoids, all-trans squalene or oxidosqualene is activated by
cationic attack. A cascade of cation-olefin cyclizations then generates a cyclic carbocation, which can rearrange
and cyclize further. Antiperiplanar shifts terminated by proton loss then yield a neutral species. Scheme 2

depicted the formation of a bicyclic triterpenes compounds'".
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Several decades of research have refined the biogenetic isoprene rule. Extensive efforts in natural product
isolation provided numerous additional triterpenoids, which consistently had structures that could be
rationalized by the biogenetic isoprene rule, providing further support for these guidelines. Consequently,
although the formation of only a minority of triterpenoid ring systems has been experimentally investigated,
enzyme-mediated cyclization of squalene or oxidosqualene under the biogenetic rule is the most credible origin
of these triterpenoids. The biogenetic isoprene rule predicts product structures so consistently that the
plausibility of a newly assigned structure can be assessed based on whether its formation can be deduced

. . 11
according to the isoprene rule” .

Squalene

direct
O@MW\Y cyclization
Y/

oxidosqualene

Scheme 2. Cyclization of oxidosqualene to form bicyclic compounds

Triterpenoids display well over 100 distinct skeletons. Most are 6-6-6-5 tetracycles, 6-6-6-6-5 pentacycles,
or 6-6-6-6-6 pentacycles, but acyclic, monocyclic, bicyclic, tricyclic, and hexacyclic triterpenoids have also

been isolated from natural sources.

The triterpenoid skeletons may be subjected to a variety of structural modifications. A particular
modification leads to loss of several skeletal carbon atoms. Pre-eminent among such degraded triterpenoids are

the steroids (containing the tetracyclic ring system of lanosterol, but lacking the three methyl groups at C-4, and
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C-14), quassinoids (which have lost ten carbons, including one of the C-4 methyls) and limonoids (in which

four terminal carbons from the side chain are removed, tetranortriterpenoids)”.

Limonoids production is confined to plants in the order of Rutales. In particular, they characterize
members of the family Meliaceae, where they are diverse and abundant. A more limited range of structures is
found in the families Rutaceae and Cneoracea. In the family Simabouraceae, only Harrisonia abbysinica is
known to produce limonoids, although other species commonly contain the biosynthetically related

L3
quassinoids .

Currently limonoids are under investigation for a wide variety of therapeutic effects such as antiviral,

antifungal, antibacterial, antineoplastic and antimalarial. They also show effectiveness as insecticides.

1.2. Limonoids

1.2.1. Definition

Limonoids are derived from tetracyclic triterpenes similar to euphol (H-20B) or tirucallol (H-20a) by a
series of oxidative changes, interspersed with molecular rearrangements. In the course of these changes, the side
chain is oxidized eventually to a -substituted furan ring by the loss of four carbon atoms; hence an alternative

name, tetranortritepenoids with 4,4,8-trimethyl-17-furanylsteroidal skeleton.

Protolimonoids appear to be biochemical precursors of the limonoids. Protolimonoids that have an
oxidized side chain, which may or may not have been cyclised, have either a double bond between C7 and C8,
or have undergone an apo-euphol rearrangement to give a methyl group at C-8 and a C-14, C-15 double bond,

or are intermediate as in the glabretal-type compounds which have a C-13, C-14, C-18 cyclopropane ring'*.

Limonoids show a high degree of structural variation which can easily be rationalized by simple

biogenetic arguments.

1.2.2. Biosynthesis of limonoids

Limonoids are thought to arise from euphol (H-20f) or tirucallol (H-20a). The stereochemistry of the
precursor is unknown. Most quassinoids and C30 triterpenes in the Rutales have the C-20 (R) configuration,
suggesting tirucallol as the precursor, it was found that in Azadirachta indica leaves the C-20(S) euphol is
converted to the limonoid nimbolide more efficiently than is tirucallol. According to the generally accepted
scheme, the double bond between C-7/C-8 is epoxidized to a 7-epoxide, which is then opened inducing a
Wagner-Meerwein shift of Me-14 to C-8, formation of the OH-7, and introduction of a double bond at C-14/C-
15. Subsequently, the side chain is cyclized with the loss of four carbons to form the 17p-furan ring (Scheme 3).

That the latter step is accomplished after the formation of 4,4,8-trimethylsteroid skeleton is indicated by the


http://en.wikipedia.org/wiki/Insecticide
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occurrence of several protolimonoids, 4,4,8-trimethylsteroid compounds with an intact C-8 side chain, such as

meliantriol and melianone'”.

Dammarenyl cation

3;
O&%ﬁﬁ 7{’“\”‘/ o HO%HJ / ~ ko

chair - chair - chair - boat
Squalene oxide

Sequence of Wagner-Meerwein 1,2-hydride
and 1,2-methyl shifts terminated

by loss of proton
“‘M’-/
: aH

H
HO@% -~
7 ;\/\[

Euphol (20R)
Tirucallol (20S)

Allylic
isomerization

Opening of epoxide ring
generates tertiary cation
and initiates 1,2-shift,

loss of proton gives alkene

Butyrospermol

Wagner-Meerwein
1,2-methyl shift HO

Apo-euphol (20R)
Apo-tirucallol (20S)

ey |

-4C

Cleavage of 4 carbons from
side-chain and formation of
furan ring as indicated

Limonoids

Scheme 3. Biosynthesis of limonoids (modified from ref. 2)

The specialization of the basic limonoid skeleton through oxidations, ring-opening and rearrangements,

and cyclizations lead to the structural diversity of limonoids. Limonoids are classified according their chemical

structure.
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1.3. Classification of limonoids

Taylor classified compounds from the Meliaceae into protolimonoids and nine classes of limonoids based
on which of the four rings, designated as A, B, C,and D in the intact triterpene nucleus have been

oxidatively opened *
In a review on the chemistry of Meliaceae, Mulholland added two further subgroups the trijugins and
entilins and the carapolide group, and modified the criterion for grouping compounds into the phragmalin group.

The relationship between the groups is shown in Scheme 4'°.

Table 1. Classification of Protolimonoids and Limonoids

Class Group Side chain Ring A Ring B Ring C Ring D
| Protolimonoids intact Usually intact Intact Intact Intact
1 Havenensin Furan Intact Intact Intact Intact
111 | Gedunin Furan Intact Intact Intact Lactone
IVa | Andiborin Furan Intact Open Intact Lactone
IVb | Trijugin Furan Intact Open Contracted | Lactone
IVc | Mexicanolide Furan Intact Opened and recyclised Intact Lactone
Opened and recyclised
IVd | Phragmalin Furan Intact with C-4, C-29, C-1 Intact Lactone
bridge
IVe |Entilin Furan Modified Cleavageb(;fn((i—% -10- Intact Lactone
V | Methyl ivorensate Furan Open or Lactone Open Intact Lactone
VI | Obacunol Furan Open or Lactone Intact Intact Lactone
VIl | Nimbin Furan Intact Intact Open Intact
VIl | Toonafolin Furan Intact Open or Lactone Intact Intact
IX | Evoludone Furan Open or Lactone Intact Intact Intact
X | Prieurianin Furan Open or Lactone Open Intact Intact
Xla | Carapa spirolactone Furan Contracted Intact Intact Intact
Xlb | Carapolide Furan Contracted Cleavageb(;fn((jl—% C-10- Intact Lactone
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1.4. Biological activity of limonoids

1.4.1. Antimalarial activity

More recently only, limonoids have been investigated for their antimalarial activity. Up to now, the most
potent antimalarial limonoid to be reported is gedunin which was isolated from several Meliaceae plants used to

treat malaria in folk medecine.

22 species of Meliaceae extracts were examined for antimalarial activity using in vitro tests with two
clones of Plasmodium falciparum, one sensitive to chloroquine (W2) and one chloroquine-resistant (D6).
Among the active extracts, Cedrela odorata wood and Azadirachta indica leaves were recorded. These plants
contained the limonoid gedunin. The purification and antimalarial assessment of gedunin against the W2 and D6
clones showed that it was more effective against the W2 clone than the D6 clone (the respective ICsq are 20 and

39 ng/ml). And gedunin had better activity than chloroquine against the W2 clone'®.

The crude extract from the bark and seeds of Khaya grandifoliola was active in vitro against the
chloroquine-resistant Plasmodium falciparum W2/Indochima clone isolates with an ICsy value of 13.23 pg/ml.
The purification of the extract yielded seven limonoids: methyl angolensate, methyl 6-hydroxyangolensate,
gedunin, 7-deacetylkhivorin, 1-deacetylkhivorin, swietenolide, and 6-acetylswietenolide. The determination of
the antimalarial activity of these compounds gave respectively the following ICs 5.34, 21.59, 1.25, 5.08, 9.63,
18.56 and 7.46 pg/ml while the ICs of chloroquine was 0.61. Methyl angolensate, gedunin, 7-deacetylkhivorin,
1-deacetylkhivorin and 6-acetylswietenolide exhibited moderate antimalarial activity (with 1Csy values between

1.25 - 9.63 pg/ml) while the remaining two compounds showed weak activity (ICso = 10 — 50 pg/ml)"”.

OAc
R = OH; swietenolide R = H; methyl angolensate
R = COOCHS5; 1-deacetylkhivorin R = OH; methyl 6-hydroxyangolensate

AcO"

R4 = OH, R, = COOCHs3;; 7-Deacetylkhivorin
R, = COCCHj;, R, = CH; 1-Deacetylkhivorin

10
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Following a veterinary and behavioral survey of chimpanzees from a natural population in Uganda, leaf
samples of Trichilia rubescens were collected because of the unusual method of ingestion observed. The
methanolic crude extract of T. rubescens leaves exhibited significant antimalarial activity in vitro with an ICso =
12 pg/ml against intraerythrocytic asexual forms of P. falciparum. The chloroquine-resistant strain FcB1 of P.
falciparum (ICso of chloroquine = 62 ng/ml). Bioassay directed fractionation provided two limonoids,
trichirubines A and B. Trichirubine A exhibited a significant antimalarial activity with an IC5y = 0.3 pg/ml

while the isolated amount of trichirubine B did not allow the evaluation of its antimalarial activity'®.

trichirubine A trichirubine B nimbolide

Nimbolide, a limonoid isolated from the leaves of Azadarichta indica inhibited the growth of P. berghei in
vitro with EDso = 2.0 uM"’. The presence of the conjugated system on ring A seems to be critical for the

antimalarial activities.

1.4.2. Antiviral activity

Limonin and nomilin have been reported for their antiviral activity. These terpenoids inhibited the HIV-1
replication in culture of human peripheral blood mononuclear cells and on monocytes/macrophages (ECsg
values: 60.0 uM and 52.2 uM, respectively). They inhibited also at all concentrations studied the production of
HIV-p24 antigen even when the peripheral blood mononuclear cells employed were chronically infected (ECs
values of 61.0 uM for limonin and 76.2 uM for nomilin). Regards the mechanism of action, limonin and nomilin

inhibit in vitro HIV-1 protease activity*’.

Clausenolide-1-ethyl ether is a limonoid isolated from ethanol extract of rhizomes of Clausena excavate
(family Rutaceae), exhibited HIV inhibitory activity in 1A2 cell line in syncytium assay with an ECs value of
3.44 X 107 M, while having a much lower cytotoxicity, i.e. an ICsy value 5.48 X 10* M for inhibition of
tetrazolium conversion to formazan. This compound was also tested using a reverse transcriptase assay. It was
found that the compound, at 200 pg/mL, inhibited <30% HIV-1 reverse transcriptase activity. It was concluded
that its anti-HIV-1 activity is probably not due to inhibition of reverse transcriptase, but rather to inhibition at

other stages in the replication cycle of HIV-1%'.

11
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28-deacetylsendanin (28-DAS), a compound purified from the fruit of Melia azedarach exerted an
antiviral effect on herpes simplex virus-1 (HSV-1) in Vero cells. The 50% inhibitory concentration (ICsg) of 28-
DAS was 1.46 ng/ml without cytotoxicity at 400 pg/ml on Vero cells. 28-DAS inhibited the replication of HSV-
1, reduced the synthesis of HSV-1 TK, and led to the formation of defective nucleocapsidszz.

The limonoid 1-cinnamoyl-3,11-dihydroxymeliacarpin, isolated from the leaves of Melia azedarach,
inhibits vesicular stomatitis (VSV) and herpes simplex (HSV-1) viruses multiplication in vitro when added after
infection with low cytotoxicity. It showed an ICs, values of 6 uM and 20 uM for vesicular stomatitis (VSV) and

herpes simplex (HSV-1) viruses, respectively™.

nomilin clausenolide-1-ethyl ether

-H 5

28-deacetylsendanin 1-cinnamoyl-3,11-dihydroxymeliacarpin

1.4.3. Cell adhesion inhibition

In the course of search fro natural that inhibit cell adhesion, the extract from the root of Trichilia rubra
was identified as having potent inhibitory activity in a bioassay for lymphocyte function associated antigen-1 to
intercellular adhesion molecule-1 (LFA-1:ICAM-1) mediated adhesion of JY and HeLa cells, developed and
automated in-house for large throughput screening. The bioassay fractionation of the dichloromethane extract
led to the isolation of seven bioactive compounds: rubrin A-G with hemiortho ester A-ring. These compounds
exhibited potent inhibitory activity in the LFA-1:ICAM-1 mediated cell adhesion assay with ICsy values 10-25
nM and showed no cytotoxicity at concentration up to 20 uM in either a 5-hour or 24-hour tritieted thymidine
uptake assay or on MTT assay. The presence of the unique hemi ortho ester A-ring is crucial to potency. Indeed,
the inhibitory activity of the closest structurally related prieurianin and epoxyprieurianin were 10-20 uM while
the more distantly related displayed no activity up to 20 pM.

Cell adhesion inhibitors may have therapeutic potential as anti-inflammatory and antimetastatic agent524.

12
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1.4.4. Antitumour

A series of methoxymeliacarpinins derivatives isolated from Melia azedarach were tested for their
cytotoxic activity against the P388 lymphotic leukemia cells. The following ICsy values 100, 48.0, 47.0, 10.5
and 1.5 were exhibited respectively by compounds 1-tigloyl-3,20-diacetyl-11-methoxymeliacarpinin, 3-tiglyol-
1,20-diacetyl-11-methoxymeliacarpinin, 1-deoxy-3-methacrylyl-11-methoxymeliacarpinin, 1-cinnamoyl-3-
acetyl-11-methoxymeliacarpinin and 1-cinnamoyl-3-hydroxy-11-methoxymeliacarpinin. 1-cinnamoyl-3-
hydroxy-11-methoxymeliacarpinin showed significant cytotoxicity while in its acetate (1-cinnamoyl-3-acetyl-
11-methoxymeliacarpinin), the activity decreased”. This suggests that the acetylation, might be the cause of

decrease of activity.

However 1-tigloyl-3,20-diacetyl-11-methoxymeliacarpinin and 3-tiglyol-1,20-diacetyl-11-
methoxymeliacarpinin are also C-20 acetate and their cytotoxicity is almost zero, they are also acetylated
methoxymeliacarpinins derivatives of 1-tiglyol-3-acetyl-11-methoxymeliacarpinin and 3-acetyl-3-tiglyol-11-

methoxymeliacarpinin which exhibited ICso of 3.2 and 3.3 pg/ml.

A Dbioassay guided isolation of extraction from Melia azedarach led to isolation of five cytotoxic
tetranorterpenoids. These compounds which have the characteristics of sendanin and azedarachtin types,
exhibited significant inhibition of P388§ cells in vitro. The three sendanin-type limonoids 29-isobutylsendanin,
12-hydroxyamoorastin and 29-deacetylsendanin exhibited strong cytotoxic activity against P388 lymphocytic
leukemia cells with the ICsy of 0.034, 0.090 and 0.026 pg/ml respectively. The azadarachtin type compounds 1-
tygloyl-3-acetyl-11-methoxymeliacarpinin and 1-acetyl-3-tiglyol-11-methoxymeliacarpinin have ICsy = 3.2 and
3.3 ug/ml respectively. It was also notice that the acetylation of 1o or 7a-OH of 12-hydroxyamoorastin

decreased the cytotoxic activity while the acetylation of both positions led to the loss of the cytotoxicityzé.

13
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Aphanastatin, a limonoid isolated from the CH,Cl, soluble part of the water extract of the seed of
Aphanamixis grandifolia. This compound inhibited the growth of the murine lymphocytic leukemia P388 with
an EDsy = 0.065 pg/ml*’.

Amoorastatin, isolated from the same extract has even a greater cells growth inhibitory effect with EDsy <

0.001 pg/ml*.

R; = OTig, Rz = Rz = OCOCHs; 1-tigloyl-3,20-diacetyl-11-methoxymeliacarpinin, Ry = OTig, Rs = OCOCHjs; 1-tygloyl-3-acetyl-11-methoxymeliacarpinin
Ry = Ry = OCOCH5, Rs = OTig; 3-tiglyol-1,20-diacetyl-11-methoxymeliacarpinin, Ry = OCOCHSs;, R; = OTig; 1-acetyl-3-tiglyol-11-methoxymeliacarpinin
Ry = OCin, Rz = Ry = OH; 1-deoxy-3-methacrylyl-11-methoxymeliacarpinin,

Ry = H, R; = OCOC(CHj3), Ry = OH; 1-cinnamoyl-3-acetyl-11-methoxymeliacarpinin and

Ry = OCin, Ry = OCOCHSs, R3 = OH; 1-cinnamoyl-3-hydroxy-11-methoxymeliacarpinin.

9
OR N

AcO’
R2 R3
Ry = COCHs, R; = Isobutyryl, R5 = H; 29-isobutylsendanin Ry =H, Ry = OH, R; = H, Ry = OH; amoorastatin
Ry =H, R;=0H, R; = H (or Rz = H, R3 = OH); 12-hydroxyamoorastatin R; = OH, R; = OAc, Rz = OH, R4 = OCOCH(CH3)CH,CHs; aphanastatin

Ry = COCH3, R; = OH, R3 = H (or R; = H, R3 = OH); 29-deacetylsendanin

Three  cytotoxic  limonoids  12-hydroxyamoorastatone,  12-hydroxyamoorastatin  and  12-
acetoxyamoorastatin were isolated from the stem bark of Melia azedarach var Japonica. These compounds were
significantly cytotoxic to human tumour cell lines of A-549 (human lung adenocarcinoma), SK-OV-3 (human
ovarian adenocarcinoma), SK-MEL-2 (human malignant melanoma), XF-498 (human CNS carcinoma) and
HCT-15 (human colon adenocarcinoma). The EDs, values observed are 9.2 x 10'1, 13.7, 3.8 x 10'1, 20and 1.6
pgml™ for 12-hydroxyamoorastatone; 4.0 x 107, 2.5 x 10™, 1.0 x 107, 2.0 x 107 and 8.0 x 107 pgml™ for 12-
hydroxyamoorastatin and 1.0 x 10% 2.0 x 102, 7.0 x 10® 7.0 x 10 and 4.0 x 107 pgml” for 12-
acetoxyamoorastatin for A-549, SK-OV-3, SK-MEL-2, XF-498 and HCT-15 respectively.

12-hydroxyamoorastatone was less active, suggesting that the 14,15B-epoxide is an important factor for

cytoxicity. 12-acetoxyamoorastatin is the most active, having EDsy values ranging from 0.0007 to 0.04 pg/ml

which indicates that it has stronger cytotoxic potential than reference antimycin A (EDso = 0.27 — 5.5 pgml™) .
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R = OH; 12-Hydroxyamoorastatin 12-Hydroxyamoorastatone Epoxyazadiradione

R = OAc; 12-Acetoxyamoorastatin

Three limonoids of the neem were found to be toxic to mammalian and insect cell cultures. N1E-115
neuroblastoma (mouse), 143.TK- osteosarcoma (human) and Sf9 (insect) were sensitive to nimbolide,
epoxyazadiradione, salanin and nimbin. The most potent of these limonoids is nimbolide with an ICsy ranging
from 4 to 10 uM and averaging 6 uM for the three cell lines. Other limonoids average ICs, values are
epoxyazadiradione 27 uM, salannin 112 pM, and nimbin, deacetylnimbin and azadirachtin each > 200 uM

(practically nontoxic)™.

Citrus taxa and their hybrids yielded 36 limonoids which are commonly called citrus limonoids. Among,
these limonoids, limonin is known to be the predominant limonoid in all citrus species. However in Citrus

ichangensis, ichangensin is the predominant™'.

Several studies have been carried out especially about the anticancer activity of citrus limonoids. A
number of citrus limonoids were tested for their ability to inhibit the proliferation of MDA-MB-435 ER- and
MCF-7 ER+ human breast cancer cells. In ER-cells, limonin methoxime and deacetylnomilin were the most
effective inhibitors having ICsgs of 0.02 and 0.07 pg/mL respectively. In ER+ cells, deacetylnomilin, obacunone
and methyl nomilinate were the most effective inhibitors of proliferation having ICsgs of 0.005, 0.009 and 0.01

png/mL respectively. These results suggest that citrus limonoids have important anti-cancer activity™.

Citrus limonoids, including obacunol, isolated also from some Meliaceae species, have been found to be
potent inducers of Glutathione S-transferase activity in mice. Glutathione S-tranferase enzymes are one the
major enzyme systems responsible for the removal of complex chemical waste including carcinogens from

cell®.

Among the studied citrus limonoids, limonin and nomilin have been showed to inhibit the development of
carcinogen-induced cancers in a variety of different animal models, including models for stomach, lung and skin
cancer. In the two-stage model for skin carcinogenesis, the data showed that nomilin was more effective as an
inhibitor during the initiation stage of carcinogenesis, whereas limonin was more active during the promotional
phase of carcinogenesis. These data suggested that the two limonoids, although structurally similar, may be

operating by different mechanisms of action™,
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Ichangensin, deoxylimonin and obacunone inhibited the development of 7,12-dimethylbenz[a]anthracene-
induced oral tumors. Using the hamster cheek pouch model, these compounds have been tested for cancer
chemopreventive activity. Ichangensin had no effect on tumor number or burden. In the other hand, obacunone
reduced tumor number and burden by 25 and 40%, respectively, whereas deoxylimonin reduced tumor number
and burden by 30 and 50%, respectively. The data obtained indicated that changes in the A ring of the limonoid

nucleus can lead to loss of anticancer activity, whereas changes in the D ring can be tolerated without any

apparent loss of biological activity>”.

3

ichangensin obacunone deoxylimonin

1.4.5. Antifeedant

Antifeedant activity of the limonoids has been well studied. Azadarachtin and related highly oxidized C-

seco limonoids are known to be the most potent.

Azadirachtin is known to affect over 200 species of insects and mites'’. Azadirachtin exhibits antifeeding
against the larvae of the voracious insects Epilachna varivestis and Spodoptera littoralis with EDsy = 1.7 and <

1 ppm respectively®>. As an insecticide, azadirachtin-based products control more than 400 species of insects™.

The root bark of Melia azedarach yielded an azadirachtin related compound 1-deoxy-3-tigloyl-11-

methoxymeliacarpinin which inhibited completely the feeding of the larvae of Spodoptera exigua at

concentration of 3 ug/cm2(37).

1-deoxy-3-tiglyol-11-methoxymeliacarpinin
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Three meliacarpin having the same ring with azadirachtin were isolated as potent insecticide against S.
littoralis from the leaves of Melia azedarach. The three meliacarpins derivatives, namely 1,3-dicinnamoyl-11-
hydroxymeliacarpin,  1-cinnamoyl-3-methacrylyl-11-hydroxymeliacarpin and  1-cinnamoyl-3-acetyl-11-
hydroxymeliacarpin exhibited an ECsy of 0.57, 0.57 and 0.48 ppm respectively towards the neonate of larvae of

Spodotera littoralis™.

R, = OCin, R, = OCin, R3 = CH3; 1,3-dicinnamoyl-11-hydroxymeliacarpin

R4 = OCin, R, = OCOC(CH5)=CH,, R3 = CHs; 1-cinnamoyl-3-methacrylyl-11-hydroxymeliacarpin
R; = OCin, R, = OCin, R3 = CH3; 1-cinnamoyl-3-acetyl-11-hydroxymeliacarpin

R, = OTig, R, = OAc, R3 = CO,CHa,; azadirachtin

A series of trichilins A-D, isolated from the root bark of Trichilia roka, exhibited also antifeedant activity.
The most potent antifeedants in this group was trichillins B which is active at 200 ppm, followed by trichillin A
at 300 ppm and trichillin D at 400 ppm. The antifeedant test was conducted against the voracious Spodoptera

eridania®.

Nad

trichillin A trichillin B trichillin C trichillin D

1.4.6. Antifungal

The plant Chisocheton paniculatus Hiern, yielded 4 limonoids possessing the intact apo-euphol skeleton,
(1, 2, 3, and 1,2-dihydro-6a-acetoxyazadirone). These compounds exhibited strong inhibitory properties against
pathogenic fungi Curvularia verruciformis (lemon grass), Dreschleva oryzae (rice) and Alternaria solani

(tomato) .
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-~ "OAc
OAc
R, = R, = OAc; Ba-acetoxyazadiradione 6a-acetoxyazadirone 1,2-dihydroxy-6u-acetoxyazadirone
R4 = R, = OH; 6a-hydroxydeacetylazadiradione

Unfortunately, data on the method of evaluation and concentration were not reported

A series of mexicanolide derivatives 2a,3p-dihydroxymexicanolide, 3B-acetoxymexicanolide, 3f-
hydroxymexicanolide and 2a-hydroxymexicanolide from Khaya senegalensis, and februgin, hydroxylated
februgin, swietenine, 6-acetylswietenine, swietenolide, 3,6-Di-O-acetylswietenolide, 6-acetyl-3-tigloyl
swietenolide and 3-tigloylswietenolide from Swietenia mahogany were tested for their antifungal activity

against the groundnut rust Puccinia arachidis.

OAc

3,6-di-O-acetylswietenolide swietenolide R = OH; swietenine
R = H; febrifugin
R = OCOCHj5; 6-acetylswietenine

R = OH; 3-tigloylswietenolide R; = O, Ry = OH; 2a-hydroxymexicanolide

R = OCOCHG; 6-acetyl-3-swietenolide Ry = OH, R, = OH; 2u,3B-dihydroxymexicanolide
R; = OH, R, = H; 3p-hydroxymexicanolide
R; = OAc, R, = H; 3p-acetoxymexicanolide
Ry = O, R; = H; mexicanolide
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Mexicanolide, 3p-acetoxy-mexicanolide, 3p-hydroxymexicanolide and 2a,3B-dihydroxymexicanolide
from Khaya senegalensis, and 6-acetylswietenine and 6-acetyl-3-tigloylswietenolide from Swietenia mahogany
showed an effective reduction the number of rust pustules on detached groundnut leaves. At 10 pg/cm? leaflet
area, over 80% reduction in pustule number was observed in treated leaflets. Surprisingly, while 3,6-di-O-
acetylswietenolide and swietenolide were moderately active, swietenine and 2a-hydroxymexicanolide increased
disease severity considerably at lower concentrations relative to controls. From these results, some relation
structure —reactivity conclusions have been proposed. Swietenine and its derivatives have a characteristic 8,30-
double bond, while swietenolide and mexicanolide-type compounds have an 8,14-double bond. Other than the
double bond position, the individual compounds differed in the substitutions at the C-2, C-3, and C-6 positions.
The results indicated that the double bond-position does not influence to the antifungal activity but suggested

that functional group substitutions may be critical for the antifungal activity‘“.

Several antifungal limonoids compounds have been isolated from the stem bark of Khaya ivorensis.
Among these compounds, methyl angolensate and 1,3,7-trideacetylkhivorin displayed the highest antifungal
activity against Botrytis cinerea, a plant pathogen fungus, with respectively 62.8 and 64.0% mycelial growth
inhibition at 1000mg/litre, and 73.3 and 68.6% mycelial growth inhibition at 1500mg/litre. The mycelial growth
inhibition of other compounds (methyl 6-hydroxyangolensate, 3-deacetylkhivorin, 3,7-dideacetylkhivorin, 7-
deacetoxy-7-oxogedunin, 3-O-detigloyl-3-O-acetylswietenine and 3-O-acetylswietenolide) varied between 56.7
and 68.5 at 1500 mg/litre. At the same concentration, 7-deacetylgedunin exhibited a mycelial growth inhibition

of 20.0 making it to be the weakest antifungal compounds of this group™®.

7-deacetoxy-7-oxogedunin Ry = OAc, R; = OAc; 3-deacetylkhivorin
Ry = OAc, R, = OH; 3,7-dideacetylkhivorin
R4 = OH, R, = OH; 1,3,7-trideacetylkhivorin

OAc

3-O-acetylswietenolide 3-O-detigloyl-3-O-acetylswietenine

19



Part One : Structural Studies of Tetranortriterpenoids from Congolese Species of Entandrophragma angolense

1.4.7. Antibacterial

Salannin displayed antibacterial activity towards both gram+ve and gram-ve agents™.

Rutaevin, a limonoid isolated from the root bark of Evodia glauca Miq. has been reported to be active

against the bacterium Bacillus subtilis at 100 pg/ml*.

The limonoid 3,7-dideacetylkhivorin, isolated also from the stem bark of Khaya ivorensis, inhibited
completely the growth of Salmonella enteritidis at 1 and 2 mg/ml, and Bacillus subtilis at 2 mg/ml. However,
the antibacterial activity of this compound was weaker than that of the antibiotic chloramphenicol, which

showed complete inhibition of bacterial growth at 2.5 mg/1*.

1.4.8. Antioxidant

At concentration of 10 uM, the antioxidant activity of limonin and limonin 17-B-D-glucopyranoside were
measured using a variety of in vitro models such as f-carotene-linoleic acid, 1,1-diphenyl-2-picryl hydrazyl
(DPPH), superoxide, and hamster low-density lipoprotein (LDL). Limonin and limonin 17-B-D-glucopyranoside
inhibitions were < 7% using the B-carotene-linoleate model system, and showed 0.5% and 0.25% of inhibition
in the free radical scavenging activity using the DPPH method. In the superoxide model, limonin and limonin

17-B-D-glucopyranoside inhibited the production of superoxide radicals by 2.5-10%".

Another study showed the evidence that specific limonoid glucosides have the capacity to quench
superoxide radicals. Indeed, the following limonoid glucosides, limonin 17B-D-glucopypranoside (LG),
obacunone 17B-D-glucopyranoside (OG), nomilinic acid 17p-D-glucopyranoside (NAG), and deacetylnomilinic
acid 17B-D-glucopyranoside (DNAG) were tested to quench free radicals against pyrogallol in a slightly
alkaline solution. LG was the weakest (ICso = 7.88 mmol/L) and NAG the strongest (ICso = 3.11 mmol/L) (O%)
quencher while OG and DNAG had respectively ICsy of 4.62 and 3.53 mmol/L. During this study, Poulose et al.

noticed a second facet of their action which is to induce apoptosis*®.

1.4.9. Anti-ulcer

Salannin, a limonoid bitter principle of the seed oil of Azadirachta indica, showed a significant protective
activity on aspirin induced gastric lesions at oral doses of 10, 20, 50 mg/kg"’. Methyl angolesante, the most
abundant limonoid found in Entandrophragma angolense has anti-ulcer properties™.

1.4.10. Spermicidal activity

Salannin exhibited such activity on human spermatozoa at 0.5 and 0.25% concentrations® .
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Nomilinic acid 17-glucopyranoside Deacetylnomilinic acid 17f-glucopyranoside

1.4.11. Plant-growth inhibitory activities

Cedrelanolide inhibited seed germination of Lolium multiflorum, var. Hercules, Triticum vulgare, var.
Salamanca, Physalis ixocarpa, and Trifolium alexandrinum, the concentration inhibiting 50% germination GI50
observed was 125.0, 157.0, 370.0 and 289.0 uM respectively. This compound inhibited not only germination
but also seed respiration, and seedling dry weights of these plant species. Further studies showed that
cedrelanolide interferes with monocot preemergence properties, mainly energy metabolism of the seeds at the
level of respiration. In addition, the compound inhibits photophosphorylation, H" uptake, and noncyclic electron

flow. This behavior might be responsible for its plant-growth inhibitory properties and its possible role as an

allelopathic agent™.

OCOCH;
\COCH,CHj

COOCH,

cedrelanolide

HO

photogedunin salannin
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1.4.12. Moult inhibiting activity

The citrus limonoids limonin, nomilin and obacunone exhibited moult inhibiting activity against the 4
instar larvae of mosquito Culex quinquefasciatus. The ECsq for inhibition of adult emergence was 6.31, 26.61

and 59.57 ppm for obacunone, nomilin and limonin, respectively®’.
1.4.13. Insect growth inhibition

Using Toosendanin, a limonoid isolated from Melia azadarach, with a potent insect growth inhibition, as
control photogedunin epimeric mixture, gedunin and cedrelanolide were evaluated against Spodoptera
frugiperda. When tested for activity on neonate larvae into the no-choice bioassays, gedunin, photogedunin
epimeric mixture, and photogedunin acetates mixture caused significant larval mortality with LCsy of 39.0, 10.0,
and 8.0 ppm at 7 days, respectively, as well as growth reduction which was clearly significant at 21 days. For
the growth activity, gedunin was more active than toosendanin at low concentrations (50 ppm) but
photogedunin epimeric mixture (1 + 2) and photogedunin acetates (3 + 4) showed the highest larval growth

inhibition at high concentrations (52.0 ppm)SI.

Using a standard bioassays test on late third or early fourth-instar larvae of the mosquito Anopheles
gambiae s.s., three limonoids 11p,12a-Diacetoxyneotecleanin, 110,12a-Diacetoxy-14p,15B-epoxyneotecleanin
et 7a,12a-Diacetoxy-11B-hydroxyneotecleanin isolated from the root bark of Turraea wakefieldii exhibited
strong mosquito larvicidal activity: 11B,12a-Diacetoxyneotecleanin (LDsy = 7.83 ppm), 110,12a-Diacetoxy-
14B,15B-epoxyneotecleanin (LDsy = 7.07 ppm) and 7a,12a-Diacetoxy-11p-hydroxyneotecleanin (LDsy =
7.05 ppm), which shows that epoxidation of the C-14, C-15 double bond or de-acetylation of the 11-acetate

group does not alter mosquito larvicidal activity>.

/>0
7 0 70
oA 2% <’:’] 0 Acg 2A° C’J OAc CJ

OHOE_

11a,12p-Diacetoxyneotecleanin 11p,12u-Diacetoxy-14p,15p-epoxyneotecleanin 7o, 120-Diacetoxy-11p-hydroxyneotecleanin
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Chapter I1. The chemistry of the genus Entandrophragma

I11.1. Introduction

Meliaceae are woody family widely distributed throughout the tropics and subtropics, with only slight

penetration into temperate zones; they occur in a variety of habitats from rain forests and mangrove swamps to

semi-deserts™. The family Meliaceae, comprising about 51 genera and about 1400 species, forms a large

botanical family54.

This family is extremely useful to man for the high quality of timbers and ease with which some species

can be grown in plantations. Style and Pennington classified Meliaceae plant into four subfamilies™ which are

shown in Table 2'°.

Table 2. The Meliaceae subdivision

MELICEAE

SUBFAMILY 1 Melioideae

Tribe Genus

1. Turraeeae Munronia, Naregamia, Turraea, Humbertioturraea, Calodecaryia, Nymania
2. Melieae Melia, Azadirachta

3. Vavaeeae Vavaeeae

4. Trichilieae

Trichilia, Pseudobersama, Pterorhachis, Walsura, Lepidotrichilia, Malleastrum,
Ekebergia, Astrotrichilia, Owenia, Cipadessa

5. Aglaieae

Aglaia, Lansium, Aphanamixis, Reinwardtiodendron, Sphaerosacme

6. Guareeae

Heckeldora, Cabralea, Ruagea, Turraeanthus, Guarea, Chisocheton, Megaphyllaea,
Synoum, Anthocarapa, Pseudocarapa, Dysoxylum

7. Sandoriceae

Sandoricum

SUBFAMILY 2 Quivisianthoideae
Quivisianthe

SUBFAMILY 3 Capuronianthoideae
Capuronianthus

SUBFAMILY 4 Swietenioideae

1. Cedreleae

Cedrela, Toona

2. Swietenieae

Khaya, Neobeguea, Soymida, Entandrophragma, Chukrasia, Pseudocedrela,
Schmardaea, Swietenia, Lovoa

3. Xylocarpeae

Carapa, Xylocarpus
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11.2. Uses

The timbers of certain Meliaceae are some of the most sought-after in the world, such that natural stands
have been depleted. Other uses of Meliaceae included shade and street trees, fruit trees and the last but not the

least, sources of biologically active compounds53.

The last use of Meliaceae plants can be justified by the fact that several preparations from leaves, seeds,
stem bark and roots of many plants belonging to this family have a history of use in traditional medicine for
treatment of various diseases. For example, in South Africa, most of Meliaceae species are used in a variety of
ways in traditional medicine, including the treatment of stomach complaints, backache, fever, kidney complaints,
rheumatism, dropsy and heart disease, and by diviners to put themselves into a trance prior to performing
divining dances™. Cedrela odorata is used to procure abortions and also as fish poison in Cote d’Ivoire’’.
Trichilia emetica is employed for the treatment of various disorders in folk medicine of Mali: it is used in

hepatic diseases, as a purgative, antiepileptic, antipyretic and antimalarial agentsg.

11.3. Chemistry of Meliaceae

The chemical studies on the Meliaceae lead to isolation of wide range of secondary metabolites. Sterols of
the pregnane and stigmastanes classes and triterpenoids of the dammarane, lupine, oleanane and squalene
classes; flavonoids, chromones, coumarins, benzofurans, mono-, sesqui-, di- and triterpenoids and alkaloids

have been reported.

Methyl rocaglate is a benzofuran type compound isolated from Aglaia odorata and exhibited toxicity
against 4th instar Peridroma saucia with a LDs, of 0.33 ug per larva. Against neonate P. saucia, it inhibited its

59

growth with an ECsp = 0.90 ppm” . Cedrelopsis grevei yielded a coumarin compound, 7-methoxy-5-

. 60
prenylcoumarin”.

16-acetoxy-12(R),15-epoxy-15p-hydroxylabda-8(17),13(16)-diene is a diterpenoid isolated from
Turreanthus africanus®’. The stem bark of Amoora rohituka afforded two guaiane-derived sesquiterpenoids,

6pB,7B-epoxyguai-4-en-3-one and 6pB,7B-epoxy-4p,5-dihydroxyguaiane®.

Guarea guidonia yield the triterpenoid (23S*)-cycloart-24-ene-3f,23-diol”® and the biflavonoid
robustaflavanone-4’,7”-dimethylether was isolated from Dysoxylum lenticellare®. (E)-Aglawone is a pregnane

steroid isolated from the bark of Aglaia lawii®.
However, Meliaceae are best known for the synthesis and accumulation of bitter tetranortriterpenoids,

which are known as limonoids or meliacins. And several phytochemical studies of Meliaceae established that

limonoids are responsible of most of their biological activities. Indeed, limonoids have a wide range of
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bioactivity including insect antifeedant and growth regulating properties, a variety of medicinal effects in

animals and humans, and antifungal, bacteriocidal and antiviral activities.

The occurrence of limonoids (or meliacins) might offer possibilities for taxonomic purposes. The
taxonomic position of Nymania capensis has been much disputed because of its external appearance but it is
now considered to belong to the Meliaceae, where it is placed in the subfamily Melioideae and the tribe
Turraeceae. Chemical work on N. capensis showed that it produces limonoids having the ring A cleaved or
lactonized, the ring B cleaved and both rings C and D intacts. These features are encountered in the prieurianin
group. Compounds such as nymania 1 and nymania 4 were isolated along with prieurianin from its bark and

. 66
timber".

HO

OMe MeO (Ol
(23S*)-cycloart-24-ene-33,23-diol methyl rocaglate 7-methoxy-5-prenylcoumarin

HO™: OH

robustaflavone-4',7"-dimethylether 6[3,73-epoxyguai-4-en-3-one 63,7 3-epoxy-43,5-dihydroxyguaiane

16-acetoxy-12(R),15-epoxy-15b-hydroxylabda-8(17),13(16)-diene (E)-aglawone

Another plant belonging to this tribe which has been extensively investigated for its chemical components
is Turraea floribunda. This plant produces limonoids which can be classified into toonafolin group such as

turraflorins G, H and I isolated from its seeds®’.
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OH
O
o [ 3

HOOC
OAc

OH

COOCH,

nymania 1 nymania 4

CO,Me “ CO,Me “ Co,Me

turraflorin G turraflorin H turraflorin |

According to the generally accepted biosynthesis scheme of different groups of limonoids, prieurianin
derived from toonafolin by the cleavage or lactonization of the ring A. This confirms the close relationship

between N. capensis and Turraea obtusifolia.

The subfamily 4, Swietenioideae, produces complex limonoids of mexicanolide and phragmalin groups
where D ring has been oxidized and B ring opened and recyclised. Phragmalins compounds have been isolated
from plants such as Neobeguea mahafalensis from which pseudrelon A2 and a related compound neobeguin
have been isolated®®. Another plant belongs to this subfamily and produces phragmalin compound is Chukrasia
tabularis, among isolated compounds there are tabulalides A and B®’. However, these considerations are still

extremely fragmentary so that phylogenetic conclusions have been premature and often conﬂicting53.

11.4. Chemistry of the genus Entandrophragma

Entandrophragma is a genus of eleven species of deciduous trees in the mahogany family Meliaceae,
restricted to tropical Africa. At least some of the species attain large sizes, reaching 40-50 m tall, exceptionally
60 m, and 2 m in trunk diameter. The leaves are pinnate, with 5-9 pairs of leaflets, each leaflet 8-10 cm long
with an acuminate tip. The flowers are produced in loose inflorescences, each flower small, with five yellowish

petals about 2 mm long, and ten stamens. The fruit is a five-valved capsule containing numerous winged seeds’.
African mahoganies of the genus Entandrophragma are among the most valuable and intensively

harvested timber species in central Africa. The wood of this genus has long been appreciated by international

71
markets’ .
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OCOPr! OAc
pseudrelon A2 neobeguin

OAc OAc
tabulalide A tabulalide B

From a discussion on chemical components of the heartwood of species of the genus Entandrophragma,
the species fall into two groups. The first group consisted of E. angolense C. DC., E. delevoyi De Wild, E.
excelsum Sprague and E. macrophyllum A. Chev. which yielded simple meliacins of — gedunin and andirobin
groups. The other group consisting of E. bussei Harms ex Engler, E. candollei Harms, E. caudatum Sprague, E.
cylindricum Sprague and E. palustre Staner, E. spicatum Sprague and E. utile Sprague yielded the more

complex compounds of the phragmalin group’>.

Since then, much chemical work has been done on the genus and several new compounds with new
structural features have been isolated. In this section, the chemistry of investigated species is presented and

chemical structures of isolated compounds are given.

11.4.1. Entandrophragma delevoyi
The first compounds reported from this species are gedunin and P-sitosterol””. Their presence was

confirmed later on by an investigation of the wood extract’”.

More recently, a phytochemical investigation of this plant was carried out and led to the isolation of
protolimonoids (3,4-secotirucalla-4(28),7,24-triene-3,21-dioic acid and Delevoyin A (3,4-secotirucalla-

4(28),7,24trien-30ic acid) and limonoids of the havanensin group (azadirone, 6a-acetoxy-azadirone, 143,158
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epoxyazadirone, 6a-acetoxy-14p,15B-epoxyazadirone and 6a-acetoxy-14p,15B-epoxyazadiradione) and

evodulone group (Delevoyin B)74.

A tetranortriterpenoid derivative named Delevoyin C which possesses C-9, C-10, C-19, C-30-cyclobutanyl

ring and seven membered ring C has been also reported’.

~ (5Ac

R = COOH; 3,4-secotirucalla-4(28),7,24-triene-3,21-divic acid R = H: azadirone delevoyin B
R = Me; delevoyin A R = OAc; 6u-acetoxy-azadirone
0]
3‘—0
B L
4 AcQ - ;O :

AcO” > "0OCco
: H

E C:)Ac

R; = R, = H; 14p,15p-epoxyazadirone delevoyin C gedunin
R, = OAc, R, = H; Bu-acetoxy-14f3,15p3-epoxyazadirone
Ry = OAc, R; = =0; 6u-acetoxy-143,153-epoxyazadiradione

11.4.2. Entandrophragma excelsum Sprague

To our knowledge, the only chemical study on this species has been carried out by Taylor D. A. H. in
1964. This investigation, based on the isolation of oxidized triterpenoids derivatives of similar structure to
limonin, did not give any crystalline product”’. With the progress on isolation and separation methods, re-

investigation on this species might clarify its phytochemical components.

11.4.3. Entandrophragma macrophyllum A. Chev.

This species contains mainly gedunin, besides this, methyl angolensate also has been reported’.
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11.4.4. Entandrophragma bussei Harms ex Engler

Entandrophragmin and bussein, a series of phragmalin type compounds have been isolated from this
species. Firstly, bussein A and B were isolated as a mixture from the timber of E. bussei”” and their structures
have been revised’®. Later on, ten other busseins, C-G, J-M were isolated from the petroleum ether extract of the

timber of this species’ .

candollein [-sitotesrol odoraton

OAc OAc

entandrophragmin atomasin A atomasin B

11.4.5. Entandrophragma candollei Harms

The investigation of the trunk bark of E. candollei led to the isolation of B-sitosterol, methyl angolensate,
odoraton, candollein, atomasin A and atomasin B’®. B-Sitosterol and candollein were previously reported from

this plant’.

In searching for antifeedants of natural origin, Koul et al. selected E. candollein for investigation against a
lepidopteran pest. From the bark of this tree, epoxiprieurianin and prieuranin were isolated as antifeedant
compounds”’. Prieurianin and epoxyprieurianin have been previously reported from Trichilia prieuriana® and

Guarea guidona® respectively.
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11.4.6. Entandrophragma caudatum Sprague

The timber of this plant yielded bussein A and B along with entandrophragmin, both phragmalin type
compounds’”. Another chemical investigation on this species led to the purification and structure elucidation of

. 82
a compound known as phragmalin™.

The seed of the genus Entandrophragma were not reported to contain any limonoids only protolimonoids
have been found in species such as E. angolense, E. cylindricum and E. utile®. Surprisingly, the seed of E.
caudatum yielded limonoids, mainly phragmalin esters. Indeed, the investigation of the seed led to the isolation
of the protolimonoids melianone and turreanthin (3-epimelianol acetate), previously isolated from Turraeanthus
africanus®, and the limonoids phragmalin 3,30-di-sobutyrate, phragmalin 3-isobutyrate-30-propionate which
has been previously isolated from Chukrasia tabularis®, 12a-acetoxyphragmalin 3-nicotinate-30-isobutyrate

and A'"*"°120-butyryloxyphragmalin 3-nicotinate 30-isobutyrate™.

phragmalin 3,30-di-isobutyrate, Ry = R, =isoPrCO, R3;=H

phragmalin 3-isobutyrate-30-propionate, Ry = isoPrCO, R, = EtCO ,R3=H
12a-acetoxyphragmalin 3-nicotinate-30-isobutyrate R; = mCsHsNCO, R, = isoProCO, Ry = MeCO
A'41512¢-butyryloxyphragmalin 3-nicotinate 30-isobutyrate Ry = mCsHsNCO, R, = R; = isoProCO

OHO
T 2
o/
HOOC @ Ho-g

AcO

epoxyprieurianin melianone turraeanthin phragmalin
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bussein J bussein K bussein L

bussein M
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11.4.7. Entandrophragma cylindricum Sprague

This plant is the most valuable timber of this genus and its chemistry has been extensively studied. Several
terpenoids compounds have been isolated from sesquiterpenoid to triterpenoids with also triterpenoid

derivatives, flavonoid and alkaloid.

Firstly, the report of B-sitosterol and entandrophragmin was done®. Another investigation on the plant
confirmed the presence of entandrophragmin which has been detected together with candollein’’. Some
sesquiterpenoids isolated from the bark of E. cylindricum exhibited antifeedant activity. These compounds are

3-hydroxy-copa-2-en, 20-hydroxy-copa-3-en, 10-Hydroxy-trans-calamenene, T-cadinol, ledol and mustacon®.

The peltogynoid 7',7'-Dimethyl-5-hydroxy-2R,3S-trans-pubeschin has been isolated from the wood of the

plant®’. The peltogynoids are a series of flavonoid compounds actively investigated during the mid-1970s"".

H
HO H :
N
copa-2-en-4-ol mustakon T-cadinol ledol
OH
OH
(:)H H H - |
~_S HO R N
/"\\ OH
copa-3-en-2a-ol calamenene-1003-ol (+)-7',7'-dimethyl-5-hydroxy-2R,3S-frans-pubeschin

A commercial sample of the wood E. cylindricum contains a series of triterpenoids named Sapelins A-F.
Sapelins A and B are tirucall-7-ene tritepene while Sapelins C, D and E are derivatives of 7o-

hydroxyapotirucall-14ene and Sapelin F is a pentahydroxy tirucall-7-ene®.

The stem bark of E. cylindricum yielded non carbocyclic triterpenoids called Sapelenins A-C*’. Recently,

two other acyclic triterpenoids named Sapelenins D-E have been reported”’.

11.4.8. Entandrophragma palustre Staner

A study on limonoids components based on crystallization of the crude extract solution obtained from the

timber, gave no crystal. However, the spectrum of the crude extract suggested it might contain
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. .. 7 .. . . .
entandrophragmin or a similar compound’. Of course entandrophragmin is a common limonoid of this genus

but further studies are required to confirm this observation.

11.4.9. Entandrophragma spicatum Sprague

The chemical study of E. spicatum led to the characterization of entandrophragmin and another compound
similar to bussein’>. A recent study on the components of this plant, confirmed these observations with the
isolation of entandrophragmin, spicata-2, a compound similar to bussein, and furthermore a protolimonoid

named spicatin (24-hydroxygrandifoliolenone)®.

OH

“OH

sapelin B sapelin C

OH

“OH

HO" “OH

sapelin D sapelin E sapelin F

11.4.10. Entandrophragma utile Sprague

The most ancient investigation of E. utile was carried on the timber and yielded methyl angolensate,
entandrophragmin and utilin®. The structure of Utilin was eventually determined by using X-ray

crystallography”>.

The phytochemical study of the seed of E. utile showed that it contains the protolimonoids Sapelin A, a

compound previously isolated from E. cylindricum and an epoxytriol compound (3a-21,23R-trihydroxy-
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24S,25epoxy, 20cH, which has been revealed later to be a derivative of Sapelin F), which is the hypothetical

biogenetic precursor of Sapelin A,

Ho M HO
— — — OH
AcO OH
sapelenin A
HO
— — — — OH
HO OH
sapelenin B
OH HQ
HO = = = OH
AcO OH
sapelenin C

The stem bark of E. utile contains also highly-oxygenated tetranortriterpenoid derivatives. The first two to
be isolated were entilin A and its acetate entilin B*. Followed by the report of the isolation of entilin C*® and

entilin D?’.

These compounds derived from mexicanolide which loses the side chain at C-5 and cleavage of the C-9,
C-10-bond, to give a C5—C-10-double bond. Further modification of the ring D lactone and ketal formation

occurs to give extremely complex compounds.

A series of sterol compound, all ergostane derivatives are also present in the stem bark. One identified as
3PB,7a,20B-trihydroxy ergosta-5,24(24”)diene was isolated as mixture with another sterol compound”. Another

sterol has been isolated from the stem bark, 3,7a-dihydroxyergosta-5 ,24(28)—di61’1€99.

Finally, 7a,20(S)-dihyroxy-4,24(28)-ergotadien-3-one an another ergostane derivatives have been isolated

. . 100
as a crystalline solid from the same source .

A mexicanolide type compound and its derivative have been isolated from the bark of E. utile. These

101 102

compounds are respectively utilin B and utilin C™°.
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entiin A, Ry =Ry;=H
entilin B, Ry = H, R, = Ac :
entilin C, Ry =CH3, R, =H entilin D

OH

OH
0O H 0
HOHzc\?/\%’_
P : \_ OH

spicata-2 spicatin epoxytriol

11.4.11. Entandrophragma angolense

The limonoids isolated from E. angolense are gedunin and methyl angolensante together with B-sitosterol’.

The occurrence of methyl angolensate was also confirmed by other investigations such as the one conducted by

103
L.

Bevan et al.'®. The protolimonoid entandrolide was isolated from the seeds®.
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HO “OH

R = H; A sterol compound . )
R = OH; 3f,7x,20B-trihydroxy ergosta-5,24(24') diene 7a,20(8)-dihydroxy-4,24(28)-ergostadien-3-one

A= X o P
HCO™ = “OCOCH(Me), HsCO™ ™ ©
: OAc ‘OCOCH(Me
: H 5 OH M) HO “1OH
OAc OAc
utilin B utilin C 3p,7a-dihydroxyergosta-5,24(28)-diene

Recently, a chemical study on the leaves yielded 3,23-dioxotirucalla-7,24-dien-21-al, 3,4-secotirucalla-23-

0x0-4(28),7,24-trien-21-al-3-oic acid and 3,4-secotirucalla-23-0x0-4(28),7,24-trien-3,21-dioic acid (21-methyl

ester) 104,

HOOC
entandrolide 3,4-secotirucalla-23-0x0-4(28),7,24-trien-3,21-dioic acid (21-methyl ester)
OHC\_;_/)\
HOOC
3,23-dioxotirucalla-7,24-dien-21-al 3,4-secotirucalla-23-ox0-4(28),7,24-trien-21-al-3-oic acid
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Most recent phytochemical study of the stem bark of E. angolense, in addition to methyl angolensate,
revealed the occurrence of the 7a-acetoxydihydronomilin, 7a-obacunylacetate, 22-hydroxyhopan-3-one, 24-

methylene cycloartenol and tricosanoic acid'®.

Ta-acetoxydihydronomilin 7a-obacunylacetate 22-hydroxyhopan-3-one

0O

HOJ\/\/\/\/\/\/\/\/\/\/\

24-methylene cycloartenol tricosanoic acid

HO

Indeed, up to date, chemical differences between the species of Entandrophragma are noticeable. Some
species such as E. utile and E. cylindricum have been extensively studied and a rich panel of compounds
reported. Re-investigation of species such as E. angolense, E. palustre and E. excelsum can lead to a better

knowledge of the chemistry of this genus.

I1.5. Purpose of this work

The chemistry of the genus Entandrophragma attracted the great interest in the past, because the
knowledge of the chemistry of these plants could help to establish the relation of plant chemistry and phylogeny.
Actively, an important number of investigations were carried out on different parts of plants. Especially bark,
heartwood and seeds. And this genus yields compounds with fascinating chemical structure (triterpenoids
derivatives highly oxidative of phragmalin type compound) and their biological activities. During this period,
the isolation scheme was based generally on the crystallization of the compound in its solution with an
appropriate solvent or mixture of solvents and/or by comparison of the R¢ obtained by TLC of a known sample
and the sample under study. Nowadays, the development of sensitive chromatographic and spectroscopic
techniques for the isolation and structure determination of natural products has greatly facilitated phytochemical

investigations.
During the past decade, the chemical investigations of E. cylindricum and E. utile brought to light the

occurrence of terpenoid antifeedants with new structure features. Re-investigations of other species using

modern separation techniques and spectroscopic methods are highly desired.

37



Part One : Structural Studies of Tetranortriterpenoids from Congolese Species of Entandrophragma angolense

In a series of experiments carried out in our lab on Meliaceae species, several limonoids have been
isolated and reported. In continuous of these investigations, phytochemical studies on the Congolese species of
Entandrophragma angolense have been carried out, after the extracts of this plant have displayed a considerable

antifeedant activity against Spodoptera insects.

E. angolense is widely used in ethnomedical treatment of various gastrointestinal disorders including

. . 1 . .4
peptic ulcers in humans % and in treatment of malaria®®.

In this plant, the occurrence of gedunin and methylangolensate has been reported. The plant contains

mainly methyl angolensate (in the timber of the Nigerian Entandrophragma angolense, it occurs in about 10%'"".

The phytochemical study this plant has been limited to the determination of the biological activity of this
compound and its ulcer activity has been established. The goal of this study is to clear up the existence of other
secondary metabolites (limonoids) in this plant and the determination of their structures.

11.6. Description of the plant under study'*®
Scientific name: Entandrophragma. angolense
Other Common Names: Mukusu (Uganda), Tiama (Ivory Coast), Edinam (Ghana), Kalungi (DR Congo).
Distribution: West, Central, and East Africa; occurs in rain forests, deciduous forests, and transitional
formations. Coppices freely at the pole stage.
The Tree: Reaches a height of 160 ft, bole moderately straight, cylindrical, clear to 60 to 80 ft; trunk
diameters 4 to 7 ft over large buttresses; wide-spreading root ridges.

The Wood:

General Characteristics: Heartwood pink brown or a dull uniform red, usually darkening on exposure to
a deep red brown; sapwood creamy white or pale pink, up to 4 in. wide, sometimes not sharply demarcated.
Grain interlocked, producing rather broad stripes; texture medium to rather coarse; without taste and almost
without odor.

Weight: Basic specific gravity (ovendry weight/green volume) 0.45; air-dry density 34 pcf.

Drying and Shrinkage: Dries rapidly but with a marked tendency to warp. Kiln schedule T2-D4 is
suggested for 4/4 stock and T2-D3 for 8/4. Shrinkage green to ovendry: radial 4.7%; tangential 6.6%;
volumetric 11.8%. Movement in service is rated as small.

Working Properties: Works rather easily with hand and machine tools, but there is tearing of interlocked
grain, otherwise a good finish is obtained in most operation. Good gluing properties.

Durability: Heartwood is rated as moderately durable, termite resistance is variable. Sapwood liable to
attack by powder-post beetle.

Preservation: Heartwood is rated as extremely resistant to preservative treatments, sapwood is resistant.

Uses: Furniture, joinery, cabinetmaking, boat construction, decorative veneers and plywood.
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Chapter I11. Material and Methods

111.1. General

All solvents used in this study were distilled before use and the hplc solvents were filtered after distillation
(Filters used for water, polymer: mixed cellulose ester, 0.45 pm, 47 mm, Advantec; for methanol and

acetonitrile, polymer: ptfe, 0.5 um, Advantec).

Chromatographic separations (CC, VCC, MPC) were carried out on Silica gel 60 (70-230 mesh).
Analytical TLC was performed on precoated silica gel 60F,s4 plates (Merck), spots were visualized under UV
light (254 nm) and by spraying concentrated HCI after soaking the plate in Ehrlich reagent (a saturated solution
of p-dimethyl amino benzaldehyde in ethanol), the appearance of a pink color indicates the presence of

limonoids.

Preparative HPLC was carried out with a UV detector (Waters 2487 dual wavelength UV detector) at 225
nm under the following condition: column, 19 x 150 mm, packed with uBondasphere Sum C;s — 100 Angstron;

solvent system, isocratic mode using MeOH or CH5CN containing water at 4 ml min™".

NMR spectra were recorded at room temperature on a 600 MHz a JEOL FX-600 spectrometer. Chemical
shifts (3) are expressed in ppm relative to tetramethylsilane (TMS) as internal standard and coupling constants
are given in Hz. "H NMR spectra were referenced against the CHCl; signal at 8 7.27, and >C NMR spectra to

the corresponding signal at 6c 77.0. Multiplicities were determined from DEPT experiments

IR (Film) and UV (MeOH) spectra were recorded respectively on JASCO FT/IR 5300 and Shimadzu UV-
210A spectrophotometers. Melting points were determined on a Micro Melting Point apparatus and are
uncorrected. HR-FABMS was acquired on a JEOL JMS XD-303 instrument. Optical rotations were measured at
room temperature in CHCl; on a JASCO DIP-370S.

111.2. Plant material

The root bark of E. angolense was collected in July 2002 at Jardin Botanique de Kisantu located in the
province of Bas-Congo, Democratic Republic of Congo. A voucher specimen has been deposited in the Institut

National pour la Recherche Agronomique (INERA) of Kinshasa University.

111.3. Extraction and isolation
111.3.1. Preparation of extracts

The air-dried (1kg) was soaked successively with increasing polarity solvents: hexane, ether, acetone and
methanol at room temperature using 3 liters of each for four weeks. The extracts were filtered two times and

solvents removed under reduced pressure at 40°C to afford different crude extracts. These extracts were
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obtained as depicted in figure. The appearance of a characteristic color upon treatment with Ehrlich’s reagent on
TLC showed that all these extracts contained a variety of limonoids. However, the TLC profile of the acetone
extract was similar to this of methanol extract but the later seemed to be more concentrated in limonoids. So, for

this study, the methanol extract was chosen instead of the acetone extract. Each extract was fractioned by a

combination of chromatographic to yield different compounds.

Entandrophragma angolense (Root bark, 1kg)

Extraction with n-hexane

Filtration Root bark
Concentrated in vacuo

n-Hexane extract (17.2 g) Extraction with ether

Filtration Root bark
Concentrated in vacuo

Ether extract (28.8 g) Extraction with acetone

Filtration Root bark
Concentrated in vacuo

Acetone extract (53.7 g) Extraction with methanol

Filtration Root bark
Concentrated in vacuo

Methanol extract (75.6 Q)

Scheme 5. Preparation of crude extracts from the root bark of E. angolense.
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111.3.2 Purification of the hexane extract

The n-hexane extract obtained as described in Scheme 5 was partitioned in methanol. The methanol
extract (7.1 g) was subjected to CC on silica gel, eluted with increasing amount of methanol in dichloromethane.
The only the fraction, fraction 28, which gave a positive test upon the Ehrlich reagent was retained. It was a
band collected when eluating the column with 5% MeOH-CH,Cl, as solvent system. This fraction was
rechromatographied on silica gel using acetone-CH,Cl, as solvent system. The fraction eluted with 3% of the
solvent system gave a positive Ehrlich test and was used for the next step. The treatment of this fraction with
methanol, led to a methanol extract which has been purified by HPLC with 20-25% MeOH-H,O to afford
compounds 1 (59.7 mg) and 2 (5.3 mg). The extraction operations are depicted in Scheme 6.

n-Hexane extract (17.3 g)
Partition with methanol
Methanol extract (7.1 g)

C.C. (SiO2)/CH3sOH — CH,Cl,

CH,Cl, 1% 5% 5% Band 10%
Fr No 1-7 Fr No 8-17 Fr No 18-27 Fr No 28 Fr No 29-...
(5.759)

C.C. (Si02)/(CH3),CO — CH.Cl,

CH,CI, 1% 3% 6% 10%
Fr No 1-2 FrNo 3 Fr No 4-6 Fr No 7-13 Fr No 14-...
(479 mqg) (234.5 mg) (710.3 mg) (418.3 mg)

Partition with methanol

Methanol extract (307.4 mg)

HPLC
20% H,O/MeOH
25% H,O/MeOH

Compound 1 (59.7 mg)
Compound 2 (5.3 mg)

Scheme 6. Isolation of limonoids from the n-hexane extract
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111.3.2. Purification of the ether extract

The ether extract was dissolved in 1.5 1 of MeOH-H,O (2:1) and then extracted with CH,Cl, (3 x 750 ml).
The CH,Cl, layer (16.21 g) was treated with a mixture of hexane — ether (1:1) and the precipitate was removed
and fractionated by column chromatography on silica gel using a CH,Cl,-MeOH solvent system. The elution
with 2% MeOH- CH,Cl, afforded fractions which could be easily separated into two groups using Ehrlich
reagent. The first group, fractions 11-21 (2.3 g), was extracted using ether. The ether extract crystallized, and
the crystal was recristallized and submitted to purification by preparative HPLC using 25% H,0-MeOH as
solvent system to yield two fractions, one was compound 1 and the second fraction was further purified by
HPLC using 30% H,0-MeOH solvent system to give compound 3 (3.5 mg). The ether insoluble extract was
purified by HPLC using successively 25% and 40% of H,O-MeOH solvent system to yield compounds 1 (3.5
mg), 2 (3.2 mg), 3 (12.6 mg) and 4 (8.5 mg). The second group, fraction 22, collected as a band, was also
treated with ether. The ether extract crystallized and the recrystalisation led to compound 1 (1.49 g). The HPLC
of the ether insoluble part using 25% and 40% of H,O-MeOH as solvent system led to isolation of compound 2
(31.7 mg) (Scheme 7).

111.3.3. Purification of the methanol extract

The methanol extract was suspended in water (600 ml) and extract three times with CH,Cl, (400 ml, each).
The organic layer (4.84 gr) was fractioned on silica gel vacuum column chromatography using successively
Hexane-CH,Cl, (1:1), CH,Cl, and a gradient MeOH-CH,Cl, as solvent systems. According to the TLC profiles,
the fractions were rearranged in three parts as follows fractions 4-18 (1.6 g), fractions 19-26 (1.9 g) and
fractions 27-33 (489.9 mg). The first part, was rechromatographied on silica gel MPC using successively
Hexane-CH,Cl, (1:1), CH,Cl, and 1% and 5% MeOH-CH,CIl, to afford two limonoids fractions: fractions 1
(976 mg) and fractions 2-4 (163.2 mg). These fractions were purified by HPLC using 25-30%, 45% H,0-MeOH
gradient as solvent system followed by 45-55% H,O/MeCN and yielded cpmpounds 1-2, 5-13 and 14. The
second part was fractioned also by silica gel column chromatography using MeOH-CH,Cl, as solvent system
and three limonoid fractions were obtained. The first (fractions 1-7, 408.9 mg) and the second (fractions 8-10,
435.5 mg) were purified through HPLC with 25-35% H,0-MeOH followed by 40-45% H,O-MeCN gradient as
eluent to give successively compounds 15-17 and compounds 18-20.Finally, the third and last part (739.2) was
separated by MPC using AcOEt-CH,Cl, as solvent system to afford one limonoid fraction which were subjected

to HPLC purification to give compounds 21-23 (Scheme 8).
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Ether extract (28.8 g)

MeOH/H,0 (2 :1), 3 X CH,Cl;

Organic layer (16.21 g) Aqueous layer (10.34 g)

Hexane — Ether 1:1

Soluble part Precipitate (9.4 g)

C.C. (Si0,)/CH3OH — CH,Cl,

‘ CH,Cl, 2% 296 (Band) 5% 10%
Fr No 1-20 Fr No 11-21 Fr No 22 Fr No 23-26  Fr No 27-...
(122.3 mg) (23 ¢) (4.61g) (275 mg)
Ether Ether
Ether extract (1.19 gr) Insoluble Part + F1 (859.2 mg) Ether extract Insoluble Part + F2 (3.2 g)
Crystallisation HPLG Crystallisation ‘
Reoristallisati 25%—40% Recristallisation C.C. (Si0,)
ecristallisation —
H,0/MeOH CH30OH — CH.CI,
Crystal (149 g)  Filtrate F2
Crystal (940 mg) Filtrate F1 GCompound 1 1% 3% 5%
HPLC Compound 1 (3.5 mg) Fr No 2-3 Fr No 4-7
25% H,0/MeOH Compound 2 (3.2 mg) (589.9 mg) (642.0 mg)
Compound 3 (12.6 mg)
Compound 4 (8.5 mg) HPLC
Fr 1 P o me 25%-40%
HPLC Compound 1 H,0/MeOH

30% H,0/MeOH

Compound 2 (31.7 mg)

Compound 3 (3.5 mg)

Scheme 7. Purification of the ether extract
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Methanol extract (75.64 g)

Ext. Water (600 ml)
Extraction with 3 x 400 ml CH,CI,

CH,CI, extract (4.84 gr)

Vacuum Column Chromatography

Hexane—CH,Cl, 1:1 CH,CIL, 2% MeOH-CH,Cl, 5% MeOH-CH,CI, 10% MeOH-CH,CI, 15% MeOH-CH,CI, 50% MeOH-
CH,CI,
FrNo 1-11 FrNo 12-16 Fr No 17-26 Fr No 27-31 Fr No 32-41 Fr No 42-47 Fr No 48-52
| | | | (127.2 mg) (185.8 mg)
Fr No 4-18 Fr No 19-26 Fr No 27-33
(1639.1 mg) (1922.6 mg) (489.9 mg)
Middle Pressure C.C. (SiO,)/CH,0H — CH,CI,
Chromatography
50% Hexane- CH,CI, 19% MeOH-CH,CI, | 5% MeOH | 1% | 2% 5% | 10% 15% 30%
CH,Cl, CHLCI,
Fr No 1-4 Fr No 5-10 Fr No 11-18 Fr No 19-28 Fr No 29-33 Fr No 34-35
FrNo 1 Fr No 2-4 Fr No 4-6 Fr No 6-9
(976 mg) (163.2 mg) (3.6 mg) (76.0 mg) I
HPLC
25%-30%-40% ;'P%'-_(ZO% ('1'0';‘; 1'7) Fr No 8-10 F('g;’ 2‘ "2)'
H,0/MeOH H50/M o = me (4355 mg) £ me
| e
45-55% H,0/CH,CN 45% H,0/CH,CN Middle Pressure Chromatography
HPLG HPLC ACOE-CH,Cl,
Compound 14 (1.0 mg) 25%—35% 30%—35%—40%
H,0/MeOH H,0/MeOH
Compound 1(74.6 mg) 40% H,0/CH,ON 45% H,0/CH,ON 20% | 30% |60% |8°%
Compound 2 (5.0 mg)
Compound 5 (5.4 mg) Compound 18 (2.2 mg) Fri Fr 2-13 Fr 14-17 Fr 18-21
Compound 6 (3.2 mg) Compound 19 (2.8 mg) (12.4 mg) (285.1 mg) (2980 mg)  (71.2 mg)
Compound 7 (3.4 mg) Compound 20 (11.1 mg) HPLC
Compound 8 (5.1 mg) 25%—35%-40%
Compound 9 (9.4 mg) H.0/MeOH
Compound 10 (3.7 mg) Compound 15 (1.1 mg) 2 e

Compound 11 (3.3 mg)
Compound 12 (4.7 mg)
Compound 13 (2.1 mg)

Compound 16 (2.6 mg)
Compound 17 (5.5 mg)

60% H,0/CH,CN

Compound 21 (3.9 mg)
Compound 22 (7.5 mg)
Compound 23 (11.5 mg)

Scheme 8. Isolation of limonoids from the methanol extract
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OTig
Compound 1 Compound 2

OTig

Compound 6 Compound 7

Structure determination
in progress.
Compound 10

Compound 9 Compound 11

Figure 1. Isolated tetranortriterpenoids from E. angolense

e

COOMe

Compound 4

Compound 8

Compound 12
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OTig

Compound 17

Structure determination
in progress.
Compound 21

MeO,C—,

OAc

Compound 19

Compound 22

Figure 1 (continued). Isolated tetranortriterpenoids from E. angolense

. CH(OH),
“OCOEt

OCOEt

OTig

Compound 23
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Chapter IV. Structure elucidation

1VV.1. Introduction

The structure of these news compounds was determined using mass spectrometry and 1D and 2D NMR.

The known compounds were identified by comparison of their spectroscopic data with these reported in the
110

2

literature and they are: methyl angolensate (1)°, methyl 6-acetoxyangolensate (13)'”’, secomahoganin (5)

111 112

xyloccensin K (20)" and 3B-hydroxy-3-deoxycarapin (19) °. Except methyl angolensate, this is the first
isolation of the remaining known compounds from this plant. According their data, the isolated unknown

compounds have been classified and the structure elucidation is discussed according to.

IV.2. Classification of isolated compounds

The isolated compounds have been grouped according to the classification presented in Table 1. In this

section, different groups are displayed.

1V.2.1. Protolimonoids

£ % cooMe “ COOMe ” COOMe

Compound 3 Compound 4 Compound 12

1V.2.2. Gedunin derivatives

Compound 8 Compound 14
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1V.2.3. Andirobin derivatives

COOMe

Compound 1 Compound 5 Compound 13

1V.2.4. Mexicanolides derivatives

OTig

Compound 2 Compound 16 Compound 18

Compound 19 Compound 20
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1V.2.5. Phragmalin derivatives

OTig

Compound 22

1VV.3. Structure determination

1V.3.1. Protolimonoids

MeO,C—,

OTig OTig
Compound 7

MeO,C—.,

OAc OTig

Compound 17

OTig
Compound 23

Compound 12, named entangosin A was obtained as an amorphous powder. Its HRFAB-MS spectrum

showed molecular ion at m/z: 503.2286 [M + H]+ in accordance with the molecular formula, C,7H340,,

indicating 11 degrees of unsaturation. The IR spectrum showed absorptions due to hydroxyl (3300 cm™) and

several carbonyls (1736-1753 cm’™"). The UV spectrum exhibited a maximum at 216 nm consistent with a

conjugated system. The C NMR data (Table 3) revealed that 12 contains one ketone, three ester carbonyls and

four vinyl groups taking into account six unsaturations. Hence, the five remainders were attributed to five

saturated rings. The 'H and “C NMR spectra also indicated the presence of four quaternary methyls, six

methylenes, six methines and eight quaternary carbons.
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The NMR spectroscopic data of this compound were closely similar to those of methyl angolensate®. Thus, the
H,-6 methylene protons observed at dy 2.63 and 2.24 which coupled with H-5 broad doublet showed HMBC
correlation with an ester carbonyl carbon (C-7) at d¢ 174.0. A 8,30-exocyclic double bond resonance at dy 5.20
and 4.92 (H,-30) in the 1H NMR spectrum and ¢ 144.8 (C-8) and 112.3 (C-30) in the BC NMR spectrum, the
presence of a characteristic low-field singlet proton at &y 5.62 (H-17) also reinforce the suggestion of the closely
relationship between 12 and methyl angolensate. However, 12 lacks signals of B-substituted furan ring and
showed the characteristic 21-hydroxy-21-23-buntenolide with an hemiacetal carbon at 5¢c 98.1 (C-21) and an
esteric carbonyl carbon at 8¢ 169.3 (C-23) as observed also in domesticulide D'"*. Thus, 12 was assigned to 6-

deacetoxydomesticulide D.

Figure 2. COSY and selected HMBC correlations in 12

The relative stereochemistry of 12 was clarified by both the coupling constants and the NOE experiments
(Figure 3). The H-9 proton exhibited NOE correlations with Me-18, H-11a, and H-15a; H-5 correlated also with
Me-28. Thus, the a-orientation of these protons can be explained. The NOE cross-peaks were also observed
between H-17 and H-12p, H-11p with H-15p indicated the B-orientation these protons. The NOE cross peak
between H-1 and Me-29 indicated the B-orientation of H-1.

Entangosin B (3), showed no molecular-ion peak in the mass spectra but fragment ion peak was observed
at m/z: 485.3 [M"-CH;OH], due probably to the labile nature of methoxy acetal group. The molecular formula of
CasH3600 was deduced from the mass spectrum in conjugation with the >*C NMR and DEPT spectra. The IR
spectrum showed absorption bands for carbonyl groups (1762, 1750, 1720 cm™) and double bonds (1652 cm™)

and the UV spectrum exhibited maximum absorption at 216 nm (o,B-unsaturated lactone).
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Figure 3. Computer-generated energy minimized model of 12 with key NOE correlations observed.

The NMR spectral data of 3 (Table 3) showed close similarities to those of 12 except for the observation of
addition NMR signals (8¢ 57.4 and oy 3.59) due to a methoxy group. These observations suggested that 3
possesses the same basic skeleton with 12.

The location of the methoxy group was established by the HMBC correlation of methoxy methyl protons to the
hemiacetal carbon signal at 5c 102.3 (C-21). Thus, 3 has been assigned as seco-tetranortritepenoid bearing a y-
methoxybutenolide at C-17. Similarly to 12, the relative stereochemistry of 3 (Figure 5) was determined by

NOE experiments. The structure 3 has been determined as shown.

Figure 4. COSY and selected HMBC correlations in 3
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Figure 5. Computer-generated energy minimized model of 3 with key NOE correlations observed

Entangosin C (4) was isolated as an amorphous solid. In the FABMS, as for 3, the molecular ion was not
seen but fragment ion due to the loss of methanol was detected at m/z: 535.4. Thus the molecular formula was
deduced as C9H4,01; from these mass spectrum data in conjugation with the 3C NMR and DEPT spectra. The
IR spectrum showed absorption bands for carbonyl groups (1762-1720 cm'l) and double bonds (1652 cm'l)

while no characteristic absorption was observed in the UV spectrum.

Figure 6. COSY and selected HMBC correlations in 4

The 'H and *C NMR spectral data of 4 (Table 3) showed close similarities to those of 12 and 3 besides the
resonances of the C-17 side chain. *C NMR spectrum of 4 indicated two hemiacetal carbon signals at 8¢ 109.9
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and 112.6, two oxygenated carbons at 82.1 and 76.1 (instead of tri-substitued double as observed in 12 and 3)
while "H NMR spectrum indicated two methoxy methyl groups at &y 3.51 and 3.45. The proton at &y 4.99 (H-
23), coupled with the proton at dy 4.20 (H-22) in the COSY, showed HMBC cross peak with an hemiacetal
carbon signal at 5¢ 109.9 (C-21), the quaternary oxygenated carbon at ¢ 82.1 (C-20) and the methoxy carbon at
d¢ 55.5 (6 3.51), permitting also the location of the methoxy group at C-23. The remaining methoxy group was
placed at C-21 by its coupling with the hemiacetal carbon at 5c 109.9 (C-21) bearing the proton observed as a
single at oy 4.92 (H-21). HMBC cross-peak of the methoxy methyl protons to C-20 also supported the above
mentioned location. Thus, it was concluded that the C-17 side chain is a 20,22-dihydroxy-21,23-
dimethoxytetrahydrofuran. Such side chains have been found in Salvinicins A and B, two natural products from

15 The relative stereochemistry of 4 was determined by NOE experiments (Figure 7)

a Lamiaceae family plant
as for 12 and 3. In the NOE spectrum, H-17 correlated with H-21, H-22 and OMe-23. These correlations could
suggest that these protons and the methoxy are oriented in the same face of the tetrahydrofuran ring. The NOE
connectivity between OMe-21 and H-23 leading to the conclusion they are on the other face of tetrahydrofuran

ring. Thus, the structure of 4 is proposed as shown.

Figure 7. Computer-generated energy minimized model of 4 with key NOE correlations observed
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1V.3.2 Gedunin derivatives

Compound 8 was obtained as white amorphous solid. Its molecular formula C,sH»306, deduced from the
HRFAB-MS spectrum (pseudomolecular ion at m/z 437.1971, [M+H]"; A + 0.3 mmu) and °C NMR and DEPT
spectra, corresponds to 12 degrees of unsaturation. The IR spectrum displayed bands at 1736-1750 (carbonyls),
1650 (carbon-carbon double) and 873 cm’” (furan ring). The UV spectrum band at 239 nm suggested the
presence of conjugated system. The analysis of 'H and *C NMR data fully explained that seven elements of
unsaturation are present as double bonds (four carbon-carbon including furan ring, two ketone and one ester),
therefore the molecule is pentacyclic.

The NMR spectroscopic data of 8 (Table 4) showed signals of five tertiary methyl groups, two methylenes, nine
methines (six olefinics) and nine non-hydrogenated carbons (two olefinics), and the presence of one p-furanyl
moiety (0y 6.38, 7.39 and 7.42; each one proton). All the protons directly bonded to carbon atoms were assigned
by 'H-"C shift-correlated measurements (HMQC). The data from decouplings and the subsequent 2D NMR
studies using the COSY, HMBC and NOESY, suggested that compound 8 was gedunin-type limonoid''*'"”.
Thus, two olefinic protons at gy 6.89 (d, J = 10.0 Hz) and 6.00 (d, J = 10.0 Hz) assigned to H-1 and H-2
correlated with a ketonic carbonyl carbon at 3¢ 200.8 assigned to C-3 in the HMBC spectrum. The HMBC
correlations of H-1 to Me-19 (8¢ 22.6), C-5 (8¢ 166.2) and C-10 (8¢ 41.4) and those of two methyl protons, Me-
28 (0y 1.40) and Me-29 (8y 1.45) to the quaternary carbon signal, C-4 (¢ 49.4) and C-3 were also observed.
These observations fully assigned the ring A as possessing a 1-en-3-one system.

The downfield chemical shift of a signal at 8;; 5.44 observed as a singlet and assigned to H-17, showed 'H-">C
correlations to two quaternary carbons at 6¢ 37.4 (C-13) and d¢ 64.9 (C-14), a methyl carbon at ¢ 20.6 (Me-18),
and a furan carbon at 6¢c 120.1 (C-20) in the HMBC spectrum confirming then the location of the furan group at
C-17 position. On the other hand, the observation of HMBC cross-peaks between a characteristic epoxy proton
singlet at oy 3.95 (H-15) and the carbon signals at 5¢c 64.9 (C-14), 3¢ 166.7 (C-16, lactonic carbonyl) and d¢
37.4 (C-13) revealed that the D-ring of 8 was in the form of d-lactone with a C-14/15 epoxy substituent. These
findings strongly supported that 8 is a gedunin-type limonoid.

Also, the presence of one tri-substitued double bond at 6 166.2 and 123.5 was recognized and the olefinic proton
signal of this bond (6y 6.03, H-6) showed HMBC correlations to the carbon signals of C-4, C-5, C-7 (8¢ 198.6),
C-8 (8¢ 48.5) and C-10. The 12-methylene protons at 8y 1.45 and 1.92 attached to the carbon at 3¢ 32.8 showed
HMBC correlations to C-9, C-11 (3¢ 18.9), C-13, C-14 and C-17. These correlations characterized rings B and
C, and then the gross structure of this compound.

The relative stereochemistry of 8, as shown, was established by NOE experiments (Figure 9) and also by some
similarities observed with the reported NOE data of the molecule parent gedunin''*. The NOE cross-peaks
observed between H-17 and H-12, between H-11B and Me-30, between H-17 and Me-30, and between Me-19
and Me-30 indicated the B-orientation these protons. The a-orientation of H-9 signal was deduced by a NOE
cross-peak shared with the Me-18. The B-orientation of the 14,15-epoxide moiety was determined by the weak
NOE correlations of H-15/ Me-18 which was also observed in the NOESY of gedunin. Thus, compound 8 was

assigned as 5,6-dehydro-7-oxogedunin.

54



Part One : Structural Studies of Tetranortriterpenoids from Congolese Species of Entandrophragma angolense

Table 3. 'H and *C NMR spectroscopic data of compounds 12, 3 and 4.

Entangosin A (12) Entangosin B (3) Entangosin C (4)
Position  §c mult. dy (J in Hz) d¢ mult. Oy (J in Hz) d¢ mult. dy (J in Hz)
1 774d 3.53dd (6.3,3.5) 773 s 3.48t(5.8) 76.4d 3.39t(6.4)
200 39.3d 2.49 dd (14.5,3.5) 39.6 t 2.60dd (14.3,5.2) 399t 2.60 dd (13.8,5.8)
B 2.91dd (14.5,6.3) 2.81dd (14.3,6.5) 2.74 dd (13.8,7.0)
3 212.7s 213.0s 213.0s
4 48.1s 47.8 s 479 s
5 43.0d 2.84 brd (10.1) 42.8d 2.92.d(10.3) 42.7d 2.86 brd
6a 326t 2.63dd (16.5,10.1) 329t 2.57dd (16.0,7.7) 32.8t 2.53.dd (15.9,9.9)
b 2.24% 2.25dd (16.0,5.3) 2.28 brd (15.9)
7 174.0s 173.8 s 173.6 s
8 1448s 145.6 s 1453 s
9 49.6d 2.242 49.4d 2.18d (4.9) 49.2d 2.11brd (5.1)
10 439s 44.0s 443 s
1la 23.8t 1.66 m 23.4t 2250 235t 1.63 m
B 2240 1.60 m 2.17 br dd (15.8,5.3)
1200 293t 1.31m 28.8t 1.07 0 27.6t 2.01 brdd (13.1,5.3)
§ 2.06 m 2250 1.95ddd (19.7, 13.1, 5.3)
13 419s 41.8s 41.6s
14 80.0s 79.5s 80.3s
150 33.5t 2.88 d (18.1) 33.6t 2.89d (18.2) 333t 2.80d (18.0)
§ 2.60d (18.1) 2.58d (18.2) 2.50d (18.0)
16 1693s 169.5 s 169.9 s
17 79.9d 5.62s 77.6d 571s 83.8d 5.19s
18 14.2¢q 0.93s 13.3q 0.90s 14.4q 1.09s
19 21.7q 0.96 s 21.4q 0.87s 214q 0.79 s
20 163.7s 1349s 82.1¢q
21 98.1d 6.14brs 102.3d 5.77s 109.9d 492s
22 121.7d 6.24 brs 147.6d 7.18 s 76.1d 420d(3.2)
23 169.3s 168.6 s 112.6d 4.99d(3.2)
28 25.8q 1.00's 26.7q 1.09s 274q 1.10s
29 214q 1.19s 21.1q 1.18 s 21.1q 1.17 s
30a 1123t 520brs 117.9d 5.17s 1122t 5.14,s
b 4.92brs 4.99s 4.85s
OMe-7 52.3¢q 3.72s 519¢q 3.71s 52.0q 3.71s
OMe-21 574 q 3.59s 56.5q 3.51s
OMe-23 55.5q 345s

*Signals were overlapped.
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Figure 9. Computer-generated energy minimized model of 8 with key NOE correlations observed

Compound 14 was isolated as a white amorphous solid. Its HRFAB-MS spectrum displayed a pseudo-
molecular ion at m/z 455.2992, [M+H]"; A - 0.3 mmu. Combined with C NMR data, the molecular formula of
this compound was established as CycH3007 (11 degrees of unsaturation). The UV absorption observed at 215
nm indicated the presence of a conjugated system as in compound 8. The following characteristic absorptions
observed in IR spectrum 3420, 1720-1736, 1649 and 875 cm™ corresponded to the presence of hydroxyl group,
carbonyl or/and a,B-unsaturated six membered lactone, carbon — carbon double, and furan ring, respectively.
The NMR spectroscopic data of compound 14 (Table 4) showed very close similarities with those of 8, besides
the lack of resonances of tri-substituted double bond. The methylene protons at &y 2.33 (d, J = 13.2 Hz) and
3.41 (d, J = 13.2 Hz) were assigned as H,-6, due to the HMBC cross-peak with carbon signal at 6¢ 209.2 (C-7)
and 62.9 (C-5). The carbon C-5 showed HMBC correlations with hydroxyl proton (6y 1.67) suggesting its

location at this position.
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The relative stereochemistry of 14 was determined by NOE considerations (Figure 11). The B-OH orientation at
C-5 was determined by the strong NOE correlations observed between the OH proton and two methyl protons

(Me-19 and Me-29). Thus, 14 was assigned as 5-hydroxy-7-oxogedunin.

Figure 10. COSY and selected HMBC correlations in 14

1V.3.3. Mexicanolide derivatives

Angolensin A (2) was isolated as amorphous powder and it was shown to have the molecular formula
C3H490g by a pseudomolecular ion [M + H]" at m/z 553.2794 (A — 0.8 mmu) in the HRFAB-MS and from the
analysis of BC NMR spectroscopic data. The IR spectrum revealed a complex absorption band at 1740-1710
cm’' for many carbonyls. The UV spectrum indicated the presence of conjugated system at 213 nm. From 'H
and C NMR spectra, it was clear that eight of the thirteen elements of unsaturation were present as double
bonds: four carbon-carbon (one furan ring) and four carbon-oxygen (one ketone and three esters). Therefore, the
molecule is pentacyclic. The NMR spectroscopic data (Table 5) also revealed that compound 2 contained seven
methyls (five tertiary, one secondary and one methoxy), four methylenes, eleven methynes (five olefinic), and
ten quaternary carbons (three olefinic). From the NMR data, the presence of B-furanyl (8y 6.43, 7.24 and 7.49;
each 1H) and tigloyl moiety (6y 1.85: d and 1.90: br s; each 3H, and &y 6.96: br q; 1H) was also recognized.

All the protons directly bonded to carbon atoms were assigned by analysis of the HMBQC spectrum. The data
from the subsequent 2D NMR studies using 'H-'"H COSY, HMBC, and NOESY spectra, strongly suggested that
2 was a mexicanolide-type limonoid''*!'"”. Thus, the 6-methylene protons at &y 2.41 (dd, J = 8.9 and 17.2 Hz)
and 2.50 (br d, J = 17.2 Hz) attached to a carbon at 3¢ 33.6 adjacent to an ester carbonyl (3¢ 174.4), were
coupled with the H-5 broad doublet proton at 6y 3.37, and the presence of this moiety and a characteristic low-
field H-17 at 6y 5.01 showing significant HMBC correlations with the furanyl carbons at 6¢c 109.9 (C-23), 120.0
(C-20) and 141.2 (C-21), revealed that 2 was a rings B,D-seco limonoid. In addition to this knowledge, the
absence of signal due to one tertiary methyl at 83 (C-30) in the basic skeleton and olefinic signals to be assigned
to exo-methylene protons suggested that 2 was a mexicanolide-type compound having the bicyclo[3,3,1]-ring

system, instead of angolensate derivatives.
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Figure 11. Computer-generated energy minimized model of 14 with key NOE correlations observed.

In the HMBC spectrum of 2, the observed long-range C-H correlations of H-5 signal with the °C signals at 8¢
17.8 (q), 20.3 (q), 24.1 (q), 38.2 (s), 48.7 (d), 51.3 (s), and 78.4 (d) led to their assignements as C-19, C-28, C-4,
C-9, C-10 and C-3, respectively. A complex signal due to one methylene proton at 8y 2.25 assigned to H-30p
showed significant HMBC correlations with a carbonyl carbon at ¢ 218.6 (C-1), two methine carbons at d¢
34.4 and 46.6 to be assigned to C-8 and C-2, and the methine carbons of C-3 and C-9. The presence of tigloyl
group at C-3 was also confirmed by the correlations of H-3 doublet at 6y 5.71 attached to C-3 with tigloyl
carbonyl carbon at ¢ 167.1. These findings clearly characterized the first molecular fragment, the left-hand
bicyclo[3,3,1]nonane ring system.

An olefinic proton at dy 5.71 (s, H-15) attached to a carbon at 6¢c 112.7 adjacent to a lactone carbonyl carbon at
d¢ 164.5 (C-16), showed correlations with another olefinic carbon at ¢ 170.4 (C-14), a quaternary carbon at ¢
38.3 (C-13), and the 8-methine carbon. The carbon signal due to C-13 was correlated to the signals of the 17-
methine proton, the methylene protons at 8y 1.71-1.77 and 6y 1.44 and 1.62 assigned to H,-11 and H,-12, and
the methyl protons at dy 1.03 (Me-18). Finally, the 11-methylene signals attached to the carbon at d¢ 18.8
showed correlations with C-8—C-10 and C-12 signals together with C-13 signal. These correlations
characterized the second fragment of the molecule, C-8, C-9 and C-11—C-17 of the C and D rings, including
13-Me (Me-18) and a furan ring.
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Table 4. 'H and °C NMR spectroscopic data of compounds 8-14.

5,6-dehydro-7-oxogedunin (8) 5-hydroxy-7-oxogedunin (14)
Position ¢ mult. Sy (J in Hz) S¢ mult. du (J in Hz)
1 1522d 6.89 d (10.0) 160.9 d 7.13d(6.2)
2 125.7d 6.00 d (10.0) 132.9d 6.29d (6.2)
3 200.8s 211.6 s
4 494s 533s
5 166.2s 629s
60 123.5d 6.03 s 123.5d 2.33d(13.2)
B 3.41d(13.2)
7 198.6s 209.2 s
8 485s 52.1s
44.5d 240brd 46.7d 2.16dd (11.8,3.8)
10 414s 48.2s
1la 189t 1.97 dd (13.5,8.0) 164t 1.88 m
B 1.81m 1.94m
120 32.8t 1450 294t 1.47 ddd (9.4,7.0,2.5)
B 1.92 dd (13.9,7.3) 1.80 ddd (18.1,9.4,4.4)
13 3745 38.0s
14 649s 66.6 s
15 522d 395s 55.3d 429
16 166.7s 167.2 s
17 77.7d 5.44s 779d 5.54s
18 20.6q 1.03s 19.8 q 1.15s
19 22.6q 1.50s 26.4 q 1.06 s
20 120.1s 1203 s
21 141.0d 742s 141.1d 7.42s
22 109.8d 6.38brs 109.8d 6.35brs
23 143.1d 7.39t(1.4) 143.1d 7.39brs
28 25.5¢q 1.40's 285q 1.01s
29 282q 1.45s 21.0q 1.40s
30 17.2¢q 1.08s 17.8 q 1.52s
OH-10 1.67 s

The structure of 2, including the stereochemistry, was fully explained from the NMR data by consideration of
the NOE correlations shown in Figure 13. Strong cross-peak of the broad signal at 3y 3.30 (H-8) with the signals
at oy 1.62 (H-12P) and 2.25 (H-30pB) and the H-5 signal, and of the H-12p signal with the H-17 signal indicated
the P orientation of these protons. On the other hand, the large coupling of J = 10 Hz and strong NOE
correlation between the H-3 signal at 8y 5.10 and H-2 signal at dy 3.14, revealed the orientation of H-3. Finally,
NOE correlations observed between the H-9 signal at oy 1.74 and the Me-18 and Me-19 proton signals at oy
1.03 and 1.10 established the structure of 2 with certainity.
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Figure 12. COSY and selected HMBC correlations in 2

7

Figure 13. Computer-generated energy minimized model of 2 with key NOE correlations observed.

Angolensin B (16) was obtained as a white amorphous powder. The molecular formula (C;sH45014, 15
unsaturations) was determined by HRFAB-MS (m/z: 729.3102 [M + H]", A +0.2 mmu) and NMR spectra. The
IR spectrum showed different absorptions for hydroxyl (3600-3200 cm™) and carbonyl (1736-1720 cm™) groups
as broad bands and UV spectrum indicated the presence of a similar conjugated system at 216 nm as in 2.
Compare to 2, the NMR spectrum showed the change of several functional groups in 16, which included the
presence of additional hydroxyl, acetyl and 2-methylpropanoyl groups. The most significant difference was the

absence of the keto carbonyl group observed in 2, and the presence of an acetal carbon at ¢ 108.1 (s) in 16.
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116,117
" the presence of a

Since an acetal linkage between C-1 and C-8 has been observed in some mexicanolides,
similar partial structure in 16 was predicted and it was supported by the HMBC correlations of the 1-OH signal
at dy 4.52 with three quaternary carbons at 6c 108.1 (C-1), 81.1 (C-2) and 43.1 (C-10). The fact that 16
possesses a mexicanolide-type structure having the C-1—C-8 acetal linkage and the C-14—C15 double bond,
was confirmed by the 'H and >C NMR data as presented in Table 5 and by NOE correlations (Figure 15).

The location of three ester groups was elucidated by the HMBC correlations of the methine protons at 6y 4.67
(H-3), 5.25 (H-6), and 5.46 (H-30) with tiglyol, acetyl, and 2-methylpropanoyl carbonyl carbons at 6c 168.2,
169.7 and 175.4, respectively. The configuration of H-30, not coupling with any proton, was assigned to be f3
from NOE observation with the H-50 signal at oy 2.97, which also showed NOE correlations with H-6, H-11
(0y 2.43) and H-30 signals and the 4p-Me (28) proton signal at oy 0.94 to identify the stereochemistry of the
bicyclo[3.3.1]nonane ring. On the other hand, the significant NOE observations between the H-12 (8y 2.05)
and H-17 (oy 4.85) signals and the H-12 and H-30 signals clarified the stereochemistry at C-8, C-9 and C-13.
From the NOE correlations with 4a-Me (29) and 1-OH proton signals at dy 1.61 and 4.52, the configuration of
H-3 was assigned to be a. Finally, the R configuration at C-6 inferred from that of some known

. . 118,119
mexicanolides

was also supported by the very small coupling between the H-5 and H-6 signals reffering to
the dihedral angle of H5/H6 to be ca 90° and the NOE correlations observed between the H-6 signal and the H-
5, Hp-11 and Me-19 resonances, and the 7-carboxymethyl signal and the 5-H, 4p-Me and tigloyl 2’- and 3’-Me

resonances.

Figure 14. COSY and selected HMBC correlations in 16
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I J . J

Figure 15. Computer-generated energy minimized model of 16 with key NOE correlations observed.

The molecular formula of angolensin C (18) was determined as CyoH34019 by HRFAB-MS (m/z: 543.2223
[M+H]", A -0.7 mmu). Compound 4 was also predicted by the NMR spectra to be mexicanolide from the
presence of the signals due to four quaternary methyls and the 6-CO,Me group. This compound, having the
signals due to 14—15 double bond at 6¢ 165.4 and 116.6 and one acetyl methyl signal at dy 2.18, however, was
significantly different from 2 and 16 in the presence of two keto carbonyl groups at 5c 208.4 and 212.2 and one
hydroxyl group at oy 1.93, and lacked tigloyl group.

These ketone groups were located at C-1 and C-3, because both carbonyl carbons were correlated in the HMBC
spectrum to the 30-methylene protons at &y 2.57 and 3.17 attached to a carbon at dc 41.9 (C-30), also each
carbonyl carbon to the methyl protons at oy 1.28 (Me-19) and to another two methyl protons at oy 1.08 (Me-28)
and 1.13 (Me-29), respectively. The proton signal due to the 2-methine group lying between two carbonyl
groups, consequently, was observed at the low field oy 3.36.

The structure of 18, including its stereochemistry, was fully explained from the NMR data by the consideration
of NOE correlations (Figure 17). Strong cross-peaks of the H-5 broad singlet at oy 3.14 with a signal at oy 1.94
(H-12p) and the characteristic H-17 signal at oy 5.57 indicated the same [ orientation of these protons and the
folded conformation of 18 as shown in Figure 3. The latter also accounted for the stereochemistry at C-8. An
NOE correlation observed between the H-30p and H-15 resonances also accounted well for the stereochemistry
of the ring system of 18. Finally, the configuration at C-6 was assumed to be the same R as that of 16 in a

similar manner.
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Figure 17. Computer-generated energy minimized model of 18 with key NOE correlations observed.
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Table 5. 'H and °C NMR spectroscopic data of angolensins A (2), B (16) and C (18)

Angolensin A (2) Angolensin B (16) Angolensin C (18)
Position  dc mult. &y (J in Hz) dc mult. &y (J in Hz) dc mult. 8y (J in Hz)
1 218.6s 108.1s 212.2s
2 46.6d  3.14ddd (10.0,3.5,2.5) 81.1s 56.3d 3.36 dd (8.4,3.6)
3 784d 5.10d 85.2d 4.67 s 208.4 s
4 382s 39.2s 50.0s
5 40.5d 3.37dd(8.9,1.4) 43.8d 297 brs 42.6d 3.14brs
6a 33.6t 2.50brd (17.2) 71.6d 525brs 72.5d 5.59brs
b 2.41dd (17.2,8.9)
7 17445 171.0 s 170.5 s
8 344d 330brm 80.0s 7228
9 48.7d 1.74 m 51.5d 2.30dd (11.3,9.6) 60.2d 2.18 m
10 513s 43.1s 50.7s
1lo 18.8t 1.71-1.77 1531 2.09 mo 193t 2.09 m
B 243 m 1.71 m
1200 269t 1.44 dd (13.3,6.9) 25.0t 1.42dd (13.5,8.8) 29.7t 1.50 ddd (15.4,9.6,4.1)
B 1.62 m 2.05m 1.94 ddd (15.4,9.5,4.5)
13 383s 38.8s 39.0s
14 1704s 158.2s 165.4 s
15 112.7d 5.71d(1.8) 1184d  6.03s 116.6d  6.05s
16 164.5s 163.0s 164.5 s
17 814d 5.01s 81.3d 4.85s 79.7d 5.57s
18 18.0q 1.03s 19.7q 1.22s 214q 1.29s
19 17.8q 1.10s 20.5q 1.19s 18.7q 1.28s
20 120.0s 1199 119.7 s
21 1412d 749brs 1412d  7.49brs 1419d  7.56brs
22 1099d 643brs 1099d  642brs 1104d  6.50brs
23 143.0d 742brs 143.0d  742brs 143.0d  7.44brs
28 203q 0.83s 242 q 0.94 s 219¢q 1.09 s
29 241q 0.84s 24.6 q 1.61s 219q 1.13s
3000 34.8t 1.59m 74.8d 5.46s 419t 2.57dd (15.1,8.4)
B 2.25ddd (13.7,4.3,3.2) 4.99,s 3.17 dd (15.1,3.6)
OMe 3.72s 529q 3.77s 533¢q 3.75s
OH 4.52 br s (1-OH) 1.93 brs
4.30 br s (2-OH)
OAc (Me) 21.0q 2.18 s 20.9 2.18s
(CO) 169.7 s 169.5
Tigloyl
I’ 167.1s 168.2's
2> 127.7s 127.5s
37 139.0d 6.96brq(7.1) 139.8d  6.86brq
4 14.7q 1.85d(7.1) 14.6 q 1.86 brd
4’-Me 12.2q 1.90 br s 11.9q 1.81brs
2-methylpropanoyl
I 175.4's
2" 34.1d 2.48 hept (6.9)
3" 6.9q 1.05d (6.9)
2"-Me 69q 1.06 d (6.9)
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1VV.3.4. Phragmalin derivatives

IV.3.4.1. Phragmalin bearing orthoacetate bridge

Angolensin D (9) possessed the molecular formula C;gHyg013 as determined from a pseudomolecular ion
[M-H] at m/z: 711.3010 (A -0.7 mmu) in the negative HRFAB-MS and from the analysis of BC NMR
spectroscopic data. The IR spectrum revealed absorption bands for hydroxyl (3410 cm'l) and saturated (1735
cm’') and unsaturated carbonyl (1705 cm™). The UV spectrum indicated the presence of conjugated system at
225 nm. From the 'H and *C NMR spectra, it was clear that seven of the fifteen elements of unsaturation were
present as double bonds: three carbon-carbon (one furan ring) and four carbon-oxygen (as esters). Therefore the
molecule is octacyclic. The NMR spectroscopic data (Table 6) also revealed that compound 9 contained nine
methyls (five tertiary, three secondary and one methoxy), five methylenes, ten methine (four olefinic), fourteen
quaternary carbons (two olefinic). From the 'H and *C NMR data, the presence of each one B-furyl (8y 6.47,
7.41 and 7.50; each 1H), tigloyl (dy 1.83, d and 1.93, br s: each 3H), and 3-methylpropanoyl moieties (6y 1.04
and 1.17, each d: 3H, and 2.52, hept: 1H) was recognized. The presence of one orthoacetate groups was also
assumed from the characteristic signals due to an orthoester carbon at 5y 119.0 (s) and acetate methyl protons at

Oy 1.67 8 (s). Each one of methoxy (8y 3.69) and hydroxyl (6y 2.69) groups was also observed.

Figure 18. COSY and selected HMBC correlations in 9

All of the protons directly bonded to carbon atoms were assigned by analysis of the HMQC spectrum. The data
from decouplings and the subsequent 2D NMR studies strongly suggested that 9 was a phragmalin-type
limonoid (Table 1).”6’120 Thus, a characteristic low-field singlet at &y 5.54 due to H-17 was observed and the 6-
methylene protons at 6y 2.28 (dd, J=2.5 and 15.9) and 2.47 (dd, J = 9.1 and 15.9 Hz) attached to a carbon at 6¢
33.7 (t) adjacent to an ester carbonyl (dy 173.1), were coupled with the H-5 double doublet proton at 6y 3.01 (dd,
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J=2.5and 9.1 Hz). These observations strongly suggested that 4 was a rings B,D-seco limonoid. In addition to
this knowledge, the absence of two tertiary methyl signals due to 4p- and 8p-Me (Me-29 and 30) in the basic
limonoid skeleton and the presnece of isolated geminal proton signals at 8y 1.77 and 1.90 (each 1H, d, J =10.7
Hz) assigned to 29-methylene group, strongly supported that 9 was a phragmalin having the

2,10 11,4
1

tricyclo[3.3.1 ]decane ring system.

Figure 19. Computer-generated energy minimized model of 9 with key NOE correlations observed.

The presence of an orthoester group in 9 was also presumed from the characteristic orthocarbon resonance at oy

119.0. Many of the phragmalins isolated so far have been reported to be 1,8,9- or 8,9,14- orthoacetates except

16121 and their orthocarbon signals have been observed around 119.” The 'H and *C NMR

122

for some exceptions,
data due to the tricyclodecane ring of 9 were very similar to those of swietenialide D ** isolated from the stem
bark of S. mahogany, having six oxygenated sp’ carbon attributable to C-1, C-2, C-3, C-8, C-9 and C-30.

In the HMBC spectrum of 9 (Figure 18), the observed long-range C-H correlations of the H-5 signal with the
e signals at oy 16.4 (q), 39.5 (t), 45.5 (s), 83.7 (d) and 87.2 (s) led to their assignements as C-19, C-29, C-10,
C-3 and C-9, respectively. A down-field shifted methine proton singlet at 6y 5.90 assigned to H-30 showed
significant HMBC correlations with the three quaternay carbon signals at 6¢c 79.9, 85.6 and 86.4 to be assigned
to C-2, C-1 and C-8, and with the C-3 signal. The presence of two acetyloxy groups at C-3 and C-30 was
confirmed from the correlations of H-3 and H-30 singlets at oy 4.73 and 5.90 attached to C-3 and C-30 at &¢
70.5 with tigloyl and 2-methylpropanoyl ester carbonyl carbon signals at dy 167.3 and 174.6 in the HMBC
spectrum. The presence of 2-OH group was also elucidated by the correlation of the OH signal at oy 2.69 with
the C-2 signal, which located the orthoacetate group at position 1,8 and 9. Further, the methylene 29-methylene
protons showed HMBC correlations with C-1, C-5, C-10 and C-28 (4-Me) at ¢ 14.5. These findings clearly
characterized the first molecular fragment, the left-hand tricyclo[3.3.1.1]decane ring system.

A methine proton at oy 2.04 assigned to H-14 coupling with 15-methylene protons at 6y 2.68 abd 3.24 attached
to a carbon at ¢ 26.6 (t) adjacent to a lactone carbonyl group at 6¢ 170.4 (C-16), showed HMBC correlations
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with three quaternary carbons C-8, C-9 and C-13 at ¢ 34.7, two methine carbons C-30 and C-17 at d¢ 78.2, and
a Me-13 (Me-18) carbon at 5¢ 19.6. Finally, the 11-methylene proton signals at dy 1.65 and 2.17 attached to the
carbon at dc 25.4 showed correlations C-8-C-10, C-12 at dy 20.0 and C-13 signals. These correlations
characterized the second fragment of the molecule, C-8, C-9 and C-11-C-17 of the C and D rings, including Me-
13 and the furan ring.

The structure of 9, including its stereochemistry, was fully explained from the NMR data by consideration of
NOE correlations (Figure 19). Strong cross-peaks of the H-5 signal with one of the H,-11 at &y 1.65 and the H-
30 signals, the H-11 signal with H-17 and H-30 signals, and H-17 signal with H-30 signal indicated the 8
orientantion for these protons and the chair conformation of the ring C. On the other hand, the 29-methylene
protons at oy 1.90 (d, J = 10.7 Hz, pro-S) and 1.77 (d, J = 10.7 Hz, pro-R) showed NOE correlations with H-3
and Me-10 (Me-19) protons at &y 1.15, respectively. These NOE correlations clarified the relative
stereochemistry of these protons in the tricyclodecane ring system. Finally, a NOE correlation between H-14

and the Me-18 protons clarified the cis-fusion of the rings C/D.

Angolensin E (15) was obtained as a white amorphous powder. The molecular formula (C3;sH4,0,5, 16
unsaturations) was determined by analysis of its HRFAB-MS (m/z: 715.2600 [M+1]", A -0.2 mmu) and NMR
data. The UV and IR spectra showed similar absorptions to those of 9 at 225 nm and at 3600-3250 and 1745-
1739 cm™ as broad bands, and the NMR spectra suggested 15 to be a phragmalin derivative having an
orthoacetate group (g 1.54, 3H, s; 6c 21.0 q and 118.0 s). However, the NMR spectra showed some difference
with 9 by the presence of an additional oxygenated sp> carbon, chemical shift change of few protons and carbon
signals, and the variation of ester groups, the latter of which included the absence of the tigloyl and 2-
methylpropanoyl ester groups observed in 9, and the presence of one propanoyl ester (6y 1.14, 3H,t, J =7.6 Hz
and 2.29, 2H, q, J = 7.6 Hz; ¢ 9.14 d, 27.0 d and 171.7 s) and two acetoxy groups (dy 2.33, 6H, s; 8¢ 171.7 s
and 172.7 s) in 15. The most significant difference was the presence of a trisubstituted double bond (d¢ 116.9 d
and 162.8 s) in the ring D.

Figure 20. COSY and selected HMBC correlations in 15
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An olefinic proton singlet at &y 7.08 attached to a carbon at 6¢c 116.9 adjacent to a lactone carbonyl carbon at at
d¢ 163.7 (C-16) was assigned to H-15, which showed HMBC correlations with another olefinic carbon at d¢
162.8 (s, C-14) and two quaternary carbons at 5¢ 80.0 and 45.4 assigned to C-8 and C-13. The carbon signal due
to C-13 was further correlated to two methine signals at 8y 3.91 and 5.21 assigned to H-12 and H-17, methylene
signals at &y 1.63 and 2.42 assigned to H,-11, and methyl signals at &y 1.51 (Me-18). The 11-methylene protons
showed correlations with three singlet carbons at d¢ 80.0, 85.8 and 47.1 assigned to C-8, C-9 and C-10 together
with C-12 at 6¢ 71.7 and C-13. On the other hand, the H-12 signal showed a strong correlation with the
characteristic orthocarbon resonance at d¢ 118.0. These findings characterized the right-hand C and D rings of
the molecule. Further, the configuration of H-12 coupling with only one of the methylene-11 protons at 6y 2.42

(dd, J =4.7 and 13.0 Hz) was assigned to be B from a remarkable NOE correlation with H-17.

Figure 21. Computer-generated energy minimized model of 15 with key NOE correlations observed.

The structure of the remaining tricyclodecane ring system and the location of the orthoester group were
elucidated by HMBC correlations. One of the two acetoxy and the propanoyloxy group were located to C-3 and
C-30 by correlation of two methine protons at 6y 5.22 and 6.28 assigned to H-3 and H-30 to C-3 and C-30 by
correlation with the caetyl and prpanoyl ester carbonyls at 6¢ 169.4 and 171.7. On the other hand, the hydroxyl
group observed at oy 2.55 was elucidated to be present at C-1 by the correlations of the OH signal with signals
of C-1, C-10 and C-29 at 6y 81.4, 47.1 and 41.4. The presence of 1-OH group located the orthoacetate group at
positions 8, 9 and 12. Finally, the remaining second acetoxy group was assigned to C-2.

The stereochemistry of 15 was elucidated by NOE correlation using molecular model and indicated that all of
the asymmetric carbons except for C-12 had the configurations as in 9. However, the H-30 signal showed a
significant low-field shift to 6y 6.28 together with a new NOE correlation with the H-15 signal, not with the H-5,
11B-H and H-17 signals observed in 9. These findings suggested strongly that the ring system of 15 was in a
different conformation from that of 4. The conformational change could be well accounted by the alteration of

the ring C to twist-boat form, from the chair conformation in 9, which derived from the formation of 8,9,12-
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orthoester linkages. Taking into account this boat conformation, the low-field shift of H-30 could be explained
by an effect of the C-14/C-15 double bond. Many phragmalin limonoids possessing an orthoester group have

been reported, but this is the first isolation of the 8,9,12-orthoester derivative.

Angolensin F (7) was obtained as a white amorphous powder. The molecular formula, C4Hs4015, was
determined by analysis if its HRFAB-MS (m/z: 787.3543 [M+H]", A +0.2 mmu) and NMR spectra. Compound
7 showed similar UV and IR absorption bands with those of 9 and 15 at 215 nm and at 3600-3300 and 1745-
1720 cm™. The 'H and “C NMR spectra suggested that 7 had similar structure to 9, having each one of
orthoacetate, tiglate, 2-methylpropanate and hydroxyl groups, except for the presence of additional acetyl (oy
1.94) and carbomethoxy (oy 3.67) groups in 7. The chemical shifts of some signals due to the limonoid skeleton
in 7 were somehow different from those of 9, but the HMQC assignment of all the proton and carbon signals

2191 decane ring system as 9. Thus,

indicated 7 to be a phragmalin limonoid having the same tricyclo[3.3.1.
the ?C NMR spectrum exhibited six oxygenated sp> carbon signals attributable to C-1, C-2, C-3, C-8, C-9 and
C-30 at o¢ 85.7 (s), 80.5 (s), 84.0 (d), 87.3 (s), 87.2 (s) and 70.4 (d). On the other hand, it was also evident that 7
was pentacyclic different from 9 and 15, and its eight elements of unsaturations were present as double bonds:

three carbon-carbon (one furan) and five CO (as esters).

Figure 22. COSY and selected HMBC correlations in 7

Significant information regarding the rest of the molecule was provided by the HMBC spectrum. Long-range
'H-C correlations of the characteristic H-17 singlet at 8 5.73 with an acetoxy carbonyl carbon signal at 5¢
169.0 and one methoxy signal of the two carbomethoxy groups at oy 3.67 with the 16-ester carbonyl signal at ¢
174.6 clarified that 7 was a ring D opened phragmalin limonoid like procerin''® and swietenialides'** from
Carapa procera and Swietenia mahogani. Although the location of the orthoacetate group at positions 1,8,9 was

assumed by a weak HMBC correlation of the acetate methyl signal at 3y 1.61 with the C-1 signal at 5¢ 85.7. The
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location of the remaining hydroxyl group was determined to be at C-2 by the correlation of its signal at dy 2.66
with the C-2 and C-3 signals at 5¢ 80.5 and 84.0. As in 9, the same locations of the tiglate and methylpropanoate
groups were elucidated by HMBC correlations of the H-3 and H-30 signals at 6y 4.67 and 5.76 with the
carbonyl carbon signals at ¢ 167 and 174.0. The configuration of these protons were also assigned as o and
on the basis of the NOE correlations (Figure 23), in which the H-30 signal showed similar correlations to those
of 9, but H-30 signal exhibited a new correlation with 12p-H, not with the 11B-H signal, together with H-5
signal. The H-5 signal also showed a new NOE correlation with 12p3-H signal. On the other hand, the H-8, 11a-
H and Me-13 signals showed remarkable NOE correlations to each other. These findings suggested strongly a
conformation change of the ring C to a boat form, and this alteration accounted nicely for the chemical shift

deviation of many NMR signals in 7 from those of 9.

Figure 23. Computer-generated energy minimized model of 7 with key NOE correlations observed.
IV.3.4.2. Phragmalin with newly formed lactone ring fused to the C-ring of basic skeleton

Compound 6 was isolated as amorphous powder and was found to have the molecular formula C4Hs¢014
(degree of unsaturations: 16) by accurate mass measurement (HRFAB-MS: m/z 755.3257 [M+H]") and "°C
NMR data. The UV maximum at 225 nm and the IR absorption at 3434-3248, and 1740-1715 cm™ showed the
presence conjugated double bond, hydroxyl and several carbonyl groups. From the 'H and *C NMR data, it was
evident that eight of the elements of unsaturation were present as double bonds: four carbon—carbon (one furan
ring) and four CO (as esters). Thus, the molecule is octacyclic. The NMR data also revealed that compound 6
had eight tertiary methyls (one acetyl and one methoxy), two secondary methyls, four methylenes, ten methines
(four olefinic), fifteen carbons (four olefinic and four ester carbonyls) not bonded to hydrogen. From the NMR

data, the presence of each one of B-furyl moiety (8y 6.42, 7.33 and 7.43, each 1H), 1-methylpropyl (64 1.13 and
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1.229 each d: 3H, and 2.96, hept: 1H) and acetyl group (dy 1.96) was recognized. The presence of one tigloyl
and one orthoester groups was also assumed from the characteristic signals of 2° and 3’-Me and 3’-H in tigloyl
at oy 1.78 and 1.99 (3H, d, J = 7.0 Hz and br s, respectively) and 7.09 (1H, qq, J = 7.0, 1.3 Hz) and of an
orthoester carbon at ¢ 116.8 s. One carboxylate methyl (dy 3.67) and one hydroxyl group (dy 2.83) were also
observed.

All protons directly bonded with carbon atoms were assigned by the HMQC spectrum. From decouplings and
the subsequent 2D NMR studies using the 'H-"H COSY, HMBC and NOE spectra, it was strongly suggested

that 6 was a ring D opened phragmalin-type compound.

Table 6. 'H and "*C NMR spectroscopic data angolensins D (9), E (15) and F (7)

Angolensin D (9) Angolensin E (15) Angolensin F (7)
Position S¢ mult. oy (J in Hz) Sc mult. oy (J in Hz) S¢ mult. oy (J in Hz)
1 856s 8l.4s 85.7s
2 799s 83.1s 80.5d 3.36 dd (8.4,3.6)
3 83.7d 4.73s 85.5d 522s 84.0s 4.67s
4 452s 444 s 45.1s
5 37.1d 3.01dd(9.1,2.5) 37.9d 2.33brd (7.2) 37.2d 2.88dd (9.0,3.1)
6a (pro-R) 33.7t 2.47dd (15.9,9.1) 333t 2.37dd (13.7,7.2) 343t 2.39.dd (15.3,9.0)
b (pro-S) 2.28 dd (15.9,2.5) 2.27brd (13.7) 2.24dd (15.3,3.1)
7 173.1s 172.7 s 172.7 s
8 86.4s 80.0 s 87.3s
9 87.2s 85.8s 87.2s
10 455s 47.1s 45.7 s
lla 254t 2.17m 28.3t 2.42dd (13.0,4.7) 255t 1.70 dt
B 1.65m 1.63 d (13.0) 1.93 m
1200 20.0t 1.25-1.29 71.7d 31.5¢ 0.94 ddd (14.8,4.2,2.0)
B 1.25-1.29 3.91d4.7) 1.36 br t (14.8)
13 34.7s 454 s 39.0s
14 428d  2.04dd(10.7,1.2) 162.8 s 47.4d 2.34dd (7.7,5.4)
150 26.6t 2.68 dd (20.0,10.7) 1169d 7.08 s 305t 2.82 dd (15.5,5.3)
B 3.24 dd (20.0,1.2) 2.28 dd (15.5,7.8)
16 1704 s 163.7 s 174.6 s
17 782d 5.54s 78.3d 521s 70.4d 5.73s
18 19.6q 1.04 s 179 q 143s 21.1q 1.18 s
19 16.4q 1.15s 143 q 1.36s 163 q 1.11s
20 121.2s 119.5s 122.5s
21 142.8d 7.50brs 143.5d 744 brs 142.6d 7.63 brs
22 109.7d 6.47brd (0.8) 110.1d 6.45brs 109.4d 6.40 br s
23 142.8d 7.41t(1.5) 143.5d 7.44t(1.6) 142.6d 7.33brs
28 145q 091s 14.7q 0.78 s 14.4q 0.90s
29(pro-R) 39.5t 1.77 d (10.7) 414t 2.08 d (11.5) 3941t 1.86 d (10.8)
(pro-S) 1.90 d (10.7) 1.79 d (11.5) 1.70 d (10.8)
30 70.5d 590s 63.8d 6.28 s 70.4d 5.76s
7-OMe 52.0q 3.69s 52.2q 3.62s 51.5q 3.53s
16-OMe 53.0q 3.67s
OH 2.69 s 2.55s 2.66's
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Table 6 (continued). 'H and *C NMR spectroscopic data angolensins D (9), E (15) and F (7)

Angolensin D (9) Angolensin E (15) Angolensin F (7)
Position S¢ mult. oy (J in Hz) Sc mult. oy (J in Hz) S¢ mult. oy (J in Hz)
OAc (Me) 21.2q 2.11s 213 q 1.94s
(CO) 169.4 s 169.0 s
OAc (Me)
(CO)
Orthoacetate
1 119.0s 118.0s 118.9s
2 212¢q 1.67 s 21.0q 1.54s 20.8q 1.61s
Tigloyl
1’ 167.3s 167.6 s
2> 1289s 129.4 s
37 137.5d 7.01qq(7.1) 136.7d  7.02qq(7.1,1.2)
4 144q 1.83brd (7.1) 144 q 1.91 dq (7.1,0.7)
4’-Me 12.1q 1.93 brs 12.4 q 1.95brs
O-Acyl groups(Propanoyl, 2-methylpropanoyl)
1" 174.6s 171.7 s 174.0 s
2" 345d  2.52 hept (7.0) 27.0d 229 q(7.6) 34.6d 2.63 hept (6.9)
3"(Me) 18.1q 1.05d(7.0) 9.1q 1.14 t(7.6) 18.2q 1.22d (6.8)
2"-Me 19.1q 1.17d(7.0) 18.8 q 1.24d (6.9)

Figure 24. COSY and selected HMBC correlations in 6

Thus, H,-6 methylene protons at 6y 2.23 (dd, J = 16.4, 2.1 Hz) and 2.50 (dd, J = 16.4, 10.2 Hz) attached to a
carbon adjacent to an ester carbonyl at d¢ 33.8 (C-6) were coupled with the H-5 doublet doublet proton at oy
3.09 (dd, J =10.2, 2.0 Hz) and the presence of this moiety and a characteristic low-field singlet H-17 proton at
Oy 5.64 strongly suggested that 6 was a rings B,D-seco limonoid. In addition to this knowledge, the absence of
one tertiary methyl signal at 8 (Me-30) in the basic limonoid skeleton and the presence of 29-methylene signals
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(dy 1.93 and 1.86, each 1H, d, J = 10.9 Hz) supported that 6 was a phragmalin-type limonoid having the
tricyclo[3.3.1.2,1011,4]decane ring system.

In the HMBC spectrum of 6, long range "H-">C correlations of the H-17 signal with an acetoxy carbonyl carbon
signal at 8¢ 168.9 clarified that 6 was a ring D cleaved phragmalin-limonoid like swietenialide series'*?. The
presence of orthoester group in 6 was presumed from the fact that almost all of the phragmalin groups isolated
so far contained an orthoester carbon resonance observed at ¢ 118.6. The presence of the 3-tigloyloxy and 2-
hydroxyl groups was also elucidated by the HMBC correlations of the H-3 signal at oy 4.92 with the tigloyl
carbonyl carbon signal at 5¢c 167.4 and the OH signal at &y 2.83 with the C-2 carbon signal at 6¢ 77.8. Especially,
the presence of 2-OH group located the orthoacetate group at positions 1, 8, and 9, since the group has been

observed either at positions 8, 9, 14 or at 1, 8, 9 in phragmalins except some rares compounds.

Figure 25. Computer-generated energy minimized model of 6 with key NOE correlations observed.

In the HMBC spectrum, the lactonic carbonyl at dy 167.4 (C-16) correlated to the downfield shifted proton at 6y
5.37 (H-30) and a methine proton at dy 2.64 (H-14) attached to the carbon resoning at 3¢ 43.6 (C-14) suggesting
the presence of d-lactone constituted by C-30, C-8, C-14, C-15 at 6¢c 91.2 and C-16; fused at C-8 and C-30. The
resonance of 8¢ 91.2 suggested the presence of an hydroxylmethylidene moiety as observed in some bussein’’
and neobeguin'® located at C-15. This deduction was confirmed by the coupling of the methylpropyl group
methine proton with the hydroxyl proton (OH-1") which correlated weakly with C-15 and strongly with a
quartenary carbon at ¢ 183.0 (C-17) and the latter showed also weak cross peak with H-8 and located the 1-
hydroxy-2"-methylpropylidene at C-15. The structure of 6 including the stereochemistry was clearly explained
by the NMR data and the NOE spectrum. Significant NOE correlations between the H-30 signal and H-5, H-30
and H-17, and H-17 and H-12p signals, the Hpro-s signal of the 29-methylene at 6y 1.93 and the 10-Me (Me-19)
signal at oy 1.16, and the other Hpror signal at 8y 1.86 and the H-3 signal clarified relative stereochemistry
between these protons in 6. On the other hand, H-14 showed NOE correlations with H-11a, Me-18 indicating

their a orientation.
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Compound 11 possessed a molecular formula of C4;Hs;014 (HRFABMS, [M-H] m/z 769.3428) and the
UV and IR spectra showed some similar absorptions with those of 6 especially the presence of a conjugated
system at 212 nm and hydroxyl and carbonyl at 3409-3250, 1740 and 1651 cm™.
However, the NMR spectrum of 11 showed the presence of an orthoacetate group with the orthoacetate carbon
resonance at 8¢ 122.7 s different from the one in compound 6. From the 'H and *C NMR data (Table 7), it was
evident that 11 was heptacyclic and its octaunsaturations were present as double bonds: three carbon—carbon
(one furan ring) and five CO (as esters). The NMR data also revealed that 11 had eleven methyls (one acetyl,
one methoxy and one carboxylate methyl), four methylenes, twelve methines (four olefinic), twelve quaternary
carbons (two olefinic) and one hydroxyl groups. A B-furyl moiety (dy 6.26, 7.29 and 7.38, each 1H), one tigloyl
moiety (0y 1.80, d and 2.03, br s: each 3H, and 7.01 qq: 1H) and one isopropyl group (6y 1.24 and 1.28 each d:
3H, and 2.99, dq: 1H) were also observed from the NMR data.

Figure 26. COSY and selected HMBC correlations in 11

Although the chemical shifts of many signals due to the limonoid skeleton in 11 were somehow different from
those of 6, the HMBC assignment of all the proton and carbon signals indicated 11 to be also a ring-D cleaved
phragmalin-limonoid. The 'H NMR spectrum showed the presence of the characteristic H-17 singlet at 8; 6.17 s,
two 29-methylene doublet at oy 2.04 and 1.75 (each J = 11.0 Hz) and one carbomethoxy group assigned to 7-
OMe at dy 3.64. The correlation of the methoxy at 8y 3.15 with the orthoester carbon at 5¢c 122.7, located it on
the orthoacetate group which was located to C-2 and C-30 from singlet signals due to H-3 (dy 5.28) and H-30
(0n 5.05) and the HMBC correlations of the H-30 signal with the orthoacetate carbon signal (3¢ 122.7).

The proton signal due to 15-methine proton, lying between two carbonyl groups was downfield shifted at oy
4.56 , coupled with the proton H-14 at 6y 2.96 which showed also HMBC correlations with the lactonic
carbonyl group at ¢ 170.9 (C-16) and an oxygenated carbon at oc 86.4 assigned to C-8. The presence of

isopropyloxo moiety was also elucidated by HMBC correlation of H-15 signal with the ketonic carbonyl carbon
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signal at dc 209.3 which showed also cross-peak with the methine proton of the isopropyl at oy 2.99. These
findings suggested the presence in 11 of y-lactone moiety substituted at a-position (C-15) by isopropyloxo
moiety and fused at carbons C-8 and C-14.

The stereochemistry 11 was established by analysis of NOE spectrum. The correlations were observed from H-9,
H-120, H-14 and Me-18 indicated the o orientation of these protons.

The NOE correlations from H-3 to Hyro.r-29 at 8y 2.04 helped to establish the B orientation of tigloyl group.
Similarly, NOE interactions of H-30/H-5, H-17 and H-11B, H-17 and H-30, indicated that the B/C rings were

cis-fused and C-ring adopts chair-like and the newly formed lactone ring was cis-fused to C-ring.

Figure 27. Computer-generated energy minimized model of 11 with key NOE correlations observed.

The molecular formula of compound 17, isolated as an amorphous solid, was established to be C3gH9013
by HRFAB-MS (m/z: 713.3178). The UV and IR spectrum showed close similarities with those of 11. The
closely relationship was also confirmed by the analysis of 'H and C NMR spectra from which 17 was
predicted to be a phragmalin-type compound with the D-ring cleaved. However, 17 was different to 11 by the
lack of signals due the orthoacetate group at C-2 and C-30. As, the oxygenated carbons signals number did not
change, it was then, deduced that 17 is having two hydroxyl groups at C-2 and C-30.
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Figure 28. COSY and selected HMBC correlations in 17

The structure of 17 including the stereochemistry appears to be fully explained by the consideration NOE
correlations. Significant NOE correlations between the H-30 signal and H-5 and H-17 signals, the Hpos signal
of the 29-methylene at 5y 2.01 and the 10-Me (Me-19) signal at 3y 1.10 and the other Hyro-r signal at 6y 1.69
and the H-3 (0 4.69) signal clarified relative stereochemistry between these protons in the

tricyclo[3.3.1.1]decane ring system. The newly formed lacton ring was found also cis-fused as in 11.

Figure 29. Computer-generated energy minimized model of 17 with key NOE correlations observed.
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IV.3.4.3. Other Phragmalin-type compounds

Analysis of the HRFABMS spectrum of 22 showed a pseudomolecular [M-H] ion at m/z 756.3013
corresponding to a molecular formula of C39HygO;s. The UV spectrum displayed an extra absoption at 341 nm
in addition to 214 nm. The IR revealed absorption bands for hydroxyl (3350-3000 cm™), carbonyl (1750-1705
cm'l). From the examination of the 'H and '*C NMR spectra, it was deduced that 22 has an hexacyclic molecule
because ten out of sixteen elements of unsaturation were present as double: four carbon-carbon (one furan ring)
and four ester CO. From the '"H NMR data, the presence of 2-methylpropanoyl (6y 1.13 and 1.15, each d: 3H
and 2.56 hetp: 1H), one B-furyl (6y 6.44, 7.46 and 7.53; each 1H), one tigloyl (dy 1.78, br s and 1.81, d: each 3H,
and 6.86 qq: 1H) was recognized. One methoxy and one acetyl groups were also observed. All protons bonded
directly to carbon atoms were assigned by analysis of the HMQC spectrum. The data from decouplings and the
susbsequent 2D NMR strongly suggested that 22 was a phragmalin-type limonoid. Thus, a singal at oy 5.56
assigned to H-6 attached to a carbon at d¢ 71.9 adjacent to an ester carbonyl at dy 169.9 (C-7) and coupled with
the H-5 signal observed at oy 2.78 as broad singlet. The presence of this moiety and a characteristic H-17 signal
at oy 4.92 strongly suggested that 22 was a rings B,D-seco limonoid. The absence of one tertiary methyl at 8
(Me-30) in the basic skeleton and the presence of 29-methylene signals at 3y 2.29 and 2.02 (d: J = 10.4 Hz, each
1H) supported the suggestion that 22 should be a phragmalin-type limonoid®. The 'H and *C NMR spectra of
22 was very similar to those of tabulalin however the presence of additional tetrasubstituted double and at &¢

157.0 s and 120.1 s and an acetal carbon signal at d¢ 109.8 d.

Table 7. '"H and °C NMR spectroscopic data of compounds 6, 11 and 17

Compound 6 Compound 11 Compound 17
Position S¢ mult. oy (J in Hz) d¢ mult. Sy (J in Hz) S¢ mult. Sy (J in Hz)
1 85.1s 81.6s 82.8s
2 T778s 87.2s 76.5s
3 839d 492s 85.6d 5.28s 87.3d 4.67s
4 438 s 43.1s
5 371d 3.09dd(10.2,2.0) 38.7d 2.94° 39.1d 3.03brd (11.9)
6a 338t 2.50dd (16.4,10.2) 33.7t 2.28dd (16.7,10.3) 33.6t 2.33dd (15.9,11.2)
b 2.23dd (10.2,2.0) 2.24dd (16.7,4.2) 2.23dd (15.9,0.3)
7 172.7s 173.4 s 173.3s
8 809s 86.4 s 89.0s
9 84.4s 51.0d 1.97° 49.4d 1.89°
10 459s 46.3 s 45.1s
1la 249t 1.70 m 23.0t 1.89 m 1.84 m
B 2.06 m 1.97° 1.89°
120 30.7t 1.58 m 365t 1.75° 1.22m
B 1.06 m 1.28 1.69*
13 40.0s 39.3s 39.1s
14 43.6d 2.64s 58.3d 2.96d (13.7) 57.4d 2.89d(13.4)
15 91.2s 52.5d 4.56 d(13.7) 529d 478 d (13.4)
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Table 7 (continued). 'H and *C NMR spectroscopic data of compounds 6, 11 and 17

Compound 6 Compound 11 Compound 17
Position d¢ mult. Sy (J in Hz) S¢ mult. oy (J in Hz) S¢ mult. oy (J in Hz)
16 170.7 s 1709 s 171.1s
17 713d  5.64s 72.0d 6.17s 71.9d 6.03 s
18 219q 1.27s 23.8q 0.81s 22.3q 0.87s
19 15.6q 1.16 s 219q 1.12s 209 q 1.10s
20 112.6s 122.4 s 122.8 s
21 140.8d 7.43brs 1429d  738s 1429d 7.35brs
22 110.1d 6.42d(0.9) 109.8d  6.26brs 110.0d  6.27brs
23 1425d 7.33t(0.9) 140.1d  7.29brs 140.5d  7.29brs
28 148q 097s 14.8 q 0.80s 14.5q 0.87s
29(pro-R) 39.81t 1.93d (10.9) 41.6t 2.04d(11.0) 41.1t 2.01d(11.1)
(pro-S) 1.86 d (10.9) 1.75 (11.0) 1.69d (11.1)
30 748d 537s 75.1d 5.05s 67.8d 445s
7-OMe 52.0q 3.67s 51.8q 3.64s 51.8q 3.70 s
1-OH 4.03s
2-OH 2.83s
30-OH 3.51s
17-OAc Me) 20.7q 1.96s 21.2¢q 2.10s 21.1q 2.04s
(CO) 168.9 s 168.4 s 168.7
Orthoacetate
118.6s 122.7 s
Me 21.1q 18.6 q 1.55s
OMe 51.1q 3.15s
Tigloyl
1’ 1674s 167.8 s
2> 128.1s 128.8 s
3 138.8d 7.09qq(7.0,1.3) 138.6d  7.15qq(7.0,1.3)
4 14.6q 1.78 brd (7.1) 14.5q 1.82brd (7.0)
2’>-Me 12.4q  1.99brs 119q 1.97 brs
1"-hydroxy-2"-methylpropylidene
1" 183.0s
2" 30.0d  2.96 br hept (6.0)
2"a-Me 18.5q  1.29(6.6)
2"b-Me 30.4q 1.13(6.6)
1"-OH 14.0d (1.1)
isopropyloxo
> 209.3 s 2104 s
27 43.0d 2.99 hept (6.6) 43.0d 2.99 hept (7.0)
2>’a-Me 17.3 q 1.24d(54) 17.2 q 1.22d(6.8)
2°’b-Me 17.4 q 1.28d (7.9) 17.2q 1.27d(7.0)

In the HMBC spectrum of 22, the observed long-range correlations of H-5 signal with the carbon signals at ¢
15.3, 41.3, 49.4, 153.2 and 86.1 led to their assignments as C-19, C-29, C-10, C-9 and C-3 respectively. A
downfield shifted singlet methine proton at 8y 5.55 assigned to H-30 showed significant HMBC correlations
with the carbon signal of C-9 and also with three quaternary carbon signals at d¢c 75.4, 120.1, and 80.7 to be
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assigned to C-2, C-8, and C-1 respectively. The presence of three acetoxy groups at C-3, C-6 and C-30 was
confirmed from the correlations of their attached protons 3-H, 6-H, 30-H signals observed at dy 5.00, 5.56, and
5.55 with tigloyl, acetoxy and 2-methylpropanoyl ester carbonyl signals at 167.0, 169.0 and 178.6. The 29-
methylene protons showed HMBC correlations with C-1-C-5, C-9 and C-10. These observations characterized
the left-hand tricyclo[3.3.1.1]decane ring system.

The proton signal of H-17 attached to the carbon at 3¢ 80.6 showed correlations with an olefinic carbon at d¢
157.0 (C-14), two quaternary carbons at 36.8 (C-13) and 119.8 (C-20, furan ring carbon), a methyl carbon at
15.6 (Me-18) and a methylene carbon at 30.5 (C-12). The methylene protons assigned to H,-11 attached to the
carbon at 6¢ 24.1 showed correlations with two olefinic carbons at 6¢ 120.1 (C-8) and C-9, also with C-10, C-12
and C-13 carbon signals. Finally, the presence of dihydroxymethine group was elucidated by the correlation of
the methine proton at dy 5.59 attached to an acetal carbon at 5¢ 109.8 with the C-15 located the cited group also
at this position. This proton correlated also with a lactone carbonyl carbon at 5¢ 164.9 (C-16), and the olefinic
carbons at C-14. These correlations fully characterized the second fragment of the molecule, C-8, C-9 and C-11-
C-17 of the C and D rings, including Me-18 and furan ring.

The structure of 22, including its stereochemistry was fully explained from the NMR data and by consideration
of NOE correlations. The strong cross-peaks of H-5 signal and H-11B, H-17 and H-12, and H-17 and H-30
indicated the B orientation for these protons and the folded conformation of 22. The 29-methylene protons
signals at oy 2.29 (pro-S) and 2.02 (pro-R) showed NOE correlations with H-3 and Me-19 protons signals
respectively. Finally the configuration of at C-6 was assumed to be R as it was determined for angolensin B and

C combined with the fact that they are isolated from the same source.

Figure 30. COSY and selected HMBC correlations in 22
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Figure 31. Computer-generated energy minimized model of 22 with key NOE correlations observed

Compound 23 was isolated as an amorphous solid. In the HRESIMS spectrum, a pseudomolecular
[M+Na]+ was seen at m/z 799.2578 corresponding to a molecular formula of C4HyO;sNa. Compound 23
showed similar UV and IR absorption bands with those 22 at 214 and 340 nm, and at 3350-3000 cm’
(hydroxyl) and 1750-1705 cm™ (several carbonyls). The 'H and >C NMR spectra suggested that 23 had a
similar structure to 22. However, the presence of additional signals corresponding to two ethanoate groups and
the absence of 2-methyl propanate were observed. Carefully examination of the chemical shifts of some signals
indicated that 23 is a phragmalin limonoid having the same basic skeleton system than 22 and also the molecule
is hexacyclic. Thus, the number of oxygenated carbons, being the same, significant information regarding the
molecule was obtained from the HMBC spectrum. Thus, one ethanoyl groups were place at C-30 by the
correlation of H-30 observed at oy 5.58 with this acyl group carbonyl at 6c 178.1. As, in 22, tigloyl and acetoxy
were placed at C-3 and C-6 by the HMBC correlations their carbonyl carbon signal at oy 167.0 and 169.7 with
the protons assigned to H-3 at 8y 5.00 and H-6 at 8y 5.56. The remaining ethanoyl was placed evidently at C-2.
The stereochemistry of 23 was also explained by NOE correlations and NMR data and was exactly as the one

observed in 22.
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Figure 32. COSY and selected HMBC correlations in 23

Figure 33. Computer-generated energy minimized model of 23 with key NOE correlations observed
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Table 8. 'H and "*C NMR spectroscopic data of compounds 22 and 23

Compound 22 Compound 23
Position d¢ mult. oy (J in Hz) d¢ mult. Sy (J in Hz)
1 80.7s 80.7 s
2 754s 75.4s
3 86.1s 5.00s 86.2d 5.00s
4 4425 442 s
5 483d 2.78brs 48.3d 2.77brs
6 719d 556d(2.0) 71.9d 5.56brs
7 1699s 169.9 s
8 120.1s 120.1's
9 1532s 153.1s
10 49.4s 49.5s
lla 24.1t 2.45ddd (18.7,12.6,6.1) 24.1t 2.43 ddd (17.7,12.5,5.3)
B 230 m 2300
1200 30.5t 1.68 m 30.5¢ 1.68 m
B 1.35ddd (17.7,12.6,5.2) 1.34 ddd (17.6,12.5,5.2)
13 36.8s 36.8s
14 157.0s 156.9 s
15 120.1's 120.1's
16 164.9s 1649 s
17 80.6d 4.92s 80.6d 492s
18 156q 1.03s 15.6q 1.03s
19 153q 1255 153¢q 1.25s
20 119.8s 1199 s
21 141.1d 7.53brs 141.1d  7.49brs
22 1099d 6.44d (2.0 1099d  6.44brs
23 1432d 7.46t(1.6) 1432d  7.45(2.0)
28 165q 1.03s 16.5q 1.03s
29(pro-R) 413t 2.02d(10.4) 413t 2.02brd (10.2)
(pro-S) 2.29d(10.4) 2.30brd (10.2)
30 643d 5.55s 64.3d 5.55s
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Table 8 (continued). 'H and *C NMR spectroscopic data of compounds 22 and 23

Compound 22 Compound 23
Position d¢ mult. Oy (J in Hz) S¢ mult. Oy (J in Hz)
7-OMe 52.8q 3.53s 52.8q 3.69s
15-CH(OH), 109.8d 5.59s 109.8d  5.67s
OAc(Me) 21.0q 2.23s 21.0q 223s
(CO) 169.7s 169.7 s
Tigloyl
1’ 167.0s 167.0 s
2’ 127.4s 1274 s
37 1392d 6.86qq(7.1,1.3) 139.2d  6.86qq(7.0,1.2)
4 14.7q 1.81brd (7.1) 14.6 q 1.81d(7.0)
4’-Me 12.0q 1.95brs 11.7¢q 1.78 br s
2-propanoyl
1" 178.3 s
2"a 413t 2.38q(6.2)
2"b 2.38q(6.2)
3"-Me 17.0q 1.12t(6.2)
(30-Propanoyl, 2-methylpropanoyl)
1" 178.6s 178.1s
2" 34.1d  2.56 hept (6.9) 26.5t 143 m
3"(Me) 18.7q 1.15d (7.0) 1.67m
2"-Me 19.1q 1.13d(7.0) 11.6q 0.84 dt (7.4,3.3)
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Chapter V. Summary

Limonoids are tetranortriterpenoids derived from tirucallane (H-20a) or euphane (H-20p) triterpenoids
with 4,4,8-trimethyl-17-furanylsteroidal skeleton. They are mainly found in Meliaceae and Rutaceae plants.
Limonoids have attracted considerable interest because of their fascinating structural diversity and their wide
range of biological activities, including insect anti-feedant and growth regulating properties, anti-bacterial, anti-

fungal and anti-viral activities, anti-protozoal, and anti-sickling properties.

In a search of antifeedant limonoids, the extract of Entandrophragma angolense, a Meliaceae plant used
in Africa folk medicine against malaria, displayed considerable activity against Spodoptera insects. The
limonoids components of its extracts have been investigated. Past phytochemical studies of this plant reported
the isolation of triterpenoids, sterol, protolimonoid and limonoids. The limonoids found so far from this plant
are D-seco compound gedunin, ring B,D-seco compound of andirobin type, methyl angolensate and recently
A,D-seco limonoids of nomilin type, 7a-acetoxydihydronomilin, and obacunol type 7a-obacunylacetate have

been reported.

The fractionation of the hexane, ether and methanol extracts of E. angolense by chromatographic
techniques led to the isolation of 23 limonoid and two non-limonoid compounds. The structures of these
compounds were elucidated on the basis of spectroscopic means, and could be classified as protolimonoids (3, 4
and 12), gedunin (8 and 14), andirobin (1, 5 and 13), mexicanolide (2, 16, 18-20) and phragmalin (6-7, 9, 11, 15,
17, 22-23) derivatives. A search, in the literature pemitted to established that compounds 1, 5, 13, 19 and 20 are
known and have been identified as methyl angolensate, secomahoganin, methyl 6-acetoxyangolensate, 3[3-
hydroxy-3-deoxycarapin, and xyloccensin K respectively. Phragmalin limonoids have very complex structure
feature with an orthoester bridge and have been classified according to the position of the orthoacetate groups at
1,8,9-; 8,9,14-; and 8,9,30-. Compound 15 is the first limonoid to be reported with the orthoester group located
at 8,9,12-. Compounds 6 and 11 have the D-ring cleaved and new ring has been formed as lactone attached to
the C-ring of the basic skeleton. These features are very rare in limonoid compounds in general, and only two

limonoids with theses features have been reported recently from Switenia mahogani.

Among the isolated compounds, methyl angolensate has been reported for its spasmolytic and moderate
antimalarial activities while gedunin is known for its anti-malarial activity and has been expected as a possible
lead compound for new drug. Thus, compounds 8 and 14 can be used as analogues for a better understanding of
structure-activity relationship. The protolimonoids also are expected to play the same role as a compound
having the same basic skeleton, domesticule D, has been reported for its antimalarial activity. Mexicanolide and
phragmalin compounds have been reported for their antifeedant activity which, in general, is much weaker than

that of well-known C-seco antifeedants azadirachtins and meliacarpinins.
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Introduction

In the discovery of drugs, several approaches have been used. In the past, most drugs have been
discovered by identifying the active compound from traditional remedies. A new approach has been to
understand how disease and infection are controlled at the molecular and physiological level and to target
specific entities based on this knowledge. Using, this approach, several drugs have reached the market such

as olanzapine, alosetron, leflunomide...

The process of drug discovery involves the identification of candidates, synthesis, characterization,
screening and assays for the therapeutic efficacy. The synthesis research part of a drug candidate is a very
challenging step since the complete process should comprise short, efficient, ecological, economical and
technically feasible chemical synthesis and ready for technical development towards large scale industrial

production.

Influenza, commonly known as flu, is an infectious disease of birds and mammals caused by RNA
viruses of the family Orthomyxoviridae. There are three types of influenza virus: Influenza virus A, Influenza
virus B, and Influenza virus C. Influenza A and C infect multiple species, while influenza B almost
exclusively infects humans. The type A viruses are the most virulent human pathogens among the three

influenza types and cause the most severe disease.

Influenza infection has been the cause of some of the worst epidemics in human history and continues
to be a major health concern. Yearly, human influenza virus infections are associated with significant
morbidity and mortality worldwide. This fact makes the research of effective and safe anti-influenza

therapeutics a high-priority and attractive area for drug discovery.

Of course, vaccination constitutes the primary option for the control of influenza epidemics. However,
vaccines are least effective in high-risks groups, young children and elderly, and constant antigenic drift
related error-prone RNA replication demands ongoing development of updated vaccines for each season'>",

Anti-viral drugs might be a much better way to control flu epidemics.

In recent years, virology studies of influenza virus have resulted in an improved understanding of the
replication mechanism of the virus. Several molecular targets have been identified for drug intervention,

including haemagglutinin (H), neuraminidase (NA), M2 protein and endonuclease'®’.

Inhibitors of the M2 proton pump have been known for decades, but the widespread use of amantadine
and rimantadine, the two marketed, clinically effective inhibitors, has been thwarted by the emergence of
drug resistance and by toxic side effects. In addition, applicability to influenza A only is a serious

.. e 12
limitation'%.
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In contrast, NA is one of the two major surface proteins expressed by both all three classes of viruses.
NA catalyzes the cleavage of sialic acid residues from glycoproteins, glycolipids and oligossacharrides. This
catalytic activity is essential for influenza virus replication and infectivity since it liberates viruses from

infected cells and prevents virus entrapment by respiratory secretions and virus self—aggregationlzs.

NA is a tetramer made up of identical subunits, and its X-ray crystal structured has been solved, as has
the structure of its complex with sialic acid. The active site is highly conserved across all influenza A and B
virus strains, thus suggesting NA as a target for the development of broad-spectrum influenza antibiotics.
Structural data have allowed the rational design of potent inhibitors. Two of these have reached the market,
namely zanamivir (GSK’s Relenza) in July 1999, and oseltamivir phosphate (Gilead Tamiflu, marketed by
Roche) in October 1999'*.

Zanamivir has low bioavaolability and is administered by inhalation, which can cause problems in
patients with underlying respiratory disease. Oseltamivir phosphate is administered as capsules and has very
high bioavailability. Its ester function cleaved in vivo, and oseltamivir phosphate must therefore be
considered as prodrug. Both inhibitors are active in vitro against all known influenza strains, including the
H5N1 avian strain. Because the amino acid residues at the enzyme active site are highly conserved, there is
hope that these inhibitors may be active against an influenza pandemic regardless of the particular viral

- 12
strain 7.

Notably, oseltamivir phosphate has been shown to be effective in the prevention of influenza infection.
Its drawback, shared with zanamivir, is that it must be administered to influenza patients no later than 36-48 h
after the manifestation of the symptoms in order to be effective. This has led to public demand for stockpiles
of Tamiflu, both as a reasonable frontline therapy against a possible flu pandemic and as a preventive agent'>*.

However, the scarcity of the synthetic precursors (shikimic acid and quinic acid) which are extracted
from plants and the use of hazardous azide-based reagents are factors limiting the large-scale production of
the oseltavimir. Thus, more efficient process using easily available starting materials and safer reactions is
still required attention for the stockpile of drug in preparation for a possible flu pandemic. To address these

problems, further synthetic investigations have been carried out either by chemists in the industry or chemists

in the academia.

Our research group found a unique base-catalyzed Diels-Alder (DA) reaction of 3-hydroxy-2-pyridone
derivatives that gave sterically controlled and highly functionalized bicyclolactams as products. These
compounds seemed to be good building blocks for aminocyclitols having C7N structures as basic skeleton,
and indeed, (+)-validamine and its epimers were synthesized from the DA adduct in short steps'”. Since

Tamiflu is also structurally related to aminocyclitols, we planed its short and efficient synthesis.

Considering the known synthetic pathways, Corey’s synthesis is an elegant approach being concise and

the one affording the highest overall yield. This approach eliminated the use shikimic and quinic acids as raw
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materials and no hard-to-deal azide reagent were needed. If the steps could be reduced again, the process

would become much more attractive as a practical production method.

In the Corey’s synthesis, the 5-boc-amino-cyclohexa-1,3-dienecarboxylic acid ethyl ester is one of the
key intermediate which has a simple C7N structure, and from this intermediate 5 steps are needed to
complete the Tamiflu synthesis. Thus we chose it as a primary target of our synthesis using the DA adduct as
a starting material. Here, we report a short and efficient synthesis of 5-nosyl-amino-cyclohexa-1,3-
dienecarboxylic acid ethyl ester and its equivalent 5-boc-amino-cyclohexa-1,3-dienecarboxylic acid ethyl

ester.
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Chapter I. Tamiflu design and total synthesis

1.1. Introduction

Influenza infection has been the cause of the worst epidemics in human history and continues to be a
major health concern. Effective and safe anti-influenza therapeutics are lacking, making anti-influenza
therapy a high priority and attractive area of drug discovery. In recent years, virology studies of influenza
virus have resulted in an improved understanding of the replication mechanism of the virus. Several
molecular targets have been identified for drug intervention including haemagglutinin, neuraminidase
(sialidase), M2 protein and endonuclease. Amantadine and rimantadine are two relatively old anti-influenza
drugs that act through the blockade of M2 channel. However, both compounds are only active against
influenza A and lack activity against influenza B, which does not express the M2 protein. In addition both
compounds suffer from significant central nervous system side effects and relatively rapid onset of drug
resistance. Thus, discovery of anti-influenza drugs with different mechanism of action, active against both
influenza A and B and diminished onset of drug resistance remains a significant challenge as well as an

attractive opportunity of drug discovery and development'®’.

Neuraminidase is one of the two major surface proteins expressed by both type A and type B influenza
virus, along with haemagglutinin. The influenza neuraminidase (NA) molecule is a tetramer of four identical
subunits, each of which is independently inactive. Structurally, each subunit has a large catalytic domain and
a long stem that is enchored onto the lipid bilayer envelope of the virus particle. Neuraminidase catalyses the
cleavage of sialic acid (N-acetyl-neuraminidase acid) residues from glycoproteins, glycolipids and
oligosaccharides via the oxocarbonium intermediate. This catalytic activity is essential for influenza virus
replication and infectivity since it liberates viruses from infected cells and prevents virus entrapment by
respiratory secretions and self-aggregation. The cleavage of sialic acid by neuraminidase is required for
elution of newly synthesized virons from infected cells, whereas binding of haemagglutinin to sialic acid-
containing receptors on the surface of host cells. In addition, neuraminidase also facilitates the movement of

the virus through the mucus of the respiratory tract'>.

The X-ray crystal structure of influenza neuraminidase was first solved in early in the 1980s and the
high-resolution X-ray structures of NA A and NA B, complexed with sialic acid were reported in 1992. Since
then, structures of NA complexed with a variety of inhibitors have been reported. These structural studies
provided a detailed understanding of the molecular interactions involved in the binding of various inhibitors
to NA and formed the foundation for several successful rational drug design programs, which lead to a
variety of highly potent NA inhibitors. Overall, the active site of NA contains a larger number of polar and
charged amino acid residues, suggesting that electrostatic interactions play a critical role in susbtrate binding
and should be an important consideration in inhibitor designing. Furthermore, the active site of NA was found
to be highly conserved across all influenza A and B virus strains, rendering broad spectrum anti-influenza

agents possible' .
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Several representative NA inhibitors were developed based on the structure of NA active site, all these
compounds contain a carboxylate and an acetyl (or trifluoroacetyl) group that are separated by seven single
bond, consistent with the model postulated. Two of these inhibitors reached the market namely zanamivir and

oseltamivir.

Oseltamivir is now the most used drug against influenza and it can be used also in the prevention of the
disease. There is a mounting fear that a major flu pandemic will eventually strike again. This led to public
demand for stockpiles of oseltamivir both as reasonable frontline therapy against a possible flu pandemic and
as a preventive agent.

In this chapter, reported routes are described starting by the Gilead drug discovery synthesis.

I.1. Gilead drug design and synthesis.

1.1.1. Drug design

Scientists at Gilead Science Inc. based their design on the earlier studies on 2,3-didehydro-2-deoxy-N-
acetylneuraminic acid which was found to be an influenza NA inhibitor. Biochemical studies indicated that
2,3-didehydro-2-deoxy-N-acetylneuraminic acid (1) is considered as transition state-like analogue binding to
the active site of NA. On the basis of structural information generated from the X-ray crystallographic study

of 2,3-didehydro-2-deoxy-N-acetylneuraminic acid complexed NA, von Itztein and co-workers rationally

designed NA inhibitors (2 and 3) more potent than 1'*°.
OH OH
o, O _COH
: | 1X=0H
AcHN ;x NH2

Compound 3 exhibited potent antiviral activity against a variety of influenza A and B strains in the cell
culture assay and was being evaluated in human clinical trials, however, poor oral bioavailability and rapid
excretion precluded 3 as a potential oral agent against influenza infection and 3 has to be administered by

either intranasal or inhaled routes in clinical trials.
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Scheme 9. Rational design of carbocyclic Transition-State Analogues

Kim and co-workers thought that in the case of an influenza epidemic, oral administration may be more
convenient and economical method for the treatment and prophylaxis. Thus, they carried out investigation on
the development of a new class of orally active NA inhibitors, having carbocyclic templates in the place of
the dihydropyran ring. It was expected that the carbocyclic ring would be chemically more stable than the
dihydropyran ring and easier to modify for optimization of antiviral and pharmacological properties. The
validity of this approach was verified by the discovery of very potent NA inhibitors in this new carbocyclic
series. New lipophilic side chains at C; position of the carbocyclic system imparted potent NA inhibitor
activity. X-ray crystallographic analysis of the carbocyclic analogue bound to NA confirmed that there was in
fact hydrophobic space in the glycerol-binding subsite to accommodate bulky lipophilic group. The discovery
of this hydrophobic pocket in the active site of NA was exploited to increase the lipophilicity of inhibitors to
optimize pharmacologic properties for potential oral bioavailability while maintaining potent antiviral

activity'.
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Kim and co-workers synthetized a series analogues of the carbocyclic compound 6 in a general and
efficient way to introduce various alkyl ethers at C; position (Scheme 9). And their NA inhibitory activities

were evaluated.

The synthesis of these carbocyclic analogues, as outlined in Scheme 10, started with shikimic acid (8).
The conversion of shikimic acid to epoxide 9 has been done by treatment of diethyl azodicarboxylate in
presence of triphenylphosphine in THF and then the hydroxyl group was protected by MOMCI in presence of
DIPEA to afford 10. Nucleophilic ring opening of epoxide 10 with sodium azide in presence of ammonium
chloride generated the azido alcohol 11. The ring opening of epoxide was both regio- and stereospecific and
this could be attributed to the steric and electronegative inductive influence of the MOM group in 10.
Conversion of the azide 11 to aziridine was efficiently accomplished via two-step sequence mesylation of the
hydroxyl group and reduction of the azide functionality in presence of triethylamine and water. The aziridine
opening by nucleophilic attack of the azide ion, gave exclusively compound 14. The aziridine 15 was derived
from the trans amino alcohol by acid MOM deproctetion in methanol and selective protection of the amino
functionality with tritylchloride and mesylation of the hydroxyl in the presence of triethyl amine and under
these conditions, the mesylate intermediate was converted to the desired aziridine. Treatment with various
alcohol in the presence of Lewis acid BF;°Et,O followed by acetylation provide the ether 16 and no other
products was observed. Finally reduction of the azide functionality and saponification of the ester group gave

6 and its analogues.

HO.,. CO2H (¢ H.comn,, Php, HO... CO2CH3 meocH,cl, DIPEA, MOMO,, CO,CH3  NaNa, NH,CI
THF N CHClL, = O/ MeOH/H,0
HO™ &
OH 0
8 9 10
MOMO.,, CO,CH;
Mesgﬁc(l_lelgN. MOMO,, CO,CH3 PhsP, THF then MOMO,,. CO,CH5
-2 > Et;N/H,0
HO' >
N MsO
3 Ng HN
1 12 13
NaNs, NH4CI, MOMQ,, CO,CH
BMF : 2s ;; gHaoR Hal o CO,CH3 1) BF3Et,O, ROH
- » SR, T2l = TrN 2) Acs0, DMAP, pyridine _
H,N : 3) CH3S0,Cl, EtsN, CH,Cly >
N3 N
14 15
RO, CO,CH
0 2~7'3 1) PhsP, THF then EtsN/H,0 RO, CO,H
2) KOH, THF, H,0 _ /@/
AcHN -
: AcHN™ ™
3 NH,
16 6

Scheme 10. Synthetic pathway of NA carbocyclic inhibitors
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This study developed a new series of potent carbocyclic analogues NA inhibitors in which the clear
structure-activity relationship was observed among analogues with various alkyl chains (Table 9). Finally, the
ethyl ester of 6 exhibited good oral bioavailability in several animals (mice, rats and dogs) and demonstrated
oral efficacy in the mouse and ferret influenza model. On the basis of potent in vitro/in vivo activity and very
favorable pharmacological properties, compoud 6 has been selected as a clinical candidate for the oral

treatment and prophylaxis of influenza infection.

Table 9. Structure-activity relationship among analogue with various alkyl chains

ROH ICso (nM)
6a CHsOH 3700
6b -~ “OH 2000

KOH 180
6¢
\»\‘\
10

6d OH
A |
be OH
\/\(\/ 6
6f OH

However, for the production of compound 6e in large quantities for clinical and toxicological studies,
this route shown in Scheme 10 was impratical. To supply a large amount of the product, a practical kilogram-
scale preparation was needed. Scientists at Gilead Science Inc investigated a novel approach to the synthesis
of compound 6e and developed a new 12-step synthesis utilizing a novel and efficient reductive ketal opening

to construct the 3-pentyl ether. This new process was highly amenable to kilogram-scale synthesis.
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1.1.2. Large scale production of compounds 6a-6f

In their first attempt, they utilized (-) shikimic acid as starting material to prepare the key intermediate
ketal compound 20. Due to the limited commercial availability of this ingredient, they utilized the ready

available (-) quinic acid.

Quinic acid was treated with 2,2-DMP in TsOH to afford a quinic lactone acetonide (not shown in
Scheme 11) that was converted to hydroxy ester in dry ethanol in presence of catalytic amount of sodium
ethoxide. The crude mixture of the hydroxyl ester was treated with methanesulfonyl chloride in presence of
triethylamine in methylene chloride to afford the monomesylate 18. Filtration and evaporation of solvent
gave an oil mesylate hydroxy ester which dehydration with sulfuryl chloride and pyridine in methylene
chloride provided the shikimic ring system compound 19. This compound was purified upon treatment with
pyrrolidine and catalytic tetrakis(triphenylphosphine)-palladium (0) in ethyl acetate and the indesirable
products were removed by aqueous sulfuric acid extraction. The quinic acid-derived acetonide 14 was
transketalized using catalytic perchloric acid in pentanone. The oily 3,4-pentylidene ketal 20 was treated with
trimethylsylil trifluoromethanesulfonate and borane methyl sulfide complex in methylene chloride and the
resulting mixture heated in aqueous ethanol in the presence of potasssium bicarbonate to afford selectively
epoxide 22. The epoxide was heated with sodium azide and ammonium chloride to afford isomeric azido
alcohols 23a and 23b. Intramolecular reductive cyclization of the crude mixture with trimethylphosphine in
anhydrous acetonitrile cleanly afforded a single aziridine 24. Aziridine opening proceeded smoothly with
sodium azide and ammonium chloride in dimethylformamide affording azidoamine (ethyl ester) which was
acetylated with acetic anhydride. The azide group of resulting azidoacetamide was reduced using catalytic
hydrogenation with Raney nickel in ethanol. After filtration, the addition 85% phosphoric acid gave a

feathery needle cristals, oseltamivir phosphate (26)"*%.
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Scheme 11. Large-scale production of oseltamivir phosphate for clinical studies

1.1.3. Current industrial synthesis of oseltamivir phosphate

For the industrial production of oseltamivir phosphate, scientists at Hoffman-Laroche, developed an
industrial route for the production of epoxide 22 which is the key intermediate in oseltamivir production.
Starting from (-)-quinic acid, 22 was synthesized in seven chemical steps and an overall yield of 35-38%. The
route of the improved Gilead synthesis was not changed. However, significant improvements in each step led
to a doubled overall yield, a 30% reduction in the number of unit operations, and an excellent quality (99%)
of the resulting epoxide. A highly regioselective method for the dehydration of a quinic acid to a shikimic
acid derivative and for the reduction of a cyclic ketal was found. Alternatively, 22 was synthesized in six
chemical steps and 63-65% yield from commercially available (-)-shikimic acid. Compared to the optimized
quinic acid route, the production time was reduced by about 50%. The quality of epoxide produced from
either natural product was equivalent. Therefore (-)-shikimic acid is the preferred raw material. The absolute
configuration of the epoxide was determined by X-ray single crystal structure analysis and it was

demonstrated that the epoxide 22 was stereoisomerically pure'>>.
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Scheme 12. Quinic acid route to industrial production of epoxide 22.
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Scheme 13. Shikimic acid route to industrial prodcution of epoxide 22

Thus, the industrial production of oseltamivir phosphate was established. The processus is using two
starting material which are convenient because of easy conversion to the key epoxy intermediate 22. However,
the preferred raw material, shikimic acid, is highly expensive and its availability is low. Furthermore,

transformation on the epoxy calls use of the azide chemistry. Azide is a harzardous reagent and can explode if
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it is not handled with a lot of care. Intensive investigations have been made by scientists for the establishment

of new routes which use cheap starting materials and much safer and economical chemical reactions.

Thus, scientists at Roche evaluated an azide-free transformation of the key precursor epoxide in order to

establish an independent and efficient alternative route for large-scale production of oseltamivir phosphate.

1.4.1 Azide-free transformations

1. Allylamine route

Treatment of the epoxide 22 with allylamine in presence of MgBr,.OEt, as catalyst afford compound 31.
The deallylation of 31, was achieved with Pd/C in EtOH in the presence of ethanolamine. The conversion of
32 to 34 with concommitant introduction of the second amino function was performed without isolation of
the intermediates. Selective acetylation of the 4-amino group of 34 was achieved with acetic anhydride in
presence of MeSOs;H and an excess of acetic acid in ethyl acetate. Dellylation of 34 over 10% Pd/C in
refluxing EtOH and ethanolamine followed by filtration of the catalyst, acidic hydrolisis and extraction

provided the free base of the drug substance which was converted into the phosphate salt 26'**.

CO,Et
]/[OI.O/COzEt 1) AllyINH,, MgBra OEt,, rj\/o 2 ’/l\/o CO,Et

tBuOMe/MeCN &1 1) 10% Pd/C, EtOH, HyN(CH,),0H

i 2) NH4CI/H,0 HO 2) H,S0, HO
O\

22

__—NH NH,
31

32

1) PhCHO, £-BUOMe, -H,0 rl\/c) CO,Et r(o, CO,Et
2) MsClI, NEts, fltr. O/ Ac50, AcOH, MeSO3H, t-BuOMe /@/

3) AllyINH
4) H*, H,0 H5N : AcHN :
Domino sequence :/_NH :/-NH
33 34

1) 10% Pd/C, EtOH, H;NCH2CHoNH, 0. CO,Et
2) HyPO,, EtOH Of
AcHN

NH,-H;PO,
26

Scheme 14. Azide-free allylamine route to oseltamivir phosphate

96



Part two : Efficient Short Step Synthesis of Corey’s Tamiflu Intermediate

2. t-Butylamine-Diallylamine route, second-generation process

In this route, the epoxyde ring opening is induced by the catalytic action of a magnesium chloride-
amine complex with t-butylamine to afford compound 35 followed by O-sulfonylation without requiring N-
protection. The subsequent aziridine ring closure to compound 36 was followed by the selective
benzenesulfonic acid-induced opening of the aziridine ring using diallylamine led to compound 37. N-
acetylation using acetic anhydride and sodium acetate followed by chlorhydric acid treatment in ethanol
provided 39, the hypochloride of 38. The cleavage of the t-butyl group was then accomplished using neat
trifluoroacetic acid. The removal of both allyl groups in 40 was accomplished by Pd(0)-catalyzed allyl
transfer to N,N-dimethylbarbituric acid leading after work-up and treatment with phosphoric acid to

oseltamivir phosphate of high purity'>’.

rL/cz, CO,Et y/EO COE rfo CO,Et
O/ 1) t-BuNH2/MgCl,, toluene 1) MsCI/EtsN, toluene Q/
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o
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22 35 )( /ﬁ 36
PhSO3H r'rO CO,Et ’/fo CO,Et ’/fo CO,Et
(Allyl),NH Ac,0O/NaOAc /g/ HCIELOH
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AN . AcN”
S s 7< N~ ‘HCI
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N
rfo ot O [ /\]/\
1) TFA 2 Pd(PPhs)s CO,Et
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Scheme 15. Azide-free t-butylamine-diallylamine route to oseltamivir phosphate
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1.1.5. Shikimic and quinic acids-independent routes

The elimination of shikimic or quinic acids as starting materials has proved to be more challenging, and

several attempts have been described.

1. Diels-Alder concept

This concept was based on the exo-directed Zn-catalyzed Diels-Alder reaction of furan and acrylates.
The reaction provided a racemate exo/endo in 9:1 ratio. An enzymatic process was used for optical resolution
of rac-42 and the enzyme named Chirazyme L-2 was found to be the best for this purpose. Phosphryl azide
allowed the functionnalization the double bond to form the exo-triazoles which was thermally decomposed to
afford the endo-aziridine 44. This endo-aziridine underwent elimination ring opening to form 45 followed by
direct O-mesylation and regio- and stereoselective introduction of 3-pentyl-ether side chain which efficiently
afforded compoud 46. Acidic condition allowed the cleavage of P,N-bond and crystallisation occured in
presence of chlorhydric acid in ethanol to afford 47. Using allylamine protocole described above, 47 was

transformed to oseltavimir phosphate'*.

0 CO,Et RS 1) Enzymatic fesolution R 1) DPPA, toluene, 70 C, 18 h
@ Z co&t e CO2Et 3) NaOEt, EtOH, 1h, rit.
F ZnCl, neat | I —— || "
41 o 0
exolendo ~9:1
42 43
El0. OBt B
P OEt CO,Et O., CO,Et
o’ N COE NaHMDS, THF EtO—F'—N@/ 1) MsCI, NEtz, CHoCly, rt. OFt /@/
'| 5 _ 2) 3-pentanol, BF ;-OEt,, CH,Cl, EtO—I|='|’—N ;
0 OH oM owms
44 45 46

CO,Et

1) 20% H,S0, in EtOH CO,Et Allylamine route /\Cl)/\

2) HCI/EtOH cryst. O:Ii‘j/

OMs NH,-HPO
A7 2113 4
26

Scheme 16. Diels-Alder concept in the synthesis of oseltamivir.

Although the process eliminated the use of shikimic and quinic acids, it suffered from several impratical
steps that required high dilution, which in turn can seriously affect the production output. In addition, the

yield of the enzymatic resolution step is quite low'?’.
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2. Aromatic Ring transformations: the desymmetrization concept.

This process started with the inexpensive 1,6-dimethoxy phenol (48) which was transformed to 3-pentyl
ether by the action of 3-pentyl mesylate in presence of a base, potassium t-butanolate. Treatment of the
obtained compound with N-bromosuccinimide gave a dibromide product 49. From this product, isophtalic
diester 50 was prepared by Pd-catalyzed double carbonylation. Hydrogenation of the diester over Ru-Alox led
to the all-cis meso-diester 51. Selectively, methyl ether groups were cleaved using the in situ generated TMS-
iodide to provide the meso-dihydroxy intermediate 52. The enzymatic hydrolytic desymmetrization of 52
using pig liver esterase afforded 53 the desired (S)-(+)-mono-acid in high yield and 96-98% ee. This hydroxy-
acid was degraded using Yamada-Curtius reaction to generate the oxazolidinone 54. Treatment with (Boc),0
in presence of DMAP led to the N-Boc-protected oxazolidinone which treatment upon a catalytic amount of
sodium hydride allowed selective formation of double bond and at the same time the cleavage of the
oxazolidinone ring system. This was followed by introduction of a good leaving group to provide the triflate
55. SN2 substituion of the triflate using sodium azide introduced the azide at C-4 (compound 56). Azide

reduction, N-acetylation, Boc-deprotection and phosphate salt formation gave the final product in an overall

yield 30% starting from 1,6-dimethoxyphenol'*®.
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Scheme 17. Aromatic ring transformation route to oseltamivir phosphate
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This route eliminated the use of shikimic and quinic acids but still use sodium azide which is
undesirable from a reaction safety standpoint. Recently, the supply problem of Tamiflu gained the attention

of academic chemists resulting in the development of some new approaches.

1.1.6. Academic chemists approaches on Tamiflu synthesis

1. Shibasaki’s routes
Route 1

Shibasaki and co-workers reported an enatioselective approach to oseltamivir by using another cheap and
widely available raw material, 1,4-cyclohexadiene. One of the double bonds of the starting material is converted
to acylaziridine 57. Thus, opening of the acylaziridine with trimethylasilyl azide under the catalysis of yttrium
complex and further functional manipulations gave the diamine 59 which is oxidized in two steps using
selenium dioxide and Dess-Martin periodinane to give the enone 60. The Ni-catalyzed cyanation of the enone
yielded a cyano derivative which was stereoselectively transformed to an alcohol. The crucial ether bond was

formed by Mitsunobu reaction, and then standards manipulations yielded oseltamivir in 17 steps and overall
yield of 1%,

3) PhsP, MeCN

EICN 4) Boc,0, EtsN

O
NO,
NO, |'[N 1) Boc,O, DMAP, MeCN NHBoc
O Y{OPr)a TMSN; 2) 4M NaOH R O\
N3 NO, NHBoc
58
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o] 0]
1) Se,0, Dess-Martin periodinane NHBoc NHBoc
dioxane : 1) Ni(COD),, COD, TMSCN, THF :
2) Dess-Martin periodinane, CH.Cl, NHBoG 2) NBS, THF, EtzN NC NHBoc
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60 61
(9] 1) TFA, CH.Cl»
1) LIAIH(O'Bu)30, THF NHBoc 2) Boc,0, Et3N, CH.Cl,
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62

Scheme 18. Shibasaki route 1 to oseltamivir phosphate
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Route 2

Shibasaki and co-workers reported an alternative route that significantly improves their initial synthesis.
The route utilizes the catalytic enationselective desymmetrization of meso-aziridne 63 with TMSN; in the
presence of chiral yttrium catalyst derived from ligand 64. After boc-protection, the azido protected product
66 was treated with I, in presence of potassium carbonate, followed by subjection of the resulting cyclic
carbamate to an elimination reaction of HI with DBU produced 67. Protection of the carbamate nitrogen atom
with Boc group and reductive acetylation of the azide with AcSH produced 68 which was selectively
hydrolyzed and oxidized with Dess-Martin periodinane to produce enone 69. Cyanophosphorylation of this
enone proceeded with DEPC in the presence of LiCN, and cyanophosphate 70 was obtained as a single
detectable isomer. Heating of 70 in toluene followed by treatment with a saturated solution of NH4CI
afforded the desired allyl alcohol 71 which was inverted using Mitsunobu reaction with p-nitrobenzoic acid
followed by hydrolysis of the nitrobenzoate to afford B-allylic alcohol 72. This alcohol was converted to
aziridine through Mitsunobu conditions, producing 73 which was presented to 3-pentanol in presence of a
Lewis acid to enhance the opening of the aziridine to produce 74. Ethanolysis of the cyanide and cleavage of
the Boc group under acidic ethanol conditions, followed by basification and H;PO, treatment, produced

oseltamivir phosphate1 3

This route solves the two mains problems encourtered in the previously reported synthetic route: allylic
oxidation (using the toxic selenium reagent) and protection group shuffling. In additon the synthetic scheme

is shorter than that of the previously reported synthesis.

Finally, Shibasaki and co-workers reported another tamiflu synthesis using Diels-Alder reaction and

Curtius rearrangements as key steps.

Route 3

This route started with the preparation of diacid chloride by Diels-Alder reaction between I1-(tert-
butyldimethylsiloxy)-1,3-butadiene and fumaryl chloride (75). The crude extract from this reaction was
treated with TMSNj in the presence of DMAP, and the action of HCI induced the cleavage of of
trimethylsylil ether. Curtius rearrangement of 76 proceeded cleanly in t-BuOH and oxazolidin-2-one 77 was
produced. The basic hydrolysis of the cyclic carbamate moiety of oxazolidin-2-one, followed by N-
acetylation afforded the alcohol 78. The oxidation of 78 in DMSO by the action of isobutyric anhydride
furnished the enone 79 which was obtained after resolution by chiral HPLC. From this enone, B-cyanoenone
80 was produced by the addition of TMSCN in the presence of Ni(cod), and 1,5-cyclooctadiene (50 mol%)
followed by the conversion of the obtained enol silyl ether by a-bromination and subsequent elimination of
HBr with triethylamine. The ketone function of B-cyanoenone 80 was reduced stereoselectively with LiAl-
(Ot-Bu);. Aziridine formation under Mitsunobu conditions, followed by the ring-opening reaction of the

resulting aziridine with 3-pentanol, afforded 74. Ethanolysis of the cyanide and cleavage of the Boc group
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proceeded well and the free amine was obtained after basic treatment using NaOH. Treatment of the free
amine with H;PO, produced the desired oseltamivir phosphate'*’.

Y(O'Pr) (1 mol%)-Q (2 mol%) NHCOAr NHBoc
ONCOAI’ +TMSN, 2,6-dimethylphenol - O\ (Boc),O, DMAP, NaOH‘ ’

CHsCHACN - >
N3 N3
63 65 66
i X
QJ\NH 0~ "NBoc o _NHBoc NHAc
N KCOs 7N D(BocKO BN 1) C2,C0s, n-BuOH =U = Q
B e > i
2) DBU 2) AcSH, 2,6-lutidine 2) Dess-Martin [O] NHAc ©O NHBoG
Ns NHAc 6
67 68
OH
NHAc “_ .NHAc
(EtO),P(O)CN, LICN o ’Q\ 140°C, toluene, satd NH,CI _/O\ PhsP, DEAD, p-NO,-CgHaCOH, LiOH
- 1 - '
(OED),PO™": NHBoc NC NHBoc
CN 71
70
o]
NAc NHAc
3-pentanol, BF 5 OEt; ' 1) HCI, EtOH, NaOH aq. _ 26
- 2) H3PO,, EtOH .
NHBoc NC NHBoc 2 M0

74

1
PhyP
HO"™
HO

64

Scheme 19. Shibasaki route 2 to oseltamivir phosphate
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o]
OoTBS
1) THF - 0'4( oH
cl 2) TMSN, DMAP . L ~_ NH 4y Lion  NHAc
3) 1 N HCl aq. ’ -BuOH, reflux O\ 2) Ac,0, NEt; O
—_— —_—
NHBoc NHBoc
77 78
o) ) OH
Isobutyric anhydride NHAc :_;)OTéd(SE‘gTﬁor:;g;wb (50 mol%), “NHAc ~NHAc
DMSO _ 8 2) NBS, NEtg ' LIAI(Of-Bu)zH
NHBoc NC NHBoc
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resolution by chiral HPLC
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1) DEAD, PhoP NHAc ; .
2) 3-pentanoﬁ BF3-OEt, - 12% ESCFL‘OE:OH‘ NaOH aq “NHAc
NC NHBOC EtOQC NHz‘H3PO4

Scheme 20. Shibasaki route 3 to oseltamivir phosphate

2. Cong route

Cong and co-worker reported a synthesis of the active pharmaceutical ingredient by using a cheap and
widely available chiral starting material, L-serine. The synthesis is based on ring-closing metathesis reaction,
catalyzed by second-generation Ru carbene species to form the key cyclohexene core. Unfortunately, formation
of the diene is poorly diastereoselective (3:1) and this may be a serious drawback from the viewpoint of
efficiency. Finally, standard manipulations completed the synthesis of tamiflu in a total of 18 steps and 16.5%

overall y1eld140
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Scheme 21. Cong route to oseltavimir phosphate active ingredient

3. Corey route

Corey’s group reported an interesting approach employing 1,3-butadiene and trifluoroethyl acrylate (95) as
raw material. The approach features a highly enantioselective and high-yielding cycloaddition promoted by a
catalytic amount of oxazaborolidine. The cycloaddition was followed by amidation, iodo-lactamization, and
protection to yield Boc-protected iodo-lactam 100. Dehydrohalogenation of which followed by allylic
bromination yielded boc protected bromo-lactam 102. Base promoted dehydrohalogenation gave a diene 103,

and regio and stereoselective bromo-amidation of the diene yielded the bromo diamino ester 104. Sequential
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dehydrohalogenation of this, gave an intermediate aziridine 105, which was regioselectively opened with 2-

pentanol and the resulting product was deprotected to furnish oseltamivir in 11 chemical steps and about 30%

H
N PhNTf,

overall yield'"'.

H B-O g
( . [ lot-O O NHs, CFsCH-OH O
.., OCH,CF > -
X CO,CH,CFj neat (o NH
95 97 O 98 O
1) TMSOTY, Et;N, pentane | !
2) I, ELO/THF \O (Boc),0, EtsN, DMAP, CHoCl, \O DBU, THF L NBS, cat. AIBN,CCls
HN—= BocN——=\ BocN——\
o 100 © 101
99
NHAc
Br.. Bu,NBr, KHMDS, DME
Br SnBry, NBA, MeCN g
Cs,CO3, EtOH e
B . OFEt OEt
Booii BocHN' BocHN
oc 0]
\O 103 © 104
102
AcN 1) Cat Cu+2, 3-pentanol
2) HyPO/EtOH "
OEt
BocHN'
105 O

Scheme 22. Corey synthesis of oseltamivir phosphate

4. Fukuyama route

Fukuyama and co-workers reported also another approach in the synthesis of oseltamivir phosphate. This
approach started with the reduction of pyridine with benzyl chloroformate to afford dihydropyridine 106, the
diene, which goes through a catalyzed Diels-Alder reaction. The obtained Diels-Alder adduct 108 was
transformed to a bromolactone using standards transformations and the latter underwent a series of
transformations including a Hofmann rearrangement to provide the allyl carbamate 115. This allyl carbamate
was converted to cyclohexne derivative 116 by ethanolysis, dehydrobromination, and aziridine formation. Then,
the regioselctive cleavage of the aziridine ring, followed by the removal of Boc-protective group, acetylation,
deprotection of the alloc-substituted amine and addition of phosphoric acid furnished oseltamivir phosphate (26)

in 13 chemical steps and about 5.6% overall yield.
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This approach used inexpensive and commonly used reagents, and the relatively expensive catalyst
RuO,°nH,0 can be recovered and reused. Unfortunately, the production of lactone 110 is occuring with low

yield and this can be a drawback in the efficiency of the process'**

Me
R
Bn'' H Me Cbz
Cbz NaClO., \
CbzCl H%‘momgtl? N NaH,PO,-2H,0 N Br,
O NaBH, O ) ; 2-methyl-2-butene ; aq. NaHCO;
- 2-methyl-2-butene 59 NaRts,
MeOH acrolein - CH.CI
N CHaCN-H,0 1BUOH-H0 e
Chz CHO 10 CO2H
106 108

112 13
allyl alcohol Boc P
PhI(OAG), \ /Y\

Br, N
_MS.@A) r NaOEt CO,Et BF3OEL, o., CO,Et
toluene EtOH BocN 3-pentanol
: BocHN :

T EtOH-THF CICHQCHQCI T BwoH T chch
THF, 0°C OH CONH,
110

OMs CONH, OMs NHAlloc : :
115 NHAlloc NHAlloc
114
116 17
1) TFA CH.Cl» /Y\ /\(\
o , CO-Et Pd/C, PhyP
ﬂ-— 0., 2 1,3Adimethyl-bargiluric acid 0., CO.Et
2) Ac50, pyridine EtOH reflux =
AcHN™ ™ HsPO, AcHN™ ™
NHAlloc NH,-H3PO,
118 2

Scheme 23. Fukuyuma synthesis of oseltamivir phosphate

5. Bromfield route

Bromfield and co-worker based their strategy on oseltamivir phosphate synthesis on the production of
cationic iron carbonyl complexe of cyclohexadiene. Transformation of the diene moiety liberated after oxidative

decomplexation using standard reactions lead to oseltamivir phosphate.

The synthetic route started by the formation of the iron complex by the reaction in toluene of diiron
nonacarbonyl with cyclohexanedienoic acid ethyl ester 119, this ester was prepared in early stage in a tandem
Michael/Wittig reaction of acrolein and the phosphonium salt of 4-bromobut-2-enoic acid ethyl ester. Attempt
to separated the racemic cationic iron complex produced was done by hydride abstraction and then reaction with
(-)-(1R,25)-trans-2-phenylcyclohexanol (122) which gave a HPLC seperable diastereomers. After removal of

phenylcyclohexanolate group to the appropriate enantiomer, Boc-NH group was introduced and then
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decomplexation was conducted using hydrogen peroxide in aqueous sodium hydroxide to afford the
cyclohexadiene derivative. The selective epoxidation of the more electron-rich alkene resulted in the desired cis-
isomer epoxy 127. The epoxide ring was replaced by the aziridine via azido alcohol by using sodium azide,
mesylation and treatment with triphenylphosphine; and the resulting azidirine was acetylated in situ to afford
129. The azidine ring is opened by nucleophilic attack of 3-pentanol in presence of Cu(Otf),. Treatment of the
amine obtained after Boc-deprotection, with H;PO, gave oseltamivir. This route employing iron carbonyl
chemistry allows the synthesis of oseltamivir phosphate in a total of 12 steps from the cyclohexadienoic acid

ethyl ester in 15 % overall yieldm.

This approach avoids the use natural products as starting materiel. However, it is still used sodium azide in
later stage and m-CPBA another reagent known as explosive and then difficult to handle at large scale. Also, the
production the enantior pure compound 124 is occuring with low yield and its purification by HPLC makes the

process difficult to be carried out at industrial level.

o) o) Ph O\
A < Ph O
COOEt PFg o :
toluegg%SS"C N CHoCly, 1t N (i-Pr)oNE, |

Fe(CO 94% CH,Cly, 0°C Xy
119 120 CC9s 121 €O 75% Fe(CO)s
123
:: “Ph 0 o
HPLC separaion O PFs
Sl OEt F . °
) HPF6, B1,0,0°C 4 OEt Boc-NH, (i-Pr),NEt
"Fe(CO), “Fe(CO)s o:Ch
124 125
Boc, O
HN
1) H,05, NaOH, EtOH OEt 1) NaNj, NH,CI, DME/EtOH/H,0
2) m-CPBA, CH,Cl, I} 2) MsCl, EtsN, CH,Cly
127
0 Boc o Boc O

Boc -

NH NH
NH OEt OEt
OEt 1) PPhs, EtsN, THF/H,0 Cu(OTf),, 3-pentanol
~ ; HaPO, 2
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HN
: o o
N3 0:( 129 {< 130
128 h

Scheme 24. Bromfield approach to oseltamivir synthesis

107



Part two : Efficient Short Step Synthesis of Corey’s Tamiflu Intermediate

Chapter Il. Base-catalyzed Diels-Alder approach to oseltamivir intermediate

I11.1. Introduction

The Diels-Alder reaction is an organic chemical transformation (specifically, a cycloaddition) between a
conjugated diene and a substituted alkene, commonly termed the dienophile, to form a substituted

cyclohexene system.

This reaction was discovered by Professor Otto Diels and his student, Kurt Alder in identifying the
products (133 and 134, Scheme 26) arising from the reaction of cyclopentadieme (131) with quinone (132).
This denotes a historic event in the field of chemistry for which these two individuals were awarded with a

reaction that would henceforth bear their names'**.

o H
@ . @ Diels-Alder Diels-Alder
H
131 o 0
132

133: monoadduct

134 diadduct

Scheme 25. Discovery of Diels-Alder reaction.

Thus, the original version of the Diels-Alder reaction joins together a wide variety of conjugated dienes
and alkenes with electron withdrawing group dienophiles, to produce a cyclohexene ring in which practically
all six carbon atoms can be substituted as desired. The reaction may be executed under relatively simple
reaction conditions by heating together the two components, diene and dienophile, in non-polar solvents,

followed by evaporation which leads usually to high yields of the product(s)'*.

The reaction is disciplined by the Woodward-Hoffmann rules 4-6 as a cycloaddition occurring in a
concerted but probably not symmetrically synchronous fashion, thus leading to highly predictable product
structures in which two new carbon-carbon sigma bonds are formed in a stereospecific manner with the
creation of up to four new stereogenic centres. The classical empirical rules have now found strong
theoretical basis in the Woodward-Hoffmann rules, with regards to regiochemistry (“ortho” and “para”
orientations) and stereochemistry (endo transition state kinetically favoured over the exo transition state in

most of the reactions)MS.
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Many different versions of the Diels-Alder reaction were elaborated, including Lewis acid-catalyzed
Diels-Alder, intramolecular and [4+2] cycloadditions, transannular Diels-Alder reactions, hetero Diels-Alder
reactions, pressure-accelerated Diels-Alder reactions. According to E. J. Corey, if one chemical reaction had
to be selected from all those in the repertoire of synthetic organic chemists as the most useful and powerful
synthetic construction, it was clear by 1970 that the Diels-Alder reaction would be the logical choice. Its
application not only leads to a strong increase in molecular complexity (molecular size, topology,
stereochemistry, functionality, and appendages), but also can result in structures that lend themselves to
additional amplification of complexity by the use of other powerful synthetic reactions. Yet, further advances

146 . .
. While Nicolaou and co-workers

in scope and utility of this Grand Old Reaction of synthesis were to come
stated that the Diels-Alder reaction has both enabled and shaped the art and science of total synthesis over the
last few decades to an extent which, arguably, has yet to be eclipsed by any other transformation in the
current synthetic repertoire. With myriad applications of this magnificent pericyclic reaction, often as a crucial
element in elegant and programmed cascade sequences facilitating complex molecule construction, the Diels-
Alder cycloaddition has afforded numerous and unparalleled solutions to a diverse range of organic

synthetic'***,

11.2. Base catalyzed Diels-Alder reaction in our laboratory

As stated above, several methods have been found for the promotion of Diels-Alder reaction. A rapid
look on the different reported processes, showed that mostly Lewis acids have been developed to facilitate the

reaction. The Lewis acid is known to lower the LUMO level of the dienophile.

Our laboratory has developed a base-catalyzed Diels-Alder reaction of 3-hydroxy-2-pyridone
derivatives and electron deficient dienophiles. The resulting product of this reaction is a highly functionalized
bicyclic lactam and thus it can be a useful building block to synthesize small biologically active compounds.
Indeed, using this concept, validamine and its epimer have been synthesized via a common intermediate

obtained from the bicyclic lactam in short steps'*” "%,

11.3. Retrosynthesis of Tamiflu Intermediate

Our synthesis strategy of Tamiflu intermediate is based on the use of the highly functionalized
bicyclolactam obtained by Diels-Alder reaction. This compound is converted using standard manipulations:

reduction and oxidation. The retrosynthis is outlined in Scheme 26.
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CO,Et XHN" CO,Et
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OH HO

CO,Et

135

Scheme 26. Retrosynthesis of Corey’s Intermediate

We propose that the N-protected enone ester can be obtained by the oxidative cleavage of the product
yielded by chemoselective reduction of the bicyclic lactam. This bicyclic system could be constructed by the
Diels-Alder reaction where N-protected-3-hydroxy-2-pyridone is playing the role of diene and it would be
synthesized from the commercially available 2,3-pyrinediol (135).

11.4. Synthesis of the Intermediate

11.4.1. Preparation of the diene

The synthesis commenced with the protection of 2,3-pyridinediol according to a modified protocole
reported by Posner'*’. Pyridine-2,3-diol was treated with tert-butyldimethylsilyl chloride in the presence of
imidazole in dry dimethylformamide at room temperature to give 3-(tert-butyldimethylsilyloxy)-2-pyridone
(136). The N-atom of 136 was protected by the action of nosyl chloride in presence of n-BuLi in dry
tetrahydrofuran. The reaction was carried out under nitrogen atmosphere at 0°C, resulting to nosyl-protected
product 137 whose TBS-protective group was removed by treatment with acetic acid in presence of sulfuric

acid to afford N-nosyl-3-hyrdoxy-2-pyridone 138 (Scheme 27).
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N TBSCI, imidazole, DMF, rt N =" "NH
= l OH 82% X O
o oTBS

135 136

NsCl, n-BuLi, THF, 0°C
89%

ZNNs ag. CH;COOH, HpSO4, 1t A >\Ne

X0 81% X0
OH OTBS
138a 137

Scheme 27. Production of the diene 138

11.4.2. Diels-Alder reaction of N-nosyl-3-hyrdoxy-2-pyridone

To look for an optimal condition of the Diels-Alder reaction of N-nosyl-3-hyrdoxy-2-pyridone, several
reaction conditions were examined. First of all, the tosyl-protected underwent a Diels-Alder with methyl
acrylate using Et;N as base in CH,Cl, at room temperature as reported in the synthesis of Validamine. We
assumed that the same conditions may be applied to the reaction of N-nosyl-3-hyrdoxy-2-pyridone with ethyl
acrylate as the diene and dienophile are similar with the reported one. Suprisingly, no Diels-Alder adduct was
observed. The reaction afforded a product 3-hydroxy-2-(2’-nitrobenzenesulfonyloxy)-pyridine resulting to

migration of nosyl (see Table 9).

Table 9. Base-catalyzed Diels-Alder reaction of 3-hydroxy-2-pyridone derivatives”

N
@x | base 05[?
S + L —_— /
o)
CO,R

OH HO  Cor
138a: X = Ns 140a: X = Ns
138b: X=Ts 140b: X = Ts

entry dienophile condition yield (%)

1 R=Me,1.1eq. EtN, CH,Ch, RT, 24 h 66°
2 R= Et, 1.1 eq. E13N, CHzC'Q, RT. 24 h Ob

3 R=Et excess NaOH, H,O, RT, 24 h 83
in suspension

N
a) ref. 148. b) QONS was formed in 30 %.
OH

* Conditions developped in our laboratory by Kengo Kina
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After several attempts, to prevent the Ns migration, it was found that a heterogeneous reaction of
aqueous alkaline solution of N-nosyl-3-hyrdoxy-2-pyridone 138a and excess of ethyl acrylate is appropriate
condition to provide the corresponding Diels-Alder adduct as a single isomer 140a in good yield (83%)

without migration (entry 3).

11.4.3. Synthesis of the targeted compound

Having Diels-Alder adduct in the hand, the synthesis of the targeted compound could start. Next, we
conducted the chemoselective reduction of 140a using NaBH,. Several conditions were using, and THF was
found to be a suitable solvent while no reaction occurred in methanol and ethanol. Thus, 140a was
chemoselectively reduced using NaBH,4 in THF at 0°C for 2 hours and a diol compound 141 was obtained.
Oxidative cleavage of the 1,2-diol moiety produced an unexpected mixture. By a carefully examination of the
proton NMR charts of the mixture, it was found out that the expected ketone was obtained in the mixture as a
relatively unstable mixture of two diastereomers 142a and one enol tautomer 142b. Reduction of the mixture
using NaBH, in accord with the Luche protocole’” in ethanol followed by elimination of the resulting
alcohol by mesylation afforded the diene 143 which is the equivalent of the Corey’s Tamiflu intermediate
(Scheme 28). To confirm the structure, a trial of converting the product into the intermediate itself was made.
Deprotection of Ns group using standard PhSH-Cs,CO; condtion was unsuccessful and gave complex
mixture because of conjugated addition of nucleophilic thiolate to the dienoic ester system. Much milder
conditions using the combination of thioglycolic acid and K,COs"" followed by Boc-protection in aqueous
solution'*? proceeded quiet well and the formation of 103 could be established by carefully analysis of 'H

NMR. Unfortunately, purification of 103 was difficult due the contamination of by-products of deprotection.
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O N OH
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---------- >, 2
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142a COF! 12p  CO2F NeFiN 143 CORE

1) HSCH,COOH, K,CO3, CH5CN, rt

2) Boc,O, H,0, it
BocHN"'@\

5 COEt

(unseparable mixture)

Scheme 28. Preparation of Corey’s intermediate equivalent 143

11.4.4. Alternative route to the Corey’s Tamiflu Intermediate

As, the purification process for the isolation of Corey’s Tamiflu Intermediate 103 failed, investigation
has been carried out to find an alternative synthetic pathway. As, the most stable compound in the process
was the diol 141, the order on conversion of functional was changed. Thus, Boc-group was introduced in an

earlier step of the synthesis.

Thus, the diol 141 was deprotected using the standard combination of PhSH and K,COj; in distilled
acetonitrile. Addition of water was followed by extraction with EtOAc. The aqueous layer, containing the
very polar aminodiol intermediate, was treated with Boc,O at room temperature for 24 h to afford the Boc-
protected diol 144. Oxidative cleavage and subsequent reduction and elimination were again successfully
accomplished in according the same manner as described above, and the Corey’s intermediate 103 could be

prepared (Scheme 29).
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OH OH

WCH,OH 1) PhSH, K5CO3, CH5CN, 1t
d 2) Boc,0, H,0, 1t CHOH  Nai0,, aq. THF, 0°C
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Ref. 141

26

Scheme 29. Alternative route to the Corey’s intermediate 103

I11.5. Conclusion

A bicyclolactam produce by a base-catalyzed reaction of N-nosyl-hydroxy-2-pyridone with methyl
acrylate, has been used successfully as building block for the production of an intermediate which can be
converted to Tamiflu. The characteristic features of this synthesis are shortness of the steps and ease of
production. As shown in Scheme 30, only four chemical conversions and three purification steps were needed
from the DA product 140a to 143, an equivalent of Corey’s intermediate, and overall yield was satisfactory
(47%). Also for the Corey’s intermediate 103 itself, only four purification steps were needed, although the

overall yield was not high enough because steps were not optimized.

The key building block 140a was available from the green DA reaction in aqueous reaction medium
with over ten grams scale and the following transformations required only regular chemical conversions using
inexpensive reagents were also beneficial for easy production. Although the resulting products in the process
were all racemate, potential usefulness of the bicyclolactam (key building block) and advantage of this

methodology for synthesis of oseltamivir can be demonstrated.
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Chapter I11. Experimental Section

General methods. Except the nosyl protection of pyridone derivatives 136 which has been carried out under N,
atmosphere, all reactions were performed directly in air atmosphere. Commercial reagents were used as
received. Thin-layer chromatography (TLC) was performed using E. Merck silica gel 60 F,s4 precoated plates
(0.25 mm). Column chromatography was performed using silica gel 60 (Wako gel, 70-230 mesh). NMR spectra
were recorded on JEOL FX-400 instrument in CDCI; or DMSO using TMS as an internal reference. IR spectra
were recorded on JASCO FT/IR 5300. ESI-TOFMS measurements were performed on a Bruker Daltonics.

Typical procedure:
N-nosyl-3-hydroxy-2-pyridone (138a)

_S0O, Chemicals used: 3-O-TBS-2-pyridone (318 mg, 1.41 mmol), 2-nitrobenzenesulfonyl chloride

=
S (NsCl, 315 mg, 1.41 mmol), n-butyllithium (0.90 mL, 1.44 mmol), THF (distilled from Na-
OH benzophenone, 16 mL), distilled water, Magnesium sulfate, acetic acid, conc. sulfuric acid.

Procedure: (a) nosyl protection: A solution of 318 mg in dry THF was prepared under N, atmosphere at 0°C by
stirring. 0.90 mL of n-BuLi was added drop-wise carefully and the stirring was pursued for twenty minutes.
While stirring, 315 mg of NsCl was added and the temperature maintained at 0°C. After 24 hours, the solution
was warmed to room temperature and distilled water (15 mL) was added. The mixture was extracted with
EtOAc (3 x 10 mL) and the organic layer was dried over MgSQO,4.The solvent was removed under vacuo and the
residue was purified by silica gel column chromatography using hexane-EtOAc (4:1) as eluent to give a light
yellow powder 3-tert-butyldimethylsilyloxy-1-(2’-nitrobenzenesulfonyl)-2-pyridone (515 mg, 89%). (b) TBS
deprotection: to the resulting product (526 mg, 1.3 mmol) in aqueous CH;COOH (1:1 mixture, 10.5 mL), two
drops of conc. H;SO,4 were added and the obtained mixture was stirred for 30 hours at room temperature. The
reaction is quenched by addition of 1 mL of distilled water and the yellow solid produced was filtered properly
and then dried. This yellow product was pure 138 (307 mg, 81%). Elemental Anal.: caled for C;1HgN,O¢S: C,
44.60; N, 9.46; H, 2.72% found: C, 44.54; N, 9.27; H, 2.86%; ESI-TOFMS m/z [M-H] calcd for C;;HgN,O¢S:
295.0019, found 295.0307; IR (KBr): 3322, 3125, 2363, 1658, 1624, 1534, 1390, 1350, 904, 858, 743, 652; 'H
NMR (400 MHz, DMSO) & 9.93 (1H, s), 8.44 (1H, dd, J = 7.6, 2.1 Hz), 8.09 (1H, dd, J = 8.1, 1.6), 8.05-7.97
(2H, m), 7.40 (1H, dd, J = 7.8, 1.4), 6.79 (1H, dd, J = 7.3, 1.8 Hz), 6.36 (1H, t, J = 7.3); >C NMR (100 MHz,
DMSO) 6 156.3, 147.6, 147.5, 137.1, 135.0, 132.8, 128.7, 125.4, 121.3, 116.8, 107.1.
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Diels Alder reaction of N-nosyl-3-hydroxy-2-pyridone and ethyl acrylate (138a)

Chemicals used: N-nosyl-3-hydroxy-2-pyridone (325 mg, 1.09 mmol), ethyl acrylate (4.5
mL, 42.3 mmol), distilled water (12 mL), 2N NaOH in water (1.1 mL).

NO,
S0,
o N Procedure: to 325 mg of N-nosyl-3-hydroxy-2-pyridone, 12 mL of water, 1.1 mL 2N
7 NaOH solution and 4.5 mL of ethyl acrylate were successively added. The resulting
HO COOEt mixture was stirred vigorously at room temperature. After twenty four hours, the reaction

mixture was extracted by CH,Cl, (3 x 10 mL). The combined organic layer was dried over MgSO, and
concentrated under vacuum. The residue was re-dissolved in 20 mL ether and left at room temperature until
appearance of crystal. Re-crystallization provided pure compound 140a as a single isomer (361 mg, 83% yield).
Elemental Anal.: caled for Ci¢H;sN,OgS: C, 48.48; N, 7.07; H, 4.07% found: C, 48.49; N, 7.05; H, 4.14%,; ESI-
TOFMS m/z [M-H] calcd for C¢H;sN2OsS: 395.0544, found 395.0660; IR (KBr): 3315, 3102, 2899, 1746,
1717, 1591, 1365, 1304, 960, 881; '"H NMR (400 MHz, CDCls)  8.50 (1H, m), 7.79-7.82 (3H, m), 6.70 (1H, t,
J=06.6 Hz), 6.26 (1H, dd, J = 8.0, 1.1 Hz), 5.53 (1H, m), 4.19 (2H, q, J = 7.3 Hz), 3.90 (1H, s), 2.93 (1H, dd, J
=9.6, 5.0 Hz), 2.69 (1H, m), 1.99 (1H, dd, J = 13.3, 5.0 Hz), 1.71 (1H, s), 1.25 (3H, t, J = 7.3 Hz); °C NMR
(100 MHz, CDCls) 6 171.4, 171.3, 147.8, 135.3, 134.2, 134.0, 132.4, 131.6, 131.4, 124.6, 77.9, 61.6, 53.6, 43.2,
334,141

Ethyl 2-hydroxy-2-hydroxymehtyl-5-(2’-nitrobenzenesulfonamido)-3-ene carboxylate (141)

Chemicals used: Diels Alder adduct (294 mg, 0.74 mmol) sodium borohydride (42 mg, 1.1
mmol) THF (distilled from Na-benzophenone, 8.0 mL), 5% H;PO,.

NO,
SO,
HN Procedure: 42 mg of NaBH, were added to a solution of Diels Alder adduct 294 mg in 8.0
mL of THF at 0°C. The mixture was stirred at this temperature for two hours and half. And
" COOEL then a solution of 5% H;PO,4 was added drop wise until bubbling ceased. The mixture was
HO' extracted with EtOAc (3 x 5 mL) and the resulting organic layer washed with brine and
OH

dried over MgSO,. The solvent was removed in vacuo and the pale yellow oil obtained was
chromatographied with MeOH-CH,Cl, (1:50) to afford 229 mg of the diol 141 as a pale yellow oil, 77% yield.
ESI-TOFMS: m/z [M-H] calcd for C;sH20N,OsS 399.0857, found 399.0865; IR (film): 3466, 2982, 2361, 1715,
1593, 1539, 1343, 855; '"H NMR (400 MHz, CDCl3) & 8.17 (1H, m), 7.89 (1H, dd, J = 6.0, 3.2 Hz), 7.79-7.76
(2H, m), 5.79 (1H, dd, J = 10.1, 1.4 Hz), 5.65 (1H, dd, J = 10.1, 4.6 Hz), 5.54 (1H, d, J = 7.8 Hz), 4.38 (1H, s),
4.20-4.11 (3H, m), 3.59-3.53 (2H, m), 2.96 (1H, dd, J = 10.3, 3.4 Hz), 2.36 (1H, br s), 2.29 (1H, m), 1.99 (1H,
dt, J=14.2, 4.1 Hz), 1.74 (2H, s), 1.25 (3H, t, J = 7.1 Hz); "*C NMR (100 MHz, CDCl;) & 174.8, 147.8, 134.6,
133.7,133.7,133.0, 130.8, 128.5, 125.5, 70.3, 68.0, 61.4, 48.4, 41.2, 29.7, 14.1.
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Ethyl 5-(2’-nitrobenzenesulfonyl)-2-oxocyclohex-3-enylcarboxylate and its enol tautomer (142a and 142b)

Chemicals used: diol (205 mg, 0.51 mmol), sodium periodate

(164 mg, 0.77 mmol), THF:H,O (1:1, 8.0 mL), distilled water

(5.0 mL).

Procedure: To a solution of the above diol 205 mg in 8 ml of
COOEt COOEt THF:H,O (1:1, 8.0 mL) was added NalO,4 (163.6 mg) at 0°C.

The solution was stirred for three hours at this temperature,
warmed to room temperature and then diluted by addition of 5 mL of distilled water. To the clear solution
obtained, ethyl acetate (5 mL) was added and the organic layer was separated. The aqueous layer was washed
two times with 10 mL of ethyl acetate. The combined organic layer was washed with brine and dried over
MgSO04, then filtered and concentrated. The residue was purified by silica gel column chormatography with
Hexane:EtOAc (7:3) to afford the desired product as nearly 1:1 mixture of the enone esters 142a and its enol

tautomer 142b, 151 mg in 80% yield. Since the resulting mixture was relatively unstable, it was used for next

step without detailed spectral examinations.

The equivalent od Corey’s intermediate (143)

- Chemicals used: enone (160.3 mg, 0.44 mmol), sodium borohydride (powdered, 26.5 mg,
0.70 mmol), Cerium trichloride (147.9 mg, 0.60 mmol), distilled methanol (4 mL),
NO, saturated ammonium chloride solution (1 mL).

SO Procedure: The enone and cerium trichloride were stirred in methanol at 0°C and the NaBH,

" was added. The stirring was maintained at this temperature for 2 hours, and then the
reaction was quenched by adding saturated aqueous ammonium chloride solution (ca 1 mL).

COOE!  The methanol was removed under vacuum and the residue re-dissolved in water and
extracted 3 times with ethyl acetate. The organic layer was washed with brine and dried over MgSO,, filtered

through celite, concentrated and the resulting syrup containing the corresponding alcohol was used for next step.

- Chemicals used: primary alcohol, tetrahydrofuran (distilled from sodium-benzophenone, 9 mL), dried
triethylamine (290 pL), 4-dimethylaminopyridine (DMAP) (80.3 mg, 1.5 equiv), methanesulfonyl chloride
(112.4 mg, 76.2 uL, 0.98 mmol), water (5 mL), ethyl acetate (30 mL).

Procedure: To the syrup containing the alcohol in THF (9.0 mL) was added triethylamine (290 puL) and DMAP

(80 mg, 0.7 mmol) at 0 °C and the resulting mixture was stirred for 30 minutes before drop wise addition of

MsCl (112 mg). The resulting white suspension was left to slowly warm to room temperature while stirring for

4 hours. Quenching of the light brown suspension with water (5 mL) was followed by extraction with AcOEt (3

x 10 mL). The combined organic fractions were dried over MgSOQ,, filtered and the solvent removed. The

resulting crude product was purified by silica gel column chromatography with hexane:AcOEt (7:3) to yield the

desired product 143 as a pale yellow oil 87.4 mg in 76% yield over two steps. ESI-TOFMS: m/z [M-H] calcd

for CsH16N206S: 351.0645, found 351.0743; IR (film): 3297, 3098, 2984, 1701, 1642, 1578, 1537, 1346, 1165,
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1100, 854; '"H NMR (400 MHz) & 8.20 (1H, m), 7.89 (1H, m), 7.81-7.74 (2H, m), 6.21 (1H, dd, J = 9.4, 5.7),
6.00 (1H, dd, J = 9.6, 5.0), 5.53 (1H, d, J = 9.2), 4.31 (1H, m), 4.16 (2H, q, J = 6.9 Hz), 2.75 (1H, dd, J = 18.1,
5.8),2.51 (1H, ddd, J = 18.1, 8.0, 2.5), 1.26 (3H, t, J = 7.1); '>C NMR (100 MHz) § 166.1, 147.7, 135.2, 133.7,
133.2, 131.5, 130.6, 130.3, 126.7, 126.3, 125.6, 125.5, 60.7, 47.5, 28.6, 14.2.

Ethyl 5-(tert-butoxycarbamoyl)-2-hydroxy-2-(hydroxymethyl)cyclohex-3-enecarboxylate (144)

Chemicals used: diol (338 mg, 0.85 mmol), thiophenol (130 pL, 1.3 mmol), potassium
>< carbonate (152.0 mg, 1.1 mmol), anhydrous acetonitrile (10 mL), ethyl acetate, Di-tert-
9) butyl dicarbonate (204 mg, 0.93 mmol), water

HN Procedure: a solution of the diol (338 mg) in anhydrous MeCN (4.0 mL) was treated
with K,CO; (152 mg) in the presence of PhSH (130 pL) and the resulting reaction
mixture was stirred for 3 hours at room temperature. The solution was diluted with
HO water (10 mL) and extracted 2 x with AcOEt. To the aqueous layer, Boc,O (204 mg)
was added. The mixture was stirred for 24 hours and extracted with AcOEt (3 x 8 mL).
The combined organic extracts were dried over MgSO,4 and concentrated in vacuo. The residue was purified by
silica gel column chromatography with EtOAc:hexane (1:4) to give 144 as colorless oil (124 mg, 55% yield). IR
(film): 3362, 2978, 2936, 1689, 1522, 1456, 1393, 1248, 1171, 995, 779; '"H NMR (400 MHz)  5.84 (1H, dd, J
=10.1, 3.7 Hz), 5.76 (1H, dd, J = 10.1, 1.4 Hz), 4.57 (1H, br s), 4.46 (1H, s), 4.26 (1H, br s), 4.21 (2H, q, J =
7.3 Hz), 3.59-3.51 (2H, m), 2.91 (1H, dd, J = 9.6, 2.7 Hz), 2.38-2.31 (2H, m), 1.91 (1H, dt, J = 13.3, 4.1 Hz),
1.70 (2H, s), 1.45 (9H, s), 1.30 (3H, t, J = 7.1 Hz); >C NMR (100 MHz) & 175.3, 155.0, 132.2, 130.5, 108.7,
70.5,68.2,61.4,41.7,29.4,28.4(?), 14.1

Corey’s intermediate (103)

>< The experimental procedures for the conversions from 144 to 103 were essentially same with
o the above mentioned method. The spectra data of 103 showed good agreements with the
/Eo reported one. ESI-TOFMS: m/z [M + Na]" caled for C;4H;NO4Na: 290.1363, found

HN
290.1340; IR (film): 3353, 2978, 2361, 1707, 1512, 1368, 1254, 1167, 1098, 478, 444; 'H (400

MHz, CDCls): § 7.06 (1H, d, J = 4.1 Hz), 6.18-6.08 (2H, m), 4.64 (1H, br s), 4.44 (1H, br s),
COOEt 4.22 (2H, q, J = 7.1), 2.77-2.63 (2H, m), 1.40 (9H, s), 1.31 (3H, t, J = 7.1 Hz); 13C (100 MHz,
CDCls): 166.9, 154.9, 132.5, 131.8, 128.9, 127.0, 124.8, 60.6, 53.4, 28.9, 28.4, 14.3.
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Chapter IV. Summary

Diels-Alder reaction is one of the powerful tools used in organic chemistry. In this reaction, a six-
membered ring is formed through fusion of a four m-component, usually a diene and a two @ component,
which is commonly referred to as the dienophile. The Diels-Alder reaction has proven to be of great synthetic
value, forming a key-step in the construction of compounds containing six-membered rings. Many different
versions of the Diels-Alder reaction were elaborated, including intramolecular [4+2] cycloadditions, catalyzed
hetero Diels-Alder reactions, pressure-accelerated Diels-Alder reactions, and catalyzed carbons accelerated

Diels-Alder reactions.

Among catalysts used to facilitate the carbons Diels-Alder reaction, almost developed catalysts are Lewis
acids. Our lab developed unique base-catalyzed diastereoselective Diels-Alder reaction of pyridone derivative as
diene and electron deficient dienophiles. On the basis of this concept, a poly-functionalized bicyclolactam was
obtained by DA reaction of pyridone derivatives and acrylate derivatives. This unique bicyclic lactam can be
used as key intermediate for the synthesis of biologically active compounds having C7N as basic skeleton. Thus,

Validamine and its epimers have been synthetized successfully using this bicycle system as key building block.

Tamiflu is biologically active compound which has been developed as an inhibitor of the influenza viral
neuraminidase. Because it can inhibit both the influenza virus A and B, it is widely used for the treatment and
prophylaxis of influenza. With the emergence of bird flu, an eventual influenza pandemic can occur and, to get
prepared for this, several countries are planning to stockpile Tamiflu. However, the insufficiency of the starting

materal and the complexity of the synthesis make this difficult to achieve.

Therefore, several groups developed novel synthetic methods. Among these new routes, Corey’s group
reported an elegant method for the synthesis of Tamiflu. One intermediate involved in Corey’s route is 5-tert-

butoxycarbonylamino-cyclohexa-1,3-dienecarboxylic acid ethyl Ester, which has been targeted for synthesis.

Using our base-catalyzed DA reaction concept, a compound equivalent to this Corey’s Tamiflu
intermediate has been synthesized from the bicyclic lactam obtained by DA reaction of N-nosyl-3-hydroxy-2-
pyridone and ethyl acrylate in a satisfactory overall yield (47%). Four chemical transformation of the DA adduct
and two purifications led to the targeted compound which could also be converted to Tamiflu according to
Corey’ route. The characteristic features of this synthesis are shortness of the steps and easy production.
Although the resulting products in the process are all racemate, potential usefulness of the bicyclolactam and

advantage of this methodology for the synthesis of Tamiflu could be demonstrated.
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