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FOREWORD

The present volume of Studies in Natural Products Chemistry which
is the 19th in the series presents important research work carried out over a
wide front of natural product chemistry. It includes the synthesis of
dendrobatid alkaloids, aspidosperma and related alkaloids and some
important natural products via aliphatic nitro derivatives, cannabinoids,
brassinosteroids, quinocarcin and its related compounds, mannostatins and
cyclophellitols and derivatives of grandiflorenic acid and some related
diterpenes. The volume also presents marine cyclic halo ether compounds,
oxidative ring transformation of 2-furylcarbinols and stereoselective
synthesis of C-branched nucleoside analogues. The present work in the area
of marine chemistry also includes reviews on bioactive marine macrolides,
hormones in the red swamp crayfish. Work on novel polysaccharides from
microorganisms and plants, the dereplication of plant-derived natural
products, and siderophores from fluorescent pseudomonas is also presented.

Like the previous volumes of this series, it is hoped that the present
volume will provide readers with exciting new chemistry in whole areas on
natura] product chemistry and help them to keep abreast with important
recent developments.

I wish to express my thanks to Dr Ather Ata for his assistance in the

preparation of the index and Mr Mahmood Alam for secretarial assistance.

June 1997 Atta-ur-Rahman



PREFACE

The international scientific community interested in natural products
has already expressed its gratitude toward one of its members, Professor Atta-Ur-
Rahman. Through his ongoing efforts, our colleague has been able to constitute a
unique collection, "Studies in Natural Product Chemistry” resulting from the active
participation of all those who count in this area. The series is now up to volumes 19

and 20, an impressive achievement.

Natural products constitute today, and no doubt for a long time to
come,a domain of intense scientific activity. In fact, the term "natural products” must
be taken in a broad sense, that is, molecules which originate in the living world, in
Nature. Even though, for a long time, it has been especially secondary metabolites
which have been the object of the majority of studies, the field of research has been
observed, in recent years, to be moving towards more and more complex molecules :
large polypeptides, proteins, polyosides, etc. The frontier between chemistry and
biology is getting smaller to the point of disappearing altogether. The different chapters
of this new work are of a very varied nature and breadth. Topics include the study of
Dendrobatid alkaloids and brassisterols, of general synthesis and of the inhibitory

mechanisms of glycoprotein and glycolipid formation.
Each reader will find something of value. The present volume will be

welcomed with the same enthusiasm as the preceding ones, reminding us that natural

products still have a bright future.

July, 1997 Pierre Potier
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Recent Advances in the Synthesis of Dendrobatid Alkaloids
Chihiro Kibayashi and Sakae Aoyagi

1. INTRODUCTION

Over two hundred alkaloids that possess interesting pharmacological activity on nerve and
muscle have been characterized from the skin extracts of frogs of the neotropical family
Dendroibatidae and, hence, have been referred to as dendrobatid alkaloids. The scarcity of natural
material and biological significances of these alkaloids have prompted considerable synthetic efforts
toward their total synthesis. An excellent review article by Daly and Spande covers all that was
known about the chemistry, pharmacology, and biology of dendrobatid alkaloids by the early 1980s
(ref. 1). Around the late 1980s, an international treaty to protect endangered species was enacted
(ref. 2) that has prevented collecting the neotropical poison-dart frogs whose habitat is Central and
nearby South America. In this respect, the lack of availability of natural products as well as the
remarkable pharmacological activity (ref. 3) make the synthesis of the alkaloids from the poison-dart
frogs an extremely important and urgent goal, and during 1990s there has been an impressive growth
in the number of publications dealing with the synthesis of the dendrobatid alkaloids in particular the
indolizidine alkaloids.

The object of the present review is to document synthetic development in the field of

dendrobatid alkaloids accumulated during 1990s under the following six sub-divisions.

(1) 2,5-Disubstituted decahydroquinoline alkaloids
(2) Histrionicotoxins

(3) Indolizidine alkaloids

(4) Pumiliotoxin A class alkaloids

(5) Epibatidine

(6) Miscellaneous

2. SYNTHESES OF 2,5-DISUBSTITUTED DECAHYDROQUINOLINE
ALKALOIDS

One major class of dendrobatid alkaloids is the 2,5-disubstituted decahydroquinolines. The

first member of this group named pumiliotoxin C (1) was isolated from the skin secretions of



Panamanian population of Dendrobates pumilio (ref. 4) and D. auratus (ref. 5) and more recently
found in skin extracts of Madagascan genus of ranid frogs Mentella (ref. 6). Although there had been
some confusions in the literature, the absolute configuration of natural (-)-pumiliotoxin C was
unambiguously established as shown in 1 by X-ray crystallographic analysis of the hydrochloride
salt (refs. 4b and 7) and its total synthesis (ref. 8). The unusual chemical and neuromuscular
characteristics (refs. 1 and 9) have prompted chemists to develop numerous approaches to nonchiral
and chiral syntheses of the 2,5-disubstituted decahydroquinoline alkaloids mainly pumiliotoxin C in
recent years.

The racemic synthesis of pumiliotoxin C (1) using an intermediate N-acyldihydropyridone 3
as a useful building block has been developed by Comins and Dehghan (ref. 10) and this is shown in
Scheme 1. The dihydropyridone 3 was prepared from 4-methoxy pyridine 2 by sequential treatment
with phenyl chloroformate, [5-(1-pentenyl)lmagnesium bromide, and hydrochloric acid. Copper-
mediated conjugate addition of propyl magnesium bromide to 3 proceeded with the
diastereoselectivity of 11:1 in favor of the cis-product. Oxidative cleavage of the terminal olefin with
0s504/NalOy followed by acid treatment of 4 gave the bicyclic enone 5. Conjugate addition to the
enone 5 with Me,;CuLi and BF3*Et,0 followed by protonation of the enolate 6 led to the desired
diastereomer 7. Removal of the oxygen of the keto carbonyl group at C-4 provided (£)-pumiliotoxin
c.

This strategy was used for the enantioselective synthesis of (—)-pumiliotoxin C by the same
authors (ref. 11) (Scheme 2). Reaction of the N-acylpyridinium salt 10 bearing the (-)-8-
phenylmenthyl group as a chiral auxiliary with the Grignard reagent afforded the N-
acyldihydropyridone 11 in 91% de. Subsequent radial PLC purification followed by removal of the
chiral auxiliary and the silyl group provided the enantiopure building block (+)-3, which was
converted to (—)-pumiliotoxin C (1) based on the above sequence.

These authors have further exploited this enantioselective approach in the first asymmetric
synthesis of (+)-trans-decahydroquinoline 219A (12) (ref. 12) as shown in Scheme 3. Reaction of
the N-acylpyridinium salt 13 installed by (+)-trans-2-(a-cumyl)cyclohexyl group with the Grignard
reagent gave the N-acyldihydropyridone 14 in 93% de. After radial PLC purification, the pure
diastereoisomer 14 was converted to the key intermediate (—)-3. In the presence of BF3¢Et,0,
copper-mediated conjugate addition of [3-(benzyloxy)propyllmagnesium bromide to (-)-3 provided
the cis-piperidone 15. Oxidative cleavage of the terminal olefin followed by intramolecular aldo! type
condensation yielded the bicyclic enone 16. The stereocenter at C-5 was introduced stereoselectively
by conjugate addition of the higher order cuprate to 16 followed by trapping as the vinyl triflate 17,
which was converted to the amino diol 18 as a diastereomeric mixture in three steps. The diol
mixture was treated with tributylphosphine and o-nitrophenyl selenocyanate to give the bisselenides
19 in a 87:13 ratio in favor of the trans-isomer. Finally, the pure trans-somer underwent oxidative
elimination followed by deprotection, affording alkaloid (+)-trans-219A (12).
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A new route to ()-pumiliotoxin C (1) by Brandi and co-workers (ref. 13) uses a key thermal
rearrangement of an appropriate 5-spirocyclopropane (Scheme 4). The key spiroisoxazoline was
obtained by the cycloaddition of butyronitrile 21 to exo-2-methyl-7-methylenebicyclo[4.1.0]heptane
(20). Subsequent thermal rearrangement was performed by refluxing 22 in xylene at 140 °C to
provide a 1:1 mixture of octahydroquinolines 23 and 24, which were separated by flash
chromatography. The quinolinone 23 was obtained as a 7:1 mixture of two diastereoisomers.
Treatment of the major isomer cis-23 with trifluoromethanesulfonic anhydride gave the iminium salt
25, which was catalytically hydrogenated to yield (+)-pumiliotoxin C (1).

Polniaszek and Dillard (ref. 14) utilized [3,3] sigmatropic rearrangement of isoquinuclidines
to construct the cis-fused hydroquinoline ring in a stereospecific total synthesis of (1)-pumiliotoxin C
(Scheme 5). The N-acyl-1,2-dihydropyridine 26, available from 4-methoxypyridine (2), was
subjected to a stereospecific Diels-Alder reaction with (E)-bis(phenylsulfonyl)ethylene to give the
adduct 27. Sequential ketalization, reductive elimination of the sulfone moieties, and amide reduction
converted 27 to the amino acetal 28. After hydrolysis of 28, the corresponding ketone underwent a
stereospecific carbonyl addition reaction with (E)-2-(phenyldimethylsilyl)vinyllithium to give the
divinyl carbinol 29, which, upon treatment with potassium hydride, subjected to anionic oxy-Cope
rearrangement to generate the octahydroquinolone 30. The phenyldimethylsilyl moiety of 30 was
then oxidized via the fluorodesilylation—oxidation procedure (ref. 15) to afford the B-hydroxy ketone
31. The enone 32 obtained by dehydration was subjected to the conjugate addition with lithium
dimethyl cuprate and the resultant copper enolate trapped with N-phenyltriflamide. Catalytic
hydrogenation of the diene triflate 33 resulted in hydrogenolysis of both the N-benzyl and enol
triflate moieties, with concomitant reduction of both double bonds and produced (£)-pumiliotoxin C

(1) which was characterized as its hydrochloride salt.
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An alternative synthesis of racemic 1 has been described by Meyers and Milot (ref. 16). This
approach shown in Scheme 6 was based on «-alkylation of nitrogen heterocycles containing a
formamidine moiety reported earlier (ref. 17). Thus, the bicyclic lactam 35, prepared from 34 as a
4:1 mixture of cis- and frans-isomers according to the Diels—Alder strategy described by Overman
(ref. 18), underwent borane reduction and chromatographic separation to give the cis-
decahydroquinoline 36. Thermal exchange with the (dimethylamino)formamidine converted 35 to
the formamidine 37. Metalation with ters-butyllithium followed by introduction of pentynyl copper
was then followed by the addition of allyl bromide to afford the diastereomeric mixture 37. When
the mixture 38 was treated with hydrazine—ethanol-water, both the formamidine was removed and
the propene side chain was reduced cleanly to furnish (+)-pumiliotoxin C (1) and its epimer 39 in a
1:4 ratio.

Mehta and Praveen (ref. 19) have demonstrated that a key precursor of (£)-pumiliotoxin C
such as cis-hydroindanone 41 could be synthesized from a tricyclic dione such as 40 (Scheme 7).
Regioselective Haller—Bauer cleavage (ref. 20) of 40 with 1% aqueous NaOH followed by
esterification produced a 7:3 mixture of the bicyclic esters 41 and 42, which were conveniently

separated as the ketals. The ester functionality in the major ketal 43 was transformed to a methyl
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group and aqueous acid workup furnished the cis-hydroindanone 44 which was converted to (¥)-
pumiliotoxin C (1) via Beckmann rearrangement following a protocol similar to that previously
described by Oppolzer’s group (ref. 21).

Recently, we have developed an enantioselective synthesis of (—)-pumiliotoxin C (ref. 22) in
which the intramolecular hetero Diels—Alder reaction is performed on the acylnitroso compound as
shown in Schemes 8 and 9. The Wittig reaction was carried out with (25,45)-4-formyl-2-phenyl-
1,3-dioxane (46), available from L-malic acid (ref. 23), in which both the 2-pheny! and 4-formyl

groups are preserved in equatorial conformation during the reaction without epimerizing to the axially
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oriented 4-formyl-1,3-dioxane to give a 3:1 mixture of (Z)- and (E)-dienes 47. Reductive ring-
opening of the benzylidene acetal with DIBALH followed by photoisomerization by UV irradiation
generated the geometrically pure (4E)-diene 48, which was converted to the hydroxamic acid 50 by
standard procedures. Our previouvs studies revealed (ref. 24) that use of aqueous media for
intramolecular Diels—Alder reaction of chiral 1,3-diene acylnitroso compounds produces significant
enhancement on the trans selectivity compared with non aqueous conditions. Consistent with these
observations, on the treatment of with PryNIO4 at 0 °C in water—-MeOH (6:1) (Scheme 8, method B)
the (S)-hydroxamic acid 50 underwent cycloaddition via the in situ generated acylnitroso compound
51, yielding the trans (with respect to C-4a and C-5) cycloadduct 52 as a major isomer with
significantly increased diastereoselectivity of 4.5:1 compared with the reaction conducted in a
chloroform solution which affords a 1.4:1 trans/cis ratio.

After catalytic hydrogenation of the olefin moiety of the trans-adduct 52, introduction of the
propyl side chain to the C-8 position to afford 54 was achieved in a completely stereoselective
manner according to the tandem Grignard reaction—reduction procedure developed earlier in this
laboratory (ref. 25). Reductive N-O bond cleavage with zinc and aqueous acetic acid yielded the

amino alcohol which was transformed into the diketone 55 after protection, deprotection, and
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oxidation. Aldol cyclization of 55 followed by catalytic hydrogenation of 56 established the all-cis-
decahydroquinolone ring system with the incorrect o-methyl substitution at C-5, which should exist
preferentially in the ring conformation 57b in order to minimize A!3 strain (ref. 26) between the N-
benzoyl group and the C-2 propyl group. Therefore, the C-5 methyl group is presumably placed in
the energetically favored equatorial conformation. In an anticipation of epimeric transformation of the
a-methyl to B-methyl group, such interaction due to Al.3 type strain was released by replacing the N-
benzoyl group by the N-benzyl group to give 58, in which the stable ring conformation with the C-5
methyl group in axial (as 58a) would be preponderant. Thus, under these reaction conditions,
epimerization of the axial isomer 58a to the more stable equatorial isomer 58b occurred to afford a
mixture of the So- and 58-methyl isomers 58a and 58b in a ratio of 1:1.2. After prolonged heating
of this epimeric mixture with zinc triflate, treatment with ethanedithiol resulted in the dithioketal 59
with exclusive epimerization to the 5p-methyl isomer. Finally, 59 was converted to (-)-pumiliotoxin

C (1) by desulfurization and deprotection.
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3. SYNTHESES OF HISTRIONICOTOXINS

An enantioselective route to (—)-histrionicotoxin 235A (60) has been first published by the
group of Stork (ref. 27) in which the “allylic epoxide cyclization” method previously disclosed by the
same group (ref. 28) was exploited (Scheme 10). The synthesis began with the optically active
methyl (5)-6-hydroxy-8-nonenoate (63), readily accessible by the reaction of methyl 6-oxohexanoate
(61) and B-allyldiisopinocamphenylborane (62) in 86% ee. The silyl ether 64 of the alcohol 63
nderwent the allylic epoxide cyclization in a single operation to give the lactone 66, in which three
chiral centers are correctly set for eventual transformation to (-)-histrionicotoxins. Removal of the
silyl protecting group followed by inversive bromination provided 67, which was then converted to
the amide 68 by treatment with trimethylaluminum—-ammonium chloride followed by acetic
anhydride. Hofmann-like rearrangement with phenyliodonium bistrifluoroacetate and subsequent
intramolecular cyclization of 69 at 55 °C with triethylamine followed by deprotection resulted in (-)-
histrionicotoxin 235A (60).

Stork’s group (ref. 28) has also described the first enantioselective synthesis of (-)-
histrionicotoxin (70) through the use of the above strategy starting from the bicyclic lactone 66. This
approach outlined in Scheme 11 began with elaboration of the preparation of the bis((Z)-viny! iodide)
71 via ozonolysis followed by iodomethylenation. In a similar manner as described above for the
synthesis of histrionicotoxin 235A, 71 was converted to the spiropiperidine 72, which was coupled
with (trimethylsilyl)acetylene and further converted to the natural (-)-enantiomer of histrionicotoxin
(70) upon deprotection of the resulting dienyne.

Iwata et al. (ref. 29) have reported a formal synthesis of (+)-perhydrohistrionicotoxin (74).
The key step is the formation of a spiro skeleton via a carbonyl ene reaction and a palladium-catalyzed
carbonyl allylation (Scheme 12). The bromide 75, derived from cyclopentanone, was lithiated and
treated with (-)-menthyl (S)-p-toluenesulfinate to give the chiral vinylic sulfoxide 76, which on
treatment with allylmagnesium bromide underwent the Pummerer-type reaction to give the vinylic
sulfide 77 in 90% ee. Sequential hydroboration—oxidation, mesylation, and cyanation provided the
nitrile 78, which was converted to the aldehyde 79 via deacetalization followed by Horner—-Emmons
reaction. The palladium catalyzed intramolecular carbonyl allylation of 79 proceeded
diastereoselectively via the transition state 80, affording 81 along with two isomers in 83:17.
Conversion to the ketol 82 was performed in 5 steps involving elaboration of the butyl side chain.
Subsequent Beckman rearrangement of the oxime of 82 led to the known spiro lactam 83, providing
a formal synthesis of (+)-perhydrohistrionicotoxin (74), since this lactam has been converted to 74

by the other group (ref. 30).
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4. SYNTHESES OF INDOLIZIDINE ALKALOIDS

The indolizidine group of the dendrobatid alkaloids is classified into 3 small subgroups based
on the substitution pattern of the alkyl group(s) on the indolizidine skeleton as follows: (a) 5-
substituted indolizidines; (b) 3,5-disubstituted indolizidines; (c) 5,8-disubstituted indolizidines.

4.1 5-Substituted Indolizidine Alkaloids

The structurally simplest indolizidine alkaloids 167B and 209D bearing a single substituent at
the C-5 were detected once as trace components in unidentified dendrobatid frogs found in a single
population (ref. 31). Their structures have been tentatively assigned as 84 and 85 based on mass
spectral evidence whereas their absolute configurations were simply inferred as SR,9R by analogy to
the structurally related indolizidine 223AB whose absolute stereochemistry is known.

The first enantioselective syntheses of these alkaloids 167A (84) and 209D (85) have been
reported by Polniaszek and Belmont (ref. 32) by using diastereoselective N-acyliminium ion reaction
(Scheme 13). Thus, the succinimide 86 bearing (S)-a-phenethylamine as a chiral auxiliary was
reduced with lithium trietylborohydride to give the hydroxy lactam diastereomers, which was further
treated with allyltrimethylsilane in the presence of SnCly to generate an 82:18 mixture of allyllactam
diastereomers 87 and 88 via N-acyliminium ion formation. This mixture was sequentially subjected
to reduction with LiAlH4, hydrozirconation, carbonylation, and acetalization to provide a
diastereomeric mixture of the dimethyl acetals, which were separated by medium-pressure liquid
chromatography to afford 89 as a major isomer. The chiral auxiliary was hydrogenolyzed and the
resuitant secondary amine 90 was cyclized to 91 on hydrolysis in the presence of hydrogen cyanide
according to the Husson protocol (ref. 33). After deprotonation with LDA, alkylation with either
propyl bromide or hexyl bromide afforded the alkylated amino nitriles 92 and 93, which were
converted to (-)-indolizidines 167B (84) and 209D (85), respectively, by reduction with sodium
borohydride.

Jefford et al. (ref. 34) have developed an alternative enantiogenic synthesis of (—)-indolizidine
167B utilizing D-norvaline (94) as a chiral starting material as shown in Scheme 14. Thus, the
desired enantiogenic chirality was installed by condensation of 2,5-dimethoxytetrahydrofuran (95)
with D-norvaline. The resulting 1-pyrrolylacetic acid 96 was converted to the a-diazo ketone 97 by
reaction of its mixed anhydride with diazomethane. Wolff rearrangement and repetition of the mixed
anhydride—diazomethane procedure on 97 afforded the corresponding a-diazo ketone 99, which was
catalytically decomposed with rhodium(II) acetate to provide the dihydroindolidine 100. Desired (-)-
indolizidine 167B (84) was obtained by hydrogenation with Adams catalyst at 15 atm under acid
conditions. The complete reduction of the non-conjugated carbonyl group in 100 is quite unusual

and suggested to occur by a Clemmensen-type deoxygenation (ref. 35).
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Jefford and his colleague (ref. 36) have also accomplished the enantiogenic syntheses of (-)-
indolizidines 167B and 209D from L-aspartic acid (101) as a chiral precursor (Scheme 15) by using a
very similar reaction sequence as discussed above (see Scheme 14). The chirally modified pyrrol
analogue 104 was synthesized by condensation of 2,5-dimethoxytetrahydrofuran (95) with (R)-B-
amino acid hydrobromide 103, derived from L-aspartic acid (101) via the iodo ester 102 in 7 steps.
The mixed anhydride-diazomethane procedure was applied to 104 to produce the a-diazoketone
105, which was subjected to cyclization with catalytic rhodium(II) acetate followed by hydrogenation
of the resulting bicyclic keto pyrrole 106 to afford (—)-indolizidine 209D.

Furthermore, (-)-indolizidine 167B (84) was formally prepared by following the same
synthetic sequence employing the iodo ester 102 as a precursor. The chirally modified pyrrol
analogue 98, derived via the (R)-B-amino acid hydrobromide 107, had been converted to (-)-

indolizidine 167B in 3 steps as discussed above (see Scheme 14).
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A versatile and practical approach to (-)-indolizidine 167B has been published by Lhommet et
al. (ref. 37). This approach (Scheme 16) employed (S)-pyroglutamic acid (108) as a chiral precursor
which was converted to the ester 109 in five steps in a straightforward manner (ref. 38):
esterification followed by reduction, tosylation, cyanation, then acidic methanolysis. Reduction of
109 with LiAlHy4 followed by protection and oxidation with sulfur trioxide—pyridine complex
provided the aldehyde 110, which was subsequently transformed into the ketone 111 via Wittig
reaction with 1-triphenylphosphoranylidenepentan-2-one followed by hydrogenation. Upon
hydrogenation of 111 over palladium on carbon in methanol, cyclization proceeded by way of an

iminium intermediate to lead to (-)-indolizidine 167B.
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Recently, Somfai and Ahman (ref. 39) have developed a novel enantioselective entry to (-)-
indolizidine 209D employing an aza-[2,3]-Wittig rearrangement as a key step (ref. 40) and based on a
different disconnection involving the elaboration of the five-membered ring on to a substituted
piperidine system (Scheme 17). The key intermediate, rearrangement precursor 117, was prepared
in a straightforward manner from the known epoxy alcohol 112 (ref. 41). Exposure of 112 to
sodium azide gave the corresponding azidodiols 113 and 114 as a mixture of regioisomers.
Selective protection of the primary hydroxy group as a silyl ether followed by reductive cyclization
with triphenylphosphine (ref. 42) gave the aziridine 115. The required anion-stabilizing group for
the rearrangement was introduced by reaction of 115 with rert-butyl bromoacetate which was
followed by removal of the silyl group to yield the alcohol 116, which was then converted to the
vinylaziridine 117 by Swern oxidation followed by Wittig olefination. Treatment of 117 with LDA
at —78 °C led to aza-[2,3]-Wittig rearrangement to provide the cis-2,6-disubstituted tetrahydropyridine
118 as a single diastereomer. Hydrogenation followed by reduction of the ester moiety afforded the
amino alcohol, which was subjected to the one-pot Swern-Wittig protocol developed by Ireland (ref.
43) to yield the o,p-unsaturated ester 119. Hydrogenation of 119 followed by MesAl induced
lactam formation (ref. 44) and LiAlH, reduction resulted in (-)-indolizidine 209D (8S).

Another enantioselective entry to (—)-indolizidine 209D has been published by Shibasaki et
al. (ref. 45) (Scheme 18). This approach is based on the catalytic, asymmetric Heck reaction
previously developed by Shibasaki’s group (ref. 46). The reaction has been applied to the iodide
121 with catalytic amounts of Pdy(dba);*CHCl; and (S)-(R)-BPPFOH to generate a 1:1.4 mixture of
the (R)-tetrahydroindolizinones 122 and 123 in 86% ee, the former product of which could
completely be isomerized to 123 by treatment with a catalytic amount of palladium on carbon in
methanol. Preparation of (—)-indolizidine 209D (85) was completed by hydrogenation of 123

followed by stereoselective introduction of the hexy! side chain to the C-5 of the indolizidinone 124.



23

OH
NaN3, NH4C1, MCOCHchon—Hzo
o +
(96%)
112 114

OSiMe,-Bu
1) BrCH,CO,#-Bu, K,CO4
18-crown-6, THF

2) BuyNF, THF
(60%)

1) +-BuMe,SiCl, E4N, DMAP
2) PhsP, toluene, A

(90%)

115

1) Swern ox.
2) PhyP=CH,, THF LDA, THF, -78°C
(82%) (98%)
116 117

1) H,, Pd—C, EtOH
a 2) LiAlH,, THF
. , 3) Swern ox. then PhsP=CHCO,Et K .,
C.\ g ‘CO,t-Bu (39%) C E m
CO,Et

118 119
H H
1) Hy, Pd-C, 4 psi, EtOH
2) Me3Al, benzene LiAlH,, THF, A
N N
(62%) Y (88%) v
: 0 :
\/\/\ \/\/\

120 (-)-Indolizidine 209D (85)

Scheme 17



24

Pd-C, MeOH
(quant.)
1 H
AN Pdy(dba)3*CHCl5, (S)-(R)-BPPFOH

N\J Ag-zeolite, DMSO-DMF = |

(94%) N
O
121 o
122 123 (86% ec)
H,, PtO,
97%)

i

1) MB(CHz)SLi, C6C13 H
2) NaBH;CN
(48%) N
O

(-)-Indolizidine 209D (85)

Scheme 18

4.2 3,5-Disubstituted Indolizidine Alkaloids

The 3,5-disubstituted indolizidine alkaloids so far fully characterized are indolizidines 195B
(125), 223AB (126), 239AB (127), and 239CD (128) (Figure 1). The latter three natural alkaloids
223AB and its w-hydroxy side chain congeners 239AB and 239CD are all levorotatory. The
synthesis of 3R,5R,8aR enantiomer of indolizidine 223AB achieved by Husson et al. (ref. 33)
established the absolute stereochemistry of natural indolizidine 223AB. The absolute configuration of
both the natural o-hydroxy congeners 239AB and 239CD have been inferred to be 3R,55,8aR and
3R,5R.8aR, respectively, in analogy with that of 223AB.

OH
(+)-195B (125) (-)-223AB (126) (-)-239AB (127) (-)-239CD (128)

Figure 1. Naturally occurring 3,5-disubstituted indolizidine alkaloids.
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Another alkaloid 195B, unlike 223AB, 239AB, and 239CD, is dextrorotatory, which
suggests that this alkaloid has the opposite, namely 35,5S,8aS, configuration compared to the other
3,5-disubstituted indolizidines. The proposed absolute stereochemistry of 195B has previously been
confirmed by the syntheses of both enantiomers of 195B achieved in our laboratory (ref. 47).

Our approach to the syntheses of the both enantiomers of all four indolizidine alkaloids has
utilized 3,4-dideoxy-D-threo-hexitol (129) as a single common chiral synthon, derived from bD-
mannitol (Scheme 19) (ref. 48). In this enantiodivergent synthesis, 129 is stereoselectively
converted to the versatile chiral building blocks of C; symmetry (R,R)- and (S,5)-bisepoxides (130)
(ref. 49) each in three steps (ref. 49), which respectively serve as the precursors for the () and (+)-
series of indolizidines 195B (125), 223AB (126), 239AB (127), and 239CD (128) (Figure 1).

With the (R,R)-bisepoxide (R,R)-130 in hand, (-)-indolizidine 239CD [(-)-128] was
initially prepared as outlined in Scheme 20. The (R,R)-130 was converted to the diol (131) via
epoxide ring-opening with the Grignard reagent and a catalytic amount of copper(I) iodide followed
by protection and hydrogenolysis. After selective protection of the primary hydroxyl function by the
benzyl group and the benzoyl group followed by desilylation, the resulting diol 132 was converted to

—OH
HO—+—H (:)H
HO——H OSSN OH
H——OH HO™
H——OH 0?29
1) PhCHO, TsOF
—OH 2) NBS, CCl4
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Scheme 19
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the cyclic sulfate (+)-133 by treatment with thionyl chloride and subsequently RuOy4. Nucleophilic
ring opening of (+)-133 with LiN3 in DMF followed by mesylation of an inseparable 1:1 mixture of
the resulting alcohols afforded the corresponding mesylates 134a and 133b, which were, without
separation, subjected to hydrogenation of the azide function leading to in situ cyclization to give the
trans-pyrrolidine as a single product and subsequent protection and ester hydrolysis converted this
product to the alcohol 135. Hydrogenation of the ketone 135, obtained from 135 by oxidation and
subsequent three-carbon homologation on the side chain, caused intramolecular cyclization via
iminium ion formation and was followed by hydrogenolytic debenzylation to provide (-)-indolizidine
239CD [(-)-128] as a single isomer.

The same pathway was applied starting with the (S,S)-bisepoxide (S,5)-130 for the
synthesis of (+)-indolizidine 239CD [(+)-128] (Scheme 21). These syntheses using the two
enantiomeric building blocks (R,R)-130 and (S,5)-130 serve to confirm the absolute configuration
of natural alkaloid (-)-239CD as 3R,5R,8aR.

0 PhCOy _~_ ", (—MOBn
,\/\/‘\‘
o"

— 0. _0
(5.5)-130 o

(-)-133

10 steps
as for (-)-128
(Scheme 20)

OH
(+)-Indolizidine 239CD (128)

Scheme 21

Conceptually analogous strategy was applied for the enantiodivergent syntheses of the rest of
the 3,5-disubstituted indolizidine alkaloids 195B, 223AB, and 239AB, where the common key
intermediates for the both (-) and (+) series of all three alkaloids are the enantiomeric aldehydes (-)-
138 and (+)-138, respectively. Thus, the alcohol 135, described above in the synthesis of (-)-
239CD from the (R,R)-bisepoxide (R,R)-130 (see Scheme 20), was deoxygenated to 137 in a

straightforward manner via tosylation followed by reduction with LiAlH, (Scheme 22).
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The antipodal aldehyde (+)-138 was prepared from (S,5)-bisepoxide (S,5)-130 by a
modified sequence (Scheme 22), compared to the sequence employed for the preparation of the (-)-
enantiomer (—)-138. In this case, deoxygenation of the primary alcohol on the side chain was carried
out via the bromide 140 prior to the process of the ring closing to the trans-pyrrolidine.

Either enantiomeric aldehyde (-)-138 or (+)-138 was transformed, upon suitable
homologation of the side chain by the Grignard reaction—oxidation protocol and subsequent ring
closure of the amino ketones 144, 145, and 146 based on reductive alkylation of the secondary
amines, to the corresponding (<) or (+)-series of indolizidine alkaloids 195B (125), 223AB (126),
and 239AB (128) (Scheme 23). The absolute configuration of the naturally occurring (—)-enantiomer
of alkaloid 239AB was thus confirmed as 3R, 55, 8aR.

Shortly after our synthesis described above, the enantioselective synthesis of (-)-indolizidine
223AB [(-)-126] has been reported by Taber et al. (ref. 51). The basic approach used in this
synthesis involves enantioselective BINAP/Ru-mediated hydrogenation of B-keto esters originally
developed by the Noyori group (ref. 52). As outlined in Scheme 24, the approach was designed on
the basis of the Wittig coupling of the chiral phosphonium salt with the chiral aldehyde. Thus, the
preparation of the aldehyde unit 150 began with (S)-BINAP/Ru-mediated hydrogenation of B-keto
ester 147 to form the (S)-p-hydroxy ester 148 with 98% ee. Compound 148 was converted to the
mesylate 149 by LiAlHy4 reduction, tosylation of the primary alcohol function, coupling with
allylmagnesium chloride, and mesylation. Subsequent azidation followed by ozonolysis provided the
aldehyde 150. On the other hand, the (S)-B-hydroxy ester 152, obtained by (S)-BINAP/Ru-
mediated hydrogenation of p-keto ester 151 in 98% ee, was converted to the phosphonium salt 153
via LiAlH4 reduction and bromination, which was coupled with the aldehyde 150 under Wittig
conditions to give a geometrically isomeric mixture of the azide alcohols 154. Upon heating at 160
°C, 154 underwent intramolecular dipolar cycloaddition/thermal fragmentation (ref. 53) and
subsequent reduction of the resultant cyclic imine stereoselectively afforded the cis-dialkylpiperidine
155. The cyclization of 155 with Ph3P-CCly proceeded with single inversion to afford (-)-
indolizidine 223AB [(-)-126].

A simplified approach to the chiral ketone (+)-144, which was used as a pivotal precursor for
the synthesis of (+)-indolizidine 195B [(+)-125] in our approach describe above (Scheme 23), has
been presented by Takahata, Momose et al. (ref. 54) as outlined in Scheme 25. Their approach uses
trans-2-alkyl-5-hydroxymethylpyrrolidine (156) as a homochiral building block which was
previously prepared by the same group (ref. 55) by a stereoselective intramolecular amidomercuration
of N-alkenylurethanes available from L-norleucine. Four-carbon extension of 156 was carried out by
repetition of the Swern oxidation-Wittig reaction protocol to give the olefin 158. Wacker oxidation
of 158 afforded the methyl ketone (+)-144, which was upon catalytic hydrogenation cyclized to (+)-
indolizidine 195B [(+)-125] as a 5:1 mixture of epimers.
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The synthetic utility of the ketone (-)-145 as a direct precursor of (-)-indolizidine 223AB
[(-)-126] has been again recognized by the Lhommet group (ref. 56). This approach outlined in
Scheme 26 utilized the chiral pool (§)-pyroglutamic acid (108), which was converted to the B-
enamino ester 159 in seven steps according to the procedure previously developed by this group (ref.
57). Reduction of 159, producing a 1:1 diastereomeric mixture of the trans- and ciscyclic amino
alcohols 160, and subsequent separation provided the trans-160, which was transformed into the
amino aldehyde 161 via protection followed by oxidation. Homologation of the side chain was
performed by Wittig reaction followed by catalytic hydrogenation to afford the ketone (—)-145 which
could be converted to (-)-indolizidine 223AB [(-)-126] by catalytic hydrogenation.

The useful precursor keto pyrrolidine 167 for the synthesis of (+)-indolizidine 195B has been
also elaborated by Bloch et al. (ref. 58) based on a different approach with respect to pyrrolidine ring
formation (Scheme 27). The synthesis started from the chiral lactol 162, readily available from the

Diels—Alder adduct of furan and maleic anhydride, either via an enzymatic resolution (ref. 59) or an



33

1) NaBHy, BF;°Et,0

Q 7 steps N O\r 2) LiAlH,
H02C

COzMC

(S)—Pyroglutarmc acid (108) 159

1) diastereomeric separation

2) CbzCl, K,CO;4 O\/([Jj\
3) PCC R
o NN H

OH |
H Cbz
trans:cis=1:1 161
160
1) PhyP=CHCOPr
2) H,, PtO. H,, Pd-C
) H, P i et SN NG N <_>\/\/“\/\ 2

T @s%)

(-)-145 (42% from trans-160)
(-)-Indolizidine 223AB (126)

Scheme 26

asymmetric reduction (ref. 60). Stereoselective addition of butylmagnesium bromide to 162
followed by oxidation to the lactone and DIBALH reduction gave rise to the lactol 163. Chelation
controlled addition of the Grignard reagent to 163 led to the diol 164, which upon flash thermolysis
was subjected to retro Diels—Alder reaction, yielding the unsaturated diol 165. After catalytic
hydrogenation followed by mesylation, treatment of the resulting bismesylate 166 with benzylamine
resulted in the ring formation to give the trans-2,5-disubstituted pyrrolidine, which was converted to
the ketone 167 by deprotection followed by Swern oxidation. Catalytic hydrogenation of 167 led to
(+)-indolizidine 195B [(+)-125] along with the C-5 epimer in an 88:12 ratio.

Pilli et al. (ref. 61) have reported an alternate route to the synthesis of (-)-indolizidine 223AB
starting from the chiral pool (S)-pyroglutamic acid (108) via a cyclic N-acyliminium ion based on a
one-pot preparation of the indolizidin-7-one ring system (Scheme 28). Thus, 108 was converted to
the tosylate 168 in three steps according to a previously described procedure (ref. 62) and three-
carbon homologation of 168 provided the lactam 169, which was further converted to the ethyl
carbamate 170. Addition of the silyloxy diene to the N-acyliminium ion, in situ generated from 170
by treatment with trimethylsilyl triflate, afforded a 3:2 mixture of indolizidinones 171 and 172.
Treatment of the major isomer 171 or the 3:2 mixture of 171 and 172 with aqueous NH,OH
afforded 172 as the major isomer, which was transformed into (—)-indolizidine 223AB by reduction

of the corresponding tosylhydrazone with NaBHy.
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Muraoka, Momose, and colleagues (ref. 63) have reported an alternative preparation of the
optically active cis-dialkylpiperidine 179 (Scheme 29) previously used as a key intermediate in the
synthesis of (-)-indolizidine 223AB (ref. 64). Their synthesis of 179 is based upon dissymetrization
of the bicyclic ketone 173 according to the enantioselective deprotonation of cyclic carbonyl

compounds with the homochiral lithium amide 174 developed by Koga's group (ref. 65) to form the
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trimethylsilyl enolate 175, which was then subjected to Claisen condensation followed by alkylation
to give the bicyclic ketone 176. The ketonic cleavage of 176 under alkaline conditions afforded the
two epimeric 2-ethyl ketones 177 and 178 in a ratio of 5:4, the former of which, the B-isomer with
94% ee, was subjected to the Norrish type 1 photo-cleavage upon UV irradiation and the resulting
ester was converted to the alcohol 179 by selective reduction. After homologation of the hydroxy
ethyl side chain according to the reported procedure (ref. 64), the resulting piperidine 180 could be
converted to (-)-indolizidine 223AB by applying the known method involving homolytic cyclization
of an alkenyl substituted N-chloropiperidine previously developed by Broka (ref. 66).

The important precursor the cis-2,5-dialkylpiperidine 186 used in the former synthesis of (-)-
indolizidine 223AB by Husson's group (ref. 33) has been synthesized by Yang and co-workers (ref.
67) in a racemic form (Scheme 30) via application of electro-oxidative a-cyanation of piperidines
developed by Shono (ref. 68). Thus, electrolysis of N-benzylpiperidine (181) was performed in the
presence of KCN to give the a-cyanoamines 182 and 183 in a ratio of 3:1, the former of which was
allowed to react with the Grignard reagent to give 184. Application of the similar electrolytic

conditions to 184 generated regioselectively the a-cyanopiperidine 185 as a cis-and trans-
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stereoisomeric mixture, and further substitution of 185 with the Grignard reagent produced the cis-
2,5-disubstituted piperidine 186. Replacement to the 1,3-dioxolane followed by catalytic
hydrogenolysis led to the secondary amine 187, which was converted to (+)-indolizidine 223AB
according to the literature procedure (ref. 33) involving an intramolecular Strecker reaction and

another substitution of the cyanoamine 188 with the Grignard reagent.
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4.3 5,8-Disubstituted Indolizidine Alkaloids

5-Substituted 8-methylindolizidines occur in a wide range of dendrobatid species and
represent one of the many class of dendrobatid alkaloids. Recently, synthetic routes to this group of
alkaloids, e.g. indolizidines 205A (190), 207A (191), 209B (192), 235B (193), and 235B' (194),
have been developed.

z s
;
Z

N
(-)-205A (190) (-)-207A (191) (-)-209B (192)
Me Me
H H
N N
(-)-235B (193) (-)-235B' (194)

Figure 2. Naturally occurring 5,8-disubstituted indolizidine alkaloids.

Comins group (ref. 69) has applied the N-acyldihydropyridone based strategy, broadly
developed by this group (see Section 2), to the synthesis of (+)-indolizidine 209B (192) (Scheme
31). The desired N-acyldihydropyridone 195 was prepared from 4-methoxypyridine (2), Grignard
reagent, and benzylchloroformate. Chlorination of the alcohol function followed by C-3 methylation
converted 195 to 196, which was subjected to copper-mediated conjugate addition of
pentylmagnesium bromide to afford the cis-2,5-disubstituted piperidone 197. After cyclization by
one-pot procedure involving catalytic hydrogenolysis and subsequent catalytic hydrogenation of the
ketone function, deoxygenation of the resulting indolizidine 198 was achieved by treatment of the
thiocarbonyl derivative 199 with Bu3SnH/AIBN to provide (+)-indolizidine 209B (192).

The enantioselective synthesis of (+)-indolizidine 209B has been reported by Marazano and
colleagues (ref. 70) (Scheme 32). The chiral 1,4-dihydropyridine intermediate 202, prepared by
treatment of the crystalline Zincke's salt 200 with (R)-phenylglycinol followed by partial reduction of
the resulting chiral pyridinium salt 201, plays the central role in the synthesis. Filtration of 203 over
alumina generated a mixture of the oxazolidines 203 and 204 in a ratio of 9:1 with the
thermodynamically more stable 203 predominating. This oxazolidine mixture was treated with the

Grignard reagent and filtered over alumina affording a 3:1 mixture of the oxazolidines 205 and 206,
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which was further subjected the Grignard reaction to give a mixture of 207, 208, and 209 in a ratio
of 5:3:2. Hydrogenation of the major isomer 207 in an acidic medium directly furnished (+)-
indolizidine 209B (192).

Holmes group (refs. 62b and 71) has developed a general approach to the racemic 5-
substituted 8-methylindolizidine alkaloids, which employs as a key step the stercoselective
intramolecular nitrone cycloaddition (Scheme 33). Typically for (+)-indolizidine 235B' (194), the
synthesis began with the preparation of the required nitrone 211 from the corresponding oxime 210a

via NaBH3CN reduction followed by condensation of the resulting hydroxylamine with the aldehyde.
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Intramolecular dipolar cycloaddition of the (Z)-N-alkenylnitrone 211, thus obtained, gave the
isoxazolidine 212. Methanolysis followed by mesylation led to spontaneous cyclization to the
quaternary ammonium salt, which was converted to the axial indolizidine alcohol 213 by reductive
N-O bond cleavage. Swern oxidation followed by epimerization on basic alumina afforded
predominantly (between 16:1 and 10:1) the equatorial aldehyde 215, which was reduced and the
separated equatorial alcohol 216 was deoxygenated to provide (+)-indolizidine 235B’ (194).

Following the same line of the nitrone strategy, the oximes 210b and 210c were converted
to the corresponding racemic indolizidines, 217 and (+)-indolizidine alkaloid 205A (190), partial
hydrogenation of which with Lindler catalyst yielded (+)-indolizidines 235B (193) and 207A (191),
respectively (Scheme 33).

Holmes group (ref. 62b) further applied the nitrone strategy to the first enantioselective
synthesis of (-)-indolizidine 209B (192) (Scheme 34). This approach requires methodology for the
asymmetric synthesis of the enantiomerically pure hydroxylamine 225. The synthesis therefore
started with chain-extension of the hydroxymethyl group of (S)-5-(hydroxymethyl)-2-pyrrolidinone
(218) to give the S-pentylpyrrolidinone 219, which was hydrolyzed to form the y-amino acid 220
and converted to the hemiaminal 221 sequentially by N-protection, methanolysis, reduction, and then
Swern oxidation of the primary alcohol function. After Wittig methylenation, removal of the Cbz
protecting group from 222 using the lithium radical anion of 4,4'-di-tetrabutylbiphenyl (ref. 72),
followed by Schiff formation afforded 223, which was chemoselectively oxidized with m-
chloroperbenzoic acid to give the oxaziridine 224. Treatment of 224 with hydroxylamine produced
the N-alkenylhdyroxylamine 225, which underwent condensation with 4-acetoxybutanal to generate
the N-alkenylnitrone and then thermal cycloaddition to give the single isoxazolidine 226.
Subsequent elaboration using the strategy developed for the synthesis of the racemic indolizidine
235B' (194) (see Scheme 33) resulted in the synthesis of (—)-indolizidine 209B (192).

The first enantioselective synthesis of (-)-indolizidines 205A (190) and 235B (193) (Scheme
35) has been accomplished by Polniaszek and Belmont (ref. 73). This synthesis parallels their
synthesis of (—)-indolizidines 167B (84) and 209D (85) discussed in Section 4.1 (see Scheme 13)
and in fact employs similar diastereoselective N-acyliminium reaction. The succimide 227 bearing
the (R)-1-(2,6-dichlorophenyl)ethyl auxiliary was reduced with lithium tirethylborohydride and the
resulting hydroxy lactam was converted to the p-toluenesulfonyl lactam 228 with p-toluenesulfinic
acid (ref. 74). Reaction of 228 with crotylmagnesium chloride proceeded by way of an N-
acyliminium ion intermediate to produce a mixture of the two crotyl lactams 229 and 230, which
was without separation reduced to a readily separable mixture of the primary alcohols. The major
isomer 231 underwent Swern oxidation followed by Wittig olefination to give the enol ether 232,
which was further converted to the dimethyl acetal 233 by acetalization followed by reduction of the
lactam. Hydrogenolysis of the chiral directing group and subsequent hydrolysis in the presence of
HCN according to Husson (ref. 33) led to cyclization via Strecker type reaction to the key
intermediate, the a-amino nitrile 234. Alkylation of 234 produced the alkynyl and alkenyl
indolizidines 235 and 237, the former of which was desilylated to give 236. Reduction of 236 and
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237 with sodium borohydride resulted in (-)-indolizidines 205A (190) and 235B (193),
respectively.

Our group (ref. 25d) has developed a general strategy for the enantioselective synthesis of a
series of the 5-substituted 8-methylindolizidine alkaloids, i.e., (-)-indolizidines 205A (190), 207A
(191), 209B (192), and 235B (193), in which intramolecular hetero Diels—Alder reaction of a chiral
N-acylnitroso compound played a central role (Scheme 36). The synthesis started with (R)-
citronellol (238) as a chiral building block, which was via the known unsaturated carboxylic acid
239 converted to the diene 240 by ozonolysis followed by Wittig reaction. The hydroxamic acid

241, derived from the ester 240, was subjected to periodate oxidation to generate the N-acylnitroso

1) TsCl, EtsN, DMAP
J\—)\/OH 2) Bu,CuLi [)\/\/\ HCL, reflux
0~ N (81%) (0) H (100%)

H
218 219
1) CbzCl, aq. NaOH
CO,H 3) DIBALH HO ) 91%)
220 4) Swern ox. Chz
(72%) 221
1) Li, 4,4"di-t-butylbiphenyl CsHa-p-MeO
NHCbz 2) p-MeOCgH,CHO z
/\/\/'\/\/ (95%) /\/\/Nk/\/
=
222
223
CeHy-p-MeO
m-CPBA NH,OH*TsOH NHOH
= 225
224
MeH
1) AcO(CH,);CHO 8 steps as for
2) toluene, A Scheme 33 (211 - 193)
N (48%) N
AcO (I)
226 (32% from 224) NS

(-)-Indolizidine 209B (192)

Scheme 34



44

0 1) LiEt;BH, THE, —78 °C Ts MgCl
Me N 2) p-MeCeHySOH Me | o~
I (94%) Af\']/ ZnBry, THF, 0 °C
H (0] H (0] (99%)
227 228

1) (Sia);BH, 0 °C, then H;0,
2) separation

(52%)

1) Swern ox. 1) CSA, MeOH
2) PhsP=CHOMe 2) LiAlH,
—_—
(84%) (89%)
Me
1) Ha, P&—C, NH,*HCO,~ H
2) KCN, aq. HC1
(89%) N
CN
234
Me
H
NaBH,
(95-96%) g N
\/\R
KF I: 235 R =-C=CSiMej3 (64%) (-)-Indolizidine 205A (190) R =-C=CH
(89%) 236 R = _C=CH 235B (193) R = —(Z)-CH=CHEt

237 R =—(Z)-CH=CHEt (84%)

Scheme 35



45

compound in situ, which spontaneously cyclized to give the trans- and cis-bicyclic oxazinolactams
243 and 244 in a 1.8:1 ratio. The trans-isomer 243 was utilized as a common synthetic precursor to
all of the target alkaloids. Thus, after hydrogenation of the olefinic double bond, 245 was subjected
to Grignard reaction, followed by NaBHj, reduction under acidic conditions to give 246 as a single
isomer with the correct stereocenters. Reductive cleavage of the N-O bond and subsequent
intramolecular dehydrocyclization of the amino alcohol 247 followed by desilylation provided (~)-
indolizidine 205A (190).

A key feature involved in this approach was completely stereocontrolled introduction of an
appropriate alkyl or alkenyl side chain into the pyridoxazine 245 by means of the Grignard addition—
reduction sequence. Thus, applying this strategy, we undertook the enantioselective synthesis of (-)-
indolizidines 235B (193), 207A (191), and 209B (192) according to Scheme 37 (ref. 25b).

The use of the aminoalcohols, e.g. 247 and 250, of general utility in the synthesis of (=)-
indolizidine alkaloids, discussed above (see Schemes 36 and 37), has been demonstrated by Momose
and Toyooka (ref. 75). Their enantioselective route to the preparation of these precursors is based on
using the chiral trisubstituted piperidine 253, which has previously been prepared by this research
group (ref. 76) via enzymatic dissymmetrization of the meso compound 251 (Scheme 38). After
protection and elimination, conjugate addition of Me,CulLi to the resulting 2,3-didehydropiperidine
254 led to the stereocontrolled introduction of the B-methyl group. Nine additional steps including
functional group manipulations and chain extensions served to convert to 257, which underwent
Grignard coupling followed by deprotection to afford the amino alcohol 250. The transformation of
250 into (-)-indolizidines 207A (191) and 209B (192) can be achieved by the procedure discussed
above. Alternatively, a similar sequence starting with 257 was applied to the first asymmetric
synthesis of (-)-indolizidine 235B' (194).

Shimizu and Satake (ref. 77) have published a general approach to levorotatory 5-substituted
8-methylindolizidine alkaloids including 205A, 209A, and 235B, in which a chiral indolizidinone
serves as a common synthetic intermediate (Scheme 39). The synthesis of this key intermediate 263
was initiated by Sharpless asymmetric epoxidation of the allylic alcohol 258 using (-)-diethyl tartrate
to give the alkenyloxilane 259, which by sequential Swern oxidation, Horner—-Emmons reaction, and
hydrogenolytic ring opening with a palladium catalyst afforded the homoallylic alcohol 260 with
98% ee. After tosylation and hydrogenation of the olefin, inversive azidation converted 260 to the
azide 261, hydrogenation of which led to ring closure to the piperidone 262. Straightforward
functional group manipulation of the side chain of 262 provided the iodide which on treatment with
sodium hydride was cyclized to the required indolizidinone 263. Introduction of the side chain into
C-8 was accomplished by treatment with the Grignard reagents followed by reduction to produce the
corresponding (-)-indolizidines 209B (192), 235B (193), and 205A (190) in low yields in the latter
two cases.

Another asymmetric synthesis of (-)-indolizidine 209B has been reported by Somfai and
Ahman (ref. 39b) in a similar fashion discussed in Section 4.1 for the synthesis of (-)-indolizidine

209D (85) (see Scheme 17), in which the key step is the efficient aza-[2,3]-Wittig rearrangement of
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vinylaziridines into tetrahydropyridines. Thus, the aziridine alcohol 266, prepared from the known
epoxy alcohol 265 in 5 steps, was converted to the vinylaziridine 267, which underwent the aza-
[2,3]-Wittig rearrangement to establish the three correct stereogenic centers present in alkaloid 209B
(Scheme 40). Conversion of 268 to the target compound was then accomplished by using the same

synthetic sequence discussed above, ultimately affording (-)-indolizidine 209B (192).

OH OH l
COyt-Bu 1) Swemox. CO,-Bu
o 5 steps “H—" 2 2) PhyP=CHCH, “N— 2
(35%) ’ (80%) ’
265 266 267
c 1) Hy, Pd-C, EtCH
= 2) LiAlH,, THF
LDA, THF, ~78°C X ) 3) Swern ox. then PhyP=CHCO,Et
(\ E “COyt-Bu (37% from 268)
268

o 1) Hy, Pd—C, 4 kg/cm?, EtOH Me
2) Me3Al, benzene
R . 3) LiAlH,, THF, A
(\\ g '[ (52%)
CO,Et

Scheme 40

é oz

(-)-Indolizidine 209B (192)

Very recently, Taber and co-workers (ref. 78) have reported the enantioselective synthesis of
(-)-indolizidine 207A. The key intermediate in their synthesis is 2-hydroxycitronellol (271),
prepared from geraniol (270) by the Sharpless asymmetric epoxidation followed by reduction of the
epoxide with control of both relative and absolute configuration (Scheme 41). After introduction of
the allyl group by tosylation followed by Grignard coupling, mesylation of 272 and subsequent
azidation gave the azide 273, which was then converted to the triol 274. Glycol cleavage with
periodate followed by the Wittig reaction provided the azide 275, thermolysis of which proceeded via
dipolar azide cycloaddition and subsequent fragmentation to provide the amino alcohol 250
previously discussed in this Section and utilized as the direct precursor to (-)-indolizidine 207A
(191).
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5. SYNTHESES OF PUMILIOTOXIN A CLASS ALKALOIDS

The pumiliotoxin A class, one of the major classes of the alkaloids from dendrobatid frog, has
been found in skin extracts from various genera of other amphibian families: Myobatrachidae (genus
Pseudophryne), Bufonidae (genus Melanophryniscus), and Ranidae (genus Mantella) (refs. 3 and 5).
The alkaloids belonging to the pumiliotoxin A class are divided into the three subclasses:
pumiliotoxins (6-alkylidene-8-methyl-8-hydroxyindolizidines), allopumiliotoxins (7-hydroxy
congeners of pumiliotoxins), and homopumiliotoxins which contain a quinolizidine rather than a

indolizidine nucleus (Figure 3).

Me., R

OH
Me
Pumiliotoxins Allopumiliotoxins
251D (276) R = ‘1“/\/ 267A (279) R = ‘1_“/\/\
Me Me OH
307A' @277) R = R/\/K/\ 339A (280) R= W
(PTX-A) " { Me
OH OH
Me OH 339B (281) C7-epimer of 339A
323A (278) R= /\)\/\
(PTX-B) e { Me
OH

Homopumiliotoxins

223G (282) R=Me
(the absolute configuration
is unknown)

Figure 3. Representative pumiliotoxin A class alkaloids
The first synthetic efforts in this field were reported in 1981 by Overman and Bell (ref. 79).

The enantioselective synthesis using as the key reaction the stereospecific iminium ion—vinylsilane

cyclization led to pumiliotoxin 251D (276). This strategy was also applied to the synthesis of the
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more complex pumiliotoxin A (277) (ref. 80) and pumiliotoxin B (278) (ref. 81). After that

alternative approach to the enantioselective synthesis of pumiliotoxins by means of palladium(II)-

mediated cyclization of the optically pure allenic amine has been presented by Gallagher and co-
workers (ref. 82) (Scheme 42). Palladium(II)-mediated cyclization of the allenic amine 283 (ref. 83)

under carbomethoxylation conditions provided the 2-substituted pyrrolidine 284 and its C-2 epimer

285. Although diastereoselectivity is negligible, the desired diastercomer 284 was isolated on a

multigram scale.

After homologation of 284 to ester 286 in two steps, hydrolysis of 286 and

treatment of the resulting carboxylate salt with acetic anhydride led directly to the enantiomerically

Me Me

N)\Ph 1 mol % PdCl, N/'\Ph
———— e e e
@\ CuCl,, CO, MeOH o, _COMe
AN 80%) ]r

Me
N/'\Ph

COzMC

285

283 284 1:
Me
1) DIBALH /L 1) NaOH, MeOH
agy 2 (EOKCMe N~ >Ph VA0
—_—
(93%) ., (76%

., CO,Et
I

286

Hg(OAc),, HyO-THF LDA (2 equiv), THF, -78 °C

then NaBHy, NaOH Me
OHC” """

(69%)

10 : 1 diastereoselectivity
288

DCC, CuCl, toluene, 110 °C LiAlH4-AICI; (3:1)

or MsCl, Py, then KOH (67%)
Me
(Z2)-290 (39% from 288)
+
(E)-isomer

Scheme 42

3 isomers
289%a~¢

(+)-Pumiliotoxin 251D (276)
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pure bicyclic lactam 287, accompanying cleavage of the o-methylbenzyl residue. Hydration of 287
by a hydroxymercuration afforded the tertiary alcohol 288 with a 10:1 stereoselectivity. Aldol
condensation of the lactam 288 (10:1 mixture of diastereomers) gave a mixture of three isomers of
289a-c. One isomer of these, 289a, was exposed to stereospecific syn elimination using DCC and
CuClI(]) to give (Z)-290. Application of an anti elimination sequence (MsCl then KOH) to the
remaining inseparable mixture of 289b/c gave a 2.6:1 mixture of the (E)- and (Z)-290. X-Ray
crystallographic analysis of (E)-290 served to establish the absolute stereochemistry of the initial
adduct 284 but also confirmed both the relative configuration at C-8 and the geometry of the
exocyclic alkene. Finally, 1,2-reduction of the unsaturated lactam moiety of (Z)-290 by using
LiAlH4/AIC}; afforded (+)-pumiliotoxin 251D (276).

An enantioselective formal synthesis of (+)-pumiliotoxin 251D by Honda and co-workers
(ref. 84) is based on the enantioselective preparation of the bicyclic lactam 287, an intermediate in the
approach of Gallagher's group (ref. 82). As summarized in Scheme 43, the key transformation was
a stereoselective radical cyclization of the thiocarbonylimidazole 294 to the bicyclic compound 295.

The most complex members of the pumiliotoxin A class, the allopumiliotoxins, contain a
hydroxyl group at C-7 of the indolizidine ring. Representatives of this group are allopumiliotoxins
267A (279), 339A (280), and 339B (281). The first total synthesis of 279 and 281 by Overman's
group, previously reported as a communication in 1984 (ref. 85), has been published with full
experimental details in 1992 (ref. 86) (Scheme 44 and 45). In the first stage, 2-acetylpyrrolidine 301
prepared from N-Boc-proline (300) in two steps was converted into the enantiomerically pure 7-
indolizidinone 305. These reactions involved addition of 1-lithio-1-methoxy allene to the
unprotected 3-acetylpyrrolidine 302 to give the labile intermediate 303 as a single diastereomer,
which was lead to the bicyclic enol ether 304 on treatment with p-toluenesulfonic acid. Hydrolysis
of 304 provided the indolizidinone 305. Introduction of the side-chain into 305 was accomplished
by employing an aldol-dehydration sequence. Condensation of the dianion of 305 with (R)-2-
methylhexanal yielded a mixture of aldol products 306, which was directly dehydrated with
trifluoroacetic anhydride and DBU to give the enone 307. Reduction of 307 with the usual reducing
reagent gave predominantly the undesirable cis-diol, C-7 epimer of 279. However, reduction of
307 with MesNBH(OACc)3 in acetone—AcOH afforded the cis-diol 279 exclusively. The first
enantioselective total synthesis of (+)-allopumiliotoxin 267A (279) was thus accomplished in seven
steps and ~5% overall yield from 300.

In identical fashion, the total synthesis of (+)-allopumiliotoxin 339B (281) was accomplished
using the indolizidinone 305 (Scheme 45). The aldol condensation between the indolizidinone 305
and (R)-4-benzyloxy-2-methylbutanal (308) provided the enone 309. Subsequent reduction of 309
with NaBH, and CeCl; gave the cis-diol 310 exclusively. The latter steps assembling the side chain
are identical to the sequence previously employed in the synthesis of (+)-pumiliotoxin B by this
group (ref. 81). Treatment of the aldehyde 311 with the ylide 312 provided the o'-silyloxy (F)-
enone 313. Finally, threo selective reduction of 313 with LiAlH4 was accompanied by desilylation
to afford (+)-allopumiliotoxin 339B (281).
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Trost and Scanlan have reported novel and highly convergent synthesis of (+)-
allopumiliotoxin 339B (281), involving, as the key step, a Pd(0)-mediated 6-endo cyclization (ref.
87) (Scheme 46). The precursor 316 for this reaction was prepared by diastereoselective addition of
allytitanium reagent 314 to the 2-acetylpyrrolidine 302, generated from the N-Boc-pyrrolidine 301,
followed by sequential treatment with Me3OBF; and NaOH. Although the cyclization of the vinyl
epoxide 316 was effected a variety of Pd(0) catalysis conditions, optimization of the reaction was
achieved by employing a catalyst system consisting of (dba);Pd,*CHCls and ligand 317 and adding
water as a proton source to provide the indolizidine 318. The indolizidine 318 was then converted
into the vinyl epoxide 319 via hydroxy-directed epoxidation of its trifluoroacetate salt (ref. 88) with
trifluoroperacetic acid. Palladium(0)-catalyzed condensation of the vinyl epoxide 319 and
allylsulfone 320, which was derived from the known Wittig reagent 312 (ref. 81), followed by
reductive desulfonylation of the crude product 321 provided the homogeneous ketone 322. This
alkylation also benefited from the addition of water. Threo-selected reduction of 322 with LiAlH,

was accompanied by concomitant desilylation to give (+)-allopumiliotoxin 339B (281).
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(+)-Allopumiliotoxin 339A (280) is C-7 hydroxyl isomer of (+)-allopumiliotoxin 339B
(281) and is more effective than (+)-allopumiliotoxin 339B in stimulating both sodium influx and
phosphoinositide breakdown in guinea pig cerebral cortical synaptoneurosomer (ref. §9). Overman
and co-workers have published the first total synthesis of (+)-allopumiliotoxin 339A (280) (ref. 90).
This practical entry to the allopumiliotoxin alkaloids used a nucleophile-promoted iminium ion-alkyne
cyclization (ref. 91) for elaboration of the alkylideneindolizidine ring. The required alkyne 327 was
prepared from (R)-2-methyl-4-pentenol (323) (Scheme 47). Thus, 324 was converted to the
dibromopentanal 325 via the acetal 324 in five steps. Wittig condensation of 326 with the
phosphorane 312 gave o'-silyloxy (E)-enone 326. Reduction of 326 with i-Bu3Al and removal of
the silyl protecting group provided the syn-diol, which was converted to the acetonide derivative.
This intermediate was subsequently treated with excess butyllithium followed by protonolysis to
provide the (-)-alkyne 327.

1) LiAIH,
1) PivCl 2) Swern ox.
Me 2) O then Me,$ Me OMe 3) PhyP, CBry, K,CO;3
HO A LA, =  @% PO .
A (89%) v OMe (42%)
323 324
0
PhsP Me
Br Mo Me OSiPhy-Bu Br MC o
! 312 A N Me
B X CHO (100%) Br
Me OSiPhyt-Bu
325
326

1) i-Bu;Al then BuyNF
2) acetone, TsOH
3) BuLi, -78 °C, then NH,Cl

ks

0O
(79%) y N
Me Me

Scheme 47

Addition of the alkynyllithium derivative of 327 to the a-benzyloxy aldehyde 328,
previously used by these workers (ref. 92) in model studies for entry into the allopumiliotoxin class
alkaloid, gave the alcohol 329 with 4:1 diastereoselectivity (Scheme 48). Although the employment
of the corresponding alkynyldiisopropoxytitanium nucleophile derived from 327 for the reaction with
329 improved the facial selectivity (>10:1), the yield of this reaction was unacceptably low. After

chromatographic separation, treatment of the o-OH isomer 329 with AgOTf provided the
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cyclopentaoxazine 330. Iodine-promoted cyclization of 330 proceeded with loss of the
isopropylidene group, via the formaldiminium ion 331, to afford the alkylideneindolizidine 332 as a
single stereoisomer. Deionization of 332 followed by cleavage of the benzyl ether with Li-NHj3
provided (+)-allopumiliotoxin 339A (280). This highly convergent synthesis of 280 was thus
attained in 16 steps and 15% overall yield from 323.

327, Buli, -78 °C
(85%)

oa-OH:8-OH=4:1
329

Ag0802CF3

TsOH, Nal, (CH,0),

(94%) acetone—H,0

1) BuLi
2) Li, NH;
(62%)

(+)-Allopumiliotoxin 339A (280)

Scheme 48
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Our group (ref. 94) have developed a new, highly regio- and stereocontrolled approach to the
synthesis of (+)-allopumiliotoxin 267A (279) and 339A (280), utilizing an intramolecular
nickel(Il)/chromium(IT)-mediated coupling reaction developed by Nozaki (ref. 95) and Kishi (ref. 96)
groups. This pivotal cyclization step led to both formation of 6(E)-alkylideneindolizidine framework
and introduction of the axial 7B-hydroxy group at the same time in a single operation. These
synthesis commenced with the enantioselective synthesis of the pyrrolidine fragment 335 (Scheme
49). Deprotection of N-Boc acetylpyrrolidine 301, prepared from 300, with trifluoroacetic acid by
the known procedure (refs. 86 and 87), and subsequent treatment of the resulting salt with 2-lithio-
1,3-dithiane to produce the tertiary alcohol 333 with complete diastereoselection. Transformation of
the cyclic dithioacetal of 333 into the corresponding dimethylacetal with methanol and Hg(C1Oy),,
followed by N-protection with the cyanomethyl group (ref. 92) gave 334. O-benzylation of the terz-
hydroxyl group in 334 followed by deblocking of the cyanomethyl group gave the desired
pyrrolidine 335.

2) 1,3-dithiane, BuLi, -78 °C

N~ 2) MeMgBr
(83%) n/ Me (54%)
0]

Boc 1) PySSPy, PhsP, MeCN @/B"c 1) CF3COH

1) Hg(CI0,),*3H,0, MeOH-CHCl,
2) ICH,CN, E4yN

(61%)

1) BnBr, KH, THF, reflux
2) AgNO;, EtOH

(86%)

Scheme 49

The alkene side-chain segment, (E)-allyl bromide 341, was prepared from the optically active
epoxy alcohol (ref. 96) (Scheme 50) obtained by Sharpless asymmetric epoxidation of 2-heptenol.
Chlorination of 336 followed by treatment with butyllithium (ref. 97) provided (S)-1-heptyn-3-ol
(337), which was converted to the (R)-silylalkyne 338 using Overman's method (ref. 81).
Desilylation of 338 followed by hydroxymethylation (paraformaldehyde, butyllithium) of the
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resulting alkyne gave (R)-4-methyloctynol (339). Palladium-catalyzed syn hydrostannation (ref. 98)
of 339 with Bu3SnH in the presence of catalytic PdCly(PPh;3), proceeded regioselectively to give the
2-(tributylstannyl)alkene 340 with correct (E)-olefin geometry. Iododestannation of 340 with iodine
gave the corresponding (E)-vinyl iodide which was converted into the (E)-allyl bromide 341.
Coupling of the two segments 341 and 335 in the presence of Hiinig base followed by cleavage of
the dimethy] acetal by treatment with Me;BBr afforded the (E)-iodoalkenylaldehyde 342.
Intramolecular cyclization of 342 proceeded under the mild conditions (CrCly, catalytic NiCl,, DMF,
room temperature) with virtually complete stereocontrol, giving rise to 345. The extremely high
degree of diastereoselectivity in this process can be explained by examination of the two chair-like
transition states, 343 and 344, the former of which would be destabilized owing to an allylic 1,3-
strain (ref. 26) between the equatorial chromium alkoxide and the olefin and, more importantly, steric
hindrance/electrostatic repulsion between the benzyloxy and the chromium alkoxide groups. The
preferred transition conformer 344, leading to 345, is quite free from these interactions. Reductive
cleavage of the benzy! group of 345 provided (+)-allopumiliotoxin 267A (279).

Total synthesis of the more complex (+)-allopumiliotoxin 339A (280) was completed by
employing the strategy developed for 279. The side-chain segment, (E)-vinyl iodide 353, was
elaborated in 13 steps from D-4-deoxythreose derivative 346 (Scheme 51). Grignard reaction and
subsequent PCC oxidation provided the methyl ketone 347. Horner-Emmons reaction of 347,
followed by DIBALH reduction of the resulting unsaturated ester gave an allylic alcohol which was
teated with CBr4/PPhs to afford the allylbromide 348. C, homologation of 348 by using Evans
alkylation (ref. 99) provided 349 with virtually complete diastereoface selection. Reductive removal
of the oxazolidinone auxiliary on 349 with LiAIH,4, followed by Swern oxidation and treatment of
the resulting aldehyde with CBry/PPh; furnished the dibromide 350, which was converted to the
propargyl alcohol 351 by treatment with butyllithium and paraformaldehyde. Stereospecific and
highly regioselective syn hydrostannation of 351 was effected by applying palladium-catalyzed
hydrostannation under conditions previously described, giving the (E)-2-(tributylstannyl)alkenyl
alcohol 352. Iododestannation and subsequent bromination gave the allylbromide 353.

The preparation of the pyrrolidine segment 355 was attained from the foregoing pyrrolidine
335 (Scheme 49) as outlined in Scheme 52. Compound 335 was successively converted to the
alcohol 354 through N-protection by Cbz group, acetal hydrolysis, and NaBH, reduction of the
resulting aldehyde. Silylation of 354 and hydrogenolytic removal of the Cbz group resulted in 355,
which was alkylated with 353 to provide 356. Removal of the silyl protecting group followed by
Swern oxidation gave the aldehyde 357. On the subsequent treatment with nickel(II)/chromium(II),
intramolecular coupling reaction of 357 proceeded to give exclusively 358. Sequential removal of
the isopropylidene protecting group under the acidic conditions and the benzyl group by treatment
with Li/NHj provided (+)-allopumiliotoxin 339A (280).
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6. SYNTHESES OF EPIBATIDINE

A new class of amphibian alkaloid epibatidine (359), isolated by Daly and co-workers in a
trace amount from the skin of the Ecuadorian poison frog, Epipedobates tricolor, of the family
Dendrobatidae proved to be a potent analgesic with a non-opioid mechanism of action (ref. 100). The
preliminary tests showed that epibatidine has about 200 to 500 times the potency of morphine in the
hot plate and Straub-tail analgesic assays, respectively. The relative stereochemistry of epibatidine
has been deduced as exo-2-(6-chloro-3-pyridyl)-7-azabicyclo[2.2.1]heptane on the basis of MS, IR,
and 'H NMR spectra, and later confirmed by Broka’s first synthesis (ref. 101) of (¥)-epibatidine.
The absolute configuration of the natural epibatidine was determined by comparison of synthetic
material with authentic material by using chiral HPLC and by using X-ray crystallography in 1994 by
the Merck group (refs. 102 and 103).

NH y Cl
N

(+)-Epibatidine (359)

Owing to its intriguing biological activity and interesting structural features as well as its
scarcity in nature, a number of total syntheses have been reported for the last few years. The
synthetic approaches to epibatidine may be divided into three classes according to the procedures for
the construction of 7-azabicyclo[2.2.1]heptane ring system: (1) synthesis involves a transannular
reaction of appropriately 4-substituted cyclohexylamines, (2) synthesis in which Diels—Alder
cycloaddition of N-protected pyrroles with acetylenic dienophiles is used, (3) synthesis in which [3 +

2] cycloaddition of non-stabilized azomethin ylide and substituted vinylpyridine is used.
6.1 Approaches via a Transannular Reaction

Broka (ref. 101) has reported the first total synthesis of epibatidine (359) in racemic form
(Scheme 53). Diels—Alder reaction of the enal 361 with 2-(trimethylsiloxy)-1,3-butadiene (360)
followed by treatment of the crude adduct with HCI gave the ketoaldehyde 362 as a single
stereoisomer which was converted to the diol 363. Sequential tosylation of the primary hydroxy
group, displacement with thiophenoxide, and protection of the resulting hydroxy group gave the
sulfide 364. Oxidation of 364, followed by sulfoxide elimination gave the olefin 365. Cleavage of
the methylene unit and borohydride reduction of the resulting ketone 366 produced the equatorial
cyclohexanol along with its axial epimer in a ratio of 5:1. The separated 367 was then transformed
through four steps into the azide 368. After conversion of 368 into the aminotosylate 369,
intramolecular displacement of mesyloxy group occurred on heating 369 in CHCI5 to complete the
synthesis of ()-359.
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Corey and co-workers (ref. 104) have carried out the stereocontolled total synthesis of (£)-
epibatidine (359) in 40% overall yield from (Z)-a,B-unsaturated ester 370 (Scheme 54). Diels—
Alder addition of 1,3-butadiene to 370 gave the cis-ester 371. After elaboration of 371 into the cis-
carbamate 372 via Curtius rearrangement in the presence of 2-(trimethylsilyl)ethanol, carbamate
cleavage followed by acylation gave the cis-trifluoroacetamide 373. This amide 373 underwent
stereospecific bromination to form the dibromide 374. The stereochemical outcome from the
bromination was rationalized in terms of kinetically favored formation of the bromonium ion with cis
CF3;CONH (axial) and bromine substituents followed by diaxial opening of that bromonium ion by
bromide ion attack. Base-promoted internal nucleophilic displacement using sodium tert-butoxide
transformed the dibromide 374 into the bridged monobromide 375. Sequential debromination of

375 and deacylation of the intermediate amide completed the synthesis of (+)-359.

02Me
MCOZC
toluene 190 °C
(95%)

1) LiOH, THF i
2) EuN, (PhORPON;  Me;Si Cl 1)Bu,NF, THF
3) Me;SiCH,CH,0H NS0 NH I 2) (CF4€0),0, Et;N
(95%) N (80%)
372
al CFiconH AT
CF;CONH (& 3 |
SN Et,NBr, Br, x-N  KOwBu, THF
(96%) (75%)

Br

o

r
374

3713

Cl 1) Bu3SnH, AIBN
2) NaOMe, MeOH

(91%)

(3)-Epibatidine (359)

375

Scheme 54
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The total synthesis of (+)- and (-)-epibatidine (359) involving the coupling reaction of 5-
lithio-2-chloropyrididine with N-Boc-7-azabicyclo[2.2.1]heptan-2-one (379) as the critical step was
accomplished by the Merck group (refs. 102 and 105) as shown in Scheme 55 and 56. Synthesis of
the required ketone 379 was prepared from the aminocyclohexene derivative 376. Epoxidation of
376 afforded a 2.4:1 (cis:trans) mixture of the epoxides 377. Basic hydrolysis of 377 and
subsequent heating the hydrolysis products in N-methyl-2-pyrrolidinone at 180 °C afforded the
cyclized product, the unexpected endo-alcohol 378. Removal of N-benzyl group in 378 by
hydrogenolysis, followed by N-Boc protection of the resulting amine and Swern oxidation of the
resulting carbamate provided the N-Boc ketone 379 required for the key coupling reaction.

Treatment of 2-chloro-5-pyridine (381) with butyllithium followed by reaction with the ketone 379

0
N 1) aq. K,CO3, MeOH BnN
m-CPBA 2) N-methylpyrrolidinone, 180 °C OH
—_—
(74%) (61%)
BaNCOCFs BaNCOCF; 18
376 cis:trans=2.4:1
377
. cl
1) Hy (40 psi), Pd(OH),—C Z
HCI, EtOH , 40 °C IN al
2) (Boc),0, aq. NaOH BocN Y BocN =
dioxane 380 . lN
3) Swem ox. O BuLi, EO-THF, —70 °C
(M%) (67%) OH
379 381
1)KH, THF, CS, Mel g
2) toluene, 110 °C ocN = | H, (45 psi), PtO,, EtOAc,
(13%) X N (68%)
382
BocN
Cl
BocN =
HCI/EtOAc |
+)-359eHC] «———— +
@ (100%) N = l
1:4 N
exo
383 KOt-Bu, +-BuOH cl
t-Bu, t-Bu
t 100°C, 30 h e;s(if

(50% conversion)

Scheme 55
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afforded the tert-alcohol 381 as a single product. Compound 381 was converted to the S-methyl
xanthate and subsequent thermolysis resulted in elimination of the xanthate to give the olefin 382.
Hydrogenation of 382 using Adam’s catalyst produced a 4:1 mixture of endo- and exo-isomers, of
which the undesired endo-isomer 384 was epimerized using potassium fert-butoxide to afford the
exo-isomer 383. Removal of the Boc group on treatment with hydrogen chloride in ethyl acetate
produced (£)-359.

For preparation of the (+)- and (-)-enantiomers of epibatidine, resolution of the exo-alcohol
385 derived from compound 378 was achieved by formation of diastereomeric esters with (R)-(-)-
Mosher’s acid chloride (Scheme 56). Crystallization from hexane and chromatographic purification
of the mother liquors afforded 386 and 387, respectively. Hydrolysis of the esters 386 and 387
with KOH gave the enantiomers 388 and 389, respectively. Each enantiomer was taken through the
reaction sequence developed for the racemate to afforded the (+)- and (-)-enantiomers of epibatidine
(359). An X-ray structure determination of the Mosher’s ester 387 and comparison of synthetic
material with authentic epibatidine by high performance liquid chromatography (ref. 103) using chiral
stationary phases established the absolute configuration of the natural product to be 1R,2R 4S.

378
2 steps
BocN BocN
BocN
O O (o) O
OoH _ (R-C-MTPACI ;b/ N \dl
DMAP 1 |
MeO™ : CF; MeO” : °CF;
385 Ph
386 (43%) 387 (42%)
KOH, EtOH KOH, EtOH
BocN BocN
OH HO
388 389
7 steps
as in Scheme 55 ;/ssitspsscheme 55

(+)-Epibatidine (359) (natural)  (-)-Epibatidine (unnatural)

Scheme 56
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The closely related coupling reaction has been applied to the synthesis of (%)-epibatidine
(359) by Nakai and co-workers (ref. 106) (Scheme 57). The azabicyclo[2.2.1]heptanone 392,
which was prepared in six steps from the known endo-7-azabicyclo[2.2.1]heptanol 390, served as a
key intermediate in their synthesis. The stereoselective exo addition of pyridine nucleus to the ketone
392 afforded 394. Subsequent reductive elimination of hydroxy function in 394 using Raney
nickel proceeded with retention of the configuration to afford 395. Oxidation of 395 with m-CPBA
, followed by removal of the acetyl group by acidic hydrolysis gave the N-oxide 396, which on

treatment with phosphorus oxychloride produced racemic 359 and its isomer 397 (3:4 ratio).

1) Zn, AcOH
2) Ac,0, Py
NMe 1) Ac,0 NCO,CH,CCl3  3) K,CO3, H,O0-MeOH
2) CICO,CH,CCl3, KyCO5 4) Swern ox.
(57%) (60%)
OH OAc
390 391
e
NAc X, I N
N NAc = ]
o) 393 ~ I Raney Ni, EtOH-H,O0, reflux
BuLi, Et,O-THF, -78 °C (40%)
392 (46%) OH
394
o
N [
NAc 2 1) m-CPBA N
I 2) 2 N HC], reflux NH =
N ( |
quant) .
395
396
POCl;, reflux
(21%)
NH = |
(1)-Epibatidine (359) + ~ UN
Cl
3:4 397

Scheme 57
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Szantay and co-workers (ref. 107) have developed a practical synthesis of (+)-epibatidine
(359) based on a intramolecular Michael addition of the nitro compound (Scheme 58). Wittig
reaction of the phosphorane 398 with the chloropyridine aldehyde 399 gave rise to 400. Treatment
of 402 with KF/alumina furnished the cyclohexane derivative 401. Reduction of the keto group in
401 followed by mesylation and subsequent reduction of the nitro group gave the amine 402, which
on heating in refluxing toluene resulted in 2-epi-epibatidine (403). Epimerization of 403 by heating

with potassium fert-butoxide led to racemic 359.

Cl
NO; Br— a NO, (¢~ |
P(Ph); + /©/ 1% NaOH, CH,Cl, | N
N 84%
OHC” X (84%)
399
0 0
398 400
NO, ~ Cl 1) NaBH4, EtOH NH, Z Cl
| 2) MsCl, Py |
KF/AL,0;, THF XN 3) SnCl,, EtOH N
—_—
(59%) (49%)
o OMs
401 402
NH
KO#-Bu, -BuOH, reflux, 30 h
toluene, reflux (C-2 epimerization) (i)-Epibajtidine (359)
(80%) z | (50%)
Na
Cl
403

Scheme 58

Another approach to ()-epibatidine (359) using the nitrocyclohexanone 401 has been
reported by Albertini and co-workers (ref. 108) (Scheme 59). The known 401 was prepared from
Diels—Alder reaction between 5-(2-nitrovinyl)-2-chloropypyridine (404) and 1,3-diene 360,
followed by treatment of the crude cycloadduct with aqueous acid. In order to avoid the tedious C-2
epimerization step in the synthesis by Szdntay and co-workers (see Scheme 58), the device to secure
the proper anti-stereochemistry of the functionalities involved in the nitrogen bridge formation was
adopted. Thus, the ketone 401 was reduced with L-Selectride, giving a 7:3 mixture of the
corresponding - and a-alcohols which was mesylated to afford 405 and its C-4 epimer. The
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separated nitromesylate 405 was then submitted to oxidative Nef conditions, and the reaction
mixture was quenched with NaBHy to afford the mesyloxyalcohol 406. Treatment of 406 with
NaNNj, followed by mesylation of the hydroxyl group and subsequent reduction of the nitro group
with an excess of SnCly in MeOH-THF solution gave the aminomesylate 369, the intermediate in

Broka’s synthesis (see Scheme 53). Compound 369 was heated in chloroform to produce (+)-359.

O,N
= 2
/( + \/\@\ 120 °C, 48 b, then Hy0*
Me,Si0” X NT (68%)
360 404

1) L-Selectride
(affording B-OH/e-OH in 7:3)

2) MsCl, EtsN
(53%)

401

1) NaN3, DMF
2) MsCl, Et;N

NaOMe, O3, then NaBH, 3) SnCl,, MeOH-THF
(80%) (50%)

known

+)-Epibatidine (359
(as in Scheme 53) (£)-Epibatidine (359)

369

Scheme 59

Sestanj and co-workers (ref. 109) exploited the conjugated addition of a higher order
lithiocuprate reagent to the 2-cyclohexenone derivative 407 as one of the key steps in their synthesis
of (¥)-epibatidine (359) (Scheme 60). A conjugate addition of the pyridyl lithiocuprate 408 to 407
gave a 9:1 mixture of the trans- and cis-ketones 409 and 410, thereby establishing two of three

stereogenic centers. The trans-ketone 409 was then converted to a mixture of the tosylamino-
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isomers 412 via its oxime 411. Without separation of the stereoisomers, 412 was subjected to
Mitsunobu conditions giving the 7-azabicyclo[2.2.1]heptane ring system 413. Removal of the tosyl
group in 413 followed by transformation of the methoxy group to the chloro-substituent by heating
414 with POCl3/PCls completed the synthesis of racemic 359.

Ko and co-workers (ref. 110) at the Sandoz institute applied a singlet oxygen reaction as the
key step in the preparation of (X)-epibatidine (359) (Scheme 61). The Diels—Alder reaction of the
pyridyl dienophile 416, prepared from commercially available 6-chloronicotinic acid in two steps,
with 1- acetoxybuta-1,3-diene (415) in the presence of 4-tert-butylcatechol afforded a 9:1 mixture of
417a and 417b, which was hydrolyzed in alkaline conditions and separated. Treatment of each
allylic alcohol with 2,4-dinitrobenzenesulfonyl chloride and triethylamine in refluxing 1,2-
dichloroethane resulted in the rearrangement—elimination reaction, producing the same diene 419.
Irradiation of 419 in the presence of a photosensitizer under an oxygen atmosphere produced two
isomeric products, 420 and 421, in equal amounts. Treatment of the trans-isomer 420, separated
by chromatography, with hydrogen over rhodium on alumina gave a diol which was converted to the
bismesylate 422. Reaction of 422 with a single equivalent of sodium azide followed by
hydrogenolysis using rhodium on alumina furnished the aminomesylate 369. Compound 369 was

then converted into racemic 359 by the procedure of Broka (see Scheme 53).
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6.2 Approaches via Diels—Alder Cycloaddition of N-Substituted Pyrroles

One of the shortest strategy for the synthesis of (1)-epibatidine (359) has been reported by
Huang and Shen (ref. 111) who utilized the Diels—Alder reaction of N-carbomethoxy pyrrole (423)
and phenylsulfonyl 6-chloro-3-pyridyl acetylene (424) (Scheme 62). The Diels—Alder reaction was
performed at 80-85 °C for 24 h with excess 424 as the solvent to give the 7-azanorbornadiene 425,
whose structure was confirmed by X-ray crystallographic analysis. Desulfonation of the adduct 425
with sodium amalgam in methanol containing sodium dihydrogenphosphate occurred with
concomitant reduction of the conjugated double bond, giving a 1:2 mixture of exo- and endo-isomers
426. Catalytic reduction of the double bond in 426 gave the carbamate 427. Deblocking of 427 by
treatment with hydrobromic acid produced a mixture of 359 and the corresponding endo-isomer

403, from which racemic epibatidine (359) could be isolated.
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o T—AC . e e
s N ————— (d)-Epibaitidine (359) (25%) + = I
N
427
Cl
endo

(3)-403 (28.4%)

Scheme 62

The strategy proposed by Kotian and Carroll (ref. 112) is very similar to that of Huang and
Shen; it converts the cycloadduct 429, prepared via the Diels—Alder reaction between N-Boc pyrrole
(428) and 424, to (+)-epibatidine (359) (Scheme 63). In this approach, the least substituted double

bond of the cycloadduct 429 was selectively reduced using nickel bromide to give 430.
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Desuifonation and concomitant reduction of the double bond in 430 gave a 2:1 mixture of the endo-
and exo-isomers 384 and 383, which were led to racemic 359 in a manner identical with that of the
Merck group (see Scheme 55).

Clayton and Regan (ref. 113) applied a reductive palladium-catalyzed Heck-type coupling as
a key step in the synthesis of epibatidine (359) in racemic form (Scheme 64). The known N-
methoxycarbonyl-7-azabicyclo[2.2.1}heptane (434) required for the coupling steps was synthesized
following the route of Altenbach et al. (ref. 114) from N-carbomethoxy pyrrole (423). Thus, the
Diels—Alder reaction between 423 between p-toluenesulfonylacetylene (431) afforded the bicyclic
compound 432. Selective catalytic hydrogenation of 432 and reductive cleavage of the tosyl group
using sodium amalgam gave 434. The crucial reductive coupling reaction (ref. 115) of 434 and 2-
chloro-5-iodopyridine (380) was carried out at 70 °C in solution in DMF containing piperidine,
formic acid, and 8 mol % of the palladium catalyst formed in situ from palladium(II) acetate and
triphenylphosphine, forming the desired exo-product 435 with complete stereoselectivity. The
resulting protected epibatidine 435 was finally treated with hydrogen bromide in acetic acid to afford

racemic 359.
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Okabe and Natsume (ref. 116) have synthesized (+)-epibatidine (359) starting from the
known compound 436 (ref. 117) derived from the Diels—Alder adduct (ref. 118) between N-
tosylpyrrole and dimethyl acetylenedicarboxylate (Scheme 65). Hydrolysis (1 molar equiv of LiOH)
of the one ester group of 436 having o symmetry gave the corresponding monoester which was
subjected to a Curtius rearrangement sequence (diphenylphosphoryl azide, Et3N, tert-BuOH)
affording the carbamate 437. Heating a solution of 437 in a mixture of hydrogen chloride-
containing dioxane and water gave the ketone 438. Compound 438 was then condensed with a
lithium salt prepared from 5-bromo-2-methoxypyridine (439) and butyllithium to produce the exo-
product 440, which was converted into 441 by treatment with Burgess reagent (ref. 119). The
palladium-catalyzed hydrogenation of 441 in a solution of 2-propanol and water containing
hydrochloric acid afforded the exo-product 413 together with the endo-product 442. Conversion of
413 into the chloropyridine using the Vilsmeier reagent (ref. 120), followed by deprotection of the
tosyl group on treatment with hydrobromic acid and subsequently with lithium hydroxide of the

resulting crude product completed the synthesis of (1)-359.
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6.3 Approach via [3 + 2] Cycloaddition of Azomethin Ylide

Pandey and co-worker (ref. 121) have proposed an efficient synthesis of (+)-epibatidine
(359) based on a [3 + 2] cycloaddition reaction (ref. 122) of non-stabilized azomethine ylide and
substituted 6-chloro-3-vinyl pyridine (Scheme 66). Metalation of N-(tert-butoxycarbonyl)pyrrolidine
(444) with sec-butyllithium followed by addition of chlorotrimethylsilane, and repetition of this
sequence gave the N-protected 2,4-di(trimethylsilyl)pyrrolidine 445. Deprotection of 445 with
trifluoroacetic acid and subsequent N-benzylation afforded 446. The [3 + 2] cycloaddition of the
azomethine ylide 447, generated by the double desilylation of 446 using Ag(D)F, with the o,B-
unsaturated ester 448 gave the cycloadduct 449. The conversion of 449 to (+)-359 was achieved
by radical decarboxylation of the corresponding thiohydroxamate ester using Barton's method (ref.

123), followed by reductive N-benzylation carried out by palladium-catalyzed hydrogenation.
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7. MISCELLANEOUS

In 1992 Daly and Spande (ref. 124) reported the isolation and structural elucidation of
alkaloid 251F (450) from the skin exudate of the dendrobatid poison from Minyobates bombetes of
Colombia. Unlike most of the dendrobatid alkaloids, which are apparently acetogenins, 450 is
clearly terpene-derived. Taber and You (ref. 125) have recently reported the first total synthesis, and
thus structural confirmation, of 450. Their convergent assembly to succeed needed to prepare both
the enantiopure cyclopentane and piperidine moieties. Thus, the synthesis began with the preparation

of the highly substituted cyclopentane as 456 based on the approach via Rh-mediated cyclization of
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Figure 4. Dendrobatid alkaloid 251F (450)

the diazoester (Scheme 67). The enantiomerically pure B-hydroxy ester 451 (ref. 126) was alkylated
through the dianion to give the expected anti product, which was reduced and protected to afford
452. Subsequent ozonolysis of the alkene followed by oxidation gave the ester 453, which was
converted to the azide 454 by initial benzoylation of the ester enolate followed by diazo transfer. Rh-

mediated cyclization of 454 proceeded stereoselectively to form 455 as a single diastereomer and

subsequent transformations provided 456.
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For the preparation of the enantiomerically pure piperidine moiety, 2-hydroxycitronellol [(+)-
271}, conveniently available from geraniol (270) as discusses above in Section 4.3 (see Scheme
41), underwent periodate cleavage followed by reductive workup to give norcitronellol, which was
then converted to the azide 457 (Scheme 68). Ozonolysis of 457 followed by phosphonate
condensation and reduction of the azide afforded the trams-piperidines 458 in 5.6:1
diastereoselectivity. N-alkylation of 458 with 456 gave 459, which was cyclized via the
benzenesulfonate to afford the tricyclic amine 460. Conversion of the ester to a methyl group and

deprotection resulted in the synthesis of alkaloid 251F (450).
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Unique minor alkaloids pyrrolidine oximes 222 (461) and 236 (462), isolated from skin
extracts of the Panamanian poison-frog Dendrobates pumilio (ref. 127), have been synthesized in a
racemic form by Hutchinson et al. (ref. 128). Their synthesis is based on the route developed by
Meinwald (ref. 129) for the synthesis of spiropentanopyrrolizidines, and started with the preparation
of the aldehyde 464 from 2,2-dimethylcyclopentanone (463) utilizing the Wittig—Hornner reagent
diethyl isocyanomethylphosphonate (Scheme 69). The pyrrolidine enamine of the aldehyde 464
underwent Michael reaction with nitroethylene, generated in situ from 2-nitroethyl acetate, to form
465, which was protected as the ethylene acetal and then reduced to give the amine 466.
Polyzonimine 467, generated by acid treatment of 466, was converted to nitropolyzonamine 468,
an alkaloid isolated from the defense secretions of the North American millipede (ref. 129), via the
quaternary salt. Treatment of 468 with sodium methoxide and buffered, aqueous TiCl; provided the
ketone 469, which on treatment of hydroxylamine or methoxylamine afforded (+)-pyrrolidine
oximes 222 (461) and 236 (462), respectively.

o 1) (Et0),P(O)CH,NC, BuLi Os_H 1) pyrrolidine, TsOH Q

2) HCI 2) AcO(CH,),NO, H

(65%) (28%)
463 NO,
464 465
1) (CH,OH),, TsOH 0] 1) (CHy);NO,
2) H,, PtO, o aq. HCI-THF 2) Py, reflux
(80%) (76%) | (58%)
NH, N
466 467

1) NaOMe, MeOH

NO, *
2) TiCl3, NH4OAc-H,0O NH,0H-HCI], MeOH
(19%) (63%)
468 469 (#)-Pyrrolidine oxime 222 (461)
MeONH+HCI
MeOH
(87%)
[ ~/y NOMe
N

(#)-Pyrrolidine oxime 236 (462)

Scheme 69
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Synthesis of Some Aspidosperma and Related Alkaloids

Gyorgy Kalaus, Istvan Greiner and Csaba Szantay

1. Introduction

The Aspidosperma alkaloids constitute the largest group of indole
alkaloids and number well over 220 entities. Dealing with these bases is not only
important in order to gain more knowledge about their nature, but some
members are also of commercial value, e.g. the transformation of
vincadifformine to the pharmaceuticals vincamine, vincamone, and Cavinton® is
carried out on a large scale. Vindoline is a characteristic part of the anti-cancer
bis-indole alkaloids vincristine and vinblastine.

Extensive and excellent reviews have been published about this alkaloid
family by Cordell (1), and Saxton (2). In the following therefore we confine
ourselves exclusively to the synthetic work which has been done in our institute,
put 1t in a historic perspective to show how the approach developed during the
years.

All the synthetic compounds discussed below are racemic.

2. Early synthetic approaches
In the course of our work with indole derivatives we found a short and
efficient route to 2-(ethoxycarbonyl)-tryptamine 1 by reacting diazotized aniline

with chloropropyl malonic ester acid. The reaction is carried out in one step (3)
(Scheme 1).

o
NH
@N‘EN cr o+ o’y —— M :
N~ >COOC,Hs
0” oH

Scheme 1
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As compound 1 was easily accessible, we wanted to use it for the
synthesis of the aspidosperma and pseudoaspidosperma alkaloids, e.g.
vincadifformine 2 (racemic form from Vinca difformis), ¥-vincadifformine 3
(from Pandaca caducifolia), tabersonine 4 (from Amsonia tabernaemontana),
minovine 5 (from Vinca minor), tetrahidrosecodine-17-0l 6 (from Rhazya
orientalis), tetrahyd-rosecodine 7 (from Rhazya stricta), and some epimers as
well (Scheme 2).

N N
20 A5
" %
N~ \us N
’ H OH H CH,

)
CH; COOCH, COOCH, COOCH;
5 6 7
Scheme 2

In Kuehne's studies on biomimetic alkaloid syntheses (2) the proposed
biogenetic secodine intermediate 13 (Scheme 5) plays an important role. Thus at
the outset we aimed at the preparation of transient key intermediates 13 and 14.
We envisaged that 6 (an alkaloid in itself) could serve as an intermediate source
for producing dihydrosecodine 11 (Scheme 4) and tetrahydrosecodine 7.

For preparing precursor 6, our starting material 1 was allowed to react
with the ester aldehyde 8. For the preparation of 8 the reaction of various
enamines of »n-butyraldehyde with acrylic ester was first investigated (4). It is
well known that, depending on the reaction conditions, the respective pyrrolidine
enamine can react with either one or two mole equivalents of acrylic ester. The
instability of pyrrolidine enamine prompted us to study the behavior of other
enamines. It was found that the much more stable morpholine enamine reacts
even with an excess of acrylic ester exclusively with one mol equivalent of the
partner, and yields the aldehyde 8 after hydrolysis, thus providing a convenient
route for its preparation.
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The Pictet-Spengler type reaction of tryptamines substituted at position C-
2, e.g. 2,3-dihidro-2-oxo-tryptamine often results in "spiro” coupling (5) at
position C-3. However, compound 1 behaved differently with aldehydes. On
boiling the hydrochloride of 1 in glacial acetic acid with monoester 8, the
enamide 9 was isolated in 55% yield, and no "spiro" compound was formed.

The enamide was reduced catalytically to 10a, which upon further
reduction with LAH provided 10b. Using the method described by Kutney 10b
was transformed to 10e by the following steps (6).

Benzoylation of 10b gave 10¢, which was allowed to react with potassium
cyanide in DMSO furnishing 10d. When treated with methanol/HCl in the
presence of trace of water, 10d gave rise to 10e (Scheme 3).

) X
CHO COOCH, | N N
1+ E— Y — |
N H N R
H 5 H

cooc,

® 10 a R=COOC,H; X=0
b R=CH,OH X=H,
¢ R=CH,0COPh X=H,
d R=CH,CN X=H,
e R=CH,COOCH; X=H,
Scheme 3

For continuation of the synthetic sequence the ester 10e was formylated in
benzene with methyl formate in the presence of sodium hydride, and the
obtained enol was immediately reduced (NaBH,/methanol) to the diastereomers
of 16,17,15,20-tetrahydrosecodin-17-01 6. Water elimination from the latter
compound yielded 15,20-dihydrosecodine 11. Subsequent catalytic reduction of
11 furnished a mixture of racemic 16,17,15,20-tetrahydrosecodine 7 and its
diastereomer.

N N
10e —>» —> §—> —_ 7
N N
H OH H
COOCH,

COOCH,
11

Scheme 4
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Attempted chemoselective methylation of 10e to 7 was unsuccessful, the
indole N-methyl derivative of 7 being obtained.

A synthesis of the key secodine intermediate 13 and its isomer 14 could
now be projected through transformation of 6 into its N-oxide 12, and
subsequent treatment of 12 with acetic anhydride. As a result of the latter
reaction 13 and 14 were formed and were immediately cyclized into a 2:1
mixture of vincadifformine 2 and Y-vincadifformine 3 in a rather low (12.3%)
yield. After chromatographic separation 2 was obtained in a crystalline form,
while 3 was isolated as an oil.

Transformation of 2 into minovine 5 was carried out by methylation of 2
with methyl iodide (Scheme 5).

_ o~ o N
| N |
N
N H
COOCH,8

coocH,
o 13 _ — 14 T
2 —» 5 3

Scheme 5

Compound 9 proved to be a useful starting material also for the synthesis
of 3-oxovincadifformine 15 and 3-oxominovine 16 (Scheme 6).
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COOCH,3
15 R=H
16 R=CHj

Scheme 6

Le Men et al. (5) reported the synthesis of 15 as an intermediate in their
total synthesis of vincadifformine. It is noteworthy that the 14,15-unsaturated
derivative of 15 is a natural product isolated from Amsonia elliptica (7).

In our case the repetition of the same reaction sequence on the
unsaturated compound 9 as described above with the saturated derivative 10a,
gave somewhat different results (8).

The ester group in 9 was reduced with LAH in THF at -40°C to yield 17a
in 60% yield. Subsequent benzoylation (87%) followed by reaction with
potassium cyanide afforded compound 17¢ in 87% yield. The product was
treated at room temperature with methanol saturated with hydrogen chloride.
Surprisingly instead of the expected substance 17e the product proved to be a
new compound 18 of an unusual structure, formed in 65% yield. Therefore we
had to find a detour to prepare 17e (Scheme 7).

T
Iz

CN

17 a R=CH,OH 18

b R=CH,0COPh
¢ R=CH,CN

d R=CH,COOH
e R=CH,COOCH,

Scheme 7
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When compound 17¢ was refluxed in 2M sodium hydroxide solution,
acidification of the mixture gave 17d in 80% yield. Treatment of this product
with diazomethane furnished 17e in 93% yield.

As a continuation of the synthesis, the ester 17e was dissolved in benzene
and formylated as above. The resulting enol 19 was immediately reduced to give
20 in 49% yield.

As an alternative synthesis, compound 20 was also prepared by treatment
of 17e with gaseous formaldehyde in THF in the presence of lithium
diisopropylamide, the yield being 23%. Elimination of the elements of water
from 20 gave, through the secodine-type intermediate 21, the required product,
i.e. 3-oxovincadifformine 15, in 48% yield.

oo

COOCH, CoocH,
20
o)
N
=
—_— N —_— 15
H
CoOCH,
21
Scheme 8

The reaction sequence 17e—>21—15 was also realized by the use of
Eschenmoser's salt through the following steps: a.) THF/n-BuLi, CH,N*(CH3),I,
-75°C, b.) Mel/MeOH, r.t.,, ¢.) NaHCOyH;0, r.t., d.) heating in toluene, in
13.6% combined yield (Scheme 8).

When compound 17e was methylated with methyl iodide in DMSO in the
presence of sodium hydride, two products were obtained: 22 in 44% yield and
23 in 5.5% yield.

The carbanion from 22 was generated with lithium diisopropylamide, and
it was allowed to react with Eschenmoser's salt. The resulting basic material was
treated with methyl iodide, the mixture was then made alkaline and the product
was refluxed in toluene. The final product, formed via the secodine-type
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intermediate 24, was 3-oxominovine 16. The latter compound was also prepared

by the direct methylation of 3-oxovincadifformine 15 (Scheme 9).
o)
N
~
3

(o]
N
17¢ —— » g .
\ ¥ o
H,

CHs 'cooc CHs ‘coocH,
22 23
O —
B '
N
2 —»—» N — > 16 -« 15
|
CHs
COOCH,3
24
Scheme 9

3. Improved methods

Further objective of our work was to develop a convergent synthetic
pathway that is suitable for the more convenient and efficient preparation of a
number of compounds having the aspidospermane skeleton (10). The strategy
we planned to use was as follows: from indole derivative 1 we wanted to
prepare compound 25, which, on reaction with suitably substituted aldehydes
26, would give - via the unisolated intermediates 27 (R,=Bn) - tetracyclic
compounds of the general formula 28 (Scheme 10).

Formation of the fifth ring would afford the target compounds. As the
aldehyde component could be varied, this strategy would allow the preparation
of many analogous compounds; thus, a convenient synthesis of aspidosperma
alkaloids and related compounds would become possible.
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COOCH, COOCH:.,
NHBn R
2
— | 25+ oHe—< "
H OH Rj
COOCH, 26
25
N/R1
' S/RZ
E— —_
N
R3
CoocH,
8
27 2
Scheme 10

Dibenzylamino ester 29 was prepared from 1 through N-dibenzylation and
subsequently using the carbon chain extension reaction described above
(Schemes 3 and 7). The overall yield of this reaction sequence was 41% from 1.

Compound 29 was subjected to Battersby's method (9) for hydroxy-
methylation to afford compound 30, from which the required diene structure
could be formed by the simple elimination of water. After hydroxymethylation,
the ester 30 was partially debenzylated to give the secondary amine 25, the
structural unit required for the preparation of the enamine function.

The reaction, in which the hydroxymethyl group was introduced, was
thoroughly studied, and some interesting observations were made. The reaction
was first effected by the treatment of the ester 29 with sodium hydride and
methyl formate in benzene. The reaction mixture was then worked up in the
usual way, and the crude intermediate 31 was dissolved in methanol and reduced
with sodium borohydride at -25° to afford 30 (62%). If the reaction was done at
a higher temperature, a considerable amount of by-product, diol 32, was isolated
from the reaction mixture (Scheme 11).

Several attempts were made to find a way to eliminate this undesired side
reaction and to improve this poor yield. The best result was obtained when the
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formylation was carried out using methyl formate as the solvent; without further
processing, the reaction mixture was diluted with cold methanol, and the
temperature of the resulting solution was strictly controlled during reduction
with sodium borohydride. These modifications of the procedure eliminated the
need for chromatographic purification of the crude product, and a higher yield
of the crystalline dibenzyl ester 30 was obtained.

NBn,
2% — | _cHo
g
COOCH;

|

NBn,

Scheme 11

The reaction mixture, however, still contained small amounts of two
byproducts, the diols 32 and 33. In order to confirm the structure of the latter,
the enol ether 34 was also prepared by alkylation of 33 with diazomethane. As
suggested by the NMR data, the structure of 34 confirmed that compound 33
exists in the enol form stabilized by a hydrogen bridge.
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When the enol 33 was treated with a saturated solution of hydrogen
chloride in methanol, the starting ester 29 was recovered. After we elucidated
the structure of the byproduct 33, the surprising fact that in the sodium
borohydride reduction the potential formyl group was not converted to the
expected alcohol became understandable.

The first aldehyde to be used in the ring closure reaction was methyl-4-
formylhexanoate 35. We first attempted to effect the reaction of 25 and 35 by
refluxing the components in benzene; however, the isolated products
corresponded not to the two expected tetracyclic epimers 36, 37, but to the
esters formed by the elimination of water 38 and 39 (Scheme 12). The former
product was a benzylazepin derivative, that had been prepared earlier by
Kuehene.

Compound 39 had been previously synthesized in our laboratory in
another way, from the secondary amine 40. The latter compound had been
allowed to react with formaldehyde in an aqueous acidic medium to afford the
hydrochloride of 39. We suggest that compound 39 may have been formed from
the ester 25 by a competing reaction in which the hydroxymethyl group migrated
from the carbon to the nitrogen atom to form an a-amino alcohol intermediate
and ultimately the spiro compound 39.

COOCH, COOCH;
38 39
/
: ;\ N : ;\ NHBn
COOCH3 COOCH,
Scheme 12

Subjecting compound 25 and the aldehyde 35 to rather vigorous reaction
conditions, such as refluxing toluene for 24 h, afforded two products 36 and 37
previously reported by Kuehne. By previously described method these
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compounds could be converted to 3-oxovincadifformine 15 in one or two steps,
in the latter case via the secondary amine 41 (Scheme 13).

CHO COOCH,
25 + 42 + 35

N/

Scheme 13

Experiments were also conducted to find out which of the two byproducts
38 and 39 would react with the aldehyde component. Therefore 38 and 39 were
separately caused to react with the aldehyde 35. It was found that the azepine
ester 38 could be converted into a mixture of the desired products 36 and 37, but
the spiro compound 39, after identical treatment, remained unchanged.
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N : :N:
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\ NHBn
OH 43
N
H COOCH;
42
Scheme 14

The indole derivative 42, which fitted well into our strategic plan, was
also prepared to test its utility in the cyclization reaction. From tryptamine the
hydrochloride of the N,-dibenzyl derivative was prepared, and the N, nitrogen
atom was protected with benzenesulfonyl group, which was introduced by
means of a catalyzed phase-transfer reaction. When the base and methyl
pyruvate were used in excess in the addition reaction, this protective group was
split off as the sulphonic ester immediately after the addition. Accordingly, the
trisubstituted tryptamine derivative 43 was treated with 2.3 molar equiv of n-
butyllithium, and the resulting dicarbanion was treated with an excess of methyl
pyruvate. After workup, the expected 2-hydroxypropionic ester 44 was isolated.
The ester 44 was subjected to partial debenzylation to give the secondary amine
42 in good yield (Scheme 14).

A comparison of the overall yields of the two secondary amines 25 and 42
showed that the yield of 25 was 12-15% from 1 and the yield of 42 was 30-35%
from tryptamine.

The reaction sequence was concluded by effecting the reaction of the
secondary amine 42 and the aldehyde 35 under conditions similar to those used
for the reaction of 25 and 35. Since refluxing 42 and 35 in toluene gave only
very small quantities of the expected products, the reaction was carried out at
higher temperature, in refluxing xylene. At higher temperature, the intermediates
36 and 37 were isolated in about 20% combined yields.

Comparison of the two alternative synthetic pathways shows that the
overall yield of the tetracyclic esters 36 and 37 are almost the same. However,
the process starting from tryptamine has an inconvenient step: the formation of
the anion by means of #-butyllithium and the subsequent addition of the anion to
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the carbonyl; in addition, the elimination of water from 42 requires much more
drastic conditions than the elimination of water from the primary alcohol 25. In
later experiments, we wanted to allow the indole key compound to react with
heat-sensitive aldehydes. For this reason, the pathway using 25 was used for the
remainder of the syntheses.

As continuation of our work, we attempted to develop a synthetic
pathway involving a suitable aldehyde that would allow the preparation of
vincadifformine 2 in fewer steps and more directly than before. The first task
was to choose an appropriate aldehyde.

The aldehyde had to have a leaving group that would not be so reactive as
to take part in the cycloaddition but would, at the required moment, and under
suitable conditions, be prone to form the fifth ring. We discovered that these
conditions were met by the benzyloxy group. Thus, the first task was the
synthesis of the aldehyde 45. Compound 46 was acylated with benzoyl chloride,
and subsequent acid hydrolysis afforded the desired aldehyde 45.

o Ph O O OH

CHO
25 \[Or -

47 R=Bn l
49 R=H

2

Scheme 15
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The aldehyde 45 and the secondary amine 25 were refluxed in toluene, as
described previously. A mixture of isomers containing the expected tetracyclic
esters 47 and 48 was formed in this reaction. The next step of the reaction
sequence was effected in the mixture of 47 and 48. The protective benzyl group
was removed by hydrogenolysis on glacial acetic acid. The products of the
debenzylation were the secondary amines 49 and 50 (Scheme 15).

Next, the internal N-alkylation reaction leading to the formation of ring D
was accomplished by refluxing the mixture of 49 and 50 in dimethylformamide.
Both isomers afforded vincadifformine 2. The formation of 2 from 50 can be
explained in the same way as the formation of 3-oxovincadifformine, i.e. by
epimerization at C-21.

The two other alkaloids that were synthesized were tabersonine 4 and 3-
oxotabersonine 54, Owing to the presence of a double bond in ring D, we
modified our strategy for the synthesis of these compounds. It was deemed
mmpractical to prepare or use an aldehyde partner already containing the double
bond required in the product. Since an appropriately masked form could only be
prepared with difficulty, we decided to employ the literature method (see in ref.
10) for forming the double bond via the thiolactam.

Scheme 16



103

The synthesis of the target compounds was simply achieved by starting
from 3-thioxovincadifformine 51, which was readily prepared from 3-
oxovincadifformine 15, without protection of the indole nitrogen. Accordingly,
3-thioxovincadifformine 51 was made to react with p-toluenesulfonyl chloride,
in the presence of diisopropylethylamine, by refluxing the mixture in dichloro-
methane. The isolated main product was the unsaturated thiolactam 52, which
appeared to be suitable for the preparation of both target compounds. A
byproduct characterized by formula 53 was also isolated from the reaction
mixture (Scheme 16).

A general method was used to prepare tabersonine 4 from the thiolactam
52. The thio-compound was first refluxed in methyl iodide. Then the excess
reagent was removed by distillation, and the residue was dissolved in methanol
and reduced with sodium borohydride.

In the preparation of 3-oxotabersonine 54, the sulphur-oxygen exchange
was effected with 3-chloroperoxybenzoic acid. When compound 52 was allowed
to react with 1.2 equiv of this reagent at -24° in dichloromethane, the alkaloid 3-
oxotabersonine 54 was obtained.

4. Pseudoaspidosperma alkaloids

The above discussed strategy has been extended to the synthesis of
compounds with the pseudoaspidospermane structure (11). Our aims included
the synthesis of pseudovincadifformine 3 and 20-epipseudovincadifformine 55
(Scheme 19). Also the tried and tested method of introducing a double bond, in
our synthesis of tabersonine 4, was extended to compounds having the
pseudoaspidospermane skeleton.

A characteristic feature of the pseudoaspidospermane skeleton is that, in
contrast to aspidospermane compounds, where only cis D/E ring fusion is
possible, in the pseudoskeleton trans fusion is also known.

As it is evident from the foregoing discussion, the primary task was the
synthesis of an aldehyde component which would react with the indole ring
containing the secondary amine 25 to give a product that could become the
precursor of compounds having the pseudoaspidospermane skeleton. This
requirement is satisfied by methyl-2-ethyl-5-oxopentancate 56, which was
prepared as follows: dimethyl ethylmalonate was allowed to react with acrolein
in the presence of base. The resulting aldehyde was treated with trimethyl
orthoformate to obtain the acetal, and the latter was demethoxycarbonylated in
neutral medium. The protecting group of the resulting ester was removed by acid
hydrolysis (Scheme 17).
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Scheme 17

The formyl group of the product suffered oxidation on standing when
exposed to air. Therefore, in later experiments the protective group was not
removed until just before further conversion or before recording spectra.

The reaction between the secondary amine 25 and the aldehyde 56 was
effected according to the strategy developed earlier, the product consisting of
about 3:2 mixture of esters 57 and 58. It was described earlier that when the a-
carbon atom of the aldehyde component carried two hydrogen atoms, then on
forming the seco-pseudoaspidospermane skeleton, the hydrogen atoms
connected to the carbon atoms in the o- and B-positions relative to the nitrogen
always had a trans stereochemical arrangement. This result has also been found
to hold true in our present case. Therefore, it is reasonable that the reactions
described in the literature and those used by us to prepare these compounds,
although starting from substances of different structure, proceed via the same
mechanism.

The epimers 57 and 58 were debenzylated without separation, since under
the hydrogenolysis conditions in acidic medium, epimerization would have
occurred resulting in a mixture of isomers. Workup of the reaction mixture
revealed the presence of four components §9-62. Thus the product mixture
contained the pentacyclic derivatives, 61 and 62 with the cis geometry of the
D/E rings, which according to earlier experience, were formed under the
debenzylation conditions. The two other products, isolated as a mixture, were
the secondary amines 59 and 60 having a trans configuration of the hydrogen
atoms. In these compounds intramolecular acylation is sterically hindered.
Components of the mixture were separated only for identification; further
conversion was effected using the mixture.

The mixture of four compounds 59-62 was refluxed in toluene in the
presence of p-toluenesulphuric acid giving compounds 61, 62 and 63 in a ratio
of about 2:3:1. Two of these substances, 61 and 62 were the above mentioned
"cis" lactams, while the third compound 63 was the pentacyclic lactam with the
trans D/E ring fusion (Scheme 18). No trace of the fourth possible isomer could
be detected in the reaction mixture. It is worthy of note that the trans D/E ring
fusion present in compound 63 has been found only in some non-natural
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molecules, but the naturally occurring pseudoaspidospermanes all have cis D/E
ring fusion.

/BN COOCH,

COOCH,
61 Cyo aH 59 C,, a-H
62 Cy B-H l 60 C,y p-H

61 + 62 +

Scheme 18

In the next step all three lactams 61-63 were selectively reduced to afford
the corresponding alkaloids or alkaloid-like molecules (Scheme 19) via the
thiolactams, a synthetic route of proven value in our earlier work. First, the thio
derivatives 64-66 were prepared by using phosphorous pentasulfide, and these
products were desulfurized with Raney nickel to yield the two alkaloids,
pseudovincadifformine 3 and 20-epipseudovincadifformine 55, along with 14-
epipseudovincadifformine 67 having the trans D/E ring fusion.
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P4S40 RaNi
61 — -
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H COOCH,
64 3
P4810
62 —
P4810
63 —

66 67

Scheme 19

A process was also developed for the direct construction of the
pentacyclic pseudoaspidospermane skeleton (Scheme 20). First an aldehyde
component was synthesized in which the leaving group is the benzoyloxy
substituent, found suitable for this purpose earlier. In order to prepare the target
compound, the ester group of acetal was initially reduced, the resulting alcohol
68 was benzoylated giving 69, and finally the aldehyde function was
regenerated. The secondary amine 25 was then allowed to react with aldehyde
70 under the conditions used in earlier analogous reactions. As expected, the
reaction gave a mixture of two tetracyclic esters 71 an 72. On the basis of
considerations described above, the isomers were not separated.
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Scheme 20

The mixture of 71 and 72 was hydrogenated in acetic acid to give a
mixture of the secondary amines 73 and 74 (Scheme 20). Since epimerization
can also occur in the subsequent alkylation step, it was not deemed worthwhile
to separate the mixture of isomers. The closure of ring D could only be
accomplished in DMSO. Surprisingly, the material isolated from the reaction
mixture did not consist of the expected mixture of the two alkaloids (i.e.
pseudovincadifformine 3 and 20-epipseudovincadifformine 55) but was only the
latter compound.
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COOCH,4

75 76
Scheme 21

An attempt was made to introduce an a,B-double bond in ring D of
pseudoaspidospermane using methodology which was successful in the case of
compounds having an aspidospermane skeleton. A mixture of two epimers 64
and 65 (Scheme 21) was treated with p-toluenesulfinyl chloride in the presence
of N,N-diisopropylethylamine. Workup of the reaction mixture gave one
product, which was not the expected compound but a substance characterized as
structure 75. The formation of this compound presumably takes place by analogy
with the thioether 53 prepared earlier. It is surprising, however, that the
molecule containing a double bond is not formed in the reaction. The required
elimination reaction failed in the case of compound 75. Therefore, this
compound was further converted to 21-oxopseudotabersonine 76 under
oxidative conditions. In this case 76 was obtained as the final product via a
multistep reaction sequence.

5. Deethylaspidospermane Derivatives

In the course of the above discussed syntheses we observed
stereoselective [4+2] cycloadditions and epimerization reactions of compounds
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containing a D-seco- or aspidospermane skeleton. As a continuation of that
work, our new target compounds were 20-deethylvincadifformine 77 and 20-
deethyl-20-epivincadifformine 78 (Scheme 25) since these molecules and the
intermediates of their syntheses seemed to be promising for a thorough study of
the mentioned points of stereochemical interest (12).

The strategic step of our syntheses was the reaction of the secondary
amine 25 with methyl 4-formylbutanoate 79 or with 5-benzoyloxypentanal 83.
According to literature data and our own experience the stereochemistry of the
resulting D-seco compounds is determined by the nature of the o-substituent in
the aldehyde used as the reaction partner.

The intermediate 80 of the synthesis of 79 was reduced with LAH. The
resulting alcohol 81 was acylated with benzoyl chloride to give the acetal 82.
Subsequent hydrolysis yielded the aldehyde 83 (Scheme 22).

0. 0. Ph
2 G SR

o o]
- 83
80 X=COOCH,
81 X=CH,OH
82 X=CH,0COPh

Scheme 22

The secondary amine 25 was allowed to react with 4-formylbutanoate 79
or with 5-benzoyloxypentanal 83 in boiling toluene and in the presence of p-
toluenesulfonic acid. In both cases - as expected - only one product, 86 or 87
was obtained. This high stereoselectivity can be readily explained by the
exclusive £ geometry of the intermediates 84 and 85 of the [4+2] cycloadditions
(Scheme 23).

>

CHO R
25 + —_— |

N ) N

79 =

R=COOCH; COOCH, H COOCH,

83 R=CH,0COPh L __ |
84 R=COOCH; 86 R=COOCH,
85 R=CH,0COPh 87 R=CH,0COPh

Scheme 23
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The catalytic debenzylation of the tetracyclic compound 86 in acetic acid
at room temperature did not give the expected results. In spite of the mild
conditions used no secondary amine, or amines, could be isolated since
spontaneous intramolecular acylation occurred, completed by refluxing of the
mixture in toluene, affording 20-deethyl-3-oxovincadifformine 88 and 20-
deethyl-3-0x0-20-epivincadifformine 89 (Scheme 24).

92 X=S 93 X=S
Scheme 24

Catalytic debenzylation of the benzoate ester 87 at room temperature gave
a mixture of the secondary amines 90 and 91 (Scheme 25).

OCOPh OCOPh

Scheme 25
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The product ratios (88:89 and 90:91) depend on the temperature of
debenzylation (Table 1). The experimental results give unequivocal evidence of

the thermodynamic stability, but they do not answer the question of the sequence
of debenzylation and epimerization.

Table 1. Temperature dependence of the ratio of isomers formed in the catalytic
debenzylation of compounds 86 and 87 in acetic acid.

Temperature of debenzylation Ratio 88:89 Ratio 90:91
20-25°C 1:1 1:10
(after refluxing
in toluene)
70-75°C 10:1 1:2
85-90°C 1:0 4:5

The lactams 88 and 89 were converted into the thiolactams 92 and 93 by
treatment with phosphorous pentasulfide, which could be reduced in the

presence of Raney nickel to 20-deethylvincadifformine 77 and 20-deethyl-20-
epivincadifformine 78.

SOCI

92 —

Scheme 26
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In the case of derivatives 90 and 91 the intramolecular alkylation, i.e. the
formation of ring D, was achieved by refluxing the starting compounds in DMF.
Compound 90 was converted into 20-deethylvincadifformine 77 which has the
same stereochemical structure; the reaction of 91 yielded 20-deethyl-20-
epivincadifformine 78 accompanied by 77 formed as a result of epimerization.

In our earlier work a method was successfully used for the regioselective
introduction of the carbon-carbon double bond into the ring D of the
aspidospermane skeleton. Accordingly, 92 was allowed to react with p-
toluenesulfinyl chloride in dichloromethane in the presence of base. In addition
to the expected 20-deethyl-3-thioxotabersonine 94, the thioether 95 was also
isolated from the reaction mixture. Compound 94 was stirred with methyl iodide
at room temperature, and the iminium salt - without isolation - was reduced with
sodium borohydride to give 20-deethyltabersonine 97.

In another reaction compound 94 was oxidized with m-chloro-
peroxybenzoic acid in dichloromethane at -78° to yield 20-deethyl-3-oxo-
tabersonine 96 (Scheme 26).

For the synthesis of 16-deethylapovincamine 98 20-deethylvinca-
difformine 77 was refluxed with N-chlorosuccinimide in trifluoroacetic acid
(Scheme 27).

NCS

77 —_—>

CF,COCH
A

H,COOC

Scheme 27

6. Cylindrocarine derivative

The above discussed synthetic strategy was further extended (13). In 1969
the isolation of twelve new alkaloids from a tree, Aspidosperma cylindocarpon
was reported. One of the natural products was (-)-12-demethoxy-N(1)-
acetylcylindrocarine 99. The first synthesis of the racemic form of this alkaloid
was achieved by Brennan and Saxton (14) in 1986; the key intermediate used
was 19-ethoxycarbonyl-19-demethylvincadifformine 100 (Scheme 28).
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CH,COOCH,3

CH
3 100 X=H,
99 104 x=0

X 106  X=

""'CH,CH,COOCH;

H cooc H,
105 X=0
107 X=S
108  X=H,
Scheme 28

Compound 100 could readily be prepared by our convergent synthesis.

The reaction partners selected were the "acrylic ester" synthon 25 and the
methyl 4-formyl-4-[(ethoxycarbonyl)methyl]-butanoate 101. Compound 101, not
reported earlier in the literature, was prepared from methyl 4-formylbutanoate 79
(Scheme 29).

CHO COOCH, BU,N

79
. Br
Bu,N CHO COOCH3
COOCH3
H502000
COOCsz
101

Scheme 29
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When compound 25 and 101 were refluxed in toluene in the presence of
p-toluenesulfonic acid, the reaction gave a 3:1 mixture of the isomers 102 and
103 (Scheme 30).

NHBn
N OH + 101 — ———
H
COOCH;
25

102 R,=(CH,),COOCH;
Ry=CH,COOC,Hs

103 R;=CH,COOC,Hs

Scheme 30 R,=(CH,),COOCH;3

After the chromatographic separation of the C-20 epimers, they were
catalytically debenzylated. The reaction was effected in glacial acetic acid at
room temperature, yet the secondary amines could not be isolated; they were
transformed by spontaneous intramolecular acylation into derivatives of
aspidospermane and D-noraspidospermane skeleton (103—105 and 104—106)
(Scheme 31).

—

102 — > — 104

—

103 — — 105

L COOCH;

Scheme 31
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According to another observation, when the catalytic debenzylation was
effected at 100° instead of room temperature, then, as a result of partial
epimerisation occurring in acidic medium and at higher temperature, compound
103 gave a 3:1 mixture of the products 104 and 105, increasing thereby the total
yield of the vincadifformine derivatives.

Next 104 and 105 were treated with phosphorous pentasulfide to convert
them into the thioxo analogues, 106 and 107. The products were then reduced
with Raney nickel. In the first case the reaction product was 19-ethoxycarbonyl-
19-demethylvincadifformine 108, representing the formal synthesis of the
racemic form of 12-demethoxy-N(1)-acetylcylindrocarine 99. In the second case
the reduction resulted in 18-methoxycarbonyl-D(14)-norvincadifformine 109
(Scheme 32).

P4S1o Ra-Ni
104 Em— 106 ——— 100
THF THF
P4S1o Ra-Ni
105 — 107 — 108
THF THF
Scheme 32

The oxidative ring transformation of 108 was also achieved by means of
N-chlorosuccinimide in trifluoroacetic acid, in analogy to the conversion of 100;
the product was 2 1-methoxycarbonyl-D(18)-norapovincamine 109 (Scheme 33).

NCS

108 —_—

CF,COOH
A

H,COOC

Scheme 33

To sum up all the above discussed investigations we may conclude that
based on earlier studies of Kuehne, Saxton and many other researchers an
efficient and practical approach to synthesize compounds having aspido-
spermane or pseudoaspidospermane skeleton has been created, and used
extensively.
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Synthesis of Natural Products via Aliphatic Nitroderivatives
Roberto Ballini

1. INTRODUCTION

Aliphatic nitro compounds have been proved to be valuable intermediates and the chemical
literature continuously reports progress in their utilization for the synthesis of a variety of target
molecules. It is now over two decades since the appearance of the bench mark review article by
Seebach er al. (ref. 1) on the vast preparative potential of aliphatic nitro compounds and the efforts to
develop efficient syntheses and utilization of functionalized aliphatic nitro derivatives have continued
with increasing success.

Very often the nitro group is present in different natural products, showing biological activity,
such as: (i) the 3-nitropropanoic acid I (R=H), first isolated in 1920 as a component of the glycoside
hiptagen from the root of the Javanese tree Hiptagamadablota and, then, found in the roots of other
plants such as Violaodorata (ref. 2) or molds such as Aspergillus flavus, Penicillium atrovenetuim,
A. oryzae (refs. 2,3), and in the legume Indigoferaendecaphylla (ref. 4), more recently, 3-
nitropropionates were found in extracts of the legumes, Hippocrepis balearica, H. comosa, Lotus
uliginosus and Scorpiurus muricatus (ref. 5). Three separate nitro-propanoyl esters of glucose, 6-(3-
nitropropanoyl)-a., 8-D-glucopyranose, 1,6-di-O-(3-nitropropanoyl-§-D-glucopyranose (cibarian) and
1,2,6-tri-O-(3-nitropropanoyl)-B-D-glucopyranose (karakin) were identified in shoot extracs of H.
comosa. Evidence for the presence of the 3-nitropropanoyl ester of 4-hydroxybutanoic acid in extracts
of H. comosa was also reported; (ii) the 1-phenyl-2-nitroethane 2, isolated from the wood and bark of

various plants such as Aniba canellila and octoteapretiosa, which is a constituent of certain

OR
NO, O NO,
1 2
H
H 0]
—_NO,
H 1 | ~OCH:CH;CH;NO, C H/J
H 134827

3 4
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essential oils and possesses a quite characteristic odor (refs. 6,7); (iii) the miserotoxin 3, isolated as
poisonous material from Astragalus (Leguminosae) miser (ref. 8); and (iv) The (E)-1-nitro-1-
pentadecene 4, the defensive compound, isolated (refs. 9,10) from the frontal gland secretion of
soldiers of the Cuban Prorhinotermes simplex (Hagen) (Rhinotermitidae, Isoptera ). Moreover, the
nitro group has been found on natural carbohydrates which occur as components of one or more
antibiotics. So, L-Evernitrose 5 was discovered as a component of the everninomicins B, C and D by
Ganguly et al. (ref. 12); D-Rubranitrose 6 was isolated (ref. 13) from the antitumor antibiotic
rubradirin; L-kijanose 7 was obtained (ref. 14) from the antibiotic kijanimicin and the tetrocarcins A

and B; while L-decilonitre 8 occurs (ref. 15) in the trisaccharide moiety of the anthracycline antibiotics

CH; H H3CO
CHj O
CH30 evernitrose rubranitrose
NO,
5
H3C02CN
NO, H
CH 20
OH Lijanose H decilonitrose
0, (tetronitrose) H3

decilorubicin and arugomycin.

The understanding of the biological role played by the nitro compounds is exceedingly limited.
It may be that the natural role played by antibiotics is indeed to protect the host organisms from
bacterial or fungal invasion and its consequences. Other possible roles may be those of insect
attractants or repellants. For example, 1-phenyl-2-nitroethane 2 might serve as a repellent of parasitic
insects. The 3-nitropropanoic acid I causes severe near-toxic symptoms or ingestion of the plant
sources and this may serve to protect the plants.

However, the primary focus of this review is to assess the practical utility of nitroalkanes as
starting material and/or key intermediates, for the preparation of important natural products in which
the nitro group is no more present. Additionally, the general reactivity of nitroalkanes is recalled in

order to favour a better understanding of the reported syntheses.

2. GENERAL REACTIVITY OF NITROALKANES

Among the many interesting developments in the field of synthetic methodology of the past
years, the use of nitro compounds in organic synthesis is experiencing a burst of activity. After the
first report of Seebach er al. (ref. 1), several excellent reviews appeared concerning the chemistry of
nitroalkanes (refs. 16-28).

Aliphatic nitro compounds present a wide versatility, in fact it is possible: (i) to show that they
are readly available, (ii) to have a wide range of efficient methods for its transformation into other

functionalities, (iii) to verify the variety of carbon-carbon bond-forming processes that the nitro group
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facilitates, (iv) to replace the nitro group by hydrogen, and (v) to permit the ring cleavage of cyclic

compounds.
2.1 Sources of Nitroalkanes

In the Scheme 1, the most popular sources of nitroalkanes are reported (refs. 1,24). So, for

istance, nitroalkanes can be obtained from alkanes by nitration or from haloalkanes by reaction with

/\O
>=%

Scheme 1

sodium or silver nitrite in dipolar solvents; by nitration of alkenes followed by selective reduction; or

by ozonolisis of azides.

2.2 Conversion of Nitroalkanes into Other Functionalities

In Scheme 2 many examples of typical nitro group conversion are reported; i.€., into nitrile

NH,
R RN=C=S
R—-CN f
R—CNO \ / + _ OSiRs
~— alkyl-NO, . 4 ~ 0
RNHCONHR' '/ \‘ >: N OH
R-SH R-X
Scheme 2

oxides, nitriles, amines, oximes, aloalkanes, amides, isothiocyanathes, thiols, etc.
However the conversion of the nitro group into a carbonyl group can be considered (Scheme

3) by the far most important one, because it effectively reverses the polarity of the neighboring carbon
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from nucleophilic to electrophilic, thus allowing a wide range of transformations to be carried out. The
reaction, discovered in 1894 by Nef, is currently called "Nef reaction” (ref. 32).
The classical Nef reaction is an acidic method, however, more recent methods include modifications

using excess base or acid, oxidizing agents or reducing agents, ozonolysis or neutral conditions.

R NO R + ¥ + R
>< 2 base> \C:N:O H o

o<y o o >=0 + 12N,0 + 12 H,0

Scheme 3

2.3 C-C Bond-Forming Processes via Nitroalkanes

In Scheme 4, it is possible to observe that nitroalkanes play an important role in organic

(6]
NO, R
)K R'COX
R / 0,
OoH N r R'
Scheme 4 o)

synthesis due to the ease of carbon-carbon bond-forming reactions (refs. 1,16-35). A nitro group
acting as a strong electron-withdrawing group, can activate a neighboring carbon-hydrogen bond for
alkylation by reacting with (Scheme 4) alkyl bromides or iodides, with saturated (Henry reaction) or
conjugated (Michael reaction) carbonyl compounds and with activated carboxylic acids.

2.4 Replacement of Aliphatic Nitro Groups by Hydrogen
Recently new reactions have been discovered that result in the displacement of the nitro group
by hydrogen (ref. 36). This discovery has opened a new area in organic synthesis, because the nitro

group can be removed after it has served as an activating group for the reaction in which C-C bonds

Bu3SnH + In- — Bu3Sn- + InH
BuzSn- + R-NO; — RN(O-)OSnBus
RN(O-)OSnBuz — R: + Bu3SnNO

R- + BuSSnH — R-H+ Bu3Sn-

Scheme 5

are formed.
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After several works regarding the denitration of some types of nitroalkanes, N. Ono reported a
more general method for the substitution of the nitro group with an hydrogen (refs. 36,37), using tri-
n-butyltin hydride (BusSnH) in benzene and in the presence of AIBN. The radical mechanism, as
shown in the Scheme 5, has been proposed for this reaction.

An important procedure for the denitration of 2-nitroketones has been published, using LiAlH,
as the denitrating reducent. This method (refs. 38,39) consists (Scheme 6} of the conversion of 2-
nitro ketones into the corresponding tosylhydrazones followed by treatment with LiAlHg4, in THF, at
0° C (patha). The tosythydrazones thus obtained may be readily cleaved to give the corresponding
ketones. However, if the reduction is performed at 60° C (path b) the tandem deoxygenation-

denitration of 2-nitroketone is observed (refs. 40,41).

() NNHTs H H
LiAlH,
R)k(\ R SNHNH; O R)J\/\ R THR6C R)S/ R'
NOZ MeOH NO, patl b H
LiAlH,
path a THF, 0°C

Y

Y weveral NNHTSs
/UH/\R' procedures /LS/\ ,
R < g R
H H
Scheme 6

2.5 Ring Cleavage of Cyclic Compounds

The presence of the nitro group in a-position to a carbony! group in cycloalkanones offers a
new reactivity pattern, peculiar to a-nitroketones. In fact, the C-C bond between the carbonyl group
and the nitro substituted atom (Scheme 7) of cyclic a-nitroketones undergoes facile cleavage by

nucleophilic agents (refs. 17,25) under mild conditions.

o\

NO, Nu—H o
_— Nu/u\/\(v)f\/ NO,
n
n=>5-1% Nu = OH, OR, NH,, RNH, RS.
Scheme 7

Hesse et al. (ref. 42) has extensively studied the possibility of cyclic 2-nitroketones to react
with internal nucleophile to give macrocyclic compounds (Scheme 8) by ring enlargement, greatly

improving the synthetic utility of this class of compounds.
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R
/ 0]
Oerl /R
)m Base Nu
NOz )m+n+1
Scheme 8

Many internal nucleophiles, such as active methylene groups, alcohols, amines and enamines
have been utilized. Thus, by this reaction ("the Zip Reaction") two, three, four or five carbon atoms,
respectively, can be incorporated to the pre-existent cyclic system, and many macrocyclic molecules

can be synthesized.

3. UTILIZATION OF NITROALKANES IN THE SYNTHESES OF NATURAL
PRODUCTS

As reported above, aliphatic nitro compounds have demonstrated a high versatility in organic
synthesis, and the many synthetic transformations which can be accomplished with them have

encouraged many researchers to explore their use in the synthesis of natural products.

3.1 PHEROMONES

Many organisms release chemical substances that specifically affect other members of the same
species some distance away from the point of release of the chemicals. Such substances therefore
resemble hormones, consequently such chemicals are termed "pheromones" derived from the Greek
words meaning to carry and excite. For chemical insect control the most valuable of these pheromones
are the insect sex pheromones or attractants which may be regarded as chemicals which directly
facilitate mating, either by attracting another insect from a considerable distance or by inducing the
performance of some close-range behaviour concerned with courtship. Then, due to their important
role in biological insect control, the discovery of efficient syntheses for the preparation of pheromones
became very important. In this context aliphatic pitro compounds have been demonstrated to be
important key building blocks for many of these preparations.

3.1.1 Enone-Pheromones

Different pheromones exibit the chemical structure of (Z)-alkenones. Functionalized
nitroalkanes have proved to be very effective for the synthesis of this class of compounds, via Henry
reaction (ref. 28) and denitration (refs. 36-39) as key steps.

Firstly, the synthesis of (Z)-5-undecen-2-one 1 3, the principle volatile component of the pedal
gland exudate of the bontebox Damaliscus dorcas dorcas, has been reported (ref. 43). The procedure
(Scheme 9) starts from (Z)-1-nitro-3-nonene 9 as the (Z)-3-nonen-1-yl-anion synthon. The nitroaldol
reactionof 9 with acetaldehydes followed by potassium dichromate oxidation, under phase-transfer
catalysis, afforded the nitro ketone I 0. Reaction of 10 with TsNHNH, in methanol gave the
corresponding hydrazones I 1 in high yield (95%). The purification of 1 1 was easily performed by
crystallization from methanol/water.
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NO, o 1. Amb. A21 NO,
2.K,Cr,0.
W + ’LL —‘2_27> /\/\/—_\)\r(
R H CH;3 9% n
10 ;'Se;“¢TsNHNH2
NO,
LiAlH, / THF /\/\/_\)\n/
/\/\/W 0°C —
-
12 NNHTs % u NNHTs
Me,CO / BF3.Et,0
80% i HCHO
13 Y Scheme 9

Treatment of compound I 1 in THF with LiAIH, at 0°C produced the denitrated hydrazone I2.
Subsequent deprotection of 12 was carried out in acetone/water with catalytic amounts of boron
trifluoride etherate and (Z)-5-undecen-2-one 1 3, chemical purity 98% by GLC, was obtained in about
54% overall yield from 9.

Methyl 8-nitrooctanoate I 4 has been used (ref. 44) as the starting material for the synthesis of

9-oxo-(E)-2 decenoic acid 2 0 (queen substance), an important sex attractant of the queen bee also

0 NO, OH O
Amb. A21
2 NI GNP
H,C~ H + K/\/\/\W 3 86% < OMe
4 O NO,
1% V'CC, CH,Cl,
/ﬁ\/\/\/\/ﬁ\ ATBNC i i
AIBN,C
OMe <_—°H6 )l\/\/\/\/u\olv[e
17 7%
NO, 16
1.(CH,OH),, H* | 3. (CH,S),,HMPA, 0°C
2. LICA, -78°C | 4-(CO:H);
80%
o o 1.NalO, O o
RIS Ao~ A
/u\/\/\/\)LoMe swn > OMe
18 SCH; 19
0 ¥ o
NS
/U\/\/\/\/LL OH
Scheme 10 20

implicated as a pheromone of termites (Scheme 10). The nitro ester I4,when treated with
acetaldehyde in the persence of Amberlyst A 21, gave the nitroalkanol 1 5. Subsequent oxidation with
pyridinium chlorochromate in dichloromethane furnished the a-nitroketone 1 6, which by reaction
with BuzSnH and catalytic amount of AIBN in refluxing benzene was denitrated to 1 7 (46% overal
yield).
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The oxo ester I 7 can be converted into the o, f-unsaturated methy! ester of the queen substance 19,

following the Trost's method (ref. 45), via sulfenylation an dehydrosulfenylation.
(Z)-Heneicos-6-en-11-one 2 6, a (Z )-d,e-alkenone isolated in 1975, is the sex pheromone of

O
W + J‘L(\j/ 1. Amb.A21 /\/\/_\/\/U\ﬁ/)/
H 9 2.K,Cr,04

Ni
21 % 5 8%
TsNHNH
90% 2
NNHTS MeOH
LiAlH, ¢ NNHTs
/\/\/Z\W THF,0°C /\/\/_\/\)1\6’)/
2 —
25 90% 9
95, | Amb. A-15 24 NO,
Me,CO/ H,0
26
Scheme 11

the Douglas Fir Tussock moth (Orgyia pseudotsugata ). Douglas Fir Tussock moth is a severe
defoliator of fir forests; consequently, considerable interest attends the synthesis of this pheromone.
In the Scheme 11 is reported (ref. 46) a convenient preparation of 2 6, starting from (Z)-I-nitrodec-4-
ene 2 1. The nitroalkene 2 I can be easily obtained in good yield from commercial (Z)-dec-4-en-1-ol
by convertion into the corresponding bromide and successive substitution (refs. 1,24) with sodium
nitrite in DMF. Nitroaldol reaction of 2 I with undecanal 22 on Amberlyst A-21, in the absence of
solvent, followed by oxidation of the resulting nitro alcohol with potassium dichromate under phase-
transfer catalyst, afforded the a-nitroketone 23 in 70% yield. Conversion of 23 into the
corresponding tosylhydrazone 24 was performed in 90% yield. Denitration of 24 with LiAlH, in
THF at 0°C, followed by regeneration of carbonyl group, carried out in acetone-water with the
catalysis of Amberlyst A-15, gave the pheromone 26 in 60% overall yield and with a high isomeric
purity (> 99% by 13C NMR).

3.1.2 Alkane- and Alkene-Pheromones

The discovery of efficient procedures for the tandem denitration-deoxygenation of 2-
nitroketones (refs. 40,41) allowed us to realize the synthesis of two important pheromones: (Z)-9-
tricosene 31 and 2-methylheptadecane 35. The (Z)-alkene 31 is a sex pheromone component of the
mature female housefly (Musca domestica ) and its synthesis (Scheme 12), starts (ref. 40) by the
nitroaldol reaction of oleic aldehyde 2 7 with nitropentane 28 on basic alumina, followed by in situ
oxidation of the resulting nitro alcohol affording the a-nitro ketone 29 in 85% yield.
The conversion of compound 2 9 into the corresponding tosylhydrazone 3 8 was performed in 92%
yield after recrystallization. Reduction of compound 3@ with LiAlH4, in THF, at 60°C produced, via
deoxygenation-denitration of a-nitro ketone 29, the (Z)-9-tricosene 31 in 66% yield, and 98%

purity.
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2-Methylheptadecane 35 has been isolated and identified as an important pheromone of at least
nine species of the Arzidae family. It has also been characterized as a flavour component in four

mango variety and in black soya beans, as one odorous constituent of the blue-green algae, commonly

o 1. ALLO; o
— + ON A~ _ 2 KeCri0r —
NH S 7
27 28 29 NO,
TsNHNH,
MeOH, 92%
. NNHTs
LiAlH,
NNV THF, 66°C —
12 - gl 7
66%
31 30 NO,
Scheme 12

called Aoko, and as a chemical component of the essential oil from Clematis hexapetala Pall and Inula
nervosa Wall. The synthesis of 35 has been achieved (ref. 47) starting from 1-nitro-3-methylbutane
32 which acts as the 3-methylbutan-1-yl anion synthon (Scheme 13). Nitroaldol reaction of tridecanal
33 with 32 on basic alumina, followed by oxidation of nitroalkanol gave the nitroketone 34 in 71%

yield. The tandem denitration-deoxygenation of 34 to 35 was perfomed by converting 34 into

NO
NO, o 1.A1,04 2
Jk(“)/\ 2.K,Cr,0,
+ H 10 T‘» 10

o}
32 33 34

58% | 2.NaBH,4, MeOH,

)\/\/\/\/\/\/\mﬂu/x\

35

¢1.T5NHNH2

Scheme 13

the corresponding tosylhydrazone and subsequent, in situ, reduction with NaBH4 at 80°C. 2-
Methylheptadecane 3 5 was readly produced in 58% yield (41% overall yield).

3.1.3 Heterocyclic Pheromones

Nitrocompounds have demonstrated to be very effective also for the syntheses of pheromones
showing heterocyclic structures. Barton and Zard (ref. 48) reported the synthesis of 2-carbomethoxy-
4-methylpyrrole 40 which is the trail marker pheromone of the Texas leaf-cutting ant, Asta rexana
(Buckley). Thus base-catalyzed Michael addition of a-isocyanoacetate 36 (Scheme 14) to 2-
nitropropene 3 7, followed by cyclisation of the nitronate anion 38 onto the isocyano group led to
pyrroline 3 9. Finally, base-catalyzed expulsion of nitrite from the pyrroline and double bond
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CN H NO, . N
> + ># —_— —_— \y -
MeO,C H Me _ _NO,
3
36 37 33 CH,
IDBUH*
A
4~ B B: " h
CH CH
3 3 H MeO,C N
- HNO
/ \ - |/ : O—n
N COOMe N COOMe
| NO,
Scheme 14

rearrangement gave the pyrrole 40 in 60% yield. It is important to point out that in this procedure the
nitro group facilitates three different chemical reactions: C-C bond forming process, cyclisation, and
C=C double bond formation.

Exo-brevicomin (ref. 45) is the principal pheromone component of the female wester pine

beetle, Dentroctonus brevicomin, which bores into ponderosa pine, and two different approaches

o 1. EINO,, ALO;3 NO
/t/\)J\ 2. CH,Cly, A /\M ’
70% 1. NaBHy4
° ¥2.H,0,
/\_7/\/\[]/ MCPBA o
100 % w
(8}
“ 0 43 o
TsOH
$8% W O
0 i\/
H 45
Scheme 15

have been reported to produce 45 using nitroalkanes. In Scheme 15 nitroethane has been (ref. 49)
used in the nitro aldol condensation with (Z)-4-heptenal 4 1, giving the nitrodiene 42, in 65% yield as
an (F),(Z)-2,6-isomer. Chemoselective convertion of the conjugated nitroalkene into ketone 43 was
performed by NaBH4/H,O,. Epoxidation of the enone 43 with MCPA afforded the corresponding
epoxy ketone 44 in quantitative yield, which by p-TsOH provided racemic exo-brevicomin 45 in
86% yield. The enone 43 can be also obtained (ref. 46) from (Z)-1-nitrohept-4-ene 4 6 (Scheme 16)
following the reaction conditions reported for the synthesis of (Z)-heneicos-6-en-11-one 26 (Scheme
11).
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Multistriatin, a natural component of the aggregation pheromone of the Elm bark beetle
Scolytus multistriatis was firstly synthesized in 1976 (ref. 50). It has been reported that the (-)-a-
isomer is biologically active toward the European population of the beetle and the (-)-8-isomer 57 is

active for the American population. Witczak and Li (ref. 51) published the synthesis of 5 7 starting by

(0] O
O I I
MeNOz ‘\ BU}SIIH / ABCN \
_—
. O ™G Toluene
o OR NO,
50 oON" 351
Ac,O/P 52 R=-OH gﬁfﬁﬁs%u
c,0/Py -
Et,SIH/DCE Egi 15 = -gAc
=T sH sH

[_O 0+ 1. BuLi 0+ S

CH, HgClz 2.Ed

55
Scheme 17

~ CH; cacoy), o Swﬂ 0 //w

(Scheme 17) Michael 1,4-addition of nitromethane to levoglucosenone 50, using TMG as base.

Under these reaction conditions, the simultaneous 1,4-addition of nitromethane to the enonic system

and 1,2-addition to the keto function at C-2 proceeded stereoselectively, with the formation of the

chiral precursor 51 . This efficient approach furnished an intermediate with two chiral centers at C-2

and C—4 as required. Radical removal of both nitro groups present in the adduct 51 was achieved by
reaction with tributyltin hydride, and in the presence of a radical initiator (ABCN). Reductive removal
of the -OH group at C-2 in §2 was accomplished by treatment with Et3SiH/BF3-Et,O/DCE. No
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epimerization at C-2 occurred under the above reaction conditions and the formation of 54 as the sole
product in 76% was observed. The final steps were performed according to the original Mori
procedure (ref. 50). The first step was the introduction of the 1,3-dithiane group at C-1, by
conventional method, giving the compound 55 in 72% yield. Alkylation of §5 with ethyl iodide,
after lithiation with #-Buli and in the presence of HMPA produces 56 . The final removal of the
dithiane protecting group, by treatment of 5 6 with mercuric chloride, regenerated the carbonyl group
with simultaneous transacetalation to form 5 7 in 89% yield and with an excellent optically purity, c.a.
99%.

3.1.4. Spiroketalic Pheromones

Spiroketals enjoy widespread occurrence as substructures of naturally occurring substances
from many sources, including insects, microbes, plants, fungi, and marine organisms. Avermectins
and milbemycins, macrocyclic lactones which have exceptional pesticidal activity; polyether antibiotics
such as monesin, narasin and lonomycin; antitumoral agents including okadaic acid and phyllatocin;
toxin (talaromycins) and steroidal compounds (sapogenins) are representative structures (refs. 52-55)
exhibiting a spiroketal moiety. However, the discovery that simple spiroketals are components of
insect pheromones is an achievement of W. Francke and his coworkers (ref. 56) that confirms the
great importance of the acetal and ketal groups in well-known semiochemicals.

Nitroalkanes have been demonstrated to be very efficient for the preparations of several
spiroketalic pheromones. The first synthesis is dated 1986 (ref. 57) and describes the production of
1,6-dioxaspirof4,4jnonane (Chalcogran) 6 3, the main component in the aggregation pheromone of
the bark beetle pityogenes chalcografus, also named Kupferstecker.

The starting point of this synthesis (Scheme 18) is the 1,4-addition of nitromethane 58 to 1-

penten-3-one 5 9 in the presence of basic alumina which afforded 6 0 in 62% yield. The 1,4-addition
O

H o O
NOZ Z ALO; é\g
CHs"'/\[O]/\ 62% o> H
NO 23
NaBH,
85%
Ay <o T
H + - k/Y\/K/
IS o o 65%
(E)-63 (2)-63 62
Scheme 18

of 60 to acrolein under identical conditions gave 61 (53%). On reduction with NaBH4/EtOH 6 1
furnished 1,7-dihydroxy-4-nitrononane 62, the open-chain chalcogran precursor. Finally, the
transformation of the nitro group into a carbony! group by reaction with aqueous solution of TiCl;
offered, via spontaneous cyclization, the desidered chalcogran [(E)-6 3/(Z)-6 3 = 39/61]. Thus, the
nitromethane, used as d,d' multiple coupling reagent, can be considered as a carbonyl dianion

synthon.
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Moreover, this double Michael additon of nitromethane represents a novel strategy for the synthesis of
1,6-dioxaspiro{4,4]nonane derivatives.

Recently we hAVE published (ref. 58) a simple, two step, inexpensive, large scale preparation
of 2,7-dialkyl-1,6-dioxaspiro[4.4]nonanes 66, important pheromone components (ref. 56) of
Andrena Wilkella, A. Ocreata, A. Ovatula, and A. Haemorroa, in which the first step (Scheme 19) is
the double 1,4-addition of nitromethane 5 8 with two moles of enone 64, on Amberlyst A-21, without

solvent, followed by in situ reduction with NaBH,;. Thus the nitrodiols 65 were obtained in one pot,

2 1. Amb. A21 OH OH
2 <. Amb.
RN+ CHNO, — iy B RWR
60-80%
6da-c 58 6sa-c NO2
7l-80%¢ OH/H*
I a b [
R o)
R | CH; C,H; C;H;
O R
Scheme 19 66a-¢

and in good yields (60-80%). The transformation of the nitro group into a carbonyl group, under
basic conditions (sodium hydroxide), to the corresponding nitronate, followed by acidification in a
two-layer (sulfuric acid/pentane) solution, afforded, by spontaneous spiroketalization, the compounds
6 6 as a mixture of diastereoisomers. Following this procedure Guarna ez al. (ref. 59) proposed an
enantioselective synthesis of 2,7-dimethyl-1,6-dioxaspiro[4.4]nonanes, 66a (Scheme 20). The
symmetrical diketone 67 was prepared, as above reported, by addition of nitromethane to the
vinylketone 64a in the presence of Amberlyst A 21. The successive baker's yeast reduction of 67
was carried out in aqueous solution at 30°C with glucose as nutrient and in aerobic conditions. It is
known that the baker's yeast reduction of symmetrical diketones having the two carbonyl! groups in
1,4 or more distant positions occurs independently on the two oxo groups. In such compounds the
bioreduction afforded (§,5) diols. The result of the bioreduction of 67 was consistent with these
general observations, and yielded (58%) the diol 65a with (25, 85) absolute configuration. The
bioreduction of 6 7 is highly diastereoselective because no meso forms of 65a were detected in the
products.

Treatment of (25, 85)-65a with NaOH in ethanol and then with the two-layers system, dil.
H>SO4/hexane at 0°C for 1h, afforded 66a through spontaneous cyclization of the intermediate 6 8, in
41% yield. The analysis of 'H- and 13C-NMR spectra of 66a showed the absence of the (E,Z)
diastereoisomer derived from the spiroketalization of the two diol meso forms (25, 5R, 8R)-66a and
(25, 55, 8R)-66a.
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In these three last Schemes it has been stated that nitromethane, used as a d d' multiple
coupling reagent and acting as a carbonyl dianion synthon, it is an excellent starting molecule for the
preparation of spiro[4.4]nonanes.

However, continuing our efforts to verify the utility of functionalized nitroalkanes in the
synthesis of natural products, we have worked out (refs. 60,61) a solution to the preparation (Scheme
21 and 22) of 1,6-dioxaspiro[4,5]decanes 72 and (E )-7-methyl-1,6-dioxaspiro[4.5]decane 78,
starting from nitro ketones. The spiroketals 72 and 78 were identified as important components of
odours of common wasp Pararespula vulgaris which might serve as repellants or aggregation
inhibitors. 1,6-Dioxaspiro{4,5]decanes 72 have been prepared by 1,4-addition of 2-
nitrocyclopentanone 6 9 to the vinylketone 64a. The obtained adduct 7 0 was directly converted into

O o
NO NO, e
2 AL,O3/EL,0
/Y 18%
0]
NaB
69 64a 70 Mzclllv“-nzo
- (;?/ _
[\ 0 H 0 H30* l/\/\)\/\(
>l ‘.< ) -——
H O( 0/ 5% OH OH

E-72 z-72 m

Scheme 21
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the spiroketals 70 by regiospecific reductive cleavage (refs. 17,25) with sodium borohydride in
acetonitrile/water (3:2) at room temperature. The tandem reductive ring cleavage and spiroketalization
proceeded, very likely, via the dihydroxynitronate 7 I that, by acidification, converted into a carbonyl
derivative which spontaneously cyclized to the spiroketals 7 2 as a mixture of E/Z-1somers (1:2).

In Scheme 22 1-nitrohexan-5-one 75 has been chosen as the reagent for the 5-oxohexyl anion
synthon, needed for the synthesis of (E)-7-methyl-1,6-dioxaspiro[4.5]decane 78. This specific C-6

fragment was obtained by oxidation of commercially available 1-bromo-5-hexane 7 3 with

Br Ppdcl,-cucy, O Br nNano, O NO,
/\/\/] oL o /U\/\) el
5%
0% 74 75
H
Al,04 N
8% o
OH NO, 0] NO,
OH" /H+ NaBH, H
/ 74% < 85%
OH 0
78 71 76
Scheme 22

PdCl,/CuCl,/benzoquinone and subsequent displacement of bromine with sodium nitrite (refs. 1,24)
in DMF. The conjugate addition of 75 to an equimolar amount of acrolein was performed on
Amberlyst A-21. Under these conditions the synthesis of compound 7 6 was achieved in 78% yield.
This was reduced to the corresponding dihydroxy derivative 77 by conventional treatment with
NaBH4/EtOH. The conversion of 77 to a carbonyl derivative and its concomitant spiroketalization
was easily performed via solvolysis of its aci-nitronate in a two-layer solution of aqueous sulfuric acid
and pentane. In this case the cyclization occurred, in good yield, giving the single (E)-isomer 7 8. This
high stereoselectivity in spiroketalization of 77 was not unexpected in view of the strong
conformational stabilization since the methyl group of a pyranose ring prefers an equatorial position
whereas the oxygen atom of the neighboring ring occupies an axial site. This fact depends (ref. 62) on
stereoelectronic effects and steric interactions between the oxygen lone pair and the anti bonding
orbitals of adjacent bonds (anomeric effect).

As reported above, nitroalkanes have been demonstrated to be very effective precursors for the
preparation of spiro[4,4] and spiro[4,5]ketal systems. However, hydroxy-functionalized conjugated
nitroolefins can act as immediate precursors for the preparation of spiro[5,5} and spiro[5,6]ketal
systems (Scheme 23), by a key step performed by their reduction with sodium borohydride.

In this way 1,7-dioxaspiro[5,5jundecane 84, the major component of the olive fruit fly (Dacus
oleae) sex pheromone and (E)-2-methyl-1,7-dioxaspiro{5,6]dodecane 84b, a component of the
pheromone of Andrena haemorrhoa have been (ref. 63) constructed.

The starting point of these syntheses was the solvent free nitroaldol reaction between protected

hydroxy aldheides 8 8 and 5-nitroalcohols 79 on alumina at room temperature. In situ dehydration,
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with addition of CH,Cl, and warming at 40°C, provided, in a one-pot reaction, the nitroalkenes 8 1,
which were converted directly into the spiroketals 84 by reduction with sodium borohydride in
methanol. The tandem reduction-spiroketalization of the nitroalkene 8 1 probably proceeds via the
nitronate 8 2, that by acidification was converted into a carbonyl which spontaneously cyclized to the
hemiketals 83. Removal of the tetrahydropyranyl group by heating the acidic mixture at 50°C,
afforded, in a one-pot reaction from 8 1, the desired spiroketals 8 4 in 64-66% yields.

Chiral nitro alcohols with primary nitro group are potentially useful chiral building blocks in
organic syntheses. Nakamura et al. (ref. 64) reported that the reduction of 5-nitro-2-pentanone 85
with baker's yeast gave the corresponding (S)-alcohol 8 6, enantioselectively. The nitroalkanol 8 6
has been than used as the chiral precursor for the asymmetric synthesis of (25,6R)-(-)-2-methy-1,7-
dioxaspiro[5.6]dodecane 9 2, a pheromone for Andrenahaemorrhoa F.

The whole sequence for the total synthesis of 92 is shown in the Scheme 24. Protection of the
hydroxy group in (S)-8 6 with TBDMS was achieved by reacting it with #butyldimethylsilyl chloride
at 0°C in the presence of imidazole in DMF. The TBDMS-protected nitro alcobol [(§)-8 7], obtained
quantitatively, was acetylated by acetylimidazole under the catalyst of DBU in THF. A 1:1
diastereomeric mixture of the acetylated compound, (5)-8 8, was obtained in 62% yield. The next step
was to eliminate the nitro group from 8 8. In fact, the reaction of (§)-88 with Buz3SnH/AIBN (refs.
36,37) gave the TBDMS-protected (§)-6-hydroxy-2-heptanone 89 in 92% yield. The -
hydroxybutylation of the methyl group of the compound 89 was accomplished by generating the
enolate with LDA and reaction with 4-chloro-1-(tetrahydropyranyloxy)butane, in the presence of Nal.
The product 90 was obtained in 43% yield. Deprotection of 90 with 6M HCl in methanol produced
the spiroketal 9 2 in 46% yield. The optical purity of the product has been measured to be 97%.

In conclusion it has been demonstrated that nitroalkanes can be considered as useful building

blocks for the synthesis of spiro[4.4], spiro[4.5], spiro[5.5], and spiro[5.6]ketal-pheromones.
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3.1.5 Lactonic Pheromones

Nitro compounds have also been largely applied for the preparation of important lactones. In
one of the next paragraph the preparation of natural medium- and macro-lactones will be reported,
while now the syntheses of some lactone-pheromones are describes.

w-Nitroesters have been used (ref. 65) to obtain (R)-(+)-y-caprolactone 97 a, the pheromone of
Trogoderma glabrum, and the (R)-(+)-0-hexadecanolide 97b, the queen substance of the oriental
hornet Vespa orientalis. Nitroaldol condensation of w-nitroesters 9 4 (Scheme 25) with suitable
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50°C
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95a,b
93a,b 94a,b
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Scheme 25
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aldehydes 93, on the surface of alumina, followed by in situ dehydratation, with CH,Cl; at 50°C,
gave the nitroalkenes 9 5. The nitroolefins 95 were then converted into the carbonyl derivatives 96,
by a direct method, with sodium hypophosphite. The lactonization of the keto esters 96 was
performed with baker's yeast, affording the, enantiomerically pure, lactone 97.

Another important lactone pheromone is the natural eldanolide (+)-105, (35,4R)-3,7-
dimethyl-6-octen-4-olide, the pheromone of the male African sugarcane stem borer, Eldanasaccharina
(W.K.). The lactone 105 has been obtained (ref. 66) from (Scheme 26) the nitroalkane 101,
prepared from the butyrolactone 98 following the standard method (refs. 1,24). Thus 101, after
Michael reaction with acrolein, gave 4-nitroalkanal 1 02, which was directly converted to the ketoacid

103 with hydrogen peroxide. As illustrated in Scheme 26, the fermenting baker's yeast reduction

O
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>V PBr3 >W NaNOZ >W
- OH
98 9 100 101
101 CH;—CHCHO Hzoz OH
DBU THF 73%
79%
54% | 1. baker's yeast
2. PhSeBr
Y O Me,CuLi o O
80% -
N 105 104

Scheme 26

of 103, followed by a,p-elimination (PhSeBr), gave the lactone 1 04 in 54% yield. Methylation of
104 with Me,CulLi at -78°C furnished the R-(+)-eldanolide 1 05 in 80% yield.

3.2 ISOPRENOIDS

Natural products often possess a carbon framework comprised of units of the five carbon
arrangement I 06. Such compounds are called terpenes. The monomeric unit 1 06 is called isoprenic,
because of its relationship to the diene isoprene 1 07, and it is commonly indicated by the symbol Cs.
Most terpenes possess a carbon content in multiples of this five carbon arrangement: hemiterpenes (1
x Cs), monoterpenes (Cjg = 2 x Cs), sesquiterpenes (C;5 = 3 x Cs), diterpenes (Cyg = 4 x Cs),
sesterpenes (Cps = 5 x Cs) and triterpenes (C3p = 6 x Cs).
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Several isoprenoids have been prepared through nitroderivatives. The sesquiterpene cuparene
114, firstly isolated in 1958, can be obtained (refs. 67,68) from phenyl-1-methyl-4-(2-nitroethyl)
108 via its Michael reaction with the enone 64a (Scheme 27) on alumina surface. The nitro ketone
109 furnished by Nef reaction, performed with potassium permanganate, the diketone 110 which
over base-cyclization, afforded the cyclopentenone 111 in 60% overall yield. Thus, 1,4-addition of
methy! group to the cyclopentenone system of compound 111, effected with lithium dimethylcuprate
in the presence of dimethyl sulphide, led to the pentanone I 12 in 65% yield.

O
AL,O,
0 8% > NO,
108 64a
MeOLi
85% | KMnO,
NaOH
O
110

65% MeZCuLl

8
NaNH, (CH,OH),
Mel HZNNHZ,Na

113

Scheme 27
Methylation at the benzylic position of 112 yielded 113 which could be converted into the cuparene
114 by Barton's modification (ref. 69) of the Wolf-Kishner reduction.

Double Michael reaction of 2-methyl-1-nitropropane is the key step (ref. 70) for the synthesis
of (+)-norsalanadione I 1 7. (-)-Norsalanadione is a terpenoid isolated from aged Buley, Turkish, and
Greek tobacco leaves, and it is an attractant for tabakoshibanmushi, a pest insect that infests stored
foods and tobacco. In addition, norsalanadione is a flavourant and flavour enhacer for tobacco. In
Scheme 28, treatment of I 15 with 3-butyn-2-one and then with methyl vinylketone, in the presence
of KF, n-BuyNCl and DMSO, gave the double Michael adduct 116, in 51% yield. Successive
reduction of the nitro compound 116 with sodium hydrogen telluride (NaHTe) produced (+)-
norsolanadione 117 in 64% yield.
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The tricyclic sesquiterpene AZ—cedrene 124a, an isomer of a-cedrene, has been found in
vetiver oil. Chen er al. (ref. 71) reported a new synthesis of (+)-A2-8-epicedrene 124b viatandem
Rl
- e
e

-

124a R;=CH3R,=H
124b R|=H,R2=CH3

radical cyclization. As it is well known, the nitro group can active a-carbon to make C-C bonds (refs.
1,16-35) and can be removed by tin hydride (ref. 36) by a radical process. The 1-methyl-4-
nitrocyclohexene I 1 8, was chosen (Scheme 29) as a starting material. The cyclization precursor 126
was readily available in 62% yield from the Henry reaction of 118 with 5-methyl-4-hexenal 119,
catalyzed by Amberlyst A-21. Direct tandem radical cyclization was carried out by treatment of 120

o}
+ _ Amb. A-21 Bu3;SnH
62% NO, 52%
NO,
119 X
118 120
HO .
1.SOCl, MelLi
2. HI, 82% 8%

Scheme 29
with tributyltin hydride in the presence of AIBN, in benzene at 80°C. The secondary alcohol 121 was
isolated in 52% yield. Subsequent oxidation of 121 with Jones reagent gave 122, as a colorless
crystal, in nearly quantitative yields. Treatment of 122 with an excess of methyllithium in THF at
-78°C, gave the tertiary alcohol 1 23 in 98% yield. Finally, dehydration of 123 with thionyl cloride in
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pyridine at 0°C, afforded in 84% yield a mixture of hydrocarbons (4:1). Without further separation,
the mixture was directly treated with a catalytic amount of 57% HI in benzene at room temperature, to
give 88% yield of (+)-A2-8-epicedrene 1 24b.

Leeet al. (ref. 72) have described a total synthesis of isosolanone 131, starting from acetone
and nitromethane (Scheme 30). The compound 131 is a member of terpenoids and represents an
unique structure in that it apparently violates the isoprene rule. It is a clear, colorless, mobile oil with a
faint aroma reminescent of carrots. Moreover, it has been detected in the Burley, Greek tobacco and

marijuana. Thus, nitroaldol reaction of acetone with nitromethane, in the presence of MeONa, gave
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the nitroalcohol 125, which by acetylation, and subsequent sodium borohydride reduction of the
resultant acetate 126, yielded 2-methyl-1-nitropropane 127. Michael reaction of 127, under basic
conditions (KF/EtOH), with acrylonitrile afforded the nitronitrile 128. Nef conversion of the nitro
group resulted in the corresponding ketonic nitrile 12 9. Wittig olefination of the carbonyl group with
3-methyl-2-butenyl triphenylphosphonium bromide gave the dienenitrile 1 30, which upon treatment
with MeLi, followed by acidic work up, provided isosolanone I 31 in 88% yield.

Forskolin 132, the major diterpenoid isolated from the Indian plant Coleus forskohlii, is a
challenging synthetic target owing to its unusual structure with the presence of eight asymmetric
centers, the high degree of functionalization and, last but not least, the important biological properties.
Pollini et al. (refs. 73,74) reported a new strategy for the construction of the AB ring system of 132
starting from a nitroalkane 134. Thus, commercially available a-demascone 133 underwent
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tetramethylguanidine-catalysed nitromethane addition to afford a 95% yield of the Michael adduct
134. Treatment of 134, under Mukaiyama conditions for generating a nitrile oxide (Scheme 31)
furnished a 20% yield of 135, in which some of the required stereochemistry has been introduced.

Acetalization of 135 under standard conditions proceeded with concomitant epimerization giving I 36

NO,
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O 134
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Scheme 31
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in 55% yield. Removal of the acetal moiety, by the usual aqueous acid treatment, led quantitatively to
the trans-fused ketone 137. So a highly functionalized AB ring system along the route to forskolin
132 has been synthesized.

Recently the total enantioselective synthesis of the marine sesquiterpene nanamoal 149 has
been published (ref. 75). The terpene 149 is a fragrant sesquiterpene aldehyde, isolated from the
dorid nudibranch Acanthodoris nanaimoensis, and in Scheme 32 is depicted its preparation using nitro
compounds. In fact, reaction of the epoxy silyl ether 138 (prepared by Sharpless asymmetric
epoxidation of geraniol, using L-(+)-diethyl tartrate, followed by silylation) with 2 equiv. of
methylaluminium bis(4-bromo-2,6-di-ferr-butylphenoxide) proceeded via configuration inversion to
provide the aldehyde 139 with (S)-configuration in 97% yield (95% ee). The quaternary stereogenic
center present in 1 49 was thus constructed. On sequential addition of nitromethane, acetylation and
sodium borohydride reduction, 139 was converted into the nitroalkene 140 in 55% overall yield.
Treatment of 1 40 with p-chlorophenylisocyanate and triethylamine gave quantitatively the isoxazoline
142, via the [3+2] dipolar cycloaddition of alkeny! nitrite oxide I41. Subsequent reductive
hydrolysis of 142 followed by immediate exposure of the resulting §-hydroxy ketone to a catalytic D-

camphor-10-sulfonic acid provided the enone 143, which, under the Nozaki-Lombardo conditions,
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145 R'=SO,Ph, R?=TBS
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146 R =H, R"=TBS 149 R = CHO
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Scheme 32

Reagent and Conditions: i, MeNO,, KF; ii, AcyO, DMAP; iii, NaBHy, 55%; iv, p-CICgH4NCO, EtsN, benzene,
100%; v, Hp, Raney Ni; vi, CSA; vii, CH;Bry, Zn, TiCly, 48%; viii, PhSO,CH=CH,, 43%:;ix, 5% Na-Hg,
MeOH; x, Bu"sNF, THF, 49%; xi, p-TsCl, Py; xii, NaCN, DMSO, 86% for 2 steps; xiii, BuiZAlH, (1:1),70%;
xiv, NaBHy, 73%.

was methylated affording the exocyclic diene 144 in 48% overall yield from 142. On heating a
solution of 144 and vinylsulfone in benzene at 160°C, the Diels-Alder adduct 145 was obtained in
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43% vyield as an inseparable diastereomeric 1:1 mixture. Desulfonylation with sodium amalgam
followed by desilylation of the resulting 146 yielded the alcohol 147, which was converted into the
cyanide 1 48 by a standard procedure. Finally, reduction of1 48 with diisobutylaluminium hydride,
followed by acidic work-up, afforded nanamoal 149 in 70% yield.

The nitroaldol (Henry) reaction (ref. 28) has been recently used for the formation of the A-ring
of taxol. The story of taxol, a molecule that received much attention in the early 1990s, goes back to
ancient times. Julius Caesar mentions in his Gallic Wars that Catuvolcus, a chieftain of the Eburones,
committed suicide by taking extracts from the yew tree. The modern history of this natural product
began in 1962, when A. Barclay collected the bark from Taxus brevifolia. Taxol's unique biological
action stimulated a renewed bark interest in taxol as a potential drug candidate. The problem of
procuring adequate supplies of taxol became more acute when environmentalists raised objections to
the destruction of the ancient forest. A promising solution is the discovery of new synthesis of this

compound and its derivatives. In this context Magnus and Pye (ref. 76) have reported (Scheme 33)

(Taxol)

oA
CH(OH)CH(NHBz)Ph

the formation of the A-ring of the taxol via the Henry reaction. Thus, the exomethylene ketones
150a/p were treated with nitromethane and DBU/CH,Cl,, to give the conjugate addition adducts
151a/p (85%) as a2:1 mixture at C-11, and a single stereoisomer at C-1. The epimeric nitrile

Scheme 33
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151a/B were readily separated, and each reduced with DIBAL/CH,Cl; at -78°C, affording the
nitroaldehydes 1 52a/B (90%). Merely stirring a solution of 152a/ in CH,Cl, with EtzN produced
the nitroalcohol 153 (100%) as a single stereoisomer. The compound 1528 did not cyclize under
these conditions (no epimerization at C-11). However, treatment of 1 520/ with TMG(cat.)-CH,Cl;

resulted in C-11 epimerization and cyclization leading to 153 in 90% yield. However, the nitro
alcohol 153 need not be isolated, but can be directly dehydrated (MeSO,Cl-DBU) affording 154.
Treatment of the &, B-unsaturated nitro compound 154 with NaBH, followed by a Nef-type reaction
(H,0;), and DIBAL-H reduction gave the required C-13 alcohol 155 (84%) with the correct (a)-
stereochemistry. These results show how the A-ring of the taxanes can be well constructed by

nitroaliphatic derivatives.

3.3 ALKALOIDS

Akaloids (ref. 77) are cyclic compounds, containing nitrogen in a negative oxidation state, of
great structural complexity which occur in plants. In spite of the diverse nature of alkaloid structures,
two structural units, i.e. fused pyrrolidine and piperidine rings in different oxidation states, appear as
rather common denominators.

Different total syntheses of alkaloids have been reported, in which a nitrogroup occupies a
central role. In this context, an important example is the total synthesis of(+)-cephalotaxine 1 64,
which is the predominant alkaloid of the cephalotaxus species. The compound I 64 has attracted much
attention from synthetic chemists due to its unique structural features and the antileukaemic activity of
its ester derivatives. An important synthesis of 1 64 starts (ref. 78) from the (Scheme 34) commercial
nitrostyrene 156, which, by palladium-mediated methylenecyclopentane annelation, gave the
methylenecyclopentane derivative I 58 as a diastereoisomeric mixture (8:2), in 90% yield. Michael
addition of the isomeric mixture of 158 to methyl acrylate produced the nitroester 159 as a single
stereoisomer. Reduction of the nitro group with zinc, in ethanolic HCJ, followed by treatment with
altkali and oxidative cleavage of the resulting lactam (OsQO4-NalO,) afforded the ketolactam 159. The
compound 159, after several steps, was converted into the ketolactam 161. The conversion of 161
with PhI(OAc),, followed by Red-Al [Aldrich] reduction and then treatment of the hydroxy acetal
163 with TsOH in THF afforded (+)-1 64 in 21% overall yield (18 steps) from nitrostyrene.

In the same year Yoshikoshi ef al. (ref. 79) reported the synthesis of some ant venom alkaloids
169a-c and 170a,b,d, isolated from the genera Solenopsis and Monomorium, via nitroalkanes
(Scheme 35). Ketone enolates 1635, generated with LDA in THF, react with a variety of conjugated
nitroalkenes I 6 6 producing the acetyl nitronates I 67. Hydrogenation of 167, over 5% Rh on Al,O3
in MeOH, directly produced 2,5-dialky! pyrrolidines I 70, while hydrogenation over PtO in acetic
acid yielded 2,5-dialkyl-2-hydroxypyrrolidines 168. The conversion of 168 to 169 was easily
performed by treatment of the former with PPTS in CHCl;3 at 0°C with excellent yields of the latter.
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The nitroalkene I 71 has been demonstrated to be a very important chiral building block for different
natural products. Firstly I 71 was employed (ref. 80) to prepare optically active diterpenoids of C-208
series. Soon after, this nitroalkene has been used (refs. 81-83) in the synthesis of important alkaloids.
In Scheme 36 the syntheses of (+)-quebrachamine 174, (-)-aspidospermidine 178, (+)-
demethoxyaspidospermine I 79, (three Aspidosperma alkaloids), and (-)-eburnamonine (an Hunteria
alkaloid), starting from (§)-(-)-17 1 are depicted. The alkaloid I 74 was prepared via the acetal 172
obtained by Nef rection (TiCls) of 171 (R=Et). Condensation of I 72 with tryptamine yielded 173 in
epimeric mixture. Reduction of 173 (LiAlH4/THF), mesylation, and reduction with Na-FtOH in
liquid ammonia furnished the (+)-quebrachamine 1 74. The reductive denitration of 171 in DMF
afforded the hemiacetal 175. Reduction of 175, followed by acetalyzation, condensation with
tryptamine produced an o/f mixture (1:1) of 176. (-)-Eburnamonine 1 77 has then been obtained by
treatment of 1 76 with boron trifluoride etherate (40°C). Finally, boron trifluoride etherate treatment,
at 100-110°C, followed by reduction with LiAlHy, yielded the alkaloids 178 . Acetylation of 178
gave (+)-demethoxyaspidospermine 1 79.
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The same nitroalkene 1 71 (R=Me) has been described (ref. 83) to be very useful to prepare the
(-)-physostigmine 194 ¢, a principal alkaloid of the calabar bean, clinically used for glaucoma,
myastenia gravis, as a antidote in organophosphate poisoning and for treating Alzheimer's disease.
The Diels-Alder reaction of optically active nitroolefin 1 71 with the Danishefsky diene 1 80 afforded a
diastereomeric mixture of 190 in good yield. Though a stereochemical control at the newly created

asymmetric carbons was poor, a complete regioselectivity was observed in this cycloaddition.
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Reaction of 190 with the Nozak reagent and methylation of the obtained hydroxy-free group gave

191. Successive treatment of 191 with pyridinium p-toluensolfonate, iodine, sodium hydride-ethyl

TMSO, CeHgoreflux
171 + \
OMe OMe
R=Me
180
1. Zn,CHzBrg,TiCL‘
63% 1 2. NaH, Mel
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Scheme 37

iodide, and aluminium chloride-sodium iodide, yielded the alcohol 792. Oxidation of 192 with
pyridinium dichromate (PDC) converted the hydroxy group to a carboxylic acid which, by Curtius
degradation, afforded the (-)-eserethole 194a. Since 194a can be converted to (-)-physostigmine
194 ¢ via (-)-eseroline 194b (ref. 84), the total synthesis of optically pure (-)-eserethole 194a
constitues a formal synthesis of naturally occuring (-)-physostigmine 194c¢.

The nitroacetal 1 95 has been employed (ref. 85) to synthesize (+)-trachelanthamidin201, an
alkaloid isolated from Eupatorium maculatum, Heliotropium strygosum, and Heliotropium-Arten.
Michael addition (Scheme 38) of 195 to diethylfumarate 196 afforded 197 (63% yield), which, by
hydrogenation (Pd-C), gave the pyrrolidine I 98. Reduction (NaBH,) of the ester, followed by the
double protection of the hydroxy and NH groups as benzyl derivatives, afforded 199 in 69%.
Reduction of the amide (LiAlH,4) and removal of the acetal gave the trachelanthamidin precursor 200,
which, by H,-Pd-C, yielded the desired 201.
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Hutchinson et al. (ref. 86) elaborated the synthesis of spiropentanopyrrolizine oxime 208a
(alkaloid 222) and the corresponding O-methyl oxime 208b (alkaloid 236), two alkaloids isolated in
the eighties from skin extracts of the Panamanian poison frog.

o o [COOEt oPh, TV coomt
+ —_——
H M 63% - w\/ COOEt
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BnN HN
0]
199 198 O
o |
Y g CH20Bn g CHOH
H J\/\E'> H,, PU/C 1
T e
6%
_N N
Bn HCl
200 201
Scheme 38

The route (Scheme 39) involved the synthesis of nitropolyzonamine 206, a known millipede

alkaloid, from 202 in five steps. After conversion of 206 to the ketone 207 (Nef reaction), the
oxime 208a and the O-methyl oxime 208b were obtained.

In the same year (1994) Pollini's group (ref. 87) and Szantay's group (ref. 88) published the

total synthesis (Scheme 40) of epibatine 220, an alkaloid isolated from Equadorian poison frog,
Epipedobatestricolor.
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The approach of the first group is centered on the tandem Michael reaction occurring by mixing
the nitroolefin 209 with 210 yielding the nitrocyclohexanone 211, a key intermediate for a
stereocontrolled synthesis of the alkaloid 22 0. Transformation of 2 11 to the epibatine requires a five
steps sequence, including: a) L-Selectride reduction; b) mesylation; c¢) direct conversion of the nitro
group into an hydroxyl group with the complete retention of configuration at the involved center; d)
azide formation; e) reduction of the azide to the corresponding amine with SnCl,; f) production of
epibatine 220 by heating the compound 21 5 in chloroform.

The route of Szantay's group utilizes the nitrocompound 2 1 6, easily available in a few steps
from nitromethane, which by an internal Michael addition furnished the cyclohexanone derivative
217. Reduction of the keto group, followed by mesylation 2 1 8 and subsequent reduction of the nitro
group gave the amine 219, which on heating resulted in the epimer of epibatidine. On boiling the
latter compound in #-butanol and in the presence of potassium #-butoxide, epimerization occurred and
the racemic epibatidine 220 was obtained.
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The hetero Diels-Alder cycloaddition constitutes an important class of reactions for the
synthesis of alkaloids due to its ability to construct funcionalized, heterocyclic rings with up to four

H OH
HO H O HO H
+ OH
N N
221 222
(-)-hastenecine

(-)-rosmaricenine

contiguous stereogenic centers (ref. 89). Over the past few years Denmark et al. (ref. 90) have
extensively developed the use of nitroalkenes as heterodienes in [4+2] cycloaddition reactions. These
cycloadditions have been shown to proceed with high diastereoselectivity utilizing chiral vinyl ethers.
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This behavior provides access to important natural alkaloids such as (-)-hastanecine 221 and (-)-
rosmarinecine 222. (-)-Hastanecine is the necine base of hastacine which was i1solated from
Cacaliahastata, family Compositae (tribe Seniocioneae). The synthesis of (-)-hastanecine proposed by
Denmark er al. (ref. 91), proceeds through a sequential inter [4+2}/inter {3+2] cycloaddition as the
key reaction (Scheme 41).
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The benzoyloxy nitroalkene 223 was employed as a diene in Lewis acid-promoted cycloaddition with
the chiral vinyl ether224.

The use of titanium diisopropoxide dichloride as the Lewis acid afforded the nitronate (+)-225
with high selectivity. The nitronate 225 was found to be a reactive dipole which combined with
dimethyl maleate at room temperature to afford nitroso acetal 226 in 88% yield as a single
diastereomer. The cleavage of nitrosoacetal 226, with Raney nickel (W-2) at 260 psi of hydrogen,
afforded the a-hydroxy lactam (-)-227 in 72% yield.
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Scheme 42

Lactam (-)-22 7 contains all the stereocenters and functionality needed for (-)-hastanecine. In
fact, it is over-functionalized for this particular target and the second half of the synthesis involves
deoxygenation at C(1), vig activation of the alcohol, with BusSnH, and reduction of the amide and the
esther with lithium aluminium hydride.

In the Scheme 42 is detailed the synthesis of (-)-rosmarinecine 222 in which the tandem
[4+2)/[3+2] nitroalkene cycloaddition reaction, to generate substituted pyrrolizidine ring, with high
degree of stereocontrol, is employed.
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(-)-Rosmarinecine was isolated from S. rosmarinifolius Lin. Its synthesis reported (ref. 92) in
Scheme 42 starts from the nitroalkene 229 which was subjected to the tandem [4+2]/{3+2]
cycloaddition sequence using methylaluminum bis(2,6-diphenylphenoxide) (MAPh) as the promoter.
The reaction of 229 with 3 eq. of the chiral vinyl ether (-)-230, to afford the nitrosoacetal 231 in
96% yield and an overall 25/1, exo/endo ratio of diastereomers. The acetal 231 was then reduced very
selectively with lithium tri{sec-butyl)borohydride to afford the lactol (-)-232. The lactol (-)-232 was
then subjected to hydrogenolysis conditions leading to the tricyclic a-hydroxy lactam-lactol (+)-233.
After protection of both hydroxy groups in 233 as the methyl ether and as 4-nitrobenzoate,
respectively, the compound 2 34 was obtained with 67% yield and with inversion of configuration at
C(6).

The completion of the synthesis of (-)-rosmarinecine required the deprotection of the methyl
acetal (+)-2 34 and the reduction of the resulting lactol (+)-235.

Thus, the synthesis of (-)-rosmarinecine has been accomplished in eight steps and in 14.8%
overall yield. Moreover, all the stereocenters were installed in a single transformation with high
selectivity clearly demonstrating the utility of the tandem [4+2)/[3+2] cycloaddition strategy, involving

nitroalkenes.

3.4 LACTONES
This section deals with the use of the nitrocompounds as precursors of different lactone-
skeletons which are often found as natural products. The synthesis of some lactonic pheromones is

reported, while the preparation of other lactones (non pheromonic) will be described next.

3.4.1 y-Lactones

The lactone skeleton has been often found in natural products. Nitroalkanes have been demonstrated

NO, NO,
/\:/\) OMe  Amb.A-21 . OMe
+ /\r 75% )
O o
236 237
MeONa/MeOH
0*,70%
0.0 — o
W NaBH, /E/\/U\/\WOMe
-
70%
O
239 238

Scheme 43
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to be very useful for the synthesis of these kind of compounds, through two key reaction steps: (i) C-
C bond-forming reaction; (ii) conversion of the nitro group into a carbonyl (Nef reaction).

An example coming from our laboratory (ref. 93) is the synthesis of y-jasmolactone239. The
lactone 239 is one of the most important constituents of the essential oil of jasmin flowers (Jasminium
grandiflorum). Conjugate addition (Scheme 43) of (Z)-7-nitro-3-heptene 236 to methyl acrylate,
followed by Nef reaction to the nitro esther 237, afforded the keto esther 2 38, reduction of
which (NaBHy) yielded the lactone 236 (37% overal yield).

Another representative example is the synthesis of (+)-frans whisky lactone 242 following
(Scheme 44) the synthetic sequence of the natural eldanolide 1 05 (see Scheme 26) (ref. 66).

H
M + /\Or Amberlyst A21 /\/\(\)L

NO
2 239 NO;

H,0,
76 %

1.Baker's yeast

Scheme 44

During the synthesis of optically active condensed y-lactones, a new method for the preparation
of (+)-isomintlactone 249, isolated from a sample of american peppermint oil in 1980, has been
discovered (ref. 94). (R)-3-methylcyclohexanone 243 was chosen as the starting material. The
pyrrolidino enamine of the 3-methylcyclohexanone 244 was reacted with nitroethylene, affording the
nitro ketone 245. This latter compound was prepared by the well-known Michael-type addition of
nitro-olefins to enamines, followed by hydrolysis of the resulting nitroalkylated enamines. Baker's
yeast reduction of the carbonyl yielded the alkanol 246. Nef reaction of the nitro group, and
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successive acidic work-up converted the nitroalcohol 246 to the condensed lactone 24 7. Methylation
of 247, then, a-phenylselenylation and oxidation of the obtained 248, yielded (+)-isomintlactone.
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3.4.2 Medium and Macro Ring Lactones

Medium (those having a ring size in the range 8 to 11) (ref. 95) and macro ring compounds are
becoming increasingly important in organic chemistry, as they are contained in an ever-growing
number of natural products. Hydrocarbons, as well as heterocyclic compounds (ethers, lactones,
amines, amides) have been isolated and a number of their syntheses, via nitrocompounds have been
published.

Thus, exaltolide 2 5 3, an important perfume isolated from angelica root oil, has been prepared
(ref. 96) starting from the easly available w-nitroester 250 (Scheme 46). Conversion of the nitro
group to an aldehyde (Nef reaction) yielded the methyl-15-oxopentadecanoate 251 which, by
selective reduction (NaBHy,), gave the hydroxy ester 252. Cyclization of 252, performed by Lipase
P in benzene, afforded, in 45% overall yield, exaltolide 25 3.
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(+)-Phoracantholide 257a, a 10-membered lactone isolated from metasternal secretion of the
eucalypt Phoracantha synonyma, and (+)-recifeiolide 257b, a 12-membered lactone isolated from
Cryptolestes ferrugineus, have been prepared (ref. 97) from a-nitrocycloalkanones (Scheme 47).
Thus, C, methylation of the nitro ketones 2 54 with methyl iodide/LDA, furnished the methylated

O;N \/\/\/\/\/\/\/\rr oo
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7% Ll(wmo4
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(\/\/\/\/\/\/\[r OCH;

OH 252 )
78% | Lipase
O
=
253
Scheme 46

products 2535. Subsequent denitration, with tributyltin hydride, afforded compounds 256 in 85-88%
yield. Bayer-Villiger oxidation of 256 provided the racemic lactones 257a,b in 89% and 90%
yields, respectively (57% and 54% overall yield).

An interesting synthesis of (-)-pyrenophorin 263, starting from the known (See Scheme 20)
nitro ketone 8 5, has recently been published (ref. 98). The dilactone 263 is an antifungal antibiotic
produced by the plant pathogenic fungi Pyrenophoraavenae and Stemphylium radicinum. Thus, as
summarized in Scheme 48, the required eight carbon atom skeleton 262 (precursor of the natural

target 263) has been constructed by coupling of two fragments of five and three carbon atoms
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(through a dipolar [3+2] cycloaddition): 1) the starting fragments 85, which incorporates both the

primary nitro group as nitrile oxide precursor, and 2) a suitably placed prochiral carbonyl group
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Scheme 47

required for introducing the correct chirality, and methyl acrylate respectively. Submitting 85 to the
action of Baker's yeast following the conditions described by Guarna et al. (ref. 59), yielded the (S)-
5-nitro-2-pentanol 8 6 in 99% e.e., which was subsequently transformed into the corresponding acetal
derivative 25 8. The stage was set for performing the key cycloaddition step, which was accomplished
generating the nitrile oxide from the primary nitro group under classical Mukaiyama conditions. The
compound 259 was obtained in 80% yield as an inseparable mixture of diastereomers at the newly
created chiral center. Reductive hydrolysis of the isoxazoline ring system with Raney-Ni under
hydrogen atmosphere gave rise to 260 which was immediately dehydrated to give 261 which
contains the complete y-keto acrylate function. After protection of the carbonyl function of 261 as
cyclic ethylene ketal 262, the latter underwent saponification of the ester groups by alkaline
hydrolysis to provide the hydroxy acid 262 upon acidification. Cyclodimerization of 262 followed
by removal of the protecting groups provided (-)-pyrenophorin.
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The possibility of cyclic 2-nitroketones to react with internal nucleophiles giving macrocyclic
compounds by ring enlargement (see above, sec. 2.5 ), has been extensively studied by Hesse er al.
Many internal nucleophiles have been utilized to prepare important macrocyclic derivatives. By this
reaction two, three, four or five carbon atoms, respectively, can be incorporated to the pre-existent
cyclic system and, if a hydroxy group is used as the internal nucleophile, different macrolactones can
be prepared (Scheme 49). The results obtained up to 1988 were reported in a review (ref. 42) by
Hesse and Stach who have devised an incisive name: "The Zip Reactions" for these processes. As
representative examples of the the zip reaction, the synthesies the lactones 268, and 272 were
detailed in the following Schemes 50 and 52.
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Thus, the preparation of tetradecano-14-lactone 2 68, isolated from theFerula galbaniflua and F.
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rubicaulis , (ref. 99) is depicted in Scheme 50. The aldehyde 266, prepared by ozonolysis of 2-allyl-
2-nitrocyclododecanone 265, gave the ring-enlargement product 267 by treatment with DIBAL-H.
Its transformation to the tetradecano-14-lactone 268 was performed by reduction with
Bu3SnH/AIBN/toluene.

Another representative utilization of the zip reaction is the synthesis (ref. 100) of (+)-(S)-tetradecan-
13-olide 272, a commercial product which is obtained from Ferula galbaniflua and F. rubicaulis,
outlined in the Scheme 51. Michael addition of 2-nitrocyclodecanone 269 to methyl acrylate, under
standard conditions yielded 2 70. Reduction of (+)-270, with (S)-alpine-hydride at -78°C in THF,
gave the nitrolactone (+)-271 (72%). Denitration of 271 with Bu3SnH/AIBN afforded the lactone
(+)-272 1n 44% yield.
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Scheme 51

3.5 CYCLOPENTANE DERIVATIVES
Many natural products present a five-membered ring as the main structural feature. Because of
the high versatility of nitro compounds, the latter have often been used to prepare natural compounds

with a cyclopentane-skeleton.

3.5.1 Perfumes
Analytical efforts have revealed that a considerable number of interesting constituents of the essential
oil of jasmin flowers (Jasminum grandiflorum) contain a cyclopentanone-ring. Most prominent among

them are (Z)-jasmone 273 a, dihydrojasmone 2 73 b and (Z)-methyl jasmonate 274 .
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COOMe
273a 273b 274

Nitro compounds have been demonstrated to be very useful in the syntheses of these perfume
components.

Since the first report of Mc Murry and Melton (ref. 101), on the synthesis of (Z)-jasmone
273a from nitroalkanes, many authors have described the use of these perfumes via nitro derivatives.
Here some representative synthetic routes to the componds 273 and 274 have presented.

In Scheme 52 (Z)-jasmone 273a and dihydrojasmone 273b have been prepared (ref. 102)
starting from the nitro ketal 2 75. This nitroaldol reaction of 2 75 with the right aldehydes 276 is the
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Scheme 52

chainlengthening reaction followed by oxidation and denitration, via the p-toluenesulfonylhydrazones
of the corresponding a-nitro ketones 277. Removal of the protecting groups yielded the 1,4-
diketones 2 81 which were then cyclized with alkali. As depicted in Scheme 52, 1,4-diketones
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represent the most widely employed intermediates and efforts to find new efficient synthesis of these
compounds.

Since triorganoalanes (AIR3) react with a-nitro olefins, Pecunioso and Menicagli (ref. 103) published
the synthesis of dihydrojasmone 273b (Scheme 53) starting from nitroalkenes. Thus, the nitroolefins
281 and diisobutyl-1-pentenylaluminium, gave the crude §,y-unsatured diketone 283, which after

hydrogenation afforded the undecane-2,5-dione 280b (85% overall yield); cyclization of this latter

O)QO/\% + i-Bu,Al RS — > /U\/\‘]/\/\/\
281 282
H,, PA/C
0 o Y
: NaOH /‘K/\n/\/\/\
O
273b 280b

Scheme 53

compound yielded (90%) the dihydrojasmone 273 b.

An improved strategy for the one-pot synthesis of 273 b, based on the utilization of alumina in
the Michael addition of a nitroalkane to MVK, is depicted in Scheme 54. Conjugate addition of 1-
nitroheptane 2 84 to 3-buten-2-one (MVK) on alumina, followed by in situ oxidation with hydrogen
peroxide in methanol, and then in situ basic cyclization with 0.5 N sodium hydroxide, affords, in one-
pot and in 60% overall yield, the dihydrojasmone 273b.
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(Z)-7-Nitro-3-heptene 285 has been proposed (ref. 93) as the central intermediate for the
synthesis of (Z)-jasmone 273a and methyl jasmonate 2 74. Addition (Scheme 55) of 285, by
heterogeneous catalysis (Al,O3), to methyl vinyl ketone or acrolein, followed by Nef reaction
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afforded (Z)-undec-8-ene-2,5-done 280a and (Z)-1,4-dioxodec-7-ene 288, respectively. Basic
cyclization of the latter compounds furnished jasmone 273 a and the jasmonate percursor 289.

/\_/\joz
’ 285
ALO ALO H
Y Y
NO, NO,
A:M/Y /\:/\/K/\WH
O
286 o 287

78%| NaOH/EtOH

Y

90% | NaOH/Et,0

O O
273a 289
70% | Rif. 104
8]
COOMe
274

Scheme 55

Following the Buchi and Egger method (ref. 104) compound 289 was converted to (Z)-
methyljasmonate 2 74.
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3.5.2 Prostaglandins

The name prostaglandin was given originally to a lipid fraction of human seminal fluid which
was found to stimulate isolated strip of uretine muscle. It is known (ref. 105) that there are more than
a dozen naturally occurring prostaglandins with similar structures and that one or more has been found

in almost every mammalian tissue examined.

289 (prostanoic acid)
Prostaglandins (PGs), which are functionalized derivatives of prostanoic acid 289 show a five-
membered ring with different substitutions. Nitro compounds have been occasionally employed for
the synthesis of prostaglandins. Bagli and Bogri (ref. 106) employed nitromethane to obtain some
PGE, and PGE; derivatives (Scheme 56).
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(-)-Prostaglandin E; 302 has been prepared (Scheme 57) from (R)-protected hydrogen
cyclopentenone 297 using, as a key operation, the tandem organocopper conjugate addition/nitrogen

Michael trapping of the resulting enolate intermediate (ref. 107). First, a vinylcopper reagent was

o}
N AN N N \/\/\/COOM‘e
+Bu(CH,),Si0" OSi(CHy),+¢ -Bu NO, 299
297 298 I
300 OR
30% | BuSnH
£ R=Si(CHy),-t -Bu
0
. \\/\/\/ COOMe
RO" >
301 OR
O l
S S~_~_ COOH
HO" ~
302 OH
Scheme 57

prepared from optically active iodide 298 followed by Michael additon to the enone 297. Treatment
of the obtained adduct to the nitroolefin 299 gave the condensation product 300. Reduction of the
nitro group with Bu3SnH/AIBN yielded the denitrated compound 30 1. Desilylation and hydrolysis of
the ester with pig liver esterase completed the synthesis of (-)-PGE; 302.

3.6 AMINO ACIDS

As continuation of synthetic effords in the area of kainoids (ref. 108), a family of non-
proteinogenic amino acids having a pyrrolidine dicarboxylic acid ring as common structural feature,
Pollini's group published (ref. 109) an enantioselective formal synthesis of acromelic acid A 307, a

potent neurotoxin isolated from the poisonous mushroom Clitocybe acromelalga.
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The formal enantioselective synthesis of 306 is depicted in Scheme 58, starting with the
cyclocondensation of the subunit 303 and 304 to afford the key intermediate 305. Subsequent
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1
H

HO,C

Scheme 58

removal of the allylic nitro group following Ono's methodology proceeded regio- and stereoselectively
to give rise to 306. The synthesis of 307 was completed in five steps by appropriate use of different
protecting groups.

However the first stage of the Pollini's approach was concerned with the preparation of 2-
nitro-1,3-diene 304 or an equivalent thereof incorporated into a dihydropyridone moiety. With this in
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mind, the piperidone 307 was selected as starting material for the preparation of the precursor 311 of
the nitrodiene 304. The overall sequence, summarized in the Scheme 59, began from the keto lactam

PN[B
MeO,C MeOzC MeO,C o
CHNO, L OH
88% C6H“N LH/NOZ
309
‘zlesoza
5N
Y
?MB 1.CH,0 I.)NIB
MeO,C,__N__O EsN MeO,C, N O
2.Ac;0
-
(= )— T G
OAc
311 NO, 310
Scheme 59

308 obtained by ozonolysis of 307. Its subsequent pyperidine-catalyzed Henry reaction with
nitromethane produced the adduct 309, then easly dehydrates to the nitroethylene derivative 310.
Base catalyzed hydroxymethylation with formaldehyde, followed by acetylation of the obtained
alcohol, yielded 31 1, the requisite precursor of the nitrodiene 3 64 as a mixture of diastereoisomers.
The peptide-lactone hormaomycin produced by Streptomyces griseoflavus shows a selective
antibiotic effect against some gram-positive bacteria. This intercellular signal substance has an
influence on the formation of air mycel as well as the production of secondary metabolites in
streptomyces. The structure includes two molecules of 3-(trans-2-nitrocyclopropyl)-alanine 321 with
a trans oriented nitro group and both possible configurations at C-2. Zeeck et al. (ref. 110) proposed
(Scheme 60) a synthetic strategy towards 32 1 which called for an enantioselective construction of 4-
nitrobutane-1,2-diol 314, its transformation into a derivative with a protected primary hydroxy group
(315) as well as a reasonable secondary leaving group (31 6) and ring closure by y-elimination under
SN2 conditions with inversion of configuration to give the (frans-2-nitrocyclopropyl)methyl derivative
317. After cleavage of the ether, the primary alcohol 318 can be converted to the bromide 379
which can be combined with a suitable glycine equivalent. The protected amino acid 320 is

deprotected with HCl giving the hydrochloride of 3-(trans-2-nitrocyclopropyl)alanine 32 1.



166

Over the past 50 years, many nonproteinogenic amino acids have been isolated from natural

sources. 8-Hydroxy-a-amino acids represent an important class of these compounds, and, in this

context, Jackson et al. (ref. 111) reported the syntheses of y-hydroxy threonine derivatives 327,

X

CH,NO,
L
CHO
312
Ph,CO OH
\_&_/ NOZ
MsCl 315
92% Et;N
Y
Ph;CO OMs
3 \_&/ NO,
316

ON \b\/ Br

319
N=CPh,

CO,Bu

Y
O,N \b\__<N=CPh2

COzBu
320

<

L.KF
2. Ac;0,DMAP y
3. NaBH, 0”0
313
82% |TsOH
Ph;CCl Y
3
90% HO \——<)j/ NO,
314
Na,CO, o N\b\/
s 2 OCPh,
317
86% | TsOH
Y
CBr,
5% OZN\b\/OH
318
O,N FILC
_ma % \b\_<NH3C1
CO,H
321
Scheme 60

and polyoxamic acid 341 via polyfunctionalized nitroalkenes. Thus, the first sequence, depicted in the

Scheme 61, starts from the nitroalkene 324 prepared from D-isopropylideneglyceraldehyde 322,
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by condensation with [(4-methylphenyl)thio]nitromethane 32 3. Epoxidation of 324 with +~BuO,Li,
at -78°C, gave the oxirane 325. Reaction of 325 in dichloromethane with aqueous ammonia yielded
the ct-amino thioester 32 6, which was treated with a number of different acylating agents providing
the corresponding o-amino-S-tolyl thioesters 327 in good yield. Each of these products was
diastereoisomerically pure.

In Scheme 62, following the same starting sequence as in Scheme 61, the alkene 329 was
prepared by condensation of 323 with the aldehyde 32 8, itself prepared from commercially available
2 3-isopropylidene-L-threitol. Nucleophilic epoxidation of the nitro alkene 329 gave the oxirane 330.
Reaction of the anfi oxirane 330 with ammonia, followed by treatment with 7-butyl pyrocarbonate,
gave the syn Boc-protected 340. Subsequent treatment of 348 with trifluoroacetic acid afforded
polyoxamic acid 341 (95%).
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3.7 OTHERS

As reported in the above sections, aliphatic nitro compounds have been extensively employed
in the syntheses of many classes of natural products. In this section will be presented the preparation

of some single natural compound via nitroalkanes.

3.7.1 Mevinic Acid Derivatives

In 1975 three active compounds from the culture broth of the fungus Penicillium citrinum,
were isolated. The main compound, 342 ML-236B, was also isolated as an antifungal agent from P.
brevicompactum and was named compactin. A second, more active compound, mevinolin 343, was
later isolated from Monascus ruber and from Aspergillus terreus.



169

Two related compounds, dihydrocompactin 344 and dihydromevinolin 345, were subsequently
isolated as minor metabolites from the cultures of these fungi.

Since their discovery, compactin 342 and mevinolin 343 have attracted considerable attention
due to their biological activity as inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, the rate-limiting enzyme in cholesterogenesis in man. Dihydromevinolin 345, which

exhibits biological similar to mevinolin, is produced in small quantities during the fermentation.

HO v O HO o)
I 1@
O O 0

Yo ( Yo ¢

R\‘ R\\
342 R = H (+)-Compactin 344 R = H (+)-Dihydrocompactin
343 R = Me (+)-Mevilonin 345 R = Me (+)-Dihydromevilonin

Due to the considerable value of these molecules, different researchers have been attracted to
their syntheses. In this context Hanessian et al. (ref. 112) reported the total synthesis of (+)-
dihydromevinolin 345 through nitroalkenes (Scheme 63).

Treatment of the aldehyde 346 with nitromethane anion followed by mesylation of the
resulting mixture of nitroalcohols gave a nitroolefin, which by reduction (NaBHy) afforded the
nitroatkane3 4 7. It is at this stage in the sequence that it was decided to remove the TBDMS group and
to introduce the required ester function leading to the compound 348. The next step was a critical
Michael addition which was done by allowing the nitroalkane 348 to come into contact with (R)-4-[(z-
butyldimethylsilyloxy]cyclopent-2-enone 349 in the presence of Amberlyst A-21, or basic alumina.
The epimeric mixture of nitroalkane 350, thus formed in 70% yield, was treated with tributyltin
hydride in the presence of a catalytic amount of AIBN to give the corresponding des-nitro derivative
351 in 55% yield. The target 345 was then obtained by a sequence of eight steps.
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Later, Pollini et al. (ref. 113) published an interesting procedure, starting from a nitroalkane,
for the enantioselective synthesis of the hexahydronaphtalene nucleous 355 of (-)-compactin 342

(Scheme 64).
0, OBn NO, OBn
H
— —> O '
354 353

352

355

Scheme 64
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Thus, the hexahydronaphthalene nucleus of the known precursor 355, with its full
complement of stereogenic centers, was envisaged to arise from the intermediate 354 containing
strategically situated functions for the elaboration of the conjugated diene and a functional group at the
C-1 position that could be manipulated to the required oxygenated function. Ring A could in turn be
built onto a preformed ring B portion 352 with the help of the nitroacetal 353.

3.7.2 1-Phenylheptane-1,5-dione

Different phenylheptanes have been isolated from the decayed heart wood of aspens infected
with the fungus Phellinus tremulae (Bond.) Bond & Borisov (Hymenochaetaceae). The isolation of 1-
phenylheptane-1,5-dione 358 directly from the fungus, was reported in 1993. This was the first

documentation of compound 3 5 6 as a natural product. A two step synthesis of 358 has been

o o 0
+ F PhsP
NO, /\(f)]/\ % NO,
356 357
70% | BusSnH
(8} ' O
358
Scheme 65

published (ref. 114) starting from the, commercially available, benzoylnitromethane 356, Michael
addition of the latter to ethyl vinyl ketone in THF in the presence of a catalytic amount of
triphenylphosphine gave 357 in 71% yield. Denitration of 357 was carried out by heating a stirred
mixture of 357, tributyltin hydride and AIBN, in benzene. The 1-phenylheptane-1,5-dione 358 was
obtained in 70% yield (49.7% overall yield).

3.7.3 Muscone

Muscone 363 is a rare and valuable perfumery ingredient isolated from the male musk deer
Moschus moschiferus. a-Nitrocycloalkanones have proved to be very useful for the synthesis of
muscone. Hesse and Bienz (ref. 115) started from a-nitrocyclododecanone 359 (Scheme 66) which,
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after an appropriate a-alkylation, gave the o, -unsaturated ester 360. Reduction of the C=C double
bond (H,,Pd/C) and conversion of the ester functionality to an aldehyde (DIBAH) afforded the
nitroaldehyde 36 1. Treatment of the aldehyde with pentylamine, in EtOH at room temperature,
yielded the enlarged (by three members) ring cycloalkanone 362. Denitration of the latter (BuzSnH)
and hydrolysis (KOH) of the enamine 36 3 produced the muscone 3 64.

H
o o CO,M HO
€
NO, /C 2
H. CH
NO 3 1H,,PD/C NO, 3
» 2 2D§BAH
70%
359 360
70% {C:H,,;NH,
H\ _CsHy

H_ _CsHy

?M:%
3

Scheme 66

Another source (ref. 95) of the perfume component 364 is 2-nitrocyclopentadecanone 365
which was converted (Scheme 67) to the muscone 364 through two key steps: (i) regioselective
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alkylation of the nitro ketone 365, (ii) shift of the carbonyl group to an adjacent position. Thus, Cq
methylation of 365 with methyl iodide, using LDA as base, furnished the methylated product 366,
which, by NaBH, reduction, afforded the nitro alkanol 367. Dehydration of 367 by
dehydroacetylation with alumina/DMAP in refluxing dichloromethane completed the formation of the
nitroalkene 36 8. Treatment of 368 with sodium hypophosphite and Raney nickel (Nef reaction) gave
(£)-muscone 364 in 40% overall yield, based on the starting nitro cycloalkanone 3635.

0
NO,

2eq.{ thA NeBH

e, a. 4

72%

75%
365 367
Ac,O
8% DNZIAP
H,C 0
NaH,PO,
70%
364

Scheme 67

3.7.4 Porphobilinogen (PBG)

Porphobilinogen (PBG) 376 was isolated in 1952 from the urine of patients with acute
porphyria. PBG 376 is the key building block in the biosynthesis of tetrapyrrolic natural products
such as porphyrins, chlorophylls, corrins and vitamins Bj;. A convenient and versatile method for the
synthesis of PBG 376 involves (ref. 116) the addition (Scheme 68) of methyl 4-nitrobutyrate 369
with aldehyde 370 (Henry reaction). Acetylation of the obtained nitro alcohol yielded the
polyfunctionalized nitro derivative 3 71, which, after reaction with isocyanoacetonitrile in THF and in
the presence of DBU afforded the 2-cyano-3,4-substituted pyrrole 3 72. The tetrahydropyranyl ether
372 was cleaved by PPTS giving the corresponding alcohol 3 73. The hydroxy functionality in 373
was then converted to the methyl ester 3 74, first by oxidation with Jones reagent followed by
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esterification of the resulting crude acid with diazomethane. Now the only remaining transformation in
the synthesis of PBG was the conversion of cyanogroup to the aminomethyl functionality. Thus
hydrogenation of 374 and successive hydrolysis of the obtained 375 yielded the PBG-376.

3.7.5 Rosefuran

Rosefuran 382 is a trace component of the high prized oil of rose, so it has become the target
of considerable synthetic attention. In a recent publication (ref. 98) an approach to rosefuran (Scheme
69) entailed on the [3+2] cycloaddition of the nitrile oxide generated under classical Mukayama
conditions from the known (see Scheme 26) nitro compounds 701, containing in addition the
feliciously placed required unsaturation, into the suitable protected crotyl alcohol 377 to afford the
key 3,4,5-substituted isoxazoline 378. Saponification of the acetate easily occurred at room
temperature (Na;COz3) to provide the free alcohol 379 in 84% yield. The stage was set for demasking
the required o, B-dihydroxyketone moiety contained in 379, which was conveniently accomplished

by means of molybdenum hexacarbonyl, leading to the formation of 380 in 45% yield. Its exposure
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to catalytic p-toluenesulfonic acid in methylene chloride proceeded with the formation of 382 in 70%

yield.

N-O

/
\U T M‘ CH,0Ac
CH,OAc

377 378
84 %lKZCO;;

N-O
|
W CH,O0H Mo(CO)6 M CH,OH
T
i T 379
}—Q/—< 70% I\ —

382

Scheme 69

3.7.6 Hydroxy Ketones

The roots of Chiococcaalba (Anguifuga, Brachiata, Racemosa, and Trisperma), of Rubiaceae
family, are reported to be used in folk medicine as a tonic for ganglion inflammation, a diuretic, an
antivirus, an antioedema, and as an aphrodisiac. Neither chemical nor pharmacological studies of the
constituents of this genus were reported up to 1991 when, after an examination of a leaf-exstract, two
new hydroxy ketones (4-hydroxyheptadecan-7-one 387, and 14-hydroxyoctadecan-8-one 3 94) were
found as the main components.

Due to the high value of these compounds, two important syntheses (ref. 117) of both the
hydroxy ketones 387 and 394, starting from hydroxy-functionalized nitro alkanes 384 and 391,
have been recently reported. The key steps of these syntheses are two chemoselective reactions in
which the hydroxy group, present in the nitro derivatives, must be preserved: (i) nitroaldol
condensation with basic alumina, and (ii) direct Nef conversion of nitroalkenes to carbonyl derivatives

with sodium hypophosphite.
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The synthesis of 387 was achieved (Scheme 70) by NaBH; reduction of nitroketone 383 to
384, followed by nitroaldol condensation of 384 with decanal 385 under basic conditions (Al,03),

and successive Nef conversion of the obtained (E)-nitroalkene 386 using sodium hypophosphite.

OH Br O Br

388 389 754 |BuMgl

391 OH NO, 390 OH Br
Al,0; | CH;(CH,);CHO
1% 392
OH NO,
393
60% | NaH,PO,

\

NWY\NV

39a OH o

Scheme 71
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The preparation of 394 (Scheme 71) started with PCC oxidation of commercially available
alcohol 388 to the aldehyde 389. Grignard addition of butylmagnesium iodide to 389 gave 390
which by subsequent substitution with NaNO; in DMF was converted to the nitroalkanol 391.
Following the above procedure for the conversion 384 to 387, nitroaldol condensation of 3917 with
heptanal 392 produced 393 which, on sodium hypophosphite treatment, furnished the 14-
hydroxyoctadecan-8-one 3 94.

3.7.7 Sinefungin
Sinefungin is an antifungal antibiotic (A-9145) isolated from cultures of Strepromyces
griseolus at Lilly Research Laboratories in 1971. Sinefungin, later assigned structure 395, is also

produced by Streptomyces incarnarus. Considering its structural similarity to S-adenosylhomocysteine

NH,
NH, <}v | \ilq
BN O T
0o NH;IO\\ Ol Sinefungin
395

(SAH) and §-adenosylmethionine (SAM), the inhibitor effect of sinefungin was studied on several S-
adenosyimethionine-mediated transmethylation reactionsin cell culture and in vivo. The compound
was shown to inhibit the growth of various fungi, virus replication, cell transformation, and has
interesting antiparasistic affects in vivo and in vitro. Despite these significant biological activities,
sinefungin cannot be considered for clinical use because it is nephrotoxic and causes marrow
depression in laboratory animals.

Three total syntheses of sinefungin, recently reviewed by Knapp (ref. 118), utilize the
nitroaldol (Henry) condensation as the key step for carbon-carbon bond formation. As depicted in
Scheme 72, the Moffatt synthesis (ref. 119) illustrates the application of the nitroaldol condensation of
the nitrocompound 396 with the aldehyde 397, while the nitro derivative 400 and the aldehyde 399
were proposed by Buchanan et al. (ref. 120). Finally, Rapoport (ref. 121) introduced the aldehyde
402 and the functionalized nitro alkane 403 for this kind of reaction.

These condensations produced nitroalkenes, which, after appropriate reduction, gave the
polyfuntionalized nitro derivatives 398, 401, and 404, respectively. The latter compounds possess
the basic structure of sinefungin 395, which can be easily obtained by their further elaboration. The
above syntheses show how the nitro group facilitates the formation of the C-C bond and serves as
precursor of the amino group at C-6 of the sinefungin 395.
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3.7.8 Tuberine

Tuberine 410 is a simple enamide isolated from Streptomyces amakusaensis and has some

structural resemblance to Erbastatin, an enamide which has received much attention in recent years as

an inhibitor of Tyrosine-specific kinases.

An important synthesis of 410 started (ref. 122) by nitroaldol reaction (Scheme 73) of p-
anisaldehyde 405 and nitromethane, in the presence of thiophenol, yielding the compound 406.
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Reduction of the nitro group, followed by formylation of the obtained amino group, 406 gave the

compound 4088. Successive oxidation and elimination of the sulfoxide, produced tuberine 410 in

32% overall yield.

4. CONCLUSIONS

Many naturally occurring compounds have been synthesized efficiently through pathways based on

the intermediacy of nitroalkane derivatives. Although many other works have been published in this

area, the aim of this review is to demonstrate how the versatility of nitroalkanes can be successfully

applied to the synthesis of several classes of important natural products. I believe that the easy
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accessibility of nitroalkanes and their different reactivities make these compounds modern and useful
precursors and intermediates in the syntheses of natural compounds. I hope that this account will

provide an incentive for further studies.

Work performed in the Author's laboratory has been supported by CNR and M.U.R.S.T. grants. |
thank Dr. Elisabetta Torregiani for typing the manuscript.
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Stereospecific Cannabinoid Synthesis: the Application of New
Techniques to a Classical Problem

Marcus A. Tius

Introduction

In the years since the appearance of Razdan's ground-breaking review on the synthesis of
cannabinoids, research activity has continued apace.l2 The interest which this area engenders is
due in part to the challenge which the structures pose to the synthetic organic chemist, and also
because of the diverse and useful pharmacological activities which many of these materials
express. The chemical structures of the naturally occuring tricyclic cannabinoids, typified by A%-
tetrahydrocannabinol (A9-THC), are very simple: there are only two stereogenic carbon atoms,
two carbocycles and the dihydrobenzopyran ring.3 The functionality is in most cases limited to
the phenolic C1 hydroxyl and to one or two oxygen-bearing functional groups. One would be
justified in questioning whether this class of compounds is of sufficient complexity to continue to
interest the organic chemist. The difficulties of the synthesis belie the simplicity of the structure,
and are due, at least in part, to the following: (a) The materials are typically non-crystalline, and
are often quite difficult or impossible to separate and purify without recourse to HPLC. (b) The
aromatic portion of the molecule is very sensitive to oxidation, particularly in the presence of base
or transition metals.% (c) The A9 unsaturation is thermodynamically disfavored relative to A8
unsaturation. There is also no general method by which to favor A9 unsaturation kinetically.

These issues will become clearer in the course of the discussion which follows.

CHs

H;Co.
H,C 6 4 10 3 5
A°-Tetrahydrocannabinol
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Interest in the pharmacology of these materials goes back many thousands of years.5
Herodotus' account of the Scythians' use of Cannabis sativa as an intoxicant makes it clear that
the psychotropic properties of the producing plant were recognized since antiquity.6 In addition
to uses as anaesthetics, spasmolytics and hypnotics, cannabinoids have been used to combat
emesis and nausea induced by cancer chemotherapy, and also in the treatment of glaucoma. In
recent times, cannabinoids have achieved a certain notoriety due to their abuse potential. A
significant portion of the synthetic effort has been directed toward the preparation of some of the
oxygenated human urinary metabolites of A9-THC for use in forensic science as analytical
standards for the detection of marijuana use.

Several developments during the past few years have contributed to the current resurgence
in interest in this area. The identification of the first cannabinoid receptor (CB1) in rat brain was
a major advance. The identification of a second, peripheral, receptor subtype in splenocytes
(CB2),8 as well as the discovery of arachidonylethanolamine (anandamide) as the endogenous
ligand for CB1,” has made the story much more interesting. Involvement of the pharmaceutical
industry has resulted in synthesis and evaluation of large numbers of analogs, and in the
discovery of the first receptor antagonist. The chemistry which is associated with these
discoveries will not be discussed in this chapter. Instead, the focus will be more eclectic, going
back approximately ten years or so, and limited to the synthesis of tricyclic compounds of the
natural series. The chemistry which addresses the functionalization of the aliphatic sidechain is
for the most part straightforward, and will not be included in this discussion.

Methods Making Use of Cuprates

The obvious retrosynthetic disconnection of the tricyclic cannabinoid skeleton leads to
olivetol and an appropriately functionalized monoterpene unit. The absolute sense of
stereochemistry of the monoterpene can be used to control the stereochemistry of the final
product. There is a serious drawback associated with the simplest application of this strategy,
which is indicated in eq 1.10

H;C OH
a-c 1
i
LY . o [
S J@\/\/\ HyC OH
HO A°-Tetrahydrocannabinol 2
olivetol

(a) MgSOy4 anh, CHCly, r.t.; (b) BF3-Et70, 0 °C, 1.5 h; (¢) NaHCO3 anh; ca. 31% A9-
THC, 15% 2 and other products.
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Acid catalyzed condensation of p-menthadienol 1 (mixture of cis and trans isomers) with olivetol
under carefully optimized conditions led to a mixture of the desired product, A%-THC, along with
substantial quantities of byproduct 2, referred to as the "abnormal” isomer, in which hydroxyl
and n-pentyl groups are formally transposed. The lack of regiospecificity for the cyclization
compromises the efficiency of this approach. The proportion of "abnormal” isomer, which
results from C-C bond formation at C4 of olivetol, rather than at C2, can be minimized by choice
of reaction conditions (vide infra).

Scheme 1

(a) 1 equiv 3, 2 equiv 4, 3.5 equiv BF3-Et70, -76 °C, 5 h, 78%; (b) CH,Cl», satd HBr
(gas), -20 °C, 100%; (c) r.t. 5 h, 100%:; (d) 9 equiv BBr3, -76 °C to r.t., 7 h, 58%; (e) 1.2
equiv +-BuOK, PhH, 5 oC 1h, 65 oC 10 min; ca. 75% overall from 5.

One way to overcome the problem is to bias the desired reaction overwhelmingly by
metallation at C2. Rickards and Rgnneberg devised an ingenious solution to this problem and
applied it to the synthesis of A9-THC (Scheme 1).11 Homocuprate 4 was prepared from
dimethoxyolivetol by regiospecific directed lithiation at C2, followed by exposure to half an
equivalent of cuprous bromide. The reaction with (15,4R)-p-mentha-2,8-dien-1-yl acetate 312
was catalyzed by boron trifluoride etherate to produce (-)-trans-cannabidiol dimethyl ether 5. The
anti stereochemistry of 5 is that which is expected for the cuprate coupling, and is reinforced in
this case by the adjacent bulky isopropenyl group. This appears to be the first example of a Lewis
acid catalyzed SN2' substitution reaction involving a homocuprate. In this reaction there is no
possibility for attack at C4 of olivetol. The requirement for two equivalents of homocuprate per
equivalent of 3, i.e. four equivalents of olivetol dimethyl ether for each equivalent of acetate
detracts somewhat from the appeal of this route. All attempts to simultaneously demethylate and

cyclize 5 by exposure to boron tribromide gave complex reaction mixtures containing only small
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amounts of A>-THC. Therefore it was necessary to protect the terpenoid C-C double bonds
before cleaving the methyl ether. Exposure of 5 to dichloromethane saturated with hydrogen
bromide gas gave the unstable dibromide 6 in quantitative yield. Remarkably, upon standing at
room temperature for 5 h, 6 underwent spontaneous mono-demethylation and ring closure to 7 in
quantitative yield. Olivetol dimethyl ether does not react with hydrogen bromide under these
conditions, therefore this remarkable reactivity has been attributed to relief of strain in the
dihydrobromide. Exposure of 7 to boron tribromide led to bromophenol 8 in 58% yield.
Treatment with potassium tert-butoxide led to a mixture of (-)-A9-THC, contaminated with <10%
(-)-A8-THC. For preparative purposes, it was unnecessary to separate and purify the unstable
brominated intermediates. Instead, 5 was carried through the sequence of reactions in Scheme 1
to produce in 75% overall yield the mixture of A9 and A8-THC isomers, along with <5% of
AYID.THC,

A8 THC-acid A’-THC-acid

The cuprate approach to the synthesis of cannabinoids is versatile, and lends itself to the
synthesis of the oxidized human urinary metabolites of A>-THC. The major metabolic pathway
for A9-THC administered in smoke to humans involves the microsomal oxidation of the 9-methy!
group to the corresponding carboxylic acid, which is subsequently converted to a mixture of
glucuronides which are excreted in urine.!3-14 11-Nor-A8-THC-carboxylic acid (A8-THC acid)
is used in a rapid immunoassay for the detection of THC metabolites in human urine.!5 The 5"
trideuterio 11-nor-A%-THC-carboxylic acid is used as an internal standard for the unambiguous
confirmation and quantification, by GC/MS, of positive results from the immunoassay screen.
Both the A8 and the A9-THC acids are important in forensic science.l6-20 Early syntheses of
these oxidized metabolites were marred by the acid catalyzed isomerization of A9 to A8 and by the
facile oxidation of the phenol. These two problems are responsible for the extremely low yields
which have been reported for some of the early syntheses of these metabolites.21-24 We became
interested in this problem a few years ago, and have developed efficient, enantioselective
syntheses to both of these important materials. The A8-THC acid synthesis is summarized in
Scheme 2.25
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Scheme 2
o 0 0S0,CF;
SiE 0 OOR
—_— —_—
N EEO RO
10 d 11 R=EE
12 R=H
CO,CHj
€
e

14

(a) transfer 1 equiv of 2-lithio-bis-(1-ethoxyethyl)olivetol to 1 equiv lithium 2-thienyl-
cyanocuprate; to cuprate add 1/1 solution in THF of 9 and BF3-Et20, -78 °C, 66%:; (b)
KN(SiMes)o, THF, 0 ¢C; (c) PhN(SO2CF3)y; (d) PPTS, MeOH, CH;Cly, 25 °C, 65%
overall for 3 steps; (e) BF3-Et20, CHCly, 25 °C, 87%; (f) 10% PdCly(PPh3)2, K2COs3,
CO, MeOH, THF, 25 °C, 72%.

The terpene fragment for this work, (+)-apoverbenone 9, was prepared from cheap and
readily available (-)-B-pinene according to Grimshaw's procedure.26 Olivetol was converted to
the bis-ethoxyethyl (EE) ether, and was regiospecifically metallated at C2 with n-butyllithium in
tetrahydrofuran (THF). The lithio-olivetol was converted to the mixed, higher-order cuprate with
lithium 2-thienylcyanocuprate.2’ The advantage of using the mixed cuprate, rather than the
homocuprate, is the more efficient utilization of the olivetol. Neither the aryl cuprate, nor the
enone is particularly reactive, therefore boron trifluoride etherate is required in order to activate the
enone toward Michael addition. Attack of the cuprate takes place frans to the bridge bearing the
gem-dimethyl group for steric reasons. This step establishes the stereochemistry at C10a.
Enolization of 10 and trapping with N-phenyltriflimide leads to viny! triflate 11, which is
deprotected in the next step. Exposure of 12 to Lewis acid at room temperature results in a
spectacular reaction, in which the tricyclic ring is formed simultaneously with transposition of the
double bond to produce exclusively A8 product 13 in excellent yield. Unlike most enol ethers,
vinyl triflates are chemically robust. For steric reasons, the rearrangement reaction cannot be a
concerted process. The reaction takes place in a stepwise fashion, facilitated by the relief of ring
strain which attends the cleavage of the four-membered ring. In the final step of the sequence,
palladium catalyzed carbonylation of 13 in THF/methanol leads in 72% yield to crystalline
methyl ester of AS-THC acid 14. The synthesis of 14 is accomplished in only five steps from

apoverbenone in 27% overall yield. This is a practical and highly efficient, preparatively useful
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synthesis. It is significant that no ring-junction isomers of 13 or 14 are formed, since other
workers have shown that their separation cannot be easily accomplished.

Scheme 3

(0] (0] OB O

Br r Br
SIS RN
15 16 17 18

(a) NBS, cat (PhCO»)2, CCly, 75 ©C; 16/17 = 2/3, 55%; (b) LipCO3, LiBr, DMF, 130 °C,
76%; (c) 18/BF3-Et0, 1/1, added to mixed, higher order cuprate in THF, 55-60%; (d)
PPTS, MeOH, CH»Cly, 25 °C, 90%.

After our success in completing the synthesis of the A8-THC acid, we turned our attention
to the more challenging problem posed by the A% isomer. In order to apply the cuprate strategy to
this problem, it is necessary to introduce a leaving group in the terpene fragment which will end
up on C10 in the cyclized material. Elimination of this leaving group then leads to the desired A9
unsaturation in the final product. This concept was examined in a preliminary study which is
summarized in Scheme 3.28 (1R)-(+)-Nopinone 15 was brominated to produce a mixture of
mono- and dibromides 16 and 17. Dibromide 17 was converted to a-bromoenone 18; mixed,
higher order cuprate addition took place as in Scheme 2 to produce 19, which was deprotected in
excellent yield to resorcinol 20. All attempts to rearrange 20 to a tricyclic cannabinoid failed.
Two of the reactions provided some insight into the source of the problem. Exposure of 20 to an
excess of titanium tetrachloride in chloroform at 60 °C provided benzofuran 21 in 42% yield
(unoptimized). Treatment of 20 with p-toluenesulfonic (tosic) acid in chloroform and methanol
or ethanol provided the bridged ketal 22 in good yield (eq 2). Under no circumstance could 22
be converted to 23. This was surprising, because the conversion of the corresponding non-
halogenated cannabinoid methyl ketal had been successfully cyclized to the ketone with the cis
ring junction stereochemistry.29 Furthermore, the reaction of 24, a substrate lacking only the
bromine substituent of 20 proceeded in excellent yield (eq 3).
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O
O
I
HO
21
O
SnCl
HO 0 4
— : [2]
3
Br 23
22 R=MeorkEt
O SnCly
CHCl4

@ OH 25°C
—_—
O
HO

[3]

H;C
24 25

From these results it is obvious that the electronic effect of the bromine substituent
adversely influences the cationic cyclization process by destabilizing the ketone carbonyl group in
a-bromoketone 20. This prompted a rethinking of the problem. Clearly, in the absence of the
dihydrobenzopyran ring, the o-bromine is incompatible with a free phenolic hydroxyl.
Depending upon reaction conditions, it either undergoes nucleophilic displacement (21), or it
leads to the formation of a very stable ketal (22). Consequently, the solution to the problem is to
chose a protecting group for the phenolic hydroxyls which is robust enough to survive the
conditions for the acid catalyzed cleavage of the cyclobutane ring in an intermediate like 20. The
methyl ether group was chosen for this purpose, since it is extremely stable, but is readily cleaved
by thiolate anions in a polar, aprotic solvent, such as N,N-dimethylformamide (DMF).

Our synthesis of 5-trideuterio 11-nor-A%-THC-carboxylic acid is summarized in Scheme
4.28 o-Bromoenone 18 was converted to 26 via the mixed, higher order cuprate, as before. In
this work, 5'-(2H3)olivetol was used. Cleavage of the four-membered ring of 26 was
accomplished with 1,2-bis(trimethylsilyloxy)ether and one equivalent of trimethylsilyl triflate.
When catalytic silyl triflate was used, only ketalization of 26 took place. The ring cleavage could
then be induced by adding more silyl triflate. This reaction is also noteworthy because it produces
exclusively 2-bromo-4-isopropenyl cyclohexanone-1-ethylene ketal 27; no isopropylidene isomer
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could be detected in the crude product. This, in all likelihood, is due to a stereoelectronic effect
exercised by the C4 aryl substituent: in the carbocationic intermediate, the steric bulk of the aryl
group prevents the alignment of the 2p orbital on C6 with the Cé6a-H bonding orbital.
Consequently, proton loss takes place from the methyl group in 32 (eq 4), leading to the
isopropeny! group of the product.

Scheme 4

HyC

(a) 18/BF3-Et;0, 1/1, added to mixed, higher order cuprate in THF, 83%; (b) 1,2-
bis(trimethylsilyloxy) ether, 1 equiv Me3SiOT{, CH2Cly, 65%; (c) 50% aq HClOg4, acetone,
40 °C, 66-71%; (d) LiCuMes, Et20, 0 °C; PhN(SO2CF3)2, DME, 0 °C, 75-81%; (e)
MesSil , CHCl3, 22 9C, 47%, 17/1 trans/cis; (f) cat. Pd(OAc);, PPh3, CO, MeOH, DMF,
Et3N, 82%.

(4]
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Hydrolytic cleavage of the ethylene ketal group in 27 was a facile process. There are a
number of reagents which will reduce tt-halo ketones; in the case of 28, lithium dimethylcuprate
was very effective, regiospecifically leading to the A9(10) enolate, which was trapped with N-
phenyltriflimide to produce 29. Exposure of 29 to an excess of trimethylsilyl iodide at room
temperature led to tricyclic vinyl triflate 30 as a 17/1 trans/cis isomeric mixture in 47% yield.
This tandem monodemethylation-cyclization deserves comment. All attempts to improve the yield
of this process by using the various methods for generating trimethylsilyl iodide in situ, such as
sodium iodide or lithium iodide with trimethylsilyl chloride, or allyltrimethylsilane and iodine, or
hexamethyldisilane and iodine, either gave lower yields of 30, or a higher percentage of the
undesired cis ring fusion isomer. A major reaction byproduct was 5'-(2H3)olivetol dimethyl
ether, which must arise from initial proton transfer to the electron-rich aromatic ring, followed by
C-C bond cleavage with generation of allylic carbocation 33 (eq 5). It is somewhat surprising
that the triflate group does not destabilize 33 sufficiently to inhibit its formation. The C-C bond
cleavage is driven by the relief of strain in 29. The undesired process of equation 5 as well as the
desired conversion of 29 to 30 require catalysis by hydroiodic acid: no reaction took place when
trimethylsilyl iodide was used in the presence of an acid scavenger, such as pyridine or
methylcyclohexene, or when an excess of allyltrimethylsilane or hexamethyldisilane relative to

iodine was used.

OSO,CF3
33 [5]

G >~ A OMe
) Hj@\/\/\
MeO CD

The presence of a few percent of the cis ring fusion isomer of 30 must be due to proton

3

transfer processes which generate an isopropylidene intermediate. Separation of the two ring
junction isomers was difficult, therefore the mixture was carried through to the last step. The
palladium catalyzed carbonylation of 30 proceeded in excellent yield, and the final product was
isolated as a single (trans) isomer in 82% yield following preparative HPLC. Although the yield
for the cyclization step was disappointing, this synthesis produces material of high optical purity,
and has proven to be preparatively very useful. The optical purity of the final product is an
important issue, if the materials are to be valuable for forensic purposes.
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pyridinium CO,CHs
HCl1
fuse O 0 ]
—
200 °C O [6]
CD; CD,

MeO 34 HO 35

A single attempt was made to improve the cyclization process (eq 6). Carbonylation of 29
produced methy! ester 34 in 80% yield. Methyl ether cleavage in 34 by fusing with pyridinium
hydrochloride resulted in a clean conversion to the cannabifuran analog 35. This again shows
that in the A? series, a free phenolic hydroxy! will add as a nucleophile to C10 whenever there is
an electron-withdrawing group at C9.

Methods Making Direct Use of 2-(Lithio)olivetol Derivatives

This strategy for assembling the tricyclic nucleus of the natural cannabinoids is similar to
the cuprate approach. Apoverbenone again serves as the terpenic reaction partner, but instead of
performing a conjugate addition to the enone, the lithiated olivetol is added to the carbonyl carbon.
The convenience of avoiding the cuprate which this strategy affords is offset by the low yields for
the subsequent manipulations. An example of the application of this approach to a racemic
synthesis of A9-THC acid is summarized in Scheme 5.3031

Lithiation of 1-methoxy-3-(methoxymethyl)-5-pentylbenzene was accomplished with n-
butyllithium in THF at room temperature. The anion was added to (+)-apoverbenone 9, and the
tertiary, allylic alcohol was oxidized with rearrangement to enone 37. Selective cleavage of the
MOM (MOM = methoxymethyl) was accomplished in excellent yield with trimethylsilyl bromide
to give 38. Exposure of the reaction product to refluxing chloroform containing ethanol and tosic
acid led in 86% yield to tricyclic enone 39 in 86% yield. Even though the starting material for
this reaction was optically active, 39 was found to be racemic! There are several points at which
racemization could have taken place; the authors suggest that this may have happened via hydride
shifts during the acid-catalyzed cyclization, or through acid catalyzed enolization of the product.
One need not postulate hydride shifts; sequential protonation-deprotonations would also explain
this result. The observation that upon scaleup of this reaction variable amounts of the
isopropylidene byproduct 44 were obtained makes this the likelier scenario. Inclusion of ethanol
in the reaction mixture was found to be necessary for optimal yields. The postulated role of the
ethanol was to intercept the tertiary cation before proton loss could lead to 44, followed by an
intramolecular SN1 reaction with the phenol to form the dihydrobenzopyran ring.32 It is unlikely
that 44 can serve as an intermediate for 39, since its attempted cyclization gave as the sole
isolable product 3-(2-hydroxy-6-methoxy-4-pentylphenyl)cyclohexenone 45 via a retro-aldol
process. The facility of this reaction is yet another example of a process which is driven by the
relief of strain between the two bulky substituents in a bicyclic precursor.
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Scheme 5

P,

(a) 9 added to 2-lithio anion of 1-methoxy-3-(methoxymethoxy)-5-pentylbenzene, THF; (b)
PCC, CH2Cly, 2 h, r.t.,, 81% for two steps; (c) Me3SiBr, CH,Cly, -30 to 0 °C, 91%; (d)
CHCl3, EtOH, p-TsOH, 86%; (e) Li, NH3 lig, THF, -78 °C; PhN(SO,CF3);, THF, 0 °C,
84%, 3/1 40/41; (f) cat. Pd(OAc);, PPh3, CO, HCO,H, DMF, Et3N, 82%, 3/1 42/43.

Racemization during the cyclization step leading to 39 is unfortunate, as it diminishes the
practical utility of this synthesis. The conclusion of this synthesis is, however, instructive and
will be discussed. Intermediate 39 bears A10(10a) ynsaturation, and it is necessary to reduce the
double bond so as to establish the trans stereochemistry of the ring junction. Birch reduction of
39, followed by trapping of the regiospecifically generated enolate with N-phenyltriflimide, led to
a 3/1 mixture of vinyl triflates 40 and 41. The product mixture, containing the undesired cis ring
fused product 41, was carried through the palladium catalyzed carbonylation step to produce in
excellent yield a 3/1 mixture of acids 42 and 43. Both sets of stereoisomers were inseparable by
conventional chromatography. All attempts to cleave the phenolic methyl ether in racemic trans
carboxylic acid 42 with sodium thiopropoxide in DMF led only to rearranged acid 46.
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Consequently, the reactions of Scheme 5 failed to provide racemic A%-THC acid. Since it was not
possible to cleave the phenolic methyl ether at the end of the sequence, the obvious solution was
to use a less robust protecting group from the outset.

0 0 COH

‘ OMe ‘ OMe
Qe e

OH H;C
44 45 46
O
1 OMOM
‘ (7]
—_—
MOMO
47
48 R=H
49 R = MOM

Equation 7 summarizes the key steps in the successful route.303! The bis-MOM ether of
olivetol was lithiated, added to (+)-apoverbenone, and the product oxidized in 79% overall yield
to give enone 47. Reflux in chloroform-ethanol in the presence of tosic acid led to racemic
"Roche phenol“33.34 48 in 78% yield. Cleavage of both MOM groups in 47 takes place during
this reaction, neccessitating a reprotection step of the phenol. Phenol 48 was converted to ether
49 by exposure to chloromethyl methyl ether and diisopropylethylamine in dichloromethane in
92% yield. Enone 49 was carried through the reactions of Scheme 5 to produce the MOM ether
of racemic A®-THC acid. Cleavage of the MOM protecting group in the last step was
accomplished in 35% yield with pyridinium tosylate in refluxing 2-butanone to produce the
racemic phenolic acid. The failure of this approach to control absolute stereochemistry of the final
product or relative stereochemistry of the ring junction detracts from its appeal.

Huffman has applied this strategy much more successfully to an enantiodivergent
synthesis of the enantiomers of the antinauseant drug nabilone (Scheme 6).35 Since nabilone has
the 1',1'-dimethylheptyl aromatic sidechain, the appropriate dimethoxy aryllithium was added to
(+)-apoverbenone 9 to produce tertiary allylic alcohol 50. Rearrangement-oxidation with
pyridinium dichromate (PDC) led to enone 51 in 62% overall yield for the two steps. Birch
reduction leads to the saturated ketone with the stereochemistry indicated in structure 52. The
stereochemistry is determined during the protonation step, with the proton attacking the molecule
from the side opposite the gem-dimethyl bridge. Selective cleavage of one of the two aryl
methoxyl groups was easily accomplished by treatment with sodium thiopropoxide.
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Scheme 6
O
o} @ OMe 1 OMe
- W > (J C
—_— HO —_— —_—
MeO MeO
9 50 51
O O
OR OMe
e f
T HyCu, —
MeO H;C
52 R=M S4
d =Me
. S5Rrow
O
g 55 R=Me
56 R=H

H,C

(a) 9 added to 2-lithio aryl anion, THF; (b) PDC, CH,Cly, 2 h, 1.t., 62% for two steps; ()
Li, NHj liq, THF, -78 °C, 76%; (d) n-PrSNa, DMF, r.t., then 120 °C, 3 h, 76%; (e)
SnCly, CHCl3, r.t., 18 h, 80%; (f) AlCl3, CH2Cly, r.t., 12 h, 78%; (g) n-PrSNa, DMF,
r.t., then 120 ©C, 3 h, 57%, based on starting material consumed.

Cleavage of the four-membered ring in 53 with formation of the tricyclic carbon skeleton was
accomplished with stannic chloride at room temperature in 80% yield. The ring junction
stereochemistry of the product is exclusively cis. Isomerization to the frans ring fused compound
(55) was catalyzed by aluminum trichloride at room temperature. This key step had been
described by Archer and coworkers in the first published synthesis of nabilone.29 It is significant
that the ring junction isomerization takes place without racemization. This implies that the
mechanism for the process involves complexation of the Lewis acid with the dihydrobenzopyran
oxygen atom, generation of the tertiary C6 carbocation, followed by reversible loss of the proton
on Cé6a. In this instance bond cleavage at C10a cannot take place, as it did in 29 (eq 5), nor is
there a mechanism for facile cleavage of the C6-C6a bond, as was seen in the transformation of
44 to 45. Under more vigorous treatment with strong Lewis acid the product would likely have
undergone racemization through the reversible formation of an ortho-quinone methide (vide
infra). Cleavage of the phenolic methyl ether of 55 in the last step led to nabilone 56 in 57%
yield, based on starting material consumed. This synthesis succeeds much better than the A%-

THC acid synthesis of Scheme 5 which was frustrated by the presence of the extra unit of
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unsaturation in the aliphatic carbocyclic ring. Whereas the Birch reduction of 39 (Scheme 5)
leads to a mixture of ring junction isomers, the Birch reduction of 51 (Scheme 6) takes place
stereospecifically.

Scheme 7

o

MeO

51 R=Me
il . 5 R_H

d 59 R=Me
60 R=H
(a) n-PrSNa, DMF, r.t., then 120 ©C, 3 h, 71%; (b) 3 equiv AlCl3, CH,Cly, r.t,, 12 h,

55%; (c) Li, NH3 liq, THF, -78 °C, 34% 54, 50% 59; (d) n-PrSNa, DMF, r.t., then 120
oC, 3 h, 72%.

The enantiomer of nabilone presumably could be obtained in the same way starting from
(-)-apoverbenone. This material, in turn, could be prepared from (+)-B-pinene, which is available
from the isomerization of commercially available (+)-a.-pinene.36 The neccessity of going
through several steps in order to prepare the optically active starting material detracts from this
approach. Huffman devised an elegant procedure to circumvent this problem by simply altering
the sequence of reaction steps (Scheme 7). Intermediate 51 is common to both enantiomeric
series. Prior cleavage of the phenolic methyl ether group led to phenol 57 which underwent
aluminum trichloride catalyzed rearrangement-cyclization to 58 in 55% yield. Birch reduction of
58 led to the saturated ketones 54 and 59 in 34% and 50% yield, respectively. The major
product of the Birch reduction was converted to (+)-nabilone 60 in 72% yield, in the usual way.
Temperature influenced the ratio of products from the Birch reduction. At -33 ©C no selectivity
for the desired trans isomer could be observed, whereas at -80 °C a 2/1 ratio of 59 to 54 was
observed. Performing the Birch reduction subsequent to the cyclization reaction makes it possible
to obtain (+)-nabilone from the common intermediate 51, but at the expense of diminished yields
due to the formation of ring junction stereoisomers.
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For the synthesis of cannabinoids which incorporate a fert-alkyl group at C1', the issue of
"abnormal” isomers (cf. eq 1) is moot: the steric bulk of the alkyl group effectively forces C-C
bond formation to take place at C2. Consequently, for the synthesis of nabilone, and for
cannabinoids derived from nabilone, it is unnecessary to perform the extra steps which are
associated with the directed metallation of the aromatic residue. A very effective synthesis, which
uses an improved version of the Lilly strategy, is summarized in Scheme 8.37

Scheme 8
OAc AcO_ OAc  OAc
D - - ‘OAC 6
61 62
0 0

@ OH c
——

O H;C..2
HO o

HyC
64 56

(a) Pb(OAc)4, PhH, gentle reflux, 2 h; (b) 1,3-dihydroxy-5-(1,1-dimethylheptyl)-benzene,
aq TsOH, CHCl3, r.t., 1 d, 76% overall for two steps; (c) CH3NO», 1.5 equiv Me3SiOTf,
0°Ctor.t., 5h, 98%.

Enol acetate 61 was prepared according to the Lilly procedure, and was oxidized with lead
tetraacetate to a 65/30/5 mixture of diacetates 62 and 63, and apoverbenone 9. This reaction was
also described in the original procedure, however, the key differences are, (a) to conduct the
oxidation under the mildest conditions possible, and (b) not to distil the reaction product.
Distilling the reaction product led to sharply diminished yields. If the oxidation is conducted at
higher temperature, the proportion of apoverbenone 9 in the product increases. Distilling the
reaction product has the same effect. The acid catalyzed condensation of 1,3-dihydroxy-5(1,1-
dimethylheptyl)-benzene with diacetates 62 and 63 leads to the product 64, whereas the
apoverbenone does not react under these conditions. Diacetates 62 and 63 presumably ionize to a
common allylic carbocation which is intercepted by C2 of the resorcinol. The overall yield of 64
for the two steps is 76%. Optimum conditions for the ring cleavage and cyclization of 64 to (-)-
nabilone 56 called for treatment with a moderate excess of trimethylsily! triflate in nitromethane.
This lead to an isolated yield for nabilone of 98% in excellent optical purity. The role of the silyl
triflate may be to provide a source of anhydrous triflic acid, which is the likely catalyst for this
reaction. The overall yield for the three steps of Scheme 8 is 74%. No protecting groups were
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used in our work. The Lilly group reported a 24% overall yield,2% whereas the overall yield for
Scheme 6 is 13% for seven steps.

A more efficient method for the synthesis of nabilone was desired in order to probe the
effects of aromatic halogen substitution on receptor binding. The phenolic hydroxyl is known to
be an important determinant of the activity in both the classical and the non-classical cannabinoid
series, suggesting a hydrogen bonding interaction with the receptor. Replacing the ortho
hydrogen in nabilone with a fluorine atom would then be expected to modify the ligand-receptor
interaction. The ortho-fluorination of (-)-nabilone was accomplished in 88% yield by simply
treating the unprotected ketophenol with N-fluoropyridinium triflate at room temperature in
dichloromethane (Scheme 9).

Scheme 9

66

(a) 1 equiv N-fluoropyridinium triflate, CH2Cly, r.t., 88%; (b) sealed tube, excess N-
fluoropyridinium triflate, CH2Cly, 90 °C, 80%, 66/67 = 3/1.

When either 2-fluoronabilone 65 or nabilone itself were treated with an excess of reagent
at higher temperature, a 3/1 mixture of di- and trifluorinated products 66 and 67 were isolated in
excellent yield. When 66 was isolated and treated with N-fluoropyridinium triflate, no
fluorination to produce 67 took place, therefore 66 cannot be a precursor to 67. 2,4-
Difluoronabilone, the presumed intermediate for 67, was not isolated from the reaction. All three
fluorinated products showed diminished binding to the CB1 receptor compared with nabilone (for
65, Kj = 40 nM; for 67, Kj = 6159 nM).

The general strategy which was outlined in Schemes 5 and 6 has been used for the
stereoselective synthesis of the epimeric A7-THCs. These compounds were targeted as a result
of an earlier computational study which had predicted diminished activity for compounds bearing
C9 substituents pointing to the o-face of the molecule.38 In order to determine whether the lack
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of activity was solely due to the presence of A7 unsaturation, or the ®-substituent, both isomers
of A7-THC were prepared (Scheme 10).39

Scheme 10

0]

O
1 OMe OH
h O a,b c
——— —_—

MeO MeO
68 69
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g.h 3 ~o
H;C
72

(a) Li, NHj lig, THF, -60 °C; (b) n-PrSNa, DMF, 120 °C, 71% for two steps; (c) SnCla,
CHCl3, r.t., 70%; (d) AlCl3, CHyCly, r.t., 75%; () t-BuMeSiOTH, Et3N, CH2Clp, 25 °C;
(f) Pd(OAc)2, CH,Clp, 40 °C, 51% for two steps; (g) PhSeCl, EtOAc, 25 °C; (h) HyO2, 0
oC, 44% for two steps; (i) see text.

This sequence of reactions parallels those described in Scheme 6, the major difference
being in the aliphatic sidechain. Enone 68 was derived from (+)-apoverbenone, as before, and
was first reduced stereospecifically, then one of the two phenolic hydroxyls was cleaved to
produce 69. Cleavage of the four-membered ring and cyclization to cis ring junction isomer 70
took place in 70% yield. Aluminum trichloride catalyzed isomerization of the ring junction
stereochemistry led to natural trans ketone 71. Introduction of A7(8) unsaturation was
accomplished either by treatment of the tert-butyldimethylsilyl enol ether with palladium acetate,
or through a phenylselenylation-oxidative deselenation sequence, to produce enone 72. All
attempts to perform the nucleophilic addition of a methyl group to the carbonyl carbon of 72
failed. With methylmagnesium halides, methyllithium or methylcerium dichloride either starting
material or complex reaction mixtures were recovered. The failure of this reaction was attributed

to complexation of the phenolic ether oxygen to the metal of the reagent, followed by enolization.
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Although the authors do not emphasize the point, this is potentially a very valuable observation,
as it suggests an alternative approach to AS-THC acid. It was also postulated that the the desired
product, a tertiary allylic alcohol, may undergo decomposition under forcing conditions.
Consequently, a non-stereospecific approach starting with the methyl ether of A8-THC was
adopted (Scheme 11).

Scheme 11

c 75 R=H c 79 R=H
76 R= SOzMC 80 R= SOzMC

gh l

CHs

78

(a) BH3, THF, 0 °C; (b) H2O2, NaOH, 25 °C, 77% for two steps; (c) MeSO2(l, Et3N,
CH2Cl», -40 to -5 °C; 42% 76 + 35% 79; (d) PhSeSePh, NaBHy, EtOH, 25 °C; (e)
H7207, NaHCO3, THF, 60% for two steps; (f) n-PrSNa, DMF, 120 °C, 68% ; (g) ¢-
AmOK, 1-AmOH, 102 °C, 46%; (h) n-PrSNa, DMF, 120 °C, 69%.
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Hydroboration-oxidation of 74 took place in high yield to produce an epimeric mixture of
alcohols 75 and 79 which were converted to the corresponding mesylates 76 and 80. Mesylate
76 was treated with phenyl selenide anion, generated in situ, to produce selenoether 77.
Oxidation-elimination of phenylselenium was followed by phenolic methyl ether cleavage to
produce B-methyl A7-THC 78. Treatment of mesylate 80 with potassium fert-amylate, followed
by phenolic ether cleavage led to the «-methyl isomer 81. Both isomers of A7-THC were
evaluated in vitro according to their ability to displace [3H]JCP-55,940 from a rat brain membrane
preparation. As predicted by the earlier computational study, the Kj for isomer 78 was
comparable to A%-THC (71.5 nM vs. 41 nM for A%-THC) whereas for isomer 81 K; = 304 nM.

Biomimetic Approaches to the Cannabinoids

The biomimetic approach to the classical cannabinoids is complicated by the intervention
of a competing pathway for cyclization which leads to the "abnormal” products discussed earlier
in this chapter. Notwithstanding, this strategy has seen use both for A9-THC synthesis, and also
for the preparation of A9-THC acid. A most ingenious solution to the problem is due to Chan
(Scheme 12).40

Scheme 12
Qr_\() ab O/_\O TMSO OMe c
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HO

(a) ag MeOH, NaOH; (b) (C1CO)7, PhH; 100% for two steps; (c) CH2Cla, TiCly, 55%:; (d)
see text, 55%; (¢) 25% NaOH, MeOH, 78%.

Chan's synthesis of A9-THC starts with protected B-ketoester 82 which is hydrolyzed to
the carboxylic acid and converted to acid chloride 83. A Mukaiyama aldol process of the acid
chloride with 1,2-bis-(trimethylsiloxy)-1-methoxybutadiene 84 is catalyzed by titanium
tetrachloride and leads directly to 6-carbomethoxyolivetol 85 in 55% yield. The carbomethoxy
group in 85 blocks one of the two sites which are responsible for the "abnormal” condensation
products, and also deactivates the aromatic ring toward electrophilic attack to a certain extent. The
critical condensation reaction between 85 and one equivalent of (+)-trans-p-mentha-2,8-dien-1-ol



204

86 took place under the conditions which had been defined by Razdan in his pioneering synthesis
(eq 1)19: the two reagents were mixed together for 20 min in dichloromethane in the presence of
anhydrous magnesium sulfate. The solution was cooled to 0 °C, boron trifluoride etherate was
added, and the mixture stirred for 1.5 h. Solid sodium bicarbonate was added, and the reaction
mixture filtered and concentrated. Under these conditions 87 was isolated in 55% yield.
Razdan's paper is instructive, for his thorough study and optimization of the corresponding
reaction of 86 with olivetol makes it very clear that the reaction is successful only under a very
narrowly defined set of conditions. In the final step of Chan's synthesis, base-mediated ester
hydrolysis and decarboxylation produced A9-THC in 78% yield.

OH
TiC,
Y ,TMSO  OMe CH,Cl, eOzC:@\/\/\ (8]
e~ COMe Nkoms — 4
82 84 88

It is noteworthy that the titanium tetrachloride catalyzed condensation of methyl ester 82
with diene 84 gives rise to 2-carbomethoxyolivetol 88 (eq 8) in 72% yield, and that neither
aromatic cyclization product is contaminated with the other40 Ester 88 is potentially valuable as a
starting material for cannabinoids through an alternative strategy (vide infra). The regiocontrol
which is observed in the cycloaromatization reaction indicates that the reactivity order for the
initial condensation step is acid chloride > ketal > ester.

The terpenic partner in these biomimetic syntheses need not have the menthane carbon
skeleton. Other terpenes can enter the same reaction manifold through prior acid catalyzed
rearrangement. For example, Crombie has shown that (+)-frans-2-carene epoxide also undergoes
acid catalyzed condensation with olivetol (eq 9).4142

p-TsOH, PhH

/©\/\/\00C =

olivetol
(+)-trans-2-‘ 89 R'=CsH,;, R? = OH
carene epoxide 90 R!=0OH, R? = C5H,,

[9]

The reaction with tosic acid in benzene produces a 1/1/2 mixture of "ortho” and "para”
cannabidiols 89 and 90 and A9-THC. Traces of A8-THC are also formed in this reaction. After
24 h under the reaction conditions, there were no cannabidiols detectable by glc. Exposure of
(+)-trans-2-carene epoxide to tosic acid in benzene at 50 °C led to cis-p-mentha-2,8-dien-1-ol and
other products. Therefore, it is likely that the reactions of equations 1 and 9, as well as the
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condensation of Scheme 12, proceed through the same allylic carbocation intermediate. There is
no need to postulate an alternative mechanism which involves attack of one of the phenolic
oxygen atoms on the carbon bearing the gem-dimethyl group in carene epoxide.

Mechoulam has optimized the synthesis of cannabidiol 89 from the acid catalyzed
condensation of olivetol with (+)-cis-p-mentha-2,8-dien-1-01.43 The reaction is conducted with a
small excess of olivetol using boron trifluoride on basic alumina as the catalyst. The starting
materials were added to a refluxing suspension of the catalyst and the reaction was quenched
within 10 sec by adding 10% aqueous sodium bicarbonate. These conditions, which were
evidently derived following a careful optimization scheme, give rise to 89 in 41% yield, along
with 14% of the "abnormal” condensation product 90.

Scheme 13
H,;C, OH CH;
b
olivetol + 2. OH —_— A THC
HyCoi O
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91 92

(a) CHaClp, p-TsOH, 24 h, r.t., 68%; (b) CH2Clp, ZnBro, 3A molecular sieves, reflux, 24
h, 72%.

A major improvement over Razdan's pioneering synthesis of A9-THC has been disclosed
by Stoss (Scheme 13).44 In this work, olivetol was condensed with cis-p-menth-2-ene-1,8-diol
91, under mild acid catalyzed conditions. The bicyclic product 92 was isolated in 68% yield as a
solid which was purified by recrystallization. Purification of 92 is a critical step which confers a
major advantage to this approach: it appears that the subsequent condensation leading to AS-THC
is far more successful when pure material is used. Exposure of 92 to anhydrous zinc bromide in
refluxing dichloromethane leads to A9-THC in 72% yield. This method is operationally simple, it
can be applied to large scale, and it avoids the generation of significant quantities of the
"abnormal" isomer, A8-THC or bis-adducts of terpene to olivetol. It is not obvious why having
91, rather than p-menthadienol 1, react with olivetol should minimize the formation of the
"abnormal"” product, although it may be related to a relative increase in the unfavorable steric
interaction between the tertiary alcohol and the n-pentyl sidechain, relative to isopropenyl, which
disfavors the "abnormal” product.

The biomimetic strategy has been applied very successfully to the synthesis of A>-THC
acid.43 This requires an optically active terpenic fragment which incorporates oxidation in C11.
An obvious choice is (R)-(+)-perillaldehyde, which is now an article of commerce. A very
convenient preparation from (+)-limonene oxide which is amenable to large scale synthesis has
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also been described.46 A brief synthesis of (-)-11-nor-AS-THC-9-methanol 99 is summarized in
Scheme 14. In the first step (+)-perillaldehyde was converted to the zert-butyldimethyl silyl
(TBS) enol ether 93. This has the effect of moving the C-C double bond within the six-
membered ring, and also of activating the enol ether toward oxidation in the next step.
Epoxidation in a two-phase ether/saturated aqueous sodium bicarbonate system led to the labile
silyloxy epoxide 94 which was not isolated. Under the reaction conditions, this material
underwent epoxide ring cleavage by m-chlorobenzoate leading to 95 (Ar=m-chlorophenyl).
Reduction with lithium aluminum hydride produced a diastereoisomeric mixture of diols 96 in
66% overall yield from perillaldehyde. All attempts to condense oliveto! with diol 96 failed. This
result should be contrasted with the ease of cyclization of olivetol with p-mentha-2,8,dien-1-0l,
which differs from 96 only in the presence of the primary hydroxyl group. Presumably, the
primary hydroxyl group of 96 destabilizes the allylic carbocation sufficiently to suppress the
desired reaction. By contrast, monoacetate 97 which was derived from 96 underwent boron
trifluoride etherate catalyzed condensation with olivetol to provide tricyclic product 98 in 30%
yield. Reductive removal of the primary acetate with lithium aluminum hydride gave (-)-11-nor-
A9-THC-9-methanol 99 in 94% yield. In spite of the low yield for the condensation-cyclization
step, the overall yield of 99 from perillaldehyde was 19%.

Scheme 14
OTBS OTBS OTBS
CHO
| O HO. OCOAr
© _a, b, _c,
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(a) +-BuMenSiOTH, EtsN, CH2Clp, 0 °C; (b) m-CPBA, Et20, satd ag NaHCOs, 25 °C; (¢)
LiAlHg4, THF, 0 °C; work up with fluoride; 66% overall from perillaldehyde; (d) Ac20,
pyridine, 100%; (e) olivetol, CH>Cly, BF3-Et70, 0 °C, 2 h, 30%; (f) LiAlHy, THF, 94%.

The success of monoacetate 97 in the cyclization reaction can be ascribed to anchimeric
assistance in the ionization of the tertiary, allylic alcohol through an acetoxonium ion. Acetate 98
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was successfully converted to AS-THC acid through the following straightforward sequence of
steps. The phenolic hydroxyl group was protected as the fers-butyldimethylsilyl ether, and the
primary acetate was cleaved with lithium aluminum hydride. Swem oxidation of the C11 alcohol
was followed by further oxidation to the carboxylic acid with sodium chlorite. In the final step
the silyl ether protecting group was cleaved with flyoride to provide the A9-THC acid in very

good overall yield. This route is amenable to scaleup.

Scheme 15
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(a) Zn(OAc)z, BF3-Et20, Acy0, 70-85%; (b) PhSeBr, AgOSO,CF3, PhH; (¢) H2O9, THF,
H70, r.t.; (d) Pd(OAc),, PhoPCH2CHoPPhy, HoC=CHCH20OCO2Et, BuiSnOMe; (¢)
excess 2-lithiodithiane, THF; (f) LiAlHy, 82%.

A closely related synthesis of the C-11 oxygenated cannabinoids is due to Razdan .47
Scheme 15 summarizes the synthesis of the optically active terpenic fragment which was used.
The individual steps are illustrated starting from (/R)-(+)-nopinone, which is more readily
available than its enantiomer, which is required in order to obtain the desired absolute
stereochemistry of the cannabinoid final products. (1R)-(+)-Nopinone 15 was cleaved to
diacetate 100 in high yield according to Yoshikoshi's procedure.48:49 Oxidation of the enol
acetate following Tsuji's protocol,59 or more traditionally, by phenylselenylation-oxidative
deselenation, gave acetoxy enone 101 with no loss of optical purity from nopinone. Exposure of
the enone to an excess of 2-lithiodithiane, followed by reductive cleavage of the acetate with
lithium aluminum hydride, led to dithiane diol 102 in 82% yield. The overall yield of 102 from
nopinone was 82%. The same sequence of reactions was repeated starting with (S)-(-)-nopinone.
The similarity of 102 and 97 (Scheme 14) should be noted. Both molecules are analogous to p-
menthadienol, but incorporate oxidation at C11.

It would have been most convenient, and also much cheaper, to have been able to access
the natural enantiomeric series starting from (1R)-(+)-nopinone. An unsuccessful attempt to do
so is summarized in Scheme 16.5! (1R)-(+)-Nopinone 15 was converted to a 70/30 mixture of
a-phenylselenoketone diastereoisomers 103 and 104. The o-heteroatomic substituent was
introduced so as to be able to generate unsaturation in the product following ring cleavage
specifically. The major isomer 104 was treated to the Yoshikoshi conditions for rearrangement,
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leading to a roughly equimolar mixture of allylic selenides 105 and 106. The facile [1,3]
sigmatropic migration of phenylselenium in effect racemizes the product by scrambling the
position of the double bond in the product.

Scheme 16
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(a) LDA, THF; (b) PhSeBr, 91%, 103/104 = 30/70; (c) Zn(OAc);, BF3-Et20, 105/106
ca. 1/1.

A racemic synthesis of 102 (see Scheme 15) has also been disclosed.5! The Diels-Alder
reaction of Danishefsky's diene with methyl vinyl ketone 107 (Scheme 17) led to cycloadduct
108, which was treated with methylmagnesium bromide to produce tertiary alcohol 109 in very
high yield. Gentle acid catalyzed rearrangement of 109 led to hydroxyenone 110. The
conditions for this reaction must be chosen with care, otherwise dehydration of the teriary alcohol
group in the product leads to a conjugated diene. Exposure of 110 to an excess of 2-
lithiodithiane produces the racemic product 111 in excellent overall yield. It is interesting also
that exposure of 108 to a large excess of methylmagnesium bromide leads to tertiary silyl ether
112, of potential value for the synthesis of A-THC. The mechanism for this unexpected
transformation probably involves Lewis acid catalyzed ionization of the methoxy group to form an
oxoallylic carbocation, followed by nucleophilic trapping by the methyl Grignard reagent. The
reactions of Scheme 17 have been applied very successfully to large scale synthesis. Recent
advances in the methodology for performing enantioselective Diels-Alder cycloadditions suggests
a role for this approach in the future.

The syntheses of 11-nor-A9-THC-9-methanol and AS-THC acid which were carried out
using 111 are interesting because of the way they underscore the subtle nuances in the reactivity
of this system (Scheme 18). Boron trifluoride catalyzed condensation of 111 with olivetol
produced only the two benzofuran isomers 113 and 114, resulting from "abnormal" and
"natural” attack of the olivetol on 111, respectively.5! When tosic acid was used to catalyze the
condensation, the tricyclic nucleus of the natural cannabinoids was formed, however, the
"abnormal” isomer 115 was the major reaction product. The "natural" isomer 116 was isolated
in 19% yield. The cis and the trans isomers of 111 each led to the same mixture of products 115
and 116, therefore both isomers lead to the same intermediate, presumably the allylic carbocation
which results from acid catalyzed ionization of the C9 hydroxyl. Significantly, no A8 isomers
were formed in this process. The A8 isomer of 115 was prepared from the A3 aldehyde and 1,3-
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propanedithiol/boron trifluoride etherate, and was subsequently subjected to the same conditions
which were used for the preparation of 115 (tosic acid in benzene at reflux). No isomerization to
115 was observed. This suggests that the A9 isomers from the cyclization reaction are not
thermodynamically favored. This, in turn, implies that the dithiane group destabilizes a CS
carbocation, and in this way prevents the usual isomerization of the A9 to A8 series. Mercury (1)
catalyzed dithiane hydrolysis led to o,B-unsaturated aldehyde 117 in excellent yield. Carbonyl
reduction with lithium aluminum hydride in the last step leads in satisfactory yield to racemic 11-
nor-A9-THC-9-methanol 99.

Scheme 17
OTMS OTMS
TMSO
o .
OMe 07
Danishefsky's
diene 108
HO 3\ TMSO_ CH;
E OH

112

(a) PhH, reflux, ca. 20 h; (b) MeMgBr, Et20, 0 ¢C, 95% for two steps; (¢) ClsCCO2H,
CCly4, reflux, 5 h 71% for three steps; (d) excess 2-lithiodithiane, THF, 4/1
diasteroisomers, 66%; (e) large excess MeMgBr.

The condensation of 111 with 5-(1,1-dimethyl)heptyl resorcinol was also carried out. In
this case, formation of the "abnormal” isomer was suppressed as a consequence of the steric
effect which has been discussed earlier in this chapter. The desired isomer was isolated in 43%
yield.

The conversion of 116 to AS-THC acid was accomplished very effectively (Scheme
19).52 Protection of the phenolic hydroxyl group in 116 with tert-butyldimethylsilyl chloride
produced silyl ether 118. Hydrolytic cleavage of the dithiane group was accomplished by
treatment with an excess of iodomethane in aqueous DMF and potassium carbonate in 60%
overall yield for the two steps. The a,B-unsaturated aldehyde was oxidized using a variant of
Pellegata's procedure.53 This procedure had been used in an earlier synthesis of the AS-THC
acid, and had been shown to proceed readily and without isomerization to the A8 series. It was

critical to use a large excess of 2-methyl-2-butene during the sodium chlorite oxidation. This is
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probably necessary for the effective scavenging of chlorine, which would otherwise oxidize the
electron-rich aromatic ring. Many alternative conditions for performing this step were tried
unsuccessfully: silver oxide, potassium

Scheme 18

s’\> Sq
HO

+ olivetol A, 113 R! = CsH,;, R = OH

R? 114 R' = OH, R’ = CsHy;

H;C

115 R! = CsH,;, R* = OH
116 R! = OH, R? = CsHy,

CH,OH

H;C

99

(a) BF3-Et20; (b) p-TsOH, PhH, 85 °C, 30% 115, 19% 116; (c) BF3-Et20, aq THF,
HgO, r.t., 1 h, 80%; (d) LiAlH4, Et2O, r.t., 30 min, 53%.

permanganate and pyridinium chlorochromate. When manganese dioxide in the presence of
sodium cyanide and methanol was used, a mixture of A8 and A9 methyl ester isomers were
obtained. When the phenolic hydroxyl group in 118 was protected as the acetate rather than the
silyl ether, yields of the acid were much lower, presumably because the acetate underwent partial
hydrolysis during the reaction. This work demonstrates that even a procedure as simple as the
oxidation of an aldehyde to an acid is far from straightforward in the cannabinoid system which

can undergo double bond isomerizations and undesired oxidative processes involving the aromatic
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ring. Fluorodesilylation of 119 with tetra-n-butylammonium fluoride in THF completed the
synthesis of racemic A9-THC acid. The reactions of Scheme 19 were duplicated with the (+)- and

the (-)-series.

Scheme 19

H,C

119 AS-THC-acid

(a) -BuMe,SiCl, imidazole, THF, r.t.; (b) Mel, DMF, K2CO3, HO, 60% for two steps;
(c) t-BuOH, Hy0, 2-methyl-2-butene, NaClO,, NaH;PO4, 86%; (d) n-BugNF, THF,
96%.

In order for the A-THC acid to be of use as a forensic tool, it is necessary that it be
optically pure. Therefore, it is of interest to discuss the means by which the reactions of Schemes
18 and 19 were applied to the enantioselective synthesis of A9-THC acid. This exercise reduces
to the synthesis of optically enriched or optically pure 111 (Scheme 17), which was
accomplished through a trivial modification of the reactions of Scheme 14. (R)-(+)-Perillaldehyde
was converted to the ters-butyldimethylsilyl enol ether 93, which was epoxidized to 94 with m-
chloroperoxybenzoic acid in a two-phase system, as in Scheme 14 (Scheme 20). If the
epoxidation of the enol ether is not stopped immediately after the disappearance of the starting
material, which can be ascertained by tlc, then addition of m-chlorobenzoic acid to the product
leads to 95. Treatment of silyloxy epoxide 94 with sodium periodate and hydrofluoric acid in
aqueous acetonitrile, or treatment of 95 under the same conditions for a longer period of time,
leads to enone 120 in 58% overall yield for the three steps. Under these reaction conditions, 94
or 95 undergoes initial hydrolysis to an o-hydroxy aldehyde, which is immediately cleaved by
periodate to the ketone in the usual manner, through the intermediacy of the hydrate. Performance
of the hydrolysis and oxidative cleavage steps sequentially results in substantially lower yields,
presumably due to the lability of the a-hydroxy aldehyde. Regioselective monoepoxidation of

120 takes place at the non-conjugated double bond to produce a 1/1 mixture of epoxide
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diastereoisomers 121. Addition of 2-lithiodithiane to the ketone carbonyl group, followed by
reductive cleavage of the epoxide with lithium aluminum hydride leads to 102, as a mixture of cis
and trans isomers, in excellent overall yield. Proceeding from 102, the optically active A9-THC

acid was prepared, as well as the analog with the 1',1-dimethylheptyl sidechain.

Scheme 20
OTBS OTBS o o
- ES ~~ @ —- @
Y (o]
R)-(+)- 93 94 120 121
perillaldehyde
S
HO )j\ HO, 3\
122

(a) +-BuMe2SiOTE, EiN, CH;Clp, 0 °C, 100%; (b) m-CPBA, Et70, satd aq NaHCO3, 30
min, 25 °C; (c) aq CH3CN, HF, NalOy, 58% for three steps; (d) m-CPBA, CH2Clp, 10 h,
85%, 1/1 isomers; (¢) 2-lithiodithiane, THF, r.t., 60%; (f) LiAlHy, Et;0,00°C tor.t., 1 h,
78%.

The primary difference between the terpenoid products of Schemes 14 and 20 is in the
"lower half" of the molecule: in 102 there is a 2-hydroxyisopropyl, rather than an isopropenyl
substituent. The introduction of this hydroxyl group required two extra steps, the epoxidation
and the reductive cleavage of the epoxide. The reason for the extra work can be understood from
equation 10. Condensation of olivetol with 123 the terpenic fragment with an isopropenyl group,
with either boron trifluoride etherate, tosic acid or trichloroacetic acid as catalyst, gave only 3 to
4% of the desired tricyclic product 116 (see Scheme 19). The major product was tentatively
identified as a mixture of regioisomers 124 and 125 (eq 10). The conclusion to be drawn from
this is that the tertiary hydroxyl group in the "bottom half" of the 102 facilitates the formation of
the heterocyclic ring, relative to analog 123 which bears an isopropenyl substituent. This is
certainly true for the reaction conditions which were used (however see also Scheme 21). With
both substrates the first steps are the same, namely, acid catalyzed ionization of the tertiary alcohol
at C9 to generate an allylic carbocation, followed by C-C bond formation with olivetol.
Nevertheless, at first glance this is a puzzling result, since acetate 97 (Scheme 14) was used very
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successfully. Evidently, the dithiane group in 123 and 102 (Scheme 20) is doing more than just
inhibiting the A9 to A8 isomerization. Razdan suggestsS! that the inhibition of the isomerization
occurs because the dithiane destabilizes the B-carbocation (at C9), and that the dithiane also
stabilizes the y-carbocation (at C10), which results in the formation of the benzofuran isomers
124 and 125. Razdan suggests that this is surprising and unexpected, since sulfur usually
stabilizes P-cations over y-cations, by the favored formation of three-membered, over four-
membered sulfonium rings. This is certainly true, however, in these allylic systems there is a
plausible mechanistic pathway (eq 11) which accounts for the observations of equation 10 and
Scheme 18. Equation 11 shows the product 126 of the initial condensation between olivetol and
the allylic carbocation derived from ionization of 123. Under the reaction conditions (tosic acid
in refluxing benzene) reversible proton transfer to one of the two sulfur atoms of the dithiane can
take place. This can result either in the concerted process shown, or in the (reversible) formation
of another allylic carbocation which is substituted with sulfur at its one terminus. In either case,
attack of the phenolic oxygen at C10 takes place to form benzofuran 127. The sulfur here does
not directly stabilize a y-carbocation, but through this indirect process, perhaps involving the
generation of an allylic carbocation. The enol sulfide functionality in intermediate product 127
can also undergo reversible protonation; the carbocation intermediate is intercepted by the adjacent
sulfur so as to restore the six-membered ring of the dithiane. Proton loss leads to 128. If one
assumes, as Razdan does,5! that the formation of the dihydrobenzopyran ring is slow in the
isopropenyl series, then the faster step which converts 126 to 127 leads to the observed
benzofuran products. In the 2-hydroxyisopropyl series the situation is reversed: formation of the
dihydrobenzopyran ring is the fast step.

e e

S
acid 0]
+ olivetol —_— (10]
catalyst 1
H | R
/\ R2
123

124 R! = CsH,,, R = OH
125 R' = OH, R? = C5H
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127

[11]

128

An optimized version of Razdan's synthesis of A9-THC acid has been described (Scheme
21).34 The starting material once again was (R)-(+)-perillaldehyde,46 which was reduced to
perilla alcohol and selectively epoxidized to 129. Since the enantiomers of perilla alcohol are
now articles of commerce, synthesis of the starting material is no longer necessary. Acetylation
of the primary alcohol, followed by regioselective epoxide ring opening with phenyl selenide
produced selenide diol 130. Exposure of 130 to sodium periodate in aqueous acetonitrile led to
dienone 120 (see Scheme 20). Addition of 2-lithiodithiane to the ketone gave tertiary alcohol
123 which was condensed with olivetol under very mild conditions to produce tricyclic
cannabinoid 116 in 43% yield. This is a significant result, because it shows that through the
choice of milder reaction conditions, the undesired reaction manifold leading to benzofuran
products (cf. eq 10) can be avoided. The phenolic hydroxyl group of 116 was protected as the
acetate, and the dithiane ring was hydrolyzed through a mercuric ion catalyzed reaction leading to
131 in 51% overall yield for the two steps. The choice of acetate as the protecting group for the
phenol may not have been optimal, considering Razdan's earlier observations. Oxidation of the
o, B-unsaturated aldehyde functionality of 131 with manganese dioxide in methanol in the
presence of cyanide and acid, followed by hydrolytic cleavage of the phenolic acetate and the
methy! ester, led to A9-THC acid. No yield was specified for the last two steps.
Notwithstanding, this work represents an optimization of Razdan's original synthesis; it can
probably be improved further by choosing a different protecting group for the phenol.
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Scheme 21
OH OH S/\)
CHO HO o HO_ )~g
Y SePh
a,b c,d e f
(R)-(+)- 129 130 120 123
perillaldehyde

116 131

(a) LiAlH4, Et20, r.t., 1 h; (b) VO(acac)s, t-BuOOH, PhCH3, 2 h, r.t., 90% for two steps;
(¢) Aca0, pyridine, overnight, r.t., 94%; (d) PhSeSePh, NaBH4, EtOH, 24 h, r.t., 88%;
(e) NalQy4, ag CH3CN, 2 h, r.t., 44%; (f) 2-lithiodithiane, THF, 45 °C, 56%; (g) olivetol,
BF3-Et20, anh MgSQy4, CH2Clp, 1 h, -63 °0C, 43%,; (h) AcO, pyridine, overnight, r.t.; (i)
HgCla, HgO, aq CH3CN, 1.5 h, reflux, 51% for two steps; (j) NaCN, MnOj, HOAc,
MeOH; (k) aqg KOH, EtOH.

Cycloaddition Reactions for the Synthesis of Cannabinoids

In total synthesis it is often true that the most efficient approach to a particular structure is
by means of a Diels-Alder cycloaddition. The efficiency of the process derives from being able to
form multiple C-C bonds simultaneously, often with very good control of stereochemistry.
Consequently, it should come as no surprise that strategies making use of a cycloaddition reaction
as the key step were used early on to prepare cannabinoids. Scheme 22 summarizes Tietze's
contribution to this area.55 5-n-Pentyl-1,3-cyclohexanedione 132 was condensed at 100 °C with
(R)-(+)-citronellal in a tandem aldol-dehydration-cycloaddition process to give tricycle 134 in
65% yield as a ca. 1/2 mixture of diastereoisomers. Diketone 133 is the postulated intermediate
which undergoes an intramolecular hetero Diels-Alder reaction. The stereochemistry of the ring
junction is controlled by the C9 methyl group, and results from a chair-cyclohexane transition
state for the incipient ring, in which the C9 methyl is equatorial. 56 The conversion of 134 to (-)-
hexahydrocannabinol (HHC) took place in three steps: enolization of the ketone, phenylselenation
and oxidative deselenation. The overall yield of aromatic product was 70% and 50% from each of
the two isomers of the phenylselenoketone. The synthetic utility of this synthesis is marred by the
need for an oxidative aromatization step. Also, 5-n-pentyl-1,3-cyclohexanedione is less available
than olivetol, therefore the better approach would have been to devise a method which utilizes
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olivetol. Such a synthesis would also require fewer steps. Several such approaches have been
demonstrated successfully, and are discussed in what follows.

Scheme 22

Q a Q (4+2]
CHO + —_— | X
|
O o

(+)-citronellal 132 133

|

(-)- hexahydrocannabinol

(a) 100 °C, DMF, 65%; (b) LDA, THF, (c) PhSeCl, 65% for two steps; (d) m-CPBA, 3,5-

dimethoxyaniline, -40 to 25 °C, 70% from [B-phenylselenoketone, 56% from «-
phenylselenoketone.

An obvious retrosynthetic disconnection of HHC leads to a quinone methide. A number
of similar syntheses of HHC which proceed through such an intermediate have been described.
Marino has described a brief synthesis which proceeds from the 2-(trimethylsilyl)ethoxymethyl
(SEM) ether 135 (Scheme 23).57 Regiospecific metallation at C2 of 135 with zert-butyllithium,
followed by addition of (R)-(+)-citronellal and cleavage of the SEM group led to 136, which was
isolated in 40% overall yield from 135. Persilylation of 136 took place with
trimethylchlorosilane and pyridine in refluxing benzene. The entire reaction mixture was added to
an excess of cesium fluoride in refluxing acetonitrile to produce the methyl ether of HHC in 80-
90% yield. Selective cleavage of the phenol silyl ether with elimination of the benzylic
trimethylsilyloxide was postulated to generate intermediate o-quinone methide 138 which
undergoes the intramolecular cycloaddition reaction to generate 137. Cleavage of the methyl
ether in the last step with sodium thioethoxide leads to (-)-HHC.

The stereochemistry of the cycloaddition reaction again follows from a consideration of
the most stable chair cyclohexane transition state. Transition state 139 which has the C9 methy!l
group equatorially disposed in the developing chair form of the six-membered carbocycle
accounts for the observed stereochemistry.
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Scheme 23
OMe
/©\/\/\ — 2L
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l\OCHchzslMe3 OH
135 136 137
f OMe
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l
0]
(-)- hexahydrocannabinol 138

(a) +-BuLi, hexane; (b) (+)-citronellal, THF; remove solvent; (¢) n-BugNF, THF, reflux,
40% for three steps; (d) Me3SiCl, pyridine, PhH, reflux; (e) 7 equiv CsF, CH3CN, reflux,
40 h, 80-90% for two steps; (f) NaSEt.

MeO. = C5H”
P
1t
HC+7 7 0 139
H

It is not obvious why the two oxygen atoms of olivetol in 135 were required to have
different protecting groups. A more closely related approach to HHC which is more efficient is
summarized in equation 12,58 The bis-(methoxy)methyl ether of olivetol was metallated with »-
butyllithium and N,N'-tetramethylethylene diamine (TMEDA), and the anion was condensed with
(R)-(+)-citronellal to produce 140 in 75% yield. Simply heating 140 at reflux in methanol for 6
h in the presence of half an equivalent of tosic acid led to (-)-HHC in 93% yield. Acid catalyzed
cleavage of both MOM groups is followed by ionization of the secondary benzylic aicohol to
produce a quinone methide in what is probably a reversible step. The cycloaddition to form (-)-
HHC takes place irreversibly. In terms of number of steps as well as overall yield, the synthesis
of equation 12 is superior to that of Scheme 23. An even more efficient synthesis of (-)-HHC has
been described.

OH OMOM p-TsOH
| MeOH
reflux
/0
OMOM 3%
140 (-)- hexahydrocannabinol

[12]
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EfAICI
OH 0.5 equiv
CHO + /@\/\/\ — [13]
| PhCH;
HO reflux
57%

(+)-citronellal olivetol (-)- hexahydrocannabinol

Simply mixing (R)-(+)-citronellal with olivetol in toluene with half an equivalent of
diethylaluminum chloride, and heating the mixture to reflux leads to (-)-HHC in 57% isolated
yield (eq 13).59.60 This transformation can be thought of as taking place through an initial Lewis
acid catalyzed reaction at C2 of olivetol, followed by Lewis acid catalyzed elimination of a water
molecule to form an o-quinone methide which cyclizes to (-)-HHC. The equivalent of water
which is generated during the reaction is scavenged by the diethylaluminum chloride. In this
instance the elusive goal of a one-step synthesis of a natural product, starting from commercially
available starting materials, is realized! One should note that the regiospecific metallation of the
aromatic is unnecesary, phenolic protecting groups are unneeded, and elimination of the benzylic
hydroxyl requires no activation.

Scheme 24
OA N
¢ s
d/‘:/\S/\E . /©\/\/\ = )
|
|  HO
141 142 OH 143
c,d
—_—

hexahydrocannabinol

(a) SO2Cly, pyridine, CH2Cly; (b) Et3N, cyclohexane, 25% for two steps, + 23%
"abnormal” product; (c) NaBHy4, EtOH, 50 °C, 18 h; (d) 0.5 equiv BF3-Et20, PhH, r.t., 2
h, 71% for two steps.

There are several other related approaches to HHC which have been reported which are
less efficient than that of equation 13, but which are of heuristic interest, and will be mentioned.
Scheme 24 shows one such approach which makes use of a thioether 141 to alkylate olivetol
monoacetate 142.61 The thioether is chlorinated with sulfuryl chloride and pyridine and allowed
to react with 142 to form an intermediate phenoxysulfonium ylide which undergoes {2,3]
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sigmatropic rearrangement to form the C-C bond at C2 of the olivetol fragment. The yield of 143
was 25% and a nearly equimolar quantity of the "abnormal” isomer was also isolated from the
reaction. Reductive cleavage of the acetoxy group in 143, followed by treatment with boron
trifluoride etherate, led to HHC in 71% yield.

Another approach to the HHC system which avoids the aryl metallation step makes use of
phenylboric acid as a catalyst. Equation 14 summarizes the salient features of this reaction.62
Exposure of equimolar quantities of (R)-(+)-citronellal, 3,5-dimethoxyphenol and phenylboric
acid in dry toluene to an excess of glacial acetic acid at reflux for 20 to 40 h under a Dean-Stark
water separator led to tricyclic compound 144 in 86% yield. The ring fusion stereochemistry was
trans, however, 144 was present as a 90/10 equatorial/axial mixture of isomers at C9
(cannabinoid numbering). The erosion of stereocontrol in this cyclization may be attributable to
the rather vigorous conditions for generation of the o-quinone methide. The phenylboric acid is
thought to catalyze the initial C-C bond making reaction by first forming the 3,5-dimethoxyphenyl
borate ester with loss of a water molecule, then acting as a Lewis acid toward the carbonyl oxygen
atom of the citronellal. The utility of this protocol for cannabinoid synthesis will depend upon
whether the "abnormal” isomer can be avoided during the cyclization. Regrettably, none of the
reactions which have been reported reveal the regiochemical preference, since the phenols have
had identical substituents at C3 and CS5.

PhB(OH),
OMe HOAc
CHO + ?
| PhCH;
HO OMe reflux

(+)-citronellal 3,5-dimethoxy- 86% 144

phenol

[14]

OMe

Scheme 25 describes the synthesis of racemic 9-nor-9-hydroxyhexahydrocannabinol and
provides yet another example of the idiosyncratic nature of much of this chemistry.63 The
racemic aldehyde 145 was prepared in four steps from commercially available 5-hepten-2-one:
(1) regioselective carbomethoxylation with dimethyl carbonate and sodium hydride; (2) ketone
reduction with sodium borohydride; (3) conversion of the hydroxyl to the MOM ether with
dimethoxymethane and phosphorus pentoxide; (4) reduction of ester to aldehyde with
diisobutylaluminum hydride. The bis-MOM ether of olivetol was metallated by treatment with n-
butyllithium in ether/hexane in the presence of TMEDA, and was added to aldehyde 145. The
yield for the addition step was 40%. Adduct 147 was heated to reflux in anhydrous methanol in
the presence of tosic acid for 3 h to produce in 76% yield a mixture of equatorial and axial C9
hydroxyl isomers 148 and 149 in 76% yield. In contrast to the cases discussed previously, the
major product from this reaction is the axial alcohol. This result is difficult to rationalize, but it
seems to suggest that an intramolecular hydrogen bonding interaction involving the C9 hydroxyl
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may play an important role in determining the preferred transition state geometry for cyclization.
This example illustrates the point which has been made earlier, namely that even seemingly minor
perturbations in structure can have profound influences on the reactivity of these systems. This is
one of the reasons that it is so challenging to devise truly general efficient synthetic approaches to
the cannabinoids bearing C9 or C11 functionality.

Scheme 25
OMOM
OMOM
OMOM OH OMOM
+ L
CHO — ]
| MOMO
OMOM
145 146 147
a
—_—

148 149

(a) anhydrous MeOH, p-TsOH, reflux, 3 h, 76%, 148/149 = 35/65.

A very different approach to HHC analogs through o-quinone methide cycloadditions is
due to Moore.54 In Moore's approach, a cascade of electrocyclic processes results in the
assembly of the cannabinoid skeleton (Scheme 26). Commercially available (R)-(+)-citronellyl
bromide 150 was treated with the lithium trimethylsilyl acetylide to produce silyl acetylene 151.
Deprotonation of 151 with tert-butyllithium took place to give a propargyl anion which was
trapped with trimethylsilyl chloride to give 152. Silver assisted desilylation of the acetylenic
trimethylsilyl group led to 153 in moderate overall yield for the two steps. Removal of the
acetylenic hydrogen with n-butyllithium, followed by addition of the lithium acetylide to a
cyclobutene dione, led to adduct 154 in good yield. The regiochemistry for acetylide anion
addition follows from a consideration of the relative electronegativities of the two carbonyl groups
in the cyclobutene dione: the carbonyl group which is slow to react with the nucleophile, and
which survives intact in the product, is part of a vinylogous ester. Fluoride ion induced
rearrangement of 154 gave the allene 155 which was gently warmed in benzene to produce HHC
analogs 157 and 158 in excellent overall yield. Allene cyclobutenone 155 presumably
rearranges to o-quinone methide 156, which cyclizes in the usual manner. The mechanism for
the conversion of 155 to 156 is shown in equation 15.



221

Scheme 26
SIMC3
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SE/\SIM%
152 R = SiMe,
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—_— OH 157 R'=MeO, R* = Me, 85%

158 R!=Ph, R?=Pr, 66%
OR2

(a) Me3SiC=CLi, THF, DMSO, 0 °C, 70%; (b) tert-BuLi, Me3SiCl, -23 °C; (c¢) EtOH,
KCN, AgNO3, 45% for two steps; (d) n-BuLi, THF, -78 ©C; add cyclobutene dione, 71-
80%; (e) n-BuyNF, THF, 80-84%; (f) PhH, 50 ©C, 36 h for 157, 40 °C, 7 h for 158.
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A retro [242] cycloaddition cleaves the four-membered ring in 159. The conrotation takes place

(15]

torquoselectively with the hydroxyl group rotating outward to form ketene 160. This is followed
by a [6n] electrocyclic process which generates o-quinone methide 156. The [4+2] cycloaddition
reaction which forms the dihydrobenzopyran ring of the final product can only take place from
isomer 156 which is predicted to be favored over its geometrical isomer 161: the steric
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interactions between the rest of the molecule and the ketene carbonyl oxygen are more important
than the interactions with the ring hydrogen. As a consequence, during the conversion of 160 to
161 rotation of the allene takes place in such a way as to place the encircled hydrogen syn to the
carbonyl oxygen.

The reactions of Scheme 26 were also carried out starting from (S)-(-)-citronellyl bromide
to produce 164 (eq 16). Lithioacetylide 162 was allowed to react with cyclobutenedione 163,
and the adduct was converted in 67% overall yield to cannabinoid analog 164 which belongs to
the enantiomer series.53 The stereochemistry for the cyclizations which lead to 157 and 158
(Scheme 26) and which lead to 164 (eq 16) is again determined by the preference for a chair
cyclohexane transition state in which the C9 methyl group adopts the equatorial position.

o_ OiPr ’
.+ jj[ — .y OH [16]
1 'y
(0] OiPr 67% /@: )
163 O OiPr
16

162 4 Ofr

H SiM€3

This approach to cannabinoid synthesis is refreshingly novel, but it will probably be
challenging to modify it for the synthesis of the natural series of compounds, which incorporate
an aromatic hydroxy! group at C1. In order to do so, oxygen would have to be introduced during
the rearrangement of 154 to 155 (Scheme 26). The allenic hydrogen atom in 154 closest to the
four-membered ring would have to be replaced by an alkoxy group.

Up to this point, the discussion of cycloaddition strategies has focussed on the synthesis
of cannabinoids lacking A8 or A9 unsaturation. The same general scheme has been applied to the
preparation of cannabinoids bearing unsaturation in the aliphatic carbocycle, however, since C9 is
sp hybridized in this case, there is no easy way to adapt this for enantioselective synthesis.

Equations 17 and 18 summarize Rickards' synthesis of the THCs through a cycloaddition
reaction.®0 The extremely unstable allylic benzylic alcohol 165 (eq 17) was prepared as a 1/2 E/Z
isomeric mixture from citral and 2-lithio dimethoxyolivetol in 80% yield. Treatment of 165 with
3 equivalents of boron tribromide, followed by column chromatography on acidic silica gel
produced A8-THC in 40% yield, elimination of hydrogen bromide having taken place during the
course of the chromatographic purification. The boron tribromide mediates the cleavage of the
two phenolic methyl ethers, and it also catalyzes the generation of the reactive intermediate which
undergoes cyclization. Chromatography of the same reaction mixture on Florisil led to a 3/2
mixture of A8- and A9-THC in 57% yield. The ratio could be improved to 1/1 (66% yield) by
conducting the chromatography on basic alumina. A much more effective way to maximize the
proportion of the A isomer was to isolate the reactive tertiary bromide 8 by mplc, and conduct
the elimination in a separate step with potassium fert-butoxide. Under these conditions the ratio of
A9- to AB-THC was 87/13. This is still not as good as the 95/5 ratio of isomers which Razdan
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reported for a similar elimination from the tertiary chloride, using potassium fert-amylate as the
base. In Razdan's reaction, and also in this instance, the observed regiochemical preference for
elimination to the A% isomer is a consequence of an intramolecular process, in which the
phenoxide anion abstracts the proton from C10. The erosion of the regiochemical preference in
the case of the bromide is a consequence of the greater solvolytic lability of the bromide versus the
chloride. An obvious way to circumvent this problem would be to use boron trichloride in place
of the tribromide in the cyclization step. All attempts to do so failed to provide cyclized material.

3 equi Br
equiv S
N OH OMe BBr,
e -
| CH,Cl,
OMe
165
[17}
t-BuOK
— A% -THC + A%-THC
13/87, 75% yield overall
Me,SiCl
N.0H OoMOM Et,NBr ‘ OH
— [18]
| 0°C O
OMOM 65% ©
166 167

Whereas the boron tribromide mediated reactions of 165 (eq 17) produced compounds
with trans ring junction stereochemistry, it was also possible to enter the cis manifold through a
minor modification of the procedure.56 Alcohol 166 was prepared from citral in 79% yield (eq
18). Exposure of 166 to trimethylsilyl bromide, generated in situ from trimethylsilyl chloride and
tetracthylammonium bromide, produces cis-A-THC 167 in 65% yield. The divergence of the
stereochemical outcomes of the two reactions has been rationalized as follows.66 In the reaction
of equation 17, ionization of the alcohol takes place in the first step to generate an allylic benzylic
carbocation. The trans ring fusion is then formed either during the cyclization step itself, or in a
subsequent isomerization of the cis isomer, a process which is catalyzed by boron tribromide.
The isomerization step presumably takes place through opening and reclosing of the
dihydrobenzopyran ring. A similar allylic benzylic carbocation is formed from the reaction of
trimethylsily]l bromide and 166 (eq 18). In this case, loss of HCOCH+ would generate an o-
quinone methide which undergoes the intramolecular hetero Diels-Alder cycloaddition which leads

in this case to the cis ring fusion stereochemistry. Isomerization to the trans ring fusion isomer
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does not take place in the reaction of equation 18 because the trimethylsilyl bromide does not
catalyze the re-opening of the dihydrobenzopyran ring. Isomerization from A9 to A8 also does
not take place because of the mildness of the reaction conditions, and also because in the cis ring
junction isomer, the A9 is thermodynamically favored over A8. The unanswered question here is
why the o-quinone methide cycloaddition leads to trans ring fused products in the saturated series,
whereas it leads only to cis ring fused products in the unsaturated series. As will be seen by the
example of the following paragraph, the trend appears to be general, and it suggests that there is a
fundamental difference between the transition state geometries for the cyclization in each case.

Scheme 27
OR OTBS OTBS
D b D . “OH OEE q
CN — - CHO ~ . l .
l I
OEE
168 R=H
"Lt rotBs 170 1
OTBS OTBS OTBS
N o OEE . N OH OEE ; OEE
' ) L
0
OH OH
172 173 174
£
OTBS OTBS OTBS
N o OH " . OH
| —_— ;
0 ‘
OH OH
175 176 177

(a) t-BuMe;SiCl, DMF, imidazole, >95%; (b) i-BuzAlH, Et20, -5 °C, 96%; (c) 2-lithio bis-
ethoxyethyl olivetol, THF, 68%; (d) azodicarbonyl dipiperidine, +-BuOMgBr, 79%; (e)
NaBHy, 94%; (f) CF3CO2H, anh CHCl3, 0 °C, 69%; (g) HOAc, THF, H20 (1/1/1), 25
oC, 12 h, 60%; (h) NaBH4, MeOH, THF, 0 °C, 64%; (i) CF3CO2H, anh CHCl3, 0 °C,
58%
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A cycloaddition strategy has been used to prepare racemic nor-A%-cis-6a,10a-THC-9-
carboxylic acid (Scheme 27).67 The terpenic fragment was prepared from 5-hepten-2-one, which
was converted to o,B-unsaturated nitrile 168 in a single step according to the published
procedure.68 Protection of the primary hydroxyl as the TBS ether took place in nearly
quantitative yield to produce 169, which was reduced to enal 170 with diisobutylaluminum
hydride in 96% yield. Aldehyde 170 was next condensed with the lithio anion derived fron bis-
ethoxyethyl olivetol to produce 171 in 68% yield. Exposure of 171 to Lewis or protic acids
under a variety of conditions led to complicated reaction mixtures containing only minor quantities
of cyclic products. The failure of this reaction appears to be related to the presence of the
ethoxyethyl groups, therefore their removal prior to the cyclization was indicated. This is not a
trivial transformation, because survival of the allylic benzylic alcohol function during the acidic
conditions for removal of the phenolic protecting groups would hardly be expected. Selective
removal of one of the two phenolic protecting groups was accomplished in an unusual manner.
Oxidation of the benzylic alcohol to the ketone under Mukaiyama's conditions,5?
azodicarbonyldipiperidine and bromomagnesium tert-butoxide, led to ketophenol 172 in 7%
yield. The probable mechanism through which one of the ethoxyethyl groups is lost is illustrated
by equation 19. Proton transfer from 171 to the bromomagnesium alkoxide leads to the bidentate
chelate involving one of the two phenolic oxygens; fragmentation takes place with loss of the
stable oxocation. The fragmentation has been shown to take place from the alcohol; the
fragmentation could also take place following the oxidation to the phenone through a similar
mechanism. Fragmentation of the second acetal protecting group does not take place because of
the stability of the magnesium phenoxide.

o) (19]
N —_ Q
Br’Mg’g) B Mg,

ra)\ + 04\

) S

Reduction of the ketone functionality in 172 leads to diol 173 in 94% yield. Cyclization
to 174 took place in 69% yield upon treatment with trifluoroacetic acid in chloroform. Tricyclic
cannabinoid 174 was formed as a 6/1 mixture of cis and trans ring junction isomers. It is
perhaps worth noting at this juncture that ring junction stereochemistry is easily determined by 1H
NMR. In 174 the proton attached to C10a appeared at § 3.61 as a broad singlet (w2 12 Hz).
By comparison, in A%-THC acid, which has the trans ring junction stereochemistry, the proton
attached to C10a appears as a doublet of doublets (J = 10.5, 1.5 Hz) at 8 3.37. These trends are
general.
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The remaining ethoxyethyl protecting group in ketophenol 172 was hydrolytically cleaved
in good yield to provide ketoresorcinol 175. Reduction of the carbonyl group in 175 with
sodium borohydride produced triol 176 which was cyclized to 177 under the same conditions
which were used for 173. Cannabinoid 177 was formed in 58% yield, again as a 6/1 mixture of
cis and trans isomers.

The conversion of 174 to racemic nor-A9-cis-6a,10a-THC-9-carboxylic acid 181 is
summarized in Scheme 28.67 Selective cleavage of the silyl ether protecting group exposes the
C11 primary allylic alcohol which is oxidized in 79% yield according to Mukaiyama's procedure
to aldehyde 179. Peliegata oxidation33 of the aldehyde to the acid proceeded in 79% yield.
Hydrolytic removal of the phenolic ethoxyethyl group was accomplished by brief exposure to
pyridinium tosylate (PPTS) in methanol to give 181 in 76% yield.

Scheme 28
174 R =TBS 179
178 R=H
co2H COzH

(a) n-BugNF, THF, -25 °C, 65%; (b) azodicarbonyl dipiperidine, t-BuOMgBr, 79%; (c) t-
BuOH, H7O, 2-methyl-2-butene, NaClO7, NaH2POy4, 79%; (d) pyridinium tosylate,
MeOH, r.t., 76%.

Kowalski has applied a conceptually different approach to the synthesis of racemic A8-
THC based on successive cycloaddition reactions (Scheme 29).70 The starting point is the Diels-
Alder cycloaddition of isoprene with ketoester 182 to produce in high yield the aliphatic
carbocyclic ring of the final product. The following five steps were conducted in a single
operation, without isolation of intermediates, and follow the general outline of earlier work by
Kowalski. Selective addition of methyllithium to the ketone carbonyl group of 183 could be
accomplished at -90 °C. Addition of dibromomethyllithium to the ester carbonyl led to an
intermediate o,0-dibromomethyl ketone which was treated at low temperature with n-

butyllithium. Metal-halogen exchange generates a metallocarbene which rearranges to an
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acetylene alkoxide. Trapping with triisopropylsilyl chloride generates the silyloxy acetylene
functionality in 184. Trapping of the tertiary alkoxide with trimethylsilyl chloride ends the
sequence. The sterically demanding triisopropylsilyl group is only transferred to the
unencumbered oxygen of the alkoxyacetylene, which makes it possible to differentiate the two
oxygens of 184. These steps took place in 52% overall yield. The silyloxyacetylene group can
participate in a [4+2] cycloaddition reaction with vinylketene 186 which is formed during thermal
decomposition of cyclobutenone 185, which was easily prepared in two steps from the addition
of n-pentylmagnesium bromide to 3-ethoxycyclobutenone, followed by hydrolysis of the product
with aqueous hydrochloric acid.71.72 The ketene cycloaddition reaction follows the general
methodology which was developed by Danheiser for the annelation of regiospecifically
substituted phenols and resorcinols.”3 Exposure of cycloadduct 187 to refluxing ethanolic
hydrochloric acid leads to racemic A8-THC in 61% overall yield for the two steps. The overall
yield from 182 was 29%. Since steps b through f (Scheme 29) were conducted in a single
operation, in essence this represents a four step synthesis of AS-THC. Conceptually, Kowalski's
synthesis is unique among the methods which have been discussed in this chapter, although it
bears some similarity to Moore's approach. Adapting Kowalski's protocol for the
enantioselective synthesis of the A? series would be a very interesting exercise indeed.

Scheme 29
fk CO,E¢
l + 7 L ANCOE e
isoprene 0 o
182 183
O,
g Cs [442]
g H,C
OSii-Prs 185 ?

ALTHC

T~
Me;Si0 HO

187

(a) TiCly, CHaCly, r.t., 93%, 20/1 isomeric mixture; (b) MeLi, THF, -90 °C; (c¢) LiCH3Br,
-78 9C; (d) n-BuLi, -78 °C to r.t;; (e) 7 equiv i-Pr3SiCl, -78 °C to r.t.; (f) 10 equiv
Me3SiCl, -78 oC to 1.t., 52% for five steps; (g) PhCHz, 80 °C, 1 h; (h) HCI, EtOH, reflux,
61% for two steps.
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Miscellaneous Strategies for Cannabinoid Synthesis

An interesting and conceptually novel synthesis of racemic A9-THC has been reported by
Pinnick and Childers.74 The distinguishing feature of this work was their recognition of the
retrosynthetic disconnection shown in equation 20. A Claisen disconnection can be applied to
188, leading to dihydropyran 189. The application of this retrosynthetic strategy is summarized

. HO.
Claisen | CsHy,
HO
189
Scheme 30
/‘E /U\ COzMC
COzMC
methyl 191
107 methacrylate 190 OMC
Ph;P™
MeO
192
OMe CH3
|
oo o =
MeO O
193 0
OMe
194

CH,

"i OMe
d
( T
CH,

OMe

A%-THC

195 196

(a) i-BupAlH; (b) Claisen reaction, r.t., 94%, 1/1 cis/trans; (¢) PhsP=CH», 80%; (d)
MesSil, r.t., 94%; (e) NaSEt, DMF, 78%.

in Scheme 30. The hetero-Diels-Alder reaction between methy! vinyl ketone 107 and methyl
methacrylate leads to cyclic ether 190. Selective reduction of the ester group in 190 with
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diisobutylaluminum hydride produces aldehyde 191, which is combined with the olivetol-derived
phosphorus ylide 192. The product 193 is isolated as a mixture of E and Z geometric isomers.
The Claisen rearrangement, which is required to proceed through a cyclohexane boat transition
state because of steric constraints, takes place at room temperature in 94% yield to produce a 1/1
mixture of cis and trans isomers of methyl ketone 194. Methylene triphenylphosphorane
converted the acetyl group in 194 to an isopropenyl group in 80% yield. Exposure of 195 to
trimethylsily! iodide at room temperature produced 196, the methyl ether of AS-THC in 94%
yield as a single isomer. Since the starting material was an isomeric mixture, isomerization of
C6a must have taken place at some point on the reaction pathway. This is somewhat surprising,
since Rickards had shown (eq 18) that in a similar system trimethylsilyl bromide failed to catalyze
isomerization of the cis to the trans ring fusion stereochemistry. Cleavage of the methyl ether
group in 196 led to A%-THC in 78% yield. This is a very efficient synthesis: the overall yield of
A9-THC from 190 was 37%. This can be adapted for enantiospecific synthesis, as well.

A stereo- and enantioselective synthesis of S proceeding from (+)-3,9-dibromocamphor
has been described.”S Since 5 serves as the starting material for other cannabinoids, this work
suggests that camphor can be used as the terpene partner and the source of asymmetry in
cannabinoid synthesis in a more general context. The terpenic starting material can be made
conveniently on large scale and in high yield from (+)-camphor in two steps.’® The reaction with
homocuprate 4 took place only under carefully defined conditions. In pure ether, only reduction
of the 3-bromine took place, and the sole reaction product was 9-bromocamphor. The reaction
was also found to be very sensitive to air, as well as to any excess of the base which was used to
generate the cuprate. In 1/1 ether dimethylsulfoxide (DMSQ), or in 1/1 ether/DMF, the desired
substitution reaction leading to 197 took place in 71% yield. The stereochemistry of this
substitution reaction is irrelevant, since the product can be equilibrated to the thermodynamically
favored endo isomer. Reduction of the ketone carbonyl group to the endo alcohol with
diisobutylaluminum hydride, followed by mesylation led to mesylate 198 in 93% overall yield for
the two steps. Bromomesylate 198 is set up for a Grob-type fragmentation reaction. Exposure
of 198 to five equivalents of sodium naphthalenide resulted in reductive cleavage and the
formation of §, the dimethyl ether of cannabidiol in 71% yield.

Intermediate 197 can also be manipulated through a slightly different sequence (Scheme
32).76 Exposure of 197 to sodium naphthalenide leads to a reductive ring cleavage with the
formation of a ketone enolate which is trapped with diethyl chlorophosphate to produce 199 in
89% yield. Reductive removal of the phosphate by treatment with lithium in methylamine leads to
partial cleavage of the two methyl ethers, producing cannabidiol 89 in 35% yield and its
monomethyl ether 200 in 43% yield. This is an unusual entry into the cannabinoid skeleton. The
approach is very efficient, however, the utility of the process will be greater if it can be shown
that oxygenation at C11 can be incorporated into the scheme.
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Scheme 31
Br MeQ . Br
+  LiCa ), — OMe
Br 2
0 MO, MeO
(+)-3,9-dibromo- ¢
camphor 197
Br
ﬁ. OMe
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MeO
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(a) THF, DMSQ, 1/1, 0 °C to r.t., 18 h, 71%; (b) 2 equiv i-BupAlH, 0 °C, 45 min; (c)
MeSO,Cl, pyridine, DMAP, r.t., 18 h, 93% for two steps; (d) 5 equiv Na-naphth, -78 °C
to r.t., 71%.

Scheme 32

Br
OMe

(0]
MeO
197

89 (cannabidiol)

(a) Na-naphth; (b) CIPO(OEt)2, 89% for two steps; (c) Li, MeNHp, -10 °C, 43% 200,
35% 89.
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Functional Group Manipulations in the Aliphatic Carbocycle

In this section some of the reactions which have been used to alter functionality in the
aliphatic portion of the cannabinoid skeleton will be examined. Much of this work has again been

motivated by the desire for an easier access to the C11 oxygenated series.

Scheme 33

25 201

202 203

HsC

205

(a) TsCH3Cl, PhCH2NECl cat., CH3CN, 50% aq NaOH, 96%; (b) MgBro, THF, 2 d,
r.t., 73%; (c) LipCO3, LiBr, DMF, 100 °C, 6 h, 90%; (d) sym-collidine, 4A molecular
sieves, PhH reflux, 72 h, 26.3% 117, 48.6% 204, 24.3% 205.

Scheme 33 summarizes ApSimon's approach to the C11 functionalized THC
metabolites.”? Ketone 25 was converted in nearly quantitative yield to tosyl epoxide 201 (Ts =
p-toluenesulfonyl) by reaction with chloromethyl tolyl sulfone under phase-transfer catalytic
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conditions. Anhydrous magnesium bromide, prepared in situ from 1,2-dibromoethane and
magnesium, catalyzed the rearrangement of the epoxide to a mixture of a-bromoaldehydes 202.
Exposure of this material to a mixture of lithium carbonate and lithium bromide in DMF at 100 °C
for 6 h led to A8 aldehyde 203 in 90% yield. Gaining access to the thermodynamically
disfavored A9 isomer 117 was considerably less successful through this route. Treatment of
202 with sym-collidine in refluxing benzene for 72 h led to a mixture containing 26.3% of the
desired A9 aldehyde 117, 24.3% of A8 aldehyde 203, and 48.6% of the B-bromo isomer of the
starting material, which failed to undergo elimination under the reaction conditions.

The strategy embodied by Scheme 33 was to adapt the earlier work which had shown that
good yields of AS-THC could be prepared from the intramolecular dehydrohalogenation of a C9
bromide to the synthesis of the C11 oxygenated series.”834 In another example of the oftentimes
frustrating and idiosyncratic nature of the chemistry in this series, the key elimination step was
disappointing, both under the conditions which have been specified in Scheme 33, and also when
sodium hydride or sodium fert-amylate was used for the intramolecular dehydrobromination. The
failure of these reactions has been attributed to the fact that the ideal trans-anti geometry for the
intramolecular elimination cannot be achieved in either of the isomers of 202. This is illustrated
for the reactive a-bromo isomer 206 in equation 21. The question which is not answered is why
the intramolecular elimination should work so much better in the case of A9-THC itself, which

also cannot achieve the proper geometry for elimination.

(21]

206

If the A8 C11 oxygenated is desired, it can be readily accessed either through ApSimon's
approach (Scheme 33), or through the methodology of Schwartz and Madan (Scheme 34).7% The
approach is not applicable to the preparation of the more challenging A9 series. Ketone 25 again
served as the starting material in Schwartz's synthesis. Conversion in the usual way to the
cyanohydrin diastereoisomers 207 took place in nearly quantitative yield. Exposure of the
cyanohydrin to gaseous hydrochloric acid in methanol led to imino ether hydrochloride 208
which was converted to the diastereomers of a-hydroxy methyl ester 209 in 75% overall yield
for the two steps. Treatment of 209 with thionyl chloride in pyridine at room temperature for 1 h
led in 50% to 73% yield to the methyl ester 14 of AS-THC acid. This dehydration step had
caused some difficulties. Dehydration did not take place with phosphorus oxychloride in
pyridine. Instead, the 1-phosphate ester was isolated in 50% yield. Elimination of the phosphate
ester to 14 could not be accomplished. Exposure of 209 to Burgess' reagent resulted in
dehydration only to the extent of 10%.80 This may not be surprising, since the phenolic hydroxy!
was unprotected, and probably reacted with the reagent. Hydrolysis of the methyl ester was
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accomplished in aqueous methanolic sodium hydroxide with continuous bubbling of argon gas
for 2 h in >95% yield. The bubbling of argon gas was intended to inhibit the rapid, base
catalyzed oxidation of the phenolate by adventitious oxygen. This synthesis was performed on
racemic material, however, it could just as easily be performed on the optically pure series.

Scheme 34

Hyc © HyC
14 3 .

A®-THC acid

(a) NaCN, MeOH, H0, 2 h, 25 °C; (b) HOAc, MeOH, HCl gas, >95% for two steps; (¢)

HCl gas, MeOH, 3 ©C, 1.25 h, then -20 °C, 72 h; (d) 6N HCI; concentrate, then suspend in

50% aq MeOH, 75% for two steps; (€)SOClp, pyridine, r.t., 1 h, 50-73%; (f) NaOH,
MeOH, H70, reflux, 2 h, Ar gas bubbling, >95%.

In the original approach to the synthesis of the C11 oxygenated cannabinoids, allylic
acetate 210 was converted to rearranged allylic bromide 211 with hydrobromic acid in acetic
acid.?4 This harsh reaction led to a mixture of products which was used in the next step without
chromatographic purification, resulting in a very low yield of the final product after acetolysis and
hydrolysis of 211. Markedly improved conditions for this allylic rearrangement have been
developed by Seltzman (Schemes 35 and 36).81 Exposure of 210 to a small excess of
trimethylsilyl bromide in the presence of catalytic zinc iodide in dichloromethane led in 97% yield
to the rearranged allylic bromide 211. In the absence of zinc iodide the reaction was very
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sluggish. For example, treatment of 210 with five equivalents of trimethylsilyl bromide and no
zinc iodide led to 211 in 61% yield after 48 h at reflux in dichloromethane. Allylic acetate 212
was also converted to 211 in high yield under the same reaction conditions.

Scheme 35

211
(a) 2-3 equiv Me3SiBr, 5 mol % Znlp, CHzClp, r.t., 4 h, 97% from 210, 87% from 212.

Allylic acetates 213 and 215 were converted to bromide 214 in high yield under the same
reaction conditions (Scheme 36). Both sets of experiments suggest that the allylic bromide
products are formed under thermodynamic control from a common intermediate in each case. In
Scheme 35, the most stable product is the trisubstituted alkene. In Scheme 36 the most stable
product is the A8 alkene.

Scheme 36

AcO,,

214
(a) 2-3 equiv Me3SiBr, 5 mol % Znly, CH2Cly, r.t., 4 h, 79% from 213, 64% from 215.
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A pair of rotationally restricted THC ethers were prepared in order to test the hypothesis
that the psychotropic effects of the cannabinoids are associated in part with the orientation of the
lone pairs on the phenolic hydroxylic oxygen. The synthesis of one of these is detailed in Scheme
37.82 Direct approaches to 220 via the Lewis acid catalyzed fragmentation of the phenolic 2-
methoxyethoxymethyl (MEM) ether led to extensive degradation of the starting material under a
variety of reaction conditions. This led to the adoption of a modified approach. A%-THC was
converted in high yield to chloroformate 216 which underwent an intramolecular aluminum
trichloride catalyzed Darzens-Nenitzescu condensation to give 217. Exposure of 217 to lithium
aluminum hydride led to sequential dehydrohalogenation and lactone reduction to produce diol
218 in modest yield. Diol 218 could be converted to the desired ether 220 in low yield by
treatment with tosyl chloride in pyridine. The major reaction byproduct was diene 219, which
could be isolated from 218 as the sole reaction product after heating in dimethylsulfoxide. The
intramolecular functionalization of C10 via the Darzens-Nenitzescu reaction also suggests a
potentially useful alternative pathway to A%-THC acid.

Scheme 37

H3Cl
H,C

A9-Tetrahydrocannabinol

Cl 0

H;C

219 220

(a) CI2CO, PhNMejy, PhCHs, 0 °C, 94%; (b) AICl3, CHCly, then aq K2CO3, 51%; (c)
LiAlH4, Etp0, 42%; (d) 3 equiv TsCl, pyridine, 12% 219, 18% 220; 60% 219 from 132

°C, DMSO, 1 h.
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Functional Group Manipulations in the Dihydrobenzopyran Ring

Very little work has been reported for functionalizations in this portion of the cannabinoid
skeleton. Razdan was the first to introduce oxygen functionality into the C6 B-equatorial methyl

group.83 A small quantity of this material had been isolated as a byproduct of the epoxidation of
cannabidiol. A synthesis directed specifically to this target is outlined in Scheme 38.

Scheme 38

OAc

b 222 X=Br
[~ 233 XZ0Ac

224 OH 225

(a) NBS, THF, dark, 0 °C, 2 h, 81%; (b) AgOAc, HOAc, 20 °C, 72 h; (c¢) NapCO3,
MeOH, H,0, 20 °C, 86% for two steps; (d) p-TsOH, PhH, reflux, 48%.

The diacetate of cannabidiol (221), was converted to allylic bromide 222 in high yield by
treatment with N-bromosuccinimide (NBS) in the dark at 0 ©C. The phenolic acetates serve to
deactivate the aromatic ring toward electrophilic bromination. Evidently, no appreciable
competition by the A9 double bond for the halogenating agent took place. Silver ion assisted
solvolysis of the halide produced allylic acetate 223 which was hydrolyzed to triol 224 in 86%
yield for the two steps. Exposure of 224 to tosic acid in refluxing benzene produced 225 in 48%
yield, acid catalyzed isomerization to the A8 isomer having taken place during the reaction. The
reason for the preference of the reaction for the B-equatorial hydroxymethyl isomer is not clear.
Certainly there is insufficient difference in energy between 22§ and its a-axial hydroxymethyl
diastereoisomer to account for this result. This implies that the preference for 225 is kinetic in
nature, which seems equally improbable, given the reaction conditions.

Allylic bromide 222 was also converted to enol oxepin derivative 226 upon treatment
with sodium cyanide or hydroxide (eq 22).84
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[22]

CP-55,940 [23]

We were able to demonstrate good levels of stereochemical control of hydroxyalkyl
substituents at C6. Our work was prompted by a desire to prepare a series of cannabinoid
analogs which combine structural elements of HHC and the potent, non-classical cannabinoid CP-
55,940 (eq 23). This synthetic analog is an analgesic, the potency being attributed in part to the
introduction of the hydroxypropy! binding component. Analogs 233 and 234 (Scheme 39) were
designed to be conformationally restricted analogs of CP-55,940.85 The major challenge posed
by these structures concerns the control of stereochemistry at C6. The starting material for this
synthesis was ketoresorcinol 24 (see eq 3). The phenolic hydroxyl groups were protected as the
TBS ethers, and the four-membered ring was cleaved with trimethylsilyl iodide under mild
reaction conditions to produce unstable tertiary iodide 228. This material was immediately
dehydrohalogenated by exposure to 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) in benzene at
room temperature. The overall yield for the two steps was 52%. The next task formally required
appending a hydroxymethyl group to the isopropenyl methyl group of 229. This was
accomplished by means of an ene reaction of formaldehyde using Yamamoto's methylaluminum
bis(2,6-diphenylphenoxide)-formaldehyde reagent (MAPH)®6 in 50-55% yield. Protection of the
ketone carbonyl group was unneccesary during this reaction. Reduction of the carbonyl group
with sodium borohydride led to equatorial alcohol 231, which was deprotected by brief exposure
to tetra-n-butylammonium fluoride to tetraol 232

The stereochemically determining step is the ring closure which forms the
dihydrobenzopyran ring. Exposure of 232 to tosic acid in refluxing toluene was completely non-
stereospecific, and led to a 1/1 mixture of 233 and 234. Protonation of the isopropenyl group
evidently led to a tertiary carbocation which was intercepted by one of the phenolic hydroxyl
groups with a complete lack of stereochemical bias. This result is difficult to interpret in light of
the stereospecificity of Razdan's reaction (see Scheme 38, conversion of 224 to 225). The
problem was solved by using a different electrophile to catalyze the ring closure. Treatment of
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232 with mercuric acetate in THF, followed by reductive demercuration with sodium
borohydride, led to a 86/14 mixture of 233 and 234 in 75% yield for the two steps.

Scheme 39

a 24 R=H
227 R=TBS

ud 233

231 R=TBS
232 R=H

HO._ .}
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234

(a) t-BuMe»SiCl, imidazole, DMF, 23 °C, 85%; (b) HoC=CHCH23l, I, CClg, 0 °C; (c)
DBU, PhH, 23 °C, 52% for two steps; (d) MAPH, sym-trioxane, CH>Cl3, 0 °C, 50-55%;
(e) NaBH4, THF/i-PrOH, 9/1, 23 °C, 88%; (f) n-BugNF, THF, 23 °C, 90-96%; (g)
Hg(OAc),, THF, 0 °C; (h) NaBHj4, aqg NaOH, 75% for two steps, 233/234 86/14.

A minor variation in the procedure made it possible to prepare 234 as the major product
(Scheme 40).85 Swern oxidation of homoallylic alcohol 230 presumably led to B,y-unsaturated
aldehyde 235 which underwent spontaneous isomerization to o,B-unsaturated aldehyde 236
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under the reaction conditions. Reduction of both carbonyl groups in 236 with sodium
borohydride and cleavage of the two phenolic silyl ether protecting groups led to tetraol 238 in
high yield. Mercuration followed by reductive demercuration as described for 232 led to a 85:15
mixture of 234 and 233 in 80% yield.

This demonstrated that each of the two diastereoisomers could be prepared selectively,
however, it did not shed much light on the origin(s) of this surprising selectivity. Since the acid
catalyzed ring closure at high temperature had produced an equimolar mixture of 233 and 234,
we surmised that the selectivity of the mercuration-demercuration reaction was kinetic in origin.
Since the major product in each instance was derived from the axial organomercurial, the
stereochemical preference could be the result of an anomeric effect of the developing mercurinium
ion in the transition state. This hypothesis was supported by an independent series of
experiments.87

Scheme 40
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(a)DMSO, (CICO)a, CH2Cla, -78 °C, 85%; (b) NaBHg4, THF/i-PrOH, 9/1, 23 oC, 72%;
{(c) n-BuyNF, THF, 23 °C, 92%; (d) Hg(OAc),, THF, 0 °C; (e) NaBHy, aq NaOH, 80%
for two steps, 234/233 85/15.
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Isomers 233 and 234 were strikingly different in their affinities for the CB1 receptor.85
Of the two, 233, in which the hydroxyethyl group has a B-equatorial relative configuration, was
shown to possess considerable affinity for the receptor (ICsp = 100 nM) whereas 234 exhibited
much weaker affinity (ICsp>10 uM). This data supports the hypothesis that the receptor binding
affinity of CP-55,940 is influenced in part by a specific interaction involving the primary aliphatic
hydroxyl.

Epilogue

Some solutions to the problems posed by the synthesis of the classical cannabinoids have
been discussed. The difficulties posed by this relatively simple structure have been outlined, as
well as some of the more successful stereo- and enantioselective syntheses from recent years. It
should be clear that fully optimal solutions to the synthetic problems have not been defined in all
cases, and that significant challenges remain. In the future, much of the synthesis is likely to be
directed toward a better description, at the molecular level, of the ligand-receptor interactions

which are fundamental for an understanding of the pharmacology of the cannabinoids.

Acknowledgement is made to the National Institute on Drug Abuse for generous support
(DAO07215, DA09156), to Professor Alexandros Makriyannis and his group for a fruitful
collaboration, and to the members of my research group, past and present, for their enthusiasm
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Methods for Construction of Sidechain of Brassinosteroids and
Application to Syntheses of Brassinosteroids

Biao Jiang, Liangfu Huang, Weishen Tian and Weishan Zhou

1. Introduction

Brassinolide [(22R, 23R, 24S)-2a, 3o, 22, 23-tetrahydroxy-24-methyl-B-homo-7-oxa-5a-
cholestan-6-one (1) ] isolated from the pollen of rape (Brassica napus ) is a plant growth promoting
steroid with a seven-membered B-ring lactone and four successive chiral centres in the sidechain.!
For high activity, both the B-ring lactone and the configuration at C-24 were found to be important. 2
Brassinolide promotes cell division, cell elongation, and plant growth. Brassinolide possesses a
broad spectrum of biological activities compared with the known plant hormones. Since the
discovery of brassinolide, a number of related compounds have been isolated from plants and form a

new class of plant growth promoters, which are named as brassinosteroid.

Brassinolide has practical applications in agriculture. Its remarkable biological activities and
novel chemical structure have led many laboratories to develop its synthesis. A difficult task in the
construction of the sidechain is to control the stereochemistry of C22, C23 and C24. Recently, we
accomplished several new methods for the construction of brssinosteroid sidechain, which are quite
stereoselective and with a high yield.

We employed hyodeoxycholic acid for the first time as the starting material, which has very rich
resources in China. When hyodeoxycholic acid was used as starting material, we first degraded it to
the 20-carbaldehyde steroid as ergosterol or stigmasterol, then stereoselectively constructed the

sidechain of brassinosteroids. In the view of the greater economy and convenience, we also adopted



246

directly the intact sidechain of hyodeoxycholic acid as starting material for the synthesis of
brassinosteroids. We were successful in applying Sharpless’s osmium-catalyzed asymmetric
dihydroxylation for the first time to the (22E)-24-alkyl steroidal unsaturated sidechain, providing the
natural (22R,23R)-22,23-diol as the major products. Furthermore we also were successful in
applying this elegant method to the 22(E)-methyl hyodeoxycholate and other unsaturated steroidal
sidechains.

In the meantime we have synthesised a great number of new brassinosteroids which exhibit

moderate to high biological activity.

2. Occurrence
Since the discovery of brassinolide (1) as the first steroidal plant growth promoter in the rape
pollen in 1979,' the occurrence of brassinolide and related steroids in other plant tissues has been

2,34,5,6
g%

successively reporte and it represents a new class of plant growth promoters. As shown in

Table 1, Brassinosteroids were found not only in higher plants but also in lower plants.

Generally

Table 1. Occurrence of Brassinosteroids

Plant Brassinosteroids ref.

1Alnus glutinosa L.(pollen of European alder) 1,6 6

2 Apium graveolens(seeds of celery) 32 8

3.Banksia grandis (pollen) 1, 6 2,3

4.Beewax 5 7

S.Brassica napus L.(rape pollen) 1 1

6.Brassica compestris L. var. pekinensis 1,3,4,6,8,11 2,3,
(sheaths, seeds of Chinese cabbage)

7.Castanea crenata Sieb et Zucc 1,3,4,6, 8,11 2,3,6
(gall, shoots, leaves, flower buds of chestnut)

8.Castanea spp.(galls) 1,6 3,6

9.Catharanthus roseus L. (galls) 1,6 3,6

10. Cistrus hirusutum (pollen) 1,6 2,3

11.Citrus unshiu Marcov. (pollen) 1,6,19,21 2,3

12.Citrus sinensis Osbeck (pollen) 1,6 2,3

13.Chrysanthemum golden rod s.altissima 6 6

14.Cryptomeria japonica D. Don(pollen, anthers of cedar) 1,6 6

15.Diospyros kaki Thunb (seeds of persimmon) 6 6




16.Distylium racemosum sieb.et Zucc(galls, leaves)
17.Dolichos lablab L (seed)

18.Echium piantagineum (pollen)

19.Equisetium arvense L(strobilus)

20.Eriobotrya japonica Lindl(flower buds of loquat)
21.Eucalyptus marinata(pollen)

22.Eucalyptus calophylla (pollen)

23.Fagopyrum esculentum Mpench (pollen of buckwheat)
24.Heliathus annuus L. (pollen of sunflower)
25.Hydrodictyon reticulatu(Green alga)

26.Lilium elegans Thumb. (the pollen of lily)

27.Lilium longiflorum cv.Georgia (pollen, anthers of lily)
28.0ryza sativa (rice shoots)

29.Pharbitis purpurea Voigt(immature seeds)

30.Phaseolus vulgaris L (immature seeds)

31.Picea sitchenesis Bong Carr (shoots of sitka spruce)
32.Piophocarpus tetragonolobus(immature seeds)
33.Pisum sativum L.cv. Holland(shoots)

34.Pinus silverstris(cambial scrapings of Scots pine)
35.Pinus thunbergii Pari(pollen of Japanese black pine)
36.Raphanus sativus var. Remo(seed)

37.Secale cereale(seeds)

38.Solidago altissima (stems)

39.Thea sinensis L. (leaves of green tea)

40.Triticum aestivum L.(Immature seeds of wheat)
41.Typha latifolia L.(pollen of cat-tail)

42 Tulipa gesneriana (pollen of tulip)

43.Vicia faba L. (pollen of broad bean)

44.Zea mays L.(immature seeds of corn)

1,3,4,6,8,11
1,2,3,6,9,10,23,24
1,6

4,6,9,11

6

9

1

1,6

1,6,11

7,8

1,6,19,21

33

1,3,4,8,11

6,11

1, 9, 12, 20,23, 24, 25,
30, 31

6,9

1, 6,8, 25,26

6

1,6

6,19

1,6

34

1

1,3,4,6,8,11, 19,21
1,6,8

19,21

19

1,5,6,11

6,19,21
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23,6
23

2,3
2,3
2,3

23

23,6

2,3,6

23,6
23
23
2,3
23,6
6

5

2,3
2,3,6
2,3
2,6
2,3
23,6
2,6

they occur in the pollen, immature seeds, leaves, sheaths and shoots of plant as well as insect gall.

24-Epibrassinolide (5) has also been found in beewax.” Among the plants so far investigated,

brassinolide (1) and castasterone (2) occur most frequently. In most plants, several brassinosteroids

were .often found in the same plant. In the immature seeds of Phaseolus vulgaris more than 30
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brassinosteroids including unknown compounds (partial structures being determined by GC-MS
analysis) occurred. > Among all natural brassinosteroids, brassinolide and castasterone are the most

important members due to their wide distribution and their potent biological activity.

3. Structure

The structure of brassinolide is (22R, 23R, 24S8)-2a, 3o, 22, 23-tetrahydroxy-24-methyl-B-
homo-7-oxa-5a-cholestan-6-one. The naturally-occurring brassinosteroids can be considered to be
derivatives of Sa-cholestane (Figure 1). According to B ring oxidation stage, brassinosteroids can
be divided into 7-oxalactone (1-5), 6-ketone (6-22, 27-28, 30-32, 33-34) and non B-ring oxidized
brassinosteroids (23-26, 29). In general, 7-oxalactone brassinosteroids have higher activity than 6-
ketone congeners, non-oxidized brassinosteroids reveal almost no activity in the bean internode
assay and very weak activity in the rice lamina inclination assay. Brassinosteroids, which possess
various orientation of vicinal hydroxyl groups at C-2 and C-3 in ring A, have been found in mature
plants (13-18, 27-29, 31), the 2a,3a-dihydroxyl group containing brassinosteroids having stronger
bioactivity. With respect to the sidechain of brassinosteroids, all natural ones have the same
22R,23R-vicinal hydroxy! groups, but the substitution at C-24 is different, such as there is no alkyl
substitutent (4, 11) at C-24, a methyl (1, 5-7, 13, 15-17, 19, 21, 23, 27-29, 33-34), a methylene (2, 9,
12, 14, 18, 20, 24-26, 30-32), an ethyl (8), or an ethylene (10, 25) substitutent at C-24. At C-25,
most brassinosteroids do not have additional methyl substitutent and only a few of them have a
methyl substitutent (14, 18, 20, 22, 26, 30-32). The C-24 configuration in the most of the
brassinosteroids with 24-alkyl groups is S (a methy! or ethyl), with the three exceptions of 24-
epicastasterone (7), 3, 24-diepicastasterone (16) and 24-epibrassinolide (5) at which the C-24
configuration is R. The (24S)-24-methyl and ethyl substituted brassinosteroids possess higher
biological  activity.  24-O-B-D-glucopyranosyl-25-methyldolichosterone ~ and  23-O-B-D-
glucopyranosyl-2-epi-25-methyldolicho-sterone are two conjugated brassinosteroids.® The biological
activity of these conjugates most likely depends on the activity of their aglycones.

Figure 1. Structures of naturally occurring brassinosteroids
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4.1. A, B Ring Modification

The synthesis of brassinolide requires a suitable steroid as starting material for the introduction
of characteristic structural features in the A, B ring system and stereoselective building of the
dihydroxy side chain. Some known methods for the construction of A,B-ring structure units consist
of initial construction of the stigmasterol or ergosterol to A’-6-keto steroid which is then converted
into the 2,3-dihydroxy-7-oxalactone by hydroxylation with OsOs-NMMNO and Baeyer-Villiger
oxidation.” The hyodeoxycholic acid (1), which is rich in China, was used as starting materical for
the synthesis of brassinolide by us. The A%-6-keto steroid could be more conveniently obtained from
hyodeoxycholic acid by Jone's oxidation, followed by selective reduction with Zn(Hg)/TMSC! in
THF (Scheme 1).'°

35 36 37 38

Reagents: a. 1. Jone’s Reagents, 100%; 2. IN HCI/MeOH, 86%; b. Zn(Hg)/ TMSCVTHF, 67%; c.
1. OsOy/NMMNO; b. CF303H.
Scheme 1

However, in the case of 3-hydroxy-5o()-steroid-6-ketone 39, only a mixture of 6-oxa and 7-
oxalactone in the ratio of ca. 1:2 or 3:2 was obtained by Baeyer-Villiger oxidation''. An efficient
regioselective preparation of the 7-oxalactone was developed by us via ozone oxidation of the 6-
enolsilyl ether steroid 40 (Scheme 2 }.12 The trimethylsilyl enol ether 40 derived from 3-hydroxy-
5a-steroid-6-one (39) by treatment with LDA and trimethylsilyl chloride was ozonized in CH,Cl; in
the presence of a small amount of pyridine to afford the 6-keto-7-hydroxy-steroid (41), which was
converted into the 7-oxalactone 42 by oxidation of the a-ketol with HIO,, followed by reduction
and acidification.

Similarly the trimethyl silyl enol ether 47 obtained from i-cholestanone or i-ergostanone was
transferred into a-ketol 49 by ozone or m-CPBA oxidation. The cyclopropane in 48 was smoothly
open to give A’-a-ketol with p-TsOH and LiBr in DMF, following oxidation with periodic acid,
12

reduction with sodium borohydride and acidification to gave the A’-7-oxaloctone 50 (Scheme 3).

This highly regioselective formation of 7-oxalactone ring by oxidation of 6-enolsilyl ether is a
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complement of the Baeyer -Villiger oxidation. We applied this method for construction of the A, B-

12b

moiety of 24-epibrassinolide (5) ~° and homobrassinolide(3).!

CO,CH,

43 44 45 46

Reagents: a. TMSCVLDA/EGN, -78°C; b. O3/Py/CH,Cly; ¢. 1. HIO4/Ether; 2. NaBH,/EtOH; 3.
H3O+; d. HIO4/Ether; e. 1. NaBH, 2. OH', 3, H;0”; 4. CH,N,

Scheme 2
a b c
—_— —_— D —
OH
(0] OTMS [e]
47 48 49

Reagents: a. CF3803SiMes/EtsN, O°C; b. O3/CH,Cly/Py or mCPBA/CH,Cly; c. 1. p-TsOH/LiBr/
DMF; 2. HIO4/Ether; 3. NaBHy/MeOH, O°C; 4. 6N HCI/THF.
Scheme 3

4.2. Construction of Sidechain of Brassinosteroid
4.2.1. 20-Carbaldehyde Steroid Obtained from Hydeoxycholic Acid as Starting Material
(22R, 23R, 24S)-22, 23-dihydroxy-sidechain of brassinolide is an important characteristic

function for its biological activities. An important problem in the construction of sidechain is to
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control the stereochemistry at C22, C23, and C24. Many of methods have been reported to build the
chiral' center of side chain of brassinolide.” We have developed various methods for the

stereocontrolled construction of sidechain of brassinolide from 20-carbaldehyde steroid 53 obtained

10a

from hyodeoxycholic acid (51) as starting material ( Scheme 4).
CO,H

Scheme 4

4.2.1.1. Construction of Sidechain of Brassinosteroid via Aldol Reaction of 20-Carbaldehyde

The aldo! reaction of the 20-carbaldehyde 53 with the anion of 3-methylbutenoilde in THF
from butenolide and lithium diisopropylamide under kinetic condition yielded a mixture of the
Cram 55 and anti-Cram 54 isomers in a ratio of 64:36.The stereochemistry at C23 was determined
in the less steric interaction which results in the predominance of the 23R stereochemsitry.
Hydrogenation of 55 over PtO; yield 56 in 62%yield. Methylation of 56 with CH;l in the presence
of LDA to give 57, which was reduction with LiAlH; in THF afforded pentahydroxy compound 58.
Protection of 22,23-dihydyoxyl with 2,2-dimethoxypropane followed by selective tosylation with p-
toluene-sulfonyl chloride and reduction with LiAlH, to afford the side chain of brassinolide’
(Scheme 5). An improved route for the synthesis of 60 was achieved from 57 by the sequence of 4
steps in 30% over all yield from 57, which is much better than that obtained from the mentioned
method over all yield from 55 (Scheme 5).

HO

‘n,,

AcO™

H 2
OAc
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61 60 59

Reagnets: a. 3-methylbutenolide/LDA, -78 °C; b. Ho/PtO,; c. LDA/Mel; d. LiAlHy; e. 1.
Me,C(OMe),, 2. p-TsOH; e. LiAlH,, f. Raney Ni ; g. 1. DIBAIH, 2. (CH,SH),, 3. Me,C(OMe),,
Scheme 5

4.2.1.2. Construction of Sidechain of Brassinosteroid via a Tandem Dialkylation of the

Pyranone Moiety.

Reaction of the aldehyde 62 with the lithofuran which was generated from furan and n-
butyllithium at -78 °C gave a 2.6:1 epimeric mixture of 228-63 and 22R-64 in 90% yield.!* The
228-63 could be converted into the 22R-64 by oxidation of the 22-hydroxy of 63 followed by
reduction with metal hydride. Oxidation of 64 with m-MCPBA gave the cyclic hemiacetal 65,
which was masked as the methyl derivative on treatment with HC(OMe)s/BF; etherate, The
unsaturated ketone 66 was reacted with the methyl lithium cuprate followed by reaction with CH;l
to give 67. The tandem reaction offered procedure one step to introduction of both C24 methyl and
C25 isopropyl groups, and represented an efficient method to prepare brassinolide (1),

homobrassinolide (3) (Scheme 6).
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‘n,

OMe OMe OH

OMe

a. R=Me

Momo ™ [
oM b. R=Et
68 69

Reagents: a. LDA/Furan; b. m-CPBA; c. HC(OCH;)/BF3; d. Me,CuLi/RI; e. NaBHy.
f. 1. (CH,SH),; 2.Raney Ni
Scheme 6

4.2.1.3. Construction of Sidechain of Brassinosteroid via Reaction of 20 Carbaldehyde with
Carbonyl Arsonium Yilde
20-carbaldehyde 53 was treated with isobutylcarbonyl arsonium yilde to form the o,f-
unsaturated ketone 70 in 90% yield.'> Epoxidation of 70 with H,0, in the presence of sodium
hydroxide afforded the o, P-epoxyketone 71. The Wittig-Horner reaction of ethoxycarbonyl
methylphosphonic acid dimethylester with 71 furnished a mixture of Z- and E- a, B-unsaturated-y-

6-a-expoxy acid ester 72 in a ratio of 10:1 (70%). The key intermediate Z-72 was lactonised under
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acidic condition to give an unsturated lactone 73 formed by the carboxylate aided epoxide ring
opening of Z-72 with the inversion of the configuration at C22 in quantitative yield. The 23S-

configuration of 73 could be easily converted into the 23R configuration by successive oxidation

(0] (0]
N ~0
o, (\ 0 i N t N
— —_— 1
St St St
53 70 71

(0]
, v iv Y
” "
st O
74 73 72
l vi
HO R
o 0
viii, ix(R=Me)
—_—
o, + o, viii, X(R=Et)

HO,
Ho™
Dolicholide (2) R=Me Brassinolide (1)
R=Et Homobrassinolide (3)
Reagents: i. Me-CH,C(O)CHAsPh;; ii. 1. Hy0»/NaOH; 2. Ac,O/Py; iii. (MeO),P(O)CH,CO>Et;

iv. 30%HCIO4/MeOH; v. Hy/PtO,; vi. 1. DIBALH; 2. p-TsOH/Me;C(OMe),; 3. [(Ph;P)]3RhCl;
vii. 1. PDC; 2. 5%HCI/MeOH; vii. 1. LiAlHy, 2. p-TsOH/Me,C(OMe), ; viii. 1. CrO5/Py, 2.
[(Ph3P)[3RhCI; ix. 1. CH3SO.CVEGN, 2. LiAlH,, 3. CrOs/Py, 4. 5%HCI/MeOH.

Scheme 7
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and reduction. Oxidation of 73 with pyridinium dichromate followed by hydrogenation over PtO,
gave a mixture of 22R, 23R-y-hydroxy &-lactone 76 and 22R-y-ketolactone 75 in quantitative yield
in a ratio of 88:12. Reduction of the lactone 76 with DIBALH afforded a hemiacetal followed
treatment with dimethoxypropane and decarbonylated with tris-(triphenylphosphine) rhodium
chloride to give the 60 with 22R, 23R, 24S-side chain of brassonolide (Scheme 7).[6 This three step
reaction sequence was performed in 76% over yield. The key intermediate 76 could be used for the

synthesis of brassinolide (1), dolicholide(2), homobrassinolide (3) and typhasterol (19).

4.2.1.4. Construction of Sidechain of Brassinostereoids via the (-Alkylative 1,3-Carbonyl
Transposition of the Steroidal 22-en-24-one

In continuation of our efforts to develop a brassinolsteroid sidechain synthesis, we have found

a practical route for the stereoselective synthesis of the sidechain of brassinolide which involves f3-

Reagents: a. MeLi; b. PCC; d. DIBALH; e. mCPBA; f. LiBH,.
Scheme 8
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alkylative 1,3-carbonyl transposition of the a,B-unsaturated ketone, 3,6-diacetoxycholest 22-en-
24- one.!” The tertiary allylic alcohol 78 was obtained from the o,B-unsaturated ketone 70 by 1,2-
addition of methyllithium which was oxidized with pyridiumchlorochromate to afford the
transposed B-alkyl-o, B-unsaturated ketone in 93% yield. The newly introduced methyl group at C-
24 was found in only a single configuration, presumed to be the a-orientation due to steric
considerations. Stereoselective reduction of the enone 79 with DIBALH gave the (22R, 23E)- 22-
hydroxy-24-methyl compound in 95% yield. Hydroxy-directed epoxidation of the enol 80a with the
m-CPBA gave desired the epoxide 81 in 95% yield. The stereo- and regio-selective opening of the
epoxide 81 with inversion at C-24, followed by treatment with dimethoxypropane, gave the known
compound 60 (Scheme 8).

The overall yield from the carbaldehyde 53 to the dioxolane 60 in six steps is 47%. The
procedure is simple, flexible to perform, and provides a high overall yield for the construction of the

sidechain of brassinolide and related compounds.

4.2.1.5. Construction of Sidechain of Brassinosteroids via Stereoselective 1,3-Sulfoxide

Hydroxy Transposition

Alkylation of the C20 carbaldehyde 53 with but-1-ynyl-3-methylstannane'® or with 1,1-
dibromo-3-methyl-but-1-ene followed by catalytic hydrogenation offerded (22R, Z-)-83a and (228,
Z)-83b (Scheme 9).18" Treatment of (22R, Z)-83a with benzenesulphenyl chloride and Et;N at low
temperature resulted in [2,3]-sigmastropic rearrangement to afford the (24R, 22E)-24-sulphoixe 84a,
which was treated with lithium diisopropylamide (LDA) and iodomethane at -78 °C to give, via
rearrangement, the sulphenate ester of the alcohol 83 via the transition state A. This was cleaved at
room temperaure with trimethylphosphite to give a mixture of (22R)-80a (47%) and (225)-80b
(6%) in the ratio 8.4:1 in 53% overall yield. Thus, conversion of the Z-enol (22R)-83a into the E-
enol (22R)-80a was readily accomplished, although the yield of this reaction has not been optimized.
The structure assignment of product 80b was made based on that of its isomer 80a. Since the 22-(p-
nitrobenzoyl) derivative of 80b exhibited a positive Cotton effect at 262nm, the configuration at C-
22 could be assigned as being S. Similarly, when this reaction sequence was carried out on the (228,
Z)-enol 83b, a mixture of enols 80a and 80b was also readily obtained in the ratio 6:1 in 56%
overall yield.

Since either enol 83a or 83b gave the same compound 80a in this 1,3-sulphoxide-hydroxy
transposition process, this same reaction sequence was carried out on a mixture of substrates 83a
and 83b to yield a mixture of enols 80a and 80b in the ratio of 7:1 in 46% overall yield. The present
method for the preparation of enol (22R)-80a is both highly stereoselective and highly efficient.
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HO HO
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l/§ o i 82a i 83a ii
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Ho
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82b
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PhS=0 . P
e, A -
St
St PhS=O PhS~O 80a
84a iv |, ez Vo, o vi
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PhS-0 A B
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St 80b
84

Reagents: 1. TiCly/BusSnC=CPr' or BuLi/PriCH=CBr2-, ii. Pd/BaSQq; iii. PhSCVEt;N/THF; iv.
LDA/THEF; v. Mel; vi. P(OMe);
Scheme 9

4.2.2. Intact Sidechain of Hyodeoxycholic Acid as the Starting Material

The above section has shown that the construction of brassinolide sidechain is based on C20-
carbaldehyde 53, obtained from hyodeoxycholic acid as the starting material, via various important
building blocks (Scheme 10). Although the hyodeoxycholic acid is a selective starting material
for the construction of the sidechain of brassinosteroids, however, degrading carboxyl sidechain of
hyodeoxycholic acid to C20-carbaldehyde is not atom economy for construction of the sidechain of
the brassinosteroid. For this reason, we have developed a synthetically useful route to
brassinosteroidal sidechains by utilizing directly the intact sidechain of hyodeoxycholic acid, along
with the B-alkylative 1,3-carbonyl transposition'® of o, B-unsaturated ketone and o,B-unsaturated

methy] ester as the key step, for construction of various sidechains of brassinosteroids.
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Scheme 10

In 1987, Kim and co-workers isolated 25-methyldolichosterone (12) from Phaseolus vulgaris

and found it to be about one order of magnitude more bioacitive than dolichosterone (9) itself by

the rice lamina inclination test.’ The introduction of a methyl group at C-25 could enhance the

plant growth-promoting activity. This finding prompted us to establish an efficient method for

construction of 25-homobrassinolide sidechain. Mori and co-worker first reported the syntheses of

25-homocastasterone (85) and 25-homobrassinolide (86) (Figure 2).21 Our approach to 25-homo

brassinolides from the intact sidechain of hyodeoxycholic acid, by means of B-alkylative 1,3-

carbonyl transposition as the key step, is depicted in Scheme 11.72
HO

Figure 2
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The first step was aimed to convert the bile acid to the «,pB-unsatruated ketone 89. For the best
sequence, the protected 87 derived from methyl hyodeoxycholate was treated with tert-butyllithium
at -78°C, to yield the ketone 88 in respectable yield. Dehydrogenation of 88 by PhSeBr resulted in
the o, B-unsaturated ketone 89 (92%). Oxidation of the tertiary allylic alcohol generated by the 1,2-
addition of methyllithium to the 22-ketonic compound with pyridinium chlorochromate, produced
the B-alkylative 1,3-carbonyl transposition product 90."”-'° Opening of the epoxide 91, prepared by
epoxidation with m-chloroperbenzoic acid (m-CPBA), with lithium borohydride in the presence of
Ti(OiPr)s in benzene yielded regio and stereroselectively the 1,2-diol 92b as major product. This
procedure provided an improved regioselectivity compared to the LiBH4-BH; in THF method
used in the similar reduction of the brassinolide sidechain.®* 25-Homocastaterone (85) was

synthesized from 93 through the following sequence of reactions: regioselective oxidation of 6a-

CO,Me

CO,Me
a b c
MoMo ™ [
OMOM 88
87
o)
‘4, N
89
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O

98 85 97

Reagents: a. CHy(OMe),, P,Os, CHCls; b. t-BuLi, THF, -78°C; ¢. 1. LDA, THF, -78 °C; 2. PhSeBr;
3.aq. HOAc, 30% H,0»; d. 1. MeLi, THF, -78°C; 2. PCC, CHCL; e. 1. DIBALH, THF, -78°C; 2.
mCPBA, CH,Cl,; f. LiBHy, Ti(OiPr)s, benzene; g. 1. PPTS, t-BuOH; 2. (MeO),CMe,, p-TsOH,
CH,Cl,; h. PCC, CH,Cly; i. MeONa, MeOH; j. CuSOs-silica gel; k. 0sO4, K3Fe(CN)g; 1.25% HCI-
MeOH.

Scheme 11

hydroxyl group of 93; the base treatment for the epimerization of C-5 of 95; dehydration of the
3-hydroxyl group of 96 by cupric sulfate adsorbed on silica gel and dihydroxylation of 2-ene 97.
Thus, 85 was obtained from 93 in 26% overall yield (four steps). 25-Homocastaterone (85) was
converted to 25-homobrassinolide (86) by the usual Baeyer-Villiger oxidation. In addition, 25-
homotyphasterol (98) as a new brassinolide analog, was obtained in 40% yield from 93. The
overall yield for the construction of 25-homobrassinosteroidal sidechain (92b) from 87 was about
30% in eight steps.

26, 27-bisnorbrassinolide (108), a new brassinolide analog, was synthesized first by the
Ikekawa group, and it showed almost the same activity as brassinolide.” Its simple structure and
remarkable activity prompted us to develop practical methods for its synthesis. Several approaches

to this'compound have been presented from C20-carbaldehyde by us?* In Scheme 12, we
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mMomo™’

HO,

HQu«

T

108 o 106 107

Reagents: a. 2-amino-2-methyl-1-propanol, H;BOs, xylene; b. PhSeO,H; c. 5% H,SO4 in methanol;
d. CHy(OMe),, P,0Os, CHCl;; e. 1. LDA, THF, -78°C; 2. PhSeBr; 3. aq, HOAc, 30% H,0»; f.1.
MeLi, THF, -78°C; 2. PCC, CH,Cly; g. 1. DIBAL-H, THF, -78°C; 2. m-CPBA, CH,Cly; h. 1.
LiBHy, Ti(OiPr)s; 2. PPTS; 3. (MeO),CMe;,, p-TsOH, CH,Cly; i. 1.PDC, CH,Cl; 2.25% HCI-
MeOH; j. 1. PDC, CH,Cly; 2. p-TsOH, acetone.

Scheme 12
describe an improved method for construction of 26, 27-bisnorbrassinosteroidal sidechain from the

intact sidechain of hyodeoxycholic acid, employing B-alkylative 1,3-carbonyl transposition as the
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key step." For the elaboration of the 26,27-bisnorbrassinosteroidal sidechain, the o, B-unsaturated
ester 102 as a key intermediate was prepared from hyodeoxycholic acid via the oxazoline derivative
99. Another approach to 102 involved the direct dehydrogenation of 87 by PhSeBr in high yield.
The 22,23-acetonide 105 was obtained without any intermediate purification from 102 in seven
steps via 103 and 104 in the same manner as 90-91 in 39.5% overall yield, involving the B-
aklylative 1,3-carbonyl transposition reaction. Oxidation of 105 with PDC and subsequent acid
treatment for 5-H epimerzation led to the diketo 106, which can be readily convert to 26,27-
bisnorbrassinolide (108) by our previous method.?* In addition, the conversion of 105 to 26,27-
bisnortyphasterol (107) was accomplished in 41% yield. The overall yield for the synthesis of 26,27-
bisnorbrassinosteroidal sidechain (105) from 87 was about 35% in eight steps. To our knowledge,

this is one the best method for the construction of the side chain of these two compounds. %

HQ (0]

MOMO*

Brassinolide (1) , =

H mMomo ™

OMOM
111

Reagents: a. iPrMgCI-LiBH,, THF, -25 °C, b. PCC, CH,Cly; c. LDA,THF, -78 °C; PhSeBr, -78 0°C;
aq, HOAc, 30% H,0,.
Scheme 13

The synthesis of brassinolide (1) from the intact sidechain of hyodeoxycholic acid is shown in
Scheme 13.7 Treatment of 87 with iPrMgCl-LiBH,*® at -25 °C produced the epimeric mixture of
alcohols 109 in 79% yield. Dehydrogenation of the ketone 110 derived from 109 provided 22E-
o, B-unsaturated ketone 111 as the major product. Conversion of the pure 111 into brassinolide (1)

via B-alkylative 1,3-carbonyl transposition was achieved by our previous methods."”
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We were successful in the construction of the brassinosteroidal sidechain from the intact
sidechain of hyodeoxycholic acid. The present methods are simple, flexible and easy to perform and
provide a high overall yield, in particular for the construction of the sidechain of 25-homo and

26,27-bisnor-brassinolides.

4.2.3. (22E)-Methyl Hyodeoxycholate as Starting Material

In our continuing effort to prepare brassinolide and its analogues from the intact sidechain of
hyodeoxycholic acid, we have found that the dihydroxylation of (22E)-methyl hyodeoxycholate by
the asymmetric osmium-catalyzed method®’ afforded the natural configured isomer 112a as the
major product (Scheme 14).5%° A 4:1 of the enatioselectivity in favor of the natural (22R, 23S)-
diol isomer 112a was obtained by employing dihydroquinidine p-chlorobenzoate (DHQD-CLB) as
the chiral ligand. In contrast, when the osmylation of 102 was carried out in the absence of chiral
ligand, a 8: 1 selectivity in favour of the unnatural (225,23R)-112b was obtained. Our further
studies showed that selectivity in favour of 112a could be greatly improved by means of two new
cinchona alkaloids: 9-O-(9’-phenanthryl) dihydroquinidine (DHQD—PHN)” and 1,4-bis
(dihydroquinidine) phthalazine [(DHQD);-PHAL]31 respectively (Scheme 14).2% The resulting
natural (22R,23S)-isomer 112a could be effectively used as an important building block for

syntheses of various brassinosteroids 2%’
n,, X COMe HO
CO,CH,
OH
— .
RO\\‘ H
OR
102 R = MOM (22R,23S)-112a (228,238)-112b
Scheme 14
Ligand 112a: 112b Yield of 112a (%)
none 1:8 -
DHQD-CLB 4:1 70
DHQD-PHN 17:1 86
(DHQD)2-PHAL >100:1 89

Reagents: Cinchona ligand (0.5 equiv.), OsO4( 0.0125 equiv.), KsFe(CN)s (3equiv.), K,CO;
(3 equiv.) t-BuOH-H,0O(1:1).
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Our new approach to the construction of the sidechain of brassinolide is outlined in Scheme
15 28%° The (22R, 23S)-diol 112a was first protected as the acetonide 113. Treatment of 113 with
LiBH;4-iPrMgCl followed by oxidation of the resulting alcohol 114 with PCC gave rise to the
ketone 115 in high yield. The Wittig reaction of the ketone 115 yielded the olefin 116, which was
hydrogenated in the presence of Pd-C, followed by acid treatment to provide the brassinolide
sidechain (22R, 23R, 24S)-117a as the major product. The six-step overall yield from 102 to 117a
was ca. 36%. Compound 117a was further converted into brassinolide and typhasterol according to
our previous procedure.” In addition, starting from 116 through selective deprotection, oxidation

and acid treatment enabled us to prepare a new brassinosteroid 118. This method could be offered a

o1 o
(o]

new, stereoselective and high yielding route to the brassinosteroid sidechain.

115

117a 117b

HOQOue

118 1

Reagents: a. Mex(OCH3),/p-TsOH, CH,Cl,; b. LiBH4/iPrMgCl, THF; ¢, PCC/NaOAc, CH,Cl,;
PhsPMel, t-BuOK, Benzene; e, 1.10%Pd/C, Hy; 2. 2.5%HCI; f. 1.PDC, 2. 2.5%HCI/MeOH
Scheme 15
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25-Homobrassinolide (86), a more potent brassinosteroid than brassinolide, had been prepared
earlier by Mori and co-worker”’ and our group.? Here, an attractive synthetic sequence from (22E)-
methyl hyodeoxycholate for the synthesis of the target compounds is summarized in Scheme 16. In
the first step, the acetonide 113 was converted to the ketone 119 by means of t-BuLi. The Wittig
reaction of 119 followed by catalytic hydrogenation led to the pivotal intermediate 121a and its 24-
epi isomer 121b in the ratio of 3:2. 121a could be further transformed to 25-homobrassinolide and
25-homotyphasterol according to our reported method.” Moreover, in the same way as described
for the preparation of compound 118, a natural brassinosteroid 20 (which was first isolated from the

kidney bean, Phaseolus vulgaris)*® was prepared from 119 in 38% yield.

‘,,

113 119

HO

OH

3.2
121a 121b

Ho"'

5 20

Reagents: a. t-BuLi, THF; b. Ph;PMel, t-BuOK, Benzene; ¢, 1.10%Pd/C, Hy; 2. 2.5%HCI; d
1.PDC, 2. 2.5%HCl/MeOH.
Scheme 16

As mentioned above, the key intermediate 124 for the syntheses of 26, 27-bisnorbrassinolide
and 26,27-bisnortyphasterol has been previously prepared by means of B-alkylative 1,3-carbonyl
transposition from 1022 An alternative route to 124 was accomplished by reaction of 113 with
MelLi and dehydration of corresponding tertiary alcohol 122, following by catalytic hydrogenation.
The overall yield of the four-step synthesis of 124 is ca. 69%. Compound 124 could be converted
into the demethylated brassinolide and demethylated typhasterol by a known procedure.?

In the search for effective plant-growth promoters among brassinosteroids, a number of
brassinolide analogs were synthesized to study the relationships between their structures and

biological activities. Cerny and co-workers reported that an analog 125, with a short acid sidechain
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Reag