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PREFACE

The first volume of “The Alkaloids” appeared in 1950 and since then
sixteen volumes of this series of reviews have been favorably received. We
record here with deep regret the untimely death of the series’ founding
editor, Dr. R. H. F. Manske, and pay a brief tribute to the man and his work.
The reviews now offered in Volume XVII were commissioned by him and it
is our hope that this and subsequent volumes will continue to maintain the
rigorous standards of excellence set by the late Dr. Manske.

R. G. A. RODRIGO






RICHARD HELMUTH FREDERICK MANSKE
(1901-1977)

Richard H. F. Manske was born in Germany in 1901 and came with his
parents to Canada in 1906. He died in Guelph, Ontario in September 1977
from injuries sustained in an automobile accident early in the same year.

Manske began his education in the public schools of Saskatchewan where
his family had settled after arriving in Canada. He later journeyed east to
Ontario to attend Queen’s University in Kingston, Ontario, where he was
awarded the bachelor of science degree in 1923 and the master of science
degree during the following year. In his graduate studies at Queen’s he held
a bursary awarded by the National Research Council of Canada. At Queen’s
he met his first wife, Jean Gray, whom he married in 1924. There were two
daughters from this marriage, Barbara and Cory. On completion of his
master’s degree he moved to Manchester, England as an 1851 Exhibition
Scholar where he studied in the laboratories of Robert Robinson. It was
there that he began his work on alkaloids for which he will always be
remembered.

As a graduate student at Manchester, Manske determined the structures
of harmine and harmaline and synthesized both alkaloids. He also
synthesized rutaecarpine, as he liked to recall, by accident. Another fortui-
tous experiment was his discovery of the use of hydrazine in the hydrolysis of
phthalimides. He also collaborated at this time with A. Lapworth in one of
the pioneering studies of physical organic chemistry. He was awarded the
Ph.D. by Manchester in 1926.

Upon his return to North America, Manske worked briefly with the
General Motors Company in the United States as a research chemist and
then for three years as a research fellow at Yale University. In collaboration
with T. B. Johnson at Yale he developed a new synthesis of ephedrine and
related compounds. In 1929 he returned to Canada to assume a post with the
National Research Council.

In Ottawa he began a systematic investigation of Fumariaceous plants for
their alkaloid content. By developing new methods of separation of the
alkaloids he found many new bases of the aporphine, benzophenanthridine,
phthalideisoquinoline, protopine, and protoberberine ring systems. Three
new classes of isoquinoline alkaloids also owe their discovery to this work. In
his examination of Dicentra cucullaria he found the alkaloid cularine,
determined its structure, and thereby demonstrated that it belonged to a
new ring system. In the same period he isolated many of the alkaloids that
are now known as the spirobenzylisoquinolines. Some 25 years later he was

X1
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co-author of the paper announcing the structure of ochotensimine, the first
representative of this ring system to yield its structural secrets. The cancen-
trine alkaloids were the most complicated structurally of all the alkaloids
that he isolated. They were obtained from Dicentra canadensis Walp. in
1932, and nearly 40 years elapsed before the structure of cancentrine itself
was finally resolved.

Many of the alkaloids that he isolated in the 1930’s and 1940’s were found
in small amounts, insufficient for structural examination by the methods
available at that time. He had the foresight to put them away, carefully
labeled and purified, until a time should come when science would reach the
stage where they might be profitably examined. With the advent of refined
spectroscopic methods in the last several decades the samples were removed
from storage, usually from small brown bottles, and their structures eluci-
dated, often in collaboration with younger and grateful colleagues.

Besides his classic studies on the isoquinoline family of alkaloids, Manske
also undertook, in collaboration with Leo Marion, an examination of the
Lycopodiaceae native to Canada. From this work some thirty alkaloids were
characterized, and though he did not himself participate in a major way in
their structural elucidation, he always followed the work with interest and
insight. Other alkaloids with which he was concerned were members of the
Senecio and Lobelia families, and in the latter group he discovered lobinal-
ine, the first dimeric member of this family to be isolated.

In 1943 while still a relatively young man he left the National Research
Council to assume the directorship of the newly established Research
Laboratories of the Dominion Rubber Co. Ltd., now Uniroyal Ltd. He
remained in this position for 23 years and retired in 1966. Under his
direction the laboratory soon became a leading center of industrial research
in Canada. At Guelph, alkaloids, of necessity, were relegated to a secondary
role, but they were not entirely neglected. During this period “The Alka-
loids” was begun and whenever there was time available from his other
duties Manske would be found at the bench. He also encouraged his younger
colleagues in the laboratory to carry on alkaloid research on a part-time
basis. In this way some of us who worked there as young chemists acquired a
taste for pure research and after a few years of Manske’s tutelage moved on
to university positions.

Upon his retirement from Uniroyal in 1966 he assumed the position of
Adjunct Professor at the University of Waterloo where he applied himself
once again to alkaloid chemistry. There he continued to be actively involved
in research and teaching until his untimely accident.

During his career Manske was the recipient of many honors and awards.
Among other things he was made a Fellow of the Royal Society of Canada in
1935, received a D.Sc. from Manchester in 1937, was Centenary Lecturer of
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the Chemical Society, London, in 1954, was awarded the Chemical Institute
of Canada Medal in 1959 (the highest distinction of the Institute), was the
recipient of several honorary degrees from Canadian universities, received
the Morley Medal of the Cleveland Section of the American Chemical
Society in 1972, and inaugurated the A. C. Neish lectures at the National
Research Council of Canada, Halifax, Nova Scotia. He was active for many
years in the Chemical Institute of Canada and served as its president from
1963 to 1964.

His other interests were many and varied and he approached them with
the same enthusiasm and commitment as his chemistry. He loved music and
was himself a violinist. Growing orchids was a passion with him. It began as a
hobby, developed into a business, and in later years became a hobby once
again. There was always an orchid blooming in his greenhouse which he was
happy and pleased to show to visitors. On his extensive property in Guelph
he had many varieties of trees, shrubs, and flowers, some of which were used
by him and by others for scientific ends, but they were there mainly for his
own enjoyment and that of others. Birds, stars, cooking, martinis, wines,
politics, economics, and philosophy were all subjects about which he was
knowledgeable and willing and eager to discourse upon.

One of his main concerns was the role of the scientist in modern society
and he lectured extensively on this subject during his tenure as vice-
president and president of the CIC. His views are succinctly expressed in the
following passage taken from one of his lectures: ‘“He who professes science
is truly a scientist only if he strives to achieve an awareness of his place in
society as a whole. If he buries himself in the confines of his discipline and
neither knows nor cares about the broad vista of the world about him he has
failed as a man; and if he does not apply the objective, that is scientific,
method to matters other than to those of his narrow discipline he has failed
as a man. Indeed the scientist has failed as a man if he does not make it a sine
qua non of his life to question authority, be it of Mohamet or of Darwin.”

He was a man with a tremendous appetite for life. He was always busy
with his chemistry, his hobbies, or his family. He lived his life to the fullest,
enjoyed it all, and transmitted his zest for living and learning to all who knew
him well.

He is survived by his second wife, Doris, his two daughters, and five
grandchildren. His death is mourned not only by his family but also by his
many colleagues and friends.

D. B. MAcLEAN
McMaster University
Hamilton, Ontario, Canada



This Page Intentionally Left Blank



CONTENTS OF PREVIOUS VOLUMES

Contents of Volume I

CHAPTER

Nk W=

8.L
8.1L

10.
11.
12.
13.
14.
is.

16.

17.
18.
19.
20.
21,

22.
23,
24.

25.
26.
27.
28.

Sources of Alkaloids and Their Isolation BY R. H. F. MANSKE . . . . .
Alkaloids in the Plant BY W.O.JAMES . . . . . . . . . . . .. ..
The Pyrrolidine Alkaloids BY LEOMARION . . . . . . . . . . ...
Senecio Alkaloids BY NELSONJ.LEONARD . . . . . . . . . . . ..
The Pyridine Alkaloids BY LEOMARION . . . . . . . . . ... ..
The Chemistry of the Tropane Alkaloids By H. L. HOLMES . . . . . .
The Strychnos Alkaloids By HHL.HOLMES . . . . . . . . ... ..

Contents of Volume II

The Morphine Alkaloids I By H.L.HoLMES . . . . . . . . . . ..
The Morphine Alkaloids By H. L. HOLMES AND (IN PART) GILBERT STORK
Sinomenine BY H.L.HOLMES . . . . . . . . . . . .. ... ...
Colchicine BY J. W. Cook aANDJ.D.LOupDON . . . . . . . . . ..
Alkaloids of the Amaryllidaceae BY J. W. COOK AND J. D. LOUDON

Acridine Alkaloids BYJJ.R.PRICE . . . . . . . . ... ... ...
The Indole Alkaloids BY LEOMARION . . . . . . . . . . . . ...
The Erythrina Alkaloids BYy LEOMARION . . . . . . . . . .. . ..
The Strychnos Alkaloids. Part IBYH. L.HotmMES . . . . . . . . ..

Contents of Volume II1

The Chemistry of the Cinchona Alkaloids BY RICHARD B. TURNER AND
R B.WOODWARD . . . . . « -« v v v e it e e e i e e e
Quinoline Alkaloids Other than Those of Cinchona BY H. T. OPENSHAW
The Quinazoline Alkaloids By H. T. OPENSHAW ., . . . . ., . . . . .
Lupine Alkaloids BY NELSON J.LEONARD . . . . . . . . . . . ..
The Imidazole Alkaloids By A. R. BATTERSBY AND H. T. OPENSHAW
The Chemistry of Solanum and Veratrum Alkaloids BY V. PRELOG AND
O.JEGER . . . . . . v v i i e e e e e e
B-Phenethylamines BY L.RETI . . . . . . . . . . . . .. .. ...
EphredaBasesBY L.RETI . . . . . . . . . . . . .. ... ....
The Ipecac Alkaloids BY MAURICE-MARIE JANOT . . . . . . . ..

Contents of Volume IV

The Biosynthesis of Isoquinolines BY R. H. F. MANSKE . . . . . . . .
Simple Isoquinoline Alkaloids BY L.RETI . . . . . . . . . . . ...
Cactus Alkaloids BY L.RETI . . . . . . . . . . .. ... .....

Xv

15
91
107
165
271
375

161
219
261
331
353
369
499
513

65
101
119
201

247
313
339
363

23
29



Xvi CONTENTS OF PREVIOUS VOLUMES
CHAPTER
29. The Protoberberine Alkaloids BY R.-H. F. MANSKE AND WALTER R.
ASHFORD . . . . . . v v v v i et e e e e e e e e e e
30. The Aporphine Alkaloids BY R. H.F. MANSKE . . . . . . . . ...
31. The Protopine Alkaloids BY R HHF.MANSKE . . . . . . . . . . ..
32. Phthalideisoquinoline Alkaloids BY JAROSLAV STANEK AND R. H. F.
MANSKE . . . . . . . . o i i e e e e e e e e e e e e
33. Bisbenzylisoquinoline Alkaloids By MARSHALL KurLka . . . . . . .
34. The Cularine AlkaloidsBY R. HHF. MANSKE . . . . . . . . . ...
35. a-Naphthaphenanthridine Alkaloids By R. H.F.MANSKE . . . . . . .
36. The Erythrophleum Alkaloids BY G. DALMA . . . . . . . . . . ...
37. The Aconitum and Delphinium Alkaloids BY E.S. STERN . . . . . . .
Contents of Volume V
38. Narcotics and Analgesics BY HUGO KRUEGER . . . . . . . . . . . .
39. Cardioactive Alkaloids BY E. L. MCCAWLEY . . . . . . . . . . ..
40. Respiratory Stimulants BY MICHAEL J. DALLEMAGNE . . . . . . . .
41. Antimalarials BY L. H.SCHMIDT . . . . . . . . . . . .. ... ..
42. Uterine Stimulants BY A. K. REYNOLDS . . . . . . . . . . .. ..
43. Alkaloids as Local Anesthetics BY THOMAS P. CARNEY . . . . . . .
44, Pressor Alkaloids BY K. K.CHEN . . . . . . . . . . .. .. ...
45. Mydriatic Alkaloids BYH.R.ING . . . . . . . . . . . ... ...
46. Curare-like Effects BYL.E.CRAIG . . . . . . . . . . . . .. ...
47. The Lycopodium Alkaloids BY R. HHF. MANSKE . . . . . . . . . ..
48. Minor Alkaloids of Unknown Structure BY R. H. F. MANSKE . . . . .
Contents of Volume VI
1. Alkaloids in the Plant BY K. MOTHES . . . . . . . . . . . . . . ..
2. The Pyrrolidine Alkaloids BY LEOMARION . . . . . . . . . . . ..
3. Senecio Alkaloids BY NELSONJ.LEONARD . . . . . . . . . . . ..
4. The Pyridine Alkaloids BY LEOMARION . . . . . . . . . .. ...
5. The Tropane Alkaloids BY G. FODOR . . . . . : e e e e e e e
6. The Strychnos Alkaloids BY J. B. HENDRICKSON . . . . . . . . . . .
7. The Morphine Alkaloids BY GILBERT STORK . . . . . . . . . . . .
8. Colchicine and Related Compounds BY W. C. WILDMAN . . . . . . .
9. Alkaloids of the Amaryllidaceae BY W. C. WILDMAN . . . . . . . . .
Contents of Volume VII
10. The Indole Alkaloids BY J.E.SaxTON . . . . . . . . . . ... ..
11. The Erythrina Alkaloids BY V. BOEKELHEIDE . . . . . . . . . . . .
12. Quinoline Alkaloids Other than Those of Cinchona BY H. T. OPENSHAW
13. The Quinazoline Alkaloids By H. T. OPENSHAW . . . . . . . . . ..
14. Lupine Alkaloids BY NELSONJ. LEONARD . . . . . . . . . . . . .
15. Steroid Alkaloids: The Holarrhena Group BY O. JEGER AND V. PRELOG
16. Steroid Alkaloids: The Solanum Group BY V. PRELOG AND O. JEGER
17. Steroid Alkaloids: Veratrum Group BY O. JEGER AND V. PRELOG . . .

3

77

119
147

167
199
249
253
265
275

79
109
141
163
211
229
243
259
265
301

31

35
123
145
179
219
247
289

201
229
247
253
319
343
363



CONTENTS OF PREVIOUS VOLUMES

CHAPTER
18. The Ipecac AlkaloidsBY R HHF. MANSKE . . . . . . . . ... ..
19. Isoquinoline Alkaloids BY R HHF. MANSKE . . . . . . . . . . . ..
20. Phthalideisoquinoline Alkaloids BY JAROSLAV STANEK . . . . . . .
21. Bisbenzylisoquinoline Alkaloids BY MARSHALL KULKA . . . . . . .
22. The Diterpenocid Alkaloids from Aconitum, Delphinium, and Garrya Species
BYE.S.STERN . . . . . . ..o 0 oo
23. The Lycopodium Alkaloids BY R. HHF.MANSKE . . . . . . . .. ..
24. Minor Alkaloids of Unknown Structure BY R. H.F. MANSKE . . . . .
Contents of Volume VIII
1. The Simple Bases BY . E.SAXTON . . . . . . . . . ... .. ...
2. Alkaloids of the Calabar Bean BY E. COXWORTH . . . . . . . . . .
3. The Carboline Alkaloids BY R HHF. MANSKE . . . . . . . . . . ..
4. The QuinazolinocarbolinesBY R HHLF.MANSKE . . . . . . . .. ..
5. Alkaloids of Mitragyna and Ourouparia Species By J. E. SAXTON
6. Alkaloids of Gelsemium Species BY J. E. SAXTON . . . . . . . . ..
7. Alkaloids of Picralima nitida BY J.E.SAXTON . . . . . . . . . . ..
8. Alkaloids of Alstonia SpeciesBY J.E.SAXTON . . . . . . . .. ..
9. The Iboga and Voacanga Alkaloids By W.I. TAYLOR . . . . . . . .
10. The Chemistry of the 2,2'-Indolylquinuclidine Alkaloids BY W. I. TAYLOR
11. The Pentaceras and the Eburnamine (Hunteria)-Vicamine Alkaloids BY W. 1.
TAYLOR . . . . . . . o e e e
12. The Vinca Alkaloids BY W.I. TAYLOR . . . . . . . . . . . .. ..
13. Rauwolfia Alkaloids with Special Reference to the Chemistry of Reserpine
BYE.SCHLITTLER . . . . . . . . . . . . .. . ... ...
14. The Alkaloids of Aspidosperma, Diplorrhyncus, Kopsia, Ochrosia, Pleiocarpa,
and Related Genera BY B. GILBERT . . . . . . . . . . . . ...
15. Alkaloids of Calabash Curare and Strychnos Species BY A. R. BATTERSBY
ANDH.FHODSON . . . . . . . . .. .. ...
16. The Alkaloids of Calycanthaceae BY R. H.F. MANSKE ., . . . . . . .
17, Strychnos Alkaloids BY G.F.SMITH . . . . . . . . . . ... ...
18. Alkaloids of Haplophyton cimicidum BY J.E. SAXTON ., . . . . . . .
19. The Alkaloids of Geissospermum Species BY R. H. F. MANSKE AND W.
ASHLEY HARRISON . . . . . . . . . .. ... .. ......
20. Alkaloids of Pseudocinchona and Yohimbe BY R. H. F. MANSKE
21. The Ergot Alkaloids BY A. STOLL AND A. HOFMANN . . . . . . . .
22. The Ajmaline-Sarpagine Alkaloids BY W.I. TAYLOR . . . . . . . . .
Contents of Volume IX
1. The Aporphine Alkaloids BY MAURICE SHAMMA . . . . . . . . ..
2. The Protoberberine Alkaloids BY P.W.JEFFS . . . . . . . . . . . ..
3. Phthalideisoquinoline Alkaloids BY JAROSLAV STANEK . . . . . . .
4. Bisbenzylisoquinoline and Related Alkaloids BY M. CURCUMELLI-
RODOSTAMO AND MARSHALLKULKA . . . . . . . .. . ...
5. Lupine Alkaloids BY FERDINAND BOHLMANN AND DIETER SCHUMANN
6. Quinoline Alkaloids Other than Those of Cinchona BY H. T. OPENSHAW

Xvii

419
423
433
439

473
505
509

27
47
55
59

119
159
203
238

250
272

287
336

515
581
592
673

679
694
726
789

41
117

133
175
223



Xviii

CONTENTS OF PREVIOUS VOLUMES

CHAPTER
7. The Tropane Alkaloids BY G.FODOR . . . . . . . . . .. .. ...
8. Steroid Alkaloids: Alkaloids of Apocynaceae and Buxaceae BY V. CERNY
ANDFE.SORM . . . .. ...,
9. The Steroid Alkaloids: The Salamandra Group BY GERHARD HABERMEHL
10. Nuphar Alkaloids BYJ. T. WROBEL . . . . . . . . . . .. . ...
11. The Mesembrine Alkaloids BY A. POPELAK AND G. LETTENBAUER . .
12. The Erythrina Alkaloids BY RICHARDK. Hi . . . . . . . . . ..
13. Tylophora Alkaloids BY T. R. GOVINDACHARI . . . . . . . . . . .
14. The Galbulimima Alkaloids BY E. RITCHIE AND W. C. TAYLOR
15. The Stemona Alkaloids BY O. E.EDWARDS . . . . . . . . . . . ..
Contents of Volume X
1. Steroid Alkaloids: The Solanun Group BY KLAUS SCHRIEBER .
2. The Steroid Alkaloids: The Veratrum Group BY S. MORRIS KUPCHAN AND
ARNOLDW.BY . . . . . . . ... .. ...
3. Erythrophleum Alkaloids BY ROBERTB.MORIN . . . . . . . . . ..
4. The Lycopodium Alkaloids BY D. B.MACLEAN . . . . . . . . . ..
5. Alkaloids of the Calabar Bean BY B.ROBINSON . . . . . . . . . . .
6. The Benzylisoquinoline Alkaloids BY VENANCIO DEULOFEU, JORGE
COMIN, AND MARCELO J. VERNENGO . . . . . . . . « « « . . .
7. The Cularine Alkaloids BY R. HHF. MANSKE . . . . . . . . . . ..
8. Papaveraceae Alkaloids BY R. HHF. MANSKE . . . . . . . . . . . .
9. a-Naphthaphenanthridine Alkaloids BY R. HLF. MANSKE . . . . . . .
10. The Simple Indole Bases BY J.LE.SAXTON . . . . . . . . . . . . ..
11. Alkaloids of Picralima nitida BY J. E.SAXTON . . . . . . . . . . ..
12. Alkaloids of Mitragyna and Ourouparia Species BY J. E. SAXTON
13. Alkaloids Unclassified and of Unknown Structure BY R. H. F. MANSKE
14. The Taxus Alkaloids BY B.LYTHGOE . . . . . . . . . . . . . ..
Contents of Volume XI
1. The Distribution of Indole Alkaloids in Plants BY V. SNIECKUS .
2. The Ajmaline-Sarpagine Alkaloids BY W.I. TAYLOR . . . . . . . . .
3. The 2,2'-Indolylquinuclidine Alkaloids BY W.I. TAYLOR . . . . . . .
4. The Iboga and Voacanga Alkaloids By W.I. TAYLOR . . . . . . . .
5. The Vinca Alkaloids BY W.I. TAYLOR . . . . . . . . . . . .. ..
6. The Eburnamine-Vincamine Alkaloids BY W.I. TAYLOR . . . . . . .
7. Yohimbine and Related Alkaloids BY H. J. MONTEIRO . . . . . . . .
8. Alkaloids of Calabash Curare and Strychnos Species BY A. R. BATTERSBY
ANDH.F.HODSON . . . . . . . . . . . . . ..
9. The Alkaloids of Aspidosperma, Ochrosia, Pleiocarpa, Melodinus, and Related
GeneraBYB.GILBERT . . . . . . . . . . . .« v ..
10. The Amaryllidaceae Alkaloids BY W.C. WILDMAN . . . . . . . . . .
11. Colchicine and Related Compounds BY W. C. WILDMAN AND B. A. PURSEY
12. The Pyridine Alkaloids BY W. A. AYER AND T. E. HABGOOD

269

305
427
441
467
483
517
529
545

193
287
306
383

402
463
467
485
491
501
521
545
597

41
73
79
99
125
145

189

205
307
407
459



CONTENTS OF PREVIOUS VOLUMES

Contents of Volume XII

CHAPTER

N AW

N

*

10.
11.
12.

The Diterpene Alkaloids: General Introduction BY S. W. PELLETIER AND L.
HKEITH . . . .. . ... ittt it i ideae
Diterpene Alkaloids from Aconitum, Delphinium, and Garrya Species: The
C;9-Diterpene Alkaloids BY S. W. PELLETIER AND L. H. KEITH
Diterpene Alkaloids from Aconitum, Delphinium, and Garrya Species: The
C,o-Diterpene Alkaloids BY S. W. PELLETIER AND L. H. KEITH
Alkaloids of Alstonia SpeciesBY J.E.SAXTON . . . . . . .. . ..
Senecio Alkaloids BY FRANKL.WARREN . . . . . . . . ... ...
Papaveraceae Alkaloids BY F.SANTAVY . . . . . . . . ... ...
Alkaloids Unclassified and of Unknown Structure BY R. H. F. MANSKE
The Forensic Chemistry of Alkaloids BY E. G.C. CLARKE . . . . . .

Contents of Volume XII1

The Morphine Alkaloids BY K. W.BENTLEY . . . . . .. .. . ..

The Spirobenzylisoquinoline Alkaloids BY MAURICE SHAMMA

The Ipecac Alkaloids BY A. BRossI, S. TEITEL, AND G. V. PARRY

Alkaloids of the Calabar BeanBY B.ROBINSON . . . . . . . . . . .

The Galbulimima Alkaloids BY E. RITCHIE AND W. C. TAYLOR

The Carbazole Alkaloids BY R.S. KaPIL . . . . . .. .. .. ...

Bisbenzylisoquinoline and Related Alkaloids BY M. CURCUMELLI-
RODOSTAMO . . . . . . . . . . i vttt e e et e e

The Tropane Alkaloids BYG.FODOR . . . . . . . . . ... . ...

Alkaloids Unclassified and of Unknown Structure BY R. H. F. MANSKE

Contents of Volume XIV

Steroid Alkaloids: The Veratrum and Buxus Groups BY J. TOMKO AND
Z.VOTICKY . . v v v v v v b e i e e o e s e e e e e e
Oxindole Alkaloids BY JASHTS.BINDRA . . . . . . . . . . .. ..
Alkaloids of Mitragyna and Related Genera By J. E. SAXTON . . . . .
Alkaloids of Picralima and Alstonia Species By J. E. SAXTON . . . . .
The Cinchona Alkaloids BY M. R. USKOKOVIC AND G. GRETHE
The Oxoaporphine Alkaloids BY MAURICE SHAMMA AND R. L.
CASTENSON . . . . . . . v ittt e e e e e e e s e e e e
Phenethylisoquinoline Alkaloids BY TETSUJI KAMETANI AND MASUO
KorzuMr . . . . . ...
Elaeocarpus Alkaloids BY S. R. JOHNS AND J. A. LAMBERTON .
The Lycopodium Alkaloids 8By D. B. MACLEAN . . . . . . . . . . .
The Cancentrine Alkaloids BY RUSSELLRODRIGO . . . . . . . . . .
The Securinega Alkaloids BY V.SNIECKUS . . . . . . . . . . . ..
Alkaloids Unclassified and of Unknown Structure BY R. H. F. MANSKE

Xix

Xv

136
207
246
333
455
514

165
189
213
227
273

303
351
397

83
123
157
181

225

265
325
347
407
425
507



XX CONTENTS OF PREVIOUS VOLUMES
Contents of Volume XV
CHAPTER
1. The Ergot Alkaloids BY P. A. STADLER ANDP.STUTZ . . . . . . . .
2. The Daphniphyllum Alkaloids BY SHOSUKE YAMAMURA AND YOSHI-
MASAHIRATA . . . . . . . . . . . . . v v v v v v o
3. The Amaryllidaceae Alkaloids By CLAUDIO FUGANTI . . . . . . . .
4. The Cyclopeptide Alkaloids BY R. TSCHESCHE AND E. U. KAUBMANN .
5. The Pharmacology and Toxicology of the Papaveraceae Alkaloids BY V.
PREININGER . . . . . « ¢ ¢ v v v vt e i e e e e e e
6. Alkaloids Unclassified and of Unknown Structure By R. H. F. MANSKE
Contents of Volume XVI
CHAPTER
1. Plant Systematics and Alkaloids By DAVID S. SIEGLER . . . . . . . .
2. The Tropane Alkaloids BY ROBERTL.CLARKE . . . . . . . . . ..
3. Nuphar Alkaloids BY JERZY T. WROBEL . . . . . . . . . . . . ..
4. The Celestraceae Alkaloids BY ROGERM.SMITH . . . . . . . . . .
5. The Bisbenzylisoquinoline Alkaloids—Occurrence, Structure, and Phar-
macology BY M. P. CAvA, K. T. Buck, AND K. L. STUART . . . . .
6. Synthesis of Bisbenzylisoquinoline Alkaloids BY MAURICE SHAMMA AND
VASSILST. GEORGIEV . . . . . . . . . . . v v v v i
7. The Hasubanan Alkaloids BY YASUO INUBUSHI AND TOSHIRO IBUKA .
8. The Monoterpene Alkaloids BY GEOFFREY A. CORDELL . . . . . . .
9. Alkaloids Unclassified and of Unknown Structure BY R. H. F. MANSKE

41
83
165

207
263

83
181
215

249

319
393
431
511



THE ALKALOIDS, VOL. XVII

——CHAPTER 11—

THE STRUCTURE AND SYNTHESIS OF
C1o-DITERPENOID ALKALOIDS

S. WILLIAM PELLETIER AND NARESH V. MoDY

Institute for Natural Products Research
University of Georgia, Athens, Georgia

D R €1 oY L2 T ) 1 PPN 2
II. Aconitine-Type Alkaloids ............. i 4
AL ACOMIITIE .« .ottt e et e e e 4
B. OXOMIINE . oo\ttt e e te ettt ettt ie et 5
C. Jesaconitine and Mesaconitine . ... i 6
D. Hypaconitine and Deoxyaconitine ........... ... ... ... i 8
E. Pseudaconitine, Indaconitine, Veratroylpseudaconine, and Diacetylpseuda-
COMITIME o ittt e et ettt et e e ettt e e et e it s 8
F. Falaconitine and Mithaconitine ............ .. ... ... .. il 10
G. Delphinine ... ..ot e 11
H. The Pyrodelphonine Chromophore ........ . ... ... .ol 12
1. Bikhaconitine, Chasmaconitine, and Chasmanthinine .................... 14
J. Isodelphinine (Base D) .......... ... ... .. . 15
K. Delphisine, Neoline, Chasmanine, and Homochasmanine ................ 16
L. Delphidine .. ..ottt 21
M. Delphirine ... i e 21
N. Neopelline . ... et 23
O. Absolute Configuration of Condelphine, Talatizidine, and Isotalatizidine ... 24
P. Talatizamine (Talatisamine) ................. .ot 25
Q. CammMAECONINE . ...ttt te e tee e e s eie et ananaareanaanaenns 27
| LS NCo7o Y2 ¥o ) ¢ 11U PN 28
S. Alkaloids A and B . ..ot e 29
T. Lappaconitine and Lappaconine .................ooiiiiiiiiiienn 31
U. Lapaconidine .............o ittt 32
V. Rearrangements of Lappaconine and Lapaconidine ..................... 33
. EXCEISINE ..ottt e et 34
X, KaraKolidine ... ..coviitiie it 36
Y. Karakoline and Sachaconitine ........ ... ..o i 37
Z. ACONOSINE ... ...t ittt ettt ittt it 39
AA. AcOnfiNg ... ... .. e 40
111. Lycoctonine-Type AIKaloids « ...« v vvvvrmrreemimiiiiii et 41
AL ACOMONINE .\ttt ettt it e ittt e i e 41
B. THenSIing .. ..ottt i i e 43
C. Delphatine .. ... .. e 44
D. Tricornine and Lycoctonine ........... . ittt iiiiiiinnaenns 45
E. Methyllycaconitine and Delsemine ............ ... .. ... ... . ... .. 46
F. Delectine and O,0-Dimethyllycoctonine .............................. 47

Copyright @ 1979 by Academic Press, Inc.
All rights of reproduction in any form reserved.
ISBN D-12-469517-5



2 S. WILLIAM PELLETIER AND NARESH V. MODY

G. Delcosine, Acetyldelcosine, and Delsoline ......... ... ... .. ... ... 48

H. Browniine and Acetylbrowniine .............. ... .. .. .. iiiiiiiaia.n 48

L DelCOrine . . oo e e 49

J. DictyOCarpine ... .o.vviiit it e 50

K. Structure of LYCOCtaMONE . . ... .. ..ottt ittt ittt eineannann, 52

IV. Alkaline Hydrolysis and Acetylation Studies of C,y-Diterpenoid Alkaloids .... 54
V. 3C NMR Spectroscopy of Cyo-Diterpenoid Alkaloids ....................... 56
V1. Mass Spectral Analysis of C,¢-Diterpenoid Alkaloids ....................... 58
VII. Synthetic Investigations . ...ttt i, 63
A. The Synthesis of Delphinine ............ ... . ... . i, 63

B. The Total Synthesis of Talatizamine (Talatisamine) ...................... 69
C. Syntheses Directed toward Chasmanine ....................cooouveaen. 70
D. The Construction of the C/D Ring System of the Co-Diterpenoid Alkaloids 74
E. Atisane-Aconane Conversion and Stereospecific Skeletal Rearrangements 75
VIII. A Catalog of C,y-Diterpenoid Alkaloids .................................. 80
References ... .. e e 98

I. Introduction

Since the early 1800’s, the alkaloids (nitrogenous organic bases) isolated
from plants of the Delphinium and Aconitum genera (Ranunculaceae) and
more recently the Garrya genus (Garryaceae) and Inula royleana
(Compositae) have been of interest because of their pharmacological prop-
erties, complex structures, and interesting chemistry. Biogenetically, these
diterpenoid alkaloids are possibly formed in nature from tetracyclic or
pentacyclic diterpenes in which the nitrogen atom of B-aminoethanol,
methylamine, or ethylamine is linked to C-19 and C-20 in the C,o-diter-
penoid skeleton and C-17 and C-19 in the C;o-diterpenoid skeleton to
form a substituted piperidine ring.

These diterpenoid alkaloids may be divided into two broad groups: those
based on a hexacyclic Cyo-skeleton, and those based on a Cyy-skeleton.
The C,o-alkaloids are commonly called aconitines, and all possess either
the aconitine, the lycoctonine, or the heteratisine skeleton. Usually in the
literature, the C;o-diterpenoid alkaloids are referred to as either aconitine-
type or lycoctonine-type alkaloids without structural differentiation.
Because this practice sometimes creates confusion, we have divided the
Cio-diterpenoid alkaloids into three categories, defined as follows:

i. Aconitine-type. These alkaloids possess the skeleton of aconitine, in
which the C-7 position is not oxygenated or substituted by any other
functional group.

ii. Lycoctonine-type. These alkaloids possess the skeleton of lycoc-
tonine, in which the C-6 and C-7 positions are always oxygenated by
hydroxyl or methylenedioxyl or methoxyl groups.



1. C1o-DITERPENOID ALKALOIDS 3

iii. Heteratisine-type. These alkaloids possess the skeleton of hetera-
tisine, in which a lactone moiety is always present.

The numbering system for the alkaloids with basic aconitine (i), lycoc-
tonine (ii), and heteratisine (iii) skeletons used in this chapter is in accord
with proposals initiated by Dr. J. W. Rowe and cosponsored by the
author .*

(i) Aconitine skeleton

(iii) Heteratisine skeleton

The earlier work on the chemistry of C,o-diterpenoid alkaloids has been
reviewed in Volumes IV (1), VII (2), and XII (3) of this series, in books on
alkaloids by Boit (4) and Pelletier (5), in The Alkaloids, Specialist Periodi-
cal Reports, (6-8), and in other reviews (9, 10). This chapter deals with the
recent developments in C,o-diterpenoid alkaloid chemistry reported in the
literature available to us since July 1968, as well as certain unpublished
work from our laboratory.

Because previously published books (11, 12) in the field of natural
products have reported structures now known to be incorrect of several
well-known Co-diterpenoid alkaloids, we have included in this chapter a
catalog of all the known C;o-diterpenoid alkaloids, showing the correct
structures, physical properties, plant sources, and key references. This
catalog should be very useful, for it presents in a single place important
structural information on the C,o-diterpenoid alkaloids, which has been
scattered through hundreds of papers and dozens of reviews.

*John W. Rowe, The Common and Systematic Nomenclature of Cyclic Diterpenes, Third

revision, Forest Products Laboratory, Forest Service, U.S. Department of Agriculture,
Madison, Wisconsin, 1968, p. 44.
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II. Aconitine-Type Alkaloids

A. ACONITINE

Aconitine, the major alkaloid of Aconitum napellus L., has been known
for its pharmacological and medicinal properties since 1833 (13). It is one
of the best known alkaloids and possesses one of the most complicated
structures of the C,o-diterpenoid alkaloids. This alkaloid occurs, together
with the alkaloid mesaconitine, in A. napellus, A. fauriei Léveillé and
Vaniot, A. grossedentatum Nakai, A. hakusanense Nakai, A. mok-
changense Nakai, and A. zuccarini Nakai (1). It also has been isolated
from the Chinese crude drugs Chuan-Wu, Fu-Tzu (A. carmichaeli
Debaux = A. fischeri Reichb) (14) and Hye-shang-yi-zhi-hao (A. bullasi-
folium Léveillé var. homotrichum) (15). More recently, aconitine has been
isolated (16) from the tubers of A. karakolicum, which were collected in
the Terskei Ala-Tau ranges of the Kirghiz S.S.R.

OCH,

3 4 Aconitine

Early work on the chemistry of aconitine has been reviewed by Stern
(1, 2) and recently by Pelletier and Keith (3, 5). On the basis of the X-ray
structure (17, 18) of demethanolaconinone hydroiodide trihydrate (1),
chemical data on a permanganate oxidation product of aconitine known as
oxonitine, and conformational arguments (19), structure 2 was assigned to
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aconitine. Recently, Wiesner and co-workers (20) demonstrated that the
C-1 methoxyl! group in the related alkaloid, delphinine, has an a-equa-
torial configuration (cis to the nitrogen bridge) by an X-ray crystallographic
study of the acid oxalate salt of a degradation product (3) of delphinine (see
Section II,G). Delphinine has been correlated with aconitine and other
C.o-diterpenoid alkaloids; thus, Wiesner and co-workers indicated that the
structure of aconitine and related alkaloids must be revised to include an
a -equatorial methoxyl group at the C-1 position. The complete structure
of aconitine as 4 was finally elucidated after 40 years of extensive chemical
and X-ray crystallographic studies.

B. OXONITINE

Much of the earlier chemical work on the structure elucidation of aconi-
tine was based on oxonitine, a permanganate oxidation product of aconi-
tine. The nature of the N-acyl group of oxonitine has been a disputed point
in papers on the structure of oxonitine (5).

In 1954 Jacobs and Pelletier (21) at the Rockefeller Institute had pro-
posed that oxonitine contains an N -acetyl group. Six years later they, as
well as Turner and his co-workers (22), demonstrated that oxonitine
actually contains an N-formyl group. They showed that the N-formyl
group does not arise from the direct methanolic permanganate oxidation of
the N-alkyl group. Thus, compound 6 was prepared by a series of reactions
involving removal of the N -ethyl group from aconitine (4), acetylation, and
formation of an N-formyl group. Comparison of an authentic sample of
triacetyloxonitine with compound 6 confirmed identity. The most
important evidence was that the permanganate oxidation of pentaacetyl-
aconine (7) containing an N -ethyl group labeled at the carbon adjacent to
the nitrogen provided pentaacetyl-N-formyl oxonitine (8) with only 6%
residual radioactivity of the original activity (22). This tracer experiment
clearly indicated that the N -formyl group of oxonitine did not derive from
the N-ethyl group of aconitine.
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OCH,

OCH,
7 R="'CH,—CH;
8 R=CHO

The question of whether oxonitine contains an N-formyl or an N-acetyl
group has been studied recently by Wiesner and Jay (23). They have
provided an explanation about the origin of oxonitine. The mass and
"H NMR spectra of the N-acyl aromatization product (9), prepared from
oxonitine, proved it to be a mixture of the N-acetyl and N-formyl deriva-
tives, even though it was homogeneous on a TLC plate. Hydrolysis of this
mixture (9) with hydrochloric acid in methanol afforded compound 3. The
latter was identical with samples prepared from delphinine and by total
synthesis (see Section I1,G). The authors indicated that, because aconitine
is known to contain varying amounts of mesaconitine (13), the differing
N-acyl groups can result from the oxidation of the N-methyl group of
mesaconitine and the N -ethyl group of aconitine, present in the mixture.

It had been demonstrated earlier that the N-formyl group did not arise
from the N-ethyl group during the oxidation; therefore, some of the
conflicting data can be explained on the basis of the mesaconitine impurity
in aconitine.

C. JESACONITINE AND MESACONITINE

Jesaconitine was first isolated in 1909 (24) from a plant native to
Hokkaido, A. fischeri Reichb. Since then, this alkaloid also has been
isolated from different East Asian species, A. subcuneatum Nakai (25, 26),
A. sachalinense F. Schmidt (25, 26), and A. mitakense Nakai, (27).
Jesaconitine differs from aconitine in being an ester of anisic acid (4-
methoxyl benzoate) instead of benzoic acid. The detailed chemical work on
jesaconitine has been reviewed earlier (3). On the basis of 100 MHz
'"H NMR analysis of jesaconitine and its pyrolysis product, the structure 10
was assigned to jesaconitine (28). Since the structure of aconitine has been
revised on the basis of an X-ray crystallographic study of a degradation
product of delphinine, the structure of jesaconitine must be revised to 11 to
indicate an a-equatorial methoxyl group at C-1.
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10 11 Jesaconitine

Mesaconitine was first isolated in 1929 (29). This alkaloid occurs in a
large number of Aconitum species reported in the earlier review (1). It has
also been isolated from A. japonicum (29), A. mitakense (27), A. altaicum
Steinb. (30), and the Chinese drug known as Chuan-Wu (14) (A. carmi-
chalei). The structure of mesaconitine as 12 was based on the structure of
aconitine. Because mesaconitine differs from aconitine only in possessing
an N-methyl instead of an N-ethyl group, the structure of mesaconitine
must now be revised to 13. ‘

13 Mesaconitine

OCH,

OCH,

14 R=H
15§ R=Ac

Recently, Ichinohe and Yamaguchi have reported the isolation of a new
aconitine-type alkaloid from the roots of A. sachalinense Fr. Schmidt (31).
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Chemical and spectral studies indicate the presence of an acetoxyl group,
an anisic ester group (4-methoxyl benzoate), an N-methyl group, four
aliphatic methoxyl groups, and three hydroxyl groups. This alkaloid
undergoes the “pyro” reaction which is characteristic of aconitine-type
alkaloids. The alkaloid’s hydrolysis product has the same functional groups
and molecular formula as mesaconine (14), but its pentaacetyl derivative
was not identical with pentaacetylmesaconine (15). Therefore, the
Japanese workers suggested that the hydrolysis product is an epimer with
respect to a methoxyl or a secondary hydroxyl group of mesaconine.

D. HYPACONITINE AND DEOXYACONITINE

Hypaconitine was isolated for the first time in 1929 (32) and frequently
occurs with the closely related alkaloids aconitine (4) and mesaconitine
(13). This alkaloid has been isolated from A. sanyoense Nakai var. sany-
oense (33), A. carmichaeli (14, 34), A. bullatifolium var. homotrichum
(the Chinese drug Hye-shang-yi-zhi-hao) (15), and A. koreanum (the
Chinese crude drug Guan-bai-Fu-tsu) (35).

OCH,
R R-- “OH
OCH,
16 R=CH; 18 R=CHj; Hypaconitine
17 R=CH,—CH, 19 R=CH,—CH; Deoxyaconitine

Structure 16 was proposed originally for hypaconitine on the basis of the
conversion of aconitine into hypaconitine via the intermediate deoxy-
aconitine (17), as described in the last review (3). Deoxyaconitine has been
reported as a contaminant in crude aconitine (36). The structures of
hypaconitine and deoxyaconitine were recently revised to 18 and 19
respectively, to indicate an a-equatorial methoxyl group at the C-1 posi-
tion (20).

E. PSEUDACONITINE, INDACONITINE, VERATROYLPSEUDACONINE,
AND DIACETYLPSEUDACONITINE

Pseudaconitine was isolated (37, 38) for the first time in 1877 from the
roots of A. ferox Wall, a plant indigenous to the lower reaches of the
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Himalayas in India. The roots of this plant are known as Bish and were
used by the native Indians for medicinal purposes. Later, this alkaloid was
isolated from the roots of A. spictatum Stapf (39). Czechoslovakian (40)
and Indian (41) workers reexamined the alkaloidal constituents of A. ferox
and have reported the isolation of pseudaconitine along with other known
and uncharacterized alkaloids. Recently, pseudaconitine was isolated (42)
as a minor constituent of A. falconeri Stapf. The structure of pseudaconi-
tine (20) was assigned earlier and is covered in detail in the last review (3)
in this series. Because pseudaconitine has been chemically correlated with
delphinine, the structure of this alkaloid must now be revised to 21.

20 R=Vr 21 R =Vr Pseudaconitine
22 R=Bz 23 R =Bz Indaconitine
The alkaloid indaconitine was isolated (43) from A. chasmanthum Stapf

for the first time in 1905. Recently, along with pseudaconitine, this alkaloid
has been isolated as a minor alkaloid from the roots of A. ferox (40)and A.
falconeri (42). Structure 22 was originally assigned to indaconitine, on the
basis of chemical correlation with delphinine. The structure of delphinine
has been revised; thus, indaconitine must be represented by structure 23 to
indicate the a-configuration at the C-1 position.

25 R=Ac

During a reexamination of alkaloidal constituents of the roots of A.
ferox, Indian workers (41) isolated two new alkaloids, veratroyl-
pseudaconine (24) and diacetylpseudaconitine (25) as minor components.
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Recently, veratroylpseudaconine (24) was isolated by a combination of pH
gradient, thin layer, and column chromatographic techniques as one of the
major alkaloids of the methanolic extracts of the roots of A. falconeri (42).
The basic hydrolysis of 24 yielded veratric acid and the crystalline parent
amino alcohol, pseudaconine (26). Comparison of alkaloid 24 with an
authentic sample of veratroylpseudaconine, prepared by heating pseu-
daconitine (21) with 0.1 N H,SO, in a sealed tube, showed identity. The
structure of veratroylpseudaconine as 24 was also established indepen-
dently by a *CNMR analysis (44). Alkaline hydrolysis of 25 yielded acetic
acid, veratric acid, and pseudaconine (26). Finally, structure 25 was
established for diacetylpseudaconitine by comparison with an authentic
sample, which was prepared by acetylation of 21 with acetic anhydride and
p-toluenesulfonic acid.

F. FALACONITINE AND MITHACONITINE

In 1966 Singh and his co-workers (45) reported the isolation and pre-
liminary study of two new diterpenoid alkaloids, designated as bishaconi-
tine and bishatisine from the indigenous crude drug known as Bish, Bikh,
or Mitha telia. This drug was identified as the roots of A. falconeri.
Recently, we reported (46) the isolation and structure determination of
two alkaloids, falaconitine (27) and mithaconitine (28), from the
methanolic extracts of the roots of A. falconeri. We found that Singh’s data
for “bishaconitine” are consistent with it being a mixture of several closely
related alkaloids, with the principal constituent being falaconitine. Neither
any atisine-type alkaloids nor the ‘“bishatisine” reported earlier by Singh,
Bajwa, and Singh (45) was encountered.

OCH,

OCH, ‘ OCH,

27 R =Vr Falaconitine 29 Pyrodelphinine
28 R =Bz Mithaconitine

Falaconitine and mithaconitine as the major and minor alkaloids,
respectively, were isolated as noncrystalline compounds by a combination
of pH gradient, thin layer, and column chromatographic techniques. The
structures of falaconitine (27) and mithaconitine (28) were established on
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the basis of 'H and *C NMR analysis. The 'H NMR spectrum of falaconi-
tine was identical with mithaconitine except for the presence of the vera-
troyl group instead of a benzoyl group. Comparison of these alkaloids to
pseudaconitine (21), indaconitine (23), and pyrodelphinine (29) was made
through a study of their '>C NMR spectra. Comparison of the 3C chemical
shifts of C-8 (singlet at 146.6 and 146.5 ppm) and C-15 (doublet at 116.1
and 116.4 ppm) in falaconitine and mithaconitine, respectively, with those
of pyrodelphinine (29) (C-8 singlet at 146.6 ppm and C-15 doublet at
116.3 ppm) afforded evidence for the presence of a double bond between
C-8 and C-15 in these new alkaloids. Further, the 13C NMR data indicated
that these new alkaloids were similar to pseudaconitine (21) and indaconi-
tine (23) except for the presence of the double bond between the C-8 and
C-15 positions. Finally, the structures of falaconitine and mithaconitine as
27 and 28 were confirmed by comparison with the pyrolysis products of
alkaloids 21 and 23, respectively.

Biogenetically, it is interesting to note that falaconitine and mithaconi-
tine are the first naturally occurring alkaloids with a pyrodelphinine-type
structure. These alkaloids may be biogenetic precursors for pseudaconitine
(21), veratroylpseudaconine (24), and indaconitine (23), as well as other
C,o-diterpenoid alkaloids containing a C-8 acetate and C-15 hydroxyl
group, e.g., aconitine and hypaconitine.

G. DELPHININE

Early in 1800 the seeds of Delphinium staphisagria L., commonly known
as stavesacre, were extracted to furnish the oil and alkaloids in pure form in
order to determine their insecticidal activity. The seeds of D. staphisagria
have been found on extraction with ligroin to yield an appreciable amount
of an alkaloid fraction, which consists mainly of the alkaloid delphinine.
The latter was first isolated in 1819 by Lassaigne and Feneulle (47). Walz
(48) revised the formula reported for delphinine by earlier workers to
C34H47NOg on the basis of the analysis of the free base and its oxalate. This
formula was also supported by Keller (49) and later by Markwood (50).

In 1939 Jacobs and Craig (51) modified the molecular formula of
delphinine to C;3H4sNOg and assigned the nine oxygen atoms to four
methoxyl groups, one hydroxyl group, one acetyl group, and a benzoyl
group. In addition to this, they reported the presence of an N-methyl
group in delphinine. Since 1939, delphinine became the subject of
intensive chemical studies (52-60), and structure 30 with a 8-methoxyl
group at the C-1 position was assigned (61) to delphinine on the basis of a
direct structural correlation with aconitine and what appeared to be a
sound conformational argument (19). The detailed chemistry of delphinine
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is covered in the last review article (3) in this series. Recently, Wiesner’s
research group at New Brunswick has assigned (20) a revised structure (31)
for delphinine, on the basis of the X-ray crystallographic study of acid
oxalate of the synthetic degradation product (3) of delphinine. (See Section
VILA))

H. THE PYRODELPHONINE CHROMOPHORE

The pyrolysis product of delphinine (31), pyrodelphinine (29), on alka-
line hydrolysis gives a parent pyrocamino alcohol known as pyrodelphonine
(32). In 1952 Edwards and Marion (62) observed the apparent diene
chromophore in the “pyro” compounds derived from the aconitine-type
alkaloids with no hydroxyl group at the C-15 position. Wiesner and co-
workers (63) reported an unexpected UV absorption (Amax 245 nm, €4x
6300) for pyrodelphonine (32) and pyroneoline (33), which disappears
upon acidification. To explain the unusual behavior of these pyro
compounds, they postulated the participation of the lone-pair electrons of
the nitrogen with the C-7-C-17 o bond and the = system of C-8-C-15
double bond in an excited state resembling structure 32A in pyrodel-
phonine and 33A in pyroneoline. Later, the same phenomenon was also
explained using valence bond language by Cookson and his co-workers
(64).
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OCH, OCH,

OCH, OCH;,
29 R =Bz Pyrodelphinine 29A R=Bz
32 R=H Pyrodelphonine 32A R=H

OCH,

OCH,

33 Pyroneoline

NaBH4
in light

OCH,
34

In 1969 Wiesner and Inaba (65) reported an unusual photoreduction of
the C-7-C-17 bond in 16-demethoxylpyrodelphonine (34) to compound
35 by sodium borohydride in methanol. They also repeated the same
reaction using sodium borodeuteride to confirm the postulated nature of
the pyrochromophore. The high-resolution mass spectrum of the reaction
product indicated that one deuterium was incorporated in the reaction
product. This result suggested that one of the new hydrogen atoms in
compound 35 came from the reagent and the other from the solvent. These
results confirm the postulated nature of the pyro chromophore.

Recently, Pelletier and Djarmati (66) examined the pyrodelphinine
chromophore in the electronic ground state of the molecule by 3C and
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'"H NMR spectroscopy. Their results were based on the differences in the
C and '"H NMR spectra of pyrodelphinine effected by protonation of the
nitrogen atom. The *C and '"H NMR spectra were recorded during the
stepwise protonation of the nitrogen atom by deuterated acetic acid, as
well as N-oxidation by m-chloroperbenzoic acid. A downfield shift of the
signal for C-8 (4.1 ppm) and a large upfield shift of the signal for C-15
(5.5 ppm) in compound 29 were observed upon protonation or N-oxida-
tion. On the basis of these results, they postulated that the lone-pair
electrons of the nitrogen, the C-7-C-17 o bond, and the 7 electrons of the
C-8-C-15 double bond are conjugated in the electronic ground state of the
molecule. In other words, the structure of pyrodelphinine can be consid-
ered a resonance hybrid of the contributing structures 29 and 29A and that
of pyrodelphonine as a resonance hybrid of 32 and 32A. Delocalization of
the free electron pair of the nitrogen will give a negative charge at the C-15
position, and this results in an upfield shift of its resonance which can be
observed upon acidification (protonation) or N-oxidation. Similar results
were also obtained by observing the change in shift of the C-15 proton in
the 100 MHz "H NMR upon protonation or N-oxidation.

1. BIKHACONITINE, CHASMACONITINE, AND CHASMANTHININE

Bikhaconitine was isolated for the first time by Dunstan and Andrews
(67) in 1905 from the poisonous roots of A. spictatum. The roots of this
plant are known as Bikh or Bish by the Indian people. Recently, this
alkaloid was also isolated as a minor constituent by Czechoslovakian (40)
and Indian (41) workers during the reexamination of alkaloidal constit-
uents of another Indian plant, A. ferox. The structure of bikhaconitine (36)
was established by the direct comparison with deoxypseudaconitine, which
was prepared from pseudaconitine. Because the structure of pseudaconi-
tine has been revised, the structure of bikhaconitine must now be
represented by structure 37 indicating a C-1 a-methoxyl group in the A
ring.

36 37 Bikhaconitine
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40 R =Bz Chasmaconitine
41 R =Cn Chasmanthinine

H /C6H5

Chasmaconitine and chasmanthinine, two closely related alkaloids, were
isolated (68) during reexamination of the roots of A. chasmanthum. The
structure and stereochemistry of chasmaconitine (38) were assigned on the
basis of the conversion of this alkaloid to delphinine. Since the structure of
delphinine has been revised, chasmaconitine must be represented by
structure 40. Chasmanthinine was also correlated with chasmaconitine and
other alkaloids, and structure 39 was originally assigned to it. With the
revision of the structure of chasmaconitine, the structure for chasman-
thinine must be revised to 41. Thus far, neither of these two alkaloids has
been isolated from any other plants.

J. IsOoDELPHININE (BASE D)

In 1959 Katsui and his co-workers (69, 70) isolated a diterpenoid alka-
loid, designated initially as base D and later as isodelphinine, from the
mother liquors accumulated during the isolation of miyaconitine and miy-
aconitinone from the roots of A. miyabei Nakai, a plant native to Hok-
kaido, Japan. On the basis of chemical studies, they reported that base D
contains an N-methyl, a benzoxyl, an acetoxyl, a hydroxyl, and four
methoxyl groups. On treatment with acetyl chloride, base D gave a
monoacetate, mp 188-190°. The data indicated that base D has the same
empirical formula and functional groups as delphinine (31), but differs
from delphinine by the mixture-melting point (mmp) and infrared spectra.
On the basis of an infrared analysis and chemical studies, Katsui postulated
that isodelphinine is a C-14 epimer of delphinine.
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42 Isodelphinine 31 Delphinine

Recently, on the basis of "H and '>*C NMR analysis, we have assigned
(71) structure 42 to isodelphinine. The '"H NMR spectrum of isodelphinine
was largely similar to that of delphinine. The presence of an 8-acetate-14-
benzoate substitution pattern was established by observing the highly
shielded acetate singlet at § 1.45 in isodelphinine. The pattern of B¢
chemical shifts in isodelphinine was similar to that of delphinine, deoxy-
aconitine, and 8-acetyl-14-benzoylneoline. The characteristic shifts of
isodelphinine indicated that the hydroxyl group is present at the C-15
position (78.9 ppm, doublet) and that no group is present at the C-13
position. The presence of hydroxyl at C-15 in isodelphinine was also
confirmed by observing the downfield singlets at 92.3 and 172.3 ppm of
C-8 and the carbonyl group of the C-8 acetate, respectively. The °C
chemical shifts of all the carbons were in agreement with the assigned
structure (42) for isodelphinine.

It is interesting to note that isodelphinine is the first naturally occurring
example of an alkaloid possessing a C-15 hydroxyl in the absence of the
C-13 hydroxyl group. Thus far, all the naturally occurring diterpenoid
alkaloids bearing a C-15 hydroxyl have also possessed an hydroxyl at C-13,
e.g., aconitine, jesaconitine, mesaconitine, deoxyaconitine, and hypaconi-
tine. Thus, isodelphinine is an interesting subject for biogenetic specula-
tion.

K. DELPHISINE, NEOLINE, CHASMANINE, AND HOMOCHASMANINE

Pelletier and co-workers have isolated (72, 73) a new alkaloid, desig-
nated as delphisine, from the mother liquors accumulated during the
isolation of delphinine from the seeds of D. staphisagria. An X-ray crystal-
lographic analysis of the hydrochloride salt of delphisine using direct
phasing methods established its structure and stereochemistry as 43. The
absolute configuration of delphisine was determined as 18, 4S5, 5R, 6R, 7R,
8S, 9R, 10R, 118, 13R, 148, 16S, and 17R by Hamilton’s method and
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confirmed by examination of sensitive Friedel pairs.* Ring D of delphisine
exists in a boat conformation which is flattened at C-15. Ring A of
delphisine exists in a boat conformation as shown in structure 44, stabilized
by intramolecular N - - - HO hydrogen bonding. The 100 MHz 'HNMR
study of delphisine also indicated that ring A retains its boat conformation
in deuterochloroform solution at room temperature. The infrared spec-
trum of delphisine showed a broad absorption between 3640 and
3000 cm™ ' with small peaks at 3600 and 3235 cm”’, indicative of a hydro-
gen-bonded hydroxyl group and a boat form for ring A. When the C-1
a-hydroxyl group of delphisine was acetylated (45), the absence of
intramolecular hydrogen bonding and the existence of ring A in a chair
conformation as shown in structure 46 was observed.

OCH,

OCH,

43 R=H Delphisine
45 R=Ac

Upon alkaline hydrolysis, delphisine yielded the parent amino alcohol
(C24H39NOg; mp 160-161°), which was found to be identical with neoline.
The latter was isolated as a minor constituent from A. napellus by
Freudenberg and Rogers (74) in 1937. On the basis of chemical studies
described in the previous review (3) in this series, Wiesner and his

* The absolute configuration at C-8 is incorrectly stated in the original articles for both
delphisine (72, 73 } and chasmanine (73a). In both cases, the correct Cahn-Ingold-Prelog
notation is 8§ for the molecule, corresponding to our published coordinates and drawings.
The absolute configuration at the remaining chiral centers is correctly stated in both cases. We
€xpress our appreciation to Prof. E. F. Meyer of Texas A & M University for bringing this
€ITOor to our attention.
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colleagues (63) assigned structure 47 to neoline (with the C-1 a-hydroxyl
group). However, Marion and co-workers (75) correlated neoline with
chasmanine, an alkaloid isolated during reexamination of the constituents
of the roots of A. chasmanthum. Subsequently, they assigned structure 50
to chasmanine (76, 77) based on a correlation with browniine. On the basis
of the neoline—chasmanine correlation, they assigned structure 48 with a
C-1 B-hydroxyl group to neoline.

47 R=R'=H Neoline
49 R=CH,, R' =H Chasmanine
51 R=R'=CH; Homochasmanine

The question about the different structures assigned to neoline has
recently been resolved (73, 78). Delphisine was converted to a pair of C-1
hydroxyl epimers, 47 and 48, by different routes. Mild alkaline hydrolysis
of delphisine gave epimer 47, which was shown to be identical (mmp, IR,
'H and "*C NMR) with an authentic sample of natural neoline. This chem-
ical correlation with delphisine, a compound whose structure has been
determined by X-ray analysis, proves that Wiesner’s original structure for
neoline (47) is correct and that Marion’s revised structure for neoline is in
error.

On oxidation with Cornforth reagent, delphisine (43) gave 1-ketodel-
phisine (53). On hydrolysis with aqueous methanolic potassium carbonate,
compound 53 afforded the 1-keto-8,14-diol derivative (54). The latter was
also prepared from delphisine by the reverse sequence. Hydrolysis of
delphisine with mild base yielded the amino alcohol 47, which on oxidation
gave the 1-monoketo derivative (54) as well as the 1,14-diketo derivative
(55). The latter was reduced selectively to 54 with 1 equivalent of sodium
borohydride. The stereospecific reduction of the 14-keto group to the C-14
a-hydroxyl group was expected because of the less hindered B-side of the
14-keto group. On reduction with sodium borohydride in 10% aqueous
methanol, compound 54 gave a mixture of epimers 47 and 48 in a ratio of
1:2, respectively. These epimers were separated using preparative silica
gel thick-layer chromatographic plates. The less polar epimer (48), mp
100°, proved to be not identical with neocline, while the more polar epimer
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43 Delphisine
OH
OCH, oo, LOCH,

CrO3/Py/Hy0

53

(47), mp 160-161°, was shown to be identical with neoline. The hydrolysis
product of delphisine was also found to be identical with neoline. The
triacetates prepared from epimer 47 by treatment with acetic anhydride
and p-toluenesulfonic acid at 100° as well as by treating delphisine with
acetic anhydride and pyridine at room temperature were found to be
identical. On the basis of this chemical correlation, structure 47 has been
assigned to neoline (73, 78).

Since Marion and colleagues have correlated chasmanine with neoline
and homochasmanine with chasmanine, the structures previously assigned
for chasmanine (77) and homochasmanine (79) (50 and 52, respectively),
must be reconsidered. Chasmanine and neoline were converted to 8,14-di-
O-methyl chasmanine and 1,8,14-tri-O-methylneoline (56), respectively,
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L ~_OCH,
“OCH,]/F__ 47 Neoline

56

by treatment of each alkaloid with sodium hydride and methyl iodide in
refluxing dioxane. The reaction products from neoline and chasmanine
were found to be identical. This simple chasmanine-neoline correlation
indicated that chasmanine must also have a C-1 «-substituent, as present
in neoline, and therefore structure 49 has been assigned to chasmanine
(73, 78). Because chasmanine diacetate had been converted to homo-
chasmanine by treatment with methanol under pressure, followed by basic
hydrolysis, the structure of homochasmanine must be revised to 51.

OCH,

57 R=CHj;, R!=H Browniine
58 R=H, R'=CHj; Lycoctonine

These revised structures for neoline and chasmanine, (47 and 49,
respectively) were also supported by a recent >’C NMR study of 26 diter-
penoid alkaloids and their derivatives (66, 80). Finally, the structure of
chasmanine as 49 was confirmed by an X-ray crystallographic analysis
(73a, 81) of chasmanine 14a-benzoate hydrochloride. With the structure
of chasmanine now definitely established, attention was directed to the
reported chemical correlation of chasmanine and browniine. This supposed
correlation was found to be in error by a >C NMR study of browniine (57),
lycoctonine (58), and certain of their derivatives. All but two 3C chemical
shifts for browniine and lycoctonine, those of C-14 and C-18, are essen-
tially identical. The >*C NMR study indicated identical stereochemistry of
ring A in browniine and lycoctonine. This analysis provided evidence that
the reaction sequence used in the reported correlation of browniine and
chasmanine did not proceed as expected.



1. C1o-DITERPENOID ALKALOIDS 21

L. DELPHIDINE

Recently, a new alkaloid, delphidine (C,sH41NO7; mp 98-100°) has
been isolated (82) by a combination of gradient pH extractions and
chromatographic techniques from the mother liquors accumulated during
the isolation of delphinine from the seeds of D. staphisagria. The structure
of delphidine has been established as 8-acetylneoline (§9) by a chemical
correlation and *C NMR analysis.

59 R=H Delphidine
60 R=Ac

Alkaline hydrolysis of delphidine (59) afforded an alkamine
(C24H39NOg; mp 159-161°), which was identical with neoline (47) by the
usual criteria (mmp, IR, 'H and 3C NMR). Treatment of delphidine with
acetic anhydride and pyridine at room temperature yielded neoline tri-
acetate (60) (delphisine C-1 a-monoacetate) (C32H4sNOg; mp 149-151°).
This compound was also obtained by the hydrolysis of delphidine to
neoline (47), followed by acetylation of the latter with acetic anhydride and
p-toluenesulfonic acid at 100° for 1 hr. These chemical studies indicated
that the acetyl group in delphidine is present at the C-8 position. The
“CNMR spectrum of delphidine was in complete agreement with the
assigned structure (59).

Delphidine was also obtained by the selective hydrolysis of the 14-acetyl
group of delphisine (43) over an alumina column (Activity III) as well as by
treatment with mild base, e.g., potassium carbonate or potassium bicar-
bonate in aqueous methanol. The selective hydrolysis of the 14-acetate of
delphisine by an alumina column suggested that delphidine might be an
artifact formed during chromatographic separation of the alkaloids mix-
ture. Recently, this possibility has been ruled out by isolating delphidine
without use of an alumina or silica gel column.

M. DELPHIRINE

'In 1976 Pelletier and Bhattacharyya (83) reported the isolation of a
mimnor alkaloid designated as delphirine (C24H39NOg; mp 95-100°) from



22 S. WILLIAM PELLETIER AND NARESH V. MODY

the seeds of D. staphisagria. The structure of delphirine was established as
1-epineoline (48) by "> C NMR analysis and confirmed by comparison with
a synthetic sample prepared from delphisine as shown earlier.

48 Delphirine 47 Neoline

An interesting feature of delphirine is that it reacts very slowly with
Draggendorf’s reagent, giving a precipitate after several minutes while
neoline reacts instantly with the same reagent. The reduced basicity of the
N atom of delphirine (pK, 6.7) compared with that of neoline (pK, 7.6) is
in agreement with the reactivity of Draggendorf’s reagent toward these
alkaloids. On the other hand, the pK, values of these alkaloids are in
reverse of the order which would be predicted from hydrogen-bonding
arguments; i.e., the C-1 a-hydroxyl group in neoline can form a hydrogen
bond with the N atom, while the C-1 B-hydroxyl group in delphirine
cannot. The difference in the basicity of delphirine and neoline may be
explained by the orientation of the C-1 hydroxyl group and the con-
formation of ring A.

OCH, OCH,

61 Isotalatizidine 62 Talatizidine

Biogenetically, it is interesting to observe that the delphirine-neoline
pair is the second example reported so far of C-1 hydroxyl epimers among
the Cio-diterpenoid alkaloids. The isotalatizidine (61)-talatizidine (62)
pair (84, 85) is the first example in this series.
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N. NEOPELLINE

“Neopelline”” was reported in 1924 by Schulze and Berger (86) as an
amorphous alkaloid (mp ~ 80°) which was isolated as an impurity in crude
aconitine from A. napellus. They reported the preparation of a few salts
and assigned the molecular formula as Cs;H4sNQg. Saponification of neo-
pelline gave acetic acid, benzoic acid, and the parent amino alcohol neo-
line. Freudenberg and Rogers (74) in 1937 failed to isolate neopelline from
A. napellus following the method of Schulze and Berger (§6) but did
isolate neoline from the fraction which was supposed to provide neopel-
line. Because neoline was isolated from an extract which had been made
basic with only 0.1 N sodium hydroxide solution, they suggested that
neoline was possibly an artifact formed during a hydrolysis of neopelline.
Until recently, no further work appears to have been done on neopelline.

On the basis of a new molecular formula for neoline, C,4H39oNQs, the
molecular formula of neopelline has been revised to C33H4sNOg. Pelletier
and Keith (3) recently suggested 8-acetyl-14-benzoylneoline (63) as a
probable structure for neopelline. A partial synthesis (87) of 8-acetyl-14-
benzoylneoline (63) from delphisine (43) was carried out to establish
whether neopelline indeed has the suggested structure 63.

Delphisine (43) was oxidized with Cornforth’s reagent (CrO;-Py-H,0)
to yield 1-ketodelphisine (53) in 93% yield. Compound 53 was hydrolyzed
with 5% methanolic potassium hydroxide solution at room temperature to
give 1-ketoneoline (54) in 76% vyield. The latter compound was converted
into the corresponding benzoate (64) by treatment with benzoyl chloride
and pyridine for 3 hr. Compound 64 was converted to 8-acetyl-14-
benzoyl-1-ketoneoline (65) by treatment with acetic anhydride and cata-
lytic amounts of p-toluenesulfonic acid on a steam bath for 1 hr. Sodium
borohydride reduction of compound 65 yielded the desired product, 8-
acetyl-14-benzoylneoline (63), and its C-1 epimer (66). The structures of
these compounds were confirmed by their 'H and '>*C NMR analysis.
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OCH, OCH,

CrOj3; Py; HO
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OCH,
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—

OCH,

NaBHy4

OCH,

63 R'=H;R’=0H
66 R'=0OH;R’=H

On the basis of the physical properties of the synthetic 8-acetyl-14-
benzoylneoline, the proposed structure (63) for neopelline has been ruled
out. However, biogenetic considerations suggest the possibility of the
existence of 8-acetyl-14-benzoylneoline in nature.

O. ABSOLUTE CONFIGURATION OF CONDELPHINE, TALATIZIDINE,
AND ISOTALATIZIDINE

Condelphine, an alkaloid first isolated from D. confusum Popov in 1942
(88) and later from D. denudarum Wall (85), has been assigned structure
67 on the basis of extensive chemical studies and spectroscopic analysis.
Condelphine is an O-acetate derivative of isotalatizidine (61). The latter
atkaloid, along with its C-1 hydroxyl epimer, talatizidine (62), was isolated

OCH,
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in 1940 from A. talassicum Popov, (89, 90). In 1961, Russian workers (91)
postulated partial structures for these three alkaloids; subsequently, the
structures for condelphine (67), isotalatizidine (61), and talatizidine (62)
were established (85). This work is summarized in the previous review (3) in
this series.

OCH, OCH;,

67 R=Ac Condelphine 62 Talatizidine
61 R=H Isotalatizidine

A recent X-ray crystallographic study (92) of condelphine hydroiodide
confirmed the assigned structure of condelphine as 67. The absolute
configuration was established as 18, 48, 5R, 7S, 8S, 9R, 10R, 118, 13R,
148, 168, and 17R by examination of Friedel pairs of reflections. The
structure has been refined to R =0.100 and R,, =0.111, based on 3828
observed reflections. Because condelphine has been correlated with iso-
talatizidine (61), talatizidine (62), talatizamine (68), and cammaconine
(69), this work confirms the molecular structure and establishes the
absolute configuration of the latter four alkaloids as well.

P. TALATIZAMINE (TALATISAMINE)

Talatizamine (C,4H39NOs; mp 145-146°) was first isolated in 1940 from
the roots of A. talassicum (89, 93). It has also been isolated from A.
nemorum Popov (93) and A. carmichaeli (14) and, in 1967, was found in
A. variegatum (94) along with closely related alkaloid, cammaconine (69).
The structure of talatizamine (68) has been established (95) by chemical

OCH, OCH,

68 Talatizamine 69 Cammaconine
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correlation with isotalatizidine (61). The structure has been confirmed by a
total synthesis of the alkaloid by Wiesner and his co-workers (96).
Talatizamine had been shown to contain an N-ethyl, one secondary and
one tertiary hydroxyl, and three methoxyls on an aconitine-type skeleton.
Analysis of the mass spectrum indicated that talatizamine is similar to that
of the other aconitine-type alkaloids and that it contains a C-1 methoxyl
group (97). Pyrolysis of diacetyltalatizamine (70) afforded the normal
pyrolysis product, pyroacetyltalatizamine (71), and the rearranged pro-
duct, isopyroacetyltalatizamine (72). Formation of these types of
compounds during pyrolysis is characteristic of the aconitine-type alkaloids
with a C-8 hydroxyl or acetate group and a C-16 methoxyl group. Reduc-
tion of the pyroderivative with lithium aluminum hydride confirmed the
presence of the methoxyl group at the C-16 position in talatizamine, and
on the basis of "H NMR analysis, a B-configuration was assigned to the

OCH,
74 R=(+)
75 R=H
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C-16 methoxyl group. Further "H NMR studies indicated the presence of a
C-14 a-hydroxyl group and a C-18 methoxyl group.

Upon treatment with methyl iodide and sodium hydride, talatizamine
yielded 1,8,14-tri-O-methylisotalatizidine (73) (95). Under the same
reaction conditions, isotalatizidine (61) afforded two products. One of
these was identified as 1,8,14-tri-O-methylisotalatizidine (73) and was
found to be identical with di-O-methyltalatizamine. As the complete
structure of isotalatizidine is known, this chemical correlation with iso-
talatizidine established the structure of talatizamine as 68.

Pyrolysis of diacetyltalatizamine (70) in glycerine afforded a compound
differing from the starting material by the loss of acetic acid, an acetyl
group, and methanol (98). The 'HNMR spectrum showed that the
compound contains two methoxyl singlets at §3.20 and 63.24, and N-
CH,—CHj; triplet at §0.97, and no acetate group. The presence of one
hydroxyl group detected by formation of a monoacetate and the position of
this hydroxyl was fixed at C-14 by '"H NMR analysis. On the basis of the
above data, structure 76 was assigned to the pyrolysis product. Soviet
workers have speculated that the final pyrolysis product may be formed by
an ionic hydrogenation process. The generation of the tertiary carbonium
at C-8 (74) is succeeded by the abstraction of hydride from the solvent
(glycerine) to form compound 75, which is then transformed to the final
product 76 (98) by the loss of methanol and hydrolysis of the C-14 acetate
group.

Q. CAMMACONINE

Cammaconine (C,3H3,NOs; mp 135-137°), has been isolated along with
talatizamine from A. variegatum (94). The 'HNMR analysis of cam-
maconine (95) indicated the presence of an N-ethyl group, two methoxyl
groups, and three hydroxyl groups. On refluxing with methyl iodide and
sodium hydride, cammaconine afforded 1,8,14-tri-O-methylisotalatizidine
(73). This observation confirmed that cammaconine has the same skeleton,
oxygen substitution pattern, and stereochemistry as isotalatizidine, but
only differs in the O-methylation pattern. The structure of cammaconine
(69) was established on the basis of its oxidation products.

On oxidation with Sarett reagent, cammaconine produced two
compounds, a monoketooxocammaconine (77) and a diketooxocam-
maconine (78). The IR and 'H NMR spectra of both oxidation products
revealed the presence of an N-ethyl group, two methoxyl groups, a
hydroxyl group, a cyclopentanone moiety, and a six-membered ring
lactam. The second product (78) also showed IR absorption characteristic
of a six-membered ring ketone. There was no evidence for the presence of
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78

an aldehyde or an acidic proton in the "H NMR spectra of either oxidation
product. This observation indicated that a hydroxyl group is not present at
the C-18 position in cammaconine. The chemical correlation of cam-
maconine with isotalatizidine demonstrated the presence of a tertiary
hydroxyl group at C-8 and a secondary hydroxyl group at C-14 in cam-
maconine. Thus, because it had been established that the hydroxyl group is
not present at C-18, and to avoid identity with isotalatizidine, cam-
maconine must be represented by structure 69 (95).

It is interesting to note that cammaconine is the first example of an
aconitine-type alkaloid with a B-hydroxyl group at the C-16 position
instead of the usual 8-methoxyl group.

R. ACONORINE

In 1975 Soviet workers reported (99) the isolation and structure eluci-
dation of a new amorphous alkaloid designated as aconorine (C3;H44N>05)
from the roots of A. orientale Mill. It formed a perchlorate salt, mp 237°.
On the basis of chemical studies and spectral analysis, they assigned (99)
structure 79 to aconorine. This paper reported (99) that an alkaloid,
columbianine, having the same structure as aconorine, had been isolated
from A. columbianum by the Edwards research group at the National
Research Council of Canada.

Upon basic hydrolysis, aconorine afforded the parent amino alcohol (80)
and an N-acetylanthranilic acid. On treatment with acetyl chloride,
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aconorine formed a diacetate derivative (81), which on pyrolysis yielded
the rearranged pyrolysis product, isopyroacetylaconorine (82). This
pyrolysis reaction is analogous to the pyrolytic rearrangement of tala-
tizamine and other C;o-diterpenoid alkaloids bearing C-8 hydroxyl (or
acetate) and C-16 methoxyl groups. On the basis of the pyrolysis product,
the positions of hydroxyl and methoxyl groups were assigned to C-8 and
C-16, respectively. The "H NMR analysis of aconorine (79) and its hy-
drolysis product (80) established the presence of the second hydroxyl
group at C-14 and the point of attachment of the anthranilic acid derivative
at the C-18 position.

S. ALKALOIDS A AND B

The Canadian workers, Jones and Benn, reported the isolation of two
new diterpenoid alkaloids A and B in very small amounts from D. bicolor
Nutt (100, 101 ). Structures 83 and 84 were assigned to alkaloids A and B,
respectively, primarily on the basis of the correlation with the >*C NMR
Spectra of a variety of model Cyo-diterpenoid alkaloids, e.g., deoxyly-
coctonine and isotalatizidine, and the results obtained from the pyrolysis
study of alkaloid A. Alkaloid A (C,sH3oNOg), an amorphous base, formed
a hydroiodide salt (mp>240°). The IR and 'H and "*CNMR spectra
revealed the presence of a tertiary methyl, an N-ethyl, an acetoxyl, two
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methoxyls, and two hydroxyl groups in alkaloid A. The presence of an
acetoxyl group at the C-8 position was demonstrated by a pyrolysis study
of alkaloid A in glycerol. The formation of acetic acid during pyrolysis was
monitored by the "H NMR spectrum according to the published procedure
28).

85 Alkaloid A

Recently, the structure of alkaloid A has been revised (102) from 83 to
85, mainly on the basis of 3C NMR spectral correlation of alkaloids A and
B with those of closely related neoline-type alkaloids. The reinvestigation
of the structure of alkaloid A by the ">C NMR analysis was carried out
because the position of acetoxyl group at C-8 in alkaloid A was rendered
doubtful by the data from the pyrolysis study. The "*CNMR analysis
reveals that an a-acetyl group is present at the C-6 position instead of at
C-8 and that a methoxyl group is present at the C-8 position. We have also
revised the '*C chemical shift assignments of alkaloid A (85).

Alkaloid B (C,;H3sNOs; mp 190-191°) was also isolated in small
amounts from D. bicolor (100, 101). It was shown to contain an N-ethyl, a
tertiary methyl, a methoxyl, and four hydroxyl groups. Structure 84 was
assigned to alkaloid B on the basis of comparisons of the '>C chemical
shifts for alkaloids A and B and their hydrochloride salts with those of
deoxylycoctonine and isotalatizidine. Recently, the 3C chemical shift
assignments for alkaloid B have been revised (102). Because alkaloids A
and B are closely related and the structure of alkaloid A was revised to 85
with the C-6 a-acetyl group, perhaps the C-6 hydroxyl group in alkaloid B
is also present in the a-configuration.
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T. LAPPACONITINE AND LAPPACONINE

Lappaconitine (C32H44N->Og) has been isolated from A. septentrionale
Koelle (103), A. orientale (104), and A. excelsum Popov (105). Alkaline
hydrolysis of lappaconitine yielded the parent alkamine, lappaconine
(C23H37NOg), and the N-acetylanthranilic acid. On the basis of extensive
chemical studies, in 1969 Marion and his co-workers (106) assigned struc-
ture 86 to lappaconine. Meanwhile, Birnbaum reported (107, 108) an
X-ray analysis of lappaconine hydrobromide and confirmed the proposed
structure for lappaconine. Subsequently, the Soviet workers assigned (109)
the N-acetylanthranilic ester moiety of lappaconitine (87) to the C-4
position.

86 R=H Lappaconine 88
87 R=COC¢H,—o0-NHAc Lappaconitine

Potassium permanganate oxidation of lappaconine (86) yielded oxolap-
Paconine (88). Further oxidation of oxolappaconine with periodic acid
Produced secooxolappaconine (89). However, some controversy has
developed about the lead tetracetate cleavage of the C-8—C-9 vicinal diol
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in oxolappaconine to dehydrosecooxolappaconine (91). The Canadian
workers (106) proposed that the intermediate 90 undergoes an aldol
condensation to yield 91, whose structure was assigned on evidence from
its IR spectrum. The IR absorptions at 1645 and 1710 cm™ ' were assigned
to the lactam and «,B-unsaturated five-membered ring ketone in 91. No
other absorption due to the ketone group was present in the IR spectrum.
In contrast, Soviet workers (109) have reported that there is no charac-
teristic absorption due to the o, -unsaturated ketone in' the UV spectrum
of compound 91. However, hydrogenation of dehydrosecooxolappaconine
(91) over palladium—carbon yielded secooxolappaconine (89) with the
absorption of 1 mole of hydrogen. This controversy about the assignment
of these structures can probably be resolved by an analyses of their
CNMR spectra.

Oxidation of lappaconitine with chromium trioxide in acetone followed
by basic hydrolysis afforded a lactam-cyclopentanone. The identical
lactam was also obtained by the oxidation of lappaconine with chromium
trioxide in acetone. Only a vicinal diol (C-8 and C-9) could give rise to such
an oxidation product; thus, Yunusov and his colleagues (109) assigned the
N-acetylanthranilic ester moiety to the C-4 position in lappaconitine.
Recently, we have confirmed (110) this assignment by '>C NMR analysis
of lappaconitine (87) and lappaconine (86).

Lappaconitine represents the first example of a C;o-diterpencid alkaloid
with one of the carbon atoms, which is usually attached to C-4, replaced by
an oxygen atom. The presence of the C-8-C-9 vicinal diol system in
lappaconitine is also unusual.

U. LAPACONIDINE

Lapaconidine (C,;H3sNOg; mp 206-207°) has been isolated from A.
leucostomum (excelsum) (111, 112). Its structure (92) was established on
the basis of a chemical correlation with lappaconine. The '"H NMR spectral
analysis indicated the presence of an N-ethyl group and two methoxyl
groups in lapaconidine. Upon treatment with acetyl chloride, lapaconidine
formed a tetraacetate derivative, which indicated the presence of four
hydroxyl groups in this alkaloid. On methylation with methyl iodide and
sodium hydride, lapaconidine yielded tetra-O-methyllapaconidine, which
was found to be identical with tri-O-methyllappaconine (93). This
methylation reaction established that the positions of three out of four
hydroxyl groups are identical in lappaconine and lapaconidine, and that the
same oxygen substitution pattern and basic skeleton are present in both
alkaloids. On the basis of mass spectral studies, the remaining hydroxy
group in lapaconidine was assigned to the C-1 position.
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OCH,

The presence of a C-1 hydroxyl group was confirmed by observing the
formation of an inner carbinolamine ether (94) by potassium perman-
ganate oxidation of lapaconidine. Reduction of compound 94 with Adams’
catalyst regenerated the original alkaloid. The structure of the inner
carbinolamine ether as 94 was also supported by observing a peak at
M™ 56 (loss of acrolein) in the mass spectrum of 94.

V. REARRANGEMENTS OF LAPPACONINE AND LAPACONIDINE

During their chemical studies of lappaconitine, Yunusov and his
colleagues (109) observed an interesting rearrangement of lappaconine
(86) upon treatment with sulfuric acid. Lappaconine produced an amor-
phous solid whose molecular formula differed from lappaconine by the loss
of water and methanol. On the basis of spectral evidence, they proposed
structure 96 for the reaction product, and suggested that the reaction may
proceed via a pinacolic-type rearrangement.

OCH,

C2H5‘ e

86 R=CH; Lappaconine
92 R=H Lapaconidine
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I\‘ N
I~ .OCH, b

OH
C,H, -
* OH
98 R=CH, 99 R=CH,
101 R=H 102 R=H

On treatment with sulfuric acid, the closely related alkaloid lapaconidine
(92) also yielded (112) a compound similar to 96. This compound (97)
probably also resulted via a pinacolic-type rearrangement. These re-
arrangement products contain the basic denudatine-type skeleton (atisine
skeleton with an additional C-7-C-20 bond) and suggest the possible
biogenetic interrelationship between the denudatine-type and aconitine-
type alkaloids.

When reduced with sodium amalgam in absolute alcohol, compound 96
yielded a crystalline product with molecular formula C,;H33NQO,. On the
basis of mass spectral and IR data as well as the formation of a diacetate
derivative, structure 98 was assigned to this reduction product. Hydro-
genation of compound 96 with Adams’ catalyst afforded compound 99.

Subsequent work on these rearrangement products confirmed the struc-
tures assigned to them (713). The attempted cleavage of the methoxyl
group at C-16 in compound 97 with zinc powder and glacial acetic acid
resulted in the acetylation of the C-1 hydroxyl (100). Sodium borohydride
reduction of 97 yielded derivative 101. Similarly, hydrogenation of 97 with
Adams’ catalyst resulted in the reduction of ketone to hydroxyl as well as
the reduction of the double bond to give compound 102. The structures of
these compounds were confirmed by their mass spectral analysis as well as
comparison of mass spectral data with those of compounds prepared from
lappaconine. The Soviet investigators reported that the M™—31 peak in
the mass spectrum of compound 96 originated from the C-16 methoxyl
group and not from the C-1 methoxyl as previously suggested.

W. EXCELSINE

Excelsine (C;2H33NOg; mp 103-105°) has been isolated (114) from the
roots of A. excelsum (leucostomum). On the basis of chemical and spectral
studies, structure 103 was proposed for this alkaloid. Recently, the Soviet
investigators have revised (115) the structure of excelsine to 104 and
determined (116) its absolute configuration by an X-ray crystallographic
study of the monohydrate-hydroiodide salt of (+)-excelsine. The structure
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was solved by the heavy-atom method with a final R = 0.068 based on
1817 reflections. The absolute configuration of excelsine was established
by the examination of 20 Friedel pairs as 15, 3S, 4R, 58, 7§, 8S, 9§, 108,
11R, 138, 16S, and I7R. Ring A exists in a boat conformation with
hydrogen bonding between the C-1 hydroxyl group and the nitrogen atom.
Rings B and F were shown to be in chair conformations, while rings C and
E exist in envelope forms. Ring D also exists in a boat form. All positional
parameters, bond lengths, angles, and other pertinent intra- and inter-
molecular atomic distances were reported.

106

The presence of the epoxide moiety at C-3 and C-4 in excelsine
explained the interesting chemical reactions observed earlier. On treat-
ment with acetic anhydride and p-toluenesulfonic acid, excelsine yielded a
triacetate derivative, while treatment with acetyl chloride afforded a
tetraacetate derivative. On reduction with Raney nickel in methanolic
base, excelsine yielded lapaconidine (92), but was inert toward other
reducing agents, e.g., lithium aluminum hydride, sodium borohydride, and
Adams’ catalyst. Treatment of excelsine with boiling aqueous hydrochloric
acid yielded an epimeric mixture of chlorohydrins with molecular formula
C22H3NOGCl. These epimers were hydrolyzed to the crystalline
compound C,,H;3NQOg when treated with aqueous sulfuric acid. This
compound formed a tetraacetate derivative for which structure 105 was
Proposed on the basis of spectral data.

Oxidation of excelsine with Kiliani reagent gave a compound
(C22H31N06) containing a five-membered ring ketone. Under similar
conditions, lappaconine and lapaconidine also gave five-membered ring
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ketones. This oxidation of excelsine proceeds via a cleavage of the C-8-
C-9 diol system to give a product of structure 106. Oxidation of excelsine
with periodic acid at room temperature furnishes another compound
(C2:H33NOQg) with an oxocyclopentyl moiety. A definite structure for the
periodate oxidation product was not proposed because of the unavailability
of spectral and chemical data.

X. KARAKOLIDINE

Karakolidine (C;H3sNOs; mp 222-224°) has been isolated (16, 119)
from the roots of A. karakolicum collected in the Kungei Ala-Tan range of
the Kirghiz S.S.R. On the basis of chemical studies and comparison of
karakolidine with the related alkaloid karakoline (108), karakolidine has
been assigned the structure of 108-hydroxykarakoline (107) (16, 118).

107 Karakolidine 109 R=H
110 R=Ac

C,H;-

108 Karakoline

On acetylation of karakolidine with acetic anhydride and pyridine at
room temperature, a diacetate derivative (109) was formed, while treat-
ment with acetyl chloride yielded a tetraacetate derivative (110). Pyrolysis
of compound 110 followed by alkaline hydrolysis yielded the normal
pyrolysis product, pyrokarakolidine (111), and a rearranged product, iso-
pyrokarakolidine (112). The latter compound was obtained from pyro-
karakolidine (111) by treatment with methanolic hydrochloric acid. This
pyrolysis reaction confirmed the presence of the C-8 acetoxyl and C-16
methoxyl groups in karakolidine. Oxidation of karakolidine with Kiliani
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OCH,

113

reagent, yielded 1,14-diketokarakolidine (113). The IR spectrum of the
latter compound showed absorption for five- and six-membered ring
ketones. When oxidized with potassium permanganate, karakolidine
afforded an internal a-carbinolamine ether (114), which indicated the
presence of a C-1 a-hydroxyl group. From these chemical transformations
and spectral data, the Soviet chemists assigned structure 107 to karakoli-
dine. There was no direct evidence reported by the Soviet workers for the
presence of a C-10 hydroxyl group in karakolidine.

Y. KARAKOLINE AND SACHACONITINE

Karakoline (108; C,H3;sNO4; mp 183-184°), along with the related
alkaloid, karakolidine, has been isolated (117, 119) from the roots of
A. karakolicum growing in the Kungei Ala-Tan range of the Kirghiz
S.S.R. Chemical transformations and spectral analyses of karakoline have
led to the assignment of its structure as 108 (117). Karakoline yielded a
diacetate (115) on acetylation with acetic anhydride and pyridine at
room temperature, while treatment with acetyl chloride afforded a
triacetylkarakoline (116). Pyrolysis of compound 116 followed by
saponification of the reaction products afforded the rearranged product,
acetyldemethylisopyrokarakoline (117). The structure of the latter was
confirmed by chemical and spectral analyses. Hydrogenation of compound
117 with platinum catalyst yielded the dihydro derivative (118), which on
acetylation formed a triacetate derivative (119). The stability of the C-1
acetate toward saponification will be discussed later. (See Section IV.) On
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OCH,

108 Karakoline 115§ R=H
116 R=Ac

118 R=H
119 R=Ac

oxidation with chromic anhydride, karakoline formed a diketo derivative
(120) containing cyclopentanone and cyclohexanone rings. Permanganate
oxidation of karakoline yielded a C-1 a-internal carbinolamine ether (121)
which on hydrogenation over Adams’ catalyst was converted to the original
alkaloid. These oxidation reactions confirmed the presence of a C-1 a-
hydroxyl group in karakoline. From these classic chemical transformations
and spectral studies, structure 108 was deduced for karakoline.

120

Sachaconitine (C23H37NOy4; mp 129-130°) has been isolated (69, 120)
from the mother liquors accumulated during the isolation of two major
Cyo-diterpenoid alkaloids, miyaconitine and miyaconitinone, from the
roots of A. miyabei, a plant native to Hokkaido, Japan. Structure 122 was
deduced for sachaconitine.

On the basis of chemical studies, Katsui and Hasegawa (120) reported
that sachaconitine contained an N-ethyl, two hydroxyl, and two methoxyl
groups on an aconitine-type skeleton (CioH2oN). On acetylation with
acety! chloride, sachaconitine formed a diacetate (123; mp 114-116°). The
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124

IR and UV characterization of the permanganate or chromic acid—pyridine
oxidation products of sachaconitine indicated that one hydroxyl group in
122 had been oxidized to a cyclic five-membered ring ketone (124).
Finally, the structure of sachaconitine as 122 was elucidated by correlation
of '"H and "*CNMR spectra of sachaconitine with those of the closely
related alkaloids talatizamine, karakoline, talatizidine, and chasmanine
(71). A comparison of ">C and "H NMR spectra of 122 with those of the
alkaloids mentioned earlier afforded evidence for the presence of a C-4
methyl, N-ethyl, and two hydroxyl groups at the C-8 (singlet at 72.8 ppm)
and C-14 (doublet at 75.7 ppm) positions in sachaconitine. The presence of
two methoxyl groups at C-1 and C-16 was also confirmed by observing two
doublets at 86.7 and 82.3 ppm and two quartets at 56.3 and 56.9 ppm in
122, respectively. All other remaining signals were in complete agreement
with the assigned structure (122) for sachaconitine.

Sachaconitine may be a biogenetic intermediate between the alkaloids
aconosine (125) and talatizamine (68). Sachaconitine and karakoline (108)
constitute an additional example of a C-1 a-hydroxyl-methoxyl pair along
with the other known pairs, neoline—chasmanine, isotalatizidine—tala-
tizamine, and lapaconidine—lappaconine. This additional example suggests
the possible existence of other such pairs in nature.

Z. ACONOSINE

Aconosine (C,,H3sNOy; mp 148°) has been isolated by Soviet chemists
from A. nasutum Fisch and Rchb (121). Aconosine was found in all parts
of the plant. Infrared and '"H NMR spectra revealed the presence of an



40 S. WILLIAM PELLETIER AND NARESH V. MODY

N -ethyl, two hydroxyl, and two methoxyl groups in aconosine. Mass spec-
tral analysis indicated that this alkaloid contained a basic aconitine-type
skeleton. Oxidation of aconosine with chromic anhydride in acetone
afforded a monoketoaconosine (C,;H13NQO,), and structure 126 was as-
signed on the basis of IR absorption for a five-membered ring ketone. On

127

acetylation, aconosine formed a diacetate derivative (127). On the basis of
the above chemical transformations and the mass spectral comparison of
aconosine, ketoaconosine, and the diacetate derivative with talatizamine
and its derivatives, structure 125 has been assigned to aconosine. It is
interesting to note that karakoline, sachaconitine, and aconosine are the
least oxygenated C,,-diterpenoid alkaloids known so far.

AA. ACONIFINE

The tubers of A. karakolicum collected from the Terskei Ala-Tan
ranges of the Kirghiz S.S.R. yielded a new alkaloid (16) designated as
aconifine (C3,H47NO;; mp 195-196°). Along with this new alkaloid, the
tubers of A. karakolicum also afforded the well-known C,s-diterpenoid
alkaloid aconitine (4) and the two known C,o-diterpenoid alkaloids,
songorine and napelline.

On the basis of IR, "H NMR, and mass spectral data, a partial structure
(128) has been proposed for aconifine. No further work related to this
alkaloid has been reported. From the molecular formula and the known
functional groups (4 methoxyl groups, 4 hydroxyl groups, a benzoate, and
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2 OH

128 Aconifine
an acetoxyl group), it is interesting to note that aconifine is more highly
oxygen substituted than any other aconitine- or lycoctonine-type alkaloid.

II1. Lycoctonine-Type Alkaloids

A. ACOMONINE -

Acomonine (C;sH41NO5; mp 208-210°) has been recently isolated by
Soviet chemists (122) from the roots of A. monticola along with three
known Cyo-diterpenoid alkaloids, songorine, norsongorine, and
songoramine. They also reported the isolation of three closely related
unknown alkaloids from the same plant, an amorphous alkaloid
(C22H35N06) and two crystalline alkaloids (C22H33NO6, mp 166—1670;
C,:H33NOs, mp 161-164°). The structure of acomonine {(129) was
established (123) on the basis of chemical transformations and spectral
analyses.
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The spectral data revealed the presence of an N-ethyl, three hydroxyl,
and four methoxyl functions in acomonine. Acetylation of acomonine with
acetic anhydride in pyridine yielded the monoacetate derivative (130).
Treatment of acomonine with p-toluenesulfonyl chloride yielded anhy-
droacomonine (131). On hydrogenation with Adams’ catalyst 131 afforded
deoxyacomonine (132). Oxidation of 132 with potassium permanganate
yielded the lactam (133). On treatment with potassium permanganate in
agueous acetone, acomonine gave the inner ether (134), which was further
oxidized to compound 135 with sodium metaperiodate. Similarly,
periodate oxidation of anhydroacomonine (131) resulted in the formation
of compound 136. The spectral data for compounds 135 and 136 indicated

the presence of a cyclic «,8-unsaturated carbonyl function. These data are
accommodated by an a-glycol system at C-7 and C-8 and a methoxyl
group at C-16. Sodium borohydride reduction of the inner ether 134
resulted in the regeneration of acomonine. The presence of the secondary
hydroxyl at C-3 was assigned on the basis of '"H NMR and mass spectral
data of acomonine and its monoacetate. The a-orientation of the C-3
hydroxyl group in acomonine was confirmed by observing the formation of
the inner ether 134. On the basis of 'H NMR and mass spectral data, two
methoxyl groups were assigned to C-14 and C-18. The remaining methoxyl
group was assigned to C-6. Thus, acomonine is the first lycoctonine-type
alkaloid which contains no oxygen function at the C-1 position.
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B. ILIENSINE

Iliensine (CsH3sNOo; mp 201-203°) has been isolated by Soviet
workers from the aerial parts of D. biternatum Huth (124, 125). The
structure of iliensine (137) was established by chemical correlation with
acomonine (129). Iliensine represents the second example of a lycoc-
tonine-type alkaloid with no oxygen substituent at C-1.

From the spectral data, iliensine was shown to contain an N -ethyl, four
hydroxyl, and three methoxyl groups. On acetylation with acetic anhydride
in pyridine, iliensine yielded a diacetate (138), which indicated the
presence of two secondary hydroxyl groups. Treatment of iliensine with
potassium permanganate in aqueous acetone afforded the deethyl carbinol
ether (139). The inner ether 139 yielded an N,O-diacetyl derivative (140)

OCH
OCH, ! OCH, OCH,
137 R=H lliensine 139 R'=R’=H
138 R=Ac 140 R!'=R%*=Ac

141 R'=Ac R’=H

143 R=H,
144 R=0

on acetylation. Upon alkaline hydrolysis with methanolic sodium hydrox-
ide, diacetate 140 afforded the monoacetate derivative, 141. Treatment of
iliensine with p-toluenesulfonyl chloride yielded anhydroiliensine (142),
which was hydrogenated with Adams’ catalyst to deoxyiliensine (143). On
the basis of the above chemical transformations, one of two hydroxyls was
f1§signed to C-3 in an a-configuration. Permanganate oxidation of deoxy-
iliensine formed the lactam (144). Further oxidation of 144 with sodium
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Acomonine —— OCH, ——— Iiiensine
OCH,

146

metaperiodate afforded the seco product (145). Methylation of iliensine
with methyl iodide and sodium hydride yielded O-dimethyliliensine (146).
The latter was found to be identical with O-methylacomonine (146). This
methylation reaction and other chemical transformations led to the
assignment of structure 137 to iliensine.

C. DELPHATINE

Delphatine (C;sH,3NO7; mp 106°) has been isolated from the seeds of
D. biternatum (126, 127). Structure 147 was established for delphatine
(18-O-methyllycoctonine) by chemical correlation with the well-known
alkaloid lycoctonine (88). The only difference between these two alkaloids
is that delphatine has a methoxyl group at C-18, while lycoctonine has a
hydroxy group at that position.
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OCH,
OCH,
OCH,

151

Permanganate oxidation of delphatine yielded the lactam (148), which
was further oxidized with periodic acid to oxosecodelphatine (149). Upon
treatment of compound 149 with sulfuric acid, a demethanol secodiketone
(150) was formed. Hydrogenation of the latter over platinum, followed by
methylation with methyl iodide and sodium hydride, yielded a compound
(151) which was identical with the product obtained by a similar procedure
from lycoctonine. The presence of two methoxyl groups at C-6 and C-18 in
delphatine was detected by mass spectral comparison of delphatine and its
derivative with lycoctonine and other related alkaloids and their deriva-
tives.

D. TRICORNINE AND LYCOCTONINE

Tricornine (C;7H43NOg; mp 187-189°) has been isolated (128) for the
first time in our laboratory from the aerial parts and roots of D. tricorne
Michaux (dwarf larkspur), a relatively rare plant collected from the moun-
tains of North Carolina in the United States. Tricornine is accompanied by
lycoctonine (58), and the latter also occurs in the aerial parts of D. dicty-
ocarpum (129) along with some known and new alkaloids. The structure of
tricornine (152) was assigned on the basis of *C NMR analysis of tri-
cornine and lycoctonine and was confirmed by conversion of lycoctonine to
tricornine (18-acetyllycoctonine).

OCH,

58 R=H Lycoctonine
152 R = Ac Tricornine
153 R=COC¢H;—0-NH—COCH,CH,CONH, Avadharidine
154 R =COC¢H,—0o-NHCOCH; Ajacine
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The 'H and *C NMR data revealed the presence of an N-ethyl, an
acetyl, four methoxyl, and two hydroxyl groups in tricornine. The
>CNMR spectrum of tricornine closely resembled that of lycoctonine
except for the presence of two additional signals at 20.8 (quartet) and
170.9 (singlet) ppm for the acetyl group. The above data indicated that
tricornine is an acetyllycoctonine. Alkaline hydrolysis of tricornine yielded
lycoctonine and acetic acid. On treatment with acetic anhydride in pyridine
at room temperature, lycoctonine formed an 18-acetyllycoctonine which
was identical with tricornine. It is interesting to note that although several
C-18 N-substituted anthranilic acid esters of lycoctonine (3), e.g., avad-
haridine (153) and ajacine (154), are known, tricornine represents the only
simple ester isolated so far in nature.

E. METHYLLYCACONITINE AND DELSEMINE

In 1973, methyllycaconitine (155) was reported to be present in D.
grandiflorum L., D. triste Fisch, and D. crassifolium Schrad by Mats (130).
He identified methyllycaconitine by paper and thin-layer chromatography
during the study of curarelike neuromuscular effects of the total alkaloids
from the above three species. Soviet chemists also isolated (129) methyl-
lycaconitine along with other new alkaloids from the aerial parts of D.

CH,
155 R=N Methyllycaconitine

O
CH;

|
156 R=NHCOCH,CHCONH, “Delserine™
157 R= NHCOCIIHCH ,CONH, elsemine

CHj;
158 R=NH, Anthranoyllycoctonine (Inuline)



1. C;o-DITERPENOID ALKALOIDS 47

corumbosum (also known as D. corymbosum Regel and D. dictyocarpum).
Recently, this same alkaloid has been isolated (131), along with tricornine
and lycoctonine, from the whole plants of D. tricorne.

The alkaloid “‘delsemine” isolated by Yunusov and Abubakirov (132)
from D. semibarbatum has been assigned alternative structure 156 or 157.
Treatment of methyllycaconitine with ammonia yielded a mixture of alka-
loids 156 and 157 which proved to be identical with delsemine (131). The
components of this mixture were detected by '>C NMR analysis. This
mixture was converted to anthranoyllycoctonine (158) by acidic hydrolysis
to confirm the existence of 156 and 157 in the mixture. It is obvious that
delsemine is an apparently inseparable mixture of the closely related
compounds 156 and 157, which are artifacts resulting from the use of
NH,OH during isolation.

F. DELECTINE AND O,0O-DIMETHYLLYCOCTONINE

Delectine (C3;Hy4N,Og; mp 107-109°) has been isolated (133) recently
from D. dictyocarpum. This new alkaloid was shown to contain an
anthranilic acid moiety on a lycoctonine-type skeleton. On the basis of
chemical reactions and spectral studies, structure 159 was established for
delectine.




48 S. WILLIAM PELLETIER AND NARESH V. MODY

Acetylation of delectine yielded an N,O-diacetyldelectine (160). Basic
hydrolysis of delectine gave a parent amino alcohol (161) and anthranilic
acid. Treatment of alkamine (161) with methyl iodide and sodium hydride
afforded derivative 162, which was identical with O,O-dimethyllycoc-
tonine. Soviet chemists also reported the isolation of O,0-dimethylly-
coctonine (162) from the same plant. The complete assignments of all
functional groups and their stereochemistry were made on the basis of
comparisons of 'H NMR and mass spectral data with those of other lycoc-
tonine-type alkaloids.

G. DELCOSINE, ACETYLDELCOSINE, AND DELSOLINE

During the mass spectral studies of diterpenoid alkaloids of the seeds of
garden larkspur (Consolida ambigua™), Waller and his co-workers (134)
reported the presence of delcosine (163), acetyldelcosine (164), and
delsoline (165). The mass fragmentation patterns of these alkaloids will be
discussed in Section VI.

163 R=H Delcosine
164 R = Ac Acetyldelcosine
165 R =CH; Delsoline

H. BROWNIINE AND ACETYLBROWNIINE

Recently, the presence of browniine has been observed (135) in the
aerial parts of D. carolinianum as well as in D. virescens Nutt., a relatively
rare plant collected from the mountains of northern Georgia in the United
States. Browniine previously was isolated only from D. brownii Rydb., a
plant native to Canada. Structure 57 was established for browniine by
Edwards and his co-workers (136)in 1963. The '*C NMR spectral analysis
of browniine was consistent with the reported structure (57).

* This plant (garden larkspur) is designated in the older literature as D. ajacis. It is now
correctly named as Consolida ambigua (L.) P. W. Ball & Heywood (C. S. Keener, Castanea,
41, 15 (1976)). In our review the name Consolida ambigua will be used to designate the
garden larkspur.
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OCH,

57 R=H Browniine
166 R = Ac Acetylbrowniine

A new alkaloid (C,7H43NOg; mp 123-124°) has been isolated (137) by a
combination of gradient pH extraction and chromatographic techniques
during the reexamination of alkaloidal constituents of the seeds of Consol-
ida ambigua. The structure of this new alkaloid has been established as
14-acetylbrowniine (166) by a chemical correlation and '*C NMR analysts.
Basic hydrolysis of 166 afforded the parent alkamine, which was shown to
be identical with the known alkaloid browniine. Acetylation of browniine
with acetic anhydride and pyridine at room temperature yielded 14-
acetylbrowniine, which was found to be identical with the new alkaloid.
These hydrolysis and acetylation reactions confirmed the presence of acetyl
group at C-14. The >’C NMR spectrum of 166 was also in agreement with
the assigned structure.

I. DELCORINE

Delcorine (Cz6H4:NO-7; mp 200-202°) has been isolated (129) from the
chloroform extracts of the aerial parts of D. corumbosum (D. corymbosum
Regel) along with an uncharacterized alkaloid (mp 93-95°) and the known
alkaloid methyllycaconitine (155). From chemical and spectral studies,
delcorine was shown to have structure 167.

Preliminary spectral data indicated the presence of an N-ethyl, a
methylenedioxyl, one hydroxyl, and four methoxyl groups in delcorine. On

OCH,

167 R=H Delcorine 169
168 R = Ac
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172

treatment with acetyl chloride, delcorine yielded a monoacetyl derivative
(168). Delcorine formed a monoketodelcorine (169) on oxidation with
chromium trioxide. The presence of the hydroxyl group at C-6 and the
methylenedioxy group at C-7 and C-8 was detected by comparisons of the
'H NMR and IR spectra of 167 and 169 with those of deltamine (170) and
related alkaloids and their derivatives. The acetal function of delcorine was
hydrolyzed by heating with sulfuric acid to give compound 171. The latter
was oxidized with periodic acid to afford compound 172. The presence of a
B-methoxyl group at C-16 was established by the formation of compound
173 from compound 172 on treatment with sulfuric acid. From the results
obtained from the chemical and spectral studies, a methoxyl group was
assigned to C-18. On the basis of mass spectral and "H NMR data, the
remaining two methoxyl groups were assigned to C-1 and C-14 in an
a-configuration. It is interesting to note that, with the exception of del-
corine, all the lycoctonine alkaloids isolated to date from nature contain a
C-1 B-methoxyl group.

The base (mp 93-95°) was partially characterized by preliminary spectral
data which indicated the presence of an ethyl, a methylenedioxyl, and four
methoxyl groups. Mass spectral analysis determined its molecular weight to
be 463.

J. DICTYOCARPINE

Dictyocarpine (C,6H39NOg; mp 210-212°) has been isolated (138) from
the chloroform extracts of the aerial parts of D. dictyocarpum collected in
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the Dzhungarskii Alatau (U.S.S.R.). The known alkaloids methyl-
lycaconitine (155), deltaline (eldeline) (174), and deltamine (eldelidine)
(170) were also isolated from this plant. The structure of dictyocarpine
(175) was established (139) on the basis of '"HNMR and mass spectral
studies.

H;C ORr

176 R =H Dictyocarpinine
177 R=Ac

OCH,r \,
‘OCH,

’ (6] -
H,C OR! H,C OR

178 R =H Delpheline
181 R = Ac Acetyldelpheline

174 R'= Ac, R?=H Deltaline {(Eldeline)
170 R'=R?=H Deltamine (Eldelidine)
179 R'=R?=Ac

The presence of a C-4 methyl, an N-ethyl, an acetoxyl, a methyl-
enednoxyl and two methoxyl groups in dictyocarpine was detected by
"HNMR analysis. Alkaline hydrolysis of dictyocarpine yielded the alka-
mine designated as dictyocarpinine (176) and acetic acid. Acetylation of
this new alkaloid with acetyl chloride formed a triacetate derivative (177).
On the basis of "H NMR studies, the acetoxyl group was assigned to C-6 in
a B-configuration, and finally this assignment was confirmed by observing
the M™ — 59 ion peak in the mass spectrum of 175. The hydroxyl group was
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assigned to C-10 in a B-configuration on the basis of the observed
downfield shift of the C-14 proton signal. This downfield shift of the C-14
proton was explained by the deshielding influence of the C-10 hydroxyl
group. For further "H NMR studies, deltaline (174) was converted into
delpheline (178) by the following routes.

Pyrolysis of acetyldeltaline (179) at 210-220° for 30 min gave dehy-
droacetyldelpheline (180). Catalytic hydrogenation of 180 yielded acetyl-
delpheline (181), which was hydrolyzed with mild alkali to delpheline
(178). 'H NMR analysis of delpheline indicated that removal of the C-10
hydroxyl group led to a displacement of C-14 proton signal to the normal
value. Thus, the deshielding effect of the C-10 hydroxy! group on the C-14
proton, as well as the presence of the C-10 and C-14 hydroxyl groups, was
confirmed. One of the two methoxyl groups was also assigned to C-1ina
B-configuration by mass spectral studies of dictyocarpine.

The structure of dictyocarpine as 175 was confirmed by a methylation
reaction. Methylation of dictyocarpinine (176) and deltamine (170) with
methyl iodide in the presence af sodium hydride yielded the identical
product (182). This reaction also indicated that the remaining methoxyl
group was present at C-16.

OCH
A\
¢

3 OH
H. 2 OCH,
183

The chloroform extracts of the roots of D. dictyocarpum (138) yielded
1.83% total alkaloids consisting of the known alkaloids methyllycaconitine
(155) and Iycoctonine (58) and two new bases. A partial structure (183) has
been suggested for the amorphous alkaloid with molecular weight 453 on
the basis of chemical and extensive spectral data. The presence of two
secondary hydroxyl groups was confirmed by acetylation with acetic anhy-
dride in pyridine. The IR, "H NMR, and mass spectral data for the second
amorphous alkaloid with molecular weight 541 indicated the presence of
an N-ethyl, three methoxyl, and a benzoyl ester function.

K. STRUCTURE OF LYCOCTAMONE

Among the most unusual aspects of lycoctonine chemistry is the intri-
guing transformation of the lactam (184) to an «,B-unsaturated carbonyl
compound, designated as lycoctamone, by vigorous treatment with acid. In
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1971 Marion and his co-workers (140) established the structure of lycoc-
tamone as 186 on the basis of extensive chemical and '"H NMR studies.

Mild acid treatment of the 184 afforded the pinacolic dehydration pro-
duct anhydrooxolycoctonine (185). A more vigorous treatment of
compound 184 or 185 with acid gave lycoctamone, C,3H3,NOg, with the
overall loss of methanol, water, and the methyl of one methoxyl group.
From the chemical and spectral data, the presence of an aldehyde group
conjugated with trisubstituted double bond, a tertiary hydroxyl group, an
exocyclic methylene group, and a é-lactam group was confirmed. By
studying several lycoctonine-type alkaloids and their derivatives in this
rearrangement, the Canadian chemists concluded that the C-18 primary
hydroxyl group and the C-1 and C-6 methoxyl groups are not involved in
this rearrangement. By a process of elimination, the authors confirmed that
the only methoxyl groups involved are those at the C-14 and C-16 posi-
tions.

186 Lycoctamone 187

On the basis of extensive chemical and spectral studies, the authors
suggested that the pinacolic dehydration product (185) and compound 187
are the most likely intermediates in the transformation to lycoctamone
(186). They postulated that the repulsive interactions between the C-18
substituent and the C-6 hydrogen and between the C-9 hydrogen and the
C-6 methoxyl group are the main driving forces in this transformation.
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IV. Alkaline Hydrolysis and Acetylation Studies
of Cyo-Diterpenoid Alkaloids

The apparently anomalous failure of the basic hydrolysis of the C-1
acetyl group in 117 prompted Soviet chemists to examine the alkaline
hydrolysis of diacetylkarakoline (117) (115), diacetyltalatizidine (188), and
tetraacetyllapaconidine (189). In the time necessary for the complete
hydrolysis of compounds 188 and 189, diacetylkarakoline formed equal
amounts of the C-1 monoacetate (190) and the starting material. This
observation was explained by steric hindrance.

115 R'=R*=Ac
190 R'=Ac,;R*=H

OCH,

188 189

The relative reactivities of the C-1 and C-14 acety! groups in a series of
aconitine-type diterpenoid alkaloids have also been investigated (141).
Alkaloids with C-1 methoxyl groups, e.g., diacetyltalatizamine (70) and
triacetyllappaconine (191), were saponified to the parent alkamines
approximately three times faster than the alkaloids with the C-1 acetoxyl
groups, e.g., diacetylkarakoline (115), diacetyltalatizidine (188), and
tetraacetyllapaconidine (189). However, karakoline (108) and karakoli-
dine (107) were selectively acetylated at the C-1 position. On the basis of
this acetylation experiment, Soviet workers have proposed that the C-1
hydroxyl group is sterically less hindered to acetylation than the C-14
hydroxyl which has cis-axial interactions with the hydroxyl and methoxyl
groups at C-8 and C-16, respectively. During saponification, the carbonyl
of the C-14 acetyl group would be removed from the ring plane so that
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CH,
192 R'=R%= Ac 107 R'=R?*=H;R*=0H
193 R'=Ac;R*=H 108 R'=R?=R*=H
194 R'=R%= Ac; R*=0Ac
109 R'=Ac; R?=H; R*=OH

these interactions would be reduced. However, model studies indicate that
the carbonyl of the C-1 acetyl group would also be hindered by the C-10,
C-17, and C-12 hydrogens.

Songorinediacetate (192), in which the C-1 oxygen functionality is in a
steric environment similar to that in the aconitine-type alkaloids, was also
hydrolyzed partially to the C-1 monoacetyl derivative (193) in 45 min. On
the other hand, the anamolous facile hydrolysis of the C-1 acetyl group in
di- and tetraacetylkarakolidine (109 and 194) was explained by the steric
influence of the C-10 hydroxyl group in these compounds.

OCH, OCH,

195 R'=R%=Ac;R*=H
196 R'=Ac;R>=R*=H
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The Soviet hydrolysis studies are in agreement with the results of
hydrolysis studies reported from our laboratory (73) for delphisine (43)
and C-1 monoacetyldelphisine (60) (triacetylneoline). Hydrolysis of
delphisine with aqueous methanolic potassium bicarbonate over two weeks
at 35° gave the parent alkamine (47) and the partially hydrolyzed product,
8-acetylenoline (§9). Under similar conditions of hydrolysis, delphisine
monoacetate (60) formed 1,8-diacetyl neoline (195). Hydrolysis of
delphisine acetate (60) with potassium carbonate in aqueous methanolic
solution afforded the monoacetate (196) as the major product and the
diacetate (195) and the parent alkamine (47) as minor products. These
hydrolysis studies indicate that the rate of hydrolysis of the three acetyl
groups in compound 60 is C-14>C-8>C-1.

It should be noted that steric or electronic effects may not be the only
factors playing a role in these hydrolysis studies. Recent 'H and *C NMR
data from our laboratory (66) show that in the C;o-diterpenoid alkaloids
with the C-1 a-hydroxyl group, ring A exists in a boat form stabilized by
intramolecular hydrogen bonding (See Section II,K). On methylation or
acetylation of the C-1 hydroxyl group, ring A is converted to the chair
form. Nevertheless, the hydrolysis rate of the C-1 a-acetyl as well as the
C-1 B-acetyl group in the different alkaloids was the same, a fact which
indicates that the configuration at C-1 evidently has little effect on the
hydrolysis rate.

V. C NMR Spectroscopy of Cjo-Diterpenoid Alkaloids

Interest in the application of >CNMR spectroscopy in the area of
natural products during the last seven years has generated an abundance of
fundamental substituent and additivity data for a series of simple and
complex organic molecules. The *C NMR spectra of diterpenoid alkaloids
not only reveal the number and type of carbon atoms in the system, but
indicate close structural and family resemblances and give detailed
information about the degree and sites of oxygen substitution. It is
anticipated that ">*C NMR data will be of critical importance in determin-
ing the structure of newly isolated alkaloids from Aconitum, Consolida,
Delphinium, and Garrya species. The importance of the >C NMR tech-
nique in solving difficult structural problems of complex diterpenoid
alkaloids is discussed in this section.

In 1972, Jones and Benn (100, 101) made a significant contribution in
the application of "> CNMR spectroscopy by demonstrating the use of
13C NMR studies in elucidating the structures of two new C;o-diterpenoid
alkaloids. The >C NMR spectra of the several aconitine- and lycoctonine-
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type alkaloids and their derivatives, e.g., lycoctonine, deoxylycoctonine,
deoxymethylenelycoctonine, browniine, isotalatizidine, delphonine, lycoc-
tonal, and their corresponding hydrochloride or perchlorates salts, were
examined in the Fourier mode at 22.63 MHz. With the help of proton
decoupling techniques, additivity relationships, and the effects induced by
specific structural changes, self-consistent assignments of nearly all the
carbon resonances in these alkaloids were made and summarized in cor-
relation diagrams. They observed particularly the general pattern of the
13C chemical shifts of the quarternary carbons in diterpenoid alkaloids.
The *C NMR data were utilized in the structure determination of two new
C,e-diterpenoid alkaloids (alkaloids A and B, see Section IL,S) isolated in
small amounts from D. bicolor. Recently, we have revised (102) the '*C
chemical shift assignments of alkaloids A and B as well as the structure of
alkaloid A mainly on the basis of >CNMR analysis of neoline (47),
delphidine (59), delphisine (43), trimethoxylneoline (56), heteratisine
(197), and 6-acetylheteratisine.

A comprehensive 13C NMR study of nine aconitine-type alkaloids and
17 related derivatives has been also reported (66). The ">C NMR spectra
of aconitine (4), mesaconitine (13), deoxyaconitine (19), delphinine (31),
chasmanine (44), delphisine (43), neoline (47), condelphine (67), iso-
talatizidine (61), as well as their derivatives have been analyzed. Certain
corrections in some previously published 13C chemical shift assignments for
delphonine and isotalatizidine have also been reported. The differences in
the oxygen substituents in all alkaloids greatly facilitated assignment of
these chemical shifts. In addition, the oxygen functionalities were shown to
cause chemical shifts of the carbons a and 8 to the carbon of direct
attachment. This observation assisted in the calculation of >C chemical
shifts using additivity relationships. The nature of the ‘“pyrodelphinine
chromophore” was also examined by the aid of >C and '"H NMR spec-
troscopy. (See Section I[LH.)

The problem of the incorrect assignment of the stereochemistry of the
C-1 methoxyl group in chasmanine based on the chasmanine-browniine—
lycoctonine correlations was investigated (80, 81) by '>*C NMR spectros-
copy. The ">*C NMR spectra of lycoctonine and browniine and their cor-
responding acetates indicated that lycoctonine and browniine had identical
stereochemistry at the C-1 position (8 C-1 methoxyl), as do neoline and
chasmanine (a C-1 functional group). Because the chemical reactions
involved in the browniine—chasmanine correlation would not be expected
to epimerize the oxygen function at C-1, it was concluded that the browni-
ine—chasmanine correlation work must be in error.

The recent studies (66, 100, 101, 102, 102a) on *C NMR spectra of
diterpenoid alkaloids have established a '*CNMR data bank for the
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aconitine- and lycoctonine-type alkaloids which greatly facilitated struc-
ture elucidation of the alkaloid mentioned below.

The structures of two new Cjo-diterpenoid alkaloids designated as
falaconitine (27) and mithaconitine (28) and several known alkaloids iso-
lated from the roots of A. falconeri have been elucidated with the aid of
1>C NMR spectroscopy. (102a) (See Section II,F.) Similarly, the structures
of isodelphinine (42) and sachaconitine (122), alkaloids known for aimost
two decades, have been assigned (71) by the help of >*CNMR spec-
troscopy.

This technique has also proven valuable in showing that ““delsemine” is a
mixture of two closely related alkaloids which differ only in the side chain
of the anthranilic acid moiety (131).

Carbon 13 NMR spectroscopy has proven to be an important tool for
solving structural and conformational problems in diterpenoid alkaloids. In
the future, we may expect an increasing use of this technique for solving
difficult structural problems in alkaloid chemistry. Unambiguous assign-
ments of >C chemical shifts in diterpenoid alkaloids will also be useful in
future biogenetic studies of these compounds.

V1. Mass Spectral Analysis of C,o-Diterpenoid Alkaloids

The mass spectra of C,o-diterpenoid alkaloids are complex, and there is
a paucity of information concerning their fragmentation patterns. The first
application of mass spectral data to the structure elucidation of compli-
cated C,o-diterpenoid alkaloids involved a study of heteratisine and related
alkaloids (142). On the basis of the mass spectral analysis of heteratisine
(197), the structures of three related minor alkaloids, heterophyllidine
(198), heterophyllisine (199), and heterophylline (200) were elucidated.

CH,
197 R =CHj; Heteratisine 199 R = CH; Heterophyllisine
198 R =H Heterophyllidine 200 R =H Heterophylline

The main fragmentation involved the loss of the C-1 methoxyl group to
give an ion at 360 (202). The transition state (201) was confirmed by
accurate mass measurement and observation of a metastable peak. The
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loss of methane from 202 to give an ion at 344 (203) was also confirmed.
The ion resulting from the loss of CH,4 from 202 was postulated to arise by
the rearrangement shown above. The loss of methyl group from the parent
molecular jon was also observed and explained by fragmentation of the
N-CH,-CH3 group as shown in structure 204.

In 1969 Yunusov and his co-workers (143) reported on their mass
spectral studies of aconitine- and lycoctonine-type alkaloids. On the
basis of mass spectral analysis of isotalatizidine (61), condelphine (67),
talatizamine (68), neoline (47), aconitine (4), aconine, lycoctonine (§8),
and some of their derivatives, they reported that the main ionization center
in these alkaloids is the nitrogen atom. During the study of lycoctonine-
type alkaloids, they observed that the base peak is usually derived by the
loss of the C-1 substituents as a radical. If a C-3 substituent was present, as
in many of the aconitine-type alkaloids, the heteroring fragmented in a
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different manner. These fragmentation patterns were supported by the
presence of metastable peaks in the mass spectra. The presence of one of
most abundant ions (M — 18) in the high-mass region of these spectra was
explained by the loss of hydroxyl at the C-8 position. If the C-8 substituent
was methoxyl or acetyl, the base peak corresponded to loss of the C-1
substituent and methanol or acetic acid, respectively. On the basis of their
large mass spectra data bank, the Soviet scientists proposed on valid
grounds fragmentation pathways for some of the observed ions which
differed from those previously postulated.

Soviet chemists have examined (144) the pyrolyses of aconitine (4),
benzoylacetyltalatizamine (205), diacetyltalatizamine (206), and 8-acetyl-
14-ketotalatizamine (207) by mass spectral analyses at low (70-80°) and
elevated (105-125°) temperatures. At temperatures above 100°, pyrolytic
elimination of acetic acid occurred, while at 70-80° elimination was not
observed. On the basis of observed steric interactions of the axial substit-
uents at C-8, C-14, and C-16, they proposed that the relative ease of
elimination of a C-8 acetate in these alkaloids is: (4)=(205)=(206)>
(207). Finally, they confirmed this postulate by observing the intensities of
M*—~AcOH and M"—AcO peaks and their molecular ion peaks in the
mass spectra of these alkaloids.

At lower temperatures, pyrolytic elimination of the C-8 acetate was not
observed in the mass spectra of these alkaloids. The Soviet chemists
proposed that the formation of M™ — AcOH results from electron impact as
shown in path A and with formation of the acetoxyl radical competing as in
path B. The Soviet chemists suggested that compound 205 fragmented
primarily according to path A at 125°, whereas at lower temperatures
(70-80°) it fragmented mainly according to path B.

Yunusov and co-workers have further examined (145) the mass spectra
of aconitine- and lycoctonine-type alkaloids to determine the orientation
of the C-1 substituents in these alkaloids. They reported the mass
spectral analysis of neoline, condelphine, isotalatizidine, talatizidine,
acetylcondelphine, diacetyltalatizamine, aconine, lycoctonine, delphatine,
and browniine. On the basis of comparison made of the mass spectra of the
alkaloids bearing a C-1 a-hydroxyl group with that of talatizidine, which
contains C-1 B-hydroxyl group, they observed that alkaloids with C-1
B-OH group exhibited a significant stable molecular ion peak with
significant decrease in the intensity of the M —17 peak and a significant
increase in the intensity of the M* — 15 peak. When comparison of the mass
spectra of talatizamine and aconine (C—1 a-methoxyl group) was made
with those of lycoctonine (58), delphatine (147), and browniine (§7) (C-1
B-methoxyl group), no significant stable molecular ion peak was observed.
But a sharp increase in the intensity of the M" — 15 peak was observed with



OCH,

~OCH3

OCH,

205 R=Bz
206 R=Ac

OCH,

Pathway A



62 S. WILLIAM PELLETIER AND NARESH V. MODY

205 R'=H;R?*= OBz
206 R'=H; R?=0Ac
207 R'R’=0

Pathway B

the change from the a- to the B-configuration. The ratios of M —
OCH;3/M" and M*-~OCH3/M*—15 were found significantly larger in
most, though not all, alkaloids with the C-1 a-configuration in comparison
with the C-1 B-configuration. This relationship is valid in the case of the
C-1 methoxyl-substituted alkaloids. These conclusions were supported by
the presence of metastable peaks in the mass spectra of these alkaloids.

Because the methoxymethylene group attached at C-4 normally is not
involved in the fragmentation of these alkaloids, the mass spectra of
various carbinolamine ethers were utilized to determine the nature of the
C-4 substituents. From the published mass spectral data, no definite
conclusion about the nature of C-4 groups can be predicted.

In 1973, Waller and his colleagues (134, 146) reported the mass spectral
analysis of the lycoctonine-type alkaloids delcosine (163), acetyldelcosine
(164), and delsoline (165). They mentioned that these alkaloids showed a
similar fragmentation pathway. As an example, the mass spectrum of
delcosine is discussed here. Waller and his group also studied the mass
spectra of the tetramethylsilane (TMS) derivatives of delcosine, acetyl-
delcosine, and delsoline, and found that the results obtained were in
agreement with the proposed fragmentation outlined for delcosine.

Delcosine exhibited a molecular ion peak at 453 and a base peak of 438
(M* —15). The mass spectrum also gave intense peaks corresponding to the
loss of the CH; (m/e 438), hydroxyl (m/e 436), methoxyi (m/e 422),
methanol (m/e 421), and both methyl and water (m/e 420). The common
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OCH,

~_OCH,
( AL

Pathway C

pathway of fragmentation of these three alkaloids was the formation of an
M* 189 ion peak. A mechanism postulated for the formation of the
M*"-189 fragment ion for delcosine is shown in path C. The proposed
Structure for the m/e 264 fragment was confirmed by the accurate mass
measurements for the M™ — 189 ion.

VII. Synthetic Investigations

A. THE SYNTHESIS OF DELPHININE

Qver the last ten years Professor Wiesner and his co-workers at the
Umversity of New Brunswick have made important contributions to the
Synthesis of delphinine (31) and related diterpenoid alkaloids (147-150).



64 S. WILLIAM PELLETIER AND NARESH V. MODY

They have achieved their goals in an elegant manner and proved that these
complex alkaloids can be synthesized. In 1969 they reported the synthesis
of compound 208, and with it the solution of many of the key problems
involved in the synthesis of the partially aromatic degradation product (3)
of delphinine. After the synthesis of compound 208, they effected (157)
the synthesis of compound 3 by a similar route and correlated it with a
degradation product of delphinine. This correlation resulted in a revision
of the configuration of the C-1 methoxyl group in delphinine and its
relatives. Because compound 208 is similar, except for the presence of the
C-1 methoxy!l group in the A ring, to degradation product 3, only the
synthesis of 3 will be presented in detail. As this partially aromatic product
(3) can be obtained in relatively high yield from delphinine, it is an ideal
advance relay compound for the total synthesis of delphinine.

31 Delphinine

R! R2
CH,0 o)

209 R'=R*’=H

210 R!=H;R?>=CH,—-CH=CH,

211 R!=CH,—0O—CH,—C¢Hs;
R?=CH,—CH=CH, l

212 R!=CH,—0O—CH,—C¢Hs;
R%= CH2—$H—CH20H

Base-catalyzed
Aldol condensation

OH OCH,
213 R'=CH,—O—CH,—C¢Hs;
R?*=CH,—CHO

214
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The starting methoxytetralone (209) was converted by the Stork
pyrrolidine—enamine procedure to the alkyltetralone (210). On further
alkylation with benzyl chloromethyl ether and sodium hydride in benzene,
the latter yielded compound 211, which was oxidized with osmic acid and
sodium chlorate in tetrahydrofuran (THF) to give two diastereoisomeric
diols (212). The aldehyde 213 was obtained in quantitative yield from
compound 212 by treatment with excess metaperiodate in aqueous THF.

OR?

215 R'=CH,—C¢Hs; R*=H
216 R'=CH,—C¢Hs; R?=Ac
217 R'=H;R’=Ac

218 R!'=THP; R*= Ac

219 R'=THP;R*=H

220 R'=THP; R?*=CH,—CsH;
221 R'=H; R>=CH,—C¢H;

The crucial step in this synthesis, a base-catalyzed aldol condensation,
furnished the hydroxyketone 214 in quantitative yield. Thus, three of the
five rings of target compound 3 were constructed by a simple reaction
sequence. The hydroxyketone was converted to the ketal 215 by a standard
method. The benzyl blocking group was then transferred from the primary
to the secondary alcoholic function in 65% overall yield by conventional
reaction sequences, as shown above. At this point, the authors suggested
that a much more direct conversion of 215 to 221 may be possible, using
the acid-sensitive p-methoxybenzyl group as R' in compound 215. This
operation was not carried out, however, for the overall yield from 215 to
221 was satisfactory.

The primary alcohol 221 was oxidized to aldehyde 222 by chromium
trioxide in pyridine in 85% yield. The alcohol 223 was obtained from
compound 222 by treatment with Grignard reagent (225). The bromo
compound (224) required for preparation of the Grignard reagent was
Prepared as outlined above in overall low yield.

Alcohol 223 was found to be in the configuration opposite to that of
natural delphinine. Therefore, alcohol 223 was oxidized by Jones reagent
to ketone 226 and the latter reduced with lithium aluminum hydride in
dioxane to a mixture of alcohols 223 and 227 in a ratio of 7: 3. The desired
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OCH,CeHs
CH;0—CH,—CH=CH—CN —ﬁﬂicrqﬁﬁﬂ—» CH;0—CH,—CH—CH,;—CN
a
10% H3S04
MeOH
OCH,CeHs OCH,CeHs

LiAIH
CH,0—CH,—CH—CH,CH,0H +————— (CH,0—CH,;—CH—CH,—COOCH;

TsCl/Pyridine

(I)cmcf,uS
CH;—0—CH,—CH—CH,CH,0Ts ——8% , CH;—0—CH,—CH—CH,—CH,Br
OCH,C4H; 224
OCH,
OCH,CgH;
o CH;—0—CH,—CH—CH,—CH,—MgBr
225
OCH,—C,H;
222

alcohol (227) was selectively acetylated in the mixture and separated by
silica gel chromatography. The recovered epimer (223) was recycled in the
oxidation-reduction sequence to yield an additional quantity of epimer
227. The pure epimer (227) obtained by saponification of the acetate was
methylated with an excess of methyl iodide and sodium hydride in refluxing
dioxane to yield ketal 228. The latter was hydrolyzed under reflux with
aqueous acetic acid to give compound 229 in quantitative yield. Compound
229 was subjected to amination with Raney nickel in methanolic ammonia,

223 R!'=H; R?=0H 229 R'R?’=0

226 R'R?=0 230 R'=NH,;R’=H
227 R'=OH;R*=H

228 R'=0OCH;; R*=H
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231

and the resulting crude amine (230) was acetylated with acetic anhydride in
pyridine. The protecting benzyl groups were removed by hydrogenolysis,
and the resulting hydroxyl groups were oxidized with chromium trioxide in
pyridine to obtain the diketone (231). The latter was heated for 6 hr with
potassium cyanide in aqueous ethanol to afford the desired lactamol (232).
This reaction is believed to proceed via a base-catalyzed aldol conden-
sation of the diketone 231 to an «,8-unsaturated ketone, which then adds
the cyanide moiety. The nitrile group is subsequently hydrolyzed to a
primary amide, which tautomerizes to the desired lactamol (232).

The ketolactam (233) was prepared from the lactamol (232) by heating
in a mixture of methanol and concentrated hydrochloric acid. The ketolac-
tam was reduced with lithium aluminum hydride in refluxing dioxane to
afford the desired exoalcohol (234) and its epimer (235) in a 1:1 ratio.
These epimers were separated by chromatography on alumina. The
undesired epimer (235) was converted by Jones oxidation to the cor-
responding ketone (236), which was reduced with sodium in refluxing
absolute alcohol to yield alcohols 234 and 235 in a more favorable 7:3
ratio. The exoalcohol 234 was acetylated with acetic anhydride in pyridine,
and the product was hydrolyzed by heating with dilute methanolic potas-
sium hydroxide to obtain the N-acetate alcohol (237). The latter was

OCH,

234 R'=H;R*=0OH
235 R'=OH;R’<=H
236 R'R*=0
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OCH, OCH,
! 239 R=CH;
238 R=C—CH; 240 R=CHO
241 R=CHO
3 R=H

methylated by a standard method, and the resulting product was converted
to the desired intermediate (238) by Jones oxidation. The synthetic race-
mate (238) and the “natural” degradation product of delphinine were
identical. Because compound 238 was exceedingly difficult to hydrolyze,
the authors developed a second route for the final stages of the synthesis of
compound 3.

The exo-alcohol 234 was methylated with sodium hydride and methyl
iodide in refluxing dioxane. The resulting tetramethoxyl N-methyl deriva-
tive (239) was converted to the N-formyl derivative (240) by oxidation
with potassium permanganate in acetone at room temperature. Compound
240 was converted by Jones oxidation to compound 241. The latter was
also obtained from 239 by prolonged oxidation with excess potassium
permanganate in acetone-acetic acid. The synthetic racemate (241) and
the “natural” delphinine derivative gave identical IR, NMR, and mass
spectra. The formyl derivative was easily hydrolyzed to the desired product
(3) by refluxing with dilute hydrochloric acid. The synthetic racemate 3 was
found to be indistinguishable from the optically active “‘natural” derivative
obtained from delphinine. It should be noted that this stereoselective
synthesis of 3 did not provide any evidence for the configuration of the C-1
methoxyl group.

To establish the configuration of the methoxyl group in ring A, an X-ray
crystallographic analysis of the acid oxalate of the synthetic racemate 3 was
performed. The X-ray structure determination corroborated all the fea-
tures of the molecule and revealed the configuration of the ‘C-1 methoxyl
to be as shown in structure 3 (e, and cis to the nitrogen bridge). To obtain
the synthetic optically active compound 3, the racemate, dl-3, was resolved
into its optical antipodes by selective reaction of the unwanted antipode
with L-camphor sulfonyl chloride in pyridine. The unreacted free base was
converted to the acid oxalate and crystallized to constant melting point.
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This acid salt was shown to be identical with the oxalate derived from the
“natural” degradation product. The totally synthetic optically active base
obtained from the oxalate showed IR, NMR, and mass spectra which were
superimposable with those of the “natural”” compound (3).

This synthesis represents an outstanding achievement and provides a
clarification of the structure of delphinine and related aconitine-type
alkaloids.

B. THE TOTAL SYNTHESIS OF TALATIZAMINE (TALATISAMINE)

In 1974 Wiesner and his co-workers reported (96) the first formal total
synthesis of talatisamine (68) starting from an atisine-type intermediate
(242). A key step in this synthesis involved a rearrangement of the atisine
skeleton to the aconitine-type skeleton, a reaction previously suggested
(152) for the biogenesis of the aconitine-type alkaloids. This type Of
rearrangement, which was reported by Johnston and Overton (153, 154)
and also by Ayer and Deshpande (155) will be discussed later in Section
VILE.

H\’/OCH3
R!

OCH,
242 R'=0;R*=R*=H
243 R!=0;R?*=0COC¢Hs; R*=H 70 R=Ac
07
244 R1=< :R2=0COC¢H;; R*=H
o_
OA

245 R! =< :R?=0H;R*=H

246 R1=< ;R*=R*=0
O

Benzoylation of compound 242 with sodium hydride and benzoyl
Peroxide gave the benzoate (243) in 65% yield. Ketalization of 243 with
ethylene glycol and trimethyl orthoformate in the presence of sulfuric acid
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OCH,

247 R=H o

248 R=Ts 249 R'R*=( }R3=Ac
)

0O

250 R‘R2=< :I;R3=C2H5
.k

251 R'R?=0;R*=C,H;

252 R'=H;R*=0H; R*=C,H;

afforded ketal 244. Alkaline hydrolysis of 244 and oxidation of the result-
ing hydroxyketal 245 with chromium trioxide-pyridine in methylene
chloride afforded ketone 246. Sodium borohydride reduction of 246 in
aqueous THF-methanol gave alcohol 247, which was converted into the
corresponding tosylate (248). The structure of compound 248 has been
confirmed by an X-ray analysis (156). The racemic tosylate 248 was
converted to the desired rearranged product (249) in 40% yield by heating
in a 1:1 mixture of dimethyl sulfoxide and tetramethylguanidine at 180°
for 24 hr. Reduction of compound 249 by lithium aluminum hydride in
dioxane yielded the corresponding racemic N-ethyl compound (250). The
latter compound was identical with the corresponding optically active
derivative prepared from talatisamine as described below.

Talatizamine was converted to the diacetate (70), which was reductively
cleaved to compound 252. Jones oxidation of 252 afforded ketone 251,
which was converted to ketal 250 with ethylene glycol and p-toluenesul-
fonic acid in benzene.

Deketalization of compound 250 in aqueous methanolic hydrochloric
acid yielded ketone 251 in 70% yield. Sodium borohydride reduction of
the latter in THF-methanol afforded stereospecifically alcohol 252. Oxi-
dation of 252 with mercuric acetate yielded talatizamine in 40% yield.

C. SYNTHESES DIRECTED TOWARD CHASMANINE

Recently, Wiesner and co-workers have reported (157) the stereo-
specific total synthesis of compound 253, an intermediate to be used in the
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total synthesis of chasmanine (49). The starting material, the methoxy-
indanone (254), was converted to enol ether 255, which was carboxylated
with carbon dioxide—rn-butyllithium in THF at —70° to afford the acid
(256). The latter was converted into methyl ester 257 by treatment with
HCI gas and methanol. The methyl ester (257) was converted to the
tricyclic ester (260) via intermediates 258 and 259, as described in earlier
work (158). Reduction of the ester (260) with LiAIH, and oxidation of the
resulting primary alcohol (261) with dicyclohexylcarbodiimide in dimethyl
sulfoxide afforded aldehyde 262 in 89% yield. The side chain (269) was
attached to 262 by a Grignard reaction to give the diastereomeric mixture
(270) in 90% yield, as reported in previous cases (151, 159).

OCH,
O
o OCH, OCH,
OCH, 0 OCH,
OCH, 254 255
253 R=CHO
276 R=CH,
o OCH,
COOR COOCH, I -
@ij\ . ‘ OCH OCH,
OCH 3
o ? OCH,
256 R=H 258
257 R=CH,
OR OCPh, OCPh, R
@ OR OCH,Ph
| o)
CH,O
260 R = COOCH, 263 R=H 265 CH,0 :
261 R= CH,OH 264 R =CPh, 266 R=H 268 R=0H
262 R = CHO 267 R~CH,Ph 269 R=Br

The bromo compound 269 was prepared from the commercially avail-
able homoallyl alcohol (263) as follows: Tritylation of 263 gave the ether
(264), which was converted by treatment with perbenzoic acid to epoxide
265. The latter was converted to methoxyl alcohol 266 by opening the
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epoxide ring in methanolic sodium methoxide. The primary alcohol 268
was prepared by benzylation of 266 with sodium hydride and benzyl
chloride in dioxane, followed by treatment of the product (267) with 90%
acetic acid at 45° for 24 hr. The alcohol (268) was converted to the bromide
{269) as reported earlier {157).

270 271

OCH,

OocH,

273 274 R=H
275 R=CH;

Oxidation of compound 270 with chromium trioxide in pyridine gave the
ketone (271). The latter was converted to diketone 272 in one step by
treatment with a large excess of benzenesulfonylazide in glacial acetic acid
containing a small amount of p-toluenesulfonic acid. The diketone 272 was
converted to the diketolactam (273) by the methods worked out in the
synthesis of napelline (7/59). Reduction of compound 273 with lithium
tri-fert-butoxyaluminohydride yielded stereospecifically the dihydroxyl-
lactam (274) in quantitative yield. Treatment of compound 274 with
methyl iodide and sodium hydride in dry dioxane gave the tetramethoxyl-
N-methyllactam (275) in 62% yield. Reduction of compound 275 with
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lithium aluminum hydride afforded amine 276. The latter was oxidized
with potassium permanganate in acetic acid to yield the N-formyl deriva-
tive (253).

286 R=0

o)
287 R =<O]

o)
290 R=O]

291 R=0

The reactions for the conversion of the N-formyl derivative (253) to
chasmanine were studied (160) in a model system starting with compound
277. Birch reduction of 277 afforded compound 278, which was subjected
to equilibration in methanolic hydrochloric acid—dioxane under reflux for
six days to give epimers 278 and 279 in a ratio of 2.7:1. These epimers
were separated by careful column chromatography on silica gel. The
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photoaddition of allene to the a,B-unsaturated ketone 279 afforded the
stereospecific adduct 280. The latter was converted to ketal 281, and this
compound gave by ozonolysis, sodium borohydride reduction, and acid
treatment the ketoaldehyde (282) in 92% yield. Cyclization of compound
282 with BF;—ctherate in acetic anhydride and acetic acid yielded acetoxyl
ketone 283. The equilibrium in this condensation favored the retroaldol
reaction, and neither base nor acid treatment effected ring closure. This
condensation could be performed only under acetylating conditions.
Compound 283 was reduced with sodium borohydride to afford the
acetoxyl alcohol (284). The latter was methylated with diazomethane in
BF;-etherate to give the methoxyl derivative (285). The acetoxyl group of
285 was hydrolyzed, and the resulting alcohol was oxidized with chromium
trioxide in pyridine to the ketone (286). The latter was converted to the
ketal (287) by refluxing with ethylene glycol and p-toluenesulfonic acid in
benzene. Bromination of 287 with pyridine hydrobromide perbromide in
THF gave bromoketal 288. Compound 288 was rearranged to 289 in 90%
yield by refluxing in benzene with 1,5-diazabicyclo[3.4.0]nonene for
several days. Treatment of 289 with mercuric acetate in 50% aqueous
acetone at room temperature yielded compound 290. Deketalization of
290 by heating with 50% acetic acid afforded ketone 291. The structure of
291 was confirmed by single-crystal X-ray crystallography (157). Reduc-
tion of ketone 291 with sodium borohydride in methanol gave the alcohol
(292) in a yield of 80%.

Because all the steps in this model system proceeded under mild condi-
tions and in high yield, it was mentioned that this process could be applied
without major modification to compound 253 with a suitably blocked
nitrogen. It appears that the total synthesis of chasmanine is now feasible.

D. THE CONSTRUCTION OF THE C/D RING SYSTEM OF THE
C,o-DITERPENOID ALKALOIDS

In 1973 Wiesner and his colleagues reported (161) a new synthetic route
for the construction of the substituted C/D ring system of delphinine-type
alkaloids. This process was based on a previous photochemical synthesis of
the atisine skeleton (162).

The starting material, methoxytetralin (293), was converted into the
a,B-unsaturated ketone (294) by Birch reduction. The allene adduct (295)
was prepared from ketone 294 and was then rearranged to the hydroxyl
ketone (298) via intermediates 296 and 297. Compound 298 was methyl-
ated with sodium hydride and methyliodide to give the methoxyketone
(299) in quanitative yield. Compound 299 was rearranged to 300 by
refluxing with terr-butyl perbenzoate and cuprous bromide in absolute
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O/>
OCH, )
(@)
CH; OH

293 294 297
H. OR H H
(. ’ ' OCH, ocn,
298 R=H 300 301
299 R=CH;4
OCH,

@ OAc

302

benzene for 24 hr. Reduction of 300 with lithium aluminum hydride yiel-
ded one epimeric alcohol (301). The latter underwent the typical pyro—
isopyro rearrangement when heated with glacial acetic acid and p-
toluenesulfonic acid to give the isopyrocompound 302. Compound 302
contains the B, C, and D ring system of the C;o-diterpenoid alkaloids.
Using these synthetic methods for construction of the C/D ring system, it
should be possible to convert the previously prepared intermediate (274)
to chasmanine. A similar construction of the C/D ring system is reviewed
in Section VIL,C.

E. ATISANE-ACONANE CONVERSIONS AND STEREOSPECIFIC
SKELETAL REARRANGEMENTS

Johnston and Overton have reported (153, 154) the conversion of the
atisane skeleton to the aconitine skeleton, thus effecting the key step in the
commonly accepted (152) route for the biogenesis of the aconitine-type
alkaloids.
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AcO---

A. HCI
B. Ac0

C. KOH, CHCl3
D. NaBH4
E. Ac;0/Py

F. OsOy4,NalQOyg in
aq. dioxane
G. NayCOj3 in MeOH-H;0
H. Ethylene glycol, TsOH

306

L. CrOj, Pyridine
J. NaBH4
K. Ag. AcOH

307 R'=OH;R*=H
308 R'=H; R’=0OH
309 R'=0OTs; R>=H
310 R'=H;R*=OTs

3t 312

The alkaloid atisine (303) was converted into the epimeric tosylates 309
and 310, as shown above. On acetolysis, either 309 or 310 yielded the
same olefin, 311. However, preparative gas-phase pyrolysis of the a-
tosylate (310) gave the desired ketoolefin (312) in a yield of 77%. Under
the same pyrolytic conditions, the B-tosylate (309) afforded only the olefin
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(311). The authors speculated that each conversion takes place stereo-
specifically via a seven-membered transition state. The structure of the
ketoolefin 312 was confirmed (163) by an X-ray analysis of the ethylene
ketal hydroiodide salt.

Ayer and Despande (155) have reported the rearrangement of tosylate
313 into diene 319 by solvolysis or even by passage of a benzene solution
through silica gel. This rearrangement serves as a model for the proposed
(152) biosynthetic transformation of the atisine-type alkaloids to the
aconitine-type alkaloids.

H,C CO,CH,

313 R=Ts
316 R=Ac
318 R=H

H,C
H,C 'CO,CH,
315 R=Ac 319
317 R=H
0O
H,C H,C
H,C 'CO,CH, H,C CO,CH,
320 321

Levopimaric acid was converted into ketoacid 314 by the Diels—Alder
addition of a-acetoxyacrylonitrile followed by basic work-up. Reduction
of 314 with sodium borchydride afforded the crude product, which was
treated with diazomethane and then acylated to give a mixture of acetoxyl-
esters 315 and 316 in a 3:4 ratio. These compounds were separated by
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chromatography over alumina. Basic hydrolysis of compounds 31§ and
316 afforded alcohols 317 and 318, respectively. The alcohol 318 was
converted to tosylate 313 by treatment with p-toluenesulfonyl chloride in
pyridine. Chromatography of 313 over silica gel in benzene produced the
desired diene (319) in a yield of 70% and the hydrolyzed product 318 in
15-20% yield. Solvolysis of 313 in hot acetic acid—sodium acetate solution
yielded compound 319 in 40% yield and acetate 316 in 12% yield. Cata-
lytic hydrogenation of the diene 319 over Adams’ catalyst afforded the
tetrahydro compound (320). Treatment of 319 with ozone in methylene
chloride at —70° yielded the a,B8-unsaturated ketone (321) in about 10%
yield. These hydrogenation and ozonolysis reactions confirm the structure
of the diene as 319.

Recently, Wiesner and co-workers reported (164) the conversion of
atisine (303) into a lycoctonine-type ketone (322). Atisine was converted
into the ketal-ketone (323) as reported earlier by Johnston and Overton
(153) (see above). Sodium borohydride reduction of 323 gave a mixture of
alcohols 324 and 325. The a-isomer (324) was separated from this mixture
by preparative thin-layer chromatography and was tosylated with p-
toluenesulfonyl chloride in pyridine to give the amorphous tosylate 326.
The latter was treated with tetramethylguanidine and dimethyl sulfoxide at
180° for 24 hr to afford the rearranged products 327 and 328 in 85% yield.

O/>
O
-

323 R'R*=0

324 R'=H; R?=0OH
325 R'=OH;R*=H
326 R!=H;R*=0Ts

CH,
327 A*'® compound 329 R'=Ac;R’=R*=0
328 A7 compound 330 R'=Et;R>=H; R*=0OH

331 R'=Et;R>=0H;R*>=H
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332 R'=H;R’=OH
333 R'=OH;R’=H

Compound 327 is identical with the product earlier prepared by pyrolytic
rearrangement by the English workers (153). Hydrogenation of
compounds 327 and 328 gave the same dihydro derivative. Deketalization
of 328 yielded the corresponding ketone (329), which was reduced with
lithium aluminum hydride to give a mixture of the epimeric hydroxyamines
330 and 331. Treatment of 330 and 331 with mercuric acetate afforded the
epimeric products 332 and 333. Jones oxidation of this epimeric mixture
yielded compound 322, whose structure was confirmed by an X-ray crys-
tallographic analysis.

In 1969 Tahara and Ohsawa (163) reported transformation of a diter-
pene acid (337) into an aconitine-type skeleton (340). Earlier, they
described the cyclization of dioxoester 335 (obtained from enantiomeric
deoxypodocarpic acid, 334) into the c-homofluorene-type compound (336)
by an aldolcondensation. Later they redirected the cyclization of a similar
type compound (339) by introducing an oxygen bridge into the aconitine-
type compound (340) as described below.

CH, CH,

H,C COCH,; O H,C CO,CH, O

334 335 336

H,C CO,H H,C CO,CH, H,C CO,CH;
337 338 339 340

H,C ‘co,H
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The acid (337) prepared from (—)-abietic acid was reduced by lithium
ethylamine~zerr-amyl alcohol to compound 338. The methyl ester of 338
was hydroxylated and the resulting diol cleaved to give diketone 339. The
latter was cyclized by treatment with acid to the a,8-unsaturated ketone
(340). Although rings A and B can be easily substituted by appropriate
reactions to derive the corresponding aconitine-type alkaloid, the major
problem with this route is the introduction of the ring C substituents.

VIII. A Catalog of C,o-Diterpenoid Alkaloids

14-Acetylbrowniine

C7H,43NOg; 123-124°
[a]p+27.8° (Chf.)

Consolida ambigua

3¢, 'H NMR and chemical data
Refs. 102a, 137

C26H41N08; 193-195°

[a]p+34° (EtOH)

Consolida ambigua

Correlated with delcosine; mass spectral
analysis

Refs. 3, 134, 166, 167

OCHJ [C3];;H46N209', 116-118°
o
Delphinium dictyocarpum
Chemical and spectral analysis
Ref. 168

NHCOCH,
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Acomonine

Aconorine

C,y5H4 NO5; 208-210°
[¢lp
Aconitum monticola

Chemical and spectral analysis
Refs. 122, 123

C34H47NOq,; 202-205°
[a]p+19° (Chf.)

Aconitum napellus; A. fauriei; A.
karakolicum and others
Chemical and X-ray analysis
Refs. 1, 3, 17-20

C32H44N207; amorphous; 237°
(perchlorate)

[@lp—

Aconitum orientale; A. columbianum
Spectral and chemical data

Ref. 99

C22H35NO4; 148°
[a]lp—21° (MeOH)
Aconitum nasutum
Chemical and spectral data
Ref. 121
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Ajacine

OCH,

Ajadine

NHCOCH,

OCH,

C33H4gN,0y; 154° (hydrate)
[ee]p+50° (EtOH) + 53° (Chf.)
Consolida ambigua; D. orientale
Correlated with lycoctonine
Refs. 3, 4, 132, 169

C43H52N0,,4; 158-161°
[a]p+65.2° (abs. EtOH)
Consolida ambigua

13C, 'H NMR and chemical data
Ref. 170

C35H4sN>O10; 134-136° (d)
[a]p+43.9° (abs. EtOH)
Consolida ambigua

3C, 'HNMR and chemical data
Ref. 170

C,sH39NOg; amorphous
[a]p+10° (Chf.)
Delphinium bicolor

'H and *C NMR analysis
Refs. 100-102
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Alkaloid B

C22H35N05; 190-191°
[a]p+16° (Cht.)
Delphinium bicolor

'H and "*C NMR analysis
Refs. 100-102

'H,C OH

Ambiguine

C23H45N03; 106-108°

[a]p +38° (Chf.)

Consolida ambigua

13C, "TH NMR, MS and chemical data
Ref. 171

Ci2H46N2Og; 165°
[¢]p+51° (EtOH)

Inula royleana; Delphinium
consolida; D. barbeyi
Correlated with lycoctonine
Refs. 3, 4, 132, 172, 173

Ci36Hs1N3019; 110-125° (hydrate)
[a]lp +45° (EtOH)

Aconitum orientale

Correlated with lycoctonine

Refs. 3, 4, 132

I Il
NH—C—CH,—CH,—C~NH, .
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Bikhaconitine

Ci6Hs1NOy,; 105-110° (hydrate)
OCH, [a]p+16° (EtOH)

Aconitum spicatum; A. ferox

Chemical and spectral analysis

Refs. 40, 41, 67, 174

OCH,

OCH,

Browniine

C;35H431NO5, amorphous

[a]p+25° for perchlorate (H,0)
Consolida ambigua, Delphinium
brownii; D. carolinianum; D. virescens.
Chemical and spectral analysis

Refs. 135-137

C23H37N05; 135-137°

lalp=0°

Aconitum variegatum

Correlated with isotalatizidine and
talatisamine

Refs. 94, 95

C34Hy7NQg; 181-182° (Hexane), 165-
167° (Ether)

[e]p+10.3° (EtOH)

Aconitum chasmanthum

Chemical and spectral analysis

Refs. 20, 68
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Chasmanine

C25H41N06; 90-91°

[a]p+23.6° (EtOH)

Aconitum chasmanthum

'3C NMR, X-ray, and chemical analysis
Refs. 66, 73, 77, 78, 80, 81

Chasmanthinine

C36H4oNOg; 160-161°
[a]p+9.6 (EtOH)

Aconitum chasmanthum
Chemical and spectral analysis
Refs. 20, 68

CeHs

C25H39N06; 158-159°

[alp+21.3°

Delphinium denudatum; D. confusum;,
D. oreophilum

Chemical and spectral analysis

Refs. 85, 92

C25H39NO7; 161-163°
[a]p+19° (EtOH)
Delphinium cardinale
Chemical and spectral analysis
Ref. 175
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14-Dehydrodelcosine (Shimoburo Base IT)

OCH3 C24H37N07; 212.5-213.5°
falp+25.2° (Cht.)
Aconitum japonicum
Correlated with delcosine
Refs. 176, 177

C,y6H41NO5; 200-202°

[a)o—18° (Chf.)

Delphinium corumbosum (corymbosum)
Chemical and spectral analysis

Ref. 129

C24H39N07; 203-204°
[a]p+57° (Chf.)

Delphinium consolida; Consolida
ambigua, and others

Chemical and spectral analysis
Refs. 3, 4, 134, 166, 167, 176

C31H44N208; 107—109°
[alp
Delphinium dictyocarpum
Chemical and spectral analysis
Ref. 133




Delphatine

Delphinine
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OCH, Cy6H43NO7; 106°
[a]lp+39°
Delphinium biternatum
Correlated with lycoctonine
Refs. 126, 127

OCH3 C25H39N06; 227°
[a]p—26° (Chf.)
Delphinium elatum
Correlated with lycoctonine
Refs. 2, 3, 178-180

C,6H41NO5; 98-100° (dec.)
[a]p+16.6° (EtOH)

Delphinium staphisagria

'H, "*C NMR and chemical analysis
Refs. 82, 102

C33H45N09; 191-192°
[alp+25° (EtOH)
Delphinium staphisagria
Chemical and X-ray analysis
Refs. 19, 20, 51-61

87



88 S. WILLIAM PELLETIER AND NARESH V. MODY

Delphirine

C24H39N06; 95-100°
[a]p+3.8° (EtOH)
Delphinium staphisagria
Spectral and chemical analysis
Ref. 83

OCH
? CuHa3NOg; 122-123°

[a]p+7.1° (EtOH)
Delphinium staphisagria
X-ray and chemical analysis
Refs. 72, 73

'OCH, C37Hs53N304; 125° (hydrate)
[a]p+43° (EtOH)

Delphinium semibarbatum; D.
greophilum;, D. tricorne and others
Refs. 131, 132

CH, O

o1
R = mixture of NH~C—CH—CH2—g—NH2
and

R 0 I
NH— —CHZ——(lfH——C—NHz

CH,

Delsoline

OCH, C,5sH4 1 NO5; 215-216°
[a]+53.4 (Chf.)
Delphinium consolida; D. orientale;
Consolida ambigua and others
Correlated with delcosine
Refs. 3, 133, 176, 181, 182




Deltaline (Eldeline)

Deoxyaconitine
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OCH, C,7H41NOg; 182-184°
[a]p—28° (MeOH)
Delphinium occidentale; D. elatum; D.
barbeyi and others
Chemical data
Refs. 2, 3, 180

OCH, C,5H39NO; 226-228°
[alp—17° (MeOH)
Hydrolysis Product of Deltaline
(Eldeline)
Chemical and spectral analysis
Refs. 2, 3, 180

OCH; C,4H1gNO5; 98-100°
[l
Delphinium dictyocarpum
'H NMR, MS and chemical data;
Correlated with eldelidine
Ref. 168

C34H47N010; 176-178°

[a]lp+16° (EtOH)

Aconitum napellus

Correlated with aconitine. > C NMR
analysis

Refs. 20, 36
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Diacetylpseudaconitine

OAc CaoHs5sNOy4; 228-230°

[a]p +24° (EtOH)

Aconitum ferox

Correlated with pseudaconitine
'HNMR analysis

Ref. 41

Dictyocarpine

C26H39N08; 210-212°

[alp —

Delphinium dictyocarpum
Chemical and spectral analysis
Refs. 138, 139

C25H37NO7; 204-205°
[elo
Hydrolysis product of dictyocarpine
Refs. 138, 139

Cy7H4sNO-;
[elp
Delphinium dictyocarpum
Chemical analysis

Ref. 133
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Excelsine

C22H33N06; 103-105°

[alp —

Aconitum excelsum
Correlated with lapaconidine,
X-ray analysis

Refs. 114-116

Falaconitine

C33H47NO,o; amorphous
OCH, [alp+111.5° (EtOH)
Aconitum falconeri
'H, 3CNMR and chemical analysis

Refs. 45, 46
OCH,
i
Vr = —C OCH;

Heteratisine

C,5H33NOs; 261-265° (dec)
[a]p+40° (MeOH)

Aconitum heterophyllum

Chemiical, spectral, and X-ray analysis
Refs. 142, 183

C21H31NO5; 269-272°
[a]p+42.3° MeOH)

Aconitum heterophyllum

IR, 'H, and mass spectral analysis
Ref. 142
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Heterophylline

C51H31NOy; 221.5-223°
[alp+10.5° (MeOH)

Aconitum heterophyllum

IR, 1H, and mass spectral analysis
Ref. 142

C,,H33NO,; 178-179°
[a]lp+15.5° (MeOH)

Aconitum heterophyllum

IR, 'H and mass spectral analysis
Ref. 142

C,6H43NOg; 105-107°
[a]p+19.2° (EtOH)
Aconitum chasmanthum

Correlated with chasmanine
Refs. 73, 78, 79

Hypaconitine

C33H45NO;0; 197-198°

[a]p+22° (Chf.)

Aconitum carmichaeli; A. napellus; A.
callianthum and others

Correlated with aconitine

Refs. 14, 20, 32-36
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Iliensine

Indaconitine

C24H39N09; 201-203°
[elb
Delphinium biternatum
Correlated with acomonine
Refs. 124, 125

C34H47NO,g; 203-204°

[a]p+18° (EtOH)

Aconitum chasmanthum; A. ferox; A.
falconeri

Correlated with delphinine

Refs. 20, 40, 42, 43

C33H45N09; 167-168°

[a]p+20.1° (EtOH)

Aconitum miyabei

Y, '*C NMR and chemical analysis
Refs. 69-71

C23H37N05; 116-117°

[a]p+0°

Aconitum talassicum; Delphinium
denudatum

Correlated with condelphine
Refs. 85, 92
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Jesaconitine

C35H4oNOy,; amorphous (melts at 128-
131°)

[alp— 17° for perchlorate (H,0O)
Aconitum fischeri; A. subcuneatum; A.
sachalinense and others

Chemical, 'H, *C NMR analysis

Refs. 20, 24-28

C22H35NO5; 222-224°
{alp—

Aconitum karakolicum
Chemical and spectral analysis
Refs. 16, 117, 118

C,,H3sNO,; 183-184°
[a]lp—10° (MeOH)

Aconitum karakolicum
Chemical and spectral analysis
Refs. 16, 117, 119

C,;H3sNQg, 206-207°
[a]lp+12.9° (Chi.)

Aconitum leucostomum (excelsum)
Correlated with lappaconine

Refs. 111, 112
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Lappaconitine

NHAc¢

Lycaconitine

OCH,

OCH,

“OH

C3,H44N20g; 229°

[a]lp+27° (Chf.)

Aconitum septentrionale; A. orientale;
A. excelsum

Chemical, X-ray, and >C NMR analysis
Refs. 103-110

C36H4gN20,0; amorphous
[a]p+43° (EtOH)

Aconitum gigas; A. lycoctonum and
others

Correlated with lycoctonine

Refs. 3, 4

C25H41N07; 151-153°

[a]p+53° (EtOH)

Consolida ambigua; D. barbeyi; D.
tricorne; Inula royleana and others
X-ray and chemical analysis

Refs. 128, 129, 184-186

C33H45N011; 208—209°
[a]p+25° (Chf.)

Aconitum napellus; A. fauriei; A.
japonicum and others

Correlated with aconitine

Refs. 1, 3, 4, 20, 27, 28, 30
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Methyllycaconitine

C37HsoN2010; 130° (amorphous)

{a]p +49° (EtOH)

D. dyctiocarpum; D. elatum; D. tricorne
and others

Correlated with lycoctonine

Refs. 3, 4, 129-131

Mithaconitine

C3,H,43NOg; amorphous

[a]p+94° (EtOH)

Aconitum falconeri

1H, 13C NMR and chemical analysis
Ref. 46

Neoline

C,3H3gNOg; 159-161°

[a]p+22° (EtOH)

Aconitum napellus; A. stoerckianum
Correlated with delphisine; 'H and
13C NMR analysis

Refs. 63, 73-75, 78

C36H51N012; 205-208°

OCH, [a]p+24° (Chi.)
Aconitum ferox; A. spictatum; A.
falconeri
Chemical and spectral analysis
Refs. 3, 3742

OCH,

i
—C OCH,




1. C19-DITERPENOID ALKALOIDS 97

Sachaconitine

OCH,

Talatizamine (Talatisamine)

OCH,

OCH,

C23H37NO4; 129-130°

[a]p—13.1° (EtOH)

Aconitum miyabei

'H, *C NMR and chemical analysis
Refs. 69, 71, 120

C24H39N05; 145-146°

[alp£0°

Aconitum talassicum; A. nemorum; A.
carmichaeli and others

Correlated with isotalatizidine; synthesis
Refs. 14, 89, 93-98

C23H37N05; 220-221°
[alp—20° (MeOH)

Aconitum talassicum
Correlated with isotalatizidine
Refs. 85, 89-92

C,7H43NOQg; 187-189°

[a]lp+47.3° (EtOH)

Delphinium tricorne

'y, 13C NMR and chemical analysis
Ref. 128
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Umbrosine

2.

10.
11.

C24H39N06; 150-151°
[a]lp —

Aconitum umbrosum
Chemical and spectral data
Ref. 187

C34H49N011 ; 211-213°

OCH, [a]lp+36.8° (EtOH)
Aconitum falconeri; A. ferox
Correlated with pseudaconitine;
'H and "*C NMR analysis
Refs. 41, 42, 44

o OCH,
i
r = —C OCH,
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1. Introduction

In the ten years since quinoline alkaloids were last reviewed by Open-
shaw in Volume IX of this treatise, the constituents of a considerable
number of rutaceous species have been studied for the first time and more
than 70 new quinoline alkaloids have been isolated. The most notable
structural work includes the study of the phenolic alkaloids of the dihy-
drofuro- and dihydropyranoquinoline group found in Balfourodendron and
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Ruta species, and the identification from a Ptelea species of a new group of
quinoline alkaloids containing a terminal double bond in the prenyl portion
of the molecule. New types of quinoline alkaloids are represented by the
1,2-dimethylallyl derivatives of a Ravenia species and the alkaloids of
Haplophyllum bucharicum Litv. incorporating a C;¢ geranyl side chain.

By 1966 synthetic routes to the main groups of quinoline alkaloids had
been well established, and studies during the last decade have been direc-
ted to the improvement of existing methods, to the elaboration of new
high-yield procedures for the furoquinolines, and to the synthesis of new
types, for example, the 1,1- and 1,2-dimethylallylquinolines and the group
based on 3-prenylquinolines with a terminal double bond. The asymmetric
synthesis of dihydrofuro- and dihydropyranoquinolines and related
compounds has been accomplished, and the products have been used to
establish the absolute configuration of the alkaloids.

The important first experiments on the biosynthesis of quinoline alka-
loids were reported in Volume IX, Chapter 6. Extensive '*C and *H tracer
feeding experiments have now led to the elucidation of the main bio-
synthetic pathway to typical furoquinoline and hydroxyisopro-
pyldihydrofuroquinoline alkaloids. In fact, the plan adopted for this chapter
is based on the biosynthetic sequence.

Since publication of Volume IX of this treatise, thin-layer chromatog-
raphy has been used extensively to detect the presence of quinoline
alkaloids, and the subject has been reviewed (I). Gas chromatography
has been introduced for the estimation of quinoline alkaloids (2, 3).

The application of spectroscopic methods for the elucidation of the
structures of quinoline alkaloids has developed to the point where the
constitutions of many new alkaloids have been established solely by UV,
IR, NMR, and mass spectrometry. The NMR spectra of quinoline alkaloids
have been discussed (Volume IX of this treatise) (4, 5), and the application
of mass spectrometry has also been reviewed (6). Schemes 1 and 22
summarize NMR data for a selection of typical quinoline alkaloids. In
discussing structure work spectroscopic data will be given only when they
are of special significance.

2.52d H,C 6.63d
H [e) H H CHJ\CZOS
31sd H N —CH,\331s
H
H,CO N7 "O 460t
OCHJH 0.85

Preskimmianine (31) Pteleatinium chloride (54) (in CD;0D)
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i CH, 8.61s
CHy 38
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\ |
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SCHEME 1. Proton magnetic resonance data for typical quinoline alkaloids. In CDCl5 unless
Stated otherwise. Figures refer to T values; s, singlet; d, doublet; 1, triplet; q, quartet; and m,

multiplet.
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Concise general reviews of quinoline alkaloids appeared in 1970 (7) and
in 1974 (&), and annual coverage is provided by the Chemical Society,
London (9). A review listing in convenient form the occurrence of
rutaceous alkaloids up to April 1973 has been published (10). A valuable
account of the synthesis of 2,4-dioxyquinoline alkaloids is now available
(11).

This review includes work published during the period 1966-mid 1976.

Il. 4-Methoxy-2-quinolones

4-Hydroxy-2-quinolone is a biosynthetic precursor of quinoline alka-
loids (see Section VII), and it is not surprising that compounds of this type
occur in rutaceous plants (Volume IX, p. 225). Additional 4-methoxy-2-
quinolones with or without N-methyl groups have now been reported.

4-Methoxy-1-methyl-2-quinolone (1) was isolated from Hesperethusa
crenulata M. Roem. (12) and from the wood of Fagara boninensis (13).
The alkaloid folimine from Haplophyllum foliosum Vved. (14) was
identified as 4,8-dimethoxy-1-methyl-2-quinolone (2), which had been
obtained earlier during the degradation of foliosine (Volume IX, p. 225).
Folifidine from H. dubium Eug. Kor (15) and from H. foliosum (16) is the
8-hydroxy-2-quinolone 3.

The alkaloid edulitine from Casimiroa edulis Llave and Lex was as-
signed structure 5 on the basis of spectroscopic studies (I7), and this was
confirmed by several syntheses (18-20). For example, Piozzi and co-
workers cyclized the anilide 4, obtained from o-methoxyaniline and

OMe
(i) PPA
@) CH2N2 =
NHCOCH,CO,H Yo
Meo H
4 5§ Edulitine

R=H
R = OMe Folimine
R =OH Folifidine

OH MeO  OH OMe

o

RS 0, 0
N7 "0 MeO N0 N0

MeO | Meb H

6 7 8 Halfordamine

W e
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OH OMe
X A
-—
MeO N (6] MeO Isll O
H
MeO MeO o
9 10

malonic acid, with polyphosphoric acid to 4-hydroxy-8-methoxy-2-
quinolone, which with diazomethane furnished edulitine (18). The alka-
loid, robustinine, from Haplophyllum bungei Trautv is identical with edu-
litine (21).

The bark of Halfordia scleroxyla F. Muell. was shown by Crow and
Hodgkin (22) to contain a 2-quinolone (C;,H;3NO4) named halfordamine.
The NMR spectrum of halfordamine indicated the presence of three
methyl groups and two meta-coupled aromatic protons. A resonance at
70.32, which disappeared on the addition of deuterium oxide, was attri-
buted to a 4-hydroxyl group. Hence the alkaloid was formulated as a
dimethoxy 4-hydroxy-1-methyl-2-quinolone (6 or 7). Halfordamine was
reinvestigated independently by Storer and Young (23) and by Piozzi and
co-workers (24). Both groups concluded that halfordamine was 4,6,8-
trimethoxy-2-quinolone (8) and synthesized the alkaloid by a method
similar to that described above for edulitine. It was pointed out that the
NMR resonance at 73.02 is consistent with the presence of a C-5 proton in
structure 8 and that the absence of a shift in the UV spectrum in basic
solution indicated that the alkaloid is a 4-methoxy-2-quinolone rather than
a 1-methyl-4-hydroxy-2-quinolone as supposed previously.

Another 4-methoxy-1-methyl-2-quinolone (10) was isolated from the
roots of Spathelia sorbifolia L. (25). The constitution of the alkaloid was
established by spectroscopy and confirmed by dimethylation of quinolone
9 with dimethyl sulfate in dimethylformamide.

II1. 3-Prenyl-2-quinolones and Related Tricyclic Alkaloids

A. INTRODUCTION

Investigation of the alkaloids of Lunasia amara Blanco, Bal-
fourodendron riedelianum Engl., and Platydesma campanulata Mann
(Volume IX, p. 236) resulted in the isolation and characterization of
hydroxyisopropyldihydrofuroquinolines, for example, O-methylbal-
fourodinium salt (11), balfourodine (12), and platydesmine (13). The
dihydropyranoquinoline, isobalfourodine (14), isomeric with balfourodine,
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was also obtained from B. riedelianum. A number of characteristic reac-
tions were explored, particularly the interconversions of the quaternary
alkaloid 11 and the 4-quinolone (12), and the cleavage of the quaternary
salt with base to the diol, balfourolone (15). The structures of O-methyl-
balfourodinium salt, balfourodine, isobalfourodine, and platydesmine were
confirmed by biomimetic synthesis from 3-prenylquinolines.

OMe (] OMe
x A
OH | OH H
N N~ O N7 O
! |
eO MeO Me

M

Me X
11 12 Balfourodine 13 Platydesmine

O OMe OH

| OH x
OH

I\‘I O rlq o
MeO Me MeO Me

14 15

During the last decade, new alkaloids of this type have been isolated,
methods of asymmetric synthesis have been developed, the absolute
stereochemistry of a number of alkaloids has been established, and the
mechanisms of certain rearrangement reactions of furo- and pyrano-
quinoline alkaloids of the group have been studied. Additional pyrano-
quinolines of the flindersine type have been discovered, and new methods
of synthesis have been developed. Isopropyldihydrofuroquinoline alka-
loids without a hydroxy group in the side chain are characteristic
components of Lunasia species, but not much new work on this group has
appeared recently.

B. 3-PRENYL-2-QUINOLONES

4-Methoxy-3-prenyl-2-quinolones were first prepared in connection
with the synthesis and biosynthesis of quinoline alkaloids (Volume IX, pp.
247, 257), but soon afterward prenyl derivatives were identified as constit-
uents of rutaceous plants (Table I). O-Prenyl and O-geranyl ethers without,
substituents in the 3-position of the quinoline nucleus will be discussed in
Section V of this chapter.

Eshiett and Taylor isolated atanine (16) from Fagara xanthoxyloides
Lam. (26). The structure was established by NMR spectroscopy, by
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TABLE 1
3-PRENYL-2-QUINOLONES

Structure Molecular Melting point
Compound number formula C) Ref.
Atanine 16 C;sH,12NO, 130 26, 28
3-Isopentenyl-4-methoxy-7,8- 24 C16H17NO, 159-162 32
methylenedioxy-2-quinolone
N-Methylatanine 17 C16H1sNO, Oil 29
Preskimmianine 23 C,7H,NO, 151-152 31
Ptelecortine (Pt/30) 25 C1gH»1NO5 126-128 33
3-Isopentenyl-1-methyl-4,6,8- 27 C13H23NQO, 69-71 34
trimethoxy-2-quinolone (Pt/46)
3-Isopentenyl-4-isopentenyloxy-2- 28 CoH»3NO, 114-115 36
quinolone

cyclization with hydrogen iodide to dihydroflindersine (18), and by cata-
lytic reduction to 4-methoxy-3-(3-methylbutyl)-2-quinolone. The alkaloid
had been synthesized earlier (27), and later was identified as a constituent
of Ravenia spectabilis Engl. (28).

16 R=H Atanine 18 Dihydroflindersine
17 R=Me N-methylatanine

N-Methylatanine (17) was obtained as an oil from the roots of Ailanthus
giraldii Dode and identified by spectroscopic methods and by synthesis
from N-methylaniline and diethyl(3-methylbut-2-enyl)malonate followed
by reaction of the product with diazomethane (29).

Mitscher and co-workers (30) have explored alternative methods of
Synthesizing 3-prenyl-2-quinolones (Scheme 2) whereby the formation of
by-products characteristic of the prenylmalonate route is avoided by
blocking the 3-position. Thus, allylation of the 3-bromo-4-hydroxy-N-
methyl-2-quinolone yielded ketone 19 which, with zinc and acid, was
Converted into the 3-prenyl-2-quinolone (20). The ketone 22, obtained
from ester 21, was transformed into the 2-quinolone (20) by heating with
Copper acetate in hexamethylphosphorus triamide.



112 M. F. GRUNDON

OH (0}

Br
@51& o 5
IT o) BrCH;CH=CMe»-K;CO3 I‘ll (0]
Me Me Zn —H+
19 OH

AN =
0
L L
N/gO 20 Me
!
Me CH(CO,E1),
oH CO.E Q CO,Et
RN 2kt =
BrCH,CH=CMe,-KoCO3
]TJ O N O
|
Me Me
21 22

SCHEME 2. Synthesis of 4-hydroxy-3-prenyl-2-quinolanes.

Storer and Young (31) isolated the 3-prenyl-2-quinolone (23) from the
roots of Dictamnus albus L. The alkaloid was called preskimmianine on
the assumption that it is a precursor of skimmiamine, but biosynthetic
studies (see Section VII) now make this suggestion less likely. The struc-
ture of the alkaloid was established by both spectroscopy and synthesis.

Three prenylquinolones and an isopentyl derivative have been isolated
from Ptelea trifoliata 1..: compound 24 from the aerial parts of the plant
growing in Arizona (32), ptelecortine (28) and pteleoline (26) from the
European species (33), and compound 27 from the root bark (34). The
structures of these alkaloids were identified by spectroscopic methods and,
in the case of the 6,8-dimethoxy derivative (27), by synthesis (see Scheme
4, Section III,D,3) (35).

Haplophyllum tuberculatum A. Jass. contains the unusual diprenyl alka-
loid 28 (36). The structure of this compound was apparent from the NMR
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and mass spectra and from hydrogenolysis to the known 4-hydroxy-3-
prenyl-2-quinolone; reaction of the latter compound with 3,3-dimethylal-
lyl bromide afforded alkaloid 28 and the isomeric 3,3-diprenyl derivative.

C. DIHYDROFUROQUINOLINES, DIHYDROPYRANOQUINOLINES,
AND RELATED ALKALOIDS

Data on dihydrofuroquinolines, dihydropyranoquinolines, and related
alkaloids are given in Table II (16, 17, 37-60).

TABLE 11
DIHYDROFUROQUINOLINES, DIHYDROPYRANOQUINOLINES, AND RELATED
ALKALOIDS®
Structure Melting
Compound number point (°C) [a]p(Solvent) Ref.
Unsubstituted in aromatic ring
N-Methylplatydesminium 51 200-202 +33° (MeOH) 37
perchlorate +38° (MeOH)? 38
N-Methylplatydesminium 108-111 —_ 39
chloride (R¢)
Platydesmine 49 138-139 +47° (CHCl3) 40
[a]sgo+44° (MeOH)

136-137 { (] 00+ 90° (MeOH) 41
135-137 0° 42
Platydesmine acetate 50 126-127 +23° (CHCl,) 40
Isoplatydesmine 52 208-210 —_ 43
191 +60° (CHCl,) 44
187  +48° (CHCL,) 45

(Continued)
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TABLE I (Continued)

Structure Melting
Compound number point (°C) {a]p (Solvent) Ref.
Araliopsine 53 152 +40° (CHCl3) 44
Ribalinine (folifine) 42 233-234 0° 46
232 —10° (CHCl5) 44
225-226 +14° (MeOH) 16
222 +8° (CHCl3) 45
Edulinine 54 114-117 -—15° 17,47
140-141 -15° 48
138-141 0° 49
136-138 +27.2° 43
138 — 50
Haplobucharine 75 126 51
6-Hydroxy and 6-methoxy
compounds
Ribalinium chloride 30 188-190 +40° (MeOH) 52
Ribalinium chloride 200-202 +61° (H,0O) 53
(Ry3)
Ribaline 45 259-260 0° 46
>210 +86° (MeOH) 46
Rutalinium chloride (R;s) 46 246-248 o° 53
Ribalinidine 43 257-258 —15°(MeOH) 46
255-258 53
(Ri7)
8-Hydroxy compounds
Pteleatinium chloride 38 267-270 c 54
7,8-Methylenedioxy compounds
Hydroxylunine (Pt/12) 55 224-227 +60° (EtOH) 55
O-Methylhydroxyluninium 56 133-135 -17.5° (MeOH) 54
chloride
Pteleflorine (Pt/47) 47 93-96 56
Neohydroxylunine 48 228-231 — 57
N-Demethyllunidonine 69 58
Hydroxylunidonine 62 145-149 57
202-205 56
Orixinone 72 102-103 59
O-Methylluninium perchlorate 65 208-209 —23.8°(MeOH) 60
O-Methylluninium iodide 216-220 -—27.4° (EtOH) 60
6-Methoxy-7,8-methylenedioxy compounds
6-Methoxyhydroxylunidine 59 181-183 57
6-Methoxylunidonine 71 123-125 57
6-Methoxylunidine 70 145-147 57

“ Supplementary to Volume IX, Chapter 6, Table II.
b The optical activity of the chloride from R. graveolens (39) was not recorded; a later

isolation from this source is mentioned in Grundon and McColl (38, ref 26).

¢ CD data reported.
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1. Ribalinium and Pteleatinium Salts

O-Methylbalfourodinjum salt (11) is the major quaternary alkaloid of
young Brazilian trees of the Balfourodendron riedelianum Engl. species
(61). Working with older trees growing in Argentina, Corral and Orazi
(62) showed that a new quaternary alkaloid, the ribalinium salt (30), is the
principal alkaloid of the bark, and they elucidated its structure.
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The presence of a phenolic group was indicated by a positive ferric
chloride test and by methylation to ether 31, which showed reactions
typical of quaternary salts of the O-methylbalfourodinium type. Thus,
heating O-methylribalinium iodide in pyridine furnished the 4-quinolone
(32), which was reconverted into the quaternary salt by methyl iodide. The
structures of 30 and 32 were confirmed by NMR and mass spectrometry.

Corral and Orazi (52) carried out a most interesting study of the reac-
tions of ribalinium with base. At pH 10.6, a yellow solution was formed
from which ribalinium was recovered. Addition of one equivalent of
sodium bicarbonate to an aqueous solution of ribalinium and evaporation
furnished the yellow crystalline zwitterion 29, which could also be obtained
by the use of a basic ion-exchange resin. Treatment of ribalinium chloride
with N-sodium hydroxide for 3 days furnished the 1,2-diol (33). The
6-methoxy derivative 31 gave the corresponding diol 34 at pH 10.6, but
not stereospecifically; fractional crystallization of the product gave first the
(x)-diol and then the (—)-diol, representing a 1.9:1 ratio of (—) and (+)
enantiomers. It was suggested that nucleophilic attack at the 2-position
resulting in retention of configuration at the chiral center was in competi-
tion with a second route, 31 > 35— 36 > 37 > 34.

Evidence for an intermediate epoxide was obtained by reacting the salt
31 in dimethylformamide with sodium hydride to give an optically inactive
compound shown by NMR spectroscopy to be epoxide 37; racemization
was assumed to occur via the zwitterion 36. Treatment of the epoxide with
sodium hydroxide furnished the optically inactive diol 34 by a process
thought to involve direct attack of hydroxide ion on the epoxide ring. An
alternative mechanism for this reaction is proposed later (see Section I,
F), and other features of the epoxide route are also discussed. The diol 33
from ribalinium salt was also obtained as a mixture of the () and (+)
enantiomers (ratio, 4.4 :1), and a corresponding epoxide pathway may also
be involved.

Ribalinium salt was also isolated by Reisch ef al. from Ruta graveolens
L. (53).

As a result of the reported antimicrobial action of extracts of the hop
tree, Ptelea trifoliata, Mitscher et al. (54) investigated the aboveground
constituents and found that the sole active agent was a new phenolic
quinolinium derivative pteleatinium salt. The alkaloid was isolated as the
chloride, C16H20NO4Cl, and was shown to be the 8-hydroxy-N-methyl-
platydesminium salt (38) on the basis of IR, UV, NMR, and mass spec-
trometry and of correlation with known quinoline alkaloids. Thus, pyridine
effected demethylation to the 4-quinolone 39 which, with diazomethane,
was converted into (+)-balfourodine (12), while methylation of ptelea-
tinium chloride with methyl iodide and sodium carbonate gave O-methyl-
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balfourodinium iodide (11). Dehydration of pteleatinium chloride with
concentrated sulfuric acid and recovery of the product from a basic solu-
tion furnished a yellow compound, C;¢H;sNQ3, which was formulated as
the 8-hydroxy derivative 40. By analogy with compound 29 obtained by
treatment of ribalinium salt with base, the dehydration product of ptelea-
tinium salt is more likely to be the zwitterion 41, C;sH;;NO;3; the UV
spectrum and analytical data are consistent with this structure. The
presence of a tetrasubstituted double bond is apparent from the singlets at
6.50 (2H,-CH»-), 8.50 (3H,-CHs), and 8.557 (3H,-CH3j), and is of
some interest, because dehydration of such hydroxyisopro-
pyldihydrofuroquinolines as balfourodine (12) (Volume IX, p. 245)
and platydesmine (13) (6.3) usually furnishes isopropylfuroquinolines.
(+)-O-Methylbalfourodinium salt (11) has been isolated from two new
sources, Choisya ternata H.B and K (64) and Orixa japonica Thunb. (59).

2. Ribalinine, Folifine, Ribalinidine, Ribaline, Rutalinium Salt,
Pteleflorine, and Neohydroxylunine

Corral and Orazi (46) isolated a number of new tertiary bases from
Argentinian Balfourodendron riedelianum. The phenolic alkaloids ribaline
and ribalinidine were not found in the tertiary base fraction but were
precipitated as reineckates with the quaternary alkaloids, presumably
because of their zwitterion character and their low solubility in chloroform.

Ribalinine, which is optically inactive, was shown to be the pyrano-
quinolone 42 mainly by NMR spectroscopy and by synthesis. Bowman and
Grundon (27) synthesized ribalinine before the isolation of the alkaloid by
the method developed for isobalfourodine (14), and Corral and Orazi
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prepared ribalinine by rearrangement of compound 52 with acetic an-
hydride and pyridine (46). A key problem in this group of alkaloids is the
distinction between furo and pyrano isomers, and this is best solved by
NMR spectroscopy. The methine proton of ribalinine acetate resonates at
4.887, 1.2 ppm lower than in ribalinine, and typical of the secondary
acetate group in the pyrano isomer (46). Further, the hydroxyl resonance
of ribalinine appears as a doublet in dimethy] sulfoxide because of spin—
spin coupling with the adjacent CH proton but as a singlet in the furo
isomer, cf. 12 (27). In the same year, Yunusov and co-workers (16)
investigated the optically active alkaloid folifine, from Haplophyllum
bucharicum, and showed by spectroscopic studies of the alkaloid and its
acetate that folifine was the (+) enantiomer corresponding to ribalinine
(42). The same enantiomer occurs in Araliopsis tabouensis Aubrev et
Pellegr. (45), and (—)-ribalinine has been found in the root bark of A.
soyauxii Engl. (44).
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(—)-Ribalinidine is a phenolic alkaloid giving a monomethyl derivative
with diazomethane, and the presence of a second hydroxyl group is
indicated by the formation of a diacetate. The NMR spectra of ribalinidine
and its derivatives show that the alkaloid has structure 43, the C-5 proton
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being deshielded by the neighboring carbonyl group and producing a
quartet through para- and meta-coupling (46).

The structure of ribaline (45) was established by correlation with ribal-
inium salt and with ribalinidine (46). Heating (+)-ribalinium salt (30) with
pyridine afforded (+)-ribaline; this reaction occurred with partial race-
mization, and (zx)-ribaline was obtained by crystallization. The
furoquinolone—pyranoquinolone rearrangement (see Section IILF) was
applied to (x)-ribaline which, with acetic anhydride in pyridine at 125°,
furnished ribalinidine diacetate, yielding ribalinidine (43) on hydrolysis.
Similarly, (+)-methylribaline was transformed into {(+)-methylribalinidine
acetate and then by hydrolysis into (—)-methylribalinidine (44).

Ribalinidine and ribaline were also obtained from Ruta graveolens (53).
This species contains the quaternary rutalinium salt (46), corresponding to
ribalinidine (43). Rutalinium, the first example of a quaternary salt in the
pyranoquinoline series of alkaloids, was converted into the tertiary base en
heating in pyridine (53).

The flowers of Ptelea trifoliata were shown by Reisch and co-workers
(56) to contain the 4-methoxyhydroxydimethyldihydropyranoquinoline,
pteleflorine (47); the isomeric N-methyl-4-quinolone, neohydroxylunine
{48), was isolated by Mitscher ef al. (57) from the stem tissue of this
species. The constitutions of the alkaloids were determined by spectro-
scopic methods.

3. Platydesmine, N-Methylplatydesminium Salt, Isoplatydesmine, Arali-
opsine, and Edulinine

The 4-methoxyquinoline alkaloid, (+)-platydesmine (49), was first iso-
lated from Platydesma campanulata (see Volume IX of this treatise), and
its structure was confirmed by synthesis of the racemic base (27). It has
since been obtained from both Zanthoxylum parviflorum Benth. (41) and,
together with its acetate 58, from Geijera salicifolia Schott. (40). (£)-
Platydesmine has recently been identified as a constituent of Melicope
perspicuinervia (42), and a sample of unspecified optical rotation was
isolated from Zanthoxylum belizense Lundell (65). The alkaloid is a key
intermediate in the biosynthesis of quinoline alkaloids (see Section VII of
this chapter).

A quaternary alkaloid extracted by Boyd and Grundon (37) from leaves
of Skimmia japonica Thunb. was shown to be the (+)-N-methyl-
Platydesminium salt (51) by comparison with the racemate that had been
Synthesized earlier (27). The alkaloid has subsequently been isolated from
Ruta graveolens (39) and from Araliopsis tabouensis (66).
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When heated briefly above its melting point, (+)-N-methyl-
platydesminium iodide gave the 4-quinolone 52, [a]p + 82° (MeOH) (37),
identified by comparison with the synthetic racemate (27). Higa and
Scheuer (43) have now isolated from Pelea barbigera (Gray) Hillebrand
quinolone 52, named isoplatydesmine. Araliopsis soyauxii has been shown
to contain (+)-isoplatydesmine as the major alkaloid of the root bark (44);
the same enantiomer is a constituent of A. tabouensis (45).

The most interesting constituent of A. soyauxii is the optically active
alkaloid araliopsine, shown by spectroscopic studies to have structure 53
(44). This alkaloid, therefore, is the angular isomer of isoplatydesmine and
is the first compound of this type to have been obtained from natural
sources, although ¢-balfourodine (126), the 8-methoxy derivative of
araliopsine is a well-known rearrangement product of balfourodine (123)
(Section IILF). (+)-Isoplatydesmine (52), obtained by asymmetric
synthesis (Section IILE), is similarly converted into (+)-araliopsine by
treatment with sodium methoxide (67).

The alkaloid edulinine was first obtained from Casimiroa edulis 1lave
and Lex., and it was assigned the diol structure 54 on the basis of NMR and
mass spectra (17). An optical rotation was not recorded, but the alkaloid
from this source was later described as being optically active, [a]p—15°
(47). The constitution was confirmed by comparison with (+)-edulinine
obtained from synthetic N-methylplatydesminium iodide by treatment
with aqueous ammonia at 20° (37) and with (—)-edulinine, [a]p—20°
(CHCL), resulting from a similar reaction on (+)-N-methylplatydesminium
salt (37). The alkaloid has been obtained from a number of other sources:
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(-)-edulinine [a]p—15° (CHCIs) from Citrus macroptera Montr. (48); the
racemate from cell suspensions of Ruta graveolens (49); (+)-edulinine,
[@]lo+27.2° (C¢Hs), from Pelea barbigera (43); and a sample of
unspecified optical properties from Eriostemon trachyphyllus F. Muell.
(50). The melting points recorded for edulinine, as well as the specific
rotations, show considerable variation.

(—)-Edulinine from Casimiroa edulis may be formed from (+)-N-
methylplatydesminium salt during isolation. (+)-Edulinine from Pelea
barbigera is certainly an artifact, and was obtained only when base was
employed during isolation; the precursor, presumably (—)-N-methyl-
platydesminium salt, could not be detected (43). (x)-Edulinine is con-
veniently prepared by reaction of 4-methoxy-1-methyl-3-(3-methylbut-2-
enyl)-2-quinolone with m-chloroperbenzoic acid and then with aqueous
base, without isolating intermediates (2).

4. O-Methylhydroxyluninium Salt, 6-Methoxyhydroxylunidine,
6,8-Dimethoxyedulinine, and Hydroxylunidonine

The 7,8-methylenedioxyhydroxyisopropyldihydrofuroquinolone alka-
loid, (—=)-hydroxylunine (55), was isolated from Lunasia amara (Volume
IX, p. 245), and the (+) enantiomer has now been shown to be a constit-
uent of Ptelea trifoliata (55). Mitscher et al. (54) obtained the correspond-
ing quaternary salt, O-methylhydroxyluninium salt (56), from the stems of
P. wrifoliata, and they determined the structure of the alkaloid by spec-
troscopic analysis and by conversion with pyridine into hydroxylunine.
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A recent report by Reisch and his co-workers (68) indicated that treat-
ment of an unresolved mixture of quinolinium salts from P. trifoliata with
base yielded a group of hydrolysis products that was in any case isolated
directly from the tertiary base fraction of the extract. One of these
compounds, hydroxylunidine (57), was obtained previously from L. amara
(Volume IX, p. 245), and two new diols, 6,8-dimethoxyedulinine (58) and
6-methoxyhydroxylunidine (59), were identified. The latter compound was
also isolated from the stems of P. trifoliata, and its structure was established
by spectroscopy (57). The formation of the three diols from the mixture of
salts suggested that the latter contained O-methylhydroxyluninium salt
(56) and the hitherto unknown quinolinium derivatives 60 and 61,
although the presence of pyrano isomers, cf. rutalinium salt (46), which
would give the same diols on treatment with base, cannot be excluded.

A new alkaloid (mp 145-149°) of P. trifoliata was named hydroxy-
lunidonine and assigned structure 62 (57). The presence of a hydroxyl
function and ketonic and 2-quinolone carbonyl groups was indicated by IR
absorption at 3300, 1710, and 1640 cm™'. The constitution of the alkaloid
was apparent from the NMR spectrum, which showed singlets at 7.2

I
(2H, Ar-CH,-C-), 8.5 (3H, -CH,), and 8.657 (3H, -CH3), and from reac-
tion with zinc and acetic acid to give lunidonine (68), presumably by a
process of reduction-elimination. Hydroxylunidonine (mp 202-205°) was
obtained from the flowers of P. trifoliata (56).

5. O-Methylluninium Salt, N-Demethyllunidonine, 6-Methoxylunidine,
6-Methoxylunidonine, Orixinone, and Haplobucharine

Isopropyldihydrofuroquinoline alkaloids, such as (—)-lunasine (63) and
(—)-lunine (64), are constituents of Lunasia species (Volume IX, p. 239)
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and can be formally regarded as cyclization products of 3-prenyl-2-
quinolones. The bark of Lunasia quercifolia (Warb.) Lauterb. and K.
Schum contains (—)-lunasine as principal quaternary alkaloid, but a study
of the quaternary salts from the leaves showed that (—)-O-methylluninium
salt (65) is the main constituent (60, 69). By standard methods, the salt
furnished (—)-lunine (64) and (+)-lunidine (66). The latter compound was
previously cyclized with inversion of configuration to the enantiomeric salt
(+)-O-methylluninium perchlorate (Volume IX, p. 243). Compound 65
was subsequently isolated from Ptelea trifoliata together with (+)-lunine
(64) (55). Reaction of (+)-lunidine (66) with acid gave the angular
furoquinolone 67 (69).

The ketone lunidonine (68), which can be regarded either as an oxida-
tion product of lunidine (66) or as a dehydration product of the diol
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hydroxylunidine (57), is a constituent of Lunasia amara (Volume IX, p.
243); it has also been isolated from P. trifoliata, together with the new
alkaloid, N-demethyllunidonine (69) (58).

In the 6-methoxy-7,8-methylenedioxy series, 6-methoxylunidine (70)
and 6-methoxylunidonine (71) have been obtained from the stems of P,
trifoliata (57). The structures of these alkaloids were established by spec-
troscopy and by interconversions. Thus, oxidation of 6-methoxylunidine
(70) with Jones’ reagent furnished the ketone 6-methoxylunidonine (71),
and the reverse reaction was effected with borohydride. Dehydration of the
a-glycol 6-methoxyhydroxylunidine (59) with p-toluenesulfonic acid in
boiling toluene gave 6-methoxylunidonine (71).

A reexamination of the aerial parts of Orixa japonica resulted in the
isolation of a new ketone, orixinone (72), which was present in the stems
only (59). The structure of orixinone was established by spectroscopy and
by its formation from the diol (+)-orixine (73) by means of dehydration
with aqueous acid. The probability that the isoprenoid diol evoxine is
formed from the epoxide alkaloid 174 (see Section IV,A,3) during iso-
lation suggested that orixine, obtained from the root bark of O. japonica,
and orixinone might be artifacts derived from epoxide 106 (see Section
IILLE,1). The availability of the synthetic epoxide prompted a thin-layer
chromatographic study of the constituents of the leaves and stems of the
plant, but neither the epoxide nor the orixine was detected.

The Haplophyllum alkaloid, khaplofoline (74) (Volume IX, p. 255) (70),
is a dimethyldihydropyranoquinolone corresponding to the isopropyl-
dihydrofuroquinolines of the type represented by lunasine (63) and
lunine (64); haplobucharine (75), the N-prenyl derivative of khaplofoline,
has now been isolated from H. bucharicum and its structure has been
determined by spectroscopic methods (57).

D. TERMINAL OLEFINS AND RELATED ALKALOIDS

1. Alkaloids of Ptelea trifoliata

An extensive investigation of the constituents of Ptelea trifoliata by
Reisch and his co-workers (33, 55, 56, 71-73) led to the isolation of a new



2. QUINOLINE ALKALOIDS RELATED TO ANTHRANILIC ACID 125

TABLE III
TERMINAL OLEFINS OF Ptelea trifoliata L.

Structure Melting point

o Compound number Q) [alp Ref.
Isoptelefoline (Pt/6) 77 145-146 0° 71
Ptelefolidine (Pt/10) 78 118-119 0° 71
Ptelefoline (Pt/13) 79 91-93 0° 55
Ptelefructine (Pt/3) 76 146-149 0° 71
Ptelefoline methyl ether (KPt/5) 81 Oil [a]s7s—14° 33

(CHCl,)
Ptelefolidine methyl ether (Pt/23) 80 133-135 0° 71
Ptelefolone (Pt/22) 82 70-71 +1.9° (CHCl5) 72
Ptelefolidone (Pt/40) 83 152-154 — 56
O-Methylptelefolonium chloride 84 90-93 — 73
O-Methylptelefolonium chloride 84 94-96 — 54

group of quinoline alkaloids (76-84) in which a 3-prenyl group
incorporates a terminal double bond (see Table III). Four alkaloids,
76-79, are 3-(2-hydroxy-3-methylbut-3-enyl)-4-methoxy-N-methyl-2-
quinolones differing only in the nature of the substituents in the aromatic
ring and are thus formally dehydro derivatives of edulinine (54). These
four alkaloids together with the methyl ether 80 are racemates, but ptele-
foline methyl ether (81) is optically active. The structures were established
entirely by spectroscopic methods, NMR and mass spectrometry proving to
be particularly useful. Taking ptelefoline (79) as an example (55), IR
absorption at 3410 and at 1635 cm ™’ indicates the presence of the hydroxy!
and a 2-quinolone carbonyl group, probably linked through intramolecular
hydrogen bonding. In the NMR spectrum the methylene and methine
protons constitute an ABX system, the olefinic protons resonate at 5.0 and
5.27, and a three-proton singlet at 8.77 is attributed to the side-chain
methyl group; meta-coupled one-proton doublets at 3.2 and 3.357 suggest
that ptelefoline is a 6,8-dimethoxyquinolone. The mass spectra of alkaloids
76-79 show peaks due to the molecular ions. Fragmentation peaks are
characteristic of the side chain and are interpreted as indicated in Scheme
3. The only major peaks in the mass spectrum of ptelefolidine methyl ether
(80) are due to the molecular ion and to the M* — 85 fragment (71).

An optically active alkaloid, ptelefolone, isolated from P. trifoliata, was
shown by spectroscopic methods to be the 4-quinolone 82 (72); extraction
of the flowers of this species yielded the analogous compound ptele-
folidone (83) (56). The metho salt of ptelefolone, O-methyiptelefolonium
salt (84), is reported to be the major quaternary salt of the leaves of P.
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M*—70-15-1 M*-70-15 M*-70-1
t 1

SCHEME 3. Mass spectra of 3-(2-hydroxy-3-methylbut-3-enyl)-2-quinolones.

trifoliata (73); O-methylptelefolidonium salt (85) is probably a constituent
as well, for treatment of the quaternary alkaloid fraction with base afforded
ptelefolidine (78) (68). Interconversions characteristic of O-methyl--
balfourodinium salt and balfourodine were not described for the
furoquinolines containing terminal double bonds, although the mass spec-
trum of O-methylptelefolonium salt (84) indicates that a primary process
involves conversion into alkaloid 82 by loss of an O-methyl group (73). It
seems probable that the allylic alcohols 76-79 are artifacts arising from
reaction of the corresponding quaternary alkaloids with base during iso-
lation. In analogous cases the base-catalyzed ring cleavage involves only

OMe | OMe |
<O AN ' A
OH OH
o N7 O MeO N0
MeO I\lll e MeO ]\l,[ e
76 Ptelefructine (Pt/3) 77 Isoptelefoline (Pt/6)
OMe l OMe |
e MeO .
OH OH
0 N7 O N ©
0 e MeO e

78 Ptelefolidine (Pt/10) 79 Ptelefoline (Pt/13)
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OMe | OMe |
AN MeO. SN
OMe OMe
NT O N7 O
O Me ¢ Me
80 Ptelefolidine methyl ether (Pt/23) 81 Ptelefoline methyl ether (KPt/5)
(] O
MeO.
| 4 | ¢
O (0}
) LT
MeO

Me
82 Ptelefolone (Pt/22)

MeO AN

MeO | x-

84 O-Methylptelefolonium salt 85 O-Methylptelefolidonium salt

partial racemization (see Section III,C,1); the lack of optical activity of
alkaloids 76-80 may arise from preferential crystallization of the race-
mates or, more likely, from base-catalyzed racemization of the allylic
system during isolation.

2. Dubinidine, Dubinine, and Folisine

This group of alkaloids found in Haplophyllum species can be regarded
as hydroxylated derivatives of dihydrofuroquinolines containing terminal
double bonds.

Yunusov et al. showed that dubinidine is an optically active tertiary base,
and structure 86 was proposed, particularly on the basis of permanganate
oxidation to dictamnic acid and formation of an aldehyde, dubinidal, by
reaction with periodic acid. In discussing the results Openshaw pointed out
(Volume IX, p. 254) that further evidence was required before structure 86
could be accepted; application of NMR and mass spectrometry has now led
to revised structures 87 and 88, respectively, for dubinidine and dubinine
(74, 75). Dubinidal is clearly ketone 89.
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CH(OH)CH,OH

HOR
/ O / O CHJ

87 R=H Dubinidine
88 R = Ac Dubinine

o
H OH 0
l 2
NZ O CH3 N~ O
i

89 Dubinidal
90 Folisine 91

Bessonova and Yunusov (76) isolated folisine {C,sH;5NO,4; mp 236-
237°%; [a]p—123° (MeOH)} from H. foliosum and established structure 90
for the alkaloid by spectroscopic studies and by periodate oxidation to
ketone 91. Dubinidine methiodide was converted into folisine by reaction
with pyridine.

3. Synthesis

A synthetic study by Grundon et al. (35, 77) is in progress and has
resulted so far in the preparation of the terminal olefins O-methyl-
ptelefolonium salt and ptelefolone and the 1,2-diol, dubinidine (Scheme
4).

The approach used depends on the selective dehydration of hydroxy-
isopropyldihydrofuroquinolines to produce terminal olefins. Acid-
catalyzed dehydration resulted in the exclusive formation of the more
stable isopropylfuroquinolines, e.g. 95. Although other conventional pro-
cedures were also largely unsuccessful, reaction of the hydroxy-
isopropyldihydrofuroquinoline 93 with thionyl chloride and pyridine gave
the terminal olefin 94, which was converted into O-methylptelefolonium
salt (84). Triphenylphosphite dihalides in the presence of base, however,
proved to be effective reagents. Thus, the phosphite dibromide and potas-
sium carbonate reacted with platydesmine to give olefin 97 predominantly,
which was converted into dubinidine (87) by treatment with osmium
tetroxide. Ptelefolone was the only product formed when the 6,8-
dimethoxy-4-quinolone 92 was treated successively with triphenyl-
phosphite dichloride and with pyridine.

The hydroxyisopropyldihydrofuroquinoline intermediates 92 and 93
were prepared by established procedures (see Scheme 4).
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SCHEME 4. Synthesis of terminal olefins and dubinidine.
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E. ASYMMETRIC SYNTHESIS AND ABSOLUTE STEREOCHEMISTRY OF
DIHYDROGFUROQUINOLINE AND DIHYDROPYRANOQUINOLINE ALKALOIDS

1. Asymmetric Synthesis

Dihydroisopropylfuroquinoline alkaloids, e.g., balfourodine (100),
hydroxydimethylpyran derivatives such as isobalfourodine (104), and
hydroxyisopropyl derivatives of the lunasine type contain a single chiral
center at the 2-position of the prenyl side chain. In order to obtain sufficient
quantities of the alkaloids to study their absolute stereochemistry, methods
of asymmetric synthesis were developed by Grundon and co-workers (78-
80). Reaction of 3-isoprenylquinolones (98) with chiral peroxy acids
furnished balfourodine (100), O-methylbalfourodinium salt (101) iso-
balfourodine (104), and balfourolone (103), as illustrated in Scheme 5, with

OR?
x =
(8]
MeO MeO MeO i
o8 (—)-(8)-Isobalfourodine
(S)-RCO3H

(R! =H; R® = Me)

MeO MeO Me
100 (+)-(R)-Balfourodine

() AcyO., pyridine
(ii) HO

McO |

101 R=Me (+)-(R)-O- 103 (-)-(R)-Balfourolone 104 (+)-(R)-Isobalfourodine
Methylbalfourodinium salt
102 R =H (+)-(R)-Pteleatinium salt

SCHEME 5. Asymmetric synthesis of 8-methoxyquinoline alkaloids.
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2-10% optical induction. A range of chiral acids was employed in the
formation of balfourodine from quinolone 98, and it was found that (5)-
peroxy acids gave (+)-balfourodine, while a preponderance of (—)-
balfourodine was formed from (R )-peroxy acids. Crystallization of partially
optically active balfourodine from ethyl acetate resulted in preferential
separation of the racemate; balfourodine of up to 40% optical purity could
be obtained from the mother liquors.

OMe OMe H

X = X .
(S)RCO3H "0
= =
o N OMe o N MeO
o \—o
105 106 (—-(S)-
lHCOzH

107 (+)-(R)-Orixine 108 (+)-(R)-Orixine formate

SCHEME 6. Asymmetric synthesis of orixine.

In these reactions, epoxide 99 was not isolated, presumably because of
rapid cyclization, but when the 2- and 4-oxygen functions were methylated,
an epoxide (106) was obtained from compound 105 and converted into
optically active orixine (107) via the formate ester 108 (Scheme 6) (79). This
represents the first synthesis of orixine.

OMe H OMe

0 B,Hg-LiBH,
= . Pz
N'Meo N'MeO
MeO MeO
109 (-)-(S)- 110 (+)-(S)-
chx

OMe OMe

111 (—)-(S)-Lunacridine 112 (-)-(S)-
SCHEME 7. Asymmetric synthesis of lunacridine.
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In the 8-methoxy series, the (—)-epoxide 109 was treated with diborane-
lithium borohydride, and the product (110) of this reaction was cleaved
selectively to the 2-quinolone 112; methylation then afforded lunacridine
(111) containing a preponderance of the (—) enantiomer (Scheme 7) (80).

2. Absolute Configurations

(+)-N-Methylplatydesminium salt (113) was shown (81) to have the (R)
configuration by ozonolysis of the optically pure alkaloid-to the (+)-(R)-
hydroxylactone (114), of established stereochemistry (81, 82). Similarly,
synthetic (+)-balfourodine, (+)-isobalfourodine, and (~)-balfourolone each
gave the hydroxylactone containing a preponderance of the (+) enantiomer
(78). Thus, the three alkaloids, which were isolated as (+), (+), and (—)
enantiomers, respectively, from Balfourodendron riedelianum, have the (R)
configurations 100, 104, and 103. (+)-O-Methylbalfourodinium salt from
B. riedelianum clearly has the (R) configuration 101, as it is formed from
(+)-(R)-balfourodine (100) with methyl iodide. Correlation of (+)-ptelea-
tinium salt (102) with (+)-balfourodine (see Section III,C,1) indicates that
this quaternary alkaloid also has an (R) configuration.

The assignment of configurations supports the mechanisms proposed for
some well-known reactions of furo- and pyranoquinoline alkaloids. Thus,
balfourolone (103) is believed to be an artifact formed from O-methyl-
balfourodinium salt with aqueous base, and the (R) configurations of both
compounds are consistent with a mechanism involving nucleophilic reaction
at the 2-position of the quinoline ring. Conversion of (—)-(R)-balfourolone
(103) into (+)-(R)-isobalfourodine (104) with aqueous acid occurs at the
tertiary center without affecting the chiral center, as expected.

OMe

MeO | X" MeO |

115 (—)-(R)-Lunasine 116 (—)-(R)-Lunacrine
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0 H 0

HO /.OH HO H
1 |
N o N~ O OH

Me
117 (—)-(S)-Ribalinidine

X" Me \’O

119 (+)-(S)-Ribalinium salt 120 (—)-(S)-O-Methylhydroxyluninium salt

The sequence of reactions leading to (+)-(R)-balfouridine (100) and to
(—)-(S)-isobalfourodine (Scheme 5) indicates that reaction of 3-
prenylquinolines with (S)-peroxy acids yields (S)-epoxides (99). On this
basis, the 2,4-dimethoxyquinoline epoxides obtained from (+)-(S)-peroxy-
camphoric acid also have the (§) configuration (106 and 109). Because the
(—)-(S)-epoxide 106 is converted via reaction with formic acid (inversion)
followed by hydrolysis of the formate 108 (retention) into (+)-orixine (79),
the dextrorotatory alkaloid of Orixa japonica is assigned the (R) configura-
tion (107). The accepted mechanism of the Brown-Yoon reaction
(109 — 110) implies retention of configuration at the chiral center, and
subsequent reactions (110 — 112 — 111) leading to the (—)-lunacridine
(111) are also unlikely to affect the configuration; consequently, (+)-
lunacridine from Lunasia amara is thought to be the (R) enantiomer (80).
Lunasine (115) and lunacrine (116) were also assigned (R ) configurations as
a result of known transformations. The absolute stereochemistries of orix-
ine, lunacridine, and related quinoline alkaloids are indicated tentatively in
Table IV; confirmation by more direct methods of assignment is clearly
desirable in some cases.

The pyranoquinoline alkaloid (—)-ribalinidine was shown to have the
(S) configuration 117 by application of Horeau’s method to (—)-O-methyl-
ribalinidine (46). The latter alkaloid is the predominant product from the
rearrangement of (+)-methylribaline, which consequently also has an (S)
configuration if, by analogy with the balfourodine-isobalfourodine con-
version (see Section IILF), the rearrangement does not involve the chiral
center; hence, the alkaloids (+)-ribaline (118) and (+)-ribalinium salt (119)
are () enantiomers. It appears, therefore, that the balfourodinium series of
alkaloids isolated from B. riedelianum from Brazil and the ribalinium series
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TABLE IV
ABSOLUTE STEREOCHEMISTRY OF QUINOLINE ALKALOIDS

Structure  Sign of
Compound number [alb  Method® Configuration Ref.

Unsubstituted in aromatic

ring
N-Methylplatydesminium 113 + A R 81
salt
Isoplatydesmine 124 + Band C R 37,67
Araliopsine 127 + B R Section IILF
Edulinine cf. 54 - B R 37
8-Hydroxy and 8-methoxy
compounds
Balfourodine 100 + A R 78
Isobalfourodine 104 + A R 78
Balfourolone 103 - A R 78
O-Methylbaifourodinium 101 + B R 78
salt
Pteleatinium salt 102 + B R 54
-Balfourodine 126 + A R 83
y-Isobalfourodine 130 - A S 83
Lunacridine of. 111 + C R* 80
Lunasine 115 - B R® &0
Lunacrine 116 -~ B R® 80
7,8-Methylenedioxy
compounds
Methylhydroxyluninium 120 - D st 54
salt
Orixine 107 + C R® 78
6-Hydroxy and 6-methoxy
compounds
Ribalinidine 117 - E S 46
Ribaline 118 + B $*  Section III,
E,2
Ribalinium salt 119 + B s*  Section I1I,
E)2

% A, Ozonolysis to lactone 114 or 129 of known configuration; B, correlation studies; C,
asymmetric synthesis with peroxy acids of known configuration; D, circular dichroism
studies; E, Horeau’s method.

® Configuration by direct methods desirable.

from Argentine B. riedelianum, differing only in the nature of substituents
present in the aromatic ring, have ‘“‘opposite” configurations. This is
contrary to the general stereochemical correlation of structurally related
and cooccurring coumarins and quinoline alkaloids (38), and raises the
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possibility that two species of Balfourodendron are involved; further study
of the stereochemistry of the ribaline group of alkaloids is clearly required.

Another apparent anomaly arises from the assignment of an (S)
configuration (54) to (—)-O-methylhydroxyluninium salt (120) by
comparison of the circular dichroism spectrum with (+)-(R )-pteleatinium
salt (102); these alkaloids cooccur in Ptelea trifoliata, and the stereochemical
result implies that they are derived biosynthetically from epoxides of
“opposite’’ configuration.

(+)-(R)-N-Methylplatydesminium salt (113) is converted by a reaction
not involving the chiral center into (+)-isoplatydesmine (124) (37). Thus the
latter, which cooccurs with the (+)-quaternary salt in Araliopsis tabouensis
also has an (R) configuration, an assignment supported by the asymmetric
synthesis of (+)-isoplatydesmine by the reaction of the 3-prenyl-2-
quinolone 20 with (+)-S-peroxycamphoric acid (67). The absolute stereo-
chemistry of (+)-ribalinine (42), another constituent of this species, has not
been established, but by analogy with the balfourodine-isobalfourodine pair
found in B. riedelianum would be expected to be (R) as well.

F. REARRANGEMENT REACTIONS OF DIHYDROFUROQUINOLINE
AND DIHYDROPYRANOQUINOLINE ALKALOIDS

Rapoport and Holden (61 ) studied rearrangements of balfourodine (123)
and isobalfourodine (131), and their work has already been reviewed briefly
(Volume IX, p. 246). After the stereochemistry of the two alkaloids had
been established (78), reexamination of the reactions by Grundon et al.
(78, 83) using alkaloids obtained by asymmetric synthesis revealed apparent
experimental contradictions and led to a revision of the mechanisms pro-
posed earlier. It is appropriate, therefore, to discuss these interesting
reactions, which are summarized in Table V in detail.

(—)-Balfourodine was reported to rearrange with acetic anhydride and
pyridine into (+)-isobalfourodine acetate (122), which was hydrolyzed to
(+)-isobalfourodine (overall 48% racemization), but it is now known that
these products are derived from (+)-balfourodine rather than from the
levorotatory  enantiomer. Because (+)-balfourodine occurs in
Balfourodendron riedelianum, and there is no indication that (-)-
balfourodine was available from another source, it appears probable that
(—)-balfourodine is a misprint for (+)-balfourodine in the earlier paper.
Alternative mechanisms involving inversion at the chiral center were pro-
posed for the rearrangement of balfourodine effected by acetic anhydride
(61), but now that it is known that the two alkaloids have the (R) configura-
tion these mechanisms are no longer tenable for the major reaction. A
plausible mechanism implying retention of configuration is indicated in



TABLE V
REARRANGEMENTS OF DIHYDROFURO- AND DIHYDROPYRANOQUINOLINES®

Structure

Reactant number Reagent® Product Ref.
(—)-Balfourodine A (+)-Isobalfourodine acetate 61
(+)-(R)-Balfourodine 123 A (+)-(R)-Isobalfourodine acetate® (122) 78
(+)-(S)-Methylribaline cf. 118 A (+)-(S)-Methylribalinidine acetate,? cf. (117) 46
(—)-Balfourodine B (+)-¢-Balfourodine and (—)-¢-Isobalfourodine 61
(+)-(R)-Balfourodine 123 CorD (+)-(R)-¢-Balfourodine (126) 83
(+)-(R)-Isoplatydesmine 124 D (+)-(R)-Araliopsine (127) 67
(+)-(R)-Balfourodine 123 B (—)-(S)-¢-Isobalfourodine (130) 83
(+)-Isobalfourodine B (+)-¢-Isobalfourodine 61
(+)-(R)-Isobalfourodine 131 B (+)-(R)-¢-Isobalfourodine 84
(+)-(R)-Isobalfourodine 131 D (—)-(S)-¢-Balfourodine 84
(+)-(R)-y-Balfourodine 126 B (—=)-(S)-¢-Isobalfourodine (130) 83
(—)-(S)-¢-Isobalfourodine 130 CorD No reaction 84
Dubinidine diacetate 136 B Pyrano-2-quinolone (138) 75
(x)-Balfourodine 12 Aq. HBr Isopropylfuroquinolone (140) 84

at 75°

“ Supplementary to Volume IX, pp. 246, 251-252.

LA, Refluxing in Ac,O-pyridine; B, refluxing in 20-25% NaOH or KOH in methanol, ethanol, or aqueous ethanol; C, NaH in DMF at 50°;
and D, NaOMe in DMF at 15°,

¢ Hydrolysis gives (+)-(R)-isobalfourodine.

4 Hydrolysis gives (—)-(§8)-methylribalinidine.
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Scheme 8. The presence of a 4-carbonyl group appears to be necessary for
rearrangement, as the 4-methoxyquinoline acetate 121 is unaffected when
heated with acetic anhydride. The rearrangement has also been observed
with methylribaline, cf. 118 (see Section II11,C,2).

AcyO-pyridine

100 reflux
OMe
X :
OAc N
-
N/ o l\ll o OAc
MeO
121 Me

122
SCHEME 8. Mechanism of the balfourodine—isobalfourodine acetate rearrangement.

An interesting series of base-catalyzed rearrangements (Table V) was
discovered by Rapoport and Holden (61). For instance, (—)-balfourodine,
on refluxing in concentrated alkali, was reported to yield a mixture of the
angular isomers (+)-¢-balfourodine (126) and (—)-¢-isobalfourodine (130),
while in the same conditions (+)-isobalfourodine (131) afforded (+)-¢-
isobalfourodine. A mechanism was proposed involving substitution by
hydroxyl ion at the carbon adjacent to nitrogen. According to this
mechanism, the chiral centers are not affected (61), and because optically
antipodal yg-isobalfourodines were obtained from balfourodine and iso-
balfourodine, it was concluded that the alkaloids had “opposite” absolute
configurations. The knowledge that the alkaloids are both (+)-(R) enan-
tiomers (78) prompted a new study of these rearrangements (Table V)
(83, 84).

Reaction of (+)-(R)-balfourodine (123) in dimethylformamide with
sodium hydride at 50° or with sodium methoxide at 15° gave (+)-y-
balfourodine (126) almost quantitatively, but when refluxed with
methanolic potassium hydroxide, afforded (—)-y-isobalfourodine (130) as
the only product. Again, the different results can be explained if it is assumed
that (—)-balfourodine is a misprint for (+)-balfourodine in the earlier paper.
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(+)-(R)-Isobalfourodine was converted with sodium methoxide into (—)-y¢-
balfourodine, and, under more strenuous conditions, into (+)-y-iso-
balfourodine. It appeared that y-balfourodine (126) was formed under
kinetic control, while the more stable ¢-isobalfourodine (130) resulted from
an equilibrium controlled reaction at elevated temperatures. The structures
of the rearrangement products were confirmed by NMR spectroscopy, and
their absolute stereochemistry was established by exhaustive ozonolysis;
(+)-yY-balfourodine gave the (+)-(R)-lactone (125) and is thus an (R)
enantiomer, and (—)-y-isobalfourodine (130) has the (S) configuration
because it gives the (—)-(S)-lactone (129). The stereochemical relationships
cannot be accommodated in the earlier mechanism, and an alternative was
proposed (Scheme 9) involving intermediate epoxides. According to this
mechanism, (+)-balfourodine is converted via an (S)-epoxide 128 into
(+)-y-balfourodine with two inversions of configuration and into (-)-
isobalfourodine with one inversion. A similar scheme involving an (R)-
epoxide 132 can be applied to the rearrangement of (+)-isobalfourodine
(131).

Support for the new mechanism was provided by trapping the inter-
mediate with methyl iodide to give epoxide 133. The structure of this
compound was indicated by IR absorption at 1646 cm™' (2-quinolone
carbonyl) and by the NMR spectrum. The epoxide was converted readily
into the diol balfourolone (135) on alumina chromatography or by treat-
ment with 2 N sodium hydroxide at 20°; the mild conditions and the failure
of 2,4-dimethoxyquinoline epoxides (e.g., 109) to react under similar
conditions suggest that this reaction occurs through formation of O-
methylbalfourodinium salt (134) and subsequent nucleophilic attack at the
2-position rather than by direct reaction of hydroxide ion on the epoxide
ring. Epoxide 133 is the presumed intermediate in reaction of 4-methoxy-
N-methyl-3-prenyl-2-quinolone (98) with peroxy acid to give O-methyl-
balfourodinium salt, and treatment of the epoxide (133) in ether with
hydriodic acid gave an immediate precipitate of the quaternary iodide (134),
as expected. The reaction 128 £ 126 is regarded as reversible, because
(+)-y-balfourodine (126) is isomerized to (—)-y¢-isobalfourodine (130), and
in the presence of methyl iodide the same epoxide (133) was obtained.

An analogous epoxide (37) was obtained from ribilinium salt (see Section
111,C,1), and in a similar way O-methylbalfourodinium iodide gave epoxide
133. The epoxide 37 was unexpectedly isolated as a racemate; it was hoped
that this anomaly would be resolved by a study of epoxide 133, but not
enough of the pure compound was available for an accurate determination
of its optical activity to be made.

(+)-(R)-Isoplatydesmine (124) is converted by base into its angular
isomer, (+)-araliopsine (127) (67). The latter enantiomer occurring in
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123 R=OMe (+)-(R)-Balfourodine
124 R=H (+)-(R)-Isoplatydesmine
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ScHEME 9. Base-catalyzed rearrangements of balfourodine, isobalfourodine, and iso-
platydesmine.
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Araliopsis soyauxii (Section I11,C,3) thus has the (R) configuration, assum-
ing that the rearrangement reaction follows the same stereochemical path-
way as the balfourodine—¢-balfourodine transformation.

Yunusov et al. (75) observed that dubinidine diacetate (136), on heating
with methanolic sodium hydroxide, gave the N-methylpyranoquinoline 138,
A possible explanation of this reaction (Scheme 10) is that hydrolysis and
isomerization to the N-methyl-4-quinolone 137 are followed by a rear-
rangement analogous to the balfourodine—y¢-isobalfourodine trans-
formation; the formation of an N-methyl derivative in the absence of a
conventional methylating reagent is unexpected, and the reaction requires
further investigation.

OMe
X OAc
OAc NaQH-| NaOH-MeOH | O
P reﬂux
N O

137

CH,OH l
OH OH

O_\_/—\

A
— )
Y? O  HZOoR

Me

138

SCHEME 10. Base-catalyzed rearrangement of dubinidine diacetate.

A preliminary study has been carried out of acid-catalyzed reactions of
balfourodine (84). Heating balfourodine with hydrobromic acid gave a
complex mixture, but the major component was identified by spectroscopic
methods as the angular furoquinoline 140. The reaction may occur by
dehydration to the enol ether 139 which then rearranges to its angular
isomer by means of hydrolysis and then cyclization (Scheme 11).

G. 2,2-DIMETHYLPYRANOQUINOLINE ALKALOIDS OF THE
FLINDERSINE GROUP

Flindersine (141) has been known for many years and provides an
intriguing exception to the general experience that furo- and pyrano-
quinoline alkaloids have a linear arrangement of the three rings. During the



2. QUINOLINE ALKALOIDS RELATED TO ANTHRANILIC ACID 141

0 0
| OH & HoBr I \
N7 O A N 0
MO e 0 e

75
M
84 139
9\ OH
R R CHZ\CO/CHMCZ
—
N7 O I\'J 0]
|
MeO e MeO  ppe
140

SCHEME 11. Acid-catalyzed rearrangement of balfourodine.

last decade, additional members of the flindersine group of alkaloids have
been isolated and new syntheses of the ring system have been devised.

1. Occurrence and New Alkaloids

Flindersine, originally isolated from Flindersia australis R.Br., has now
been obtained from Haplophyllum tuberculatum (36) and Geijera parvifolia
Lidl. (85).

An alkaloid, C,sH,sNO,, from Spathelia sorbifolia was shown to be
N-methylflindersine (142) on the basis of its NMR spectrum and by
comparison with a sample obtained by methylation of flindersine (86).
N-Methylflindersine has also been isolated from the root bark of Ptelea
trifoliata (34). The NMR spectra of flindersine and N-methylflindersine
show one-proton doublets in the regions 73.2-3.3 and 4.4-4.5
(-CH=CH-), which are particularly useful for the identification of 2,2-
dimethylpyranoquinolines of the flindersine type.

Yunusov and his collaborators (87) obtained the alkaloid haplamine from
Haplophyllum perforatum. Spectroscopic data indicated that haplamine was
a methoxyflindersine, and it was assigned structure 143 on the basis of its
reaction with base, followed by methylation, to give 4,6-dimethoxy-1-
methyl-2-quinolone, although evidence for the structure of this degradation
product was not recorded. The constitution of the alkaloid has since been
confirmed by synthesis (see Section I11,G,2).
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Abe and Taylor isolated a new quinoline alkaloid, C,7H;9NO,, named
oricine, from timber of the West African tree Oricia suaveolens (Engl.)
Verdoon. The UV, IR, and NMR spectra (Scheme 1, Section I) indicated
that oricine was 6,7-dimethoxy-N-methylflindersine (144), and this was
confirmed by synthesis (88).

2. Synthesis

Flindersine was synthesized some time ago (see Volume III of this
treatise), but Piozzi (89) has introduced a new and convenient method
involving reaction of 4-hydroxy-3-prenyl-2-quinolone with dichlorodicy-
anobenzoquinone (DDQ). Application of the procedure to the
prenylquinolone 146 led to the formation of haplamine (143) (90). The
pyranoquinolone 145 was prepared similarly and converted by methylation
into oricine (144) (88). Treatment of the linear dihydropyranoquinoline
alkaloid khaplofoline (74) with DDQ also gives flindersine (91), probably
through ring cleavage to a prenylquinolone.

MeO.

143 Haplamine

141 R =H Flindersine
142 R=Me N-Methylflindersine

DDQ |(R=H)
OH
MeO
DDO x =
(R =0Me)
R N (]

H

144 R =Me Oricine 146

145 R=H

A new synthesis of 2,2-dimethylpyranoquinolines was developed by
Bowman, Grundon, and James (92) (Scheme 12). Reaction of 3-isoprenyl-
2,4-dimethoxyquinoline epoxides (147) with potassium hydroxide in
aqueous dimethyl sulfoxide (DMSO) at 100°, followed by dilution with
water, gives a clear solution which on neutralization furnishes 2-methoxy-
(2,2-dimethyl)-pyranoquinolines 151 and 152 in high yield; the latter
compounds are insoluble in base and so are not the initial products from the
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reaction. An NMR study of the reaction in deuterated solvents indicated
that the first product was the allylic alcohol 148, which could be isolated. The
allylic alcohol was then converted slowly into base-soluble compound 149;
treatment of the solution with dimethyl sulfate resulted in regeneration of
the 4-methoxyallylic alcohol, and neutralization gave the chromene 152. A
mechanism was proposed (Scheme 12) involving cyclization of a quinone
methide 150. Reaction of chromene 151 with hydrobromic acid gave
flindersine (141).

HO}
MeO H ,I;I OMe OH
TN
KOH, DMSO
GO 00°
= P
N~ OMe N OMe
R
147
/ 149
P >
=
141 aq. HBr, 70° =
“®-n P D ~
N “OMe N7 TOMe
R R
151 R=H 150
152 R=0Me

SCHEME 12. Synthesis of flindersine atkaloids from prenyl epoxides.

Huffman and Hsu (93) prepared flindersine and its 8-methoxy derivative
from thallous salts of 4-hydroxy-2-quinolones and 3-chloro-3-methylprop-
L-yne; the reaction apparently occurs by means of a rearrangement of the
4-ethers (154) (Scheme 13). The by-product 153 was isolated in one case
and presumably arises by substitution at the 3-position and subsequent
Cyclization.

A simple and efficient synthesis of flindersine results from reaction of
4‘h)’droxy-Z-quinolone with 3-methylbut-2-enal in refluxing pyridine
(Scheme 13) (94).
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SCHEME 13. Synthesis of flindersine alkaloids from 4-hydroxy-2-quinolones.

3. Reactions

Reduction of the pyranoquinolone alkaloids gives dihydro derivatives, cf.
156, which can be synthesized by acid-catalyzed cyclization of 3-
prenylquinolones 155 or by reaction of monoanilides 157 with poly-
phosphoric acid (PPA) (89). Bromination of dihydroflindersine, previously
thought to yield the monobromo derivative 160 (89), has been rein-
vestigated by Grundon and James (95). The NMR spectrum of the
compound obtained from dihydroflindersine with N-bromosuccinimide
(NBS) shows a singlet at 72.87 due to a vinylic proton and is more consistent
with structure 161. As observed by Piozzi et al. (89), the same compound is
obtained by reaction of flindersine (158) with bromine. When flindersine
was heated with NBS in ethanol-free chloroform, no succinimide pre-
cipitated; chromatography afforded the vinyl bromide 161, and treatment of
the initial product with ethano! gave the frans-bromq ether 162. It is
apparent that an initial adduct 159 undergoes ready elimination or solvoly-
sis. The pathway (Scheme 14) from dihydroflindersine to the vinyl bromide
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SCHEME 14. Bromination of flindersine and dihydroflindersine.

161 instituted by NBS is believed to involve normal benzylic bromination
and then elimination to give flindersine followed by addition of NBS (or Br;)
and finally a second elimination. The abnormal reaction of benzyl deriva-
tives with NBS seems likely to occur when an initial benzylic bromination
product undergoes rapid elimination (cf. lemobiline, Section V,C,2).

IV. Furoquinoline Alkaloids

Known members of the furoquinoline group of alkaloids, particularly the
ubiquitous skimmianine, have been obtained from a large number of new
Sources. Reported occurrences are listed in Table VI, which supplements
carlier data (Volume IX, p. 227, Table I) and includes furoquinolines first
Obtained during the period 1957-1966 (Volume IX). The compounds in
Table VI can be regarded as derivatives of dictamine (163).
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TABLE VI
OCCURRENCE OF FUROQUINOLINES OF THE DICTAMNINE GROUP?

Plant source Ref.
Dictamnine (163)
Afraegle paniculata 96
Chorilaena quercifolia Endl. 97
Decatropsis bicolor (Zucc.) Radik. 98
Dictamnus angustifolius 99
D. caucasicus Fisch. 100
Evodia belahe Baillon 101
Fagara mayu 102
Flindersia pimenteliana 103
Glycosmis pentaphylla (Retz.) Correa 104
Halfordia kendack (Mntr.) Giull. 22
Haplophyllum bucharicum Litv. 105
H. bungei Trautv. 106
H. ramossisium Vved. 21, 106
H. suaveolens (DC) G. Don. 107
Helietta longifoliata Britton 108
Medicosma cunninghamii Hook. f. 109
Monnieria trifolia L. 110
Pitavia punctata Molina 111
Prtelea trifoliata L. 112
Ruta angustifolia Pers. 113
R. chalepensis L. 113
R. graveolens L. 114
R. montana Dill. 113
Skimmia foremanii Hort. 115
S. japonica Thunb. 37,116
Zanthoxylum arnottianum Maxim 117
Z. belizense Ludell 65
Z. decaryi 118
Z. parvifiorum Benth. 41
Pteleine (6-Methoxydictamnine)
Helietta longifoliata 108
Medicosma cunninghamii 109
Platydesma campanulata Mann (Volume IX) 119
Prelea trifoliata 120
Evolitrine (7-Methoxydictamnine)
Evodia belahe 101
vy-Fagarine (8-Methoxydictamnine)
Chloroxylon swietenia DC 121
Dictamnus albus L. 122
D. caucasicus 100, 123
Fagara mayu 102
Geigeria salicifolia Schott. 40

Glycosmis pentaphylla 104
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TABLE VI (Continued)

C. mollis

Plant source Ref.
Haplophyllum bucharicum 105
H. kowalenskyi 124
H. schelkovnikovii 124
H. villosum 124
Pitavia punctata 111
Ruta chalepensis 113
Skimmia japonica 3
Thamnosma montana Torr. and Frem. 125
Zanthoxylum tsihanimposa H. Pett. 126
Z. piperitum DC 127
Kokusaginine (6,7-Dimethoxydictamnine)
Araliopsis soyauxii Engl. 44
Choisya arizonica Standl. 128
C. mollis Standl. 128
Evodia alata F. Muell. 129
E. belahe 101
Halfordia kendack 22
Haplophyllum suaveolens 70
Helietta longifoliata 108
H. parvifolia Benth. 130
Lunasia amara (Blanco) 131
Melicope confusa (Merr.) Liu 132
M. perspicuinervia Merr & Perry 42
Pelea barbigera 43
Prelea aptera Parry 32
Ruta chalepensis 113
R. montana 113
Teclea unifoliata 133
Vepris ampody H. Perr 134
Zanthoxylum pluviatile Hartley 135
Maculosidine (6,8-Dimethoxydictamnine)
Esenbeckia hartmanii H.B.K. 128
Philoteca hasseli F. Muell 136
Ptelea trifoliata 120
Skimmianine (7,8-Dimethoxydictamnine)
Araliopsis soyauxii 44
A. tabouensis Aubrev et Pellegr. 66
Choisya arizonica 128
128
C. ternata H.B. et K. (Volume IX) 63, 137
Decatropis bicolor 98
Dictamnus angustifolius 99
Diphasia klaineana 66
Eriostemon difformis A. Cunn. 136
Esenbeckia febrifuga Juss. 138

(Continued)
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TABLE VI (Continued)

Plant source Ref.
E. hartmanii 128
Evodia alata 129
E. elleryana F. Muell. 139
Fagara capensis Thunb. 140
F. chalybea Engl. 141, 142
F. leprieurii Engl. 26, 141, 143
F. macrophylla (Oliv.) Engl. 141
F. mantsurica Honda 144
F. mayu 102
F. okinawensis Nakai 145
F. rubescens Engl. 146
Flindersia pimenteliana 103
Geijera salicifolia 40
Gleznowia verrucosa Turz. 147
Haplophyllum acutifolium (DC.) G. Don 148
H. bungei 21
H. dubium Eug. Kov. 149
H. obtusifolium Ldb. 105
H. kowalenskyi 124
H. latifolium 150
H. pedicellatum Bge. 151
H. popovii Eug. Kov. 152
H. ramossisium 21, 106
H. schelkovnikovii 124
H. suaveolens 107
H. villosum 124
H. tenue 124
Helietta longifoliata 108
H. parvifolia 130
Melicope confusa 132
M. perspicuinervia 42
Monnieria trifolia 110, 153
Philoteca hasseli F. Muell 136
Prelea aptera 32
P. crenulata Greene 32
Ruta chalepensis 113
R. montana 113
Teclea unifoliata 133
Thamnosma montana 125
Toddalia aculeata Pers. 154
Vinca herbaceae 155
Zanthoxylum alatum Roxb. 156
Z. belizense 65
Z. decaryi 118
Z. dinklagei Waterm. 157
Z. parviflorum 41
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TABLE VI (Continued)

Plant source Ref.

Z. piperitum 127

Z. pluviatile 135

Z. tsihanimposa 126, 158
Maculine (6,7-Methylenedioxydictamnine)

Araliopsis soyauxii 44

Esenbeckia febrifuga 138

Helietta longifoliata 159

Ptelea aptera 32

Teclea unifoliata 133

Vepris bilocularis Engl. 160
Flindersiamine (8-Methoxy-6,7-methylenedioxydictamnine)

Araliopsis soyauxii 44

Esenbeckia febrifuga 138

Helietta longifoliata 108

H. parvifolia 134
Robustine (8-Hydroxydictamnine)

Dictamnus caucasicus 100, 123

Haplophyllum bucharicum 105

H. dubium 15

H. pedicellatum 105

H. robustum (Volume IX) 161

Zanthoxylum arnottianum 117
Haplopine (7-Hydroxy-8-methoxydictamnine)

Aegle marmelos Correa 162

Haplophyllum bucharicum 105, 163

H. dubium 15

H. foliosum 163, 164

H. pedicellatum 105

H. perforatum Kar. et Kar. (Volume IX) 165

Zanthoxylum arnottianum 117
Evoxine (= haploperine) {7-(2,3-Dihydroxy-3-methylbutyljoxy-8-

methoxydictamnine]

Choisya ternata 63, 137

Evodia alata 129

E. xanthoxyloides F. Muell. (Volume VI, p. 98) 166

Haplophyllum dubium 15

H. hispanicum 167

H. latifolium 150

H. obtusifolium 105

H. perforatum (Volume IX) 168

H. popovi 152

H. ramossisium 21

H. suaveolens 70, 169

(Continued)
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TABLE VI (Continued)

Plant source Ref.
Choisyine (203)
Choisya arizonica 128
C. mollis 128
C. ternata (Volume 1X) 63,137

Maculosine {4-(2,3-Dihydroxy-3-methylbutyl)oxy-6,7-methyl-
enedioxydictamnine]
Flindersia maculosa F. Muell. (Volume IX) 170
Evodine [7-(2-Hydroxy-3-methylbut-3-enyloxy-8-methoxydictamnine)
Evodia xanthoxyloides (Volume 1X) 166

¢ Supplementary to Volume IX, Chapter 6, Table 1.

A. FURTHER STRUCTURAL STUDIES AND NEW ALKALOIDS

The occurrence of new furoquinoline alkaloids and their physical prop-
erties are indicated in Table VII. N-Methyl-4-quinolones, the so-called
“isoalkaloids” are well known; one example is isodictamnine (164),
obtained by heating dictamnine with methyl iodide. Isodictamnine, iso-
pteleine, isomaculosidine, and isoflindersiamine have now been recognized
as constituents of rutaceous species; the N-isopentyl alkaloids of Acronychia
are also in this category. The alkaloids discussed in this section are grouped
in accord with the pattern of oxygenation in the aromatic ring.

1. Confusameline, Evellerine, and Epoxide 167

7-Hydroxydictamnine, described as 7-O-demethylevolitrine, was iso-
lated first from Evodia elleryana F. Muell (139); it was later obtained from
Melicope confusa (Mesr.) Liu and named confusameline (132). The struc-
ture was established by conversion with diazomethane into 7-methoxy-
dictamnine (evolitrine).

Evodia elleryana also contains evellerine (165), a derivative of 7-hy-
droxydictamnine. Evellerine was shown to be a 4-methoxyfuroquinoline by
conversion into the isoalkaloid isoevellerine (166) by heating with methyl
jodide. Isoevellerine furnished a monoacetyl derivative, and yielded 7-
methoxyisodictamnine when heated with sodium hydroxide and dimethyl-
sulfate. The structure of the side chain in evellerine was established by
reaction of isoevellerine with periodate and the identification of acetone
(139).

Dreyer (172) reinvestigated the alkaloids of Evodia xanthoxyloides F.
Muell and isolated a new furoquinoline alkaloid, C,7H;,NO,, with a UV
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spectrum similar to that of 7-methoxydictamnine. Structure 167 was
established by the NMR spectrum, which showed a one-proton triplet at
6.88 coupled to a two-proton doublet at 5.807. Confirmation of the epoxide

structure was obtained by hydrolysis with aqueous oxalic acid to the glycol
evellerine (165).
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TABLE VII

OCCURRENCE OF FUROQUINOLINE ALKALOIDS FIRST ISOLATED 1966-1976

Structure Melting point
Name number Source °C) [e]p (Solvent) Ref.

Acrophyllidine 170 Acronychia haplophylla (F. Muell) Engl. 176-177 171
Acrophylline 168 A. haplophylia 119-120 171
Confusameline 228 Evodia elleryana 240-242 139

Melicope confusa 239-240 132
Epoxide (unnamed) 167 Evodia zanthoxyloides 145-147 +50° (CHCl3) 172
Epoxide (unnamed) 174 E. zanthoxyloides 141-142 +13° (CHCl3) 172
Evellerine 165 E. elleryana 166-168 +21° (CHCl,) 139
Folifinine Haplophyllum foliosum Vved. 181-182 173
Foliminine 190 H. foliosum 174
Glycoperine 171 Haplophyllum perforatum Kar. and Kir. 175
Halfordinine 208 Araliopsis tabouensis 144 45

Halfordia schleroxyla F. Muell 150-151 22

Melicope perspicuinervia 150-152 42
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Haplatine
Haplophydine
Haplophyllidine
Heliparvifoline
Isodictamnine

Isoflindersiamine
Isomaculosidine

7-Isopentenyloxy-y-fagarine

[sopteleine
Methylevoxine
Perfamine
Perforine

176
189
181
187
164

172

214
177
184
179

Haplophyllum latifolium
H. perforatum

H. perforatum (Volume IX)

Helietta parvifolia
Dictamnus albus

D. caucasicus
Helietta longifoliata
Helietta parvifolia
Dictamnus albus

D. caucasicus

Prelea trifoliata

Ptelea aptera

Choisya ternata

H. perforatum
Dictamnus caucasicus
Haplophyllum perforatum
H. perforatum

H. perforatum

139-140
111-112
110-111
245-247

212-213
170-172

169-170
100-103
100-103
105-106

55-56
142-144
182-183

176

177
-16.2°(Me,CO) 178,179

180

181

100

108

180

23,181

100

57

32

3

182

100

183
—38° 184
+14.56° (CH;0H) 178
+14.32° (CHCl3) 179
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2. Acrophylline and Acrophyllidine

Lahey and his collaborators (171, 185) investigated the constituents of
the leaves of Acronychia haplophylla (F. Muell.) Engl. and isolated the
alkaloids acrophylline and acrophyllidine.

Acrophylline was shown by NMR and UV spectroscopy to be a methoxy-
isodictamnine containing a dimethylallyl substituent. The Australian group
undertook an intensive study of the mass spectra of acrophylline and other
isofuroquinolone alkaloids and suggested that the base peak at M—68 in the
mass spectrum of acrophylline arose from a McLafferty rearrangement and
indicated that the prenyl group was attached to the electronegative nitrogen
atom rather than to carbon. Furthermore, the abundance of the M — 85 mass
peak pointed to the presence of a 7-methoxyl substituent in acrophylline.
Structure 168 was proposed for the alkaloid, and this was confirmed by a
study of the hexahydro derivative 169. Hexahydroacrophylline prepared by
catalytic reduction of the alkaloid was clearly a 3-ethyl-N-isopentyl-2-
quinolone, and it was synthesized by reaction of N-isopentyl-m-methoxy-
aniline with diethyl ethylmalonate.
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Acrophyllidine, C,7H;9NOQ,, appeared from its NMR spectrum to be the
tertiary alcohol 170, and this was confirmed by conversion of acrophylline
into acrophyllidine through acid-catalyzed hydration. Because aqueous acid
was used in the isolation procedure, acrophyllidine may be an artifact.

3. Glycoperine, 7-Isopentenyloxy-y-fagarine, Epoxide 174, Haplatine,
and Methylevoxine

7-Hydroxy-8-methoxydictamnine (haplopine) has now been found in a
number of rutaceous plants (Table I). The alkaloid glycoperine, isolated
from Haplophyllum perforatum (M.B) Kar and Kir (175), was shown to be
the rhamnoside of haplopine by hydrolysis to L-rhamnose and haplopine.

A new furoquinoline alkaloid, C;sH;oNQOy, was obtained by Dreyer (32)
from the fruit of Ptelea aptera Parry. The NMR spectrum indicated the
presence of an isopentenyl group, and because the alkaloid had a UV
spectrum identical to that of skimmianine, it was formulated as an iso-
pentenyloxymethoxydictamnine (172 or 173). The resonance of the
methoxy group did not shift upfield in benzene solution relative to chloro-
form, indicating that the group was flanked on each side by other groups.
Thus, structure 172 for the alkaloid was preferred. The compound has since
been obtained from Choisya ternata (3) and from Haplophyllum perforatum
(175). Yunusov and his co-workers (182) prepared the alkaloid from
7-hydroxy-8-methoxydictamnine and 1-chloro-3-methylbut-2-ene, there-
by finally establishing the structure of the alkaloid as 7-isopentenyloxy-y-
fagarine 172.

Dreyer (172) obtained another new alkaloid, the epoxide 174, from
Evodia xanthoxyloides ; its structure was determined by NMR spectroscopy
and by acid hydrolysis to evoxine (175). The isolation of epoxides 167 and
174 from E. xanthoxyloides and the failure to detect evoxine, previously
obtained from this species, are of considerable interest; because of the fact
that acid was employed in the earlier isolation work, it was suggested that
evoxine may be an artifact derived from the corresponding epoxide.

Haplatine from Haplophyllum latifolium was shown by spectroscopic
studies and by hydrolysis to haplopine (230) to be the allylic alcohol 176
(176). Methylevoxine (177) was isolated from H. perforatum (183).

4. Haplophyllidine, Perforine, and Perfamine

Haplophyllidine and perforine are two related alkaloids of unusual struc-
ture obtained by Yunusov et al. from Haplophyllum perforatum (Volume IX,
pp. 252,178, 179).

Perforine, C;3H,sNOs, is optically active and contains two hydroxyl
groups and two methoxyl substituents but no N-methyl group. Reaction
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with chromic acid afforded a ketone, apparently by oxidation of a secondary
hydroxyl function. The NMR spectrum showed coupled doublets at 72.57
and 3.18 indicative of the presence of a furan ring, three-proton singlets at
5.87 and 6.93 (2 OMe), but no aromatic proton resonances. Consequently,
perforine was assigned structure 179. In accord with this structure, perforine
with zinc and hydrochloric acid gave the anhydro derivative 180 and with
acid alone afforded the cyclic compound 178, shown by NMR to contain no
olefinic protons. Both cyclic derivatives 178 and 180 gave iso compounds
when heated, with methyl iodide (179).

The tentative structure 183 was earlier suggested for haplophyliidine (see
Volume IX of this treatise), but later spectroscopic studies indicated that this
alkaloid was also a furoquinoline containing a reduced aromatic ring. The
new structure 181 was proposed as a resuit of correlation with perforine and
its derivatives (178). Thus, compound 182, obtained from perforine, was
converted by an elimination reaction into haplophyllidine acetate. Further,
the cyclic compound 178 was also obtained from haplophyllidine by treat-
ment of the alkaloid with acid.
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/OH
OMe CcH,CH,—CH
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Perfamine is a furoquinoline alkaloid isolated more recently from H.
perforatum (184). It appears to be related to haplophyllidine. Thus, the
NMR spectrum indicates that perfamine is a 4-methoxyfuroquinoline
containing as additional substituents a methoxy group, a C-prenyl group,
and an oxygen function. Infrared absorption at 1670 cm™' and the UV
spectrum show that a conjugated ketonic carbonyl group is present.
Resonances in the NMR spectrum at 76.96 (OMe at saturated carbon) and
at 2.10 and 3.88 (-CH=CH-) and the optical activity of the alkaloid are in
accord with the proposed structure, 184, although the isomeric structure
185 apparently was not excluded. Reaction of perfamine with concentrated
sulfuric acid and treatment of the product with diazomethane furnished
7,8-dimethoxydictamnine. A recent report (186) indicates that reaction of
perfamine with acid yields 8-hydroxy-7-methoxydictamnine and that, on
hydrogenation, the alkaloid is converted into the 2-quinolone 186; although
full details are not available, the new evidence clearly supports structure 184
for perfamine.

A plausible biosynthetic pathway to perfamine and thence to more
reduced alkaloids of the haplophyllidine type involves C-prenylation of a
hydroxymethoxydictamnine.

The spectroscopic evidence for the structures of haplophyllidine, per-
forine, and perfamine seems convincing, but confirmation is desirable. It
would be of particular interest to see whether dehydrogenation of the
dihydrofuroquinoline 178 yields an isomer of the alkaloid, foliminine (190).

5. Heliparvifoline

The biological activity of extracts of Helietta parvifolia (A. Gray) Benth.
prompted an investigation of the constituents by Farnsworth ez al. (180) and
led to the isolation of a new phenolic furoquinoline alkaloid, heliparvifoline.
Since reaction with diazomethane gave 6,7-dimethoxydictamnine (kokus-
aginine), heliparvifoline is either 7-hydroxy-6-methoxydictamnine or 6-
hydroxy-7-methoxydictamnine. The structural problem was resolved by
NMR spectroscopy; compared with data for kokusaginine (188), the chem-
ical shifts of aromatic protons of heliparvifoline in deuterated DMSO (+2.57

2.57 2.56r
H OMe H OMe OMe
MeO X \ MeO X \ . \
HO T O MeO N N O

H
2.807 2@07 >_____F 0

187 Heliparvifoline 188 Kokusaginine 189 Haplophydine
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and 2.80) and in the presence of D,O-NaOD (72.63 and 2.97) showed that
the higher-field resonance was due to a C-8 proton adjacent to a phenolic
group, as in structure 187.

6. Haplophydine, Foliminine, and Folifinine

Robustine (8-hydroxydictamnine)is a constituent of several Haplophyllum
spp. studied intensively by Yunusov and his co-workers, and several alk-
aloids that apparently are robustine derivatives have also been isolated.

Haplophydine obtained from H. perforatum (177) was shown by spec-
troscopy to be 8-(3,3-dimethylallyloxy)dictamnine (189), but confirmation,
for example by correlation with robustine, is clearly desirable.

Foliminine (190) is a constituent of H. foliosum and was shown to be a
4-methoxyfuroquinoline by catalytic reduction to a 3-ethyl-2-quinolone,
191, and by conversion by methyl iodide into isofoliminine (192). The
structures of the alkaloid and transformation products were established by
spectroscopic means (174).

In 1968, the Russian group described the isolation from H. foliosum of an
optically inactive alkaloid, C;7Ho04N, named folifinine (173). Folifinine
was soluble in aqueous base, gave an oily O-methyl ether with
diazomethane, and furnished a diacetate showing IR absorption at 1735 and
1765 cm™'. On this basis, folifinine was assigned alternative structures 193
or 194. Although no further work has been reported, the subsequent
isolation of foliminine, the notional cyclization product of folifinine, from
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the same species would seem to favor the 8-hydroxy structure; it is possible
that foliminine 190 is an artifact derived from folifinine.

7. Acronidine, Medicosmine, and Choisyine

An earlier investigation indicated that the furoquinoline alkaloids
acronidine and medicosmine contained dimethylpyrano rings, but it was not
possible to differentiate between the angular structures 195 and 197 for
acronidine or between 196 and 198 for medicosmine. This problem has now
been resolved in two ways. Johns, Lamberton, and Sioumis (63) compared
the NMR spectrum of acronidine with that of the 4-quinolone, iso-
acronidine. The resonance at 2.457 (C-4'-H) was shifted downfield to 1.587
in isoacronidine because of the proximity of the carbonyl group in 199; this
effect would not be expected in the alternative formula based on structure
197 for acronidine. An upfield shift of 0.77 ppm in the C-8-H resonance of
isoacronidine also accords with structures 195 and 199 for the two
compounds. Similarly, medicosmine was shown to possess structure 196.

195 R=OMe Acronidine 197 R=0Me
196 R =H Medicosmine 198 R=H 199 Isoacronidine
X
6 OMe \OH
4 2 Y
AN
3 NH, MeO N7 O N
riwl MeO NZ 0
N
200 ~Ph 202
201

HO
OMe — OMe
o 0
A N
MeO NZ O N7 O

203 Choisyine 204 Anhydrochoisyine
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Prager and Skurray (187) confirmed the structure of acronidine by an
ingenious application of tracer feeding methods. Anthranilic acid was shown
to be a precursor of acronidine in Acronychia baueri Schott., but when
[6-*H]anthranilic acid (200) was fed no incorporation of tritium into
acronidine was observed; this result is consistent with structure 195 but rules
out the alternative angular arrangement 197. As expected, application of
[3,6->H;]anthranilic acid gave acronidine containing tritium at C-8, which
was lost on conversion of the alkaloid into the azo derivative 201.

The furoquinoline alkaloid choisyine, first isolated from Choisya ternata
(Volume IX, p. 233), has now been shown to be a constituent of both C.
arizonica Standl. (128) and C. mollis Standl. (128). Choisyine was assigned
partial structure 202 because reaction with concentrated sulfuric acid gave
anhydrochoisyine, which was thought to be identical with acronidine (195)
on the basis of a correspondence of melting point. Johns, Lamberton, and
Sioumis (63) showed that the two compounds were not identical. NMR and
mass spectrometry indicated that choisyine was the hydroxy-
isopropyldihydrofuran derivative 203. Anhydrochoisyine is then the iso-
propylfuran 204, analogous to the dehydration products 205 and 206
derived from platydesmine and from balfourodine, respectively. As in the
case of acronidine, the downfield shift of the 3’-H in the NMR spectra of
isoanhydrochoisyine (207) compared to anhydrochoisine (204) confirmed
the arrangement of rings in choisyine and its derivatives.

8. Halfordinine

Halfordinine, C;sH;sNOs, a minor component of the bark of Halfordia
scleroxyla, was isolated by Crow and Hodgkin (22). There was insufficient
material for a full structural investigation, but the alkaloid was shown to be a
trimethoxydictamnine on the basis of the NMR spectrum. Halfordinine (mp
150-151°) clearly was not identical with 5,7,8-trimethoxydictamnine
(acronycidine) (mp 136-137°). Halfordinine has been obtained recently
from the leaves of Melicope perspicuinervia Mer. and Perry. Murphy,
Ritchie, and Taylor (42) noted that the NMR signal at 72.69 indicated that
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the lone aromatic proton was not flanked by methoxyl groups and hence was
at C-5 or at C-8. Hydrogenation of halfordinine followed by acid hydrolysis
gave the 4-hydroxy-2-quinolone derivative 209, identified by synthesis from
2,3,4-trimethoxyaniline and diethyl ethylmalonate. Halfordinine is there-
fore 6,7,8-trimethoxydictamnine (208). Halfordinine and kokusaginine did
not show the expected nuclear Overhauser effects in the NMR spectra,
irradiation of the C-4—-OMe signals resulting in enhancement of the C-3-H
resonances rather than the C-5-H signals.

OMe OH

MeO AN MeO . Et

N

P

MeO N (0] MeO N 'e)

MeO Meo M
208 Halfordinine 209

B. SYNTHESIS

The most important advances in synthesis of furoquinoline alkaloids
during the last decade involve modification of the Tuppy and B&hm
synthesis (Volume VII, p. 237) and the wuse of lithiated 2,4-
dimethoxyquinoline derivatives.

OH ¢
BzO X

NZ O NaBH4, “OH
ag. CH3OH, reflux
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(i) HCI, MeOH
(i) Me3SO,, "OH
O OH O
BzO MeO
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N (o} N O
| |
Me Me
213 214 Isopteleine

SCHEME 15. Synthesis of isopteleine.
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1. Modified Tuppy-B&hm Procedure

During a projected synthesis of medicosmine (221), Govindachari et al.
(188) prepared ketone 210 by the Tuppy-Béhm procedure, but conversion
with diazomethane into the corresponding 4-methoxyketone proceeded in
low yield. Unexpectedly, reaction of ketone 210 with an excess of sodium
borohydride in refluxing aqueous sodium hydroxide gave the furo-
quinolone 212, probably via alcohol 211. The anion 211 probably
participates in the elimination reaction as shown, for the N-methyl-
quinolone alcohol 213 is stable to base. Debenzylation with methanolic
hydrochloric acid then gave 6-hydroxynordictamnine, which was converted
into 6-methoxyisodictamnine (214) on methylation with dimethyl sulfate
(Scheme 15). 6-Methoxyisodictamnine (isopteleine) was identical with a
degradation product of normedicosmine and has since been identified as a
natural product (see Table VII).

o EtO EtO,C
NH, EtO
215 PhaO
9 o
+ o
N O
H

NaBHy, OH 217
aq. EtOH, reflux

o o
O
N O

H

219

218

(i) POCl3
(i) NaOMe

o
N7 O NZ O

221 Medicosmine
SCHEME 16. Synthesis of medicosmine.
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The borohydride reaction was applied to the inseparable mixture of
ketones 216 and 217 derived from the aminochroman 2185, and the result
was the isolation of the angular and linear compounds 218 and 219,
respectively. The two products were distinguished by NMR spectroscopy,
the angular compound showing ortho-coupled aromatic protons at 72.5
and 2.9 (J =9 Hz). The methylene group at C-4' in angular compound 218
appears as a two-proton triplet at 76.38, deshielded by 0.62 ppm compared
with linear compound 219 because of the adjacent 4-quinolone carbonyl
group. The quinolone 218 was converted into dihydromedicosmine (220)
by standard procedures; dehydrogenation with DDQ then furnished the
alkaloid, medicosmine (221) (188) (Scheme 16).

The modified Tuppy-B&hm synthesis was also applied to the synthesis of
the 4-quinolones 222-226. The 7-methoxy derivative 223 reacted with
isopentenyl bromide to give the alkaloid acrophylline 227 (189). In thg
first synthesis of a phenolic furoquinoline alkaloid, 7-benzyloxydictamnine,
obtained from the 4-quinolone 224 in the usual way, was converted with
ethanolic hydrochloric acid into confusameline (228) (189). Two other
phenolic alkaloids, robustine (229) and haplopine (230), were similarly
synthesized (190). Acronycidine (231) was prepared from ketone 232
(191), but in this case borohydride reduction of the ketone gave two
products, 5,7,8-trimethoxynordictamnine (233) and its dihydro derivative
234; the latter was converted into the N-methylquinolone 235 that had
been obtained previously from dihydroacronycidine. 6-Methoxydictam-
nine (pteleine) was synthesized by treatment of 6-methoxynordictamnine
(222) with diazomethane and separation by chromatography from 6-
methoxyisodictamnine (214) (188).

223 R= Me
224 R=CH,Ph

OMe

o) o)
SENCGSING 5
70 N (o) MeO N~ O HO N7 O
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‘ 228 Confusameline
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It should be noted that one advantage of the new method (and those to
be described under Sections IV,B,3 and IV,B,4) is that they avoid the need
to dehydrogenate a dihydrofuroquinoline. This process is accomplished in
certain cases by bromination-dehydrobromination but sometimes fails
(Volume IX, p. 232). The method of choice is the reaction of the dihydro
derivatives with DDQ. Piozzi, Venturella, and Bellino (192) first used this
reagent in the quinoline series to convert dihydrodictamnine and its
angular derivative into the corresponding furoquinolines; maculosidine
(236), evolitrine, y-fagarine, and pteleine were prepared similarly from
their dihydro derivatives (193).

2. Cyclization of Hydroxyethyl Derivatives

Narasimhan et al. (194) instituted a new approach to the synthesis of
furoquinoline alkaloids by introducing a C, side chain into a preformed
quinoline nucleus. Lithiation of 2,4-dimethoxyquinoline, 2,4,6-tri-
methoxyquinoline, and 2,4,8-trimethoxyquinoline with r-butyllithium in
ether and subsequent reaction with ethylene oxide furnished hydroxyethyl
derivatives 237, which with 20% hydrochloric acid were converted into
dihydrodictamnine (239), dihydropteleine (240), and dihydro-y-fagarine
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SCHEME 17. Synthesis of dikydrofuroquinolines by alkylation with ethylene oxide.

(241), respectively (Scheme 17). The overall yields were not high in the
synthesis, principally because the angular compounds 238 were the major
products of cyclization.

3. Synthesis from 3-Prenylquinolines and Rearrangement of
Furoquinolines

Furoquinoline alkaloids specifically labeled with C in the furan ring
were required for biosynthetic studies (see Section VII of this chapter), and
since existing routes produced low yields, Grundon and co-workers (195,
196) developed a more efficient synthesis from 4-methoxy-3-prenyl-2-
quinolones 244-246. These compounds had previously been prepared
from aromatic amines and substituted malonates, but direct allylation is
more suitable for the preparation of labeled compounds, employing, for
example, ['“C]-3,3-dimethylallyl bromide. It was found that reaction of
2,4-dimethoxyquinolines with n-butyllithium and the allylic bromide gave
the prenyl derivatives 242 and 243 in high yield; these were converted
readily into the required 2-quinolones with dry hydrogen chloride. Oxida-
tive cleavage of prenylquinolones 244 and 246 was carried out by reaction
with osmium tetroxide—periodate to give aldehydes 247 and 248, cyclized
by heating with polyphosphoric acid to dictamnine and skimmianine,
respectively (Scheme 18). The overall yield of dictamnine from 2,4-
dimethoxyquinoline was 50%, a clear improvement on previous methods.
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Oxidation of the dimethoxyquinolone 245 was unsatisfactory, but
ozonolysis of the trimethoxyquinolone 243 and cyclization of the resultant
aldehyde 249 gave y-fagarine.

OMe OMe
= (i) BuLi, THF x =
(i) BrCH,CH=CMe,
N7 “OMe N7 “OMe
R R HCl, ether
(R =H or OMe) (R% 242 R=H OMe
243 R=0OMe
OMe = Z
\\CH,CHO . N0
H
= R?
N~ "OMe 244 R'=R*=H
MeO 249 245 R'=H,R>=0OMe

246 R'=R?=0OMe

175°\PPA
/0504 -104

OMe OMe
CH,CHO
DX b
R' N O R! N0
R? Rz H
R'=R?=H Dictamnine 247 R'=R’=H
R'=H,R?*=0Me y-Fagarine 248 R'=R?=OMe
R!'=R%?=0OMe Skimmianine

SCHEME 18. Synthesis of furoquinolines by oxidative cleavage of 3-prenyl-2-quinolones.

Dictamnine labeled on the furan hydrogens with tritium or deuterium
was prepared by cyclization of aldehyde 247 with tritiated or deuterated
PPA (3). Treatment of [2,3-*H,]dictamnine with aqueous acid did not
result in exchange of deuterium atoms. In the formation of {2,3-
2H2]dictamninc, exchange of deuterium between the 2- and 3-positions of
the furan ring may occur by a 1,2-shift, (251) =2 (252) (Scheme 19),
although an alternative mechanism for exchange of the aldehyde proton
involves addition of D* to the enol form of aldehyde 250 assisted by the
4-methoxy group.
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SCHEME 19. Synthesis of [2,3-*Hx]dictamnine.

The angular isomer 254 which was obtained previously (Volume VII, pp.
235, 237) was a minor product (5%) of the cyclization of aldehyde 247.
Heating dictamnine with PPA at 180° resulted in partial conversion (20%)
to the angular 2-quinoline, indicating that to obtain maximum yields of
furoquinoline alkaloids in the aldehyde cyclization reaction temperature
and reaction time must be carefully controlled. The mechanism of the
dictamnine rearrangement may involve initial cleavage of the protonated
vinyl ether 253 followed by formation of aldehyde 255 and cyclization to
the more stable angular derivative (Scheme 20) (196).
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SCHEME 20. Rearrangement of dictamnine.

Cyclization of the N-methylaldehyde 257, obtained by periodate oxida-
tion of edulinine (256), gave isodictamnine (258) (47%) and its angular
isomer (259) (29%); isodictamnine also undergoes acid-catalyzed rear-
rangement to the angular 2-quinolone (196).
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4. Synthesis from 3-Formylquinolines

Another high-yield synthesis of furoquinoline alkaloids, devised by
Narasimhan and Mali (197), also involves the preparation of aldehydes
247 and their cyclization with polyphosphoric acid, and is illustrated in
Scheme 21 for dictamnine. In this route, treatment of lithiated 2,4-
dimethoxyquinolines with N-methylformanilide gave 3-formylquinolines
260. Wittig reactions with methoxymethylene triphenylphosphonium
chloride and ter-butoxide led to a mixture of cis- and trans-enol ethers,
which were hydrolyzed to the 2-quinolone aldehydes. Dictamnine, evoli-

trine, pteleine, and y-fagarine were synthesized by this method.
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SCHEME 21. Synthesis of furoquinolines by formylation.



2. QUINOLINE ALKALOIDS RELATED TO ANTHRANILIC ACID 169
V. 1,1- and 1,2-Dimethylallyl Alkaloids

A. INTRODUCTION

Quinoline alkaloids containing a Cs side chain at the 3-position of the
quinoline ring typically have a potential 3,3-dimethylallyl structure, but in
1963 a dihydrofuroquinoline, ifflaiamine, was isolated from Flindersia
iflaiana F. Muell which proved to be the first example of a quinoline
alkaloid containing the alternative 1,1-dimethylallyt arrangement (Volume
IX). Chamberlain and Grundon synthesized ifflaiamine and reexamined
the alkaloids of F. ifflaiana, while Bose and Paul and Talapatra and his
colleagues studied the constituents of Ravenia spectabilis and identified
quinoline alkaloids related to iflaiamine. In this account the preparative
work will be described first, as three of the alkaloids of the group were
synthesized before they were isolated.

B. SYNTHESIS OF IFFLAIAMINE, RAVENINE, RAVENOLINE, AND
LEMOBILINE

Chamberlain and Grundon (198) planned to synthesize iflaiamine (264)
by Claisen rearrangement of the prenyl ether 261 followed by cyclization
of the 1,1-dimethylallyl derivative 263, but they encountered unexpected
difficulties (Scheme 22). The ether 261 (ravenine), prepared from 4-
hydroxy-1-methyl-2-quinolone and 3,3-dimethylallyl bromide, rearranged
readily when heated at 130-140° or when refluxed in N-methylpiperidine,
but “normal” Claisen rearrangement products were not obtained; the
three isomeric compounds that were isolated were the 1,2-dimethylallyl
derivatives, 265, 267, and 268. Apparently, the products were formed by
an ‘“‘abnormal” Claisen rearrangement to olefin 265 followed by alter-
native cyclization in which the 2- or 4-oxygen substituents participated.
The acidic 4-hydroxyl group is necessary for rearrangement of normal to
abnormal rearrangement product, 263 — 265, and in the presence of
sodium carbonate this rearrangement was prevented, but the angular iso-
mer of ifflaiamine (266) was the product obtained. Ifflaiamine was success-
fully synthesized by trapping the normal Claisen product as acetate 262,
which was cyclized to ifflaiamine with hydrogen bromide. Compound 265
(ravenoline) is readily prepared in 80% yield by reaction of ravenine (261)
i(n boiling acetic anhydride and subsequent hydrolysis of ravenoline acetate

84),

In the synthetic reactions, isomers were separated by means of their
different properties; for example, the 4-hydroxy derivative 265 is acidic,
the 4-quinolone 267 is basic, and the 2-quinolone 268 is neutral. NMR
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SCHEME 22. Synthesis of ravenine, ravenoline, ifflaiamine, and lemobiline.
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spectroscopy was particularly useful in establishing the structures of the
compounds, and relevant chemical shifts are included in Scheme 22; 4-
quinolones are distinguished by low-field resonances of C-5 protons, and
the downfield shift of C-H quartets adjacent to heterocyclic oxygen in
“normal” Claisen products 264 and 266 compared to C-H signals in
“abnormal”’ compounds 267 and 268 is also noteworthy.

C. ALKALOIDS OF FLINDERSIA IFFLAIANA F. MUELL AND
RAVENIA SPECTABILIS ENGL.

1. Structural Studies

In order to compare synthetic iflaiamine with the natural alkaloid,
Chamberlain and Grundon (198, 199) reexamined a crude alkaloid extract
derived from the wood of Flindersia ifflaiana and obtained two isomeric
alkaloids. Ifflaiamine (264) {mp 122-125° [a]p—6.2° in methanol and
—9.15° in chloroform; picrate, mp 189-192°} had properties different from
those reported earlier (Volume IX). The second alkaloid (mp 53-54°;
picrate, mp 188-191°) was shown to be the 1,2-dimethylallyl derivative 267
by comparison with the synthetic racemate (mp 106-108°; picrate, mp
186-190°). The alkaloid was levorotatory, but too little was available to
obtain an accurate value of the specific rotation.

Paul and Bose (28) examined the alkaloids of Ravenia spectabilis
(Lemonia spectabilis Lindl.), and by NMR spectroscopy they identified the
4-prenyloxyquinolone 261 (ravenine) and the 1,2-dimethylallyl derivative
265 {mp 144°; [a]p +6° (CHCI5)}, to which the name ravenoline was given.

Talapatra and co-workers (200) also studied the Ravenia alkaloids and
recorded the isolation of (—)-ravenoline {mp 98-99° [a]lp—5%1°
(CHCL)} rather than the dextrorotatory enantiomer obtained by Paul and
Bose. This discrepancy has not yet been resolved. Another alkaloid iso-
meric with ravenoline was first called spectabiline, but to avoid confusion
with another compound of the same name this was later changed to
lemobiline. (—)-Lemobiline (267) (mp 198°; picrate, mp 198°) is identical
with the alkaloid isolated from F. ifflaiana. Lemobiline and ifflaiamine
retain water of crystallization tenaciously, and this probably accounts for
the widely different melting points recorded for the alkaloids.

2. Reactions of Ravenoline and Lemobiline

_ Ravenoline (265) is converted into lemobiline (267) almost quan-
titatively when heated with 6 N hydrochloric acid at 95° for 1hr. The
reverse process occurs on prolonged reaction with base, (—)-lemobiline
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giving a mixture of (—)-ravenoline and the tertiary alcohol 269; because
the products are unaffected by base it was suggested that the hydrolysis of
lemobiline occurs by means of competitive reactions, as illustrated

(Scheme 23) (200).
OH

=
OH

(a)

(o] L(I:H 2 10% KOH-MeOH 269

T (a)‘ H reflux 40 h

Me \C‘)H/(;)

(b)

Lemobiline

Ravenoline
SCHEME 23. Reaction of lemobiline with base.

The 4-methoxyquinolone 270, prepared from ravenoline with
diazomethane, was ozonized to give the ketone 271 (84). Reaction of the
ketone with PPA afforded the dimethylfuroquinolone 272 presumably via
the hemiketal 273.

Grundon and James (95) showed that reaction of (x)-lemobiline with
N-bromosuccinimide gave 6-bromolemobiline (274) and the two vinyl
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bromides 276 and 277. The angular isomer 275 of lemobiline, named
J-lemobiline by analogy with the angular isomers of balfourodine and
isobalfourodine (Section IILF), is readily prepared by pyrolysis of ravenine
(261) and with N-bromosuccinimide gave a single product 277. This
compound was formulated as the Z-stereoisomer, because the NMR signal
at 72.59 indicates that the olefinic proton is deshielded by the adjacent
carbonyl group. The bromination of lemobiline and of y-lemobiline thus
follows a similar course to that of dihydroflindersine (Section 1I1,G,3) and
an analogous mechanism can be written. It appears from an inspection of
molecular models that the bromide 278 initially formed is likely, as a result
of molecular overcrowding, to undergo rapid elimination.

D. BUCHARAINE, BUCHARIDINE, AND BUCHARAMINE

These unique alkaloids were obtained by Yunusov and co-workers from
Haplophyllum bucharicum and appear to be derived from geranyl pyro-
phosphate. Although all structures have not been established, the alkaloids
seem to be geranyl analogs of the Ravenia bases and are therefore consid-
ered in this section.

Bucharaine (C19H25NO4, mp 151-152°) gave a mono-O-acetate, an
N-methyl derlvatlve and a dibromide, and with platinum and hydrogen it
furnished 4- -hydroxy-2-quinolone and an oil, C;¢H3;0,. On this basis
bucharaine was assigned partial structure 279, which was also in accord
Wwith the IR and UV spectra; the alkaloid was believed to contain a double
bond and a secondary and a tertiary hydroxyl function (201). The alkaloid
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SCHEME 24. Structures of bucharaine and bucharidine.
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was later given structure 280 (202), because ozonolysis was reported to
yield bucharainic acid (C;7H;;NOg; mp 288-289°) and acetaldehyde; in
the NMR spectrum, a doublet at 75.4 and a quartet at 6.41 were attributed,
respectively, to the methylene and methine protons of a Ar—-O-CH,-
CH(OH) group. The revised structure 281 was then proposed, mainly as a
result of mass spectral studies and reaction with periodate to give
bucharainal (282) (203). The new structure is certainly more acceptable in
biosynthetic terms and allows interpretation of catalytic reduction as pro-
ceeding through allylic hydrogenolysis and subsequent reduction of the C;o
moiety (see Scheme 24). The reported formation of acetaldehyde in
ozonolysis of bucharaine has yet to be explained.

Bucharaine is reported to undergo rearrangement in the mass spec-
trometer, giving the Claisen product 283 at 60° and 40 eV and the abnor-
mal Claisen rearrangement product 284 at higher temperature (204). On
the other hand, the acetonide of bucharaine is believed to be transformed
in the mass spectrometer into the abnormal product (acetonide of 284) and
its linear and angular cyclization products at 90-110° and into the cycliza-
tion products of the normal Claisen rearrangement product at higher
temperatures (205).

The structure of bucharaine has now been confirmed by synthesis
{Scheme 25). The geranyl ether 286 was prepared from 4-hydroxy-2-
quinolone and geranyl chloride. Selective epoxidation with m-chloro-
perbenzoic acid yielded monoepoxide 287. Reaction of the epoxide with
formic acid gave the formate ester 288, which on treatment with base was
converted into bucharaine (206).
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Bucharidine (C,9H,;sNO,; mp 251-252°) contains no methoxyl or N-
methyl groups and is resistant to catalytic hydrogenation; it was shown by
its solubility in base, by IR absorption at 1645 cm™' and by its UV spec-
trum to be a 4-hydroxy-2-quinolone (207). Structure 285 was proposed for
bucharidine on the basis of the NMR spectrum, which showed a one-
proton quartet at 72.12 (C-5-H), a two-proton multiplet at 6.10 (=CH-
OH and =CH-Me), a four-proton multiplet at 8.08 (-CH,CH,-), a three-

proton singlet at 8.70 (Me-(‘f—O—), a three-proton doublet at 8.77 (=CH-

Me), and a six-proton singlet at 8.84 (=CMe;) (207). Bucharidine appears
to be a product of abnormal Claisen rearrangement of bucharaine (Scheme
24). Although this conversion was carried out in vitro by heating
bucharaine in tetralin (203), the structure of the alkaloid is not yet certain;
the NMR resonance at 8.847, for example, is at abnormally high field for a
gem-dimethyl group in structure 285.

The third new alkaloid of H. bucharicum was named bucharamine, and
was an optically inactive base (C,yH,sNOy4; mp 223°) containing no
methoxyl or methylamino groups (105). It was shown by UV and IR
spectroscopy to be a 4-quinolone. In the NMR spectrum there were
one-proton multiplets at 75.4 and at 6.4 attributed to the presence of
—-CH-O groups and a 22-proton signal at 7.65-9.2 incorporating
resonances for six methyl groups. On this basis bucharamine was formu-
lated as the acetonide of a rearrangement product of bucharaine with
structure 289 or 290. The fragmentation peak at m/e 313 (M-C;HgO) in
the mass spectrum of bucharamine supported the presence of an acetonide
group. Acid hydrolysis of bucharamine furnished acetone and a new base,
CioH,3NO3;, which was assigned structure 291. The IR spectrum showed
the absence of a hydroxyl group but the presence of a carbonyl group
producing absorption at 1710 cm™". Clearly, hydrolysis of bucharamine

OH OH
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resulted in subsequent elimination to give a ketone. The resonance at 75.46
(=CH-Me) in the NMR spectrum of the hydrolysis product supports
structure 291 (cf. ifflaiamine 264), rather than the ‘“abnormal” Claisen
product 292 (cf. lemobiline 267). Hence, the alkaloid bucharamine prob-
ably has structure 289.

Because bucharamine was crystallized from acetone, it is possible that
the acetonide group was introduced in this way and that the extract of H.
bucharicum contains the corresponding diol. Although it contains a chiral
center, bucharamine is optically inactive, and the diol, therefore, may in
any case be an artifact arising through Claisen rearrangement of
bucharaine followed by cyclization.

VI. 2-Alkyl- and 2-Aryl-4-quinolone Alkaloids

Data for 2-alkyl- and 2-aryl-4-quinolone alkaloids are given in Table
VIII (3, 69, 134, 208-217).

A. 2-ALKYL-4-QUINOLONE ALKALOIDS

4-Quinolones containing a long unbranched alkyl chain in the 2-position
(pseudans) were first obtained from microorganisms, but during the last
decade pseudans with C,-C;5 alkyl groups have been isolated from a
number of rutaceous species.

TsOH-PhH
reflux

Me
SCHEME 26. Synthesis of 2-alkyl-N-methyl-4-quinolones.



TABLE VIII

2-ALKYL AND 2-ARYL-4-QUINOLONE ALKALOIDS”

Structure Molecular Melting point

Compound number formula O Source Ref.

5-Hydroxy-1-methyl-2-phenyl-4-quinolone 312 C,6H13NO, 174-175 Lunasia quercifolia Lauterb and K. 69
Schum

2-(Hept-1-enyl}-4-quinolone 305 C,6H1sNO Pseudomonas aeruginosa 3,208
Acutine 304 C16H1sNO 122-123 Haplophyllum acutifolium 209
Folimidine 313 C,7H;sNO; Haplophyllum foliosum 210
Japonine 317 C,8H;7NO3 143 Orixa japonica Thunb. 211
2-(Nona-2,6-dienyl)-4-quinolone 300 C,gH,NO 103 Vepris ampody 134
2-(9-Hydroxynonyl)-4-quinolone 301 C;3H,sNO, <50 V. ampody 134
1-Methyl-2-nonyl-4-quinolone 296 C,9H;7;NO 71-75 Ruta graveolens 212
Rutavarin 306 Cy0H20NO; 224 R. graveolens 213
2-(10-Oxoundecyl)-4-quinolone 302 C,0H;NO, 126 V. ampody 134
2-Undecyl-4-quinolone 303 Cy0H2oNO 130-132 Prelea trifoliata 214
1-Methyl-2-undecyl-4-quinolone 294 C;:H;3NO 68.5-70 Evodia rutaecarpa Hook f. & Thoms 215
Melochinone 308 Cy3H,2 NO, 316-318 Melochia tomentosa L. 216
Evocarpine 297 C,3H3:NO 34-38 E. rutaecarpa 217
1-Methyl-2-tridecyl-4-quinolone 293 C,3H3sNO 74-75 E. rutaecarpa 215
1-Methyl-2-pentadecyl-4-quinolone 295 C55H3oNO 80 E. rutaecarpa 215

? Supplementary to Volume IX, Chapter 6, Table II.
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Evocarpine, C,3H33sNO, was isolated from the fruits of FEvodia
rutaecarpa Hook. f. and Thoms by Tschesche and Werner (217) and shown
to be a 4-quinolone by its UV spectrum and by IR absorption at
1623 cm™ . The alkaloid was converted by catalytic hydrogenation into a
dihydro derivative, identified by synthesis (Scheme 26) as 1-methyl-2-
tricodecyl-4-quinolone (293). The presence in evocarpine of a nonterminal
double bond was indicated by NMR resonances at 74.71 (2H, triplet,
_CH=CH-) and at 9.1 (3H, -Me), but the position of the unsaturated
function was not readily determined. Ozonolysis of the alkaloid and
treatment of the products with 2,4-dinitrophenylhydrazine resulted in the
formation of a hydrazone mixture consisting mainly of valeraldehyde
hydrazone but containing some C¢ and C, aldehyde derivatives. It was
concluded that the alkaloid was the A¥-olefin 297 but was mixed with some
A7 and some A° isomers. The mass spectrum of evocarpine also was
studied; in addition to a substantial molecular ion peak at m/e 339,
fragmentation ions at 186 (C-2'-C-3' cleavage) and at 173 (C-1'-C-2’
cleavage) were observed; the latter (298) was the base peak and apparently
arises by rearrangement of the molecular ion as illustrated.

O O
@(Cﬂz)n_CHg @(CthCH:CH(CHI)JCHJ
;
r\"ie Me

293 n =12 Dihydroevocarpine 297 Evocarpine

294 n=10
295 n=14
296 n=8
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O
—
T
) ye
CH, CH,
298 m/e 173

A later study (215) of the leaves and fruit of E. rutaecarpa led to the
ISolation of three new alkaloids, shown by spectroscopy to be dihy-
droevocarpine (293) and the analogs 294 and 295 containing, respectively,
Cii and C;s saturated side chains. The mass spectra of these compounds
were particularly informative; in each case the base peaks occurred at m/e
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173, and a succession of fragmentation peaks at mass intervals of 14
indicated the length of the 2-alkyl group. The structures of alkaloids 294
and 295 were confirmed by synthesis, using the procedure developed for
dihydroevocarpine (Scheme 26). Another member of this series containing
a Co side chain (296) has been isolated from the aerial parts of Ruta
graveolens and its structure was established by NMR and mass spec-
trometry (212).

The constituents of Vepris ampody H. Perr. were studied by Potier and
co-workers (134), and three new alkaloids were identified mainly by spec-
troscopic means as pseudans with Cy or Cy; side chains. One alkaloid,
C.sH,,NO, was clearly a 2-nonadienyl-4-quinolone, for catalytic reduction
furnished 2-nonyl-4-quinolone. In the NMR spectrum, a two-proton
multiplet at 78.05 and a three-proton triplet at 9.15 indicated that the
group -CH=CH-CH,-CH; was present, while a six-proton multiplet at
7.3 was attributed to three methylene groups adjacent either to double
bonds or to the quinolone nucleus. Hence, the alkaloid had structure 299
or 300. Structure 299 was preferred on the basis of the mass spectrum,

O 4 56 7 8 9
299 R=CH,CH,CH=CHCH,CH=CHCH,CH3;
300 R = CH,CH=CHCH,CH,CH=CHCH,CH3;
301 R=(CH,);CH,OH

302 R=(CH;)yCOCH;

303 R=(CH;),0CH,

304 R =(CH,);CH=CHCH,CHj; Acutine

305 R=CH=CH(CH,);Me

306 R=(CH,)4 QO Rutavarin
.
307 R=CH=CH—CH=CH Qo

308 Melochinone
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which showed a fragmentation peak m/e 172 resulting from cleavage of
the C-2'-C-3' bond.

A second alkaloid from V. ampody was shown to be the primary alcohol
301 (134). The NMR spectrum showed a resonance at 76.35 (2H, triplet,
-CH,0OH), appearing at lower field after acetylation. The third alkaloid
was the 4-quinolone 302 with a C;, side chain. The presence of a ketonic
function was indicated by IR absorption at 1705 cm™", and the structure
was confirmed by NMR and mass spectrometry.

Reisch and co-workers (214) recently identified 2-undecyi-4-quinolone
(303) as a constituent of leaves of Ptelea trifoliata, and they isolated from
the roots of Ruta graveolens an unresolved mixture of 4-quinolones in
which the 2-alkyl groups contain 11, 12, 13, or 14 carbon atoms.

Structure 304 for acutine, an alkaloid of Haplophyllum acutifolium (DC)
G. Don, has been established by spectroscopy and by synthesis of dihy-
droacutine (209).

A microbial metabolite isolated from Pseudomonas aeruginosa was
shown to be the A'-heptenylquinolone 305 by a study of the NMR and
mass spectra and by its synthesis from aniline and methyl-3-keto-non-4-
enyloate (208).

Rutaverin, an alkaloid of R. graveolens, was shown (213) to be the
2-alkyl-4-quinolone 306 related to the well-known quinoline alkaloids of
Galipea officinalis Hancock. The butadiene derivative 307, prepared from
2-methyl-4-quinolone and 3,4-methylenedioxycinnamaldehyde, was con-
verted into rutaverin by catalytic reduction.

An alkaloid, melochinone (C;,H,;NO,), was obtained from Melochia
tomentosa L. (Sterculiaceae) and the unusual structure 308 was established
by X-ray analysis (216). The constitution of melochinone was not apparent
from spectroscopic data, partly because the presence of a 4-quinolone
system was not recognized from IR absorption at 1620 cm™'. The NMR
spectrum indicated that the alkaloid contained one phenyl and two methyl
groups; a resonance at 6.447 initially suggested that the terminal methyl-
ene group in the sequence =C=CHCH,CH,CH,- was attached to an
electronegative group, but the X-ray determination showed that the signal
was at unexpectedly low-field because of the adjacent carbonyl group.

B. 2-ARYL-1-METHYL-4-QUINOLONE ALKALOIDS

Alkaloids of this type have been described previously, and during the
last ten years new sources of known alkaloids have been recorded. Thus,
the simplest member of the group 309, previously obtained only from
Balfourodendron riedelianum, has now been isolated from Haplophyllum
foliosum (164). Graveoline (rutamine) (310), a characteristic alkaloid of
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Ruta species, is a constituent of R. angustifolia Peers., R. chalepensis L.
(113), and R. bracteosa D.C. (218) as well as R. graveolens (see Volume
IX of this treatise). Eduline (311) has been found in the leaves of Skimmia
japonica Thunb. (37).

New alkaloids of the group include the 5-hydroxy-4-quinolone 312
isolated from Lunasia quercifolia (69) and later from an S. japonica variety
(3). The structure of the alkaloid was established by spectroscopy (69), the
NMR resonance at 7—4.0 being due to a hydroxyl group at C-5 linked by
intramolecular hydrogen bonding to the 4-quinoline carbonyl group.
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311 Eduline 312 313 Folimidine

Folimidine was obtained from Haplophyllum foliosum and is assumed to
have structure 313 on the basis of spectroscopic studies on the alkaloid and
its O-methyl derivative (210).

A number of alkaloids were isolated from the root bark of Orixa
Japonica (Volume IX, p. 250), and a study of the aerial parts of the plant
has now yielded a new alkaloid, japonine (C,3H7;NQO;), shown by spec-
troscopic methods to be 3-methoxyeduline (317) (211). The additional
methoxyl group was assigned to the 3-position because of the presence of
eight aromatic proton resonances in the NMR spectrum of japonine and
the absence of a resonance attributable to a proton at C-3.

Piozzi et al. (219) have confirmed 317 as the structure of japonine by
synthesis (Scheme 27). Application of Darzen’s reaction to 2-nitro-5-
methoxybenzaldehyde furnished epoxide 314. This was converted with
hydrogen chloride and hydroquinone into 315, which was reduced to the
3-hydroxy-4-quinolone 316; methylation then afforded japonine as the
major product.
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SCHEME 27. Synthesis of japonine.

VII. Biosynthesis

Earlier theories of the biosynthesis of quinoline alkaloids found in the
Rutaceae have been discussed in Volume IX of this treatise, and the first
experimental results using radioactive tracers were also reviewed. Spenser
and his collaborators showed that anthranilic acid is incorporated intact
into dictamnine in Dictamnus albus and that C-10 and C-11 (cf. 328) are
derived from C-1 and C-2 of acetate, respectively (220). Matsuo et al.
(221) demonstrated almost simultaneously that the quinoline ring of
skimmianine in Skimmia japonica was formed similarly. Since then, the
biosynthesis of furo- and isopropyldihydrofuroquinoline alkaloids has been
studied intensively, with particular interest in the origin of the C; and Cs
side chains present at the 3-position of the quinoline ring of these alkaloids.

The existence of furoquinoline alkaloids containing Cs isoprenyl groups
elsewhere in the molecule [for example, evoxine (331) and choisyine (332)]
:and the cooccurrence of furoquinoline alkaloids such as dictamnine with
1sopropyldihydrofuroquinolines like N-methylplatydesminium salt (326)
provided convincing taxonomic evidence for the suggestion that the C,
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furan ring was formed by loss of a 3-carbon fragment from a mevalonate-
derived isoprenyl group. Earlier attempts to obtain experimental evidence
for this theory were unsuccessful, and mevalonic acid was not incorporated
into dictamnine (328) in D. albus (220) or in S. japonica (222), although
Colonna and Gros (223) later showed that C-4 and C-5 of mevalonic acid
are incorporated specifically into C-2 and C-3, respectively, of skim-
mianine (330) in Fagara coco Engl.

Confirmation of the isoprenoid nature of the furan rings of dictamnine
(328) and of N-methylplatydesminium salt (326) in S. japonica was pro-
vided indirectly by Grundon and his co-workers (224), who showed that
the 3-prenylquinolones 321 and 322 labeled at C-1’ with '*C were good
precursors of both alkaloids (3.6-4.8% incorporation). Specific incorpora-
tion of the precursors into dictamnine was indicated by oxidative degrada-
tion by a method similar to that used previously. N-Methylplatydesminium
salt was counted as its base-cleavage product edulinine (256), which was
converted into isodictamnine (Section IV,B,3); oxidation via 3-carboxy-4-
hydroxy-1-methyl-2-quinolone gave **C-labeled carbon dioxide.

The biosynthetic pathway to furoquinoline alkaloids apparently involves
formation of the quinoline ring before introduction of the side chains, for
4-hydroxy-2-quinolone (319) is a specific precursor of skimmianine (330)
in R. graveolens (225) and 4-hydroxy-2-quinolone (319) and 4-methoxy-
2-quinolone (320) are incorporated into dictamnine (328) and N-methyl-
platydesminium salt (326) in S. japonica (224). Labeled 2,4-dihy-
droxyquinoline is incorporated into kokusaginine (6,7-dimethoxydictam-
nine) in Ruta graveolens, but degradation of the alkaloid indicated that
randomization of the label had occurred, suggesting that 2,4-dihy-
droxyquinoline is not a direct precursor (226).

Although the work described apparently established the general biosyn-
thetic route to furoquinoline alkaloids, i.e., 318 — 319 —» 321 —» 322
— 328 or —» 326, many details of the pathway were unresolved; in parti-
cular, speculation about the fragmentation of the isoprenyl side chain
leading to an unsubstituted furan ring stimulated further research with
radioactive tracers. Seshadri and his collaborators (227) had proposed that
oxidative cleavage of a prenyl group at the double bond could lead to an
aldehyde which by cyclization might lead to a benzofuran; this scheme led
to in vitro syntheses of furoquinolines of the dictamnine group (Section
IV,B,3). The biosynthetic theories of Birch and Smith (228) applied to
furoquinoline alkaloids by Diment, Ritchie, and Taylor (229) implied that
platydesmine (325) was an intermediate in the pathway from
prenylquinolones 322 to dictamnine. This process was realized in vitro by
the isolation of dictamnine from the reaction of platydesmine with lead
tetraacetate and iodine (229).
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oids.
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The Birch-Ritchie proposals were supported by further feeding
experiments with S. japonica in which (z)-['*C]platydesmine (325) was
shown to be an excellent specific precursor (18.8% incorporation) of
dictamnine (224). Although platydesmine was not detected in S. japonica,
even by gas-liquid chromatographic analysis of the alkaloid extract, the
alkaloid was shown to be an intermediate in the biosynthetic pathway,
as well as an efficient precursor, by in vivo isotope-trapping;
[**Clprenylquinolone 322 fed with unlabeled (+)-platydesmine gave
radioactive platydesmine and dictamnine.

Studies of the biomechanism of the transformation of platydesmine into
furoquinoline alkaloids were carried out with Choisya ternata (230);
skimmianine is the principal furoquinoline alkaloid of this species (3), but
as it arises by hydroxylation of dictamnine (see below), results obtained are
applicable to both alkaloids. The 4-methoxyquinolone 322, in which both
hydrogen atoms attached to C-1' were labeled with tritium, was mixed with
the [1-'*C]quinolone and administered to shoots of Choisya ternata.
Doubly labeled skimmianine (330) was isolated, the *H: '*C ratio indicat-
ing that approximately half the tritium label was retained. This result elim-
inates the possibility that the furan rings of dictamnine and skimmianine
arise from platydesmine via a ketone 324, and is consistent with a pathway
involving stereospecific oxidation to an alcohol derivative, e.g. 329, or
direct hydrogen ion abstraction, followed in either case by loss of the
isopropyl group. Myrtopsine (329, R =H unknown stereochemistry) has
recently been isolated from Myrtopsis sellingii (238); a study of its reactions
and of its role as a biosynthetic precursor should further clarify the trans-
formation of platydesmine into dictamnine in vivo.

Subsequent work was designed to indicate at what point in the pathway
methylation of the 4-oxygen function occurs. It was shown by feeding
quinolone 322 doubly labeled in the 4-methoxy group and in the side chain
that the methoxy group remains intact in the formation of skimmianine in
C. ternata (230). 4-Methoxy[3-'*C]-2-quinolone is incorporated efficiently
into dictamnine in S. japonica (224), but may be an unnatural precursor
because the quinelone labeled on the 4-methoxy group is not incorporated
into skimmianine in C. ternata and apparently undergoes demethylation to
4-hydroxy-2-quinolone (67). The incorporation of the N-methyl-3-
prenyl[3-*C]-2-quinolone 323 into dictamnine indicates that N-
demethylation also occurs in S. japonica (231).

Several groups have studied the hydroxylation of furoquinoline alka-
loids. Anthranilic acid is a specific precursor of acronidine (195, Section
IV,A,7) in Acronychia baueri (187). Hall and Prager (232) fed [4-
*H]anthranilic acid to the plant and estimated that, during hydroxylation to
acronidine and skimmianine, migration of tritium occurred to the extent of
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19% and 10%, respectively. It appears, therefore, that partly specific
N.L.H. shifts are involved, although this work did not show at what stage of
the pathway hydroxylation occurred.

Grundon, Harrison, and Spyropoulos (3) showed that dictamnine is a
specific precursor of skimmianine in C. fernata and in a variety of S.
japonica (1.3-6.6% incorporation); it was a specific although less efficient
precursor of choisyine (332) and evoxine (331) in C. ternata. Labeled
dictamnine was incorporated into y-fagarine (327), skimmianine (330),
and kokusaginine in cell cultures of Ruta graveolens, and y-fagarine was
found to be a precursor of skimmianine, but in this work specific labeling in
the products was not established (2). It appears that a general route to
furoquinoline alkaloids oxygenated in the aromatic ring involves hydroxy-
lation of dictamine, although the results do not exclude additional path-
ways, such as the formation of skimmianine from a 7,8-dimethoxy-2-
quinolone, as already suggested (31).

Although the general biosynthetic pathway to 3-prenylquinoline alka-
loids and their relatives is apparent from the feeding experiments with
labeled precursors discussed above (Scheme 28), many details remain to be
resolved. Theories are based on chemotaxonomic and stereochemical evi-
dence and have been reviewed for isoprenoid quinoline alkaloids and
coumarins (38); some aspects will be discussed here.

The proposal that epoxides are intermediates in the formation of
hydroxyisopropyldihydrofuroquinoline alkaloids from 3-prenylquinolones
is based on in vitro analogy and on the occurrence of epoxides in rutaceous
species. Reference to Scheme 5 (Section IILE,1) indicates that if an (S)-
epoxide in Balfourodendron riedelianum, for example, cyclized with
inversion of configuration to balfourodine (100) and to the pyrano deriva-
tive isobalfourodine without affecting the chiral center, the two alkaloids
would be expected to have (R) and (S) configurations, respectively. The
fact that both alkaloids have the (R) configuration is consistent with a
pathway in which the furo derivative originates directly from an epoxide
and the pyrano isomer is formed by subsequent rearrangement involving
retention of configuration; there is in vitro analogy for this rearrangement
(Section II1,F).

The biosynthesis of isopropylfuroquinolines such as lunasine (338) and
lunacrine (335) has been discussed (cf. 80), but not yet established; their
cooccurrence with hydroxy derivatives (cf. 333) in Lunasia amara and in
Ptelea trifoliata suggests that the two groups of alkaloids are interrelated
biosynthetically, for example by a pathway involving successive dehy-
dration and reduction via terminal olefins (Scheme 29). This scheme is
Supported by the presence of terminal olefins in P. frifoliata but not
by the stereochemistry of the alkaloids (—)-(R)-lunacrine (335) and
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336 337 (S)- 338 (—)-(R)-Lunasine

SCHEME 29. Biosynthesis of isopropyldihydrofuroquinoline alkaloids.

(—)-(S)-hydroxylunacrine (cf. 333) found in L. amara. The biosynthesis of
{—)-(R)-lunasine is more likely to occur by anti-Markovnikov hydration of
a prenylquinolone to an (S)-hydroxy derivative followed by cyclization to
lunasine with inversion at the chiral center and thence conversion into
lunacrine (335) (Scheme 29); direct cyclization of a prenylquinolone is less
probable because at least in vitro acid-catalyzed reactions lead exclusively to
pyranoquinolines. The (R)-hydroxy derivative lunacridine (cf. 337) has
been obtained from L. amara but is probably an artifact arising from
hydrolysis of (—)-(R)-lunasine during isolation, rather than a biosynthetic
intermediate.

The occurrence of (1,1-dimethylallyl)- and (1,2-dimethylallyl)quinoline
derivatives in Flindersia and Ravenia species and the isolation of the
prenyl ether 261 from Ravenia {(Section V,B) suggested that the biosyn-
thesis of this group of alkaloids might proceed via Claisen and abnormal
Claisen rearrangements as in the synthetic route (Scheme 22, Section V,
B).

Support for this proposition was provided by preliminary 14C-feeding
experiments with R. spectabilis whereby it was shown that the prenyl ether
261 (ravenine) is a precursor of ravenoline 265 (0.75% incorporation)
(199).

The biosynthesis of 2-alkyl- and 2-arylquinoline alkaloids was investi-
gated by Luckner and co-workers. For example, anthranilic acid was
incorporated intact into 2-heptyl-4-hydroxyquinoline 339 in the micro-
organism Pseudomonas aeruginosa. Acetate and malonate are also pre-
cursors, and degradation experiments showed that the side chain was
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SCHEME 30. Biosynthesis of a pseudan.

evolved by the acetate-polymalonate route and that C-2 and C-3 were
derived from the carbonyl and methylene groups, respectively, of
malonate; the pathway shown in Scheme 30 was proposed (233).

CO,R PhCH,CH(NH,)CO,H

| 1
CO,H CH, R
+
co R?
NH,
l 340

341 342

SCHEME 31. Biosynthesis of graveoline.

Anthranilic acid is also a precursor of the 2-aryl-4-quinolone alkaloid
graveoline (342) of Ruta angustifolia Pers. (234), but the labeled carboxyl
group is mainly lost, apparently because of interconversion with tryp-
tophan before formation of the quinoline nucleus. Other feeding experi-
ments indicated that the side chain is derived from phenylalanine, with
hydroxylation of the aromatic ring preceding cyclization to the quinoline
system. A B-keto ester 340 and a 3-carboxyquinoline 341 are probable
intermediates in the biosynthesis of graveoline (Scheme 31), as in the case
of 2-alkylquinoline alkaloids. In contrast to the results obtained with
graveoline, preliminary work on the biosynthesis of eduline (311) in
Skimmia japonica using doubly labeled anthranilic acid indicated that the

carboxyl group of the precursor was retained in the formation of the
alkaloid (235).
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SCHEME 32. Biosynthesis of viridicatin and viridicatol.

An intensive study of the biosynthesis of the fungal alkaloid viridicatin
(348) in Penicillium viridicatum has been carried out by Luckner and
Mothes and co-workers (236). Tracer feeding experiments showed that
phenylalanine was an efficient precursor of viridicatin, but that the carbox-
yl group of anthranilic acid was not incorporated. The benzodiazepine,
cyclopenin (346), itself a constituent of P. viridicatum, is converted in vitro
and in vivo into viridicatin, and the enzyme responsible for this trans-
formation has been identified. It is now known that the cyclic peptide 343
found in the fungus is derived from phenylalanine and anthranilic acid and
is converted through the dehydro derivative 344 into cyclopenin (237).
The pathway to viridicatin established by this work is shown in Scheme 32.
The biosynthesis of the related metabolite, viridicatol (347), occurs via the
benzodiazepine epoxide cyclopenol (345).
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I. Introduction

The range of work conducted on the alkaloids derived from Aspido-
sperma and related species of plants has broadened considerably since this
area was last discussed in Volume X1 of this series. Because of this, several
revisions have been necessary in order to adequately present this material,
A major compromise has been the omission of essentially all data on the
dimeric alkaloids which, it is hoped, will be treated in a subsequent volume
in this series.

The organization of this chapter is therefore along the following lines.
First, the isolation of new monomeric Aspidosperma alkaloids and those of
Melodinus, Tabernaemontana, and Ochrosia species are discussed. This is
followed by successive discussions of the chemical and extensive synthetic
reactions carried out on these alkaloids. Finally, the recent use of X-ray
crystallography and ">’C NMR techniques in the structure elucidation of
these alkaloids is summarized.

Several reviews are pertinent to the discussion. The Swiss group has
discussed a different approach to the classification of indole alkaloids along
biogenetic grounds (1) and has described the biogenetic routes in fascinat-
ing detail. In a complementary review, this author has discussed compre-
hensively the biosynthetic experimentation on monoterpenoid indole alka-
loids (2). In addition, Kapil and Brown have reviewed the closely related
area of nitrogenous glycosides in this volume {Chapter 5).

Gabetta (3) has summarized the indole alkaloids isolated between 1968
and mid-1972, and Aliev and Babaev (4) have discussed the physical
properties of the many Aspidosperma-type alkaloids isolated from Vinca
species.

The numbering system used throughout this review is that of Le Men
and Taylor (5).

I1. Isolation and Structure Elucidation of the Aspidosperma Alkaloids

A. B-ANILINOACRYLATE ALKALOIDS

A substantial number of the new Aspidosperma alkaloids isolated during
the period of this review are of the g-anilinoacrylic ester type. That is, they
contain the unit 1, and depending on additional aromatic substitution, give
rise to a quite characteristic UV A, at 328 nm. Of major import in the
structure elucidation of these alkaloids is the mass spectrum. The retro-
Diels-Alder fragmentation pathway occurs in classic fashion in ring C of
these alkaloids, and after cleavage through the tryptamine bridge two ions
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are apparent. One of these contains the indole nucleus and carbons 6, 16,
and 17 (ion A). The second ion contains carbon 5, the piperidine ring, and
the ethyl side chain (ion B). An alternative major pathway involves loss of
the two carbon side chain (radical C) at C-20 to afford the pentacyclic
system (ion D).

~ CH, Qf\]
+eo —
electron E X
impact COZCH3
ion A
ion B
N
~o— |
radical C ‘ ‘

N
H  co,ch,
ion D

These ions make available a considerable amount of structure informa-
tion. Substitution in the indole nucleus leads to an increase in the mass of
ion A, whereas additional functionalization of the piperidine rings
increases the mass of species B and D. If substitution is limited to the
two-carbon side chain, then the masses of B and C increase but not the
mass of ion D. Examination of these four fragments therefore reveals the
location of additional functional groups. For the simplest anilinoacrylate
derivative, vincadifformine (2), the mass values of these ions are: ion A,
214; ion B, 124; ion C, 29; and ion D, 309,

1. 11-Methoxyvincadifformine (4)

Although numerous alkaloids have been isolated from Vinca minor L.,
Dopke and Meisel have isolated a new amorphous B-anilinoacrylate
derivative from the leaves (6).

Typical UV (Amax 245 and 327 nm) and IR (¥max 1685 and 1620 cm—l)
spectral data confirmed the presence of the anilinoacrylate unit, but in
addition the IR spectrum indicated the presence of a 1,2,4-trisubstituted
flromatic nucleus. The mass spectrum with a base peak at m/e 244 (ion A)
Indicated that the substituent was probably a methoxy group. This group
was placed at the 11-position, even though no NMR studies or chemical
correlations with 11-methoxytabersonine (3) were carried out. The
compound is therefore 11-methoxyvincadifformine (4) (6).
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2. Ervinceine (6) and Ervamicine (7)

The Tashkent group has, in the recent past, provided a number of
interesting alkaloids from the apocynaceous plant Vinca erecta Rgl. et
Schmalh. The petroleum ether-soluble alkaloid fraction gave a base,
ervinceine {mp 99-100°; [a ], —488°}, exhibiting A ., 248 and 328 nm and
carbonyl absorption at 1672 cm™" (7). The mass spectrum confirmed the
B-anilinoacrylate nature of the compound, as a base peak was observed at
m/e 124 (ion B). In the PMR spectrum of ervinceine three aromatic
protons (6.14-6.91 ppm), a three-proton singlet (3.69 ppm) for a carbo-
methoxy group, and a second three-proton singlet (3.66 ppm) for an
aromatic methoxyl group were observed. The methyl triplet of the ethyl
side chain appeared at 0.53 ppm, strongly shielded by the aromatic
nucleus. The coupling constants of the aromatic nucleus (&) clearly
indicated a 1,2,4-trisubstituted aromatic nucleus.

Reduction of ervinceine with zinc in methanolic sulfuric acid gave a
dihydroderivative showing A .. 249, 305 nm, typical of an indoline. The
mass spectrum showed a molecular ion at M™ 370, a base peak at m/e 124,
and an important fragment jon at m/e 284 (7). The latter is derived by
retro-Diels-Alder reaction in ring C to give a loss of C-16 and C-17.
Comparison of the UV spectrum of this dihydro derivative with 7-
methoxytetrahydrocarbazole indicated that the methoxy group in dihy-
droervinceine (5) was located at C-11. Ervinceine therefore has the struc-
ture 6 (7, 8) and is isomeric with 11-methoxyvincadifformine (4).

Also obtained from V. erecta was an amorphous base, ervamicine (&)
{[a]p—264.4°}. Ervamicine exhibited a number of structural similarities to
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ervinceine (6); in particular, three aromatic protons were observed at 6.94,
6.29, and 6.18 ppm showing coupling constants in agreement with a 1,2,4-
substitution pattern. Carbomethoxyl (3.63 ppm) and aromatic methoxyl
(3.66 ppm) were found, and the methyl of the ethyl group was located at
0.58 ppm. The mass spectrum of ervamicine indicated a molecular ion at
366 mu, two mass units less than ervinceine. The additional degree of
unsaturation was traced to the 14,15-position in the piperidine ring, for
two olefinic protons were observed at 5.61 and 5.53 ppm showing a coup-
ling constant of 10 Hz, and a two-proton, complex doublet of doublets at
3.30 ppm for the N-CH,—C=C group.

Catalytic hydrogenation of ervamicine gave a 14,15-dihydro derivative
identical with ervinceine (6). Ervamicine therefore has the structure 7 (8)
and is a stereoisomer of 11-methoxytabersonine (3) (9). The melting points
of the hydrochlorides of these two compounds are very different, 213-214°
for ervamicine hydrochloride and 184-186° for 11-methoxytabersonihe
hydrochloride (9).

3. 11-Methoxyminovincinine (10)

Continuing their work on the isolation of alkaloids of Vinca minor
Dopke et al. (10) obtained a new amorphous B-anilinoacrylate alkaloid
(C22H28N204)~

The mass spectrum exhibited losses of 15, 18, and 45 mu from the
parent ion and a base peak at m/e 140 (ion B), thereby establishing a
hydroxy group in the side chain. Lithium aluminum hydride reduction gave
a diol 8 identical with that obtained from 11-methoxyminovincine (9), and
Oppenauer oxidation gave 11-methoxyminovincine. No PMR data were
obtained, but on this evidence the structure of 11-methoxyminovincinine
(10) was proposed (10).

LiAIH,
—

Fluorenone
KO'Bu
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The stercochemistry of C-21 in 11-methoxyminovincine and 11-
methoxyminovincinine was determined by a method developed for the
minovincine/minovincinine series (11).

Reduction of minovincine (11) with sodium borohydride gave a mixture
of the 19-epimers of minovincinine, (12) and (13). When each of these
compounds was treated with zinc in methanolic sulfuric acid, 2,16-reduc-
tion and lactonization occurred to afford 14 and 15, respectively. From
molecular models, once the stereochemistry of the tryptamine bridge and
of C-20 are described, only the stereochemistry in which the C/D ring
junction is cis will permit lactonization. Further work indicated that in 14
C-19 had the R configuration whereas in 15 this center was S. Interes-
tingly, there was quite a substantial difference in the [«]p of these two
compounds (11).

Application of this sequence in the 11-methoxyminovincine series (12)
indicated the same stereochemical relationship for the C-21 proton, i.e., cis
to the C-20 substituent.
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4. 19R-Hydroxytabersonine (18)

The roots of Catharanthus lanceus Baj ex A. DC. have afforded another
new B-anilinoacrylate alkaloid (13). From the UV and IR spectra and the
high negative optical rotation, the alkaloid was determined to be a member
of the B-anilinoacrylate series. The NMR spectrum confirmed the NH and
carbomethoxyl groups and also showed four aromatic protons. Two
olefinic protons were observed at 5.9 ppm, confirming the unsaturation at
C-14-C-15. The C-18 methyl group appeared as a doublet {J =7.0 Hz) at
0.90 ppm, and because an alcohol function had been indicated from the IR
spectrum, this group could be placed at C-19. The mass spectrum, showing
M"' at m/e 352, although generally similar to that of related alkaloids,
showed m/e 151 (16) rather than m/e 138 (17) as the base peak. Catalytic
hydrogenation of the alkaloid afforded 19-epiminovincinine (13) (11), and
the parent compound could therefore be described as 19R-hydroxy*
tabersonine (18) (13).

OH
/.\I:l RS CH2§+
|
/ 18 x
mje 151

16 HO
m/fe 138

17

5. {+)-3-Oxominovincine (19), (+)-Minovincine (20), and (—)-5-
Oxominovincine (23)

A recent development in the isolation of the 8-anilinoacrylate alkaloids
is the discovery of lactam alkaloids which are only very weakly basic. The
first of these alkaloids to be obtained was (+)-3-oxominovincine (19) from
Tabernaemontana riedelii Muell. Arg. (14).

The UV spectrum (Amax 298 and 330 nm) and the IR spectrum (vmax
3390, 1680, 1620 cm™ ') demonstrated the presence of a B-anilinoacrylate
derivative, but an additional carbonyl absorption was also observed at
1660 cm™ The molecular weight from mass spectrometry was 366, and
the base peak in the mass spectrum was at m/e 214 (ion A) with a major
fragment ion at m/e 154.
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The PMR spectrum indicated a methyl ketone side chain (three-proton
singlet at 1.93 ppm) and a carbomethoxyl group at 3.75 ppm. Four aroma-
tic protons confirmed the location of the additional oxygenation to be in
the D or E rings.

Before discussing the location of the lactam carbonyl, it should be
mentioned that the major alkaloid from the aboveground parts of T.
riedelii was also a B-anilinoacrylate derivative (14) showing a carbo-
methoxyl signal (3.71 ppm) and a methyl ketone (1.82 ppm) in the PMR
spectrum. In the mass spectrum major ions were observed at m/e 309 (ion
D), m/e 214 (ion A), and m/e 138 (ion B) and comparison with (-)-
minovincine (11) confirmed the close similarity. An important difference
was noted, however, in the optical rotation of this compound: Instead of
exhibiting the usual negative rotation, an [a]p of +340° was observed. This
compound is therefore (4)-minovincine (20) (14).

The lactam alkaloid showed [a]p+269° and was chemically correlated
with (+)-minovincine (20). Permanganate oxidation of 20 gave, in very low
yield, a mixture of two lactams one of which was identical with the natural
product. The second (major) lactum showed an IR band at 1670 cm™
which was attributed to a y-lactam having the structure 21. The natural
lactam must therefore be (+)-3-oxominovincine (19) with the absolute
stereochemistry shown.

A second lactam alkaloid obtained from natural sources turned out to be
quite closely related to the second synthetic lactam obtained by Cava et al.
(14).

From Vinca minor Meisel and Dopke (15) obtained a small quantity of
an anilinoacrylate alkaloid having a molecular weight of 366 and major
ions at m/e 214 and 154. A broad band at 1696-1684 cm™' was inter-
preted as being due to a y-lactam functionality, and this was supported by
the mass spectrum which showed an ion at m/e 241, thought to be due to
22. Potassium permanganate oxidation of (—)-minovincine (11) gave a
mixture of two lactams, one of which was apparently identical with the
natural product, which therefore has the structure (—)-5-oxominovincine
(23). It does not appear that the samples from the two oxidation reactions
were ever directly compared.

6. Ervinidinine (25)

Ervinidinine {mp 265-266°; [a]p— 160.6°} isolated from V. erecta Regl.
et Schmalh. (16) gave typical UV (298 and 332 nm) and IR (1680,
1600 cm™") spectral data for a B-anilinoacrylate derivative. The molecular
ion appeared at m/e 352 and the base peak was found at m/e 214 (ion A),
indicating a lack of substitution in the indole nucleus. The additional
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CH=C=0

ﬁ =

H  co,cH,
22

oxygen could therefore be traced to the side chain or the piperidine ring.
The PMR spectrum indicated the methyl of the ethyl group to be at
0-62 ppm. Together, these data were taken to indicate a structure 24 for
ervinidine, isomeric with lochnericine (mp 190-193°) (17).
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Subsequently, Malikov and Yunusov (18) reinvestigated the structure of
ervinidinine. Reduction with zinc in methanolic sulfuric acid gave the
2,16-dihydro derivative. The IR spectrum showed a nonconjugated
carbonyl group at 1725cm™" attributed to the carboxymethyl group,
and a second carbonyl at 1675 cm™' which was attributed to a lactam
carbonyl group in a five-membered ring. Ervinidinine therefore has
the revised structure 25, and the stereochemistry of C-21 remains
unknown (18).

7. Baloxine (26)

From the leaves of Melodinus balansae Baill. Mehri and co-workers (19)
obtained a new anilinoacrylate derivative, baloxine (26). The molecular
ion at m/e 368 analyzed for C;;H,4N,0O4 and the remainder of the mass
spectrum showed typical fragments at m/e 214, 144, and 130 for the
indole nucleus and a base peak at m/e 154 (ion B). The two additional
oxygens were therefore in the piperidine nucleus and/or in the side chain.
The IR spectrum indicated a hydroxyl group (3590 cm™") and a noncon-
jugated ketone (1735 cm™"). A loss of 45 mu (ion D) from the molecular
ion showed the hydroxy group to be present in the side chain although its
position could not be conclusively proved.

The absence of lactam carbonyl indicated the carbonyl group to be at
either C-14 or C-15, and the former position was preferred on the evalua-
tion of a dilute IR spectrum which showed no hydrogen-bonded hydroxyl.
Baloxine was therefore suggested to be 14-oxominovincinine (26).
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8. Vandrikidine (27) and Vandrikine (29)

Few details are available for these alkaloids, although the carbon
magnetic resonance (CMR) data substantiate the structural assignments
20).

Vandrikidine (27) showed some similarity to tabersonine (28), but from
other data an aromatic methoxy group and a secondary hydroxyl needed to
be placed. From the chemical shift of the C-11 carbon at 159.9 ppm, this
was clearly the site of the aromatic methoxy group. The hydroxyl group
was located at C-19 from the chemical shift of C-19 at 67.9 ppm and the
smaller downfield shifts of both C-18 and C-21. Vandrikidine therefore
was assigned structure 27 (20). The relationship with 11-methoxymino-
vincine (9) was not established.

27 R, =OCH;, R, = OH 29
28 R,,R,=H

Vandrikine (29), isomeric with vandrikidine, gave an identical aromatic
region of the CMR with 27 but was closer to vincadifformine in the
frequencies of the ring D carbons. Other data indicated vandrikine to
contain an ether linkage, and from the chemical data the linkage was
placed between C-15 (79.8 ppm) and C-18 (64.7 ppm) and vandrikine was
given structure 29 (20).

9. Echitovenaldine (32)

Echitovenaldine was obtained from the leaves of Alstonia venenata R.
Br. by Majumder and co-workers (21). The UV spectrum (Amax 328 nm)
and the IR spectrum (vmax 3300, 1675, and 1610 cm™') indicated an
anilinoacrylate derivative, and three proton singlets at 3.77 (-CO,CHs),
3.80 (Ar-OCHa,), and 1.53 ppm (-OCOCH;) demonstrated the presence
of the indicated groups. The C-19 proton appeared as a quartet at
4.70 ppm coupled to a three-proton doublet at 0.97 ppm. Location of the
acetoxy group is therefore in the side chain and the methoxyl group in the
aromatic ring.

The above deductions were confirmed by the mass spectrum, which
showed a molecular ion at m1/e 426 and base peak at m/e 182 (ion B) (30).
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The aromatic protons showed coupling constants characteristic of a 1,2,4-
trisubstituted benzene so that the aromatic methoxyl group could poten-
tially be located at C-10 or C-11. A distinction between these two possi-
bilities was made on the basis of chemical correlation.

32 R=0CH;
33 R=H %‘N HCI
(ii) NaBH,4
CH, .
.%N
A CH,0
CH,C00
30

Methanolysis of echitovenaldine gave a deacetyl compound (M" 384)
having spectral properties similar to 11-methoxyminovincinine (9). Acid-
catalyzed hydrolysis gave an indolenine (22), which was reduced by sodium
borohydride to a quebrachamine derivative 31 having a UV spectrum (A max
230, 270, and 300 nm) typical of a 6-methoxy-2,3-disubstituted indole
(23). Echitovenaldine therefore has the structure 32 and is the 11-methoxy
analog of echitovenine (33).

10. Echitoserpine (34) and Echitoserpidine (35)

Continuing with the isolation of alkaloids from the fruits of Alstonia
venenata, Majumder et al. have obtained two unusual B-anilinoacrylate
bases, echitoserpine (34) (24) and echitoserpidine (35) (25). Because these
alkaloids are so closely related they will be discussed together, although the
main emphasis will be on echitoserpidine. The UV and IR spectra, and the
characteristic chromogenic reaction with ceric ammonium sulfate,
indicated the presence of the anilinoacrylate chromophore, but the IR
spectrum also indicated the presence of an ester carbonyl (1720 cm™!). Six
aromatic protons were discerned, but the pattern was too complex for
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interpretation in terms of substitution. A two-proton singlet at 6.01 ppm
was assigned to a methylenedioxy group; three-proton singlets at 3.90 and
3.45 ppm were assigned to aromatic methoxyl and carbomethoxyl groups,
respectively.

The two-carbon side chain was found to be substituted at C-19, because
the C-19 proton appeared as a quartet (J =6.5 Hz) at 4.93 ppm and the
methyl group as a doublet at 1.04 ppm.

The location of the various functionalities was determined from the mass
spectrum. Ion B was observed at m/e 214 (no substitution in the indole
nucleus) and the molecular ion at 532 mu. Because ion B (m/e 318, 36)
fragmented to give ions at m/e 123 and 122, all the functionality is located
at C-19 in the form of an aromatic acid containing a methylenedioxy and a
methoxy group. A fragment ion at m/e 179 was interpreted as resulting
from the standard ester cleavage to give an ion radical of structure 37.

Acid-catalyzed hydrolysis of echitoserpidine gave an indolenine (23)
and an aromatic acid identical with myristicinic acid (38). Reduction of the
indolenine with sodium borohydride gave an indole derivative identified as
39. Methanolysis of echitoserpidine gave an anilinoacrylate derivative
showing a molecular ion at 354 mu and a base peak at m/e 140. This
compound was identical to (—)-minovincinine (13). Echitoserpidine there-
fore has structure 35 (25).

Echitoserpine showed both a molecular ion at m/e 562, 30 mu higher
than echitoserpidine, and all the characteristic spectral characteristics of an
anilinoacrylate alkaloid. Typical of these were IR absorptions at 3400,
1685, and 1620 cm™*, a UV A at 325 nm, and a three-proton singlet at
3.50 ppm for the carbomethoxyl group. Two other methoxyl singlets were
also observed; one of these, like that in echitoserpidine, was deshielded to
3.93 ppm, typical of a methoxy group adjacent to a methylenedioxy group.
The other methoxyl singlet was observed at 3.73 ppm, characteristic of an
aromatic methoxyl group. From the observation of a quartet at 4.97 ppm
the benzoic acid substituent could again be placed at C-19 in the side chain.

The mass spectrum of echitoserpine showed a base peak at m/e 318
(36), indicating that the additional methoxyl group was in the indolic
nucleus. Acid hydrolysis gave myristicinic acid (38), and methanolysis gave
both 38 and 11-methoxyminovincinine (10). Echitoserpidine therefore has
the structure 34 and is the 11-methoxy analog of echitoserpidine (24).

11. Cathaphylline (42)

Catharanthus trichophyllus (Baker) Pichon, a plant native to the

Maglagasy Republic, had been found by the Illinois group to exhibit both
Cytotoxic and antitumor activity (26, 27). At least part of the cytotoxic
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37 m/e 179

activity in the roots of this plant was traced to the two known alkaloids
lochnericine (40) and hérhammericine (41), and the structure elucidation of
this latter compound will be discussed subsequently. A new inactive f3-
anilinoacrylate derivative, cathaphylline, was isolated by Cordell and
Farnsworth (28).
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Cathaphylline exhibited a UV spectrum typical of a 8-anilinoacrylate
with absorptions at 299 and 328 nm; this was supported by the two
characteristic bands at 1675 and 1615cm™'. In addition, however,
cathaphylline showed IR absorptions typical of both hydroxyl (3450 cm™Y)
and ketone (1710 cm ') functionalities. The PMR spectrum indicated four
aromatic protons (7.40-6.70 ppm), a carbomethoxyl group (3.75 ppm),
and a two-proton ‘“doublet” (4.13 ppm). As with many B-anilinoacrylate
alkaloids, it was the mass spectrum which gave the clues to the structure of
cathaphylline. The molecular ion at m/e 368 analyzed for C;;H,4N>Oy,,
and major fragments were observed at m/e 337 (Cy0H2:N,03), m/e 309
(C19H21N202), m/e 214 (C13H12N02), and m/e 154 (CngzNOZ). As
expected, the latter ion was the base peak. Acetylcathaphylline, formed by
reaction with acetic anhydride/pyridine, was a monoacetyl derivative, but
only two ions in the mass spectrum were shifted, the molecular ion and the
base peak, each of which increased in mass by 42 mu. From previous
discussions, the ion at m/e 309 (ion D) indicates that all the additional
oxygenation (two oxygen atoms) is located in the side chain, which there-
fore has the molecular formula C;H30, and contains both the ketone and
hydroxyl functions. The two possibilities for this arrangement are a
hydroxyaldehyde or a hydroxyketone. Several pieces of evidence favored
the latter interpretation. No aldehyde proton was observed in the PMR
spectrum. The mass spectra of both acetylcathaphylline and cathaphylline
showed a fragment ion at m/e 337, corresponding to initial losses of CH;0
and CsHsO,, respectively. The acetylatable (hydroxy) function should
therefore be at C-18. Subsequently in each case, this ion (m/e 337) lost CO
to give the ion m/e 309.

Following acetylation, the two-proton multiplet at 4.13 ppm was shifted
to become two doublets (J=16.5 Hz) at 4.84 and 4.34 ppm, thereby
establishing C-18 to be a primary hydroxyl group. Cathaphylline therefore
has the structure 42 with a novel «-hydroxyketone side chain (28).

g
40 R,=H,R,=H N 42
41 R,=H,R,=OH |
43 R, =OCH,, R,-OH HO
45 R,=OCH;, R,=H o
mfje 154

44
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12. Hérhammericine (41) and Horhammerinine (43)

Horhammericine (41) was isolated by Abraham and co-workers from
the roots of Catharanthus lanceus (29) and horhammerinine (43) from the
leaves of C. lanceus (30).

Hoérhammericine {[a]p—403°} showed the typical IR and UV spectral
data of a B-anilinoacrylate. Similar observations were made for hdrham-
merinine, but on the basis of subtle differences in the UV spectra hor-
hammericine was deduced to be the demethoxy analog of hérhammerinine
(29). The structures of these alkaloids were determined mainly on the basis
of their mass spectral fragmentations (31).

Hoérhammericine and horhammerinine each showed a base peak at m/e
154 (44) (ion B) and a loss of 45 mu from the molecular ions. Each
compound showed a doublet at 1.00 ppm for the methyl of the ethyl side
chain, which must therefore contain a hydroxy group at C-19. The remain-
ing functionality is therefore in the piperidine ring and is an epoxide at
C-14-C-15 (no ketonic carbonyl). Ion B, containing the piperidine ring
and the side chain, has the structure 44. The ion A appeared in mass
spectra of horhammericine and horhammerinine at m/e 214 and m/e 244,
respectively. In the case of hdrhammerinine, the aromatic methoxy group
was placed at C-11 on the basis of similarity to the aromatic region of
lochnerinine (45). Horhammericine therefore has the structure 41, and
horhammerinine is 43 (31). No stereochemical information about the
substituent groups was deduced. Hérhammericine has also been isolated
from the roots of C. trichophyllus (28).

13. Ervincinine (46) and Hazuntine (47)

From the epigeal part of Vinca erecta Yunusov and co-workers isolated
a further B-anilinoacrylate alkaloid (32). Ervincinine (mp 247-248°),
showing a molecular ion at m/e 382, gave a surprisingly low [a]p of
—80.5°. The UV and IR spectra again indicated the presence of the
B-anilinoacrylate unit, and a band at 840 cm ! was assigned to a 1,2,4-
trisubstituted benzene. Reduction with zinc in methanolic sulfuric acid
gave a dihydro derivative having an indoline UV spectrum. The PMR
spectrum of ervincinine exhibited the methyl of an ethyl group at
0.61 ppm, two methoxy! singlets at 3.71 ppm, and three aromatic protons
in the region 6.34-8.01 ppm. No Bohlmann bands were observed, and
therefore, the nitrogen lone pair and the C-21 proton were assumed to be
cis. Structure 46 was proposed for ervincinine on the basis of the UV
spectrum of the dihydro derivative. The stereochemistry of the epoxy
group was not determined.
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Hazuntine {mp 152°; [a]p—45°} was obtained by Potier and co-workers
(33) from the leaves of Hazunta velutina Pichon, and from a molecular ion
at m/e 382 a molecular formula C;;H,¢N,O,4 was deduced. The UV and
IR spectra indicated the presence of a B-anilinoacrylate, and in the mass
spectrum the base peak was at m/e 138 (ion B) with an important fragment
jon at m/e 244 (ion A). The PMR spectrum showed an aromatic methoxyl
and a carbomethoxyl group as an overlapping singlet at 3.78 ppm. In the
aromatic region three protons were observed in a pattern characteristic of
1,2,4-trisubstitution. The ethyl group was observed in the region of
0.7 ppm, and consequently hazuntine (47) has the gross structure of loch-
nerinine (45) but is an isomer, probably at the epoxy group.

At this point an important PMR spectral observation was made.
Comparison of the PMR spectrum in the 0-3.7 ppm region of hazuntine
and pachysiphine (34) indicated identity. Pachysiphine (48) is therefore
related to lochnericine {(40) in the same way that hazuntine (47) is related
to lochnerinine (45).

Although the stereochemistry of the epoxy group in lochnericine has not
yet been determined, it seems clear that lochnericine and lochnerinine are
in one stereochemical series while pachysiphine, hazuntine, and hazun-
tinine are in the opposite stereochemical series as far as the epoxy group is
concerned.

H " co,cH, H  co,cH,
45/47 (isomers) R=H 40/48 (isomers)
49 R=0CH,;

14. Hazuntinine (49)

A second new B-anilinoacrylate alkaloid was also obtained from
Hazunta velutina by Potier and co-workers (33). Hazuntinine {{a]p—
482°} showed a molecular ion at 412 mu for a probable molecular formula
of C;3H25N,0s. The mass spectrum showed a base peak at m/e 138 and a
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major fragment ion at m/e 274. This ion corresponds to ion m/e 244 (ion
A) in hazuntine. Because hazuntinine showed only para-coupled aromatic
protons and an additional methoxy group, hazuntinine has the structure
49. The aliphatic region of the PMR spectrum of hazuntinine was very
close to that of both hazuntine (47) and pachysiphine (48).

Confirmation of the structure of hazuntinine (49) came from the CMR
spectrum, which showed close similarity with the spectrum of
vincadifformine (2) except for C-14 and C-15, and C-10 and C-11 (20).
The former two carbons at 51.8 and 57.0 ppm were clearly attached to
oxygen from their chemical shift and are therefore the site of the epoxide
linkage. The chemical shift differences of C-10 (+23.0 ppm) and C-11
(+22 ppm)* in comparison with vincadifformine (2) demonstrate the ortho
relationship of the two aromatic methoxyl groups.

15. Hedrantherine (50) and 12-Hydroxyhedrantherine (51)

The leaves of Hedranthera barteri (Hook. f.) Pichon have afforded a
number of interesting alkaloids, including two new representatives of the
B-anilinoacrylate type, hedrantherine (50) and its 12-hydroxy derivative
(51) (36).

Hedrantherine was an amorphous alkaloid {{a]p—458.5°} showing a
typical anilinoacrylate chromophore and a molecular ion at m/e 368. Two
principal fragment ions were observed at m/e 214 (ion A) and m/e 154
(ion B). Substitution could therefore be limited to two additional oxygens
in the piperidine ring and side chain, with the loss of two hydrogens. No
loss of the side chain occurred and there was no terminal methyl group
observed in the PMR spectrum. On this basis it could be reasonably
assumed that there was substitution in both the piperidine ring and the
terminal carbon of the ethyl side chain and that the latter was in some way
linked to the piperidine ring. The only possible group reasonably satisfying
these requirements is an acetal linkage and, although several structures are
possible, the acetal linkage between C-18 and C-15 was found to be
correct on the basis of the following evidence.

In hedrantherine (50), a doublet of doublets was observed at 5.34 ppm
(J =4, 6 Hz) which was assigned to the acetal proton. A triplet (J =
2.5 Hz) at 4.16 ppm defined not only the position of the ether oxygen on
the piperidine ring but also the stereochemistry. The ether is therefore

* In Wenkert et al. (20) C-10 and C-11 of hazuntinine are assigned the chemical shifts
149.3 and 143.5 ppm, respectively. In the opinion of the reviewer these assignments should
be reversed in accord with an expected matching chemical shift difference in comparison with
vincadifformine and the assigned frequencies (35) for the corresponding carbons in deacetyl-
geissovelline.
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attached at C-15 in an a-orientation, with the 8-proton at C-15 bisecting
those on C-14.

Acetylation with acetic anhydride-pyridine gave a monoacetyl deriva-
tive 52 showing a doublet of doublets at 6.05 ppm (J =4,6 Hz). The
methylene protons on C-19 each appeared as a doublet of doublets, one at
1.73 ppm (J =14, 6 Hz) and the other at 1.48 ppm (J = 14,4 Hz). The
stereochemical integrity at C-18 is therefore confirmed.

A number of other reactions confirmed the structural features. On
treatment with acetic anhydride in dimethyl sulfoxide, hedrantherine gave
a monoacetyl derivative 52 and 53, as a mixture of C-18 epimers. The low
[a)p of —294° for this mixture is an interesting phenomenon. With
BFs;—etherate in methanol at room temperature, the methyl ether 54 was
produced. Sodium borohydride reduction of 50 gave a diol (M*370) (55)
which with acetic anhydride—pyridine gave a diacetate (56). Reaction of
hedrantherine with zinc in methanolic sulfuric acid gave a mixture of
2,16-dihydrohedrantherine methyl ethers 57 and 58, as expected.

it
NS

CO,CH,
57/58 (isomers)

The second compound in this series obtained by Schmid and co-workers
(36) gave a molecular ion at m/e 384, 16 mass units higher than hedran-
therine (50) and suggesting the presence of a hydroxyl group somewhere in
the molecule. This group was found to be located on the aromatic nucleus,
for the UV spectrum of this compound showed Amax 234, 290, and 336 nm
Wwhich, following the addition of alkali, gave rise to a bathochromic shift to
246, 294, and 366 nm, respectively. Treatment with diazomethane in
(DMF) gave a monomethyl ether (59). Three aromatic protons and two
methoxyl groups (3.83 and 3.73 ppm) were observed in the PMR spectrum
together with a doublet of doublets (J = 6 and 4 Hz) for the C-18 proton at
5.31 ppm and a triplet (J = 2 Hz) for the C-15 proton at 4.13 ppm.
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The position of oxygenation in the aromatic ring was determined by
reduction of the B-anilinoacrylate unit. Treatment of the compound with
zinc in methanolic sulfuric acid gave a mixture of dimethyl ethers (M* =
414) (60/61). The UV spectra of these ethers corresponded closely to that
of 9-methoxy-1,2,3,4-tetrahydrocarbazole (62); consequently, the original
material is 12-hydroxyhedrantherine (51).

51 R;,R,=H 60/61 (isomers)
59 R;=CH;3,R;=H

Tz

OCH,
62

16. Apodine (63) and Deoxoapodine (66)

Iglesias and Diatta (37, 38) have isolated two new alkaloids from
Tabernaemontana armeniaca very closely related to hedrantherine (50).
Apodine was assigned structure 63 on the basis of spectral and chemical
evidence. Zinc and acid gave the 2,16-dihydro derivative 64, and hydroly-
sis with p-toluenesulfonic acid followed by reductive decarboxylation gave
65 (38).

Deoxoapodine (66) differed in the absence of a lactone carbonyl group,
as shown by the spectral data. Decarboxylation with p-toluenesulfonic acid
gave the 1,2-dehydro derivative 67 (37).

N N
N e} N O
H H
CO,CH, R
63 64 R = COzCHg

65 R=H
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N

67

17. Ervinidine (68)

Also obtained from the epigeal part of Vinca erecta by Malikov and
Yunusov (18) is the interesting alkaloid ervinidine. Only fragmentary (no
pun intended) evidence is available for the assignment of the structure, and
this leads to a certain amount of ambiguity.

The molecular formula C,;;H,4N,0O,4 was deduced from the molecular
ion at m/e 368 which showed important fragment ions at m/e 340, 228,
214 (ion A), 168, and 154 (ion B). Three carbonyl functions were obser-
ved, at 1720, 1690, and 1660 cm™’, and the UV spectrum was said to
indicate a B-anilinoacrylate. Four aromatic protons were observed and the
methoxy of an ester group at 3.85 ppm. The methyl of an ethyl group was
found at 1.13 ppm.

The structure of ervinidine was determined as 68 on the basis of the
above information and the rationale that follows. The two carbonyls of the
lactam and the ketone were placed adjacent to each other in order to
account for the facile loss of 28 mu, as shown in Scheme 1, and from the
same intermediate the important fragment at m/e 168 is produced. An
alternative initial fragmentation (Scheme 1) leads to the ions at 228, 214,
and 154 mu. Lithium aluminum hydride afforded the aspidospermine
derivative 69 by cyclization. One of the problems associated with this
particular structure is the possibility that it would not exist as described but
rather as the 3-acylindole derivative 70. In this event, the carbonyl at
1720 cm™" would be assigned to the ester group and that at 1690 cm™ to
the 3-acylindole function. The C-20 stereochemistry was not determined.

18. Eburine (76), Eburcine (81), and Eburenine (73)

Le Men and co-workers have examined the seeds of Hunteria eburnea
Pichon and, as well as several known alkaloids, three new alkaloids were
isolated (39) and their gross structures defined. In a subsequent publication
(40), the absolute stereochemistries of these alkaloids were deduced.

Eburine {{a]p—18°} showed an indoline UV spectrum and IR spec-
trum, but more particularly, the mass spectrum was compatible with
formulation as a dihydrovincadifformine derivative. The mass spectrum
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exhibited a molecular ion at m/e 340 (C,;H»3sN,O;) with characteristic
jons at m/e 254 (loss of methyl acrylate), 130, and 124 (base peak).
Eburine was concluded to have structure 71 with no stereochemistry
defined.

Eburcine was suspected to be an N-carboxyindoline on the basis of its
UV spectrum (A pax 242, 285, 290 nm). Two carbonyl bands were observed
at 1753 cm ™! (nonconjugated ester) and 1710 cm ™" (urethane) confirming
the indications of the UV spectrum. The molecular weight was 398 from
the mass spectrum, and a major fragment ion at m/e 312, loss of methyl
acrylate, indicated that eburcine was N-carbomethoxy-2,16-dihydrovin-
cadifformine (72) of undefined stereochemistry.

Eburenine (M* 280) was an indolenine (Amax 225 and 262 nm) having a
molecular formula C,6H»4N;. Structure 73 was suggested for eburenine,
identical with (+)-1,2-dehydroaspidospermidine, but with an undefined
stereochemistry at C-21. .

The stereochemistry of eburine was established by correlation wit
(-)-vincadifformine (2) (40). Reduction of (—)-vincadifformine (2) with
zinc in acetic acid gave the 2,16-dihydro derivative 74, identical with
eburine except for optical rotation. Epimerization of eburine with sodium
methoxide gave 16-epieburine, which could be oxidized with lead
tetraacetate to (+)-vincadifformine (75). This reaction could not be carried
out on eburine itself; consequently, eburine has the structure 76 in which
the carbomethoxyl group is 8 (40).

N N

N N
R co,cH, -
71 R=H

72 R=CO,CH,

Reduction of eburine (76) and 16-epieburine with lithium aluminum
hydride gave two alcohols, 77 and 78, respectively. Neither of these was
the optical antipode of the lithium aluminum hydride reduction product of
(—)-vincadifformine (2). This is in agreement with previous work in the
(—)-akuammicine series, where lithium aluminum hydride introduces a
2a-proton and catalytic reduction a 23-proton. By analogy, eburine would
therefore have the C-2 proton a (opposite absolute stereochemistry), as
deduced previously.

Lithium aluminum hydride reduction of eburcine gave three derivatives.
The most polar was eburinol (77), identical with the product obtained from
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eburine (76). The other products were N-methyleburinol (79) and
methyleneeburinol (80). Eburcine is therefore N-carbomethoxyeburine
(81) (40).

H
CH,OH

77 16a-H,R=H
78 168-H,R=H
79 16a-H,R=CHj;

B. ASPIDOSPERMIDINE-TYPE ALKALOIDS
1. Fendlispermine (83)

From the root bark of Aspidosperma fendleri Woods. Medina and co-
workers (41) isolated a new crystalline alkaloid, fendlispermine. The UV
spectrum indicated the dihydroindole moiety, and the mass spectrum,
which showed a molecular ion at m/e 298, suggested a molecular formula
of C;o0H6N,O. Reduction of fendlispermine with lithium aluminum
hydride gave quebrachamine (82).

The 220 MHz PMR spectrum of fendlispermine confirmed the presence
of four aromatic protons, an NH, and an OH group. The methyl of the
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ethyl group was found at 0.85 ppm but the typical signals for the C-2, C-3,
and C-5 protons were all shifted to higher field.

The location of the hydroxyl group was deduced mainly from the mass
spectrum, which showed a base peak at M*—17, m/e 281. Because no
M* —18 peak was observed, it was thought the hydroxy group must be
located at a position which not only allows reduction by lithium aluminum
hydride but has no neighboring carbons bearing hydrogen. The only posi-
tion which satisfies these requirements is position 21. Fendlispermine
therefore has the structure 83.

In order to account for the quebrachamine-like mass fragmentation of
fendlispermine (83), it was proposed that, after loss of the hydroxy group, a
C-2 to C-21 hydrogen migration occurred.

2. De-O-methylaspidocarpine (84)

The aerial bark of the Venezuelan shrub Aspidosperma cuspa Blake ex
Pittier afforded the alkaloid de-O-methylaspidocarpine (84) (42), pre-
viously obtained as a degradation product (43).

The IR spectrum showed an N-acetylcarbonyl at 1635cm™' and a
nonhydrogen-bonded hydroxyl group at 3360 cm™'. From the molecular
ion at m/e 356 a molecular formula of C,;H25N>03 could be deduced. The
remainder of the mass spectrum showed a loss of ethylene, as well as loss of
an acetyl residue, but the principal indole containing ions, at m/e 190, 176,
and 162, indicated the aromatic portion to contain two hydroxyl groups.
The aromatic protons, however, appeared as a two-proton singlet at
6.36 ppm, so that the substitution on the aromatic ring was deduced from
the PMR spectrum of the dimethyl ether derivative, where two doublets
(J =8 Hz) at 6.49 and 6.68 ppm were observed. The compound therefore
has the structure 84 (42).

N N

TZ

83 82

HO
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3. Vincoline (85) and 19-Epivincoline (86)

After considerable confusion it appears that the structures of vincoline
(85) and 19-epivincoline (86) have been established. Each of these
compounds was initially assigned an incorrect structure, but a chemical
correlation and CMR study have established the correct structure of
vincoline to be 85.

Vincoline was first isolated by Svoboda et al. from Catharanthus roseus
(L.) G. Doh (44), then by Farnsworth et al. from C. lanceus (45), and by
Aynilian et al. from Vinca libanotica Zucc. (46).

Reisolation from C. roseus (47) gave a quantity of material adequate for
structure elucidation studies. The UV spectrum indicated a dihydroindole
(Amax 245, 299 nm), and from the IR spectrum, hydroxyl (3480 cm™),
secondary amine (3350 cm™"), ester (1715cm™"), and 1,2-disubstituted
benzene (740 cm™ ') functionalities were apparent.

A considerable amount of information could be deduced from the PMR
spectrum. Four aromatic protons were evident together with a carbo-
methoxyl group (3.82 ppm), an indoline NH (5.56 ppm), and two adjacent
olefinic protons (5.89-5.37 ppm). A methyl group was observed at
0.60 ppm as a doublet (J = 6.6 Hz), and a singlet at 3.81 ppm was assigned
to the C-2 proton in 91.

The mass spectrum of vincoline gave a molecular ion at m/e 368,
analyzing for C,;H,3N,04, and major fragments at m/e 267 (base peak)
(87, C17H,gN,0), 146 (88, CoHgNO), 121 (89, CgH,:N), and 93 (CsH7N).
These fragments were typical for an aspidospermine type of alkaloid for
which a retro-Diels—Alder reaction of ring C would be expected. The ion at
m/e 267 (87) was apparently derived by such a process indicating three of
the four oxygen atoms to be associated in some way with either C-16 or
C-17.

Acetylation of vincoline gave a monoacetate in which the base peak was
at m/e 309; several other ions, including those originally at m/e 160 and
m/e 146, were also shifted by 42 mu. Sodium borohydride had no effect on
vincoline, and on this basis the possibility of a carbinolamine at C-2, C-3,
C-5, or C-21 was ruled out. The only position remaining was therefore
C-6; the m/e 146 (88) ion arises as shown in Scheme 2. Vincoline was
consequently assigned structure 90, in which an oxygen atom remained to
be placed at either C-16 or C-17.

The fourth oxygen must be in the form of an ether, and one of the points
of attachment was determined from the irradiation of the methyl doublet.
A methine proton previously evident as a quartet at 3.89 ppm (J = 6.6 Hz)
was now sharpened to a singlet. The low-field nature of this proton
indicated attachment to oxygen. Because no other methine proton was
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observed, the other bond from oxygen must be attached to C-16. Vincoline
was deduced to have the structure 91 (47).

Melobaline was obtained from the leaves of Melodinus balansae
(19, 48), and was found to have the molecular formula C21H24N,04. The
UV spectrum was dihydroindolic and the IR spectrum indicated both
hydroxyl and ester functionalities. A secondary methyl group was observed
at 1.03 ppm together with four aromatic protons, a carbomethoxyl singlet
(3.90 ppm), and two olefinic protons. On deuterium exchange the signals of
two protons disappeared, one in the region of 2.5 to 3.0 ppm and one
between 5 and 6 ppm. Melobaline was therefore suggested to be a dihy-
droxyvindolinine, and analysis of the mass fragments indicated one of the
hydroxyl groups to be associated with C-6 or the indolic nucleus because
the ions at m/e 130, 144, and 250 in vindolinine were shifted by 16 mu in
melobaline. Since the ion m/e 121 (89) was still observed, it was reasoned
that the second hydroxy group must be at C-16 or C-17, and because it was
acetylatable with acetic anhydride—pyridine, C-17 was chosen. Melobaline
could therefore be described by the structure 92 in which the stereo-
chemistry at C-17 remained unknown.

Andriamialisoa er al. isolated from Catharanthus ovalis Mgf (49) two
alkaloids closely related to vincoline. The main peaks of the mass spec-
trum, however, were shifted 14 mu, suggesting the presence of a methoxy
rather than a hydroxy group. Indeed, the PMR spectrum showed an
additional three-proton singlet at 3.18 ppm. The remainder of the spec-
trum was very similar to that of vincoline; in one of the alkaloids a methyl
doublet was observed at 0.55ppm, a carbomethoxy singlet was at
3.75 ppm and a disubstituted double bond and an exchangeable NH proton
were also observed. In the other compound the only major difference was
the chemical shift of the methyl doublet which now appeared at 1.02 ppm.
The second compound is therefore merely the C-19 epimer of the first and
each would be a methyl ether of the general vincoline skeleton and have
the structure 93.

Structures 91 and 93 were not in agreement with the coupling con-
stants as derived by examination of the 240 MHz spectrum of vincoline,

85 R; =CH;,R,=H
86 R] :H, R2=CH3
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CH;0 Co,cH,

94 R,=CH; R;=H 18 19R
95 R;=H,R,;=CH;3 96 198

CO,CH,

97 19§
98 19R

O-methylvincoline, and O-methyl-19-epivincoline (49). The PMR spec-
trum of vincoline confirmed all the previous structure assignments except for
the C-2 proton, which was absent, and the expected C-6 methine proton,
which was also absent. Instead, two C-6 protons were observed, one at
1.55 ppm and the other strongly deshielded to 3.0 ppm. The two C-3
protons were assigned to resonances at 3.48 ppm (J = 16.5 and 4 Hz) and
2.87 ppm. The hydroxy group in vincoline should therefore be at C-2 and
not at C-6, as shown in 85. O-Methylvincoline and O-methyl-19-epivin-
coline have structures 94 and 95, respectively.

These structures were confirmed by partial synthesis from the two 19-
hydroxytabersonines 96 and 18. Reaction of each of these compounds with
lead tetraacetate gave unstable indolenines 97 and 98 which, by reaction
with sodium methoxide, gave 94 and 95 in approximately 85% yield. It was
demonstrated that compound 94 from 19S-hydroxytabersonine (96) was
identical with that obtained from natural sources, thereby establishing the
stereochemistry at C-19.
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N
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N R,
H (o)
CO,CH, é:CHZ
R‘ or R2=OH COZCHJ
G |
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88 m/e 146
R;orR,=0OH 87 m/e 267
. Rl or R2=OH
CH,
\{Q/
>
89 m/e 121

SCHEME 2. Mass spectral fragmentation of vincoline.

When the indolenine 98 was treated with silica in the presence of water,
it gave a stable dihydroindole identical with vincoline (85) (49).

The inability of the carbinolamine at C-2 to be reduced by sodium
borohydride was explained on the basis of steric constraints prohibiting
loss of water and the formation of an intermediate iminium species (49).
However, this same imine is an intermediate in the partial synthesis of
vincoline,

With the structure of vindolinine revised (50), Potier and co-workers
turned their attention to melobaline, which had previously (19) been
assigned a structure in the vindolinine series. A reevaluation of the PMR
spectrum and determination of the CMR spectrum resulted in a revision of
the structure of melobaline (51).

Deuterium exchange removed the signals of two protons at 5.50 ppm
(NH) and 3.40 ppm (OH), and irradiation of the methyl doublet at
1.06 ppm collapsed a quartet at 3.56 ppm to a singlet. The C-19 carbon,
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rather than being attached to C-6, should be attached to oxygen. Attempts
to acetylate melobaline failed, indicating that the hydroxyl was probably
tertiary and the remaining oxygen an ether.

Comparison of spectral data of melobaline* with those of vincoline
indicated the very close relationship of the compounds; indeed, the mass
spectra were essentially identical. The PMR spectrum firmly established
that carbons 5 and 6°were unsubsituted, although, as with O-methyl-
vincoline (49), the C-6 protons had quite dissimilar chemical shifts (2.48
and 1.45 ppm).

It was the '>C NMR spectrum, however, which indicated that melobaline
was actually 19-epivincoline (86) (51). In particular, carbon 6 was obser-
ved as a triplet at 35.7 ppm and carbon 2 as a deshielded singlet at
95.0 ppm in the single frequency off-resonance decoupled spectrum.

4. Cathovaline (100)

Two groups independently and simultaneously isolated an alkaloid hav-
ing the structure 100 from different species of Catharanthus (52, 53).
Aynilian and co-workers (53) isolated cathovaline (as cathanneine) from
the leaves of C. lanceus, whereas Langlois and Potier (52) obtained catho-
valine from C. ovalis.

Cathovaline (mp 88-90°) showed a molecular ion at m/e 426, analyzing
for Cy4H30N,0s. The UV spectrum was typical of a dihydroindole (Amax
255, 308 nm), and the PMR spectrum showed a number of close similari-
ties with that of vindorosine (99). In particular, four aromatic protons
{6.3-7.2 ppm), an N-methyl group (2.78 ppm), a carbomethoxyl group
(3.76 ppm), and an acetyl group (1.93 ppm) were observed. A singlet at
5.28 ppm was attributed to the acetyl methine proton at C-17. No olefinic
protons were observed, so that this degree of unsaturation must involve the
C-16 oxygen in the form of an ether linkage. One new peak was observed
in the PMR spectrum at 4.05 ppm and assigned to an ether bridge proton.
The assignment of the ether bridge linkage to either C-14 or C-15 was
made after double-irradiation studies indicated coupling of this ether
bridge proton to only two other protons. The ether linkage is therefore
between C-15 and C-16, and cathovaline has the structure 100 (52, 53).
The mass spectral fragmentation of cathovaline (100), like that of vindoline
(101) and vindorosine (99), involves an initial retro-Diels—Alder reaction
in the C-ring. In this instance, C-16 and C-17 are not lost as a fragment
immediately, but instead give rise to the three fragments at m/e 267 (102)

* Potier and co-workers (19, 51) indicated that their “melobaline” was actually a mixture

of two isomers at C-19 in the approximate ratio 9: 1 based on the methyl doublets at 1.06 and
0.61 ppm, respectively.
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(base peak), m/e 282, and m/e 144. Sodium borohydride reduction of
cathovaline gave a diol 103 in which the ions at m/e 267 and m/e 144
remained, but the ion at m/e 282 was now shifted to m/e 212 (52). Similar
conclusions about the mass spectral fragmentation of cathovaline (100)
were made by Aynilian et al. (53), although they were unable to reduce
cathovaline with sodium borohydride. Reduction with lithium aluminum
hydride (54) did produce the diol 103 which was compared with a product
available from vindorosine.

R OCOCH,
CH, :
CO,CH,
99 R=H
101 R=OCH, 100 R=H
104 R =OCH,
N +
o) N CO,CH,
— ‘ ™ O-—Cl
1
N OCOCH, N f“
CHs Co,cH, CH, OCOCH,

“"’ / |
CH, CH %& |
+ COZCHS I =
|
7 X~ N0-C
CH,

I N
mle 144 CHOCOCH, CH,
102 m/e 267

mfe 282

N

0

N OH
|
ln, CH.OH
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Battersby and Gibson (55) had found that oxidation of vindoline (101)
with chromic acid in pyridine gave an ether of structure 104 as one of the
products. Oxidation of vindorosine (99) (54) under similar conditions gave
a mixture of two products which were reduced with lithium aluminum
hydride. One of the products from this reduction was identical with the diol
103 produced from cathovaline (100).

Potier and co-workers (56) developed their structure proof along more
discriminating chemical lines. Hydrolysis of vindorosine (99) afforded a
deacetyl derivative which readily gave the Ny-oxide 10S on treatment with
p-nitroperbenzoic acid. Using a modification of the Polonovskii reaction,
the N,-oxide was reacted with trifluoroacetic anhydride in methylene
chloride at 0°, and the crude product reduced with sodium borohydride to
afford deacetylcathovaline (106) in 39% yield. Other examples of the work
by Potier and co-workers on their recent uses of the modified Polonovskii
reaction are discussed later in this chapter. In this particular reaction
elimination of the adjacent hydrogen gives an intermediate iminium spe-
cies 107 which undergoes internal attack by the C-16 hydroxy group to
give an enamine ether 108. Hydride reduction of the enamine affords 106.

5. 14-Hydroxycathovaline (109)

An alkaloid closely related to cathovaline (100) has also been isolated by
Langlois and Potier from C. ovalis (57). The alkaloid was determined to be
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a dihydroindole from its characteristic red coloration with the ceric
reagent, and this was confirmed from the UV spectrum. The mass spectrum
differed from that of cathovaline (100) in that the molecular ion was now
increased by 16 mu to m/e 442 and the base peak was observed at m/e
283 (m/e 267 +16). The additional oxygen function was therefore at some
point in the piperidine ring, and its precise location was readily determined
from the PMR spectrum. The methyl of the ethyl group was found as a
triplet at 0.78 ppm, thereby excluding side chain substitution. The
remainder of the spectrum was quite similar to that of cathovaline (100),
except that instead of a multiplet at 4.05 ppm, this proton now appeared as
a doublet (J = 3.8 Hz) at 4.04 ppm, together with a multiplet at 4.21 ppm.
Acetylation gave a monoacetyl derivative in which two acetate signals were
observed at 1.94 and 2.08 ppm. The multiplet had now been shifted
downfield to 5.32 ppm. Irradiation of this multiplet collapsed a doublet
(J =3.5 Hz) at 3.97 ppm to a singlet. The new hydroxyl group was there-
fore located at C-14 as in 109, although the stereochemistry could not be
assigned with certainty.

6. Cimicine (110) and Cimicidine (111)

Cimicine and cimicidine were reported from Haplophyton cimicidum
A. DC. by Cava et al. in 1963 (58), and some of their chemistry has
been described earlier in this series (Volume VIII, p. 451). More
recently, a paper (59) has appeared on these alkaloids including data
leading to the stereoformulas 110 and 111 for cimicine and cimicidine,
respectively.

Cimicine (110) {[a]p+113°} showed neither methoxyl nor N-methyl
groups, but a strongly hydrogen-bonded hydroxyl at 10.70 ppm and three
aromatic protons were observed in the PMR spectrum. Also noted were a
three-proton triplet at 1.32 ppm and a two-proton quartet at 2.64 ppm,
Suggesting a N-propionyl residue. In neutral solution cimicine show&d A max
221,257, and 295 nm, shifting in base to 235 and 311 nm. These data were
very similar to the corresponding data for haplocine (112). Cimicine,
however, showed an additional carbonyl band at 1750 cm™'. Haplocine
(112) has the molecular formula C;,H25N>O3; cimicine has CaoH26N2O4.



232 GEOFFREY A. CORDELL

Cimicine would therefore be the lactonic analog of haplocine, and this was
confirmed by chromium trioxide—pyridine oxidation of (+)-haplocine
(112), which gave (+)-cimicine (110) in low yield. The CMR spectrum of
cimicine indicated a carbonyl at 175.4 ppm for the lactone and at
172.2 ppm for the amide carbonyl, demonstrating the correct structure to
be 110.

Cimicidine was found to be very closely related to cimicine, showing
similar IR and PMR spectral properties. Two areas in the PMR spectrum
were different, however: an additional three-proton singlet was observed
at 3.87 ppm, and only two aromatic protons (J =8 Hz) could be found.
Cimicidine (111) is therefore the 11-methoxy analog of cimicine.

Oxidation of cimicine with alkaline hydrogen peroxide gave a neutral
compound, 5-oxocimicine (113), which showed carbonyl absorptions in the
IR spectrum at 1800, 1720, and 1630 cm<" and in the CMR spectrum at
172.8, 172.5, and 172.1 ppm for the y-lactone, y-lactam, and N-acyl-
carbonyls, respectively. The phenolic group survives this oxidation.

AN
CH,CH,

110 R=H
111 R=0OCH;

|
OH ¢

N N
CH,CH, CH,CH,
113 114

Cava et al. have concluded (59) that the dramatic difference between the
lactone carbonyl absorptions of cimicine (1750 cm™ ') and 5-oxocimicine
(1800 cm™") is due to a major contribution in the former case of the
ring-opened zwitterionic form 114.
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C. CYLINDROCARINE ALKALOIDS

1. N-Propionylcylindrocarine (118) and 12-Demethoxy-N-acetyl-
cylindrocarine (116)

The basic fraction of the root bark of Tabernaemontana amygdalifolia
Sieber ex A. DC. gave two dihydroindole alkaloids (60), the structures of
which were deduced mainly on the basis of mass spectrometry.

N -Propionylcylindrocarine {[a]p—82°} showed a molecular ion at m/e
412 and important fragment ions at m/e 384 (M'—C,H,), m/e 338
[M" —CH,=C(OH)OCHj3], and m/e 168 (115) (base peak). The latter ion
is derived from m/e 384 by cleavage at the 5,6-position in the tryptamine
bridge. In the PMR spectrum three aromatic protons were observed as well
as aromatic methoxyl (3.71 ppm) and carbomethoxyl (3.39 ppm) groups.

12-Demethoxycylindrocarpidine {{a]p —49°} gave a molecular ion at m/e
368 and fragment ions at m/e 340, 294 [M"— CH,=C(OH)OCH3], and
168. By analogy with N -propionylcylindrocarine and other compounds in
the series, this alkaloid contained a carbomethoxy methyl group at C-20.
The PMR spectrum of this compound showed four aromatic protons and a
singlet at 2.10 ppm attributed to a N-acetyl residue. The structure 116
could be assigned to 12-demethoxy-N -acetylcylindrocarine on this basis
(60).

Each of the alkaloids showed a carbonyl band at 1660 cm” " for an acyl
indole, and acid hydrolysis of N-propionylcylindrocarine followed by
treatment with diazomethane gave deacetylcylindrocarpidine (117). N-
Propionylcylindrocarine therefore has the structure 118. Hydrolysis of the
other alkaloid and reaction with diazomethane gave 12-demethoxycylin-
drocarine (119) (60).

From the facile McLafferty rearrangement, which accounts for the loss
of the CH,=C(OH)OCH; side chain, it would appear that the C-21 proton
is cis to the two-carbon side chain, as shown,

2. Alkaloids of Aspidosperma cylindrocarpon Muell. Arg.

In 1961, Djerassi and co-workers discussed the isolation and structure
elucidation of cylindrocarpine (120) and cylindrocarpidine (121) from A.
cylindrocarpon (61). Subsequently, Milborrow and Djerassi (62) reported
the chromatographic isolation of 12 new alkaloids closely related to those
isolated previously.

Because so many of these compounds were very close in structure, a new
Name was introduced for the parent compound (117): cylindrocarine.
Cylindrocarpine therefore has a revised name of N -cinnamoylcylindro-
Carine (120), and cylindrocarpidine is N-acetylcylindrocarine (121).
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Some of the alkaloids obtained by Milborrow and Djerassi were simple
modifications of the previously isolated alkaloids; others were more
elaborate. For the most part, they were derived from either cylindrocarine
(117) or 19-hydroxycylindrocarine (122).

N-Benzoylcylindrocarine (123) (M*460) shows three significant peaks at
m/e 386, 168, and 105 in its mass spectrum, as well as a loss of 28 mass
units (ethylene) from the molecular ion. The ion at m/e 168 is the piper-
dine unit (115), analogous to the m/e 124 commonly found in the mass
spectra of Aspidosperma alkaloids. Ethylene arising from the parent ion
signifies the loss of carbon atoms 16 and 17, and the strong peak at m/e
105 is the benzoyl fragment (124).

CO,CH, _COCH,

OH

[
Ri g, OCH, |

116 R, =H, R, = COCH;

117 R, =OCH,, R,=H

118 Rl = OCH3, R2 = COCzHS

119 R,=H,R,=H

120 R, = OCHs, R, = COCH=CHCgH;
121 Rl = OCH3, R2 = COCH3

123 R, =0OCH;, R; =COCg¢H;s

125 R, = OCH,, R, = CHO

126 R, =OCH,, R, =CH,

122 R=H

131 R= COC6H5

133 R=COCH=CHC¢Hs
134 R=CHO

135 R=COCH;

136 R=COCH,CH,C¢Hs

CH,_ . .
SN C=0

N g
R CO,CH, 124 m/e 105

115 R=H m/e 168
132 R=0OH m/e 184

The PMR spectrum showed two three-proton singlets at 3.37 ppm and
3.56 ppm, the former signal being sharp, the latter quite broad. This was
interpreted as being the influence of the N-benzoyl group on the adjacent
12-methoxy group, because this phenomenon was only observed in this
compound. The C-21 proton was observed as a singlet at 2.50 ppm, with
the C-17 protons appearing as a doublet of doublets at 4.34 ppm.

An ion at m/e 386, a loss of 74 mu, arises as the result of the McLafferty
rearrangement involving the C-21 proton and the C-18-C-19 side chain
discussed previously.
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The most abundant alkaloid of the extract was N -acetylcylindrocarine
(121, previously cylindrocarpidine), and since its structure had been
deduced previously, it was used as a reference for the identification of the
parent compound for the series, cylindrocarine (117). Only a small quan-
tity of 117 was available, but the UV spectrum was typical of a dihy-
droindole and the IR spectrum indicated NH and ester functionalities. The
molecular ion was found at m/e 356 together with important fragment ions
at m/e 282 (M" —side chain) and m/e 168 (base peak). Confirmation of
the structure came by acetylation to give N-acetylcylindrocarine (121),
identical with the natural material.

Treatment of 117 with formic-acetic anhydride afforded N-formyl-
cylindrocarine (125), and this too was obtained as a natural product. The
molecular ion of m/e 384 and a base peak at m/e 168 confirmed the
additional substitution to be in the aromatic nucleus. Three aromatic
protons were observed in the PMR spectrum together with aromatic and
carbomethoxyl groups. No NH protons were found, but a singlet at
9.3 ppm could be ascribed to the N-formyl group.

The most minor of the alkaloids obtained (only 0.5 mg) was N -methyl-
cylindrocarine (126), which showed no NH or OH in the IR spectrum and
only one carbonyl band (1730 cm™"). Three-proton singlets were observed
in the PMR spectrum, at 3.53 ppm for the aromatic methoxy, at 3.75 ppm
for the carbomethoxy group, and at 3.04 ppm for the N-methyl group. The
base peak in the mass spectrum remained at m/e 168.

Another of the major alkaloids obtained was 12-demethoxy-N -acetyl-
cylindrocarine (116), previously isolated by Achenbach (60). Similar spec-
tral properties were found, the only exception being that according to
Milborrow and Djerassi (62) the C-12 proton was shifted downfield to
8.1 ppm, whereas Achenbaog1 observed this proton together with the other
aromatic protons at 6.6—7.0 ppm (63).

Two other alkaloids were isolated in this general series. N-Formyl-
cylindrocarpinol (127) showed a singlet at 9.30 ppm for the formyl proton
and an aromatic methoxy group. No carbomethoxy group was observed
and only one carbonyl band (1625 cm™) could be located. The base peak
at m/e 140 was rationalized in terms of a hydroxyethyl side chain and was
assigned structure 128. Milborrow and Djerassi (62) suggested the name
cylindrocarpinol for the parent compound 129 in this series. A second
compound was characterized as the N-acetyl derivative 130, previously
Obtained in the same laboratories from A. dispermum (63).

N -Benzoyl-19-hydroxycylindrocarine (131) gave a molecular ion at m/e
460 and losses of m/e 28 and 74 mu. The ion at m/e 168 was now shifted
0 m/e 184 (132), indicating the additional hydroxy group to be in the
side chain. In confirmation, a singlet methine proton (C-19 proton) was
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observed at 4.1 ppm and shifted after acetylation to 4.97 ppm. Eight
aromatic protons were observed in groups of five and three. The C-2 proton
was observed as a doublet of doublets at 4.32 ppm and the C-1 proton as a
singlet at 3.02 ppm. Again, the ester methoxy appeared as a sharp singlet
(3.89 ppm) and the aromatic methoxy as a broad singlet (3.35 ppm). Consid-
eration of these data led to assignment of structure 131 for N-benzoyl-19-
hydroxycylindrocarine.

127 R=CHO
129 R=H 128
130 R=COCH,

The structure was confirmed by the direct N-benzoylation of 19-
hydroxycylindrocarine (122). Attempts to remove the hydroxy group by
oxidation and reduction of a thioketal failed.

The simplest compound isolated in the 19-hydroxy series was 19-
hydroxycylindrocarine (122) itself. A molecular ion was observed at m/e
372 together with important fragment ions at m/e 283 [M"—CH(OH)-
COzCH3] and m/e 184.

N-Acylation of 19-hydroxycylindrocarine (122) with cinnamoyl chloride
gave N-cinnamoyl-19-hydroxycylindrocarine (133) which was also ob-
tained as a natural product. Two olefinic protons at 6.74 and 7.70 ppm
were observed as doublets (J =16 Hz) and attributed to the cinnamoyl
protons. An aromatic methoxy group at 3.79 ppm was equally as intense as
the ester carbomethoxyl at 3.89 ppm. The C-21 proton was a sharp singlet
at 3.00 ppm and the C-19 proton a singlet at 4.06 ppm. In the mass
spectrum a molecular ion was observed at m/e 502 with a fragment ion at
m/e 413 corresponding to loss of the hydroxy ester side chain. A base peak
was discerned at m/e 184, as expected.

Reaction of 19-hydroxycylindrocarpine (122) with formic acid-aceti¢
anhydride gave N-formyl-19-hydroxycylindrocarine (134), identical with a
natural alkaloid. The structure was again evident from the spectral data.
Two almost equivalent base peaks were observed at m/e 311 (M —side
chain) and m/e 184 (132). The aromatic ether and ester methoxyl groups
appeared at 3.86 and 3.89 ppm, and the C-21 and C-19 protons at 2.99
and 4.19 ppm. The N-formyl proton was evident as a singlet at 9.30 ppm-

Acetylation of 122 with acetic anhydride in benzene gave a product
which was the most abundant of the natural 19-hydroxy compounds,
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namely, N-acetyl-19-hydroxycylindrocarpine (135). The molecular ion at
m/e 414 was followed by losses of ethylene and the side chain (89 mu),
and as expected, the base peak was at m/e 184. A three-proton singlet at
2.18 ppm was ascribed to the N-acetyl group. Two other three-proton
singlets were observed at 3.83 and 3.87 ppm together with characteristic
one-proton singlets at 2.96 and 3.99 ppm for the C-21 and C-19 protons.

The final 19-hydroxy derivative isolated was originally observed as an
impurity in the mass spectrum of 131. The 19-hydroxy side chain could be
deduced from a base peak at m/e 184, loss of 89 mu from the molecular
jon at m/e 504, and from the C-19 proton at 3.98 ppm. Eight aromatic
protons were observed but no olefinic protons. The compound was
concluded to be N-dihydrocinnamoyl-19-hydroxycylindrocarine (136),
and catalytic reduction of 133 confirmed this structure assignment.

From the [a]p and ORD of these alkaloids it was concluded that they all
belonged in absolute stereochemical series of (—)-aspidospermine (137).
The stereochemistry of the 19-hydroxy group was determined by examin-
ing the rotatory dispersion of the methylxanthate derivative of 135, which
indicated the R-stereochemistry for this center, as shown (62).

D. KoPSANE-TYPE ALKALOIDS

1. Hydroxykopsinines of Melodinus australis (F. Mueller) Pierre

Previously in this series (Volume XI, p. 250), there was some prelim-
inary discussion of the structure of two isomeric hydroxykopsinines. The
data for these compounds have since been presented in more detail (64).
Hydroxykopsinine-1 was assigned structure 138, in which the hydroxyl
group was placed at either C-14 or C-15, and hydroxykopsinine-2 was
afforded structure 139 based on mass spectral considerations.

Acetylation of hydroxykopsinine-1 gave a single monoacetyl derivative
in which the acetyl methine proton appeared as a broadened triplet at
4.88 ppm. From the band width at half-band height it was deduced that the
proton was only coupled to two other protons and was also equatorial.
Hydroxykopsinine-1 is therefore 15a-hydroxykopsinine (140) (64).

Base-catalyzed epimerization of hydroxykopsinine-2 gave an isomer. In
the mass spectrum of this isomer, only a very small fragment ion was
observed at m/e 140, the base peak being at m/e 109. In this isomer both
the carbonyl and hydroxyl groups were shifted to shorter wavelengths as a
result of hydrogen bonding which could only be explained if the C-19
hydroxyl group were beta. Hydroxykopsinine-2 is therefore 198-hydroxy-
kopsinine (141) (64).
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R,
CO,CH;
138 R, =OH,R,=H 140 R, =OH,R,=H
139 R,=H,R,=0OH 141 R, =H,R,=0H

2. Kopsinine N-Oxide (142)

Yunusov and co-workers have isolated several alkaloids from the epigeal
part of Vinca erecta (65), and one of these was the N-oxide of kopsining
(142). The alkaloid showed typical data for a dihydroindole, and the mass
spectrum indicated a molecular formula C,;H,6N,O3. Two of these oxy-
gens could be assigned to a carbomethoxyl group (3.72 ppm). The mass
spectrum was quite similar to that of kopsinine (143), and from the water
solubility of the isolated alkaloid it was deduced that the compound was
kopsinine N-oxide (142). No chemical conversion was carried out.

3. N-Formylkopsanol (144)

From Aspidosperma verbascifolium Miill.-Arg. Braeckman et al. (66}
isolated four known kopsane alkaloids and a new derivative, N-formyl-
kopsanol (144).

The compound crystallized from methanol and showed a typical N~
acylindoline UV spectrum. The IR spectrum indicated both hydroxyl
(3610 cm™*) and tertiary amide (1670 cm™ ) functionalities, and the PMR
spectrum showed a hydroxy methine proton at 4.45 ppm and two signalé
for the formyl proton at 8.41 and 8.87 ppm, totaling one proton.

Hydrolysis under acidic conditions afforded kopsanol (145), and
formylation of the latter compound with formic-acetic anhydride gave
N-formylkopsanol (144) identical with the natural product (66).

S Swiy

CH
142 N-oxide COHs 144 R =CHO
143 145 R=H
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4. Pyrifoline and Refractidine

Linde has commented on the stereochemistry of pyrifoline and refrac-
tidine (64), which are closely related to the hydroxykopsinines just dis-
cussed. Each of these compounds showed ‘‘quartets” (really doublets of
doublets) for the C-6 proton having line widths of 10-15 Hz.

Linde assigned the C-15 methoxy group the configuration cis to the
C-16-C-17 unit. The methoxy group should therefore be placed in a
B-configuration and pyrifoline and refractidine have the structures 146 and
147, respectively.

5. Vellosine (Refractine)

In 1877, Hesse isolated from the Brazilian febrifuge Geissospermum
laeve a crystalline alkaloid, geissospermine (CioH24N2O,) (673
Subsequently, Freund and Fauret isolated the same alkaloid, to which they
assigned the name vellosine and a molecular formula C;3H>sN,O4 (68).
Raymond-Hamet (69) concluded that one part of the original crystalline
alkaloid was of this latter molecular formula, but that the main component
of the base was aspidospermine and not geissospermine.

From Aspidosperma refractum Martius Dijerassi et al. (70) obtained an
alkaloid (C,3H,sN,0,) which they named refractine and to which structure
148 was assigned.

Raymond-Hamet er al. (71) compared the spectral data, particularly the
PMR spectra, of refractine and vellosine, and found them to be identical.
Vellosine therefore has the structure 148 and is the preferred name for this
compound.

N~ ™
CHO

CO,CH, CO,CH,

146 R,=COCH;, R, =OCH; 148
147 R, =CHO,R,=H

E. VINDOLININE-TYPE ALKALOIDS
1. Vindolinine (150)

In the previous report on the structures of these alkaloids (Volume XI,
P. 237), the evidence leading to the structure 149 for vindolinine was
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presented in detail. The data, particularly the mass spectra of a number of
derivatives, seemed to point to this novel skeleton being correct—in partic-
ular, the doublet methyl group, the carbomethoxyl singlet, and two olefinic.
protons were required. Moreover, a doublet (J = 4.5 Hz) at 3.85 ppm was
attributed to the C-2 proton in an a-configuration coupling with the C-16
proton in a B-configuration. These interpretations have now to be revised,
because three independent studies (50, 72-74) have concluded that the
original structure proposed for vindolinine was incorrect.

The first indications that the structure of vindolinine would need to be
altered came from a ">CNMR analysis (50). Most of these carbon
resonance assignments are discussed in Section V below, and it will be
sufficient at this point to mention the key absorptions. In particular, there
was a nonaromatic methine signal (C-2) missing, but an additional
resonance for a nonprotonated nonaromatic carbon was observed. This
resonance, at 81.4 ppm, would be appropriate for an oxygenated or
aminated quaternary carbon in a highly strained system. N-Methylation of
vindolinine shifted this resonance to 84.4 ppm and the C-16 resonance
from 39.2 ppm to 37.0 ppm. The structure of vindolinine was consequently
revised to 150. No mention was made at this time of the needed new
assignment to the doublet at 3.85 ppm.

The alkaloid pseudokopsinine was reported in 1967 (75), and structure
151 assigned. The relationship to vindolinine was not established, although
it was suggested by the previous reviewer (Volume XI, p. 241) that pseu-
dokopsinine was the C-2 epimer of dihydrovindolinine.

Confirmation of the structural revision of vindolinine was obtained by
single-crystal X-ray crystallography of the hemihydrochloride hemiper-
chlorate which crystallized in the C2 monoclinic space group (73).

The Tashkent group has examined the X-ray structure of the hydrate of
(-)-pseudokopsinine hydrobromide (72, 74). The data firmly established
that pseudokopsinine has the structure and absolute configuration shown
in 152. It has the same structure as dihydrovindolinine, which is the
preferred name.

2. 19-Epivindolinine (153)

Melodinus balansae has afforded several new alkaloids, as discussed.
elsewhere in this chapter (Section ILI). The French group (48) also
obtained a number of compounds related to vindolinine (150). Since the
structure of vindolinine has been revised it is the revised structures which
will be used for these compounds.

19-Epivindolinine (153) was obtained as an amorphous gum having 3
mass spectrum identical with that of vindolinine. The only important
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difference in the PMR spectrum was that the C-methyl group now
appeared as a three-proton doublet at 0.51 ppm. This is somewhat shielded
compared to the corresponding absorption in vindolinine, which appears in
the 0.95-1.00 ppm region. On this basis, structure 153 was assigned.

¢0,CH, CO,CH,

150 151
154 N-oxide

CO,CH,
152 153
156 N-oxide 155 N-oxide

3. Vindolinine N-Oxide (154) and 19-Epivindolinine N-Oxide (155)

Also isolated from M. balansae were two closely related alkaloids,
vindolinine N-oxide (154) and 19-epivindolinine N-oxide (155) (48).

The mass spectrum in each instance showed a molecular ion at m/e 352,
16 mu above that of vindolinine (150), and a base peak at m/e 336. The
fragmentation pattern was analogous to that of 150. The only major
difference in the PMR spectra of these compounds was in the chemical shift
of the methyl doublet, which in the case of 154 appeared at 0.95 ppm and
in the spectrum of 155 at 0.57 ppm. Each compound was reduced with
ferrous ion at room temperature to afford the parent alkaloid identical with
the natural material.

4. Dihydrovindolinine N-Oxide (156)

The epigeal part of Vinca erecta continues to yield new alkaloids, and
one of these was an alkaloid analyzing for C;;H36N,03 (65). The base was
soluble in chloroform and water and the UV spectrum indicated a dihy-
droindole (Amax 247, 301 nm). The mass spectrum showed a molecular ion
at m/e 338, indicating a facile loss of oxygen from an expected molecular
ion at m/e 354. The remainder of the mass spectrum was essentially
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identical with that of dihydrovindolinine (152), and reduction of the parent
compound with zinc and hydrochloric acid gave 152. The parent
compound is therefore dihydrovindolinine N-oxide (156). One interesting
feature of the PMR spectrum was the observation of a doublet (J = 8 ppm)
for the C-9 proton deshielded to 7.67 ppm (65).

F. MISCELLANEOUS ASPIDOSPERMINE-TYPE ALKALOIDS
1. Aspidodispermine (157) and Deoxyaspidodispermine (158)

Two of the structurally more novel Aspidosperma alkaloids obtained in
the recent past are aspidodispermine (157) and deoxyaspidodispermine
(158), from A. dispermum (76). In each of these alkaloids the side chain
has been removed and replaced by a hydroxy group.

Deoxyaspidodispermine gave a molecular ion at m/e 312, analyzing for
Ci9H24N»05, and its UV spectrum indicated an N -acyldihydroindole. The
PMR spectrum confirmed this, showing a three-proton singlet at 2.26 ppm.
A similar signal (2.30 ppm) was observed in the PMR spectrum of aspi-
dodispermine, but the latter compound showed only three aromatic pro-
tons in contrast to deoxyaspidodispermine which showed four. The molec-
ular ion in aspidodispermine was at m/e 328 (C19H35N,03), and analysis of
the aromatic-containing fragments indicated this oxygen to be located in
the aromatic nucleus. The phenolic nature of this group was demonstrated
by a 12 nm bathochromic shift in alkali. Acetylation of aspidodispermine
gave a phenolic monoacetate (159) (vmax 1760 cm™") which still showed
hydroxyl absorption (3610 cm™ '), and methylation gave monomethyl ether
160 (three-proton singlet at 3.84 ppm). The location of the original hydroxyl
group was deduced from the PMR spectrum, which showed a hydrogen-
bonded hydroxyl group at 10.82 ppm. With the aromatic moiety firmly
established, attention was turned to the aliphatic part of the molecule and
the location of the second hydroxyl group.

In the alkaloid and its derivatives an intense ion was observed at m/e
112, analyzing for C¢H10NO which could be assigned structure 161. No
signal for an ethyl side chain was observed in the PMR spectrum of any of
these compounds. The location of the hydroxyl group on the piperidine
ring was deduced after rigorous acetylation of aspidodispermine, which
gave a diacetyl derivative showing no acetyl methine protons. Hydrolysis of
the acetates regenerated the parent compounds.

Reduction of deoxyaspidodispermine with lithium aluminum hydride in
tetrahydrofuran (THF) gave the N-ethyl derivative (M* 298) still showing
a base peak at m/e 112, and this eliminated the possibility of a
carbinolamine at C-3 or C-21.
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N
CH2§I§
OH A OH
N N
g COCH, OH ocn. COCH,
mfe 112 3

157 R=0H 161 162
158 R=H
159 R=0Ac
160 R=0CH;

Deoxyaspidodispermine and aspidodispermine were formulated as 158
and 157 on the basis of the above evidence, with no stereochemical
implications for the C-21 proton or the C-20 hydroxy group (76).

Because of the novel nature of the structure of aspidodispermine,
confirmation of structure was sought from X-ray analysis. The derivative
chosen was the hydrobromide of methyl ether 160. A three-dimensional
bromine-phased difference Fourier map was calculated, and after several
least-squares refinements the structure indicated previously was confirmed
together with the stereochemistry for the ring junctions as shown in 162.
Aspidodispermine showed a positive optical rotation {[a]p+119°, so the
stereochemistry shown is also the absolute stereochemistry.

2. Vincatine (163)

Dopke et al. (77) obtained an interesting seco ring C Aspidosperma
alkaloid from Vinca minor L. to which they gave the name vincatine (163).

Vincatine (mp 111-112°) gave a molecular ion at m/e 370, in agreement
with a molecular formula of C,;,H3gN>O;. The IR spectrum showed
carbonyl absorptions at 1705 and 1735cm™' and the UV spectrum
indicated the presence of a 2-oxindole. Four aromatic protons were
observed in the PMR spectrum together with N-methyl (3.20 ppm) and
carbomethoxyl (3.62 ppm) groups. Lithium aluminum hydride reduction
gave a diol 164 but acetylation of this compound gave only a monoacetyl
derivative. The structure of vincatine (163) was deduced on the basis of a
rationalization of the mass spectra of the parent compound and its various
derivatives, particularly the ions at m/e 297, 211, 182, and 124 in the
parent compound (Scheme 3) and the base peak at m/e 184 (165) in the
mass spectrum of the diol.

3. Rhazinilam (172)

One of the structurally most interesting alkaloids in the Aspidosperma
series to be obtained in the recent past is rhazinilam. The compound was
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SCHEME 3. Mass spectral fragmentation of vincatine.

N CHzQﬁ
—
H
N 8]
CH, CH,OH Ci1,0H
m/e 184

164 165



3. THE ASPIDOSPERMA ALKALOIDS 245

first obtained by Linde as Ld 82 from Melodinus australis (78). Chatterjee
and co-workers (79) subsequently isolated from Rhazya stricta Decaisne a
compound which they named rhazinilam. They deduced that rhazinilam
contained a secondary amide and a tertiary ethyl group.

The same compound was isolated by the author from basic fractions of
R. stricta root material (80), and subsequent work (81) permitted elucida-
tion of the structure. Quite independently, rhazinilam was obtained from
A. quebracho-blanco Schlecht. (82, 83), and in collaboration with Abra-
ham and Rosenstein the structure was obtained by X-ray crystallography
(82).

The Manchester group was intrigued by the fact that rhazinilam accu-
mulated in vitro in the basic fractions of R. stricta and also by the dramatic
irreversible shift in the UV spectrum to long wavelengths under strongly
acidic conditions. This UV spectrum in strong acid was found to be quite
similar to that of 3H-3,4-dimethylpyrrolo[2,3-c]quinoline (166). Workifg
on a larger scale, the UV spectrum was found to be due to a mixture of
bases of molecular formula C;gH,cN;, and the PMR spectrum of the
aromatic region of these bases was also quite similar to that of 166.
Because no C-4 proton was observed in the PMR spectrum of the bases, it
was deduced that the bases from rhazinilam were also disubstituted in this
manner. Rhazinilam is a neutral alkaloid, and as mentioned previously,
contains an amide which was placed by the Manchester group at the
2-position of the original indole nucleus. The partial structure 167 then
followed, as two sharp doublets were observed at 6.46 and 5.73 ppm
(J = 1.5 Hz) quite characteristic of - and B-protons, respectively, on a
pyrrole ring. Formylation with acetic-formic anhydride gave a compound
(C20H12N,0,) the UV spectrum of which (Amax 303 nm, € 16200) cor-
responded to a 2-formylpyrrole. The PMR spectrum of rhazinilam
indicated only one terminal methyl group as a tertiary ethyl side chain
(triplet at 0.7 ppm, J=7.0 Hz, and quartet at 1.3 ppm), and a complex
multiplet centered at 3.85 ppm was assigned to a methylene attached to a
pyrrolic nitrogen. The base peak in the mass spectrum of rhazinilam occurs
at M" — C,Hs, and it was reasoned that this ion was stabilized by resonance
with pyrrolic nitrogen thereby leading to a partial structure 168 in which
x+y=35. Mild alkaline hydrolysis of rhazinilam gave an internal amino
acid, acetylation of which afforded an amide carboxylic acid C,;H26N20s.

==\, >
N—CH, N
\ C8H15
s
N7*"CH, NHCO
166 167
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In the mass spectrum of this compound the base peak was observed at m/e
281 and analyzed for C;;H,;;N,O. This corresponds to a loss of
CH,CH,CO,H from the molecular ion and establishes x to be 2 and
rhazinilam to have the gross structure 169.

In the X-ray structure analysis of Abraham and co-workers (82), which
confirmed the correctness of the Manchester groups structure, one of the
interesting features to emerge was that the pyrrole nucleus was displaced
by almost 90° away from the plane of the benzene ring. Hence the two
chromophores do not interact and the absence of sr-orbital overlap
accounts for the quite low Am.x [224, 264 (sh) nm] for rhazinilam. The
Manchester group proposed a fascinating mechanism for the in wvitro
formation of rhazinilam involving the fragmentation of 2,21-dihydroxy-
5,6-dehydroaspidospermidine (170; Scheme 4).

20

mixture of
bases

SCHEME 4

This derivation of rhazinilam from an Aspidosperma precursor received
at least circumstantial support from a facile and moderately efficient partial
synthesis (84). Treatment of (+)-1,2-dehydroaspidospermidine (171) with
m-chloroperbenzoic acid and aqueous iron (II) sulfate gave (—)-rhazinilam
in about 30% vyield. This chemical correlation establishes the absolute
configuration of (—)-rhazinilam to be as shown in 172. The steps involved
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in this transformation are without doubt very complex. Smith and co-
workers suggested Scheme 5, which proposes a 5,6-dihydrorhazinilam
(173) as a key intermediate.

In addition, the same group postulated the formation of the mixture of
bases in acid to involve transannular nucleophilic attack of N-4 on the
protonated amide with subsequent dehydration and cleavage of the C-20-
C-21 bond. The resulting cation 174 has several possible fates, depending
on four alternative proton losses and stabilization of the carbonium ion by
addition of water (see Scheme 4). The structure of rhazinilam was also
confirmed by total synthesis, and this will be described in Section IV,A 27
of this chapter.

/\\N

172 173

SCHEME S. Partial synthesis of (—)-rhazinilam (172).

G. QUEBRACHAMINE-TYPE ALKALOIDS
1. 14,15-Dihydroxyquebrachamine (179) and Hydroxyindolenine (176)

Numerous alkaloids have been isolated from Voacanga africana Stapf.,
and Poisson and co-workers (85) have reported on two new compounds
having the quebrachamine skeleton.

One of these alkaloids exhibited an indolic UV spectrum and was
characterized in the form of its diacetyl derivative. The IR spectrum of the
parent compound showed both NH and OH functions and the diacetate
Flerivative exhibited NH and ester groups. Analysis of the diacetate
indicated a molecular formula C,3H;,N,O,.

Two three-proton singlets were observed at 2.05 and 1.95 ppm, with the
corresponding methine protons at 4.0 ppm. A triplet at 0.98 ppm indicated
the presence of an ethyl group. The parent compound was unaffected by
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lithium aluminum hydride; consequently, the structure 14,15-dihy-
droxyquebrachamine (175) was assigned to this compound.

The second compound was identified as an indolenine (Amax 265,
285 nm), which crystalhzed as the hydrochloride (C,oH,,N,O, - HCI). The
IR spectrum of the parent compound indicated both OH and NH
functionalities. Poisson assigned structure 176 to this compound (85).

The isolation of 14,15-dihydroxyquebrachamine (175) was just
described. However, the stereochemistry at C-14-C-15 in both this
compound and voaphylline had not been determined. Poisson and co-
workers established the stereochemistry and absolute configuration of
voaphylline to be as shown in 177 by X-ray crystallography (86). Previous
chemical work had established the relationship between voaphylline, its
14,15-diol, and (+)-quebrachamine (178) (87, 88). 14,15-Dihydroxyque-
brachamine therefore has the structure 179, in which the two hydroxy
groups are trans.

OH

175 176

179

2. Vincadine Alkaloids of Amsonia tabernaemontana Walt.

The leaves of A. tabernaemontana afforded two closely related alka-
loids: one showing [a]p—92°, the other being optically inactive (89). The
UV, IR, and mass spectra of these alkaloids were identical, and high-
resolution data indicated a molecular formula C,;H,sN,O5.

Heating either compound in 1 N hydrochloric acid gave (—)-que-
brachamine (180) and (+)-quebrachamine (82), respectively. The isolated



3. THE ASPIDOSPERMA ALKALOIDS 249

compounds are therefore carbomethoxy derivatives of quebrachamine.
The location of the carbomethoxy group was deduced from the mass
spectrum; in particular, the ions at m/e 210 (181) and 138 (182) indicated it
to be at C-16. (—)-Vincadine was therefore assigned structure 183, in which
the stereochemistry at C-16 was undefined (89). (+)-Vincadine (184) had
been obtained previously (90).

In a full paper concerning these compounds (91), it was made clear that
(-)-vincadine was indeed the optical antipode of (+)-vincadine and there-
fore had the structure 185. Reduction of (+)-(75) and (—)-vincadifformine
(2) with formic acid-formamide (91) gave (—)-vincadine (185) and (+)-
vincadine (184), respectively. Methylation of (—)-vincadine (185) gave
(—)-vincaminoreine (186).

. CH2§1t1 CH2§§
| |

N

H

mfe 138
180
182 CO,CH,
mfe 210
181

CO,CH,

183

CO,CH,
185 R=H
186 R=CH;

Three new alkaloids in the vincadine series have also been reported by
the Hungarian group (92). The first compound obtained was (+)-14,15-
dehydrovincadine (187) {[a]p+65°}, whose structure was proved by
catalytic hydrogenation to (+)-vincadine (184) and hydrolysis/decar-
boxylation to (+)-14,15-dehydroquebrachamine (188). The two other
compounds were the C-16 epimers of vincadine (184) and 187. 16-
Epivincadine (189) was racemic, and hydrolysis gave (+)-quebrachamine
(82). The reason for the racemic nature of 16-epivincadine (189) was not
evaluated. The second compound, 14,15-dehydro-16-epivincadine (190),
was optically active {[a]p+85°, and catalytic reduction gave (+)-16-
epivincadine (189). Hydrolysis of 190 gave (+)-14,15-dehydroque-
brachamine (188).
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CO,CH, CO,CH,
189 190

The mass spectra of 187 and 190 differed in the region of the ions m/e
215 and 208. In 187, m/e 208 is more abundant than m/e 215 whereas in
190 the reverse is true.

3. Vincaminoridine (191)

Mokry and Kompis reported in 1963 the isolation of the minor alkaloid,
vincaminoridine, from Vinca minor (93), and subsequently described the
structure (94).

Vincaminoridine (191) showed M" 384, analyzing for C,3H3,N»0;. The
PMR spectrum indicated the presence of aromatic methoxy (3.82 ppm)
and carbomethoxy (3.61 ppm) groups and the latter was confirmed from
the IR spectrum (vmax 1730 cm™ ). Also observed was a singlet at 3.51 ppm
for an indolic N-methyl group. The UV spectrum showed A .. 232 and
300 nm, typical of an N-methyl substituted indole. In the mass spectrum
vincaminoridine gave ions typical of a quebrachamine derivative, especi-
ally m/e 138 (182) and 210 (181). These peaks indicate a quebrachamine
skeleton with a 16-carbomethoxy group, leaving only the aromatic
methoxy group to be placed. The aromatic region of the PMR spectrum
showed a doublet (J =10 Hz) at 7.36 ppm and a two-proton multiplet at
6.78 ppm; the methoxy group can therefore be assigned to C-11.

191 192



3. THE ASPIDOSPERMA ALKALOIDS 251

O,
> CO,CH,

194

The stereochemistries at C-16 and C-20 were determined by chemical
correlation. Acid hydrolysis of vincaminoridine gave (+)-11-methoxy-N-
methylquebrachamine (192) identical with a product obtained by sodium
borohydride reduction and N-methylation of (—)-11-methoxy-1,2-dehy-
droaspidospermidine (193). The ORD curve also established the C-20
configuration to be a. The stereochemistry at C-16 was determined from
the chemical shift of the C-16 proton. As in vincaminorine (194), this
proton was shifted downfield to 6.10 ppm (90). On this basis, vincamino-
ridine could be ascribed the structure 191.

4. 12-Methoxyvoaphylline (195)

The leaves of Crioceras dipladeniifiorum K. Schum. afforded a new
alkaloid, identified as 12-methoxyvoaphylline (195) (95).

The alkaloid {{a]p+61°} gave a molecular ion at m/e 326 which
analyzed for C,0H26N-O, and showed a typical indolic UV spectrum. The
PMR spectrum showed only three aromatic protons together with a three-
proton singlet at 3.95 ppm for an aromatic methoxy group and a triplet at
0.71 ppm for the methy! of an ethyl group.

The mass spectrum gave ions at m/e 140 and 122 for the piperidine ring
and at m/e 186, 174, and 173 for the indole nucleus. Consequently, there
is an ether linkage in the piperidine ring and a methoxy group in the
aromatic ring.

Location of the methoxy group at C-12 was determined from the PMR
spectrum in the presence of a europium shift reagent.

ocH, H
195

ocH, H
196 R=0H
197 R=0
198 R=0,A>"
199 R=H
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Reduction with lithium aluminum hydride gave alcohol 196, oxidized
under Oppenauer conditions to a mixture of ketones (197, 198). Wolfi-
Kishner reduction of ketone 197 gave a methoxyquebrachamine. The mass
spectrum of this product was identical with that of 12-methoxyque-
brachamine (199), obtained previously by Biemann (96). The optical rota-
tion, however, was exactly opposite. Final confirmation of the position of
the methoxy group came from the CMR spectrum.

5. Rhazidigenine N-Oxide (200)

From the bark of Aspidosperma quebracho-blancho Tunmann and Wolf
(97) have isolated a new hydroxyindolenine, rhazidigenine N -oxide (200).

In the UV spectrum rhazidigenine N-oxide gave absorptions at 237 and
293 nm for an indolenine, shifting in alkali to 308 nm. Losses of 17 and
29 mu from the molecular ion (M™ 314) indicated the presence of hydroxy
and ethyl groups, and a loss of 16 from M* — 17 suggested an N-oxide. lons
at m/e 144, 143, and 130 indicated an unsubstituted indole nucleus.
Rhazidigenine N-oxide was assigned structure 200 on this basis.

09

OHY

=

N
200

H. PSEUDOVINCADIFFORMINE-TYPE ALKALOIDS

Previous chemical work on the chemistry of catharanthine (201) (98)
had established alkaloids of the pseudovincadifformine type as viable
structure possibilities. For many years, however, this structure type
remained only an in vitro product, and it was not until 1974 that the first
natural alkaloid was obtained having this skeleton.

1. Pandoline (202)

From Pandaca calcarea and P. debrayi Le Men and co-workers
(99, 100) isolated an alkaloid having [a]p+417° which they named
pandoline; the structure was determined subsequently (100). The alkaloid
had a molecular ion at 354 mu, in agreement with a molecular formula
C,1H26N,0;. The UV and IR spectral properties confirmed a B-ani-
linoacrylate derivative. Pandoline gave a monoacetyl derivative (¥max 1710
and 1240 cm ™), indicating the third oxygen function to be an alcohol. The
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general location of this alcohol was determined from the mass spectrum. In
the parent compound the base peak was at m/e 140; in the monoacetyl
derivative, at m/e 182. The hydroxy function could therefore be placed:in
the piperidine ring or the ethyl side chain. The PMR spectrum, which
showed a methyl triplet at 0.95 ppm, excluded the possibility of hydroxyl
being at C-18 or C-19, and positions 3 and 21 could be excluded on the
basis of nonreduction with lithium aluminum hydride. The possibilities for
the location of the hydroxyl groups are therefore C-14, C-15, and C-20.

The tertiary nature of the hydroxyl groups was deduced from the CMR
spectrum of pandoline in which a quaternary carbon at 71.0 ppm was
shifted to 82.0 ppm on acetylation. In addition, three methylene carbons
were shifted by this reaction. These data are only in agreement with a
structure such as 202 (100).

The cis nature of the C/D ring junction was determined from the 250
MHz PMR spectrum, which showed a broad singlet for H-3 at 2.86 ppm,
excluding a frans stereochemistry between C-3 and C-14. Pandoline was
theréfore suggested to have structure 202 including absolute stereochem-
istry, in which the stereochemistry of the hydroxyl group was not defined.

Pandoline (202) underwent a number of reactions typical of the 8-
anilinoacrylate chromophore. Treatment with sodium cyanoborohydride
gave 2,16-dihydropandoline (203) with a carbomethoxyl group axial and 8,
and reduction of 203 with lithium aluminum hydride gave 2,16-dihy-
dropandolinol (204). Hydrolysis and decarboxylation of pandoline
afforded an indolenine (205) which was reduced to the indoline (206) by
lithium aluminum hydride.

203 R=CO,CH,
204 R=CH,OH 205
206 R=H
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Additional evidence for the structure of pandoline (202) was derived
from two separate chemical correlations with (+)-catharanthine (201)
(101). Dehydration of pandoline (202) with concentrated sulfuric acid gave
three isomeric dervatives showing M* 336, namely 207 in 39% yield and
the ethylidine isomers 208 and 209 in 34% overall yield. The mass spectra
of these compounds, although showing similar fragment ions, were quite
different for the m/e 135 fragment, which in the case of 207 was the base
peak but for the ethylidene isomers was only 5%. In 207 the methyl of the
ethyl group appeared as a triplet at 1.02 ppm and the C-15 olefinic proton
as doublet (J =8 Hz) at 5.47 ppm.

Oxidation of 16a-carbomethoxycleavamine (210) with mercuric acetate
in acetic acid gave a mixture of products, one of which, (—)-pseudotaber-~
sonine (211), was identical with 207 except for its optical rotation.

The second correlation involved reactions in the decarbomethoxy series.
As described previously, pandoline (202) was hydrolyzed and decarboxy-
lated to give the indolenine 205 which with lithium aluminum hydride gave
206. Dehydration with sulfuric acid gave the ethylidene derivative 212 in
35% vyield {[a]p+48°}. This compound could also be produced from
(-)-pseudotabersonine (211). Hydrolysis and decarboxylation of 211
followed by lithium aluminum hydride reduction gave 213, having [a]p—
50°, but otherwise identical with the product 212 from pandoline (202).

207 CO,CH,

212 213
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A number of interesting observations can be made as a result of these
experiments. Perhaps the most important one is that the acid-catalyzed
cyclization takes place stereospecifically, so the absolute configuration of
pandoline is firmly established to be that represented in 202.

2. Pandine (215)

The structure elucidation of pandoline (202) opened up a new area, and
several closely related alkaloids have been subsequently characterized.

The first of these was a novel hexacyclic alkaloid, pandine, obtained
from three Pandaca species, P. calcarea, P. debrayi (99), and P. caduci-
folia Mgt. (99, 102). Pandine had IR and UV spectra typical of
a B-anilinoacrylate but an atypical mass spectrum showing no products
arising from a simple retro-Diels~Alder reaction and 5,6-fission
sequence.

The molecular formula of pandine (C;;H24N,O53) indicated one addi-
tional degree of unsaturation compared with pandoline (202) and, because
no additional chromophores or IR absorptions were observed, this
unsaturation must be in the form of a new ring.

That pandine contained a tertiary alcohol was evident from the shift of a
quaternary carbon from 80.3 to 90.4 ppm upon acetylation and from the
dehydration product which showed an ethylidene group. The location of
the additional C-C bond was determined by analysis of the PMR and CMR
spectra.

Compared with pandoline, two carbon atoms in pandine were shifted
downfield by about 15 ppm in the CMR spectrum, in agreement with a new
carbon-carbon bond being formed between these two carbon atoms. Thus
in pandoline (202) C-21 is observed at 61.3 ppm and C-17 at 25.7 ppm. In
pandine these carbons resonate at 77.0 and 40.8 ppm, respectively. The
new C-C bond is therefore between C-21 and C-17.

Reduction of pandine with sodium cyanoborohydride gave the 2,16-
dihydro derivative (214) which could not be epimerized with alkali
(because of steric factors). The 2 and 16 protons were observed in the form
of two doublets (J = 6 Hz) at 3.80 and 2.62 ppm, respectively. In the PMR
spectrum of this compound, three quite narrow singlets were observed at
2.55, 3.10, and 2.35 ppm which could be attributed to the H-3, H-17, and
H-21 protons, respectively, thereby establishing the stereochemistry of
H-3, H-14, H-17, and H-21. Pandine was assigned structure 215 on the
basis of this evidence and additional chemical reactions as follows. Alka-
line hydrolysis of pandine (215) and brief heating in acid gave an
indolenine which could be reduced to indoline 216 with sodium cyano-
borohydride. Reduction of 215 with lithium aluminum hydride did not give
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214 R=CO,CH3
216 R=H
217 R=CH,OH

218

the expected carbinol 217, but rather the exomethylene derivative 218 in a
manner similar to that of akuammicine (102).

3. (+)-Pseudotabersonine (207) and (+)-(20R)-Pseudovincadifformine
219)

Examination of the leaves of Pandaca caducifolia gave two pseudo
Aspidosperma alkaloids isolated previously, (+)-pandoline (202) and (+)-
pandine (215), and three new alkaloids in this series (103).

One of these alkaloids was identified as the amorphous base (+)-pseu-
dotabersonine (207) {{a]p + 320°}, identical except for optical rotation with
the compound derived by acid rearrangement or other chemical trans-
formations from (+)-catharanthine (201) (102-106). The compound
proved to be identical with one of the products obtained by the dehy-
dration of pandoline (202) (100). The UV and IR spectra were typical for a
B-anilinoacrylate alkaloid, and the PMR spectrum showed a triplet for
three protons at 1.02 ppm, an olefinic signal as a doublet (J =8 and 2 Hz)
at 5.47 ppm, and a three-proton singlet at 3.74 ppm. The mass spectrum
showed a molecular ion at m/e 336, a base peak at m/e 135, and charac-
teristic ions at m/e 122, 121, and 107.

The second new alkaloid was readily identified as (+)-(20R)- pseudo-
vincadifformine (219) {[a]p +430°}. This alkaloid, showing a molecular ion
at m/e 388, exhibited a typical base peak at m/e 124, a characteristic ion
at m/e 214 (ion A), but no m/e 309 (ion D). The PMR spectrum showed a
triplet at 0.95 ppm for the methyl of the ethyl group, and no olefinic proton
was observed. The compound was identical with (—)-(20S)-pseudovin-
cadifformine prepared from (+)-catharanthine (201) except for optical
rotation.
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4. (+)-20-Epipandoline (221)

The third new monomeric alkaloid obtained from P. caducifolia (103)
was very similar in all spectral properties to pandoline (202). In particular,
the UV and IR spectral data verified the nature of the aromatic nucleus,
and from the PMR spectrum an ethyl side chain attached at a hydroxy
substituent was evident. This could also be demonstrated by the mass
spectrum, where the base peak was found at m/e 140. On this basis, the
alkaloid was speculated to be the 20-isomer of pandoline. Because
pandoline was more polar than the epipandoline, it was reasoned that
pandoline (220) had the 20-hydroxy group in the a-position (axial) and
that in 20-epipandoline (221) the hydroxy group was equatorial and .

H  co,cH,

220 «-OH
221 B-OH

S. Capuronidine (222) and Capuronine (224)

The Gif sur-yvette group has examined the Madagascan plant
Capuronetta elegans Mgf. (Apocynaceae) and obtained a number of inter-
esting alkaloids, two of which are biogenetically very closely related (107).

Capuronidine (222), an amorphous alkaloid {[a]p +220°}, was obtained
from the leaves of C. elegans and exhibited a typical indolenine chromo-
phore (Amax 220 and 260 nm, Amax H', 275 and 341 nm) and a molecular
ion at m/e 296. Reduction with sodium borohydride gave an indoline
(223), and in the presence of base decyclization occurred to give the
cleavamine derivative 224. This compound was identical with another
alkaloid, capuronine, isolated from the same plant.

Capuronine showed a molecular ion at m/e 298, in agreement with a
molecular formula C,oH»6N,0, and exhibited an indolic UV spectrum.
The mass spectrum of capuronine gave a number of fragments charac-
teristic of a velbanamine derivative, in particular a base peak at m/e 154
containing the ethyl piperidine unit. The single oxygen function was traced
to a secondary alcohol by its facile acetylation and oxidation to a non-
conjugated ketone (225). Capuronine did not react with sodium
borohydride, and consideration of all these data indicated that the only
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possible positions for substitutions are C-15 and C-17. Substitution at C-17
was eliminated by base-catalyzed deuterium exchange of the ketone 22§
which gave only a dideuterio derivative. Capuronine therefore has the
structure 224. The question of the stereochemistry of the hydroxy and ethy]
groups was determined by chemical correlation.

Hydroboration of (+)-cleavamine (226) gave a mixture of two epimeric
alcohols in each of which the hydroxyl and ethyl groups are cis; capuronine
was identical with one of these compounds. X-Ray analysis of capuronine
acetate .(227) distinguished between these possibilities and indicated struc-
ture 224 to be correct. Dehydration of (+)-capuronine with sulfuric acid
gave (—)-cleavamine (228), thereby establishing the absolute configuration
of (+)-capuronine to be as shown in 224 (107).

223

L N e
H

4 o
OR

224 R=H 225

227 R=Ac

: N :
H
226 228

6. (209)-1,2-Dehydropseudoaspidospermidine (229)

Le Men and co-workers have also examined Pandaca ensepala Mgf.
and, in addition to a number of known alkaloids, they obtained a new
pseudo Aspidosperma alkaloid (108).

(208)-1,2-Dehydroseudoaspidospermidine (229) was isolated as an
unstable oil {{a]p+153° having an indolenine UV chromophore and a
base peak in the mass spectrum at m/e 137. Reduction with lithium
aluminum hydride gave a dihydro derivative {230; [a]n+60°}. The mass
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spectrum now showed a base peak at m/e 124 typical of an aspidosper-
midine-type alkaloid. This compound was identical, except for optical
rotation, with (—)-(20R)-pseudoaspidospermidine (231) formed from
catharanthine (201) (108).

Two other alkaloids also isolated from the same plant were of consider-
able biogenetic interest (108): these alkaloids were (+)-(20R)-dihy-
drocleavamine (232) and (—)-(208)-dihydrocleavamine (233).

230

231 .
232 C-20HB

233 C-20Ha

7. Ibophyllidine (235) and Iboxyphylline (237)

Two new indole alkaloid skeleta have been obtained from Tabernanthe
tboga Baillon and T. subsessilis Stapf in the form of the alkaloids ibophyl-
lidine and iboxyphylline (109).

Ibophyllidine showed a molecular ion at m/e 324 (CyH24N,05) and a
B-anilinoacrylate chromophore (Amax 302 and 333 nm). The PMR spec-
trum indicated the presence of an ethyl group, and the mass spectrum a
base peak at m/e 110 (234), 14 mass units less than for an aspidospermine-
type skeleton. The nature of the skeleton was deduced from the CMR
spectrum. Except for the aromatic ring carbons only one quaternary
carbon was observed (C-7 at 55.8 ppm), indicating that the ethyl group was
not at a ring junction. Three carbons bearing only a single hydrogen were
observed: C-14 at 37.8 ppm, C-3 at 65.7 ppm, and C-20 at 75.6 ppm. The
ethyl group is therefore on the carbon adjacent to nitrogen. The stereo-
chemistry was deduced from the PMR spectrum where H-3 was observed
as a doublet (J = 3 Hz), indicating a cis relationship to H-14 and H-20 as a
multiplet. The C-19 protons were nonequivalent, indicating some type of
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restricted rotation about the C-19-C-20 bond which occurs (according to
models) when the ethyl group is a between the C-5 and C-15 methylenes,
The structure of ibophyllidine is therefore 235.

Iboxyphylline was crystalline, had a molecular formula of C21H2¢N>O,,
and exhibited a B-anilinoacrylate chromophore. The third oxygen was in
the form of a secondary alcohol, showing a one-proton multiplet at
3.95 ppm shifted downfield on acetylation to 5.05 ppm. The base peak at
m/e 140 (236) contained this functionality. A methyl group appeared as a
doublet at 0.93 ppm but was affected only slightly when the ketone of
iboxyphylline was reduced. Again the CMR spectrum was very important
in determining the structure. Four secondary carbons were observed, at
70.3 ppm for C-3 and at 41.1 ppm for C-19, but more importantly, at
37.6 ppm for C-14 and at 73.1 ppm for C-20. The D ring is therefore
confirmed to contain both a secondary methyl and a secondary alcohol.
Confirmation of the structure and demonstration of the stereochemistry
came from a single-crystal X-ray analysis of the free base, which indicated
237 to be correct (109).

These two compounds, ibophyllidine (235) and iboxyphylline (237),
were suggested to have a quite novel biogenesis in which pandoline (220) is
the key intermediate (Scheme 6) (109).

CH CHZQ .
2 N
vy X
\ OH
m/e 110 m/e 140
CH,

SCHEME 6
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1. MELODINUS ALKALOIDS

In a previous discussion of the genus Melodinus (Volume XI, p. 242), the
isolation and structure elucidation of meloscine (238) and 16-epimeloscine
(239) were discussed. The Hoffmann-La Roche group has subsequently
published a full presentation of the structure elucidation of these novel
alkaloids (110).

A third alkaloid, isolated with the others from M. scandens Forst. (111),
on acid hydrolysis underwent decarboxylation to give meloscine (238), and
was ascribed the structure 240. In the more recent publication (110), the
alkaloid is assigned the name scandine and its structure is conclusively
demonstrated.

Scandine exhibited a molecular ion at m/e 350 analyzing for
C21H2,N;0;5 and an important fragment ion at M* — C,H30, for loss of a
carbomethoxy group. The IR spectrum showed two carbonyl frequencies
at 1671 cm™" for the quinolone carbonyl and at 1748 cm™" for the ester
group. Two major differences were observed in the PMR spectrum of
scandine compared to that of meloscine: (a) the C-21 proton which
appeared as a singlet at 3.53 ppm in meloscine (238) was shifted upfield to
3.02 ppm in scandine, and (b) a three-roton singlet was now evident at
3.54 ppm. The remainder of the spectrum was very similar except for a
simplification in the region of the C-17 protons (AB system at 3.07 and
2.85 ppm in scandine methiodide).

The diamagnetic anisotropic effect of the carbomethoxyl group indicated
it to be @ and the B/C ring junction trans. Because (+)-scandine gave rise
to (+)-meloscine (238), it was assigned the structure and absolute stereo-
chemistry shown in 241 (110).

Two new alkaloids of M. scandens have been isolated by Plat and
co-workers (112). One of these showed a molecular ion at m/e 308 with a
fragment jon at M —16. This suggested loss of oxygen from an N-oxide
was confirmed by reduction with ferrous ion at room temperature to give
16-epimeloscine (239). Oxidation of 3-epimeloscine (239) with oxygen in
ethanol gave the N-oxide of 16-epimelosine (242), identical with the
natural product.

The second new alkaloid, meloscandonine (112, 113); gave a molecular
ion at m/e 320 analyzing for C,;0H20N20,, a UV spectrum similar to
meloscine (Amax 216, 254 nm), and an IR spectrum having carbonyl bands
at 1750 and 1685 cm™'. Four aromatic protons were seen, but unlike the
other Melodinus alkaloids only two olefinic protons were observed, at 5.88
and 6.01 ppm. These olefinic protons could be assigned to those in the
piperideine ring, indicating that the vinyl group present in all the other
meloscine alkaloids was involved in some other functionality.
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The clues to the nature of this functionality were evident from the PMR
spectrum, which showed a doublet (J = 7.6 Hz) methyl group at 1.12 ppm
and the 1750 cm™" carbonyl absorption characteristic of a cyclopentanone,
At this point structure 243 was proposed. Reduction of meloscandonine
with sodium borohydride gave two isomeric alcohols [244 and 24§
(M™ 322)] each of which was readily acetylated (to 246 and 247, respec-
tively). Evaluation of the PMR spectra of these compounds defined the
stereochemistry at C-20.

In alcohol 244, a methine doublet (J=2.9 Hz) was observed at
3.81 ppm which shifted to 4.90 ppm following acetylation. On the other
hand, in acetate 247 from the epimeric alcohol 245, the acetate methine
proton (H-22) appeared as a doublet of doublets (J=7.4, 2.0Hz) at
5.00 ppm. From Dreiding models the long-range coupling could be
ascribed to a ‘“W” arrangement between the B8 proton and H-22 in an
“endo” configuration. The 7.4 Hz coupling between H-22 and H-19
indicated these protons to be cis. Supporting evidence for these stereo-
chemical assignments came from an evaluation of the acetate singlets. In
acetate 247 this singlet appeared in a “normal’” position at 1.97 ppm. In
acetate 246, however, this singlet was shielded to 1.23 ppm by being held
over the aromatic nucleus. A Nuclear Overhauser Effect (NOE) effect was
observed between H-22 and the C-19 methyl group in 246.

The only proton remaining to be defined stereochemically is H-21. In
acetate 247, the 17a proton appears as a doublet of doublets (J =11.2,
1.2 Hz) at 2.23 ppm. The long-range coupling of H-4« is with H-19 (by
double irradiation) and establishes the 21 proton to be a. The circular
dichroism of meloscandinone was almost identical with that of the pre-
viously isolated meloscine alkaloids; therefore, 248 also represents the
absolute stereochemistry of meloscandinone (112, 113).
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“XH CH,
}I} oR: R,
244 R, =H,R,=0OH 248

245 R;=0OH,R,=H
246 R;=H,R,=0COCH;
247 R, =0COCH;,R;=H

J. MISCELLANEOUS ALKALOIDS
1. Alkaloids of Aspidosperma neblinae

Biemann and co-workers (114) have investigated the alkaloids of A.
neblinae by combination gas chromatography-mass spectrometry. The
alkaloids detected were aspidospermidine (249), 1,2-dehydroaspidosper-
midine (171), deacetylpyrifolidine (250), 1,2-dehydrodeacetylpyrifolidine
(251), N-acetylaspidospermidine (252), aspidospermine (253), demethyl-
aspidospermine (254), pyrifolidine (255), aspidocarpine (256), ebur-
namonine (257), and neblinine (258). Both the power and the limitations
of the technique are evident here. The technique is powerful in the sense
that identification of microgram quantities of an alkaloid is easily made
with computerized comparison of mass spectra. It has limitations, however,
because compounds which are not stable to 300° (injector temperature)
either will not be detected or will give alternate compounds, and that
isolation must be made if the taxonomically important optical rotations of
the alkaloids are to be determined.

N
o
R N
R
249 R, =R,=R;=H 171 R=H
250 R, =H, R,=OCH3, R; = OCH, 251 R=0CH;

252 Rl = COCH3, RZ = H, R3 =H

253 R, =COCH;,R,=0CH;,R;=H

254 R;=COCH;,R,=0OH,R;=H

255 R, =COCH;, R, =0CH;, R;=0CH;
256 Rl = COCH3, R2 = OH, R3 = OCH3
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257

2. 16-Decarbomethoxy-14,15,16,17-tetrahydrosecodine (260)

In numerous reviews of the biosynthesis of indole alkaloids (2), an
intermediate of the type 259 has been postulated. This skeleton remained
merely a topic for chemical comment until a compound having this type of
skeleton was actually isolated (115).

The first monomeric compound of this skeletal type to be isolated was
260, obtained by Crooks et al. from the leaves of Tabernaemontana cum-
minsii (116). High-resolution peak matching gave a molecular formula
C19H,sN, (M 284) showing an extremely intense base peak at m/e 126,
This ion had previously been observed only in the spectra of the tetra-
hydrosecamines (115), where structure 261 had been demonstrated for
ions of this mass.

Because only 1.9 mg of material were obtained, the only other physical
data obtainable was a UV spectrum, which indicated the compound to be
indolic. With this in mind, and ions at m/e 158 and 143 prominent in the
mass spectrum, structure 260 was proposed.

This postulate was confirmed by synthesis. Reaction of 2-ethylindole
with oxalyl chloride gave 262, which reacted with 3-ethylpiperidine to
afford the amide 263. Lithium aluminum hydride reduction gave the amine
260, identical with the natural material. The correct name for this
compound, based on secodine nomenclature (117), is 16-decarbomethoxy-
14,15,16,17-tetrahydrosecodine.

% L
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3. New Alkaloids from Ochrosia Species

Preaux et al. have obtained two new alkaloids, ochromianine (264) and
ochromianoxine (265), from the bark of Ochrosia miana H. Bn. ex Guill.
(118, 119). The stereochemistry of C-20 in each of these alkaloids remains
to be determined.

CH,0

CH,OH
264 265

The bark of O. viellardii Guill. afforded seven known alkaloids and an
eighth new alkaloid, ellipticine N -oxide (266} (120). In the mass spectrum
the molecular ion was observed at m/e 262, indicating the presence of an
additional oxygen compared to ellipticine (267). The oxygen was not in the
form of a carbonyl (IR) or phenolic (UV) function. Reduction with zinc and
hydrochloric acid gave ellipticine (267), identical with the authentic alka-
loid. Attempts to produce the N-oxide with classical reagents failed.

4. Harman Carboxylic Acid (268)

Sanchez and Brown have obtained a new harman derivative from Aspi-
dosperma exalatum Monachino (121). The alkaloid was obtained from a
butanol extract, and in the IR spectrum it showed principal absorptions at
1925 cm™" for an immonium ion, at 1610 cm ! fora carboxylate anion, and
at 748 cm ™! for a disubstituted benzene. In the mass spectrum a molecular
ion was observed at m/e 226 and a base peak at m/e 182 (M" —44). An
aromatic methyl group and five aromatic protons were observed in the
PMR spectrum. Consideration of this data together with the UV spectrum
led to deduction of the structure of the alkaloid as 268, harman carboxylic
acid. The ethyl ester (269) was also isolated but it was probably an artifact.



266 GEOFFREY A. CORDELL

CH, .
o
@
(Y
=
N
H  cH,
266 X
| _N
N
H  cn,
268 R=H
269 R=C,H;

5. Subincanine (271)

Gaskell and Joule (122) obtained a novel alkaloid from A. subincanum
Mart. ex A. DC. which they named subincanine. The UV spectrum
indicated subincanine to be a carbazole derivative lacking any phenoli¢
group. A single NH was observed (vmax 3460 cm™') which was exchanged
with D,O but which was not acetylated with Ac,O/pyridine. Five aromatic
protons were in two groups, four adjacent and one as a singlet. The PMR
spectrum also indicated a methyl ketone (3-proton singlet at 1.95 ppm), an
aromatic ethyl group, and an N-methyl group. As the molecular formula
(C22H24N,0,) indicated two oxygens, the second oxygen must be in the
form of an ether ring.

Reduction of subincanine with sodium borohydride gave a tetrahydre
derivative which afforded a diacetate on acetylation. The base peak in the
mass spectrum of the diacetate appeared at m/e 263 (Ci3H19N>), a loss of
CgH;304. The fragment being acetylated is therefore C4HoO,, containing
two hydroxyl groups and a terminal methyl group. The mass spectrum of
dihydrosubincanine (from LiAlH4, low temperature) gave an important
ion at m/e 221 (C16H16N) which was rationalized as being the result of a
retro-Diels—Alder reaction in the D ring. This ion was not observed in the
mass spectrum of the diacetate, indicating that the side chain must be
attached to a basic unit (270). The only unit capable of being reduced by
borohydride in the appropriate way is the N-C-O—C unit which has the
acetyl group attached at a position capable of carrying a positive charge.
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On this basis, structure 271 was proposed for subincanine, although a
number of other possibilities could not be absolutely excluded (122).

6. Tubotaiwine N-Oxide (273)

From the root bark of Conopharyngia johnstonii Stapf (Apocynaceae),
Schmid and co-workers (123) isolated tubotaiwine (272) and a new alka-
loid which was shown to be tubotaiwine N-oxide (273).

Tubotaiwine N-oxide (273) showed a strong positive rotation {[a]p+
588° and an ORD spectrum entirely analogous to that of 272. The UV
spectrum indicated a B-anilanoacrylate (Am.x 293, 326 nm), and the mass
spectrum confirmed a mass 16 mu greater than 272 but an identical frag-
mentation pattern. Reduction with sulfur dioxide afforded 272, and oxida-
tion of 272 with m-chloroperbenzoic acid gave 273.

AN

N
H

N
CO,CH, H  co,cH,
272 273

Table I (124-126, etc.) summarizes the isolation of new Aspidosperma
alkaloids and Table II (127-161, etc.) the isolation of established alkaloids.

III. Chemistry of the Aspidosperma Alkaloids

A. REARRANGEMENTS OF THE ASPIDOSPERMA SKELETON

Considerable efforts in the past have been devoted to the skeletal inter-
conversion of alkaloids, if possible along biogenetic lines. Scott and co-
workers have carried out numerous experiments in this area, and this work
has been reviewed (162). The early work by Scott on the rearrangements
of certain alkaloids, the subject of so much controversy, has been discussed
elsewhere (2).

Le Men and co-workers have investigated a number of reactions of
Aspidosperma alkaloids, and some of these are of considerable
significance.

Treatment of tabersonine hydrochloride (28) with zinc and copper
sulfate at 100° in glacial acetic acid afforded three products (163). One of
these, 274 (1% vyield), is the result of simple reduction; the major indole
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TABLE I

NEW ASPIDOSPERMA AND RELATED ALKALOIDS

Spectral data

Compound Source and ref. mp (°C) [e]p ref. M* Molecular formula
A. B-Anilinoacrylate-type alkaloids
Vincadifformine, 11-methoxy- Vinca minor (6) — —368° (6) 368 C;2H53N, 05
)
Ervinceine (6) V. erecta (7, 8) 99-100  —448° (7,8) 368 C,3H25N,0;3
Ervamicine (7) V. erecta (8) 213-214 —264° (8) 366 Cy3H,6N703
Minovincine, 11-methoxy (10) V. minor (100) — —395° (11) 384 C53H2gN,04
19R-Hydroxytabersonine (18)  Catharanthus lanceus (13) 163 -337° (13) 352 C21H24N,0,
Minovincine, 3-oxo- (19) Tabernaemontana riedelii (14) 252-253 +268° (14) 366 C31H25N;0,
Minovincine (20) T. riedelii (14) — +340° (14) 352 C51H24N0;3
5-Oxo- (23) V. minor (15) —_ -270° (15) 366 C,1H2:N,0,
Ervinidinine (25) V. erecta (18) 265-266 -160.6° (16, 18) 352 Cy1H4N505
Baloxine (26) Melodinus balansae (19, 48) —_— (19,48) 368 C,yHouN,O,
Vandrikidine (27) (20) 382 C22H26N204
Vandrikine (28) (20) 382 C22H26N204
Echitovenaldine (32) Alstonia venenata R. Br. (21) 148 —485° 21 426 Co4H30N;05
Echitoserpine (34) A. venenata (24) 154 -444° (24) 562 C;3;H34N,Og
Echitoserpidine (35) A. venenata (25) 110 —427° 25) 532 C3oH3,N,0,
Cathaphylline (42) C. trichophyllus (28) —_ —438° (28) 368 C21H34N50,
Horhammericine (41) C. lanceus (29) 140-144 —403° (28, 29, 31) 368 Cy1Hy4N5O4
C. trichophyllus (28)
Horhammerinine (43) C. lanceus (30) 209.5-211 -381° (30, 31) 398 C32H6N,05
Ervincinine (46) V. erecta (8, 32) 247-248 -90.5° (8, 32) 382 Cy3H6N50,
Hazuntine (47) Hazunta velutina (33) 152 —-450° 33) 382 CyHy6N204
Hazuntinine (49) H. velutina (33) 132 —482° (33) 412 C,3H25N,05
Hedrantherine (50) Hedranthera barteri (36) _ —459° 36) 368 C21H34N,0O,4
12-Hydroxy- (51) H. barteri (36) 245 — (36) 384 C,1H24N5,05
Anndina (KA T. armeniaca (38) -520° (38) 366 C2:H32N;04
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Deoxoapodine (66)
Ervinidine (68)
Eburine (76)
Eburcine (81)

7. armeniaca (37)

V. erecta (18)

Hunteria eburnea Pichon (39)
H. eburnea (39)

B. Aspidospermidine-type alkaloids

Eburenine (73)

Fendlispermine (83)

Aspidocarpine, de-O-methyl-
(84)

Vincoline (85)

19-Epivincoline (86)
Cathovaline (100)

14-Hydroxy- (109)
Cimicine (110)
Cimicidine (111)

C. Cylindrocarine-type alkaloids

Cylindrocarine (117)

N-Methyl- (126)

N-Formyl- (125)

N-Propionyl- (118)

N-Benzoyl- (123)

12-Demethoxy-N -acetyl-
(116)

19-Hydroxy- (122)

H. eburnea (39)
Aspidosperma fendleri (41)
A. cuspa (42)

C. roseus (44,47)

V. libanotica (46)

M. balansae (19, 46)

M. balansae (19, 48)

C. ovalis (52, 57)

C. lanceus (53, 54)

C. ovalis (57)

Haplophyton cimicidum (58)
H. cimicidum (58)

Aspidosperma cylindrocarpon
Muell. Arg. (62)

. cylindrocarpon (62)

. cylindrocarpon (62)

. amygdalifolia (60)

. cylindrocarpon (62)

. cylindrocarpon (62)

P e

T. amygdalifolia (60)
A. cylindrocarpon (62)

N-Formyl-19-hydroxy- (134) A. cylindrocarpon (62)

N-Acetyl-19-hydroxy- (135)

A. cylindrocarpon (62)

N-Benzoyl-19-hydroxy- (131) A. cylindrocarpon (62)

282-283

284-286

228-232

200-204
88-90

133-134
229-231
266-268

204-205

161-162

160-162

207-210
215-216

—-432°
+17°
—-18°
-61°

+143°

—242°

~205°
-73°

-73°
+113°

—-280°

-110°
—140°

—82°
-131°

—49°
-300°
-250°
-400°
-150°

37)
(18)
(39, 40)
(39, 40)

(39, 40)
(41)
(42)

(19, 46-49)

(19. 48, 49)
(52-54, 57)

(57}
(59)
(59)

(62)

(62)
(62)
(60)
(62)
(60, 62)

(62)
(62)
(62)
(62)

352
368
340
414

280
298
356

368

368
426

442
382
412

356

370
384
412
460
368

372
400
414
476

C21H24N0,
C21H2aNz04
C2:1H2sN>0,
C23H30N204

C19H24N2
CioH26N20
C21H28N203

C31H24N204

C,1H24N»04
C24H39N,0s5

C24H30N206
C2Hz6N204
C23H2N,05

C21H26N205

C32H3oN,03
C32H28N204
C24H35N,04
C38H3;N,04
C32H36N,03

Ca1H2sN204
C32H2gN,05
C33H30N205
C2H32N;05

(Continued)
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TABLE 1 (Continued)

Spectral data

Compound Source and ref. mp (°C) [alp ref. M Molecular formula
N-Cinnamoyl-19-hydroxy- A. cylindrocarpon (62) 123-124 —384° (62) 502 C30H34N,05
(133)
N-Dihydrocinnamoyl-19- A. cylindrocarpon (62) — —278° (62) 504 C39H3¢N,05
hydroxy (136)
Cylindrocarpinol N-Formyl- A. cylindrocarpon (62) 101-105 -150° (62) 358 C,:H30N,0;5
127)
N-Acetyl- (130) A. cylindrocarpon (62) 210-215 62) 370 Cy2H30N505
D. Kopsane-type alkaloids
Kopsinine
15a-Hydroxy- (140) M. australis (64) (64, 78) 354 C;,1H26N,03
198-Hydroxy- (141) M. australis (64) (64, 78) 354 Cy1Hy6N,05
Kopsinine N-oxide (142) V. erecta (65) 159-161 (65) 354 C,y1H6N,04
Kopsanol, N-formyl (144) Aspidosperma verbascifolium (66) 366 CH6N,05
Muell. Arg. (66)
E. Vindolinine-type alkaloids
19-Epivindolinine (153) M. balansae (48) (48) 336 C,1H4N,0,
19-Epivindolinine N -oxide M. balansae (48) +8° 48) 352 C,1H4N, 0,
(154)
Vindolinine N-oxide (155) M. balansae 186-187 +7° 48) 352 Cy1Ha4N,O5
V. erecta (65)
Dihydrovindolinine N -oxide V. erecta (65) (65) 354 C,1H,6N,05
(153)
F. Miscellaneous aspidospermine-type alkaloids
Aspidodispermine (154) Aspidosperma dispermum — +119° (76) 328 C,9H24N,0;
Muell. Arg. (76)
Deoxyaspidodispermine (158)  A. dispermum (76) — -20° (76) 312 C19H24N,0;



Vincatine (163) V. minor (77) 111-112 -13.5° (77) 346 C20H30N,05
Rhazinilam (172) Rhazya stricta (79-81) 214-215 —432° (81-83) 326 C,9H;,:N,0
A. quebracho-blanco (83)
M. australis (78)

G. Quebrachamine-type alkaloids

Quebrachamine, 14,15-dihy- Voacanga africana (85) — +132° (85) 314 C19H56N20,
droxy- (179)
(—)-Vincadine (185) Amsonia tabernaemontana 75 -70° (91) (89, 91) 340 C,1H,5N,0,
(89, 91-92a) —92°(89)
(x)-Vincadine A. tabernaemontana 126 0° (89, 91) 340 C;;HN50,
(89, 91, 92)
16-Epivincadine (189) A. tabernaemontana (92, 92a) 157 0° 92) 340 C,1H,5N,0,
Vincadine, 14,15-dehydro- A. tabernaemontana (92, 92a) — +65° 92) 340 C,1H,3N,0,
(187)
16-Epivincadine, 14,15-dehydro- A. tabernaemontana (92, 92a) — +85° 92) 338 C,1H,6N,0,
(190)
Vincaminoridine (191) Vinca minor (94) 99-100 +57.7° (94) 384 C,3H33N505
Voaphylline, 12-methoxy (195) Crioceras dipladeniiflorum 149 +61° (95) 326 C,y0H26N-O
(95)
Rhazidigenine N-oxide (200) Aspidosperma quebracho- (97) 314 C;oH,6N»0,

blanco (97)

H. Pseudoaspidosperma-type alkaloids

Pandoline (220) Pandaca calcarea (99) — +417° (99) 354 C,1H6N>03
P. caducifolia (103)
P. debrayi (99)

Pandine (215) P. calcarea (99) 108-113 +273° 99) 352 C,1H4N504
P. caducifolia (103)
P. debrayi (99)

(+)-Pseudotabersonine (207) P. caducifolia (103) — +320° (103) 336 C51HouNLO,
(+)-Pseudovincadifformine (219) P. caducifolia (103) — +430° (103) 338 C21H26N,0,
N 20-Epipandoline (221) P. caducifolia (103) —_ +462° (103) 354 Co1H6N,O5
ﬁ Capuronidine (222) Capuronetta elegans (107) — +220° P (107) 296 C,9H,4N>O

(Continued)
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TABLE 1 (Continued)

Spectral data

Compound Source and ref. mp (°C) [a]p ref. m* Molecular formula
(+)-1,2-Dehydropseudoaspido-  P. eusepala (108) — +153° (108) 282 C1oH,6N;
spermidine (229)
Ibophyllidine (235) Tabernanthe iboga Baill. (109) — +134° (109) 324 C30H24N,0;
T. subsessilis (109)
Iboxyphylline (237) T. iboga (109) 245 +444° (109) 354 C,1H26N,0,
T. subsessilis Benth. (109)
[. Melodinus alkaloids
Scandine (241) M. scandens (110) 180-182 +245° (110) 350 C,1H:N,04
Epimeloscine N-oxide (242) M. scandens (112) 203-207 +310° (112) 308 C9H,4N5,0,
Meloscandonine (248) M. scandens (112) 318-320 +72° (112,113) 320 C,0H30N,0,
J. Miscellaneous alkaloids
14,15,16,17-Tetrahydrosecodine, Tabernaemontana cuminsii — — (116) 284 CoH38N,
16-decarbomethoxy- (260) (116)
Ellipticine N-oxide (266) Ochrosia viellardii (120) — — (120) 262 C7H14N5,O
Harman-3-carboxylic acid (268) Aspidosperma exalatum (121) 300 — (121) 226 C;3H,0N,0,
Subincanine (271) A. subincanum (124) 160-163 122) 348 C,2H,4N,0,
Tubotaiwine N -oxide (273) Conopharyngia johnstonii 224 +588° (123) 340 CooH34N,03
(123)
Andranginine (378) Craspidospermum verticillatum 132 —42° (125, 126) 334 C,1H,N,0,

var. petiolare (126a)
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3. THE ASPIDOSPERMA ALKALOIDS

FURTHER [SOLATION OF Aspidosperma ALKALOIDS

273

Compound Plant source Plant part” Ref.
(+)-Aspidospermidine Amsonia tabernaemontana LF 128
1,2-Dehydro- A. tabernaemontana WP 91
SD 127
LF 128,129
RT 129
FR 92a
Aspidosperma neblinae 114
N-Formyl- Amsonia tabernaemontana LF 128
Aspidospermine Aspidosperma neblinae 114
A. quebracho-blanco LF 83
Demethoxy- A. neblinae 114
Demethyl- A. neblinae 114
Aspidocarpine A. formosanum BK 130
A. neblinae 114
Pyrifolidine A. neblinae 114
Deacetyl- A. neblinae 114
Deacetyl-1,2-dehydro A. neblinae 114
Beninine Voacanga chalotiana RB 131
Neblinine A. neblinae 114
Minovincine Cabucala erythrocarpa var. wP 132
erythrocarpa
Catharanthus trichophyllus RT 28
Minovincinine C. trichophyllus RT 28
(—)-Tabersonine Amsonia angustifolia LF 83
A. tabernaemontana RT 129
WP 91
FR 92a
Melodinus balansae LF 48
M. celastrodies LF 133
M. scandens LF 111,112
Pandaca retusa RT 134
V. africana SD 85
V. grandifolia FR 135
(+)-Vincadifformine Amsonia angustifolia LF 83
A. tabernaemontana RT 129
WP 91
LF 128,129, 136
FR 92a
M. scandens LF-FL-FR 112
P. minutiflora LF 137
Tabernaemontana riedelii LF-TW 14
Tabersonine
11-Hydroxy- M. balansae LF-FR 48
11-Methoxy- Craspidospermum verticil - -LF 126a

latum var. petiolare

(Continued)
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TABLE II (Continued)

Compound Plant source Plant part” Ref.
Lochnericine A. angustifolia LF 83
A. tabernaemontana LF 84, 129
Catharanthus trichophyllus RT 28
T. divaricata LF 138
Lochnerinine C. pusillus LF 139
Echitovenine C. trichophyllus RT 28
Vindorosine C. longifolius AP 140
C. pusillus LF 139, 141
C. trichophyllus RT 26, 28
Vindoline C. longifolius 140
C. pusillus 141
Aspidolimidine Aspidosperma sp. 142
Cylindrocarpidine A. cylindrocarpon 62
Cylindrocarpine A. cylindrocarpon 62
Aspidoalbine A. desmanthum BK 130
Vindolinine C. longifolius AP 130
C. trichophyllus RT 139
M. balansae LF 48
Kopsanoue A. cuspa 143
A. verbascifolium 66
Kopsanot A. cuspa 143
A. verbascifolium 66
Epikopsanol A. cuspa 143
A. verbascifolium 66
10-Oxo- A. verbascifolium 66
Venalstonine C. ovalis 144
Craspidospermum verticil- LF 126a
latum var. petiolare
M. balansae LF 48
M. scandens LF-FL-FR 112
Venalstonidine Catharanthus ovalis 144
M. balansae LF 48
M. scandens LF-FL-FR 112
Pyrifolidine A. quebracho-blanco LF 83
Voaphylline V. africana LF 85
P. retusa RT 134
T. divaricata LF 138
(—)-Quebrachamine Amsonia tabernaemontana wPp 91
SD 127
LF 128, 129
(+)-Condylocarpine P. minutiflora 144
19,20-Dihydro- A. tabernaemontana 128
P. eusepala SB,LF 108
P. ochrascens 145
Tubotaiwine Conopharyngia johnstonii RB 123
P. minutiflora LF 144
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TABLE II (Continued)

275

Compound Plant source Plant part® Ref.
Pericalline Catharanthus longifolius AP 140
C. trichophyllus RT 27
Ervatamia orientalis (R. LF 146
Br) Domin
Muntafaria sessilifolia LF 147
(Baker) Pichon
Ochrosia silvatica Dianiker BK 148
P. calcarea WP 99
P. debrayi WP 99
P. eusepala SB,LF 108
P. ochrascens LF,RT, BK 145
T. cuminsii LF 149
Uleine Aspidosperma formosanum BK 130
3-Epiuleine A. formosanum BK 130
Uleine, 1,13-dihydro- A. formosanum 130
13-hydroxy-
Ellipticine Bleekeria vitiensis BK,RT 150
O. balansae (Guillaumin) LF 151
Baill. BK 152
O. confusa Pichon LF 153
O. vieillardii BK 120
LF 154
1,2-Dihydro- O. balansae LF 151
O. vieillardii BK 120
1,2,3,4-Tetrahydro- O. balansae BK 151
O. vieillardii BK 120
1,2,3,4-Tetrahydro-2- A. vargasii A. DC. BK 155
methyl-
9-Methoxy- B. vitiensis LF, BK, RT 150, 156
O. balansae BK 151
9-Methoxy-1,2-dihydro- O. balansae BK 151
Olivacine A. campus-belus BK 130
A. vargasii BK 155
Peschiera affinis (Muell. RT, BK 157
Arg.)
P. lundii Miers 158
Pleiocarpamine Alstonia glabriflora Margf. 159
A. muelleriana Damin 160
A. spectabilis 159
A. vitiensis Seem. var. 161
nova
ebudica Monachino
2,7-Dihydro- Alstonia muelleriana 160

* LF, Leaf; WP, whole plant; SD, seed; RT, root; BK, bark; AP, aerial parts.
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isolated (15% yield) had the structure 275, and the major indoline,
vincamsonine, (53% yield), was assigned structure 276. Because Kuehne
(164) has already converted dihydro-275 to vincamine (277), the reaction
constitutes a conversion of tabersonine (28) to vincamine.

Oppenauer oxidation of either 275 or 276 gave the same compound
which, on the basis of spectral properties, was assigned the structure 278.
In particular, the UV spectrum was close to that of eburnamonine.

The mechanism postulated to account for the formation of 275 and 276 is
shown in Scheme 7.

COZCHJE\

275

KO'Bu/CgHg CO,CH,

276

278

SCHEME 7

Reaction of 1,2-dehydroaspidospermidine (171) with zinc and copper
sulfate in glacial acetic acid at 100° gave aspidospermidine (249) as a minor
product and a major product, 279 (24% yield) (165). The major product
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was formylated with formic—acetic anhydride and reduced first with lithium

aluminum hydride and with Adams catalyst to give vallesamidine (280),
identical with the natural alkaloid (except for optical rotation).

N
s Zn/CuSOy4
HOAc, 100°
1

N (i) HCO3H-AcyO
N (i) LiAlH4
H,C (i) PtO2/H,
280 279 —

(—)-1,2-Dehydroaspidospermidine (171) was treated with p-nitroper-
benzoic acid at 0° to give the N -oxide 281. This compound was rearranged
with triphenylphosphine in aqueous acetic acid at 0° for two days to give a
mixture in which the major product (42% yield) was (+)-eburnamine (282)
(166). The hydroxyindolenine 283 is a probable intermediate.

Two other reactions were also studied at this time. One of these was on
16-oxoaspidospermidine (284). When 284 was heated with acetic acid at
90°, eburnamenine (285) was produced in 40% yield (166).

The oxime of 284 gave a mixture of two nitriles (286 and 287) on
standing with phosphous oxychloride at room temperature, presumably via
288. Acid hydrolysis of the nitriles gave (+)-vincamone (289) and (+)-21-
epivincamone (290), respectively (166).

(Ph)3P/aq. HOAc
—
0% 48 hr
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HOAC, 90°
—_—

284

(i) NH,OH
(ii) POClI3, RT

CN™S
286 C-21Ha
287 C-21HB

289 C-21Ha
290 C-21HB

As well as eburnamine (282), the N-oxide of 1,2-dehydroaspidosper-
midine (281) gave a new product on reaction with triphenylphosphine and
acetic acid (767). The compound showed a molecular ion at m/e 296
analyzing for C19H,4N,O. The UV spectrum was that of an N -acylindoline
and the IR spectrum indicated a lactam (vmax 1680 cm™'). The product was
unaffected by catalytic hydrogenation or by sodium cyanoborohydride
reduction. In aqueous hydrochloric acid for 2 hr at 90°, the product was
transformed into an N-acylindole which was assigned structure 291. The
parent compound for these transformations was therefore 292. Lithium
aluminum hydride reduction of 292 gave the diamine 293, which afforded
the indole 294 on treatment with acid.

A structurally similar product was observed when vincadifformine (2)
was treated with 4 equivalents of m-chloroperbenzoic acid in benzene
under reflux (168). The product was assigned the novel structure 295 on
the basis of the following spectral evidence. The molecular formula was
shown to be C;;H26N,0,4 and the UV spectrum indicated an N-acylin-
doline. A carboxylic ester was evident from the IR spectrum (¥max
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292 R=0 291 R=0
293 R=H, 294 R=H,

1745 cm™") and PMR spectrum (singlet 3.90 ppm). The fourth oxygen was
traced to a hydroxy group. The skeleton was deduced by analysis of the
CMR spectrum. A singlet at 98.0 ppm was attributed to a quaternary
carbon (C-21) located between two nitrogens, and a singlet at 78.0 ppm to
a carbon (C-16) attached to oxygen and further deshielded. A lactam
carbonyl carbon (C-2) was observed at 170 ppm.

The general scheme proposed (166) to account for these rearrangementg
is shown in Scheme 8. The close similarity of intermediate 296 to rhaz-
inilam (172) should be noted.

291 «— 292 «——

296

SCHEME 8

Treatment of tabersonine (28) or vincadifformine (2) with formic acid
and formamide (169) gave products arising from the reduction of the
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intermediate iminium species (297), itself derived by the familiar Smith
cleavage reaction. The products from vincadifformine were established to’
be (+)-vincadine (184) (57%) and quebrachamine (178) (5%). A trace
product obtained was 16-epivincadine (189), and analogous products in
the 14,15-dehydro series were obtained from tabersonine (169). 16-
Epivincadine (189) was converted almost quantitatively to the more stable
epimer (184) on formic acid/formamide treatment.

H y" “co,cH,

184 16Ha
189 16HB

178

The rearrangement of tabersonine (28) to vincamsonine (276) was
described previously. Le Men and Lévy et al. (170-174), however,
reasoned that there was a more direct route to vincamine (277) along
biogenetic lines (2).

Reaction of (—)-vincadifformine (2) with lead tetraacetate in benzene
gave the acetoxy indolenine 298 in about 50% yield. This compound, when
treated with trifluoroacetic acid in chloroform at 0° followed by reaction
with sodium acetate in aqueous acetic acid, gave a mixture of (+)-
vincamine (277), (—)-16-epivincamine (299), and (+)-apovincamine (300)
(170, 172, 174). Under the most favorable conditions (+)-vincamine (277)
could be produced from (—)-vincadifformine (2) in 36% overall yield.

The 16-hydroxyindolenine 301, which is probably an intermediate in the
first reaction, could also be produced by reaction of (—)-vincadifformine
with p-nitroperbenzoic acid to give 302. Treatment with tri-
phenylphosphine in aqueous acetic acid gave the hydroxyindolenine 301 as
an intermediate which subsequently underwent rearrangement to (+)-
vincamine (277) in 66% yield and to (—)-16-epivincamine (299) in 21%
(170, 171, 174).
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The same sequence of reactions was also conducted on (+)-
vincadifformine (75) to give (—)-vincamine (303), (+)-16-epivincamine
(304), and (—)-apovincamine (305) (175).

Catalytic reduction of (—)-11-methoxytabersonine (3) and oxidation
with peracid gave 1,2-dehydro-16-carbomethoxy-16-hydroxy-11-me-
thoxyaspidospermidine N-oxide (306), which was rearranged by tri-
phenylphosphine in acid to a mixture of vincine (307), 16-epivincine (308),
and apovincine (309) (173).

R,

CO, R,
CH,

298 R, =H,R,=0Ac
301 R;=H,R,=0H

302 R, =H
306 R, =OCH;,
l (C¢Hs)3P/CH3CO,H

277 168-OH, R, =H

299 16a-OH,R;=H

307 168-OH, R, = OCH; R,
308 16a-OH, R, = OCH,

CH,0.C

300 R, =H
309 R, =OCH,
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With (—)-tabersonine (28) as the starting material and m-chloro-
perbenzoic acid as the oxidizing agent followed by reaction with tri-
phenylphosphine in acid, the corresponding 14,15-dehydro compounds,
14,15-dehydrovincamine (310), 16-epi-14,15-dehydrovincamine (311)
and 14,15-dehydroapovincamine (312) (176), were obtained. Analogous
reactions on (-)-11-methoxytabersonine (3) gave the corresponding
compounds (313, 314, and 315) in the vincine series (176).

() p-NO,PBA N
_
(ii) (CgHs)3P/HOAC 16
HO
CH302C
303 16a-OH
304 168-OH

305

(i) m-CIPBA
Y ——— R
) (1) (CeHs)3P/HOAC

R N ‘
H " co,cH, CH,0,C

2y RZOCH 310 168-OH,R=H

8 R=H 311 16a-OH,R=H

313 168-OH, R=0CH;
314 16a-OH, R=0CH3;

CH,0,C

CH,0,C R
315 R=OCH; 316 R=0H, O alkyl, OAc, Cl

312 R=H

Lévy has also reported briefly (175) that when compounds of the type
316 in which R = OH, Oalkyl, OAc, or CI are treated with trifluoroacetic
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acid in methylene chloride 303, 304, and 305 are produced. The
compound in which R = OH was produced by PtO,/Q, oxidation, and that
where R = Oalkyl by treatment of 75 with an alkyl peroxide.

The availability of both (+)-(219) and (—)-pseudovincadifformines (317)
allowed the rearrangement to be carried out in these series of compounds
as well (177). Thus pseudovincamine (318) and 16-epipseudovincamine
(319) were prepared by rearrangement of the N-oxide of pseudovin-
cadifformine in each antipodal series.

(i) p-NO,PBA

(it) (CsHs)3P/HOAC

CO,CH;

318 168-OH
319 162-OH

B. TABERSONINE CHLOROINDOLENINE (320)

Le Men and co-workers have performed several studies of the chemistry
of the chloroindolenine of tabersonine (320) (174, 178). This compound is
produced in high yield when tabersonine (28) is treated with a slight excess
of tert-butyl hypochlorite in anhydrous methylene chloride at —16° in the
presence of triethylamine (178). In order to demonstrate that no skeletal
changes had occurred, they carried out reconversion to tabersonine with
potassium fert-butoxide in benzene under reflux. Similarly prepared was
the chloroindolenine of vincadifformine. Subsequent reactions demon-
strated that these chloroindolenines were highly reactive.

Refluxing 320 in methanol for 5 min gave a mixture of four basic
compounds, each of which had an indolic UV spectrum. The major
component (38%) was deduced to have the structure 321, and the very
minor component (3% ) was the C-16 epimer. A closely related compound
(16% yield) was assigned the a-hydroxy ester structure 322. The fourth
product (15% ) was the result of a more extensive rearrangement, for in the
PMR spectrum it exhibited three methoxyl singlets and an acetal proton at
4.40 ppm. It was assigned the structure 323. The stereochemistries of C-16
and C-20 were deduced by lithium aluminum hydride reduction which
afforded the cyclic acetal 324 (178). The reaction sequence was also
carried out in ethanol and the corresponding products obtained. The

proposed mechanism of formation of these products is shown in Scheme 9
(178).
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HRo  'co,CH,

321 R=CH;
322 R=H
LiAlH,
[ N — | N
N \ N \
H H
CH,0,C CH(OCH,), O OCH,
324
323
SCHEME 9

C. DEGRADATION OF (—)-KoPSINE (325)

Schmid and co-workers (124) have described a new degradation of
(—)-kopsine (325) to (—)-aspidofractinine (326). Sodium periodate
cleavage of the hydroxyketone under acidic conditions gave a keto acid
which was esterified. Oxidation with chromium trioxide in pyridine at room
temperature for 48 hr then gave the 5,6-dehydro compound 327. Hy-
drolysis of 327 under acidic conditions gave the unstable enamine 328
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which was reduced successively with zinc and sulfuric acid to an amine and
under Clemmensen conditions to eliminate the ketone. Alkaline hydrolysis
afforded a product identical with (—)-aspidofractinine (326) in optical
rotation and ORD curve.

CH,CO,
(@) Na[04
’) (ii) MeOH-HCI
N

CH302C OH CH302C o
325 Cro3_py
CH,CQ, %
CH302C O
0} Zn—HZSO4
(u) Zn-Hg-HCI
(iii) NaOH
Hgozc o
326

D. CORRELATION OF (—)-MINOVINCINE (11) WITH THE (—)-KOPSANE
ALKALOIDS

Confirmation of the absolute configuration of (—)-kopsine (325) came
from a correlation of (—)-aspidofractinine (326) with (—)-minovincine (11)
(124), a compound of known absolute configuration (179).

When (—)-minovincine (11) was heated at 105° in the presence of 3N
hydrochloric acid, hydrolysis, decarboxylation, enolization, and cyclization
occurred to afford in high yield (—)-19-oxoaspidofractinine (329). This
compound could be reduced under Clemmensen conditions to (—)-326.
(—)-Aspidofractinine (326) therefore is an important relay compound in
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determining the absolute stereochemistry of the kopsane alkaloids, all of
which appear so far to belong in the (—)-stereochemical series.

3 N HCi
—_—
105°, 5 hr

326 «—

E. OXIDATIVE ALKOXYLATION OF 12-ALKOXYASPIDOSPERMIDINES

A novel alkoxylation reaction has been observed by Schmid and co-
workers (180) on compounds in the 12-methoxyaspidospermidine series.

Treatment of N-deacetylaspidospermine (330) with sodium hypoiodite
in methanol gave, in moderate yield, a product showing A .« 327 nm. The
mass spectrum gave a molecular ion at 342 and a base peak at m/e 124.
That oxidation had occurred in the aromatic ring was evident from the
PMR spectrum, which showed three nonaromatic vinyl protons in the
region 5.2-6.5 ppm and two methoxy singlets at 3.33 and 3.43 ppm.
Reduction of the product with sodium borohydride afforded 330, thereby
indicating that no skeletal changes had occurred. The compound was
assigned structure 331.

As expected, oxidative attack on a compound such as 250 also occurred
regiospecifically at the C-12 position to afford 332 (180).

(\N

NaOI, MeOH

6 hr, 20°
NT: NaBH, R
OCH, H CH,0 OCH;

330 R=H 331 R=H
250 R=0CH; 332 R=0CH;
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F. CONVERSION OF THE ASPIDOSPERMA TO THE MELODINUS
SKELETON

The biosynthesis of the Melodinus skeleton from the Aspidosperma has
been suggested (Volume XI, p. 242) to occur by rearrangement of a diol
such as 333, as shown in Scheme 10. The synthesis of such a diol poses a
number of problems, but it was thought that an adequate leaving group
could be provided at C-16 by forming a chloroindolenine which could then
be attacked at C-2 with subsequent rearrangement.

333 R=0OH

SCHEME 10

Two groups (181, 182) have investigated the rearrangement of taber-
sonine chloroindolenine (320). The French group (181) investigated the
reaction of 320 under reflux with 1:1 aqueous THF. The major product
{(78% yield) gave a molecular ion (322 mu) in agreement with a molecular
formula C;0H,2N>0,, and exhibited an indolic UV spectrum. The Swiss
group (182) treated 320 in a 2:1 mixture of acetone:water with silver
perchlorate. The product (87% yield) also showed an indolic UV spectrum
and M* 322. Completely independently, these two products were deter-
mined to have the structure 334, the result of a quite extensive rear-
rangement.

The IR spectrum confirmed an indolic NH and a carbomethoxy group.
In the 270 MHz (182) NMR spectrum all 20 protons were observed and
many of the key aspects of the structure were obvious; in particular, the
indolic nucleus, a part structure 335 for the piperideine ring and ethyl side
chain, and the unit 336 for the C-17 methylene were evident. These
elements in the structure were substantiated by the CMR spectrum, which
indicated two nonaromatic, noncarbonyl quaternary carbons as singlets at
73.9 and 47.6 ppm. The spectral evidence was interpreted in terms of
structure 334. This structure was confirmed by single-crystal X-ray crystal-
lographic analysis (182).

Each group proposed a slightly different mechanism for this rearrange-
ment. The most probable mechanism would appear to be that of the
French group (181), which does not involve cleavage of the tryptamine
bridge but does involve loss of the C-21 carbon (Scheme 11).
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SCHEME 11

i 1§ (l‘: CH C[
N I 2 [
335 336

In a further attempt to produce the Melodinus alkaloid skeleton, 320
was treated with 2 N sulfuric acid at 90-100° for 30 min (183). The
product, obtained in 92% yield, was a quinolone, not of the Melodinus
type but rather a 3-quinolone having the structure 337. Instead of the
7-carbon migrating, the indole nitrogen had migrated and displaced the
leaving group. This structure type has not yet been found naturally but must
be considered a likely candidate, in view of the relatively facile conversion
process.
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G. CONVERSION OF 18,19-DEHYDROTABERSONINE (340) TO
ANDRANGININE (338)

Andranginine was obtained from Craspidospermum verticillatum Boj.
var. petiolare (125), but the mass spectral and CMR spectral data did not
allow deduction of its carbon skeleton. Using the INDOR technique the
structure was deduced to be 338 (126).

Potier and co-workers (184) reasoned that andranginine was produced
biosynthetically from a didehydrosecodine such as 339. In order to
accomplish this process in vitro 18,19-dehydrotabersonine (340) was
needed. This compound was produced by elimination of HI from 19-
iodotabersonine (341). When 340 was heated in degassed methanol at 145°
for 40 hr, three products were formed. One of these was identical with
andranginine (338, 16% yield), and a second indolic product (1% yield)
gave a mass spectrum identical with that of 338 and from the chemical shiff
of the C-21 proton (4.67 ppm) was shown to be 21-epiandranginine (342).
A further indolic product gave a molecular ion at m/e 366 (addition of
methanol), and the PMR spectrum indicated two methoxy singlets at 3.75
and 3.35 ppm. A methoxy methine proton (3.25 ppm) limited the position
of substitution, but no olefinic protons were observed save for a vinyl
group. A key observation was that the product was optically active,
indicating that the C-17-C-20 bond was not broken in the rearrangement.
Taken together, these data indicated the structure to be a 15-methoxy-
18,19-dehydroallocatharanthine (343).

338
x 342 21-epi
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The first partial synthesis of andranginine (338) was reported by the
French group in collaboration with Scott and Wei (125). Thermolysis of
precondylocarpine acetate (344) at 100° in ethyl acetate afforded andran-
ginine (338) in 28% yield, again via the didehydrosecodine (339). The
other products of the reaction were not discussed at that time.

— 339 —» 338

H. REDUCTION OF TABERSONINE (28) AND VINCADIFFORMINE (2)

Zsadon and Horvath-Otta have investigated some of the simple reac-
tions of tabersonine (28) and vincadifformine (2) (185, 186). Zinc and
hydrochloric acid in methanol gave the 2,16-dihydro derivatives 274 and
74, which could be hydrolyzed to the corresponding carboxylic acids.
Reduction of the dihydro esters with lithium aluminum hydride gave the
carbinols 345 and 78.

Zn/HCI
..~ MeOH" Z | s
N A N ,
H  cCo,cH, H  co,cH,
28 274
2 14,15-dihydro 74 14,15-dihydro

JLiAlH4

CH,OH

345
78 14,15-dihydro
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I. REMOVAL OF THE ANGULAR ETHYL GROUP OF ASPIDOSPERMINE

The isolation by Ikeda and Djerassi (76) of alkaloids lacking the
angular ethyl group prompted Djerassi to attempt to oxidatively remove
this group (187).

Oxidation of 19-oxoaspidospermine (346) with m-chloroperbenzoic
acid gave two products, the N-oxide (347) and a second product, analyz-
ing for C;H»sN,Os, which exhibited a methyl singlet at 2.10 ppm, a
doublet of doublets at 4.4 ppm for the C-2 proton, and an exchangeable
singlet at 6.28 ppm. The UV spectrum was similar to that of the starting
material, but the mass spectrum showed a gain of 30 mass units. These data
were interpreted in terms of structure 348 (187).

When 348 was treated with acetic anhydride in the presence of a trace of
sulfuric acid, a product (C;0H;,N,03) was formed. The PMR spectrum
lacked both the hydroxyl absorption and the methyl singlet. The loss of
60 mass units compared to 348 indicated the enamide structure 349 as the
most likely. Attempts to reduce 349 failed, but alkaline hydrolysis and
diborane reduction afforded a mixture, the major component of which was
identified as N-deacetyl-20-deethylaspidospermine (350). The stereo-
chemistry at C-21 and C-20 were not determined, but the three minor
products were isomers of the major product showing a base peak in the
mass spectrum at m/e 96 (351).

J. MicROBIOLOGICAL CONVERSIONS OF VINDOLINE

One of the major stumbling blocks in the clinical use of leurocristine
(VCR) is the substantial difference in availability of this compound
compared to vincaleukoblastine (VLB), itself a rare alkaloid. Clearly one
of the ways to improve the yield of VCR is to oxidize the N-methyl group
to an N-formyl group either chemically or microbiologically. Because the
unit requiring refunctionalization is the vindoline portion, it was reasoned
that initial work would be most effectively carried out with vindoline (101)
as the model compound.

(\N

oC

|
H; cocH,

g
OCH
346 3 COCH,

347
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Acy0/H;504
—

m/e 96
350 351

Many Actinomycetes and Streptomycetes demonstrated the ability to
remove the O-acetyl group, but very few carried out other transformations
(188). A Streptomyces sp. A17000, when incubated with vindoline (101)
for five days afforded several compounds of which two were characterized.
One of these, termed dihydrovindoline ether or more correctly 11-
methoxycathovaline (104), was identified by comparison of the spectral
data, particularly the PMR and mass spectra with those of cathovaline
(100). A minor product proved to have a novel skeleton.

The UV spectrum was of a dihydroindole but the IR spectrum exhibited
a five-membered lactam carbonyl at 1710 cm ™" and the ester and acetate
carbonyls at 1750 cm ™. In the mass spectrum a molecular ion at m/e 456
analyzed for C,4H,sN»0-, indicating a loss of a carbon and four hydrogens
and a gain of oxygen in comparison with vindoline. The C-5 and C-6
methylene groups were clearly evident in the 220 MHz PMR spectrum but
the major clue to the structure was the observation of a singlet for the C-15
proton at 4.22 ppm, demonstrating the lack of hydrogen at C-14. Structure
352 was therefore proposed for this product, in agreement with all the
PMR and mass spectral data.

When incubated with Streptomyces albogriseolus, vindoline (101)
afforded yet another new product whose mass spectrum indicated an
additional 56 mu (C3H,O) in comparison with 11-methoxycathovaline
(104). This mass was found in the piperidine ring, which now appeared at
m/e 178 (corresponding to m/e 122 in vindoline). The C-15 proton was
observed as a multiplet at 4.06 ppm confirming a C-14 methylene.
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CH,0

100 Rl = H, R2 =H
104 R1=OCH3, R2=H
353 R, =0CH;, R, =CH,COCH;3

In addition, however, a new methyl singlet was observed at 2.17 ppm,
characteristic of a methyl ketone. The additional 56 mu was therefore an
acetonyl group located at the C-3 position, and the metabolite was as-
signed the structure 353 (188).

K. CORRELATION OF CORYNANTHE AND PLEIOCARPAMINE-TYPE
ALKALOIDS

Although pleiocarpamine (354) and related alkaloids are well known
and quite commonly isolated, until recently the absolute configuration of
these alkaloids had not been determined.

Sakai and Shinma were interested in the chemical correlation of the
Corynanthe alkaloids with those of the C-mavacurine type and have car-
ried out a number of successful transformations in this area (189, 190).

Treatment of hirsutine (355) with acetone/HC] at 0° gave the aldehyde~
ester 356 in 61% yield (189). Cleavage of the C/D ring junction was
carried out with cyanogen bromide in ethanolic chloroform to give a
mixture of the 3-(R)- and (S)-ethoxy isomers (357). Oxidation with ter:-
butyl hypochlorite gave an epimeric mixture of the C;¢-deformylchloro
compound 358. The molecule is now set up for formation for the N-C-16
bond by reaction of the chloro compound with sodium hydride in dimethyl
sulfoxide at 75°. The UV spectrum of the product 359 indicated the
formation of the new bond. Treatment with aqueous ammonium
acetate/acetic acid gave 19,20-dihydro-16-epipleiocarpamine (360). In
addition, an indoline derivative (361) was obtained (Scheme 12).

To try to obviate some of the problems involved in dealing with dias-
tereoisomers, the same sequence was carried out with dihydrocorynan-
theine (362). Treatment of demethyldihydrocorynantheine (363) with
cyanogen bromide in ethanol-chloroform gave only the 3-(R)-ethoxy
derivative 364, albeit in only 25% yield. Upon reaction with tert-butyl
hypochlorite the 3-(R)-16-deformyl-16-chlorinated compound 365 was
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(CH3),CO/HCI
— e
~ OCH,
CH;0,C 61% CH,0,C" ™
OH
355 3-Hp 356
362 3-Ha 363 3-Ha
BrCN, | 0.6% EtOH/CHCl3
[ [T
t-BuOCl/CCly N
-78° H O
——
50%
CH;0,C
CH;0,C” ~al 3
358 357
365 3R-OC,Hs 364 3R-OC,H;
NaH/DMSO

aq. HOAc
NH40Ac

H" CO,CH,

359
366 3R-OC,Hs

CH;0.C” 'y

354

SCHEME 12. Correlation of hirsutine (355) with 19,20-dihydro-16-epipleiocarpamine (360).
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formed in 56% vyield. Cyclization was carried out in the same way as
before, and the product 366 on treatment with aqueous buffered acetate
solution gave the desired compound 360. Again, however, the 3-acetoxy-
seco-C/D-derivative 361 was also produced.

More recently, the same group (190) has described a partial synthesis of
16-epipleiocarpamine (367) from geissoschizine methyl ether (368) in a
quite analogous series of reactions (Scheme 13). Treatment of geissoschiz-
ine methyl ether (368) with acetone/dry HCI gave an aldehyde, and
reaction with ethyl chlorocarbonate afforded the carbonate derivative 369

(i) (CH3),CO/HC]
—_—
(i) CICO,CyH

0CO,C,H
368 22715
369

BrCN, E!OHl CHCl3

(i} NaOH/MeOH; Rt
(ii) t-BuQCl

CH,;0,C" (i

371

(i) NaH, DMSO/| (i) CH,N;

SCHEME 13. Correlation of geissoschizine methyl ether (368) with 16-epipleiocarpamine (367)
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which was subjected to the ring cleavage reaction as before. The 3-(R)-
ethoxy derivative (370) obtained was hydrolyzed to the aldehyde under
mild basic conditions and then submitted to chlorination with ters-butyl
hypochlorite to give the 16-deformyl-16-chloro compound 371 in 80%
yield. Ring closure of the indole nitrogen and C-16 was accomplished with
sodium hydride in dimethyl sulfoxide, and the product (372) was treated
with diazomethane to convert partially hydrolyzed material back to the
methyl ester. The C-18 proton of 372 appeared as a doublet at 0.1 ppm,
being highly shielded by proximity to the indole ring. The C/D ring was
reclosed with aqueous ammonium acetate/acetic acid as before to afford
16-epipleiocarpamine (367), identical with material obtained from pleio-
carpamine (354) itseif. This is the first correlation of pleiocarpamine with
any alkaloids of established absolute configuration.

IV. Synthesis of Aspidosperma and Related Alkaloids

A. ALKALOIDS WITH THE ASPIDOSPERMA SKELETON

A number of synthetic approaches to the Aspidosperma skeleton have
been developed in recent years. This section attempts to highlight some of
the features of these routes.

Several reviews of the synthesis of Aspidosperma alkaloids are available
(191-195). The review by Winterfeldt (194) deals with the stereoselective
aspects of synthesis, and the review by Kutney (7193) is the most detailed as
far as Aspidosperma alkaloids are concerned.

1. Ban Tricyclic Amino Ketone Approach

The details of the initial efforts of Ban and co-workers were discussed in
a previous review in this series (Volume XI, p. 222). Since then, Ban and
co-workers have extended these synthetic efforts to complete syntheses of
several Aspidosperma alkaloids or their stereoisomers.

One of the crucial points which arose during the syntheses of the Aspido-
sperma skeleton by the groups of Ban and Stork was a controversy over the
stereochemistry of the tricyclic amino ketone intermediate. Thus Stork
assigned structure 373 to this compound and Ban assigned structure 374 to
his intermediate prepared by a different route.

In order to establish the stereochemical relationships with greater
certainty, Ban and co-workers (196) synthesized the trans-7-ketodeca-
hydroquinoline 375, which was converted to the keto lactam 376 via
chloroketone 377. The PMR spectrum of this compound was similar to
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that of compound 374. There are two possibilities for the stereochemistry
of 376: namely, 378 and 379.

Reduction of 376 with sodium borohydride gave the lactam-alcohol
380, which was reduced to amine 381 with lithium aluminum hydride. No
Bohlmann bands were observed in the IR spectrum, and the alcohol was
oxidized to ketone 382.

R

H

375 R=H
377 R=COCH,Ci

383

The same ketone was also produced by protection of ketone 376 as the
ketalamine 383, which could then be reduced with lithium aluminum
hydride and hydrolyzed to ketone 382. In this ketone Bohlmann bands
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were observed, and it was rationalized that the correct configuration of the
keto lactam 376 was 378 and that epimerization of C-9a must have
occurred in the hydrolysis step to give an equilibrum mixture of
stereoisomeric lactams 384 and 385.

In an effort to establish the epimerization at C-9a, ketone 382 was
reduced to an alcohol with sodium borohydride and the four isomeric
alcohols separated. One of the pairs of alcohols (386 and 387) exhibited
Bohlmann bands; the other pair (388 and 389) did not. The stereochemis-
tries indicated are thus established for these isomers, and the easy equili-
bration of 382 is verified. The stereochemistry for intermediate 378 is
therefore demonstrated for the keto lactam in Ban’s synthetic route in
which the A/B ring juncture can now be assigned a trans stereo-
chemistry.

ke
386 R,=0OH,R,=H 388 R;=0OH,R,=H
387 R;=H,R,=OH 389 R, =H,R,=0H

With this information in hand, it became necessary to return to the
system of interest containing an angular ethyl group, for the previous
stereochemical assignments would now appear to be suspect. A simple
series of reactions highlights the problem (197).

Reduction of the ketolactam 390 (having the newly assigned A/B
trans stereochemistry) with sodium borohydride followed by reduction
of the amide with lithium aluminum hydride gave an amino alcohol.
Oxidation of this amino alcohol with chromic acid followed by rereduc-
tion with lithium aluminum hydride gave an amino alcohol different
from that obtained previously. In the oxidation to the ketone 373,
therefore, epimerization at C-9a must have occurred, and the two
amine alcohols must have the configurations 391 and 392. Since in
both compounds Bohlmann bonds were observed in the IR spectrum,
the A/B ring juncture is trans.

The compounds used by Ban in the synthesis of aspidospermine there-
fore have the structures 390 and 373 rather than the A/B cis, A/C trans
structures previously assigned. In addition, the corresponding intermediate
in the Stork synthesis which had previously been assigned the stereo-
chemistry 373 must now be revised to the all-cis compound 393.
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(i) NaBH,4 CrOs

—
(ii) LiAlHg4

393 392

A key observation as a result of these revised stereochemical assign-
ments is that the stereochemistry of the Ban amino ketone (373) is now
different from that of the natural series of compounds in which the C/E
ring junction (A/B in 373) is cis. Stork’s amino ketone (393) therefore has
the correct stereochemistry, and the elaborate mechanism proposed to
account for the total synthesis of natural aspidospermidine (249) (which
originally involved isomerization at C-21) is unnecessary. What became
important, however, was the identity of the product from a Fischer indole
synthesis of 373. If Stork was correct and epimerization at C-21 is possible,
then aspidospermidine should still be the product. If epimerization is not
possible a new stereoisomer of aspidospermidine should result in which the
C-21 proton and the C-20 ethyl group are trans.

Treatment of the o-methoxyphenylhydrazone of 373 with formic acid
under reflux (198) followed by hydrolysis and N-acetylation gave a
compound having the following key NMR properties. The C-2 proton was
observed as a triplet at 4.92 ppm, and the methyl of the ethyl group was
found as a triplet at 0.94 ppm. These chemical shifts should be contrasted
with those of aspidospermine, which are 4.50 ppm (doublet of doublets)
and 0.67 ppm. In the new stereoisomer, therefore, it would appear that the
ethyl group is placed away from the shielding environment of the benzene
nucleus and has the structure 394. This structure was confirmed by X-ray
analysis of the hydroiodide salt (199).

When the o-methoxyphenylhydrazone of 373 was heated for 8 hr in
acetic acid two products were obtained (198), the N-deacetyl compound
395 and N -deacetylaspidospermine (330). No proportions were given but
the process must involve a different initial attack of the benzene ring than
in the synthesis of 395.



300 GEOFFREY A. CORDELL

i) HCOzH, A 395
(ii) HCI

NHNH,
N (X
OCH,
—_—_—
H HOACc, &

373

330

2. Attempted Synthesis of Limaspermine (396)

Ban and co-workers next turned their attention to more complex alka-
loids. The first system to receive attention (197) was the alkaloid lima-
spermine (396) obtained previously by Schmid and co-workers (200).

Condensation of S-phenoxypentan-2-one with acrylonitrile gave the
lactam ketone 397 which upon hydrogenation gave a mixture of two
isomeric alcohols (398 and 399) differing in configuration at the ring
juncture.

Reduction of the lactam with lithium dimethoxyaluminum hydride (to
prevent hydrogenolysis of the phenoxy group) gave the corresponding
amino alcohol, which was converted by the previously outlined methods to
the tricyclic keto lactam. By carrying out this series of reactions with each
lactam alcohol, they were able to obtain the two tricyclic keto lactams 400
and 401. The configurations of these compounds were established by
comparison with the compounds in the 6a-ethyl and 6a-H series.

In carrying out the further steps to the Aspidosperma skeleton, only the
compound in the major series—the tricyclic keto lactam 400—was used
(201). Ketalization, reduction with lithium dimethoxyaluminum hydride,
and mild acid hydrolysis gave the keto amine 404, which exhibited strong
Bohlmann bands. Fischer condensation using formic acid on the o-



3. THE ASPIDOSPERMA ALKALOIDS 301

methoxyphenylhydrazone of 402 gave the N-formyldihydroindole 403 in
16% vyield. This compound showed a triplet for the C-2 proton at 4.9 ppm
and consequently was assigned the stereochemistry shown in which the
C/E ring is trans. This compound, having the unnatural C-20 stereo-
chemistry, is 18-phenoxyisopalosine (403; Scheme 14) (201).

OPh /Oph
(‘)Ph
CH,), CHz=CHCN © Hy/P0,
(CHz); 22027, @) base
co 0 o i 0 Ho
CH, H . HH 0
107 70% 398 3% 399
(i) LiAlIH2(OCH3)
(i) CICOCH,CI
(iiiy CrO3/(CH3),CO
(iv) KO'Bu
oPh OPh
@) (CH>OH),
(i) LIAIH2(OCHz),
Dbl
Gii) aq. H®
NHNH
OCH,
OPh
() PPA
(i) LiAIH,
OPh N
N ocu,H H
ocH, | H
16% 9CHsciuo 403 0

SCHEME 14. Attempted synthesis of limaspermine (396).
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It is worth pointing out that reaction of the phenylhydrazone of 402 in
polyphosphoric acid did not give a compound in the Aspidosperma series
but one derived by Fischer cyclization at the other a-position. Lithium
aluminum hydride reduction then gave the indole derivative 404,

3. Ban Oxindole Approach

With the failure of the previous approach involving a Fischer cyclization,
Ban and co-workers turned their attention to a general approach used by
Harley-Mason (202) and co-workers (Volume XI, p. 225). This approach
centers on the formation of an oxindole such as 405 produced by conden-
sation of 2-hydroxytryptamine hydrochloride (406) with 3-oxobutanal
ethylene ketal (407), which can then be elaborated by two separate routes
(203).

The compound 408 as a mixture of stereoisomers was acylated with
B-chloropropionyl chloride and hydrolyzed with acid to give the two
diastereoisomers of 405. Treatment of each isomer with sodium hydroxide
in ethanol-methylene chloride gave the corresponding acryloyl derivatives
409 in high yield. One of these isomers, when reacted with the Meerwein
reagent, gave the tetracyclic imino ether 410 as a mixture of two isomers.
The isomeric acryloyl derivatives gave yet another isomeric imino ether.
The stereochemistry of these products was not established at this point;
rather, a mixture of isomers 410 was heated with sodium hydride in
dimethyl sulfoxide for 60 hr to give a mixture of pentacyclic products in
which one isomer (411) predominated (~30-50%). Reduction of this
compound with lithium aluminum hydride in THF, acetylation, and then
hydrogenation gave N -acetyl-20-deethylaspidospermidine (412; Scheme
15). This compound was identical with a product derived from the Fischer
indole cyclization of 413. These results do not establish the stereochemis-
try of the vinylogous keto amide, 411 (203).

The success of the oxindole to vinylogous amide approach just discussed
has been used subsequently by Ban and co-workers in a number of
synthetic efforts.

The first compound having an ethyl side chain to be synthesized by this
method was a compound in the pseudo-Aspidosperma series (204). The
key compound in this sequence is the vinylogous amide 414, which was
prepared from 2-hydroxytryptamine hydrochloride (406) and 3-oxobu-
tanal ethylene ketal (407), followed by hydrolysis, cyclization with the
Meerwein reagent, and acetylation (205).

Reduction of 414 with sodium borohydride in isopropanol gave a mix-
ture of three products. Two of these were the stereoisomeric alcohols 415
and 416, as shown by their facile oxidation with DCC-DMSO to the same
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406 CH0/><CH’
\_J

() CICH2CH,COCH

[¢D] H
407
NaOH/ EOH
oG,
409 405
4
l(C2H5)BOBF4
(0}
NaH/DMSO

A

411

(i) LiAlH4/THF
(i) AcyO/NaOAc

N
COCH,

412
SCHEME 15. Synthesis of N-acetyl-20-deethylaspidospermidine (412).

ketoamide, 417. The major alcohol (416) was selectively tosylated at the
N-position with tosyl chloride in methylene chloride and 10% aqueous
sodium hydroxide solution, and the amide group was removed with 5%

aqueous ethanolic potassium hydroxide to give the tosyl amino alcohol
418.
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Two series of reactions were carried out on this compound. In one of
these, the tosyl amino alcohol 418 was reacted with B-chloropropionyl
chloride followed by oxidation with Jones reagent to give the tosyl keto
amide 419. Elimination of HCI with potassium carbonate in methylene
chloride and cyclization of the acrylamide with Meerwein’s reagent gave
the N-tosyl keto lactam 420. This compound was also prepared by the
previously discussed route (203).

The next sequence of reactions was designed to examine the feasibility of
synthesizing compounds in a natural series. The tosyl amino alcohol 418
was condensed with a-chloromethylbutyryl chloride. The product 421
was treated with base to afford the acrylamide 422, which after oxidation
of the alcohol function was cyclized in low yield with Meerwein’s reagent to
a mixture of keto lactams 423 and 424. The major keto lactam exhibited a
PMR spectrum similar to that of 420, indicating a cis C/D ring juncture as
required in the natural series.

The ketone at C-17 was removed by thioketalization and Raney nickel
reduction, and the resulting tosyl lactam 425 was reduced with lithium
aluminum hydride and acetylated to give N-acetyl-148-ethyl-20-deethyl-
aspidospermidine (426; Scheme 16) (204).

4. Synthesis of (+)-17-Hydroxyaspidofractinine (432)

In 1964, Schnoes and Biemann (206) reported that minovincine (11)
could be successfully transformed into 19-hydroxyaspidofractinine (427),
thereby establishing a relationship between the pentacylic Aspidosperma
alkaloids and those which are hexacyclic.

As the next step in the synthetic program, Ban envisaged a synthesis of
the Aspidosperma skeleton via a double Michael cyclization in which
attack occurs successively at the - and B-positions of an «,8-unsaturated
ketone. The success of this novel cyclization reaction was first achieved on
compound 428 to give a compound having the aspidofractinine-type
skeleton (207).

The vinylogous amide lactam 411 prepared by the route described
previously (203) was N-tosylated in 44% yield by reaction with sodium
hydride in boiling monoglyme followed by treatment with tosyl chloride.
On treating the tosyl derivative 428 with excess acrylonitrile in fert-
butanol-dimethyl sulfoxide in the presence of potassium fert-butoxide, two
products were formed: the pentacylic derivative 429 and the hexacyclic
compound 430. Further base treatment of the former compound gave 430
in quantitative yield, thereby bringing the overall reaction yield to a
respectable 50%.
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SCHEME 16
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Quite analogously, reaction of 428 with methyl vinyl sulfone gave the
hexacyclic product 431 as a mixture of C-18 stereoisomers. Reduction of
431 with di(2-methoxyethoxy)sodium aluminum hydride in dioxane under
reflux gave a hydroxythiomethylamine, which was desulfurized with Raney
nickel to afford a racemic hydroxyaspidofractinine.

(i) NaAlH;
(OCH3CH,0CH3),

N
Ts

(ii) Raney Ni
R

430 R=CN
431 R=SOCH,

433 R=H
427 R=CO,CH;
CH,
+ I+
N N
El
‘\‘ —~CH=CH, | X - I
v OH N K
H OH OH
m/e 125
434

SCHEME 17

The question of the C-20 stereochemistry of this product then arose,
because theoretically one could postulate two alternative products, 432
and 433, depending upon the stereoselectivity of the initial Michael addi-
tion. The stereochemistry could easily be deduced from the mass spectrum.
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In this series of compounds, it is established that retro-Diels—Alder reac-
tion occurs in the bond cis to the C-21 proton. Thus, if structure 433 were
correct, the initial loss expected is of 44 mu whereas if the 17-hydroxy
isomer 432 is correct, the initial loss should be of 28 mu with a subsequent
ion at m/e 125 (434). In fact, the latter situation was observed; the
stereochemistry of the product at C-20 is therefore established together
with the location (C-17) of the hydroxy group (Scheme 17) (207).

The stereochemistry of the initial Michael attack can also be explained
on the basis of attack from the least hindered side, as shown in Scheme 18.

430/431 (isomers)

SCHEME 18

5. Synthesis of (+)-Deoxyaspidodispermine (158)

As discussed in Section ILF,1, one of the more novel Aspidosperma
alkaloid types isolated in the recent past is that having the aspidodisper-
mine skeleton, in which the ethyl side chain is replaced by a hydroxy group.
One of the alkaloids obtained was (—)-deoxyaspidodispermine (158) (76),
and Ban and co-workers have recently reported a synthesis of this
compound (208). Oxidation of 428 at the 20-position by reaction with
oxygen at —78° gave a mixture of two ketols, the major one (57%) of which
had a cis C/D ring junction with a hydroxyl group at C-20 8, as shown in
435. Lithium aluminum hydride reduction gave three products, each in
about 30% yield. The two undesired products were alcohols 436 and 437,
and the desired product was the enamine, 438. Acetylation of 438 with
acetyl chloride in 5% sodium hydroxide followed by catalytic hydro-
genation under pressure gave (+)-deoxyaspidodispermine (158), identical
with the natural product (208).
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(i), CH3COC1/5% NaOH
OH (i) PtO/H,/56 psi/HT

N
CH,CO
158

436/437 (isomers)

6. Synthesis of N-Acetylaspidospermidine (252)

In the synthesis of the aspidofractinine nucleus, Ban and co-workers had
developed a route involving a double Michael reaction to construct the
additional ring. This process was both regioselective and stereoselective to
give a compound in which attack occurred initially at C-20 and from the
same side as the C-21 proton to give compounds in the natural C/D cis
series. Because most Aspidosperma alkaloids have an ethyl side chain, it
became extremely important to modify the synthetic procedure to produce
compounds in the 20-ethyl series. The first compound to be thus
synthesized was (+)-N -acetylaspidospermidine (252) (209). Again begin-
ing with the preformed pentacylic intermediate 428, reaction with methyl
vinyl sulfone using lithium diisopropylamide as the base at reduced
temperatures gave the Michael addition product 439 as colorless needles in
82% yield. Desulfurization with Raney nickel gave the residual ethyl side
chain and also some removal of the tosyl group and reduction of the
vinylogous amide. Thus, two products were formed: the N-tosyl vinyl-
ogous amide 440 in 75% yield and the keto lactam 441 in 10% yield.
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< SOCH,
LDPA, —20°-RT

50% 444 50% 442/443 (isomers)

@ cn,cocx/xzco{(ii) PtO,/H,/56 psi

[N

N7
CH,CO
35% 252

SCHEME 19. Synthesis of N-acetylaspidospermidine (252).

Lithium aluminum hydride reduction gave the hydroxy diastereoisomers
442 and 443 together with the enamine 444, each in about 50% yield.
Acetylation of 444 and high-pressure catalytic hydrogenation gave N-
acetylaspidospermidine (252) in 35% overall yield (Scheme 19). The
efficacy of this route in stereospecifically introducing the ethyl side chain is
clearly established.
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38% 450 27% 449
0] CH3coc1/K2C03l(,.) P1O2/H5/56 psi

(N

Hg(OAc),, 5% HOAc
65-70°

N7 OH
COCH,
64%

SCHEME 20. Synthesis of N-acetylaspidoalbidine (445).

7. Synthesis of N-Acetylaspidoalbidine (445)

Yet another variation of the Aspidosperma skeleton is that of fendleri-
dine (aspidoalbidine) (210), in which the C-18 carbon is attached to C-21
via an ether bridge. By a route quite analogous to that used for N-
acetylaspidospermidine (252), Ban has completed a synthesis of N-acetyl-
aspidoalbidine (445) using deoxylimapodine (446) as the key intermediate
(211).
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The terminally oxygenated two-carbon side chain was inserted by
Michael addition of ketene thioacetal monoxide to the now familiar vinyl-
ogous amide 428 followed by deacetalization to give the aldehyde 447 in
75% yield. In fact, the intermediate 448 existed as two separable isomers,
but because each was converted to 447, they were assumed to be isomers at
C-18.

Reduction with excess lithium aluminum hydride gave the diol 449 and
the enamine alcohol 450. Reaction of the latter with acetyl chloride and
aqueous sodium hydroxide solution gave the 1-acetyl derivative, which was
reduced catalytically under pressure to deoxylimapodine (446) in almost
quantitative yield. When this compound was heated with mercuric acetate
in 5% acetic acid at 65-70°, N-acetylaspidoalbidine (445) was isolated in
64% yield (Scheme 20). The product was identical with an authentic
sample (212).

8. Synthesis of (+)-Aspidofractinine (326)

The synthesis of 17-hydroxyaspidofractinine (432) was discussed pre-
viously, but attempts to transform this compound into the parent
compound aspidofractinine (326) failed. Consequently, an alternative
procedure (213) was needed to introduce the two-carbon unit to form the
new ring.

The key reaction is the Diels~Alder addition of nitroethylene to the
diene 451, which, as expected, gave a product derived by closure of the
most stable radicals.

Reduction of the vinylogous amide 428 with sodium borohydride gave
an alcohol which could be dehydrated with anhydrous pyridine and phos-
phorus tribromide in 64% overall yield to give the desired diene, 451.
Treatment with nitroethylene at room temperature overnight afforded 452
in 80% vyield as the result of regio- and stereoselective addition.

Catalytic reduction under pressure gave amine 453, which was diazo-
tized to afford a mixture of the alcohols 454 and 455, and the olefin 456.
Lithium aluminum hydride reduction and catalytic hydrogenation
completed the synthesis of (+)-aspidofractinine (326; Scheme 21) (213).

9. Synthesis of (+)-14,15-Dehydroaspidospermine (465)

Klioze and Darmory (214) have recently reported a synthesis of the
tricyclic ketone 457 which differs from that obtained previously by Stork
in that it is functionalized with a double bond at the prospective 14,15-
position. Because it was considered likely that the third ring of the tricyclic
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(0}
N
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(i) NaBHy4 NO, y &
(i) PBrs/py RT l

N N

Ts

64% 451

80% 452

456

(i) LiAlH,4
(i) Pt/c. Hp

SCHEME 21. Synthesis of aspidofractinine (326).

ketone could be constructed as in the previous synthesis, the prime
synthetic target was the cis-bicyclic amino ketone, 458.

The starting material in the formation of this compound was the ketal
ester 459. Reduction with lithium aluminum hydride and oxidation with
pyridine-sulfur trioxide gave a ketal aldehyde, 460, which was condensed
with chloromethylene triphenylphosphorane to give a ketal chloroolefin.
Treatment with potassium fert-butoxide in 1:1 hexamethylphosphor-
amide:glyme at room temperature gave acetylene 461. The lithium salt of
the acetylene with excess formaldehyde gave an acetylenic alcohol which
could be reduced catalytically to a 3:1 mixture of cis: trans allylic alcohols
462. The hydroxy group was converted to an azide via the mesylate and
sodium azide and this was followed by aluminum amalgam reduction to the
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amine. Hydrolysis of the ketal led to spontaneous cyclization of the cis
isomer and formation of the required cis-bicyclic amino ketone, 458.
Following these synthetic procedures, 458 was treated with chloroacetyl
chloride in the presence of triethylamine, and the chloroacetylamide was
cyclized with potassium tert-butoxide to 463. The stereochemistry of this
intermediate was established by reduction of the double bond and
comparison with the Stork-Dolfini keto lactam whose all-cis configuration
had been confirmed by Ban (215). The amide functionality was reduced
with lithium aluminum hydride after ketalization. Deprotection by acid
hydrolysis gave the amino ketone 457. Fischer cyclization of the o-
methoxyphenyl hydrazone of 457 in refluxing acetic acid gave an
indolenine (464) which was reduced with lithium aluminum hydride and
acetylated to give 14,15-dehydroaspidospermine (465; Scheme 22).

CH 2,OH
CO,C,H;
. ) CICHZP(C6H5)3
(i) LiAlHg, 0° () MeLi; CH,0
—_— ———) —
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glyme HMPA Et3N
O O O O O O (0} O
l___, l—] l__] l___j cis: trans
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(i) | MeLi, CgHg
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CH,N,
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- —
(ii) KO'Bu (i) 1 N HCI, RT
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OCH, HOAc (i) LiAlH4
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457  83%
COCH,
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SCHEME 22. Synthesis of 14,15-dehydroaspidospermine (465).
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10. Ziegler Synthesis of the Quebrachamine Skeleton

The simplest of all Aspidosperma alkaloids is quebrachamine (82), hav-
ing only one stereochemical center and no carbomethoxy group. A number
of syntheses of quebrachamine have been discussed previously in these
volumes (see, e.g., Volume XI, p. 277).

Ziegler and co-workers (216, 217) have described a new approach to the
quebrachamine skeleton involving internal cyclization of an acetic acid side
chain to a 2-unsubstituted indole. The key intermediate is the disubstituted
piperidine 466, which is treated with indolyl-3-acetyl chloride in aqueous
sodium carbonate-methylene chloride to afford a lactam ester, 467.

1 1

o o O o

CHO CN \I/}CN LiAlHg CH,NH;
S5 = L s

470 88% 471
(iy C¢HsCHO l(ii) Hj, Pd-C
554

]

0.0
[ (HO CHZNHC”ZC““»‘J 29 HCI CH,NHCH,C H,
i an2

CoH,CH,N

R
) AN
(i) BrfCHCO,CH3 N
—_—
X (i) NaBH,4
56% al
)
N

4713 CO,CH,

474 R= CH2C6H5
466 R=H

H

LiAlHg4,
82 dioxane

S —
(i) NaOH
(i) PPA; 90°

TZ

37%

468 467C H50,C

SCHEME 23. Ziegler synthesis of quebrachamine (82).
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Hydrolysis with alkali and heating the resultant acid with polyphosphoric
acid gave the keto lactam (468) having the quebrachamine skeleton.

Reduction of the lactam ketone 468 with lithium aluminum hydride in
dioxane gave ‘a low (6%) yield of quebrachamine (82) and 16,17-dehy-
droquebrachamine (469) in 57% yield (Scheme 23).

The latter compound displayed a molecular ion at m/e 280, two mass
units less than quebrachamine, but the UV spectrum indicated only a
dialkylindole. Therefore, the double bond must be considerably out of the
plane of the indole nucleus (217).

The piperidine was prepared from 2-(2-cyanoethyl)-butryraldehyde
(470) via ketal 471, which was reduced with lithium aluminum hydride and
reductively alkylated with benzaldehyde over 10% palladium on charcoal
to 472. Acid hydrolysis led to spontaneous cyclization and formation of
enamine 473. Treatment of this enamine with methyl bromoacetate and
reduction of the iminium species with sodium borohydride gave the 1-
benzyl-3,3-disubstituted piperidine 474 which was debenzylated with
palladium charcoal under acidic conditions to give the desired piperidine,
466 (216).

11. Synthesis of 14,15-Dehydroquebrachamine (475)

Prior to their synthesis of tabersonine (28) (218, 219) (see next section)
Ziegler and Bennett had used all the early stages in a synthesis of 14,
15-dehydroquebrachamine (475) (220). The only difference was a change
in the solvent used for the reduction of the keto lactam 476. With lithium
aluminum hydride in refluxing dioxane, elimination of water occurred to
give 14,15,16,17-didehydroquebrachamine (477) in addition to 475. The
relative proportions of these materials from the reductive process were not
disclosed.

477
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12. Ziegler-Bennett Synthesis of Tabersonine (28)

Tabersonine (28), another B-anilinoacrylate derivative, has been postu-
lated to be a key biosynthetic precursor of all the Aspidosperma alkaloids
and possibly also the iboga alkaloids. It is therefore a key compound for
synthetic endeavors, but any pctential synthesis of tabersonine poses an
interesting problem because of the 14,15-double bond. Thus a biogenetic-
type synthesis would involve the acrylic ester 478, the very ester postulated
as the biosynthetic precursor of the Aspidosperma and iboga alkaloids. To
date, efforts to produce this highly reactive ester have failed.

|

AN
N __~
N =
H

CO,CH,

478

The key steps in the Ziegler-Bennett synthesis (218, 219) of tabersonine
(28) are the Claisen rearrangement of the allylic alcohol 479 to the amino
ester and transannular cyclization of the amino alcohol 481 to the quater-
nary mesylate 482 followed by cyanolysis.

The amino alcohol 479 was prepared by a somewhat circuitous route.
Treatment of this allylic alcohol with ethyl orthoacetate in the presence of
pivalic acid at 140° gave the Claisen rearrangement product 480 in 74%
yield. Debenzylation was achieved with ethyl chloroformate in refluxing
benzene to give the carbonate ester 483. Hydrolysis and decarboxylation,
followed by reesterification and N-acylation with indole-3-acetyl chloride
gave the amide ester 484. Hydrolysis of 484 and condensation with poly-
phosphoric acid at 85° gave the unsaturated tetracyclic keto lactam 476.
Reduction with lithium aluminum hydride in THF at reflux gave, as expec-
ted, the mixture of alcohols 481 and 14,15-dehydroquebrachamine (475).
The structure of the latter compound was proved by reduction to que-
brachamine (82). The mixture of C-16 alcohols (481) underwent trans-
annular cyclization with methanesulfonyl chloride/pyridine to give the
quaternary mesylate 482. Cyanide cleavage of compounds of this type is
extremely complex and rarely gives clean products. The major product
from the cyanolysis of the quaternary mesylate 482 was a mixture of
several nitriles, two of which were the diastereomeric nitriles at C-16
(485). The nitrile in which the C-16 proton was beta was hydrolyzed and
esterified, and the resulting ester was cyclized with platinum-oxygen to
give racemic tabersonine (28; Scheme 24) (218, 219).
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SCHEME 24, Synthesis of tabersonine (28).
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13. Takano Synthesis of Quebrachamine (82) and Tabersonine (28)

Recently, Takano and co-workers (221) have reported an improved
synthesis of quebrachamine (82) and of 16-cyano-14,15-dehydroque-
brachamine (485), an intermediate in the synthesis of tabersonine (28)
(218, 219). The synthesis was aimed at improving the formation of the two
quaternary mesylate salts 486 and 482. The synthesis of mesylate 486 is
the most direct procedure and is described first.

The ethylene ketal of 4-carbethoxycylohexanone (487) was converted to
the keto ester 488 by standard methods and then transformed to the
a-diketone monothioketal 489 by Woodward’s procedure (222). Cleavage
of 489 with sodium hydride (223) and DCC condensation of tryptamine
with the resultant dithianyl half-ester gave the dithianyl amide 490 in 60%
yield from 489. Hydrolysis of the protecting group allowed spontaneous
cyclization to give a mixture of stereoisomeric lactams (491). All the
subsequent transformations to the mesylate 486 were carried out on the
separated isomer. Reduction of 491 in refluxing THF with lithium alu-
minum hydride gave an amino alcohol which upon mesylation and heating
in chloroform afforded the quaternary mesylate salt 486. Reduction with
sodium in liquid ammonia gave (x)-quebrachamine (82) in 20% overall
yield from 487 (221).

The 14,15-double bond present in tabersonine was introduced into the
B-ethyl isomer of lactam 491 by treatment with LD A—diphenyl disulfide
followed by oxidation and elimination to give the a,8-unsaturated lactam
492. Murphy’s law operated at this point, for upon lithium aluminum
hydride reduction, 492 gave only a 5% yield of the amino alcohol 493. An
alternative procedure was therefore developed. Hydrolysis gave a car-
boxylic acid, and treatment with ethyl chloroformate and triethylamine
followed by sodium borohydride in aqueous THF gave a lactam alcohol
494, which after silylation was reduced with lithium aluminum hydride to
amino alcohol 493 in 58% overall yield from 492. Mesylation and elim-
ination of HCl in refluxing chloroform gave the unsaturated mesylate salt
482. The same salt was prepared previously by Ziegler and Bennett
(218,219). Cyanolysis of 482 gave 16-cyano-14,15-didehydroque-
brachamine (485) in 27% yield (221), which can be readily converted to
tabersonine (28; Scheme 25).

14. Second Takano Synthesis of Quebrachamine (82)

Takano and co-workers (224) have also reported a new synthetic
approach to the cleavamine and quebrachamine skeleta via a thio-Claisen
rearrangement. The synthesis begins with the previously described lactam
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SCHEME 25. Takano synthesis of quebrachamine (82) dhd tabersonine (28).
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495, which is converted to the thiolactam 496 and then to the sulfonium
bromide 497 by treatment with 2-bromomethylbut-1-ene. Reaction of the
salt 497 with potassium ferz-butoxide gave a mixture of ethyl isomers 498.
Hydroboration of each isomer in THF under reflux permitted reductive
desulfurization, and oxidative hydrolysis gave alcohols 499 and 500,
respectively. The stereochemical integrity of the hydroboration reaction
should be noted. By means of the standard procedure developed by Kut-
ney and co-workers (225), the alcohol 500 was converted to the dihy-
drocleavamine 233.

Reaction of the ethyl thiolactam 501 with allyl bromide gave the salt 502
which on base-catalyzed rearrangement afforded 503 and a mixture of
isomers. Hydroboration and alkaline oxidation of each isomer gave a
mixture of alcohols (504 and 505) which were converted to quebrachamine
(82) in the standard manner (Scheme 26).

495 R;=H,R,=0
496 R, =H,R,=S§ 497 R, =H, R, =C;H;
501 R1=C2H5, R2=S 502 R[ =C2H5, R2=H

(i) BaHg, THF; A
(ii) HO0,/NaOH
—
R,
499 R1=H, R2=C2H5 498 Rle, R2=C2H5
504 Rl = C2H5, Rz =H 503 Rl = Csz, R2 =H
+
I N
N HO R
H H
R,
R,
500 R, =H, R, =C,H; 233 R, =H,R,=C;H;s
505 R, =C;Hs,R,=H 82 R, =CHs,R;=H

SCHEME 26. Second Takano synthesis of quebrachamine (82).
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15. Synthesis of (£)-Minovine (506)

The intermediacy of a C4-C; acrylic ester in the formation of the Aspido-
sperma alkaloids, although not established in vivo with certainty, has a
number of biogenetic attractions. Not surprisingly, therefore, attempts
have been made to mimic this Diels—Alder reaction in vitro. One of the
syntheses (226, 227) to have been developed along these lines is that of
minovine (506), which may be regarded as N-methylvincadifformine.

The two critical components required for the Diels—Alder reaction were
considered to be the tetrahydropyridine 507 and the acrylic ester 508. The
acrylic ester was prepared by an unexceptional route from N-methylindole
(509). Addition of lithiated N-methylindole to ethyl oxalate in ether and
base hydrolysis gave a glyoxylic acid which was converted to. its methyl
ester (510) with diazomethane. Treatment of this ester with methylene
triphenylphosphonium bromide and butyllithium under reflux gave the
acrylate 508 in 40% overall yield.

The tetrahydropyridine 507 and the acrylate 508 were heated in
methanol to afford a mixture of two tetracylic bases (511) which were
separated by fractional crystallization. By deuterium exchange it was
deduced that these bases were epimers, differing only in the stereochemis-
try of the ester group. The stereochemistry of the ring junction was
established spectroscopically. The a-ester proton in the least ther-
modynamically stable isomeér appeared as a doublet of doublets (J =7 and
10 Hz). In the hydrochloride of this ester, the «-ester proton appeared as a
triplet {J =9 Hz), indicating a change in conformation of ring C from a
half-chair to a half-boat. The latter conformation was preferred by the
hydrogen bonding between the ester carbonyl and the protonated nitrogen.
These data necessitate a cis-fused C-D ring junction which can also be
rationalized by the possible transition states leading to the tetracyclic
products.

The two amines were efficiently debenzylated with Pd/C in acidic
methanol at room temperature, and the remaining tryptamine bridge
carbons inserted by double alkylation at the indole B-position and the
secondary amine. Deprotonation of the resulting indolenine gives the
B-anilinoacrylate, minovine (506; Scheme 27) (226, 227).

16. Biichi Syntheses of Vindorosine (99) and Vindoline (101)

The ultimate goal of the syntheses of compounds with the Aspidosperma
nucleus is vindoline {101). One component of many of the dimeric indole
alkaloids of Catharanthus roseus, vindoline (101) is a structural component
of vincaleukoblastine, the powerful oncolytic agent, and N-demethyl-N-
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@j (i) n-BuLi '
—_—
N (i) (CO4CoH;5), 0

| Giii) CHyN> N
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CH3P(CgHs)3Br | BuLi

CHSCH

| +

NN N

CHs co,cH,

508 507
iMeOH, A

CoHCH,
< MeOH/HC) =
10% Pd-C l
x N
CH,
511

CO,CH,

506
SCHEME 27. Ziegler synthesis of minovine (506).

formylvindoline (512) is the corresponding molecular fragment of leuro-
cristine. The latter compound is important in the clinical management of
many forms of cancerous disease states.

Vindoline (101) is one of the major alkaloids of C. roseus and cooccurs
with its demethoxy analog, vindorosine (99). Although not yet identified as
a component of any of the dimeric species, vindorosine (99) was considered
for synthesis as a model for the slightly more elaborate vindoline (101). As
the syntheses developed, unexpected complications arose when the route
developed for vindorosine (99) was attempted for vindoline (101). These
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R,

99 R,=H,R,=CH,

101 R, =OCH,, R,=CH,

512 R;=OCH;, R,=CHO
complications will be discussed at a later point. The first synthesis
described will be that of vindorosine (228).

The basic strategy of the synthesis involves sequential building of the A,
B, C, D, and E rings. In the crucial intermediate the D and E rings are
functionalized at two points, a ketone at C-17 and a 15,20-double bond,
permitting elaboration of this nucleus with the remaining functional groups
with excellent regio- and stereospecificity.

Treatment of N-methyltryptamine (513) with 1-chloro-3-ketobut-1-ene
(514) under basic conditions gave an enamino ketone (515) in 92% yield
which existed in the cis configuration. This compound was resistant to
cyclization attempts, but the N-acetyl-trans derivative 516 was cyclized in
low yield (38%) to a tetracyclic dihydroindole which was hydrolyzed under
acidic conditions to the corresponding amine 517 in 92% yield. This
compound is a B,B8'-diamino ketone and therefore has two positions
potentially susceptible to epimerization. On the basis of molecular models,
it was concluded that the most stable diastereoisomer was that shown.
Treatment of §17 with acrolein under basic conditions gave the crucial
pentacyclic ketone 518 in 40% yield, now beautifully functionalized for the
remaining steps. The a,B-unsaturated ketone was stereospecifically alkyl-
ated at the a-position (C-20) with ethyl iodide under strongly basic condi-
tions to give the B,y-unsaturated ketone 519 in 44% yield. In the PMR
spectrum of both vindoline and vindorosine, the methyl of the ethyl group
is observed at 0.4 ppm because of shielding due to the benzene ring. The
ketone 519 also showed the methyl triplet at 0.4 ppm, in agreement with
an a-stereochemistry for the ethyl group.

The subsequent reactions are concerned solely with elaboration of the
C-ring. The ketone 519 was carbomethoxylated at C-16 with dimethyl
carbonate and sodium hydride to give the keto ester 5§20. Oxidation with
oxygen/hydrogen peroxide in the presence of potassium feri-butoxide at
~35° gave stereo-specifically, in 31% yield, the «-hydroxy B-keto ester
521. The key to the assignment of the stereochemistry of the hydroxy
group was the observation of hydrogen bonding analogous to that found in
the IR spectrum of vindoline (101). This reaction is assumed to proceed by
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peroxide anion attack at C-17 and subsequent nucleophilic attack by a
carbanion at C-16 on the peroxy group to give stereospecifically a hydroxy
epoxide intermediate (522) which, under basic conditions, is isomerized to
the hydroxy ketone 523. Partial reduction with lithium aluminum hydride

NH,
(&
g e T
N N | H
O

+
CH, CH=CHCI , CH,
/ =

513 CH,CO 2%
514 ° 515 ¢t

(CH3CO)20/Et3Nl CeHg, A

() BF3-Et;0
90°; 38%
(ii) 10% aq. HCI
4;92% NCOCH,
-—
I S
N
CH,; O
64% 516

o o
4
G) Y /McO] (i) BF3, AcOH;
H RT

OC(OCH3)>
NaH

(i) LiAlH4/THF, -70°

—

(i) AcyO/NaOAc;
RT

H20,/02/KO'Bu
G202/02/KO Bu
~35°

Cu,
* CO,CH,
31% 521
Plo, ~ P4
v~ “OH Lo
CO,CH, CO,CH,
522 523

-

SCHEME 28. Biichi synthesis of vindorosine (99).
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in THF at —70° gave a mixture of diols. Acetylation of the more polar of
these afforded a monoacetate derivative identical with vindorosine (99;
Scheme 28) (228).

Biichi and co-workers (229) next attempted to carry out an analogous
route in order to prepare vindoline (101) itself. However, the reaction
sequence failed at an early stage in the 6-methoxytryptamine series when it
was found that the vinylogous amide 524 cyclized in only 9% vyield to the
desired tetracyclic dihydroindole 525. Several groups were examined in
place of methoxy, but the most efficacious was the tosyloxy group. Cycliza-
tion of the frans-acetamide 526 gave the desired dihydroindole 527 in
89% yield. The protecting groups were removed sequentially. Base hydrol-
ysis afforded a phenol which was methylated with dimethyl sulfate/potas-
sium carbonate in acetone. Removal of the N-acetyl group was accom-
plished in 82% yield with triethyloxoniumfluoroborate/sodium bicar-
bonate in methylene chloride to give diamine 528. Subsequent steps in the
synthesis were analogous to those in the vindorosine synthesis up to the
point of reducing the ketone at C-17. Using sodium bis(2-
methoxyethoxy)aluminum hydride at —20° with prior addition of alu-
minum chloride gave stereospecifically the C-17 B-hydroxy isomer in 56%
yield. Complexation of the C-16 hydroxy group and N-4 with aluminum
chloride explains the failure of hydride to attack from the B-face of the
molecule. Acetylation of this alcohol produced vindoline (101; Scheme 29)
(229).

17. Kutney Approach

A previous chapter in this series on this topic discussed the details of the
synthetic procedures used by Kutney and co-workers for the synthesis of
the Aspidosperma and iboga series of compounds (Volume XI., p. 205).
These approaches have subsequently been published in full detail
(105, 225, 230-232).

The general techniques used were also applied to the synthesis of natural
alkaloids in the quebrachamine and Aspidosperma series (233). The oxi-
dative cyclization step in the previous step proceeded in only 30-40%
yield. In order to improve this process, a more reactive intermediate was
used. Condensation of tryptamine with the highly reactive aldehyde—ester
529 gave the lactam 530 as a mixture of C-3 isomers in 90% yield. Lithium
aluminum hydride reduction, catalytic reduction, and mesylation gave the
familiar mesylate salt 486. Nucleophilic attack by cyanide ion in dimethyl-
formamide produced the nine-membered ring intermediates 531 and 532.
Hydrolysis and methylation with diazomethane gave vincadine (185) and
16-epivincadine (189).
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NCOCH,
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SCHEME 29. Biichi synthesis of vindoline (101).

Cyclization to the pentacyclic Aspidosperma series could be accom-
plished by two alternative routes: reaction with mercuric acetate or oxygen
in the presence of a platinum catalyst; in this way, vincadifformine (2) and
minovine (506) were produced (Scheme 30).

The reaction scheme was extended to the methoxytryptamine series to
afford racemic 11-methoxyvincadifformine (4) and 11-methoxyminovine
(533). At the time, neither of these alkaloids was known naturally. It is
important to note the stereospecificity in the transannular cyclization pro-
cess, which apparently only gave the natural C/D cis stereochemistry.

18. Kutney Synthesis of Vindoline (101)

A second synthesis of vindoline (101) was recently completed by Kutney
and co-workers (234). The early steps in the synthesis, those leading to
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@\ CH2CH3 tryptamine
| _—
CHZO(CH2)3ClC02C2H5

CH,CHO

CH,OCH,Ph

529
530

{iii) MesCli, py

{i) LiAlH4l(ii) Pd, Hy

R, .Rz
531 R;=CN,R,=H
532 R;=H,R,=CN

185 Rl = C02CH3, Rz =H
189 Rl = H, R2 = C02CH3

Hg(OAc), 102 /Ol;z—c

2 R1=H, R2=H
506 R1=CH3, R2=H

4 R1=H, R2=OCH3
5§33 R; =CH;,R;=0OCH;

ScHEME 30. Kutney synthesis of vincadifformine (2) and minovine (506).

533, were described in Section IV,A,17, and it remains only to discuss the
conversion of this compound to 101. Amazingly, the key intermediate in
the synthesis is dihydrovindoline (534), and the final steps involve the
introduction of the 14,15-double bond.

The B-keto ester 535 available from 533 is a-hydroxylated under basic
conditions using the method of Biichi et al. (228). Low-temperature
reduction gave the secondary alcohol which was then acetylated to afford
dihydrovindoline (534).
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Reaction of dihydrovindoline (534) with mercuric acetate in refluxing
dioxane gave in one step the ether lactam 536. The intermediates in this
interesting reaction are the six-membered lactam and the a,8-unsaturated
lactam, which then undergoes Michael attack at the B-position to afford
536. The ether bridge was opened by removal of a proton alpha to the
lactam carbonyl with the anion of triphenylmethane, and the tertiary
hydroxyl group was acetylated to afford 537. The lactam carbonyl was
removed by conversion to the imino ether followed by borohydride reduc-
tion. Treatment of the product with moist silica gel gave vindoline (101,
Scheme 31).

533 —
CH,0
Hg(OAc),, dioxane
-—
CH,O CH,0
536

(O] (C(,H5)3CLi,THF1(ii) AcCl
. * =
(l) (CH3)30BF, 101
(iiy NaBH4
(iii) SiO;

CH,O

537

SCHEME 31. Kutney synthesis of vindoline (101).

19. Synthesis of the Reduction Product of Vincatine (163)

The structure elucidation of vincatine (163) was described in Section
IL,F,2. Harley-Mason and co-workers (202) have reported a synthesis of a
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reduction product of vincatine, the diol 538. The hydrochloride of 2-
hydroxy-1-methyltryptamine (539), on treatment with dimethyl 4-ethyl-4-
formylpimelate (540) (164) in buffered aqueous ethanol under reflux, gave
the diamide 3-oxovincatine (541) as a mixture of C-20 diastereoisomers.
Reduction with lithium aluminum hydride gave a mixture of diols (538), one
of which was identical with a diol obtained by lithium aluminum hydride
reduction of vincatine (163).

0
NH, CO,CH, N
NaOAc
N o CHO aq. ETOH; &
| O
CH, T‘l‘
CO,CH,
539 CO,CH, CH;
540 541
LiAlHg4, etherl
N
OH
N
g, CH,OH
3
538

20. Le Men Synthesis of Aspidospermidine (249) and Vincadifformine (2)

The previous syntheses of aspidospermidine (249) and vincadifformine
(2) had been quite long and perhaps unduly concerned with carefully
creating the C/D/E ring stereochemistry. This led to an increase in the
number of overall steps.

Utilizing a route similar to that used by Harley-Mason in the synthesis of
the reduced product from vincatine, the French group has successfully
extended this work to a more select group of alkaloids (235, 236).

Treatment of 2-hydroxytryptamine (406) with dimethyl 4-ethyl-4-
formylpimelate (540) gave two isomeric oxindoles (542 and 543) differing
in the stereochemistry of the ethyl group. The most polar product (542)
was heated for 2 hr under nitrogen in the presence of polyphosphoric acid
to afford 3-oxo0-1,2-dehydroaspidospermidine (504) in 68% yield (Scheme
32). The stereochemistry of this polar product must therefore be that
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SCHEME 32. Le Men synthesis of aspidospermidine (249) and vincadifformine (2).

shown in 542. Reduction of 544 with lithium aluminum hydride gave
aspidospermidine (249) in 70% yield.

The most important aspect of this synthesis, though, is the extension to
include B8-anilinoacrylate derivatives. Treatment of 542 with the Meerwein
reagent gave the imino ether 545 in quantitative yield which, upon heating
with sodium hydride in dimethyl sulfoxide at 115° for 25 hr, gave a 2:1
mixture of the 3-oxo derivatives 546 and 547, which were not separated at
this point.

A key problem then became to eliminate the oxygen from the lactam
without reducing the B-anilinoacrylate. This was successfully achieved by
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exchange of the lactam oxygen by sulfur with phosphorus pentasulfide in
THF, and reduction with Raney nickel in THF at reflux to give a mixture of
two esters. The more polar product was identical with vincadifformine (2);
the less polar product was identified as the corresponding ethyl ester (548)
(235, 236).

21. Stevens Approach

The Stork-Dolfini synthesis of the amino ketone 458 requires some 11
steps; clearly, this is an area for improvement. One method used has been
that of methyl vinyl ketone annelation (237). This procedure had been
used previously in a synthesis of mesembrine (238) involving A%-pyr-
rolines. Stevens hoped to extend this technique to endocyclic enamines to
give compounds in the octahydroquinolone series. 3-Ethylpiperid-2-one
(549) was prepared from the y-lactone 550 according to standard pro-
cedures (239). N-Benzylation followed by reduction with diisobutyl-
aluminum hydride (DIBAL) gave enamine 473. Addition of the enamine
to methyl vinyl ketone (§51) gave an almost quantitative yield of a hydro-
quinoline 5§52, which could be readily debenzylated to the known amino
ketone 458. As with the Stork method of synthesis, this route to the
Aspidosperma nucleus is efficient for the parent compounds but appears to
lack the potential for diversification required to synthesize the more
complex alkaloids such as vindoline (101) or even tabersonine (28).

H PhCH, _ R
0 -— N (i) CeHsCH,CI N /ﬁ A, H N
(ii) DIBAL ‘\<‘

o CH,CH,CN 0)
550
549 473 O
)\/ 458 R=H
OFNF §52 R =CH,C4Hs
551

Stevens and co-workers have also attempted to develop a fundamentally
different approach to the tricyclic amino ketone 463 which is used in the
Fischer cyclization approach to the Aspidosperma skeleton (240).
Condensation of the aldehyde-ester 553 with protected keto amine 554
gave an imine (555) which, upon heating with ammonium chloride at 160°,
afforded the 2-pyrroline ester 556 in 70% yield. Treatment with dry
hydrochloric acid gas in ether was followed by acid hydrolysis of the ketal,
and base-catalyzed cyclization produced a mixture of two enol ethers (557
and 558) the latter predominating. The major isomer was reduced with
lithium aluminum hydride and the hydroxy enol ether dehydrated in hot
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acid to the a,B-unsaturated ketone 559. Catalytic reduction gave the
tricyclic ketone 373, whose stereochemistry was established by comparison
with authentic samples. This compound is identical with Bans’ compound
and therefore will not produce (+)-aspidospermine (253) on cyclization but
rather the unnatural 20-ethyl isomer, as discussed previously.

22. Harley-Mason Synthesis of Aspidospermidine

The Harley-Mason approach to the Aspidosperma skeleton was dis-
cussed in Volume XI (p. 225), and very brief mention was made of the
successful synthesis of aspidospermidine (249) using this route (241). In
view of the complication involving cis/trans C/D ring stereochemistry
involved in a number of other approaches, it is amazing that the Harley-
Mason approach should be stereoselective. The process in question is
typically reaction of the hydroxyester 560 with tryptamine to give a
compound (561) having a seco-eburnane skeleton. When this compound is
treated with 40% sulfuric acid or boron trifluoride etherate at 100° the
indolenine lactam 562 is produced. Lithium aluminum hydride reduction
then gives racemic aspidospermidine (249; Scheme 33).

The stereospecificity of the reaction may well be set in the first inter-
mediate where molecular models appear to indicate that attack of the
indole 2-position on C-16 cannot occur if the C-3 proton and the ethyl side
chain are trans to each other. Except for the possibility of hydrogen
bonding between the 16-hydroxy and lactam carbonyl groups in 561, there
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CH(OCH,),
HO CO,CH,
tryptamine
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BF3:Et;0
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249

SCHEME 33. Harley-Mason synthesis of aspidospermidine (249).
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would appear to be no incentive for stereospecific formation of 562. If 561
is a mixture of isomers, then C-3 epimerization probably occurs (as in 563)
in an attempt to maintain the equilibrium with the ethyl C-3 cis isomer
being removed by rearrangement.

23. Wenkert Approach

Yet another approach to the Aspidosperma nucleus has been reported
by Wenkert and co-workers (242). This approach was modeled along
biosynthetic lines, allowing an iminium species in a piperidine ring to be
attacked by the nucleophilic indole 8-position. This concept met with some
success when it was demonstrated that treatment of the vinylogous
urethane 564 with HBr gave, after borohydride reduction, the spiro
derivative 565. Extension of this reaction to the indoleacetic acid series
was also successful. The chloroester 566, on treatment with methyl nico-
tinate, gave a quaternary salt 567 which was reduced to the tetrahydro-
pyridine 568. Treatment of the latter with methanolic hydrochloric acid
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gave the tetracycle 569 in 80% yield. No stereochemical assignments were
established rigorously although it was suggested that the carbomethoxyl
group was close to the ar-system. This approach to the Aspidosperma
skeleton does not appear to have been extended further.

L !
N~
CO,CHy (i yar
, (ii} NaBH4 COZCH3
N~ CH N~ CH,

B H
564 565
A
l N CO,CH, @@
cl =
| N | | CO,CH,
N H
H  co,cH, CO,CH,
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lPd—C/Hz

N Q
N
#>C0,CH,

HCI/MeOH |

CO,CH,

LZ

N
H  Co,CH, CO.CH,
569 568

A more successful approach has been reported briefly by Wenkert (243),
although, as will be observed, it is not without complication.

The technique of cyclization of a 1,4,5,6-tetrahydropyridine to an indole
nucleus is already familiar (191), and this method was extended to
compound 570. Treatment of 570 with boron trifluoride—etherate gave the
keto lactam 571 in 62% yield. Thioketalization and Raney nickel reduc-
tion gave a lactam (572) which, upon lithium aluminum hydride reduction,
gave 20-iso-20-deethylaspermidine (573). However, although the initial
keto lactam 571 possessed the required C/D cis stereochemistry, under
the thioketalization conditions C-20 isomerization occurred to give the
more stable C/D trans ring juncture.
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24. Potier-Wenkert Approach

335

The interim aim of this synthetic approach (244) was the synthesis of the
nitrile 5§74 which could potentially be doubly alkylated to form the tryp-
tamine bridge and the ethyl side chain.

Condensation of a-indolylacetonitrile with nicotinaldehyde gave 57§,
which was oxidatively photocyclized to 576 in 30% yield. Irradiation in
ethanol, however, led to 577 in 30% yield, probably by decyclization of
ST8 (244).

LZ

CN

575
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25. Potier Approach

A further example of synthetic approaches to the Aspidosperma
skeleton is provided by Potier’s synthesis of S5-oxo-20-deethyl
vincadifformamide (§79) (245). This approach differs fundamentally from
the available syntheses in that it begins with a 2-substituted indole followed
by cyclization in a single step to the A,B,C,D system lacking the tryptamine
bridge carbons.

The simple reaction sequence begins with the pyridylindolylacrylonitrile
5§75, which is reduced with sodium borohydride to a nitrile (580) and then
hydrolyzed to the amide 581. Catalytic reduction under acidic conditions
gave the tetracyclic amide 582 in 45% yield. This cyclization apparently
gave the trans C/D ring junction stereochemistry, for insertion of the
tryptamine bridge proceeded in poor yield. No further synthetic elaboration
of this scheme has been reported.

A number of miscellaneous attempts at the synthesis of the Aspido-
sperma skeleton have been reported in preliminary forms (246-248).

580 R=CN
575 581 R=CONH;

lnoz/uz/ﬂf MeOH

Hy

(i) BrCHCOBr
-
(ii) NaHCO3/DMF

N
H

CONH,

582

26. Saxton Synthesis of Cylindrocarine-Type Alkaloids

Saxton and co-workers have reported their route for the synthesis of
Aspidosperma alkaloids of the cylindrocarine type (249). Aware of prob-
lems involving cis and trans C/D ring junction ions, they reasoned that
having the least bulky substituent at C-20 would help limit the proportion
of undesired trans isomer. Thus, the target compound became the tricyclic
amino ketone 583 having a potential C/D cis stereochemistry and an
angular allyl group.
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Successive alkylation of the pyrrolidine enamine of pent-4-enal with
methyl acrylate and methyl vinyl ketone gave 584 after acid-catalyzed
cyclzation. Treatment with ammonia gave a mixture of amidoketones
which could be protected and reduced to the protected amino ketones 585.
Chloroacetylation and acid hydrolysis followed by tert-butoxide-initiated
cyclization gave the cis and trans amino ketones 583 and 586. By means of
the method developed by Stork, the cis isomer 583 was converted to the
Aspidosperma base 587. The terminal carbon of the allyl side chain was
easily removed with osmium tetroxide-sodium periodate to give the alde-
hyde 588. Sodium borohydride reduction gave racemic N-acetyl-
cylindrocarpinol (130), and acetylation gave N,O-diacetylcylindrocarpinol
(589), cach identical with the natural product.
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) NH3
(i) (CH,O0H),, H™
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CH,CH=CH, (i) LiAlH,4 fo) CH,CH=CH,
0 </
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(1) CICH,COCI | (i *
P a* l(m) KO Bu

N

0]

583 cis BH
586 trans aH

0Os04/NalO4

{N

CH,CH=CH,

N
CH,0 CHiCO

588 R=CHO
130 R=CH,OH
589 R = CH,0COCH;
590 R =CH=NOH
591 R=CN
121 R=CO,CH;

CO,CH,

CH,0  }

117 R=H
120 R=CH=CHCOC¢H;

SCHEME 34. Saxton synthesis of cylindrocarpine alkaloids.
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The oxime 590 derived from the aldehyde 588 was dehydrated with
acetic anhydride, and the resulting nitrile (591) methanolized to (+)-
cylindrocarine (117). As expected, acetylation of 117 gave (£)-cylindro-
carpidine (121), and cinnamoylation gave (%)-cylindrocarpine (120;
Scheme 34) (249).

27. Smith Synthesis of Rhazinilam (172)

The structure elucidation of rhazinilam (172) by spectral and chemical
means (81) and by X-ray crystallography (82) was discussed in Section
ILF,3. In addition, a partial synthesis from (+)-1,2-dehydroasidosper-
midine (171) was described (84). Smith and co-workers have also
described an elegant total synthesis of rhazinilam (172) (84).

The key steps were the N-alkylation of 2-methoxycarbonyl-4-(2'-nitro-
phenyl)pyrrole (592) with 4-ethyl-4-hydroxy-7-tosyloxyheptanoic acid y-
lactone (593) and subsequent cyclization to give the phenyl tetrahydroim-
idazoline, §94. Reduction of the nitro group and lactamization with dicy-
clohexylcarbodiimide in THF gave 5-methoxycarbonylrhazinilam (§95) in
82% yield from 594. Hydrolysis and decarboxylation gave (+)-rhazinilam
(172) in 88% vyield (Scheme 35).

NO,
|

N

s92 H

(iy PtOz/H,/EtOAc

/|L " (i) DCHCD/THF | |
R CO,CH,

HO

595 R=CO,CH;
172 R=H (0] 594

SCHEME 35. Smith synthesis of rhazinilam (172).
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B. ALKALOIDS WITH THE FLUOROCURINE-MAVACURINE SKELETON

The fluorocurine—mavacurine series of alkaloids has been the subject of
only very limited synthetic interest. Boekelheide and co-workers (250)
have reported their work on the synthesis of 19,20-dihydronormavacurine
(596) and 19,20-dihydronorfluorocurarine (5§97), and this appears to be
the limit of investigations in this area.

The initial synthetic target was the tricyclic ketone 598. Reaction of
3,4-dihydro-8-carboline (599) with ethyl a-ethylacetoacetate (600) and
formaldehyde gave a B-keto ester in 60% yield which was readily hydrol-
yzed and decarboxylated to the tricyclic ketone 598. Condensation of 598
with methoxymethylenetriphenylphosphorane gave an enol ether which on
acid hydrolysis afforded the aldehyde 601. Treatment of this aldehyde with
dimethyloxosulfonium methylide afforded the epoxide 602. When this
epoxide was reacted with sodium hydride in dimethyl sulfoxide undgr
nitrogen, an N-alkylindole derivative was produced. The UV spectrum of
this product ruled out the formation of the pleiocarpamine skeleton, and
the compound was assigned structure 603 in the apogeissoschizine series.
In contrast, reaction of 602 with sodium hydride and dimethyl sulfoxide
under oxygen gave a yellow crystalline product in 62% yield which from its
UV spectrum was an N -alkylpseudoindoxyl. The spectral properties were
in agreement with those of 19,20-dihydronorfluorocurarine (5§97), and this
structure assignment was confirmed by conversion to 19,20-dihydronor-
mavacurine (596; Scheme 36).

C. ALKALOIDS WITH THE ULEINE SKELETON

Four groups have reported their synthetic efforts in this area of indole
alkaloids which apparently lack one carbon of the tryptamine bridge. The
two series of compounds differ on the basis of the presence or absence of a
C-16 exomethylene group.

1. Joule Approach

The key intermediate in the Joule syntheses (251) in this series is the
pyridyl keto indole 604, which was prepared by Scheme 37. Standard
reactions gave the y-amino enone, 605. Reaction of 605 with the salt of
dimethyl sulfoxide and acetic acid-catalyzed rearrangement of the tetra-
cyclic intermediate 606 gave dasycarpidone (607) and 3-epidasycarpidone
(608) via the iminium 609. Dasycarpidone was converted to uleine (610)
by the Wittig reaction, but 3-epidasycarpidone required somewhat
different conditions for conversion to 3-epiuleine (611; Scheme 37).
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SCHEME 36. Synthesis of 19,20-dihydronormavacurine (596).
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SCHEME 37. Joule synthesis of dasycarpidone (607), 3-epidasycarpidone (608), uleine (610),
and 3-epiuleine (611).
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2. Dolby Approach

Dolby and Biere (252, 253) adopted a quite different tactic to produce
these systems. The key step is the trapping of a Vilsmeier salt with sodium
borohydride. All the functionality required to effect the condensation
reactions is built into a 2-pyridone derivative 612. This compound is
produced by the route outlined in Scheme 38. Treatment of 612 with
indole in the presence of phosphorus oxychloride gives a Vilsmeier salt,
which is reduced with sodium borohydride to the piperidylindole 613.
Hydrolysis of the ester group and cyclization with polyphosphoric acid
gave a mixture consisting mainly of epidasycarpidone (608) (54% yield)
together with some 607 (15% yield). The 608 was converted to the
carbinol 614 with methyllithium and dehydrated to 611 with alumina.

CH,
C2HsCHCOC] GHs C;H;CHCONCH,CH,Cl_CHaConcHzn | .
+ © ?
Br A Br CH3 OCH3
CO,CH,
CO,CH,
lNaCN/DMF
CH, cll-l3
N
607 ) Baor), @iy indole/POCI3 0 N
PRCALE L] LB indole/POCLy
6og (D PPA | CO,CH, (i) NaBH4
g CO,CH,
613 612
CH,
H |
N
608 Meli, ‘ | A0 enn
N
Hy,c HOH
614
SCHEME 38

3. Kametani Approach

Kametani and co-workers (254-256) adopted yet another approach to
this skeleton. Grignard condensation of indolyl magnesium bromide with
methyl 3-ethyl isonicotinate 1-oxide (615) in the presence of benzoyl
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chloride gave a mixture of structural isomers 616 and 617. N-Methylation
and catalytic reduction of 616 gave a mixture of amino esters 613.
Saponification and cyclization with polyphosphoric acid then afforded a
2:1 mixture of 607 and 608 (255). The overall yield was extremely low
(Scheme 39).

09
lo
N
wive
N
MgBr CO,CH,
615

N
H CO,CH,
616
@ Mel @ HCl
(i) P/, W2
CH,
! HH
N N
607+ 608 (i) KOH/EtCH I
—
2:1 (i) PPA . .
N .
" CO,CH, i [w CO,CH;
1(0 KOH/EtOH
(iiy PPA
607 HCO,H/CH,0

619

SCHEME 39. Kametani synthesis of uleine (607) and 3-epiuleine (608).

In a slightly different approach, some stereochemical control was
achieved. Catalytic reduction of the hydrochloride of 616 gave the cis-2,3
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product 618, in which no stereochemistry was assigned to the carbo-
methoxy group. Saponification and cyclization afforded only N-nordasy-
carpidone (619), which could be converted to 607 under Eschweiler-
Clarke conditions (256).

4. Biichi Approach

In the early syntheses no attention was paid to the separation of
stereoisomers at any point; consequently, epimeric mixtures resulted in the
condensation processes. Biichi and co-workers (257) were the first to
report a stereospecific synthesis of 610 and 611.

The synthesis begins with the condensation of 3-formylindole (620) with
1-aminohexan-3-one (621) to give the trans-diequatorial ketone 622. The
compound was quite unstable and was converted to the formamide 623.
Reaction with potassium acetylide in tert-butyl alcohol-tetrahydrofuran
gave, stereospecifically, the ethynyl carbinol 624, which was rearranged
with mercuric acetate to the O-acetoxyketone 625. The acetoxy group was
removed by treatment with lithium metal in ammonia to give the methyl
ketone 626 in which all three substituents are trans and equatorial. Facile
cyclization and dehydration occurred when 626 was treated with boron
trifluoride etherate to afford 627, and lithium aluminum hydride reduction
gave epiuleine (611).

The synthesis of uleine (610) required that the stereochemistry of the
ethyl side chain be inverted and this was accomplished by thermal (cis)
elimination of acetic acid from the acetoxy ketone 625. One of the pro-
ducts was the tetracyclic olefin 628, and reduction with palladium catalyst
and a trace of pyridine gave almost exclusively the required cis,cis-ketone
629. This compound was cyclized and reduced as before to give uleine
(610; Scheme 40).

D. ALKALOIDS WITH THE ELLIPTICINE-OLIVACINE SKELETON

Earlier synthetic approaches to ellipticine (267) were described in
Volume XI (p. 279) of this series. In the intervening years, several new
approaches to this important alkaloid have been developed.

1. Le Goffic et al. Approaches

Le Goffic et al. (258, 259) used an approach which built almost all the
ring carbons in one step by reaction of the piperidone enamine of N-
benzyl-4-piperidone (630) and a-methylgramine (631) in refluxing diox-
ane. Reaction of 632 with sodium acetylide in liquid ammonia gave the
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SCHEME 40. Biichi synthesis of uleine (610).

propargyl alcohol 633 as a mixture of epimers which in formic acid gave in
93% yield the tetrahydroellipticine 634. Palladium—charcoal dehy-
drogenation/debenzylation gave ellipticine (267) in high yield (Scheme
41).

A second route to the 6 H-pyrido[4,3-b]carbazole nucleus of ellipticine
involves as a key step the internal condensation of a 2-alkylskatolyl-
piperidone. Le Goffic et al. (259) developed this synthesis in the 5,11-
bisdemethy! series. When enamine 630 was condensed with 2-methyl-
gramine (635), hydrolysis afforded the skatolylpiperidone (636). Cycliza-
tion was carried out with glacial acetic acid under reflux, debenzylation
with sodium/liquid ammonia, and dehydrogenation with palladium—char-
coal to give 637.
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ScHEME 41. Le Goffic et al. synthesis of ellipticine (267).
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2. Kilminster-Sainsbury Approach

The initial idea of Kilminster and Sainsbury (260) was to improve the
Woodward route (261) to ellipticine. The successful route involved the
base-catalyzed condensation of the 1,3-diacetyl derivative of indolin-3-one
(638) with 4-acetyl-3-(1-methoxyethyl)pyridine (639) to give the
unsaturated ketone 640 as a mixture of isomers. Reduction with sodium
borohydride and dehydration with acid gave indole 641. When this
material was heated with hydrogen bromide under reflux and then adsor-
bed onto silica, extraction of the silica with chloroform gave 267 in 40%
yield (Scheme 42).
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641

SCHEME 42. Kilminster-Sainsbury synthesis of ellipticine (267).

3. Potier Approaches

Potier and co-workers have described two synthetic routes to ellipticine
(262, 263). In the first of these (263) the lithium salt of 1-sulfoben-
zoylindole is condensed with 4-acetylpyridine to give 642. Hydrolysis and
sodium borohydride reduction in the presence of a large excess of KCN
gave the cyanopiperideine 643. Condensation of 643 with the Mannich
reagent from acetaldehyde and dimethylamine followed by sodium boro-
hydride reduction of the intermediate iminium species 644 gave N-
methyltetrahydroellipticine (645). Palladium-charcoal in boiling decalin
with 645 afforded 267 (Scheme 43). The overall yield for the sequence was
8.4%.

The second synthesis (262), although a little longer, is interesting for
some of the chemistry involved, particularly the use of the Polonovskii
reaction to complete cyclization of ring C.

Condensation of the allylic alcohol 646 with methyl orthopropionate in
butyric acid gave ester 647 which, after hydrolysis, was treated with
methyllithium to give ketone 648. Fischer indole cyclization with poly-
phosphoric acid of the phenylhydrazone of 648 gave the indole 649. The
N-oxide of 649 in trifluoroacetic anhydride at 0° gave in 92% yield
the hexahydroellipticine 650, convertible with palladium—charcoal to
267 in 35% yield. The overall yield from 646 is on the order of 19%
(Scheme 43).
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SCHEME 43. Potier syntheses of ellipticine (267).
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4. Synthesis of 9-Aminoellipticine (658)

Attempts to use the previous synthesis (260) of ellipticines to the
synthesis of 9-nitroellipticine (651) failed when the mixture of isomers 652
on reduction with sodium borohydride gave mainly resinous material
(264). However, condensation of the amide 653 with ketone 654 gave a
mixture of isomers 655 in 35% yield. Reduction with sodium borohydride
then gave the alcohol 656 which, with methanolic hydrogen chloride, gave
indole 657. When 657 was hydrolyzed with aqueous hydrogen bromide,
cyclization, dehydrogenation, and hydrolysis occurred to afford 9-amino-
ellipticine (658) directly (Scheme 44) (264).
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SC}‘{EME 44. Synthesis of 9-aminoellipticine (658).

5. Roche Approach

The Roche group (265) has also been interested in the synthesis of
ellipticine derivatives. In particular, 8,9-dimethoxy- and 8,9-methyl-
enedioxyellipticines (659) and 660 were their synthetic targets.
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Condensation of 5,6-methylenedioxyindole (661) with hexane-2,5-
dione gave the carbazole 662 which was formylated and condensed with
amino acetal. The resulting Schiff base 663 was reduced with sodium
borohydride in methanol to give an amine. Tosylation followed by reaction
with 6 N hydrochloric acid in dioxane at room temperature gave 8,9-
methylenedioxyellipticine (660; Scheme 45). The overall yield was low.
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SCHEME 45

6. Sainsbury-Schinazi Approach

Still fascinated by the simplicity of Woodward’s synthesis (261), Sains-
bury and Schinazi (266) have continued to improve this, the most direct
route.

The aim was to produce a 1:1 adduct of indole and an appropriately
substituted pyridine which can be ring closed to give the C-ring.

Reaction of indolemagnesium bromide with the chloroethylpyridine 664
gave the 3-ethylindole derivative (665) in 50% yield. Following the pro-
cedure of Suzue (267), 665 was converted into the salt 666 by successive
reaction with o-mesitylsulfonylhydroxylamine, acetic anhydride, and
methyl iodide, and then treated with potassium cyanide in the presence of
ammonium chloride to afford the nitrile 667. Deacetylation by passage
over alumina was followed by reaction with methyllithium, and the inter-
mediate imine 668 was hydrolyzed and cyclized to ellipticine (267; Scheme
46). Overall yield for the latter steps is on the order of 25-30%. A similar
procedure was used to prepare 8,9-methylenedioxyellipticine (660).
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SCHEME 46. Sainsbury-Schinazi synthesis of ellipticine (267).

7. Kutney-Grierson Approach to Olivacine (669)

Like ellipticine (267), the antileukemic properties of olivacine (669)
have attracted the attention of synthetic chemists, although the area has
been dormant until quite recently.

The first of the new syntheses was that of Kutney and Grierson (268),
who investigated a route involving the sequential building of the C and D
rings. Condensation of tryptophyl bromide with the sodium salt of methyl
acetoacetate at 100° gave the alkylation product 670 in 80% yield.
Cyclization with 2% hydrochloric acid in methanol at 0° gave a mixture of
671 and 672 in quantitative yield. The former was converted into the latter
by dehydrogenation with chloranil in xylene. The cyclization reaction gave
only 672 when carried out in the presence of chloranil. Reduction with
lithium aluminum hydride and oxidation with chromium trioxide in pyri-
dine gave the aldehyde 673 in 70% yield. The synthesis of this aldehyde in
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only three high-yield steps is a great improvement over previous routes
(269). The remaining synthetic steps were identical with those of a previous
procedure (Scheme 47) (268).

Br

80% 670

/ HCl/MeOH

chloranil
‘ | xylene; A \
N CO,CH,4 N CO,CH,
H H
671

84% 672

95%

) CH3NO,
(if) LiAlHg
Gil) AczO
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SCHEME 47. Kutney—Grierson synthesis of olivacine (669).

8. Kametani Approach

Kametani and co-workers (270, 271) have made some progress in
reducing the length of the synthesis.

Cyanation of 3-methoxymethyl-2-methylpyridine N-oxide (674) gave
the 4-cyano derivative 675 in 20% yield which, with methylmagnesium
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bromide, yielded the 4-acetylpyridine 676. Reduction with sodium boro-
hydride gave 677, and subsequent treatment with aqueous hydrogen
bromide gave a dibromide 678 which condensed with indole under heating
to give olivacine (669) in 30% yield (Scheme 48) (270, 271).
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CH,
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N/ CH,
677 R=0H
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SCHEME 48. Kamerani synthesis of olivacine (669).

9. Besseliévre—-Husson Approach

The most dramatic synthesis, however, is probably that of Besseliévre
and Husson (272). Heating indole and the piperideine 679 in 50%
aqueous acetic acid for 56 hr afforded 680 in 74% yield. Acetylation and
Bischler—-Napieraliski cyclization with phosphorus oxychloride and dehy-
drogenation of the product with palladium—charcoal gave 669 in 45%
yield. The interesting condensation reaction is thought to occur via the
intermediate immonium species 681, as shown in Scheme 49.

10. Martinez-Joule Approach

Martinez and Joule (273) have described a very general route to the
6 H -pyrido[4,3-b]carbazole system involving vy-aminoenone inter-
mediates. Ketalization of 682 followed by indole N-methylation, pyridine
N-methylation, and sodium borohydride reduction afforded 683. Mannich
condensation gave a product which was hydrolyzed to the y-amino-
enone 684. When 684 was refluxed in 50% aqueous acetic acid the
hydroxy tetrahydro 6H-pyrido[4,3-b]carbazole 685 was produced in
25% vyield.
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V. New Physical Methods in the Structure Elucidation of
Aspidosperma Alkaloids

Two techniques have revolutionized the structure elucidation of natural
products in the past eight years in much the same way that mass spec-
trometry and proton nuclear magnetic resonance (NMR) spectroscopy did
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in the early 1960’s. These techniques are single-crystal X-ray crystallog-
raphy and carbon magnetic resonance (CMR) spectroscopy.

It is not the intent of this section to discuss these techniques, but rather
to indicate their use in the structure determination of Aspidosperma alka-
loids. Some of these determinations have been mentioned elsewhere in this
chapter.

The Barton—Harley-Mason synthesis (274) of N-acetyl-16-methyl-
aspidospermidine methiodide (686) proceeded in a remarkably stereo-
specific manner, as indicated elsewhere.

In order to confirm the stereochemical assignments for this compound,
an X-ray crystallographic analysis was carried out (275). The structure was
solved by the heavy-atom method using Patterson and Fourier syntheses.
Least-squares refinement reduced the R value to 13.6%. Two molecules
were observed in the asymmetric unit and were found to correspond to the
optical antipodes having the same relative stereochemistry. Thus, the
stereochemistry is firmly established to be as shown in 686 (275).

A number of alkaloids having the kopsane skeleton have been isolated
and their relative stereochemistry deduced (Volume XI, p. 244). To date,
all the alkaloids having this skeleton appear to belong to the same stereo-
chemical series, but the absolute stereochemistry has not been determined.
The first demonstration of the stereochemistry came by analogy with
(—)-aspidospermine (276). This assignment was reversed when a chemical
correlation with minovincine was carried out (277).

In order to firmly establish the absolute stereochemistry, an X-ray crys-
tallographic analysis of (—)-kopsanone methiodide was made (278). These
data confirmed the assignment of the structure 687 to (—)-kopsanone and
determined the D ring to be in a chair conformation.

The X-ray analysis of (—)-aspidospermine methiodide established the
absolute configuration 253 for this compound (279).

In 1965 Walser and Djerassi isolated vallesamidine from Vallesia dicho-
toma Ruiz et Pav. (272). Its novel structure yet apparent close relationship
to the Aspidosperma alkaloids indicated a need for establishment of the
absolute stereochemistry.

Vallesamidine methiodide crystallized as monoclinic prisms, and 6375
diffraction intensities were collected. Evaluation of these data not only
confirmed the structure but gave the absolute stereochemistry shown in
688 for vallesamidine (280).

In a continuation of their efforts to firmly establish the nature of their
isolates Djerassi and Ling have examined the X-ray crystal structure of one
of the novel alkaloids isolated from Aspidosperma dispermum (76). These
alkaloids lack the characteristic ethyl side chain and are therefore of
considerable biosynthetic interest. The compound chosen was the methyl
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ether of aspidodispermine as the hydrobromide. The compound has a
negative rotation. The structure was solved by determination of the posi-
tion of bromine followed by further refinement by a full-matrix least-
squares calculation. The calculated Fourier map revealed all the atoms of
the alkaloid and indicated the structure to be 162 (281). That this was also
the absolute configuration was confirmed by comparison of the ORD curve
with that of (—)-aspidospermine (253).

Brown and Djerassi have described the isolation of several novel Aspi-
dosperma alkaloids from A. obscurinervium Azembuja (282). Typical of
these alkaloids is obscurinervine (689). The unique nature of the heptacy-
clic system was confirmed by an X-ray crystallographic analysis of the
hydrobromide of obscurinervine (283).

The structure determined from this analysis indicated that the original
structure (689) proposed for obscurinervine was correct including all
aspects of the relative stereochemistry.

The structure of haplophytine was determined by crystallographic
analysis of the dihydrobromide to be 690 (284). However, it was
subsequently established that in the formation of the dihydrobromide a
rearrangement must have taken place. Haplophytine was then suggested to
have structure 691. Clearly, a rearrangement such as this required more
careful evaluation, and one approach was to examine the X-ray crystallo-
graphic structure of haplophytine itself (285).
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Haplophytine crystallized as the methanolate in the orthorhombic space
group. Refinement by full-matrix anisotropic least-squares three times
gave a difference map containing all C, N, and O atoms. The resulting
structure is in agreement with 691, including all the stereochemical
assignments (285).

Oberhinsli (286) has examined the crystal structure of the metho-
bromide of meloscine and confirmed the structure and stereochemistry
deduced by chemical and spectroscopic methods.

The results of the X-ray structure determinations of voaphylline (177)
(86), capuronine acetate (227) (107), and dihydrovindolinine (152) (72)
have been discussed elsewhere.

Without doubt, however, the most important technique to come to the
fore in the last ten years is that of >*C NMR aided by Fourier transform
instrumentation. The *C resonances for many carbons in indole alkaloids
have characteristic values, and consequently considerable structural
information can be gained from the spectrum. In Table III the "*C NMR
shifts of the carbon atoms of a number of alkaloids in the Aspidosperma
series are given (20, 50, 51, 59, 100, 102, 109, 287-290).

Clearly, a detailed discussion of either the technique or individual
resonances is beyond the scope of this review. A number of generalizations
may be made, however, based mainly on the work of Wenkert et al. (20).
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TABLY
13C NMR OF ASPIDOSPERMA
2 3 5 6 7 8 9 10 11 12 13 14
Vincadifformine 1674 504 51.6 45.1 55.4 137.7 121.0 1205 1273 109.2 1437 219
167.8 51.7 50.7 45.3 55.5 1380 1210 1205 1274 1093 1434 222
N-Methyl-2,16- 75.5* 522 535 429 524 1355 1223 1176 1273 1069 1524 21.1
dihydro
N-Methyl-148- 77.0* 59.0 54.0 42.5* 529 1360 1227 1183 1280 1075 153.0 66.7
hydroxy-2,16-
dihydro-
N-Methyl-18a- 77.0 454 53.0 436 522 136.0 123.0 1183 1280 107.5 153.0 28.0*
hydroxy-2,16-
dihydro-

Tabersonine 166.7 50.3* 50.8* 44.6 55.0 137.8 1214 1205 1276 1092 1431 1248
2,16-Dihydro- 66.3 513 522 43.0 529 1335 1228 1175 1273 1079 1499 1228
N-Methyl-2,16- 757 514 52.8 433 528 1343 122,01 1174 1275 1067 1523 1221
dihydro-

Hazuntinine 1660 49.2 51.4 43.6 548 1287 1035 1493 1435 953 137.0 518

Vindoline 832 509 51.9 439 526 1249 1224 1045 161.1 956 1536 1239
Dihydro- 835 524 51.4 434 524 125.2 1227 1041 1606 95.6 154.0 224

Vincoline
19-Epi- 95.0 530 54.1 35.7 559 1357 1219 1188 1260 1082 1474 128.5*

Cimicine 67.0 422* 481 33.6% 585 1378 1182 1283 1150 1469 1272 24.6*

Cimicidine 677 42.3* 483 33.7* 580 137.2 1145 1103 1499 1296 1280 25.6*

Aspidophytine 718 433 473 35.4 573 133.8 1202 1023 1539 1436 1494 21.5

Vandrikidine 1674 499 50.8 442 548 1304 1220 1052 1599 96.6 144.0 1276

Vandrikine 167.4 457 51.2 45.1 54.2 1305 1215 1048 159.8 96.5 144.1 27.4°

Vindolinine 814 580 50.3 36.3 59.8 139.8 1236 121.0 127.2 112.0 1494 1285
N-Methyl- 844 580 50.0 36.0 588 1358 123.0 1178 1277 1056 1502 1277
16-Epi- 805 574 50.1 35.0 60.7 1357 1231 1189 1269 109.0 148.7 1282
14,15-Dihydro- 80.6  55.0 48.1 373 60.3 140.1 1236 1211 1272 1127 1495 20.7

Venalstonine 66.5 49.0 50.0 36.4 56.1 139.5 1211 119.0 1268 1109 149.0 1265

Pandoline 1659 68.6 511 452 556 1372 121.3 1205 1279 1094 1437 36.0
2,16-Dihydro- 657 735 54.6 394 522 1346 1225 1183 1275 1087 1502 35.2

Pandine 1648 689 50.3 414 60.2 1305 1212 1209 1276 1086 1443 43.0
2,16-Dihydro- 63.0 74.6 526 377 548 131.7 12t6 1186 1275 1095 1497 43.6

Ibophyllidine 165.1 65.7* 476 41.3 558 1386 1232 1213 1276 1087 1431 378

Iboxyphylline 1641 703 53.1 41.4 57.8 137.1 1222 1199 1273 1087 1428 376

Vincamine 1314 445 50.9 169 1059 1289 1184 121.5 1201 1102 1341 20.8

Vincine
14,15-Dehydro- 1302 433 49.3 16.4 1060 1234 1186 1092 1560 952 1348 1253
14,15-Dehydro-16- 131.5 434 49.3 164 106.0 1234 1186 1092 156.0 952 1348 1253
epi-

Meloscine 1719 456 52.4 432 568 1265 1272 1236 1722 1154 1348 1264

Epimeloscine 173.0  45.7 51.7 354 553 135.8% 122.3* 1232* 1267 1162 136.5% 1208

Scandine 170.2 476 53.2 398 577 1285 1267 1234 127.2% 1155 1341 1227

Melascandonine 1690 47.2 54.8 38.1 548 1305 123.5% 123.4% 1276 1163 1365 1240

© Asterisk indicates some ambiguity regarding the assignment.
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I
ALKALOIDS"
Ester Ar Acetyl
15 16 17 18 19 20 21 N-CH3 CO OCH3; -OCH3 CO CH3 Ref.
323 924 25.6 7.0 293 38.1 72.4 168.9 50.8 109
329 92.8 25.6 7.3 29.3 38.2 727 169.2 50.9 20
36.4 37.9 27.5 7.8 34.2 334 76.1* 352 175.5 511 287
42.1* 376 283 78 35.7 332 75.7* 354 175.8 51.6 287
72.6 38.0 25.8 73 29.0% 38.0 70.2 356 176.2 51.4 287
132.9 922 26.7* 7.3 28.4* 412 69.9 168.8 50.8 20
134.5 39.2 318 8.2 337 37.3 69.1 1752 513 287
135.0 37.7 31.0 8.3 337 37.0 70.0 358 1749 51.1 287
57.0 90.7 233 73 26.3 36.8 70.8 168.8 50.7 559 20
130.2 795 76.2 7.5 30.6 42.8 67.0 38.0 170.4 519 55.1 171.7 20.8 20
33.0 78.3 75.6 7.8 299 40.0 723 37.7 170.0 520 55.0 172.3 20.7 20
127.5* 864 347 18.9 81.8 48.0 76.2 172.6 521 51
34.3* 246 200 175.4 43.3* 402 106.1 59
34.8* 25.6* 200 175.6 43.5* 403 106.3 56.2 59
346 1256* 130.5* 1757 478 414 1072 354 55.8 288
1296 90.8 28.1 17.7 67.9 46.0 66.3 168.3 50.8 55.3 20
79.8 939 26.6* 64.7 346 46.4 68.7 168.5 50.8 55.2 20
130.7 392 29.1 7.4 48.4 46.2 78.0 174.2 518 50
130.8 37.0 28.0 9.0 47.0 456 77.0 30.0 1740 520 50
1306 394 319 7.8 44.8 47.8 76.4 174.5 51.7 50
31.2 40.2 29.0 7.5 51.0 445 78.8 175.0 52.0 50
1325 434 29.6 31.6 34.0 350 66.8 173.7 51.6 50
393 97.4 25.7 7.4 326 710 61.3 168.6 51.1 100, 109
38.8* 379 236 71 331 71.0 63.6 175.7 51.5 100
442 96.3 40.8 8.2 30.2 82.0 77.0 168.1 51.1 102
440 39.2 36.6 8.3 29.8 80.3 75.5 173.2 51.8 102
34.9 922 256 124 31.8 75.6* 168.9 50.8 109
36.5 942 26.0 16.5 41.1 73.1 59.3 1679 50.7 109
25.2 81.9 44.5 7.6 28.8 351 591 174.3 541 289
127.9 820 43.1 8.1 345 36.6 57.3 1729 53.7 55.4 289
1279 84.0 45.6 8.1 349 38.0 56.9 171.8 522 55.4 289
1342 500 408 1122 1424 473 81.1 290
1309 479 340 1121 1443 449 71.5 290
1312 636 440 1444 1420 465 83.5 1693 524 290
127.4 67.7 36.0 11.0 50.7 44.3 69.9 2100 290
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As with most ">C NMR spectra, those of Aspidosperma alkaloids can be
divided into two regions: above 90 ppm, where there is the region of sp?
carbon atoms (olefinic, aromatic, carbonyl); and below 90 ppm, where
there is the complex region of sp> carbons attached to hydrogen, oxygen,
or nitrogen. The indole or indoline nucleus shows quite characteristic
carbon resonances when there is no substitution on the benzene ring and the
order is typically C-13, C-8, C-10, C-11, C-9, C-12, and C-7. In the
B-anilinoacrylate series this order is C-13, C-8, C-11, C-9, C-10, and C-12,

Substitution by methoxy in the aromatic nucleus is readily apparent. The
typical shift for the carbon bearing the methoxy group is 30 ppm down
field, for an ortho carbon 15 ppm and for a para carbon 7 ppm. The point
of attachment is therefore simply determined.

In general the next group of carbon frequencies is those associated with
heteroatoms, e.g., C-21 in Aspidosperma alkaloids, where the heteroatom
is oxygen, or C-20 in pandoline (220), where the atom is oxygen. As
expected, attachment to both oxygen and an electron-withdrawing group
has a substantial effect, e.g., C-16 in vindoline.

A third more diffuse group of resonances is those carbons bearing
electron-withdrawing groups or which are allylic, e.g., C-16 in venalstonine
and C-20 in tabersonine. The remaining carbons are those associated with
aliphatic carbons, and in many cases close chemical shift approximations
can be accomplished by application of established equations or, preferably,
good skeletal models.

One of the important observations to develop the work on Aspidosperma
alkaloids was an “‘endocyclic homoallylic effect” (20) in alkaloids having a
double bond in the piperidine ring. For example, C-21 in tabersonine (28)
is observed at 69.9 ppm, yet is at 72.7 ppm in vincadifformine (2).

The 300 MHz spectrum of vindolinine (150) was carried out by Durham
et al. (291) to confirm the structure revision suggested by the C-13 NMR
spectrum (50) and confirmed by the X-ray analysis (73).

As these workers pointed out, a structure such as the one now proved for
vindolinine was ruled out by the assignment of a ““doublet” at §3.83 ppm in
the 60 MHz spectrum to the C-2 proton. This assignment has been used
subsequently by numerous workers in structural assignments.

The 300 MHz spectrum of vindolinine (150) still contained some over-
lapping signals but was essentially first order. Because of this, not only did
the proton assignments become greatly simplified, but most of the coupling
constants could be determined. The key question to be answered initially
was, ‘“Which proton gave rise to the signal at 3.97 ppm which was now
observed as a pair of doublets (J =18, 5 Hz)?” By measurement of coup-
ling constants and appropriate spin decoupling (at 100 MHz), it was shown
that this proton was the 8-proton at C-3 being strongly deshieclded by the
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nitrogen and the double bond. The C-3a proton appeared at 3.29 ppm.
Because these assignments and the coupling constants are so important in
the structure determination of Aspidosperma alkaloids, they are
reproduced in Table IV.

TABLE 1V
PROTON ASSIGNMENTS AND COUPLING CONSTANTS OF VINDOLININE?
8(ppm) J(Hz) 8(ppm) J(Hz)

H-3a 345 3.3,2,18 H-15 6.16 10,3.3
H-38 3.97 5,18 H-16a 3.04 6,12
H-5a 3.29 9,10.5,7 H-17«a 2.47 6,14.5
H-58 3.40 9,9 H-178 1.80 12, 14.5
H-6a 2.17 7,16 H-19a 2.08 7.0
H-68 1.85 10.5,16,9 H-21 3.46
H-14 5.78 10, 5,2

“ From Bruneton and Cavé (153).

The use of INDOR experiments in the Fourier transform (FT) mode has
recently been applied to the structure elucidation of andranginine (378)
and brings yet another PMR technique to the structure elucidation of
Aspidosperma alkaloids.

The FT technique permits the storage of the original free induction
decay (FID) signals. The proton under study is subjected to the RF irradi-
ating field, and the same number of FID signals are accumulated, The two
are then subtracted and the difference Fourier transformed. Signals which
are not coupled to the proton under study disappear after subtraction,
although those of close chemical shift may be observed at low intensity and
slightly shifted. The proton under study reappears after subtraction, as
expected. The coupling constants can be obtained from the difference
spectrum. By judiciously irradiating critical protons, most of the protons
could be assigned and their stereochemistries deduced (126).

The diagnostic potential of proton nuclear relaxation times is an under-
developed NMR technique which has only recently been applied to
complex molecules. The first determination on vindoline (101) used the
audio-frequency pulse technique (292), but with the advent of FT tech-
niques the longitudinal relaxation times (T}) of all the protons of vindoline
could be determined (293) (see 692). The T, values vary from 0.45 to 2.7
sec, the smaller times being quite characteristic of methylene protons. Also
important was the finding that peripheral groups showed longer relaxation
times than groups in the center of the molecule.
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Appendix

In the time that has elapsed since this review was first submitted for
publication there have been several papers published in the area of Aspi-
dosperma alkaloid chemistry. In addition, a small number of papers omit-
ted from the prior discussion have been brought to the attention of the
reviewer. An appendix was therefore deemed necessary. It is organized
along the same lines as the main body of the review, and appropriate
section designations are given for the new material.

I1.A.19. 14a,15a-Epoxy-19S-hydroxytabersonine (Cathovalinine) (693)

Continuing studies on Catharanthus ovalis Mgf. have afforded another
new B-anilinoacrylate alkaloid, cathovalinine {mp 223°, [a ] —492°} (294).
The molecular formula, C;;H,40,, suggested the addition of two oxygen
atoms to a tabersonine skeleton, and from the mass spectrum which
showed important fragment ions at m/e 214 and 154, these should be
located in the piperidine ring or the ethyl side chain. An ion at M*—45
(loss of radical B) indicated that one of these oxygens was a hydroxy group
in the ethyl side chain. The NMR spectrum located this group at C-19 from
a three-proton doublet at 1.13 ppm for the C-18 methyl group, and a
quartet at 3.30 ppm for the C-19 methine proton. Absorptions in the IR
spectrum indicated the presence of hydroxyl and B-anilinoacrylate units,
but gave no indication of additional carbonyl absorption. The oxygen in the
piperidine ring must therefore be present as an ether group. The possible
presence of a C-3 lactam was eliminated when cathovalinine gave, with
sodium cyanoborohydride-acetic acid, a 2,16-dihydro derivative showing
only saturated ester absorption at 1740 cm™'. A minor product of this
reaction was an internal lactone which showed a C-19 proton at 4.45 ppm.
Cathovalinine was therefore assigned the gross structure 694 identical to
that of hdrhammericine (41). Direct comparison with hérhammericine,
however, indicated that these compounds were not identical. The structure
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of cathovalinine (693) was solved by single-crystal X-ray analysis which
indicated a 14a,15a-epoxy and a 19§ hydroxy group (294).

I1.B.7. Alkaloids of Melodinus celastroides

Rabaron and Plat (295) have reported the isolation and structure eluci-
dation of four new alkaloids from the leaves and twigs of Melodinus
celastroides Baillon.

20,21-Epi-(+)-aspidospermidine (695) {[a]p+ 82°} gave a molecular ion
at m/e 282 (C1oH26N,) and a CD curve indicating the chirality at C-2 and
C-7 to be the same as that in (+)-aspidospermidine (249). The major
differences, however, were observed between the mass spectra of 695 and
249. In particular, the molecular ion of 695 is the base peak and the M —1
ion is quite intense, and whereas m/e 124 is the base peak in the spectrum
of 249, it is only a weak signal in the spectrum of 695. These data suggest
that the C-21 proton in 695 has the a configuration.

The NMR spectrum of 695 shows a triplet for the C-18 protons at
0.64 ppm. In 249 this signal appears at 0.88 ppm, indicative of a C-20
a-ethyl group. On this basis, the alkaloid was assigned the structure
20,21-epi-(+)-aspidospermidine (695). Also isolated was the N-oxide 696
(mp 215°), which was reduced with ferrous ion to give 695.

The two other alkaloids isolated were found to be structural isomers.
Meloceline exhibited a molecular ion at m/e 296 (C,;0H24N,QO) and shows
an indoline UV spectrum. The IR spectrum displayed a carbonyl absorp-
tion at 1660 cm ™ characteristic of a y-lactam. Two protons in the NMR
spectrum at 2.19 and 2.72 ppm were assigned to a methylene adjacent to a
carbonyl group and a quaternary carbon. The mass spectrum of meloceline
had a number of interesting features, namely, a low mass region having
ions at m/e 130, 143, 144, and 156, and an M"* — 42 ion suggesting a loss of
ketene. The structure 697 for meloceline is in agreement with these
findings.

Melocelinine (mp 188°), although quite similar to meloceline overall,
gave a carbonyl absorption at 1635 cm™' typical of a 8-lactam and a base
peak at m/e 140 in the mass spectrum interpreted as 698. Melocelinine
therefore has the structure 699.
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Oxidation of N-acetyl-20,21-epi-(+)-aspidospermidine (700) with
chromium trioxide in pyridine gave a mixture containing both acetyl-
melocine (701) and acetylmelocelinine (702). Consequently, melocine
(697) and melocelinine (699) were also assigned the 20,21-epi configura-
tion (295).

II.LH.1 Pandoline (220) and Epipandoline (221)

Pandoline (220) and epipandoline (221) have been isolated from
Melodinus polyadenus (Baillon) Boiteau (296,297) and Ervatamia
obtusiuscula Mgf. (298).

In previous work the C-20 configuration of these alkaloids had been
suggested on the basis of chromatographic properties. More recently, two
groups have reported on this problem (297, 299). Reduction of pandoline
with sodium borohydride/glacial acetic acid at 90° for 30 min gave a
mixture of 3,7-secopandolines A (703) and B (704), whereas epipandoline
gave only one isomer (705). The three compounds were examined by
B¢ NMR, but the similarity of the chemical shifts could not in itself
distinguish between the C-20 configurations. Comparison with (+)-vel-
banamine (706) of established C-20 stereochemistry gave a good chemical
correlation. Representative data are shown in Table V. Thus, 3,7-seco-
pandoline A (703) and B (704) have the C-20 stereochemistry in which the
C-20 ethyl group is 8. Pandoline and epipandoline are therefore represen-
ted by structures 220 and 221, respectively (297).
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REPRESENTATIVE CHEMICAL SHIFTS OF PANDOLINE DERIVATIVES

TABLE V

365

3,7-Secopandoline A (703)
3,7-Secopandoline B (704)
(+)-Velbanamine (706)
3,7-Secoepipandoline (705)

&(ppm)
C-14 C-15 C-18 C-19 C-20 C-21
305 395 6.9 326 712 66.1
304 383 7.1 338 713 656
30.1 404 6.9 32.3 716  65.8
292 37.7° 14 35.4 726  64.4

? Tentative assignment,

CO,CH,
703/704

707 B'CzH_r., G'OH
708 «-C,Hs, B-OH

A second determination (299) was made by conversion of (+)-pandoline
(220) to (—)-velbanamine (707) by catalytic hydrogenation (Pd/C) in
trifluoroacetic acid followed by acid-catalyzed decarboxylation to give 707
{mp 137-142°, [a]p—56° (CHCl3)}. A similar conversion of (+)-20-
epipandoline (221) led to (—)-isovelbanamine (708) {mp 189-193°, [a]p—

21° (MeOH)}.

The two products were identical with authentic samples except for
optical rotation. Thus, pandoline (220) has the 20R configuration in which
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the hydroxyl group has the a-orientation, and epipandoline (221) has the
20S configuration.

II.H.2. Pandine (709)

A single-crystal X-ray crystallographic determination of pandine
indicated that the original gross structure was correct and that the C-20
configuration was R (300). Pandine is therefore represented by structure
709.

I1.J.6. Tubotaiwine-N-Oxide (273)

Kingston and co-workers (301) have isolated tubotaiwine-N-oxide
(273) as the cytotoxic constituent of the roots of Tabernaemontana holstii
K. Schum.

I1.J.7. Ellipticine (267) and Related Compounds

The metabolism of ellipticine (267) has been examined in the rat.
Although 9-hydroxyellipticine was shown to be the product of metabolism,
unlike most aromatic hydroxylations there is no involvement of an arene
oxide, and therefore no NIH shift mechanism operates (302).

III.A. REARRANGEMENT OF TABERSONINE (28) TO VINCAMINE (277)

The rearrangement of tabersonine (28) to vincamine (277) is an
important commercial process. Recently, two (303, 304) patents have
appeared describing new routes to 277 from 28.

Oxidative rearrangement of 28 with m-chloroperbenzoic acid followed
by hydrogenation gave vincamine (277) and epivincamine (299) in the rati'o
1:6.5. Reversal of the reaction sequence and the use of p-nitroperbenzoic
acid gave 277 and 299 in the ratio 4:1 (303).

The oxidative rearrangement of 28 and 2 has also been affected with
cupric ion in aqueous dimethylformamide in an oxygen atmosphere at
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room temperature (304). Vincamine (277) and 16-epivincamine (299)
were produced in 8.4% and 12% yields, respectively.

IILLL. CHEMISTRY OF VINDOLINE (101)

In spite of the importance of vindoline (101), the chemistry of this
alkaloid had been little investigated until recently, and was stimulated by a
desire to vary the nature of the unit coupling with catharanthine N -oxide
(305).

Deacetyldihydrovindoline (710) when heated with N,N’-thio-
carbonyldiimidazole gave the thiocarbonate 711 in 88% yield, and
subsequent treatment with Raney nickel in refluxing THF gave 712.
Catalytic reduction (H,/Pt) afforded 713 after treatment with potassium
tert-butoxide. A tertiary hydroxyl group at C-16 was introduced by treat-
ment of 713 with hydrogen peroxide—oxygen in the presence of lithium
diisopropylamide, although assignment of the stereochemistry in the prod-
uct 714 was not possible (Scheme 50). A similar series of reactions in the
vindoline series gave 715 (305).

(ii) t-BuO

715 14,15-dehydro-

CO,CH,

SCHEME 50
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IV.A.

A partial review of the synthesis of the Aspidosperma alkaloids has been
published (306).

IV.A.5. Synthesis of Deoxyaspidodispermine (158)

Honma and Ban (307) have reported a second synthesis of deoxy-
aspidodispermine (158). Crucial in this scheme is the eosine-sensitized
stereospecific addition of oxygen to the diene (716) in quantitative yield.
Catalytic hydrogenation of 717 under pressure gave diol 718, from which
water was eliminated, after basic hydrolysis of the urethane group, to give
the indolenine 719. Lithium aluminum hydride reduction gave the indoline
720 which could be acetylated to deoxyaspidodispermine (158) under mild
conditions (307) (Scheme 51).

05 /eosine
sunlight

!
c,H.Co, ©
77

pressure l PtO5/Hy

<\N

10% NaOH/MeOH
e

N

i OH

CO,C,H;
718

720 R=H
158 R=COCH;,

SCHEME 51. Honma—Ban synthesis of deoxyaspidodispermine (158).
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IV.A.7. Synthesis of Aspidoalbidine (721)

In 1975, Ban and co-workers reported a synthesis of N-acetyl-
aspidoalbidine (411) (211). More recently, this group has reported (308) a
synthesis of the parent compound aspidoalbidine (721), which is also
known as fendleridine.

Lithium aluminum hydride reduction of the aldehyde 447 was previously
reported to give the enamine alcohol 450. Reexamination of the product
by NMR spectroscopy indicated that this structure should be revised to
722. Catalytic hydrogenation gave the amine alcohol 723, and subsequent
oxidation with mercuric acetate in 5% aqueous acetic acid at 75° gave 721
(308) (Scheme 52).

Hg(OAc),,
75°

450

SCHEME 52. Ban and co-workers’ synthesis of aspidoalbidine (721).

IV.A.16. Improved Routes to Intermediates for the Synthesis of Vindo-
line (101) and Vindorosine (99)

The tetracyclic indoline (525) is a key intermediate in the synthesis of
vindoline (101), and the corresponding demethoxy analog is important in
the formation of vindorosine (99). Takano and co-workers have now
reported two improved routes to the intermediate 525 (309).
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The diazoketone 724, prepared from 6-methoxy-1-methyltryptamine in
an unexceptional manner, was treated with trifluoroacetic acid to give the
vinylogous amide 725 in 35% yield as a mixture of epimers. Treatment of
the mixture with lithium in liquid NH; gave 525 in 92% yield.

The second route begins with 1,2-dimethyl-6-methoxytryptamine, which
is condensed with diethylethoxymethylenemalonate to give 726. When this
vinylogous urethane was heated with acetic anhydride : acetic acid (3:2),
the vinylogous amide 725 was obtained in 52% yield as a mixture of
epimers. The corresponding intermediate in the synthesis of vindorosine
(99) was prepared from 1,2-dimethyltryptamine in 65% yield (309).

| NCOCH,

CH,0 N
CH,
CHN,
724 0
lTFA
/P‘NCOCHJ NCOCH,
H .-H

‘ ‘ Li/NH3
—
CH,0 N (6] CH;0 N o

CH, H,C H
725 525
TACZO/HOAC
NH
L\T/COZCZH5
CH,0 N' CHfOZ(:zH5
Ch,
726

The novelty of these syntheses merits some explanation. The inter-
mediate 725 is envisaged as being produced from diazoketone 724 by
electrophilic attack on C-2 and subsequent rearrangement (Scheme 53).
Cyclization of 726 is thought to proceed via the tricyclic amide diester 727,
as shown in Scheme 54.

Ban and co-workers have recently reported (310) a total synthesis of
525, an intermediate in Biichi’s synthesis of vindoline (101). Previous work
(205) had succeeded in the synthesis of 417 beginning with 2-hydroxy-
tryptamine (406) (Scheme 16). Now, these workers have reported a
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synthesis of the analog 728 using 2-hydroxy-6-methoxytryptamine (729).
The crucial steps are summarized in Scheme 55. Reduction of the vinyl-
ogous amide group in 728 to the aminoketone in 525 was accomplished
with lithium in liquid ammonia.

IV.D. SYNTHESIS OF ALKALOIDS WITH THE ELLIPTICINE/OLIVACINE
SKELETON

A patent (311) has appeared on the synthesis of both 6 H -pyrido[4,3-
blcarbazole (637) and olivacine (669), as described previously (270, 271).
Two new synthetic approaches to ellipticine have been reported
(312, 313). One of these (312), developed by Jackson and co-workers,
does not rely on preformed indoles. The initial steps are formylation of
2,5-dimethyl acetanilide (730) and conversion of the product to the amine
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6] CHgl/NaHl (i) Li/Liq. NH3

NCOCH,
.-H
CH,O N O
H,C H
525

SCHEME 55. Ban and co-workers’ synthesis of the Biichi intermediate 5285.

731 via the corresponding imine. N-Tosylation and coupling with p-
bromoanisole in the presence of potassium carbonate and copper foil
(Goldberg reaction) gave the diphenylamine (732) (Scheme 56). In prin-
ciple, thermal dehydrogenation should lead to an N-acetyl-9-methoxy-
ellipticine derivative.

The carbazole aldehyde 733 has been used in previous syntheses of
ellipticine, but Jackson and co-workers (312) have reported an improved
conversion of this compound to ellipticine (267). Condensation with
aminoacetaldehydediethylacetal followed by reduction and tosylation
afforded the tosylate 734 in 93% yield. Acid hydrolysis gave ellipticine
(267) in 90% vyield (312) (Scheme 57).

A quite different synthetic approach has been used by Bergman and
Carlsson (313). It had been shown previously (314) that condensation of
2-ethyl indole (735) with 3-acetylpyridine (736) in acetic acid gave 737.
This compound has now been successfully transformed to 267. N-Alkyl-
ation with butyl bromide followed by rapid heating at 350° for 5 min gave



3. THE ASPIDOSPERMA ALKALOIDS 373

CH, CH,
(i) POCiz/DMF R NH
(i) NH,CH,CH(OCoHs),,
A
TH iil) Hp/PtO, }}N OC,H,
cocH,tHs COCHy CHs oc,u,
730 731
Br
i) K,CO, (i) TosCl/py
OCH,
CH:;O\Q NTs
N /JOCZHS
COCH; CH, .
70% s
0% 732
SCHEME 56
CH, : CH,
CHO @ NH2CH2ACH(0C2H5)2: | NTs
Gii) PtO3/H,
I;Jl (iif) TosCl/py l;ll OC,H,
CH, CHs oc,H,
733 93% 734
l}-[e/aq. dioxane
90% 267

SCHEME 57

267 in about 70% overall yield (313) (Scheme 58). To date, this is the most
efficient synthesis of 267.

An entirely new approach to the synthesis of ellipticine (267) has been
reported by Kozikowski and Havan (315). Crucial in this synthesis is the
Diels—Alder addition of an acrylic acid moiety to an oxazole followed by
elimination of the oxygen bridge to give a pyridine. Thus, heating the
oxazole 738 in acetic acid-acrylonitrile at 145° gave the indolyl-ethyl
pyridine 739 in 16% yield (Scheme 59). The N-acetyl derivative of this
intermediate had previously been converted to 267 (266).
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SCHEME 58. Bergmann—Carlsson synthesis of ellipticine (267).
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SCHEME 59. Kozikowski—Havan synthesis of ellipticine (267).

The oxazole was prepared from indole acetonitrile (740) by dicar-
bomethoxylation, hydrolysis, and C-alkylation with sodium methoxide~
methyl iodide to afford 741. Hydrolysis, decarboxylation, and esterification
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then gave the methyl indolylacetic acid (742). Treatment of this ester with
the lithium salt of methyl isocyanide gave the oxazole 738 in 80% yield
after quenching with acetic acid.

A further modification of methods which have already been described
has been discussed by French workers (316) for the formation of 9-
methoxy ellipticine (743). It combines the Borsche (317) synthesis of
tetrahydrocarbazoles with the Cranwell-Saxton approach (318) for the
pyridine ring, to produce the carbazole aldehyde 744 (Scheme 60).

CH, CH,
CH,0 o CH:O
+ H, |
NHNH, o N
CH, H  cn,
745 746 747
chloranil,
THF, A
CH, R
CH,0 CHO CH,0
POCI3, NMF
Suoi-adu®
N N
H  cpy, H  CH,
744 748 R=CH,
749 R=H
(i) NH,CH,CH(OC,Hs)y
(i) PtO3/Hy
(iii) TsCl
(iv) H
CH,
CH,0 O N
N =
H o cy,
743

SCHEME 60

Condensation of p-O-methoxyphenylhydrazine (745) with 2,5-
dimethylcyclohexanone (746) gave mainly the tetrahydrocarbazole 747,
which was dehydrogenated with chloranil in refluxing THF. The resulting
carbazole 746 was formylated under Vilsmeier—Haack conditions to afford
744. Formation of the pyridine ring can then be achieved by condensation
with the diethylacetal of aminoacetaldehyde followed by reduction of the
imine, N-tosylation, and cyclization to give 743 as described previously
(Scheme 57). When the 4-methyl group is not present in the carbazole 748,
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i.e.

, 7149, subsequent cyclization of the tosylamino acetal gave a mixture of

both pyrido [4,3-b] and [3,4-c] carbazoles (316).
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L. Introduction

During the past years the increasing interest and research in the isolation,
chemistry, biochemistry, and chemotaxonomy of the Papaveraceae
alkaloids had led to the publication of a great number of original
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communications and summarizing reports. In 1970, information available
on these alkaloids was reviewed in the series of The Alkaloids (Vol. XII, p.
333), but since then many important papers on this subject have appeared.
Therefore, it seems desirable to incorporate the recent advances in this field
into a supplementary review. The organization of this chapter is similar to
that of the 1970 review. It was, however, necessary to add the isoquinoline
alkaloids to the group of benzylisoquinoline alkaloids gnd to rename the
group of tetrahydroprotoberberine and protoberberine alkaloids into a
group of alkaloids of the berbine type because the Papaveraceae plants were
also found to contain pseudoprotoberberine bases. The narceineimide alka-
loids with two nitrogens were classified with the narceine alkaloids, and the
group of spirobenzylisoquinoline alkaloids was subdivided into (a) ocho-
tensimine, (b) hypecorine and canadaline and, (c) peshawarine types of
alkalotds. Furthermore, it was deemed necessary to add the group of dimeric
alkaloids and the group of those alkaloids which occur in the Papaveraceae
plants but are not derived from isoquinoline or benzylisoquinoline. New
information on the alkaloids in the individual Papaveraceae plants contri-
butes to the chemotaxonomic classification of the individual plant species to
the correct tribes and genera. For this reason Section IV on chemotax-
onomy, ecology; and callus tissues has been added.

The chemistry and the pharmacology of benzylisoquinoline alkaloids
were dealt with in the monograph by Shamma (7). He also wrote (2) a
chapter on the spirobenzylisoquinoline alkaloids for the series The Alka-
loids and on the isoquinoline alkaloids for the book by Pelletier (3).
Kametani (4) published a two-volume monograph (1968 and 1974) on the
isoquinoline alkaloids in which, in addition to the formula, melting point,
and optical rotation of the alkaloids, the origin of the plant material studied
and the reference numbers indicating the literature on the physical prop-
erties, spectroscopy, and the syntheses were given. Each of these two
volumes contains a detailed introduction to the chemistry of the individual
groups of isoquinoline alkaloids. Kithn, Thomas, and Pfeifer (5, 6), and
SantaV)'I (6a) have reviewed the Papaveraceae alkaloids. Dopke published a
two-volume continuation of the books by H. G. Boit (Ergebnisse der
Alkaloid-Chemie) on the progress made in the field of alkaloids (including
the Papaver plant alkaloids) during the years from 1933 to 1968 (6b).*

The British Chemical Society has recently begun to publish each year a
volume entitled The Alkaloids (10) which, in always briefer form, records
those reports on alkaloid chemistry and biochemistry which have appeared
in the preceding year. Farnsworth (11) undertook to publish a periodical

* The benzylisoquinoline alkaloids were also found in the Thalictrum genus (Ranun-
culaceae) and were dealt with in a review by Schiff and Doskotch (7) and in other reports (8, 9)-
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entitled “Pharmacognosy Titles” containing refereaces on the isolation,
chemistry, and biology of natural products, including the Papaveraceae
alkaloids.

Robinson (12)wrote a review on the metabolism and function of alkaloids
in plants in which references to morphine, codeine, and thebaine were given.
Preininger (13) published a comprehensive review including 691 references
on the pharmacology and toxicology of the Papaveraceae alkaloids.

In this chapter only the new formulas or those which are necessary for the
clarity of the text are given; the formulas of the compounds mentioned in
previous chapters of this treatise are not always included.

1. Occurrence, Detection, and Isolation of Alkaloids

Similar to the earlier review published in this series (Vol. XII, p. 333), the
Papaveraceae plants were subdivided into tribes and genera as listed in
Table 1. This shows the source of isolation for the alkaloids.

Table II (14-293) is supplementary to the previous tables on
Papaveraceae plants and their alkaloids (Vol. IV, p. 79; Vol. IX, p. 44; Vol.
X, p. 467; Vol. XII, p. 335). In Table II all the recently investigated plants,
the reinvestigated plants, and those for which the already isolated alkaloids
have now been examined for structural elucidation are given together with
the appropriate references.

Studies of the isolation and the constitution of alkaloids of the
Papaveraceae family have led to the investigation of the effect of various
types of drying on the quantity of alkaloids in the leaves of Macleaya
(Bocconia) microcarpa (52), the stability of some Papaver alkaloids (in
different solvents) to sunlight (294), the accumulation of alkaloids in the
latex of the Papaveraceae (243), the site of origin of the alkaloids in the
studied plants (295, 296), the different geographical zones (297, 298), the
time after flowering (299), and the seasonal variations in the content of the
individual groups of alkaloids, particularly in P. somniferum (300).

Numerous reports have also been published on the separation of the
individual alkaloids by using ion exchangers (301, 302), various solvents of
different pH (303), or multibuffered extraction systems (102, 103, 304~
306). The isolation of minor bases from extracts of P. somniferum (254, 282,
307-311) and of Fumaria officinalis (166) has been reported. The separa-
tion of the bases obtained from this plant material was also carried out by
countercurrent distribution (312) and column chromatography (313, 314).
The alkaloid coreximine was detected in P. somniferum by an isotope
dilution method which was based on the biosynthesis of this alkaloid from
reticuline (249). The isoquinoline type of quaternary alkaloids can be
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TABLE
SURVEY OF THE GENERA OF THE PLANT FAMILY PAPAVERACEAR
e
Benzyliso-
quinoline
substituents
3
3
e
- £
3., 8 B
g9 £ g
38 & .
@AV <) <t
Subfamily Tribe Genus <2 2 & o g
I. Hypecoideae Preridophyllum 1 - - = = =
Hypecoum 15 - - - - =
II. Papaveroideae Platystemoneae Meconella 6 - - - = -
Platystemon 57 R
Romneyeae Romneya 2 - - - + -
Eschscholtzieae  Dendromecon 20 - - - - =
Hunnemannia 1 - - - + -
Eschscholtzia 123 - - - + -
Chelidonieae Sanguinaria 1 - - - - -
Eomecon 1 - - - - -
Stylophorum 13- - - - =
Hylomecon 13- - - - -
Chelidonium 1 - - - - -
Macleaya 2 - - - - -
Bocconia 9 - - - - -
Papavereae Glaucium 21 - - - -
Roemeria 6 - - - + #+
Dicranostigma 3 - - - - =
Meconopsis (Cathcartia) 45 - - - - %
Stylomecon 2 - - - - -
Argemone 9 - - - + =
Papaver 100 + - + +
Arctomecon 3 - - - - =
Canbya 2 - - - - =
III. Fumarioideae Corydaleae Dicentra 17 - - - + -
Adlumia 1 - - - - -
Corydalis 280 + + - + =
Roborowskia batalin ? ? - - - -
Sarcocapnos ? ? - - - - -
Fumarieae Rupicapnos ? ? - - - -~
Fumaria 30 + - - -~
Trigonocapnos ? ? - - - - -
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ACCORDING TO ENGLER AND THE GROUPS OF ALKALOIDS FOUND

Types of known alkaloids
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TABLE 11
PLANTS OF THE PAPAVERACEAE AND THEIR ALKALOIDS

Plant Alkaloids References
Arctomecon californica Torr. & Allocryptopine, protopine 14
Fremont
Argemone albiflora Hornem. Alkaloid AA-1 (C19H21NOy), AA-2 (C20H21NOs), AA-3, allocryptopine, berberine, chelerythrine, norchelerythrine, 15
norsanguinarine, protopine, sanguinarine, (—)-scoulerine, (—)-g8-scoulerine methohydmxide"
A. albiflora Hornem, ssp. Allocryptopine, berberine, coptisine, protopine, sanguinarine 16
texana & Ownb.
A. aurantiaca Ownb. Coptisine, protopine 17
A. brevicornuta Ownb. Berberine, norargemonine 16
A, chisosensis Ownb. Allocryptopine, berberine, protopine 17
A. corynbosa Greene, ssp. Allocryptopine, berberine, protopine, sanguinarine 16
arenicola
A. echinata Ownb. Berberine, cryptopine 18
A. fruticosa Thurber & Gray Allocryptopine, benzophenanthridine alkaloids, cryptopine, hunnemannine 18
A. glauca, var. glauca Allocryptopine, berberine, chelerythrine, protopine, sanguinarine 19
A. gracilenta Greene (—)-Argemonine, (—)-argemonine methohydroxide, (—)-argemonine N-oxide, (—)-isonorargemonine, (+)-laudanidine, (-)- 20
munitagine, muramine, (—)-platycerine methohydroxide, protopine, (+)-reticuline
A. grandiflora Sweet, ssp. a-Allocryptopine, berberine, (—)-cheilanthifoline, chelerythrine, (+)-cod corypalmi {+)-laudanosine, protopine, 21
grandiflora sanguinarine
A. mexicana L. Allocryptopine, berberine, (—)-cheilanthifoline, chelerythrine, coptisine, cryptopine, dihydrosanguinarine, norchelerythrine, 22-27
norsanguinarine, protopine, sanguinarine, (—)-8-scoulerine methohydroxide, (—)-a-stylopine methohydroxide, (-)-8-
stylopine methohydroxide, 6-acetonyldihydrosanguinarine
A. munita Dur. & Hilg., ssp. Allocryptopine, (—)-argemonine, (—)-isonorargemonine, protopine 28
argentea Ownb.
A. munita Dur. & Hilg., ssp. 2,9-Dimethoxy-3-hydroxypavinane 29, 30
rotundata (Rydb.) Ownb.
A. ochroleuca Sweet (syn. A. Allocryptopine, berberine, (—)-a-canadine methohydroxide, (—)-cheilanthifoline, chelerythrine, coptisine, sanguinarine, (—)- 31
mexicana, var. ochroleuca stylopine methohydroxide, (—)-a-tetrahydropalmatine methohydroxide
(Sweet) Lindl.)
A. platyceras Link & Otto Alkaloid AP-1, (—)-argemonine methohydroxide, (—)-a-canadine methohydroxide, chelerythrine, corysamine, cyclanoline 32-34
[= {(—)-a-scoulerine methohydroxide], magnoflorine, (—)-platycerine methohydroxide, (—)-stylopine methohydroxide
A. platyceras, ssp. pinnatisecia Bisnorargemonine, munitagine 35
A. platyceras, ssp. pleiacantha Allocryptopine, berberine, bisnorargemonine, cryptopine, munitagine, protopine 35
A. pleiacantha Greene, ssp. Allocryptopine, berberine, bisnorargemonine, cryptopine, munitagine, protopine 35
ambigua Ownb.
A. polyanthemos (Fedde) Allocryptopine, berberine, chelerythrine, coptisine, norchelerythrine, protopine, sanguinarine, (—)-scoulerine 17, 36, 37
Ownb.
A. sanguinea Allocryptopine, argemonine, berberine, muramine 17
A. squarrosa Greene Berberine, muramine 38
A. subfusiformis Allocryptopine, berberine, chelerythrine, protopi ine, three unidentified bases 39
A. subfusiformis, ssp. Allocryptopine, berberine, chelerythrine, protopine, sanguinarine 36

subfusiformis Ownb.
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A. subfusiformis, ssp.
subinermis Ownb.

A. subintegrifolia Ownb.

A. turnerae A. M. Powel

Bocconia arborea

B. cordata Willd.

B. frutescens L.

B. laurina
B. microcarpa Maxim.
B. pearcei
Chelidonium majus L.

Corydalis ambigua Chem. &
Schlecht.

C. bulbosa (Chinese)

C. campulicarpa Hayata

C. caseana A. Gray

C. caucasica

C. cava (L) Sch. & K. (syn. C.
tuberosa DC.)

C. claviculata D.C.

C. decumbens Pers.

C. fimbrillifera Korsch.

C. gigantea Trautv. & Mey.

C. gontschakovii Schrenk.
C. govaniana

C. impatiens
C. incisa (Thunb.) Pers.

C. intermedia (L.) Merat Nouv,

C. Koidzumiana Ohwi
(Taiwan)

Allocryptopine, berberine, chelerythrine, protopine, sanguinarine

Allocryptopine, berberine, protopine
(+)-Armepavine, (—)-tetrahydropalmatine
1,3-Bis(6-hydrochelerythrinyl dihydrc ine, 6-O-methyldihydrochelerythrine, ox; inarine
Alkaloid Ko, allocryptopine, bocconine (= chelirubine), bocconoline, chelerythrine, cryptopine, dehydrocheilanthifoline,
dihydrochelerythrine, dihydrosanguinarine, protopine, sanguinarine, two bases mp 180° and 286°
Allocryptopine, berberine, chelerythrine (= Bocconia alkaloid P-61), columbamine, coptisine, cory

(~)-isocory

papaverrubine E, protopine, rhoeadine, sanguinarine

Protopine

Allocryptopine, chelerythrine, protopine,

Unidentified bases

Chelamine (= 10-hydroxychelidonine), chelamldme (=10-| hydmxyhomochehdmme) dlhydrochclerythnne dihydrochelilutine,
dihydrochelirubine, dihydr inarine, mag inarine, sparteine, stylopine, (—)-a-stylopine
methohydroxide, (—)-B-stylopine methohydroxide, substance X { = N-d hyldihydroxy inarine), alkaloid K¢

a-Allocryptopine, (+)-base II, (£)-base II, cavidine, (+)-corybulbine (= corydalmine), (+)-corydaline, (+)-coryd
dehydrocorydaline, dehydrothalictrifoline, (+)-glaucine, (+)-1-methylcorypalline, noroxyhydrastinine, protopine, {(-)-
scoulerine, (—)-tetrahydrocolumbamine, (—)-tetrahydrocoptisine, (+)-tetrahydrojatrorrhizine, (+)-tetrahydropalmatine

a-Allocryptopine, (+)-corybulbine, (+)-corydaline, dehydrocorydaline, (+)-glaucine, noroxyhydrastinine, protopine, (=)-
scoulerine, (—)-tetrahydrocolumbamine, (=)-tetrahydrocoptisine, (+)-tetrahydrojatrorrhizine, tetrahydropalmatine

a-Allocryptopine, berberine, ophiocarpine, protopine, seven minor unidentified alkaloids

Caseadine, caseanadine

Allocryptopine, chelerythrine, protopme sangumanne

Adlumidiceine, apocavidine, berberine, bulb dine, coptisine, corybulbine, corycavamine,
corycavidine, corycavine, corydaline, corydme corypalmine, corysamine, corytuberine, dehydrocorydaline,
dihydroxydimethoxyprotoberberine, domestine, domesticine, glaucine, hydrastinine, isoboldine, isocorybulbine, isocorydine,
isocorypalmine, 1,2-methylenedioxy-6a,7-dehydroaporphine-10,11-quinone, 13-methyitetrahydroprotoberberine

ine, several unidentified bases

ine, ox ine,

( =thalictricavine), narcotine, 8-0xocoptisine, palmatine, pred rine, protopine, r line, scoulerine, sinoacutine,
stylopine, tetrahydrocoptisine, tetrahydropalmatine

Berberine, coptisine, cularicine, protopine, stylopine

Adlumidine, bulbc ine, protopine, (—)-tetrahydropalmatine

B-Hydrastine, protopine

(=)-Adlumine, (-)-adlumidine, (+)-bicuculline, (~)-cheilanthifoline, dihydrc ine, protopine, sanguinarine, (~)-
scoulerine

(=)}-Adlumine, alkaloid mp 156°, (+)-bicuculline, bracteoline, corgoine, corydine, cryptopine, domesticine, gortschakoine,
isoboldine, isocorydine, protopine, sendaverine

S-Govadine, S-govanine, bicuculline, corygovanine

Several unidentified bases

Acetylcorynoline, acetylisocorynoline, alkaloid V, bases TN-4, TN-5, TN-12, TN-16, TN-21, TN-23, (-)-cheilanthifoline,
chelidonine, coreximine, corycavine, corydalic acid methyl ester, corydalisol (= TN-14), corydalispirone (= TN-5),
corydalmine, corydamine, corynoline, corynoloxine, 11-epicorynoline, (+)-14-epicorynoline (= Base II), N-
formylisogorynoline, 12-hydroxycorynoline, 6-oxocorynoline, pallidine, protopine, (+)-reticuline, (—)-scoulerine,
sinoacutine, (—)-tetrahydrocorysamine

a-Allocryptopine, alkaloid mp 170°, isoboldine, protopine

Allocryptopine, capaurine, cheilanthifoline, corydalidzine, corydaline, (+)-corybulbine, corynoxidine, dihydrosanguinarine,
epicorynoxidine, (—)-isocorypalmine, ox: inarine, protopine, (+)-reticuline, sanguinarine, (—}-scoulerine, stylopine,

tetrahydropalmatine

36

28
16
40
41-48

33, 49, 50
51
48, 52, 53

54
50, 55-63, 223a

64-66

64, 67, 68

69

70, 71
71a

50, 72-77

73

79-81
119

82-86
87

88
89-101

84
102-106

(Continued)
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TABLE II (Continued)

Plant Alkaloids References

Corydalis (Korean) Berberine, dine, coptisine, cory ine, norisocorydine, noroxyhydrastinine 107

C. ledebouriana Corledine, ledeborine, ledeboridine, (£)-raddeanine, several unidentified alkaloids 108-110

C. lieariloba, var. papilligera Corydaline, glaucine, protopine, (—)-scoulerine, (— )—te(rahydrocolumbamme {—)-tetrahydrocoptisine, tetrahydrop 78

C. lutea (L.YD.C. Adlumidiceine, berberine, bicuculline, coptisine, corypal cor ine, enol lactone of adlumidiceine, isocorydine, 73,111, 112
isocorypalmine, jatrorrhizine, N-methylhydrastine, N-methylhydrasteme ochrobirine, 8-oxocoptisine, oxysanguinarine,
protopine, stylopine, tetrahydropalmatine

C. marshalliana (—)-Adlumidine, allocryptopine, (+)-bicuculline, (+)-bulbocapnine, corydaline, (+)-corydine, (—)-domesticine, (+)-isoboldine, 71a, 113
protopine, alkaloids mp 193° 241°, and 260°

C. nokoensis Nokoensine 114

C. ochotensis Turcz. Adlumidine, acbamidine, corytenchi corytenchyrine, dihydrocheilanthifoline, oche imine, protopine, radd 115-118
raddeanone. raddeani . N .

C. och is, var. radd Adlumidi b dine aobamme, b|cuculhne heilanthifoline, dihydrc inarine, fumarine, ochc imine, oche 120
pallidine, protopine, radd raddeanidine, raddeanine, radd ne, scoulerine, si ine

C. ochroleuca Koch. Adlumidine, bicuculline (= Alkaloid F-45), fumarine, fumaramine (= Alkaloid F-46), (+)-glaucine, isocorydine, (-)- 76, 121
scoulerine, (—)-sinoacutine

C. ophiocarpa Hook. & Adlumine, allocryptopine, berberine, (—)- dine, coptisine, corypalmine, cryptopine, 8-hydroxystylopine, ophiocarpine, 73,122

Thoms. protopine, (~)-stylopine
C. Paczoskii N. Busch. Corpaine, corydaine 86, 123, 124
C. pallida (Thunb.) Pers. Alkaloid P alkaloid mp 250°, capauridine, capaurimine, capaurine, corydaline, cryptopine, (+)-isoboldine, (+)-isosalutaridine, 76, 125-127

C. pallida Pers, var, tenuis
Yatabe

C. persica
C. platycarpa Makino

C. pseudoadunca Popov
C. racemosa Pers.
C. rosea Leyth.

C. sempervirens (L.) Pers. (syn.

C. glauca Pursch.)
C. sewertzovii Riegel.

C. sibirica (L.) Pers.

C. speciosa Maxim,

C. stewartii Fedde

C. stricta Steph.

C. tashiroi

C. thalictrifolia French.

kil (= corydalmine), pallidine, protopine, (£ )-stylopine, (— )-tetrahydropalmatme

Capauridine, capaurimine, capaurine, coptisine, corydalactame (Alkaloid P), (+)-corydaline, corydalmine (= kik ine),
corysamine, (+)-corytuberine, dehydrocapaurine, dehydrocapaurimine, dehydrocorydaline, dehydrocorydalmine
(= dehydrokik ine), dihydr inarine, ginnole, (+)-isoboldine (= aurc ine), oxy inarine, pallidine [= (+)-
isosalutaridine}, palmatine, protopine, sanguinarine, (—)-scoulerine, sinoacutine, (+)-tetrahydrocorysamine, (-)-
tetrahydropalmatine, trans-3-ethylidine-2-pyrrotidone

Chelerythrine, protopine, sanguinarine

Aurotensine, bicuculline, capaurimine, (—)-capaurine, (+)-corybulbine, corydaline, cor
dehydrocapaurimine, dehydrocorybulbine, isocorydine, jatrorrhizine, palmatine, protopine, sanguinarine, stylopine,
tetrahydrocolumbamine, tetrahydropalmatine

(—)-Adlumidine, (+)-bicuculline, coramine, (+)-8-hydrastine, protopine, (—)-scoulerine

Protopine, tetrahydropalmatine

(—)-Adlumidine, (—)-adlumine, protopme

Adlumiceine, enol lactone of adlumi dlumidicei (—)-adlumine, bicuci bicuculline, capnoidine, coptisine,
cryptopine, oxysanguinarine, protopine

Alkaloids mp 189° and 196°, allocryptopine, chelerythrine, corlumine, dihydrosanguinarine, protopine, sanguinarine,
severcine

Adlumidine (= Alkaloid F-16), sibiricine

a-Allocryptopine, capaurimine, capaurine, corypalline, protopine, tetrahydropalmatine

Coptisine, corycidine, corydicine, domesticine, isoboldine, protopine (= corydine), (+)-tetrahydrocoptisine

B Hydrasune. protopme. sangumarme

p {—)tetrahyd

Adlomids dlumine, berberine, cavidine, isine, corypalmine, dehydrothalictrifoline, p ine, stylopine, thalictrifoline

heilanthifol

125, 127a-133

134
89, 135-137

82

138
139

73, 140

84, 141

76, 88, 142
106
143-145
79, 146
147

148
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C. vaginans Royle

Dicentra canadensis (Goldie)
Walp.

D. eximia
; A franch
(Prain) Fedde

D. lactucoides Hook f. &
Thoms.

D. leptopodum (Maxim.) Fedde

Eschscholtzia californica
Cham.

E. douglasii (Hook & Arn.)
Walp.
E. glauca

E. lobbii Greene

E. species (E. oregana
Greene?)

Fumaria (Herba Fumariae
Oft.?)

F. densiflora

F. indica Pugsley

F. kralikii Jord.
F. officinalis

F. parviflora Lam.

F. rostellata

F. schleicheri Soyer-Willem
F. vaillantii Loisl.

Glaucium contortuplicatum
Boiss.
G. corniculatum Curt.

G. elegans Fisch. & Mey.

G. flavum Cr.

1-O-Methylcorpaine, (+)-ochrobirine, protopine, sanguinarine
Cancentrine, dehydrocancentrines A and B

Corydine, dicentrine, norprotosing
Berberine, chelerythrine, isocorydine, magnoflorine, menisperine, protopine

Magnoflorine, menisperine [= (+)-isocorydine methohydroxide]

Magnoflorine, menisperine

Allocryptopine, amorphous bases, (—)-bisnorargemonine, californidine, (-)-a-canadine methohydroxide, escholidine
(= tetrahydrothalifendine methohydroxide), escholine (= magnoflorine), escholinine [= (+)-romneine methohydroxide], (—)-
norargemonine, (—)-a-stylopine methohydroxide

Allocryptopine, amorphous bases, (—)-bisnorargemonine, californidine, (—)-a-canadine methohydroxide, escholidine,
escholine, (—)-norargemonine

Allocryptopine, amorphous bases, (-)-bisnorargemonine, californidine, (—)-a-canadine methohydroxide, escholidine,
escholine, norargemonine

Allocryptopine, berberine, chelerythrine, chelirubine, coptisine, corydine, corysamine, corytuberine, macarpine, protopine,
sanguinarine, (—)-scoulerine

Alkaloid ES-1, ES-2, berberine, californidine, coptisine, corydine, escholamidine, escholamidine methohydroxide,
escholamine, escholinine, protopine, scoulerine (—)-a-stylopine methohydroxide

Cryptopine, fumariline, fumaritriline, fumaritrine, fumarophycine, O-methytfumarophycine, parfumidine, protopine, sinactine,
stylopine

Alkaloids

Amorphous alkaloids, (+)-bicuculline, coptisine, dehydrocheilanthifoline, fumarilicine, fumariline, narceinimide, protopine,
(—)-tetrahydrocoptisine

(—)-Adlumine, fumarofine, cryptopine, (+)-parfumine, protopine, alkaloid F-5

Alkaloid F-37 (= fumaricine), alkaloid F-63 (= fumaritine), canadine, cryptopine, fumariline, fumarilicine, fumaroline,
fumarophycine, fumoficinaline, N-methylhydrastine, N-methylhydrasteine, N-methyloxohydrasteine, protopine,
sanguinarine, scoulerine, sinactine

(+)-Bicucuiline, cryptopine, fumaramine, fumaridine, N-methylhydrasteine, parfumidine, parfumine, protopine, sanguinarine

(+)-Adlumine, cryptopine, fumariline, fumaritridine, fumaritrine, fumarostelline, parfumine, protopine, sinactine, stylopine

N-Methylhydrasteine

(—)-Adlumidine, (-)-adlumilantine, (—)-adl (+)-bicuculline, cryptopine, fumaramine, fumaridine (= hydrastine imide),
fumvailine, (+)-a-hydrastine, N-methylhydrasteine, parfumidine, parfumine, protopine, sanguinarine, vaillantine (= 2,3-
didemethylmuramine)

Dicentrine, sinoacutine

Allocryptopine, (~)-B-canadine methohydroxide, (+)-corydine, heliotrine, protopine, sanguinarine, (—)-8-stylopine
methohydroxide

Allocryptopine, chelerythrine, (x)-chelidonine (= diphylline), chelirubine, coptisine, corydine, dihydrochelerythrine, glaucine,
glauvine, isoboldine, isocorydine, O-methylatheroline, protopine, sanguinarine, and quaternary bases of the
benzophenanthridine alkaloids

Alkaloids I and I, allocryptopine, (—)-aurotensine, bocconoline, bulbocapnine, (—)-chelidonine, chelerythrine, chelirubine,
coptisine, (+)-corydine, corytuberine, dehydrc dehydronorgl dicentrine, (+)-glaucine, glaufiavine
(= corytuberine), glauvine, 1-hydroxy-2,9,10-trimethoxyaporphine, isoboldine (= aurotensine), (+)-isocorydine,
magnoflorine, O-methylatheroline, (~)-norchelidonine, protopine, sanguinarine, scoulerine, thaliporphine (= O-
methylisoboldine), and quaternary salts of alkaloids

149, 150
151

152
153

50

50

50, 154-156
155, 156
155, 156
157

158

159, 160

161
161-164

186

74, 76, 111, 165-
169, 169a

111, 170-174

160, 175, 176

111

109, 111, 171,
174, 177-180

181

182, 183

184, 185

187-199

(Continued)
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TABLE I (Continued)

Plant Alkaloids References
G. flavum Cr., pop. Ghom. Bulbocapnine, dicentrine, salutaridine 200
G. flavum Cr., var. leiocarpum Oxoglaucine (= O-methylatheroline) 179
G. flavum Cr., var, vestitum Cataline, corunnine, glaucine, pontevedrine, thalicmidine (= thaliporphine) 198, 201-204
G. fimbrilligerum Boiss. Alkaloids mp 160° and 187°, allocryptopine, berberine, chelerythrine, chelidonine, chelirubine, coptisine, {+)-corydine, 205-207
corytuberine, isoboldine, (+)-isocorydine, (—)-isocorypalmine, magnoflorine, O-methylarmepavine, N-methylcoclaurine,
protopine, sanguinarine
G. grandiflorum (+)-Glaucine, glauvine, isoboldine, O-methylatheroline, protopine, sanguinarine, thalicmidine 208
G. leiocarpum Boiss. Alkaloid K¢, dehydroglaucine, glaucine, protopine 209
G. pulchrum Stapf, population Bulbocapnine, corydine, isocorydine, N-methyllindcarpine, protopine 225
Elika
G. squamigerum Kar. & Kir. Alkaloids of phenolic and nonphenolic character, allocrypiopine, berberine, chelerythrine, coptisine, corydine, protopine, 210
sanguinarine
G. vitellinum Boiss a. Buhse, Bulbocapnine, dicentrine, isocorydine, muramine, protopine, tetrahydropalmatine 225
pop. Seerjan
Hunnemannia fumariaefolia Scoulerine (= alkaloid HF-1), cyclanoline, escholidine, and other bases 15, 155
Sweet
Hylomecon vernalis Maxim. Allocryptopine, berberine, canadine, chelerythrine, chelidonine, chelilutine, chelirubine, coptisine, isocorydine, protopine, 50, 211, 212
sanguinarine, stylopine, tetrahydroberberine
Hypecoum erectum L., Hypecorine, hypecorinine, protopine 213, 214
H. imberbe Sibth, & Sm. Allocryptopine, chelerythrine, protopine, sanguinarine 215
H. parviflorum Kar. & Kir. Peshawarine, protopine 224
(Pakistan)
H. pendulum L. Protopine 216
Macleaya (Bocconia) cordata Chelerythrine, sanguinarine 217,218
(tissues culture)
M. microcarpa Allocryptopine, chelerythrine, cryptopine, protopine, sanguinarine 219, 219a
Meconella oregana, var. Protopine 220
californica
Meconopsis betonicifolius Alkaloid MR-1, allocryptopine, berberine, coptisine, corysamine, cryptopine, isorhoeadine, papaverrubine A, C, D, and E, 50, 221
Franch. protopine, rhoeadine
M. cambrica (L.) Vig. Alkaloid MC-1(C19H31NOy), alkaloids MC-2 and MC-3, berberine, coptisine, corytuberine, magnoflorine, mecambrine, 50, 222, 222a
papaverrubine D, roemerine, sanguinarine
M. horridula Hook f. & Alkaloids MR-1, MR-2, MR-3, and MR-4, allocryptopine, amurensinine methohydroxide, coptisine, papaverrubine D and E, 50, 221
Thoms. protopine, rhoeadine (?)
M. napaulensis DC. Alkaloids MR-2 and MR-3, allocryptopine, amurensinine, methohydroxide, base mp 212° coptisine, corysamine, cryptopine, 50, 221, 223
magnofiorine, norharmane alkaloid C3H;gN20, papaverrubine D and E, protopine, rhoeadine, several unidentified
alkaloids
M. paniculata (D. Don) Prain Alkaloid MR-1, MR-3, allocryptopine, coptisine, corysamine, magnofiorine, papaverrubine D and E, protopine, rhoeadine 50, 221
M. robusta Hook. f. & Thoms. Alkaloids MR-1 and MR-3, allocryptopine, coptisine, corysamine, magnoflorine, papaverrubine D, protopine 50, 221
M. rudis Prain Alkaloids MR-1 (Cy3H3gN20), MR-2, MR-3, and MR-4, allocryptopine, amurensinine methohydroxide, coptisine, 50, 221
magnoflorine, papaverrubine D and E, protopine, rhoeadine (?)
M. sinuata Prain Alkaloids MR-2 and MR-3, allocryptopine, coptisine, papaverrubine D, protopine 50, 221



S6¢

Papaver alboroseum Hulten
P. alpinum, ssp. alpinum

P. alpinum, ssp. Kerneri
P. alpinum, ssp. rhaeticum
P. alpinum, ssp. Sendtneri

P. anomalum Fedde

P. arenarium M.B.

P. armeniacum (L.) DC
P. bracteatum Lindl.

P. californicum A. Gray
P. commutatum Fisch. & Mey

P. dubium L.
P. feddei Schwarz
P. fugax Poir.

P. fugax of Turkish Origin

P. glaucum Boiss. & Hauskn.

P. heldreichii Boiss.

P. macrostomum Boiss, &
Huet.

P. orientale L.

P. pannosum Schwz. (P.

spicatum Boiss. & Bal., var.

spicatum)
P. pilosum Sibth. & Smith
P. polychaetum Schott &
Kotschy
P. pseudocanescens M. Pop.
P. pseudoorientale
P. radicatum Rottb.

P. rhoeas L.

P. rupifragum Boiss. & Reut.

Alborine, mecambridine (= oreophyline), papaverrubine D and C

Alborine, alpinigenine, alpinine, amurensine, amurensinine, amurine, cryptopine, mecambridine, nudaurine, papaverrubine D
and C, protopine, sanguinarine

Alborine, alpinigenine, alpinine, amurensine, amurensinine, amurine, cryptopi
papaverrubine D and E, protopine, sanguinarine

Alborine, alpinigenine, alpinine, amurensine, amurensinine, amurine, crytopine (?), mecambridine, muramine (?), nudaurine,
papaverrubine D and G, protopine, sanguinarine

Alborine, alpinigenine, alpinine, amurensine, amur
papaverrubine D and G, protopine, sanguinarine

Alborine, a-allocryptopine, amurensinine, amurine, nudaurine, pavanoline, protopine, reframidine

Macrostomine

Thebaine

Alpinigenine, alpinine, bracteoline, codeine, coptisine, floripavidine, 148-hydroxycodeine, 148-hydroxycodeinone,
isothebaine, mecambridine, N-methylcorydaldine, neopine, norcorydine, nuciferine, orientalidine, oripavine,
oxysanguinarine, papaverrubine B, D, and E. protopine, salutaridine, thebaine, a-thebaol, two N-oxides of thebaine

Coptisine, cryptopine, muramine, papaverrubine A, B, D, and E, protopine, rhoeadine, rhoeaginine

Alkaloid Pc-1, coptisine, cryptapine, isocorydine, isorhoeadine, isorhc ine, isorhc glycoside, papaverrubine A,
B, C, D, E, and F, roemerine, (—)-stylopine, methohydroxide (alkaloid R-D)

Alkaloids Rd-B, Rd-C, and Rd-F, oxysanguinarine, protopine

Amurine

Aporheine, armepavine, mecambrine, palmatine, papaverrubine B, D, and E, protopine, (+)-remrefidine (isoroemerine
metiodide)

Armepavine, narcotine, rthoeadine, thebaine

Coptisine, glaudine, oxy ine, papaverrubine A, B, C, and D

Amurine, aporheine, coptisine, glaucine, liriodenine, papaverrubine B

Macrostomine, sevanine

muramine, bridine, nudaurine,

amurine, cryptopine (?), bridine, muramine, nudaurine,

bridine, (—)-orientali oripavidine,

Alkaloids Or-1, Or-2, bracteine (= orientalinone), (+)-bracteoline, isothebaine,
oripavine, papaverrubine C and D, salutaridine, thebaine
Amurine, aporphines bases II, III, and IV, dihydronudaurine, glaucine, mecambrine, nudaurine, roemerine, no papaverrubine

Amurine
Amorphous alkaloids and protopine

h h

idine, idine methohydroxide,

Alkaloid PO-5, alborine, amurensine, amurensinine, cryptopine,
papaverrubine C, D, and E, protopine, rhoeadine
Alkaloids PO-4 and PO-5, aryapavine, bracteoline, macrantaline, macrantoridine, isothebaine, orientalidine, salutaridine

B-Allocryptopine, amurensinine, amurine, berberine, cryptopine, O-methylthalisopavine, papaverrubine E, protopine,
sanguinarine

Adlumidiceine, alkaloid R-B, berberine, coptisine (= alkaloid R-U), glaucamine, isorhoeadine (= alkaloid R-A),
isorhc ine, isorhc glycoside (= alkaloid R-C), oxysanguinarine (= alkaloid R-K), papaverrubine A(= alkaloid
R-S), papaverrubine C, papaverrubine E (= alkaloid R-M), rhoeadine hydrochloride (= alkaloid R-T), (—)-sinactine,
stylopine, (—)-8-stylopine methohydroxide (alkaloid R-D), thebaine (?) norharmane alkaloid (roots)

Coptisine, magnoflorine, papaverrubine A, C, D, and E, protopine, rhoeadine, rhoeageine

226
227

227
227
227
226
237

240
228-235¢

236

236, 237

236

238

234, 239, 23%9a

240, 241

239

238, 239

242

243-244, 281

226, 238

238

241, 245

226, 246

16a, 243, 247,
281

248

50, 158, 236,
249-253

50

(Continued)
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TABLE II (Continued)

Plant

Alkaloids

References

P. somniferum L.

6- Acleonyldlhydrosangulnannc B-allocryptopmc bases mp 147°, 257°, and 260°, * Bound morphme." canadme cholmc,

233, 249, 254~

co! cryptopine, dihydroprotopine, dihydr inarine, g 16-hydroxy ine 280, 340
6-methylcodeine, narceine imide, narcotine, normorphmc norsanguinarine (callus tissues), orientaline, 13-oxocryptopine,
oxydimorphine, ox: inarine, pacodi di Idine, papaverine, salutaridine, sanguinarine, stepholidine,
thebaine, tetrahydropapaverine, two N-oxides of morphme. codeine and thebaine
P. spicatum Boiss. & Bal. Amurine 238
P. strictum Boiss. & Bal. Amurine 238
P. syriacurn Boiss, & Blanche Berberine, i cor isorhoeadi (% ymercambrine, papaverrubine A, D, and E, protopine, rhoeadine, rho- 33, 281
eagemne,( )-stylopine, (— )-B-stylopme methohydroxide, thebaine
P. tauricolum Boiss. Armep. . vrme. 1 papaverrubme E, pmlopme 239
P. triniaefolium Boiss. Aporheine, armep isi brine, oxy inarine, papaverrubine B and D, protopine 234, 282
P. urbanianum Fedde (+)-Aporheme {- )~armcpavme, 6a,7-dehydroaporheine (= dehydroroemerine), (—)-mecambrine, muramine, N-methyl-6,7- 283
-ahydroisoq; 1, palmatine, papaverrubine B, protopine
Raemeria hybrida (L.) DC Alkaloid RH- ptisine, {(—)-isocorypalmi roehylsndmc (C31H39N305) roehybrine, roemeridine (C31H39N305) 284
R, refracta (Stev.) DC Coptisine, (+} brine, (~) broli p reframidine, reframine, reframoline, remrefidine, remrefine 285-287
(— reframme methohydroxlde), roemeramme ( )—roemerme, roemeroline, roemeronine
Romneya coulteri, var. Dit ine, nor r ine 288, 289
trichocalyx
Sanguinaria canadensis a-Allocryptopme B-allocryptopine, chelcrylhnne, chelilutine, chelirubine, dihydr ilutine, ox: inarine, p pi 211, 290-293
ine (= alkaloid SC- 2) It inarine, sanguirubine
Stylomecon heterophylla Allocryptopine, berberine, copti cryptopine, pi pine, stylophylline 212
(Benth) G. Tayl.
Stylophorum diphyllum (+)-Chelidoni ptisine, cor ine, protopine, (—)-stylopi 33
(Michx.) Nutt.
“ Methohydroxide or hohalide (methosalt) are trivial names used in European chemical literature for quaternary ammonium salts as for ple N-methyl inium hy or

N-methylscoulerinium chloride.
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readily separated by column chromatography on polyamide (315).
Recently, Slavik et al. in Czechoslovakia have elaborated on a method for
the isolation of quaternary tetrahydroprotoberberine alkaloids (32, 158,
158a, 183, 221, 223, 246). Their method is based on the finding that the
iodides of these bases can be extracted from the aqueous layer with
chloroform. More than 20 quaternary methoalkaloids from various species
of the Papaveraceae family have been isolated. Ten of them were new
alkaloids which had not been described previously. This method also
includes the separation of phenolic and nonphenolic alkaloids.

The methylenedioxy group of alkaloids was identified by color reaction
according to Labat and Gaebel (316-318) (the '"H NMR analysis is now
widely used for direct quantitative determination of this group). The pro-
duction of free radicals in some alkaloids of the poppy has been reported
(319). In recent years, thin-layer chromatography has been used for the
qualitative detection and identification of alkaloids of this plant family (227,
320-323). The quantitative determination of opium alkaloids was also
carried out by using ion exchangers (324), Sephadex (325), gas chromatog-
raphy (326), and high-speed liquid chromatography (327, 328; see also 298,
329).

The content of morphine in P. somniferum of various origins (276) and
detection of thebaine in the different varieties of P. bracteatum, P. orientale,
and P. pseudo-orientale was investigated (328). The analysis of these plant
species and the chemotaxonomy of the Papaveraceae plants are discussed in
Section IV, A.

For the spectral data and physical constants of many Papaver alkaloids see
Holubek’s Atlas, Vols. I-VIII (1965-1973) (330).

III. Structures, Syntheses, Biosyntheses, and Chemical and
Physicochemical Properties of the Papaveraceae Alkaloids

A. ISOQUINOLINE AND BENZYLISOQUINOLINE¥

Noroxyhydrastinine (2a) was isolated from the Korean Corydalis (107),
N-methylcorydaldine (2b) from P. bracteatum (235) and P. urbanianum
(283), and (+)-1-methylcorypalline (1a) from C. ambigua (66). The struc-
ture of the latter was also confirmed by synthesis of its racemate. Hydra-
stinine was isolated from C. cava (73), and N-methylcoclaurine (7¢) from G.
fimbrilligerum (206). Sevanine (3b) and macrostomine (6) are two new
alkaloids of P. macrostomum (242) whose structures were established on the

* This material is supplementary to The Alkaloids, Vol. IV, p-28; Vol. VII, p. 423; Vol. XII,
p. 347.
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basis of physicochemical data. The structure of sevanine was also confirmed
by its synthesis (331-333). From the plant C. gortschakouvii, the alkaloid
corgoine (8a) was isolated and then synthesized (83, 334). This plant also
gave the alkaloid gortschakoine [1-(4'-methoxy-benzyl)-7-methoxy-8-
hydroxytetrahydroisoquinoline] whose UV, IR, and NMR spectra were
described (85). Norprotosinomenine (7t) was isolated from D. eximia (152)
and is assumed to be an intermediate product in the biosynthesis of many
benzylisoquinoline alkaloids.

R3O

R4O N\RZ

Rl
la R*=H; R'=R*=R*=Me 1-Methylcorypalline
1b R'=R*=R*=Me; R’=H Salsolidine
1c R'=R*=H; R*=R®>=Me Corypalline
1d R'=Me; R°=R*=R*=H Salsolinol

- O )
N
\R1 R'O =N
O

2a R'=H; R*+R*=CH, Noroxyhydrastinine O OR’

R20

R0

2b R'=R?>=R*=Me N-Methylcorydaldine
2¢ R!'=R?=Me; R*=H Thalifoline OR*

3a R'=R’=R*=R*=Me Papaverine

3b R'=H; R*>=Me; R*+R*=CH, Sevanine
3¢ R'=H;R’=R*=R*=Me Pacodine

3d R®*=H;R'=R?*=R*=Me Palaudine

The quaternary alkaloid escholinine (155) (from E. californica) was
shown to be identical with (+)-romneine methohydroxide (5a), and its
structure was determined from spectral analysis and Hofmann degradation
(154). The structures of the newly isolated alkaloids escholamine metho-
hydroxide (4a) and escholamidine methohydroxide (4b) were also eluci-
dated (158).*

During the biosynthesis of many alkaloids (isopavine, berberastine, and
macarpine), an important role is played by 4-hydroxylaudanosoline (9a)
which, however, could not be isolated from the plants (337).

Studies of the biosynthesis of reticuline (7f) have shown (338, 339) that
the upper half of the alkaloid (rings A and B) can arise from dihy-

* (R)-(—)-Armepavine (7b) was isolated from Rhamnus frangula (Rhamnaceae) (335). The
tembetarine chloride [methochloride of reticuline (7f)] was isolated from Fagara naranjillo
(Griseb.) (336).
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R4

4a R'+R*’=R*+R*=0—CH,—0; R°=H Escholamine
4b R!'+R?>=0—CH,—0; R*>=OMe; R*=0OH; R°=H Escholamidine
4c R'=R?=R*=R°= OMe; R*=H Takatonine

R"
0%
R? N
RS
R4 O
5a R'=H; R*+R*=0—CH,—0; R*=R*=OMe Romneine methohydroxide (= Eschol-

inine)
5b R*=0OH; R*’=R*=0OMe; R®=R’=H Petaline

o
\ o

6 Macrostomine

droxyphenylalanine whereas the benzylic portion (ring C) is biosynthesized
from p-hydroxyphenylalanine which is deaminated to p-hydroxy-
phenylpyruvic acid. p-Hydroxyphenylalanine is hydroxylated in the meta
position, after which condensation of the two halves followed by Mannich
reaction led to laudanosoline (7m) and reticuline (7f) (Scheme 17).

Tracer experiments have shown that in P. somniferum papaverine arises
from (—)-norreticuline via norlaudanidine and norlaudanosine (340, 340a).
N-Methylation of tetrahydroisoquinoline bases may occur at several stages
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Ta
7b
Tc
7d
Te
7%
g
Th
Ti

Ti

Tk
71
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R!=R°=H; RZ=R*=0OMe; R*=0OH N-Norarmepavine
R'=Me; R?=R*=0OMe; R*=OH; R°=H Armepavine
R!=Me; R*=0OMe; R*=R*=0H; R*=H N-Methylcoclaurine
R'=R°=H; R®>=0OMe; R*=R*=0H Coclaurine

R'=R°’=H; RZ=R*=0H; R*=OMe Isococlaurine

R!=Me; R*?=R*=0Me; R*=R*=OH Reticuline

R'=Me; R”Z=R*=R*=R*=OMe Laudanosine

R!=Me; R*=R*=R*=0OMe; R°=0OH Laudanidine

R'=Me; RZ+R*=0—CH,—0; R*=R°=0OMe Romneine
R'=H;R*=R*=R*= R*=OMe Tetrahydropapaverine
R'=H; R*+ R3= O—CH,—O0; R*=R*=OMe N-Norromneine
R!=Me; R?*=R*=R*=0OMe; R’=0OH Laudanine

TmR!'=Me; R*=R*=R*=R*=0H Laudanosoline (= Tetrahydropapaveroline)

Tn
7o
Tp
Tr
Ts
Tt
Tu

R!=H; R?*=R*=R*=R*=0Me N-Norlaudanosine

R!=Me; R*=R°=0OH; R*=R*=0OMe Protosinomenine
R!'=H;R?=R*=R*=R*=0OH N-Norlaudanosoline
R!=Me; R?=R*=R*=0OMe; R*=0OH Codamine

R'=Me; R2=R*=0OMe; R*=R*=0H Orientaline

R'= H; R*’=R’=OH; R>=R*=0OMe N-Norprotosinomenine
R!=H;R*=R*=0Me; R*=R*=0H N-Norreticuline

MeO
HO N OH

- ‘
R3O NS

Rl

OR R°0
8a R=H Corgoine O
8b R=Me Sendaverine R*0O

9a R'=Me; R?=R*=R*=R°=H 4-Hydroxylaudanosoline
9b R'ZR?>=R*=Me; R*=R°=H 4-Hydroxyreticuline

along the biosynthetic routes, and there is evidence that enzymatic N-
demethylation may take place to an appreciable extent (340).

Reviews of the synthesis of isoquinoline alkaloids (341-343) and of
biogenetic types of syntheses (4, 344, 345) have been published.
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The increasing demand of the pharmaceutical industry for various iso-
quinoline and benzylisoquinoline derivatives with different electron-donat-
ing substituents led to a thorough study of the problem of selective
O-demethylation and reetherification or methylenation of the liberated
phenolic groups (346-348). The alkaloid corypalline (1¢) can be con-
veniently prepared from 6,7-dimethoxy-3,4-dihydroisoquinoline (349).
The first step is partial demethylation of the methoxyl at C-7. It gives rise to
the monomethoxy derivative which on hydrogenation affords corypalline
(Scheme 1).

MeO MeO MeO
I - - .
N N
McO = HO 7 HO “Me
ScHEME 1. Transformation of 6,7 -dimethoxy-3,4-dihydroisoquinoline into corypalline (1&
(349).

The Pschorr reaction was described in connection with the synthesis of the
papaverine (3) derivatives (350, 351). The synthesis of petaline (5b) was
accomplished (352, 353). Escholamine (4a) and takatonine (4¢) were
synthesized by a modified Pomeranz-Fritsch reaction (354). The phenolic
oxidation of (R)-(—)-N-methylcoclaurine (7¢) and (S)-(+)-reticuline (7f)
with peroxidase proved to be a failure (355). The oxidation of reticuline with
ferricyanide yielded isoboldine (24¢) and pallidine (43b) and the by-
products vanillin and thalifoline (2¢) (355). A new synthesis of 3-oxo-
papaverine was developed (356), and the Eschweiler—Clark method for the
synthesis of codamine (7r) was modified (357). Oxidation of reticuline (7f)
by enzymatic systems from homogenized P. rhoeas in the presence of
hydrogen peroxide gave (= )-B-hydroxyreticuline (10) (358).

MeO
HO ‘ N\
g

MeO

OH

Me

10 B-Hydroxyreticuline

Treatment of cotarnine, hydrastinine, or other 3,4-dihydroisoquinoline
compounds with diazomethane led to the addition of a CH, group to the
double bond and thus to formation of the aziridine compound. 3,4-Dihy-
dropapaveraldine methiodide with diazomethane gave the benzazepine
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derivative which permits an expansion of the heterocyclic ring into a
seven-membered ring (359-361) (see Section IIIM). Kametani and
Ogasawara used this method to synthesize isopavine (56) and rhoeadane
(154) bases with methylenedioxy groups (362).

The racemic laudanosine (7g) syntheses were referred to earlier in The
Alkaloids (Vol. XII, p. 348). From the racemic mixture it is difficult to
obtain (S)-(+)-laudanosine which is widely distributed in nature. The
synthesis of its unnatural (R)-form (in poor yields) has been reported
(asymmetric reduction of 3,4-dihydropapaverine with lithium butyl-
(hydro)dipinan-3a-ylborate) (363). Recently, a description of the
biogenetic synthesis of these two forms from methyl-L-(+)-3,4-dihy-
droxyphenylalaninate hydrochloride by condensation with sodium 3-(3,4-
dimethoxyphenyl)glycinate at pH4 and 35° was given. Thus, a dia-
stereoisomeric mixture of the Pictet-Spengler products 11a and 11b (ratio

H cooMme

HO , HO H coome
3
NH
HO - ]-[O]i\)\Ql\l\E.l
’ + vY
MeO Mer@/
MeO
1ia MeO

MeO MeO O CONH,
MeO MeO
MeO MeO ‘
MeO MeO

11b
MeO MeO

(L J
MeO - MeO 7
MeO ‘ MeQO ‘
MeO MeO

7g R=Me R=HorMe

SCHEME 2. Synthesis of (§)-(+)-laudanosine (1g) (365, 366).
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2.4:1) was obtained (see Scheme 2). Those two isomers were separated by
chromatography. The predominant isomer, 11a, has a 1,3-cis configuration.
By decarboxylation and methylation on nitrogen, it can be converted into
(S)-(+)-laudanosine (7g). Similarly, the stereoisomer 11b can be converted
into (R)-(—)-laudanosine. An analogous procedure was developed for
(S)-(+)-reticuline (7f) (364-366) (Scheme 2).

On the basis of an analysis of the racemic O,O’-dibenzylisococlaurine, the
absolute configuration was assigned to (S)-(+)- and (R)-(—)-isococlaurine
(7e) and armepavine (7b) (367, 368). Thus, the two antipodes of (£)-N-
norromneine (7k) were obtained; their absolute configurations were
determined by correlation (288).

MeO ‘
MeO N\Me
Ic —
MeO
N
MeQO

12

Oxidation of corypalline (1c¢) with ferricyanide gave the 1,1-dimer (12)
(369, 370). The mechanism and the effect of trace elements on the autoxi-
dation of papaverine (3a) and that of the hydrogenolytic splitting of
sendaverine methiodide (8b) have also been studied in detail (370-373).
Knabe studied the rearrangement of dihydroisoquinoline compounds and
inferred that the larger substituents on the nitrogen atom sterically hinder
the rearrangement (374). In the compounds examined, elimination and
disproportionation occurred as side reactions. The size of the substituent on
the nitrogen atom had no influence on the side reactions (Scheme 3).

The proaporphine, promorphinane, and cularine alkaloids can be recon-
verted into the benzyltetrahydroisoquinoline bases with sodium in liquid
ammonia, a process which permits correlation of the absolute configurations
of the benzyltetrahydroisoquinoline, proaporphine, aporphine, pro-
morphinane, and cularine alkaloids (375).

Electrolytic oxidation of armepavine (7b) and N-norarmepavine (7a)
leads to their fragmentation, to partial carbon-oxygen dimerization, and to
the formation of the alkaloid dauricine (13) (Scheme 4) (376).

Irradiation with sunlight of laudanosine methiodide or methosulfate in
methanol or water gives the ring B cleavage products with methoxyl or
hydroxyl group at C-9 (377).

A new method for the determination of the enantiomeric purity of
isoquinoline alkaloids makes use of chiral lanthanide "H NMR shift reagents
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SCHEME 3. Rearrangement, disproportionation, and elimination of benzylisoquinoline compounds (374).
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SCHEME 4. Electrolytic oxidation of norarmepavine (7a) or armepavine (7b) (376).
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(378). This method was tested on enantiomeric compounds of five alkaloidal
mixtures.

Dolej$ and Slavik reported the mass spectrometric fragmentation of
methines of the benzylisoquinoline alkaloids (379). The isoquinoline and
3,4-dihydroisoquinoline bases give characteristic UV spectra on the basis of
which this group of substances can easily be identified (380). The origin of
the three tautomeric forms of hydrastinine and cotarnine was reinvestigated
by UV, IR, and '"H NMR spectroscopy and polarography; the presence of
the aldehyde form B could not be detected (381). In an acidic medium the
ammonium form A prevails and in alkaline medium the carbinol form C.
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Independent papers report the isolation and quantitative determination
of papaverine and of its oxidation products by thin-layer chromatography
(360, 371). The stability of papaverine in pharmaceutical products and the
origin of its degradation products have been studied (382).

MeO O Me MeO Me
MeO ZzN MeO O N\
— C=0

MeO ‘ o) MeO O
MeO MeO
14 15

A study of the benzylisoquinoline bases showed that, on heating with
acetic anhydride, 1-(3,4-dimethoxybenzoyl)-6,7-dimethoxy-3-methyl-3,4-
dihydroisoquinoline (14) gives an intensive green color reaction which is due
to compound 15 (383). The mechanism of a reaction for the demonstration
of the presence of papaverine, giving rise to coralyne (73) (Scheme 30), was
described (384).

Wiegrebe and Réhrbach-Munz (385) studied the synthesis and Hofmann
degradation of tetrahydroisoquinoline bases which were variously substi-
tuted at C-1.

Stock and Shia studied the dissociation constants of corypalline (1c) and
isocorypalline in acetonitrile (386).

The biotransformation of (*)-reticuline (7f) into (& )-coreximine (60a),
norreticuline (7u), and scoulerine (58b) in the rat, and in homogenized rat
liver was demonstrated by tracer experiments with (+ )-[N-'"*CH;]reticuline
(354, 387). Tritium-labeled laudanosine (7g) was also incorporated into
norlaudanosine (7n), tetrahydropalmatine (58g), and xylopinine (60¢) with
the same rat liver preparation (388). It was found that, in patients with
Parkinson’s disease, the treatment with dihydroxyphenylalanine gives rise
to salsolinol (1d) and tetrahydropapaveroline (7m) (389). Dopamine and
acetaldehyde or 3,4-dihydroxyphenylacetaldehyde condense in mammalian
tissues to afford 1-substituted tetrahydroisoquinoline bases which might
induce a variety of pharmacological reactions (390). Such in vivo processes

can be catalyzed by enzymes to form a single optical isomer which is
expected to differ from its antipode in biological activity. To evaluate this
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concept of ‘“alkaloid formation” in humans, especially in relation to the
behavioral changes induced by alcoholism and to other disorders, both
optical isomers are necessary. Based on this consideration, the enantiomeric
salsolinols (1d) and tetrahydropapaverolines (7Tm) were synthesized by
O-demethylation of the corresponding isomeric salsolidines (1b) and
norlaudanosines (7n).

B. PROAPORPHINE GROUP*

Previous knowledge of the proaporphine alkaloids has been summarized
in two reviews (10, 391) and in the book by Shamma (7). These three
publications also draw attention to the UV, IR, and NMR spectra, 