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ABSTRACT 

7ke./>l^ 6uAjnJJ±e.d / o / i ituz. cUg/te^ 0/ docLo/i 0/ Philosophy 
i y 2-ohn n. Qaadlneji (Q/iaduate. Sociely), Se.ptejrd£A. 1988, 
ti±Ied "N&w Syntkdilc Stn.cdLe.gie.6 touxi/td/> Ce.phaloia>aiy> 
alkaloJxU". 

Michael a l k y l a t i o n , w i t h methyl a c r y l a t e , of nitrocyclohexenes 

bearing f u n c t i o n a l i z e d aromatic s u b s t i t u e n t s a t the 2-position, was 

found t o be h i g h l y s t e r e o s e l e c t i v e . Subsequent d i s s o l v i n g metal reduc

t i v e c y c l i z a t i o n was h i g h l y e f f i c i e n t , and these two steps thus provided 

a s t e r e o s p e c i f i c entry t o a s u b s t i t u t e d 1-azaspirocyclic system, r e l a t e d 

t o the cephalotaxine skeleton. 

A p p l i c a t i o n of t h i s methodology t o trans-4-(3,4-dimethoxy-6-carbo-

methoxymethylphenyl)-5-nitrocyclohexene afforded spirolactam ester 6-

(3,4-dimethoxy-6-carboraethoxymethylphenyl)-2-oxo-l-azaspiro[4.5]dec-8-

ene. On reduction w i t h DIBAL-H at -78°C, t h i s c y c l i z e d i n high y i e l d , 

w i t h high s t e r e o s e l e c t i v i t y t o the corresponding 3-benzazepine-2-ol 

system. 

S i m i l a r methodology w i t h trans-4-(3,4-methylenedioxy-6-nitrophenyl) 

-5-nitrocyclohexene, allowed f o r a formaldehyde i n s e r t i o n r e a c t i o n to 

provide a 1,3-benzodiazepine analogue. 

Preliminary studies hold promise f o r allowing m o d i f i c a t i o n of the 

cyclohexene r i n g t o known pre-targets of cephalotaxine. 

These f i n d i n g s b r i n g the s y n t h e t i c strategy towards providing a 

competitive route to (-) cephalotaxine, and also a range of analogues, 

i n c l u d i n g the unknown 11-aza and lO-hydroxy-8-oxo systems. 
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INTRODUCTION TO 
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1.1 Occurrence and d i s t r i b u t i o n 

Ce.ph.al.otaxjj.yb a l k a l o i d s are a s t r u c t u r a l l y unique class of a l k a l o i d s , 

i s o l a t e d from c o n i f e r s of the genus Ce.ph.aI.otaKa.^ ^ the only genus of 

the f a m i l y Cephalotaxaceae of the order Coniferae. 

There are e i g h t known species of t h i s genus, C,h.ajinJjigtoaia, 

C .mannJJ., C-^opJuineJ-i C,halnan.ejiAly!>, CwlAy^oalai C.oLiveju., C. tance-O-laJia 

A T - - 2 
and L.. 6AM.im.6.u>, 

Though these evergreen shrubs are l a r g e l y n a t ive to Eastern Asia, -

the l a s t s i x of the above being indigenous only t o China - C/ia/iAungtoala 

and C.mannJJ. are found i n the western United States, western Canada, 
3 

nor t h east Argentina and western Uruguay, as w e l l as south east Asia . 

A l l species of Ce.phal.otax.ui are found mostly i n humid va l l e y s and f o r e s t s , 

p r e f e r r i n g e l e v a t i o n s between 100 m and 2000 m. 

Since 1963, eighteen a l k a l o i d s of the Ce.phatotaxu/> series have been 

i s o l a t e d from e x t r a c t s of these p l a n t s . The most widespread being the • 

parent a l k a l o i d , cephalotaxine, 1, obtained from seven of the species. 

These a l k a l o i d s f a l l i n t o two general categories; ( i ) those r e t a i n i n g 

the cephalotaxine nucleus, bearing an ester side chain, 2-9, and 

( i i ) those i n v o l v i n g m o d i f i c a t i o n s of the parent r i n g system, w i t h or 

witho u t a c y l s u b s t i t u e n t s , 10-19. 

The discovery i n 1961 t h a t a l k a l o i d e x t r a c t s of C, hajvilngtonla 

were a c t i v e against sarcoma 180 tumour'^, prompted the considerable 

e f f o r t s which l e d t o the i s o l a t i o n and f u l l s t r u c t u r a l c h a r a c t e r i s a t i o n 

of 1-19 over the f o l l o w i n g two decades. 

By the end of the 1960s, the four 'harringtonine' esters of 

cephalotaxine, 2-5, had been i s o l a t e d , and t h e i r s t r u c t u r e s established^ ̂ . 

A l l these esters were found to e x h i b i t antitumour a c t i v i t y , furthermore, 

none of the a l k a l o i d s i n v o l v i n g a modified r i n g system e x h i b i t s s i g n i f i 

cant antitumour a c t i v i t y . 

- 2 



< 

7. R = H (-) cephalotaxine 

R = 

2 Harringtonine 

HO 

R = 

U)2Me 
5 Deoxyharringtonine 

R = 

CX32Me 

.̂ Homoharringtonine 

R = 

HO 

H0't\;02Me 

5 I s o h a r r i n g t o n i n e 

<5 R = Ac Acetyl-cephalotaxine 

7 R = Ac (+)Acetyl-cephalotaxine 

HO 
0 

'••c'-
8 R = OH Is o h a r r i n g t o n i c acid 

I 
9 R = H Deoxyharringtonic acid 

- 3 -



70 R = OH Epicephalotaxine 

77. R = =0 cephalotaxinone 

< 

73 R = Me Drupacine 

R = H Demethylneodrupacine 

< 

< 

72 Demethylcephalotaxinone 

< 

P X = H2 R^= R^= OH 
ll-hydroxycephalotaxine 

1.6 

17 

X = H^ R̂ =OH R-̂  fj 

4-hydroxycephalotaxine 

X = 0 R^= R^= H 

cep halotaxinamide 

HO 0 

18 Demethyl cephalotaxine 79 Hainansine 

U n f o r t u n a t e l y , the a l k a l o i d content of Ce.pha£otax.u-b plants i s low, 
g 

and s u p p l i e s of p l a n t m a t e r i a l are l i m i t e d . Further, of the t o t a l alka

l o i d e x t r a c t , only a small percentage generally c o n s t i t u t e s the a c t i v e 

h a r r i n g t o n i n e s . For example, i n C. ^o/Liunai, t h i s v aries from 0.02% 

of the ro o t a l k a l o i d e x t r a c t s to 0.7% of l e a f e x t r a c t s . The r i c h e s t 

source of h a r r i n g t o n i n e s appears to be the roots of C. hcLZ/xingtonia, 
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35.5% of whose a l k a l o i d e x t r a c t i s harringtonines - though t h i s i s an 

exceptional example. 

A program of c u l t i v a t i n g Ce.phalota>cu6 plants as a source of h a r r i n g -

tonine i s f u r t h e r hampered by the slow growth r a t e of these p l a n t s . So 

despite the development of a large-scale e x t r a c t i o n procedure, the v i a 

b i l i t y of i s o l a t i o n of n a t u r a l l y occurring h a r r i n g t o n i n e s as a major 

long term source i s l i m i t e d . 

Consequently, a t t e n t i o n has become d i r e c t e d towards s y n t h e t i c routes 

to the cephalotaxine nucleus, and to the a c y l morety appropriate f o r 

subsequent e l a b o r a t i o n t o s y n t h e t i c h a r r i n g t o n i n e s . Later i n t h i s chapter, 

we w i l l review i n some d e t a i l s y n t h e t i c approaches t o the cephalotaxine 

nucleus through t o J u l y 1988, and b r i e f l y review p a r t i a l synthesis of 

h a r r i n g t o n i n e s from cephalotaxine. 

1.2 S t r u c t u r e determination of cephalotaxine 

The parent a l k a l o i d , cephalotaxine, 1, was f i r s t i s o l a t e d by Paudler 

et a l i n 1963, from C. hajuilngtonla and C. ^oaixuneJ.. On the basis of 

t h e i r spectroscopic analyses, these workers p r o v i s i o n a l l y assigned the 

s t r u c t u r e 20. Several years l a t e r , Powell et a l ^ revised t h i s s t r u c t u r e , 

l a r g e l y on the basis of the o l e f i n i c s i n g l e t i n the proton NMR spectrum, 

suggesting e i t h e r s t r u c t u r e 21 or 1, 

OMe 

20 21 
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The s t r u c t u r a l iassignment was p a r t l y resolved by Abraham et a l i n 

1969, whose X-ray s t r u c t u r e analysis of cephalotaxine methiodide indicated 

s t r u c t u r e /. However, t h e i r methiodide turned out t o be racemic, though 

t h e i r s t a r t i n g cephalotaxine was o p t i c a l l y a c t i v e . This racemisation of 

cephalotaxine - r e q u i r i n g i n v e r s i o n of four c h i r a l centres - was r a t i o n a 

l i z e d by p o s t u l a t i n g a series of macrocyclic e q u i l i b r i a , i n which a l l 

f o u r c h i r a l centres,could achieve planar geometry (as cations or double 

bonds, or through amine lone p a i r i n v e r s i o n ) . 

S i m i l a r behaviour was l a t e r observed during s y n t h e t i c approaches t o 

l l 12 

ward cephalotaxine ' , and t h i s lends credence to postulated biosynthetic 

pathways (see 1.5). 
The absolute c o n f i g u r a t i o n was determined f i v e years l a t e r by 

13 
Arora et a l , from; 

an X-ray study of the p-bromobenzoate of cephalotaxine, 

14 
and f u r t h e r c o n f i r m a t i o n was provided by these workers l a t e r study 

on cephalotaxine i t s e l f . Thus, n a t u r a l (-) cephalotaxine was assigned 

the 3S, 4S 5R c o n f i g u r a t i o n . 

1.3 Antitumour a c t i v i t y 

i Experimental systems 

Although a l l f o u r h a r r i n g t o n i n e e s t e r s , 2-5, show some antitumour 

a c t i v i t y , h a r r i n g t o n i n e , 2 , and homoharringtonine have been most 

i n v e s t i g a t e d , by v i r t u e of t h e i r higher a c t i v i t y . 

4 15 

A number of studies i n the l a t e 1970s ' of the e f f e c t s of these 

e s t e r s on experimental tumour systems, produced a large body of inform

a t i o n on t h e i r range of a c t i v i t i e s , t o x i c i t y and mode of a c t i o n . I t was 

found t h a t homoharringtonine was o v e r a l l the most e f f e c t i v e , a c t i v e 

against a range of cancers i n c l u d i n g P388 lymphocytic leukemia, L1210 

lymphoid leukemia, |Lewis lung carcinoma, L615 and L7212 leukemias, 

sarcoma 180, walker carcinoma 256, colon tumour 38, epidermoid carcinoma 

of the nasopharynx; acute myelocytic leukemia, acute monocytic leukemia, 

: - 6 -



2 8 
erythroleukemia and B16 melanoma ' . 

Harringtonine appears t o have a s i m i l a r range of a c t i v i t y , but i s 

i n general less potent, though t h i s i s i n pa r t dependent on experimental 

c o n d i t i o n s . 

i i P r e - c l i n i c a l studies 

The promising experimental tumour studies led to p r e - c l i n i c a l and 

c l i n i c a l e v a l u a t i o n s , i n both China and the United States, by the early 

1980s^. 

The i n v e s t i g a t i o n s i n p r e - c l i n i c a l t r i a l s w i t h harringtonine and 

homoharringtonine (e.g. on tumour implanted mice), were p a r t i c u l a r l y 

encouraging i n r e l a t i o n t o colon 38 tumour and P388 leukemia. Homo

ha r r i n g t o n i n e e f f e c t e d complete tumour i n h i b i t i o n , and cures, against . 

colon 38 tumour, which i s r e s i s t a n t t o most c l i n i c a l antitumour agents. 

I t also showed higher a c t i v i t y against P388 leukemia than the vinca 

a l k a l o i d s , v i n c r i s t i n e and v i n b l a s t i n e , showing moderate a c t i v i t y even 

against v i n c r i s t i n e and e l l i p t i c i n e r e s i s t a n t P388 l i n e s . I t was also 

as e f f e c t i v e against cytosine arabinose r e s i s t a n t l i n e s , as against non-

r e s i s t a n t l i n e s . 

F urther, homoharringtonine showed a strong synergism w i t h the 

c l i n i c a l agent 5 - f L u o r o u r a c i l , combination therapy leading to cures 

against P388 l i n e s which n e i t h e r agent alone can cure. 

Harringtonine 'and homoharringtonine vvrere both found a c t i v e against 

L1210 leukemia and 'B16 melanoma, i n mice, both showing greater a c t i v i t y 

than the vinca a l k a l o i d s . 

i i i C l i n i c a l studies 

Phase I c l i n i c a l t r i a l s commenced i n China and the U.S.A. i n 1977, 

and both h a r r i n g t o n i n e and homoharringtonine were found to be e f f e c t i v e 

w i t h p a t i e n t s s u f f e r i n g from e i t h e r lymphocytic or non-lymphocytic 

- 7 -



leukemia. Several t r i a l s found up to 75% of p a t i e n t s experienced some 

degree of remission, w i t h as many as 20% showing complete remission. 

Combination therapy w i t h h a r r i n g t o n i n e or homoharringtonine, and 

ar a b i n o s y l c y t o s i n e v i n c r i s t i n e or prednisone, also showed reasonable 

r e s u l t s against leukemias, i n t r i a l s i n China. 

Phase I t r i a l s also show t h a t the t o x i c i t y of homoharringtonine or 

h a r r i n g t o n i n e , means t h a t treatment i s more e f f e c t i v e l y administered as 

a s e r i e s of small doses, or by continuous infusion''"^, than by l a r g e r , 

less frequent doses. 

The promising r e s u l t s of Phase I t r i a l s , has le d t o current Phase I I 

t r i a l s i n both China and the United States of America. 

i v T o x i c i t y 

I n a l l these s t u d i e s , the t o x i c i t y of ha r r i n g t o n i n e and homoharring

to n i n e has been an important, dose l i m i t i n g c o n s i d e r a t i o n . The main 

t a r g e t organs are the g a s t r o i n t e s t i n a l t r a c t , the heart, hematopoietic 

organs, and bone marrow, w i t h quoted LD^Q values i n the region of 5mg/kg. 

Notably, the most a c t i v e esters are the most t o x i c , homoharringtonine 

and h a r r i n g t o n i n e being 2-4 times more t o x i c than deoxyharringtonine and 

i s o h a r r i n g t o n e , and the e s s e n t i a l l y i n a c t i v e unnatural esters are at 

l e a s t a hundred times less t o x i c . 

v Mode of a c t i o n 

I t has been established t h a t i n h i b i t i o n of p r o t e i n and DNA bi o 

synthesis i n the c e l l , are the mechanisms accounting f o r the antitumour 

2 3 8 
a c t i v i t y of the ha r r i n g t o n i n e s ' ' . 

Studies to determine at what point i n the biosynthesis i n h i b i t i o n 

occurs, are a t v a r i a 

but not e l o n g a t i o n , 

however, concluded 

nee. Several studies have i n d i c a t e d t h a t i n i t i a t i o n , 

of p r o t e i n synthesis was i n h i b i t e d . Another study, 

t h a t there was no i n h i b i t i o n of p r o t e i n biosynthesis 



i n i t i a t i o n , but chain elongation was prevented by a c t i o n blocking 
4 

peptide bond fo r m a t i o n , as w e l l as amino acyl RNA binding . 

I n h i b i t i o n of DNA biosynthesis appears t o r e s u l t from competitive 

binding t o DNA polymerase a, rather than any' damage t o the DNA template 

f o r r e p l i c a t i o n . RNA biosynthesis i s unaffected by harringtonines. 

1.4 Str u c t u r e a c t i v i t y r e l a t i o n s h i p s : Unnatural esters 

The c o r r e l a t i o n of s t r u c t u r a l features w i t h b i o l o g i c a l a c t i v i t y , i s 

important not only f o r understanding how the harringtonines function, but 

c l e a r l y also f o r the design of synth e t i c analogues l i k e l y to e x h i b i t 

s i m i l a r , or even improved a c t i v i t y . 

The r o l e of the cephalotaxine r i n g skeleton i n a c t i v i t y of i t s esters, 

has been postulated t o be r e l a t e d to i n t e r a c t i o n w i t h b i o l o g i c a l hosts 

v i a the ' t r i a n g u l a r ' arrangement of the n i t r o g e n , and the oxygens on 

r i n g E ( c f . general enzymic b i n d i n g ) . The r o l e of side chain f u n c t i o n 

a l i t y i s as yet unclear. 

Amongst the h a r r i n g t o n i nes, i t seems clear t h a t the hydroxyl group 

f u r t h e s t from the cephalotaxine nucleus i s of some .importance, and that 

the length of the side chain i s of much less s i g n i f i c a n c e . Thus, both 

h a r r i n g t o n i n e and homoharringtonine show comparable l e v e l s of a c t i v i t y , 

w h i l e deoxyharringtonine ( w i t h no d i s t a n t hydroxyl group) i s approximately 

h a l f as a c t i v e , and is o h a r r i n g t o n i n e , 5 , ( w i t h the hydroxyl group closer 

to the nucleus) i s an order of magnitude less a c t i v e . 
t 

I t i s also evident t h a t the C2 c o n f i g u r a t i o n i s important, as the 

ha r r i n g t o n i n e C2 epimer (S c o n f i g u r a t i o n ) i s at l e a s t two orders of 

magnitude less a c t i v e than the n a t u r a l isomer. 

However, the i n a c t i v i t y of cephalotaxine alone, cephalotaxine acetate 

( w i t h a n o n - c h i r a l ester f u n c t i o n ) and the d i e s t e r of the dic a r b o x y l i c 

acid side chain, obtained from harringtonine h y d r o l y s i s , shows that a 

combination of s t r u c t u r a l , and stereochemical, features - some residing 



i n the a c y l moiety and some i n the cephalotaxine nucleus - are j o i n t l y 

r esponsible f o r a c t i v i t y . 

A l a r g e number of unnatural cephalotaxine esters have been synthesized, 

i n an attempt t o c l a r i f y s t r u c t u r a l requirements f o r a c t i v i t y . Of the 

f i f t y or so of these esters reported, w i t h a diverse range of fu n t i o n a -

l i t i e s , only 22-28 have shown any a c t i v i t y a t a l l . A l l these esters are 

at l e a s t an order of magnitude less a c t i v e than har'ringtonine or homo-

h a r r i n g t o n i n e . 

3 
Ph 

22 

25 

23 R' = H 

24 R = CH2CH2CHMe2 

Et02C-CC^ 

26 

28 

Some. unnaixuiaJL Q./iiMJi Aide, chain.''! 

U n f o r t u n a t e l y , these f i n d i n g s have not appreciably c l a r i f i e d - s t r u c t u r e 

a c t i v i t y r e l a t i o n s h i p s , as there are no-obvious s t r u c t u r a l features 

common t o these unnatural e s t e r s , or d i r e c t l y relevant to the na t u r a l 

e s t e r s . So, the design of simpler, p o t e n t i a l l y a c t i v e cephalotaxine 

d e r i v a t i v e s i s as yet d i s t a n t . 

- 10 



1.5 B i o s y n t h e s i s of Cuphctlotcvca/i a l k a l o i d s 

The occurrence of a l k a l o i d s of the s t r u c t u r a l l y r e l a t e d homoery-

t h r i n a s e r i e s i n p l a n t s of the CuphaJ-oiaxiJui genus, e.g. schelharameridine, 

29^'^, and the dimethoxy systems, w i l s o n i n e , 37^, f o r t u n e i n e , 30^^, and 

19 

2-epicephalofortuneine, 32 , suggests a common b i o s y n t h e t i c precursor 

to both classes of a l k a l o i d . 

29 R = R = Me 

30 R - R = -CH2-

MeO. 

31 

Good evidence has been produced f o r a b i o s y n t h e t i c pathway to the 

20 21 

r e l a t e d e r y t h r i n a a l k a l o i d s , e.g. e r y t h r a l i n e , 33, from t y r o s i n e ' , 

v i a 1 - b e n z y l i s o q u i n o l i n e d e r i v a t i v e , e.g. 34 " followed by o x i d a t i v e i n t r a 
molecular c o u p l i n g of macrocylic i n t e r m e d i a t e s , e.g. dibenzazonine, 35 ̂3 

< 

MeO-

MeO 

MeO 

33 

94 
On t h i s basis, F i t z g e r a l d et a l " p o s t u l a t e d a s i m i l a r biosynthetic 

o r i g i n of homoerythrina a l k a l o i d s from a l - p h e n e t h y l i s o q u i n o l i n e pre-

95 

cursor, which Powell" subsequently observed, could provide entry to 

cephalotaxine intermediates 38 and 39, by an a l t e r n a t i v e r i n g closure of 

dibenzacine, 36i. (scheme I ) 

- 11 



SCHEME I 

R^O OFT 

Homoerythrina 

a l k a l o i d s 

57 

HO CO2H 

cephalotaxuy^ 

a l k a l o i d s 

a = R " = H R2= R^= Me 

b R^ = R^ = R'* = Me R ^ = H 

However, subsequent i n v e s t i g a t i o n s have not confirmed the i n t e r -

mediacy of a macrocyclic r i n g closure s t e p " though they have confir.-:;ed 

a 1 - p h e n e t h y l i s o q u i n o l i n e l i k e precursor, derived from one molecule of 

"̂8 30 31 

t y r o s i n e and one of phenylalanine" ' ' . Biomimetic s y n t h e t i c studies 

(see l a t e r ) have, however, given some support to a macrocyclic intermediate, 

B i o s y n t h e t i c studies have also now established -̂0 and ^'1 as l i k e l y 

i n t e r m e d i a t e s , and have shown t h a t cephalotaxine and cephalotaxinone are 

b i o g e n e t i c a l l y interchangeable, w i t h deraetnyl d e r i v a t i v e s being b i o -

s y n t h e t i c a l l y derived from e i t h e r of these. 

Studies on the biosynthesis of the e s t e r side chains of the 

- 12 



27 31 
h a r r i n g t o n i n e s , have i n d i c a t e d they are derived from L-leucine ' 

1.6 Synthetic approaches t o Cephalotaxine 

The unusual r i n g system of the Ce-phcLlotcvai/i a l k a l o i d s , and the 

promising antitumour a c t i v i t y of i t s n a t u r a l l y o ccurring e s t e r s , has 

r e s u l t e d i n considerable s y n t h e t i c e f f o r t s being d i r e c t e d towards the 

t o t a l synthesis of cephalotaxine, since the e a r l y 1970s. 

Five t o t a l syntheses of (±)-cephalotaxine have been reported to date, 

along w i t h a v a r i e t y of p a r t i a l l y successful s y n t h e t i c approaches. We 

w i l l review the completed t o t a l syntheses i n some d e t a i l , and b r i e f l y 

cover those as yet incomplete syntheses. 

The f i r s t two t o t a l syntheses were reported simultaneously i n 1972, 

32 
employing completely d i f f e r e n t s y n t h e t i c s t r a t e g i e s 

i Weinreb and Auerbach synthesis 

33 34 

The f i r s t key s y n t h e t i c step i n t h i s s y n t h e t i c strategy ' (which 

i s o u t l i n e d i n scheme I I ) , was the e a r l y , e f f i c i e n t c o n s t r u c t i o n of the 

7-membered r i n g , by Lewis acid catalysed c y c l i z a t i o n of the amide-aldehyde 

4-2, under very m i l d c o n d i t i o n s . The r e s u l t i n g 3-benzazepinone, 43, was 

reduced w i t h LAH t o the enamine intermediate, which proved to be 
moderately unstable.; 

:4-, was also an intermediate t a r g e t f o r several other This enamine, 4 

groups whose routes t o 44 are o u t l i n e d i n scheme I I I 
11,35,36 
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SCHEME I I 

0 OHC 

A 

I V 

MeO 
56 

V I 

< 

72 

43 1 = 0 

44 X = H 

45 

v i i . v i i i (±) cephalotaxine, 7 

i l-prolinol/K2C03, i i DMSO/DCC (5 5 % ) , i i i BF3.Et20 ( 8 7 % ) , 

i v LAH (100%), V pyruvic a c i d - e t h y l chloroformate mixed anhydride (73%) 

v i Mg(MeO)2 ( 5 8 % ) , v i i (MeO)2 CMe2/pTsOH (4 5 % ) , v i i i NaBH^ (8 5 % ) . 

14 -



SCHEME I I I 

46 

..(47 R = H 
11 

^48 R = COCH2CI IV , V 

50 5/ /1\ 

X1,1V,V 

V l l l , 

52 53 54 

i Rh/Al202/H2(75%), i i ClCOCH^Cl/Et^N ( 8 2 % ) , i i i hv ( 2 5 % ) , i v LAH (65%), 

V Hg(0Ac)2, V i (CF2C02)0/SnCl^ ( 8 8 % ) , v i i H2/C, v i i i MeMgl, i x pTsOH (70%), 

X hv/Et^N ( 4 6 % ) , x i H2/Pt02. 

A l l these routes proceed v i a the 

fused tetrahydrobenzazepine, 55, which 0 

i s then oxidized to 44 by mercuric acetate. 

- 15 -



A common problem w i t h a l l these routes, was f i n d i n g a successful 

method f o r r i n g E a n n u l a t i o n . A number of s u b s t i t u t e d enamine intermed

i a t e s f a i l e d t o c y c l i z e . Eventually, the dicarbonyl intermediate, 45, 

(obtained by a c y l a t i o n of 44 w i t h the mixed anhydride of pyruvic acid 

and e t h y l c h l o r o f o r m a t e ) was found to undergo intramolecular Michael c y c l i 

z a t i o n , using magnesium methoxide as base, probably v i a the r i g i d , magne

sium-chela ted enolate, 56, 

The r e s u l t i n g p e n t a c y c l i c system, 72,thus obtained, i s a c t u a l l y the 

racemate of the n a t u r a l l y occurring a l k a l o i d , demethylcephalotaxinone. 

This was conveniently methylated, under thermodynamic c o n t r o l , to pro

vide racemic cephalotaxinone, 11, i n moderate y i e l d . 

Thus, the enamine intermediate, 44, had been conveniently elaborated 

to cephalotaxinone i n only three steps. Proceeding v i a demethylcephalo

taxinone, which has no benzylic proton, allows the r e l a t i v e stereo

chemistry of benz y l i c and s p i r o centre t o be c o r r e c t l y established, 

under the c o n d i t i o n s of thermodynamically c o n t r o l l e d methylation. The 

f i n a l step, v i z the borohydride reduction of (±)-cephalotaxinone, 11, 

25 
t o (±)-cephalotaxine, 1, i s known t o be s t e r o e s p e c i f i c 

i i Semmelhack et a l synthesis 

A conceptually d i f f e r e n t , convergent, s y n t h e t i c strategy was reported 

37 38 33 3A by Semmelhack et a l ' , concurrent w i t h Weinreb's ' approach. 

Semmelhack et a l constructed the 1-azaspirocyclic subunit, 63, 

i n several steps from p y r r o l i d o n e , and 63, reacted w i t h 64 t o provide 

the immediate cephalotaxinone precursor, 65 (scheme I V ) . The key step i n 

the synthesis of azaspirocycle 63, i s the modified a c y l o i n condensation 

of 60 to give 61, 

O v e r a l l , the p i v o t a l s y n t h e t i c step i s the p h o t o c y c l i z a t i o n of the 

enolate of 65, which occurs s t e r e o s p e c i f i c a l l y to provide (±)-cephalo-

taxinone, i n very high y i e l d . The s t e r e o s p e c i f i c i t y i s accounted f o r 

through a combination of the s t e r e o e l e c t r o n i c requirements of the eno-

- 16 -



l a t e n u c l e o p h i l e and aromatic e l e c t r o p h i l e , and the r i g i d i t y of the s p i r o 

c e n t r e . Enantiomer 66/1 provides ( + )-cephalotaxine, while enantiomer 6iB 

provides (-)-cephalotaxine, hence racemic cephalotaxine i s obtained. 

Semmelhack et a l then reduced (±)-cephalotaxinone s t e r e o s p e c i f i c a l l y 

t o (±)-cephalotaxine, using DIBAL-H. 

66A 

OMe 
OMe 

66B 

SCHEME IV 

N. 

57 

P 

11 
5S P = H 

59 p = Mê COC-

0 0 

Me02C C02Me 

60 

V l l 

V I 

Me3SiO' 0SiMe3 

63 62 61 
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I X 

64 

(±) cephalotaxine, 7 
X I 

OMe 

(11) 

i a l l y l magnesium bromide ( 8 4 % ) , i i Me COCON (95%), i i i 0 , 
i v Ag20/base, v (MeO)3CH/H+ ( 6 0 % ) , v i Na-K, Me^SiCl, v i i Br2/-78°C, 

v i i CH2N2 ( 5 0 % ) , i x 63 ( 7 0 % ) , x hv/KOBu'^ ( 9 4 % ) , x i DIBAL-H (76%) 

S u r p r i s i n g l y , i t was not u n t i l 1986 t h a t the next t o t a l synthesis 

reached completion, though a number o f p a r t l y completed syntheses were 

r e p o r t e d i n the meantime. Since then, two f u r t h e r t o t a l syntheses have been 

p u b l i s h e d . This demonstrates the heightened i n t e r e s t i n these a l k a l o i d s 

over recent years. 

.39 

i i i Hanaoka et a l synthesis 

These workers' s t r a t e g y , r e p orted i n 1986"^^ ( o u t l i n e d i n scheme V) 

s t a r t s from the dimethoxy compound 67, leading to both cephalotaxine, 1, 

and the 3,4-dimethoxy analogue, 79. 
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SCHEME V 

0 

67 

X l l 

^72 R=R=Me 
v i \ 

.^74 

70 

i v v(*7/) 

0 

69 

R=R=H 

v i i - / 4 R_R=_CH2-

76 or 75 

v i i i 

i x i 

MeO OMe 

•75 R=R=Me X=0 

'76 R=R=Me X=H, 

. ̂ j77 R-R=--CH2- X = 0 

"75R-R=_CH2- X = 

cephalotaxine (91%) or dimethoxycephalotaxine (/8%) 

/ 79 

i PPA/55°C ( 7 4 % ) , i i 2,3-dichloroprop-l-ene ( 9 1 % ) , i i i 150°C (97%), 

i v NaBH^ (100%), v 90% .H2S0^, 55°C ( 6 9 % ) , v i BBr2/-78°C (7 9 % ) , 
v i i CH2Br2/KF ( 3 3 % ) , v i i i iodosobenzene ( 8 0 % ) , i x LAH (85 % ) , x pTsOH, 
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The benzazepine r i n g i s established e a r l y , by acid catalysed e l e c t r o -

p h i l i c c y c l i z a t i o n of the amide-acid, 67. This i s a strategy, t h e r e f o r e , 

conceptually s i m i l a r t o Weinreb's synthesis, which proceeds v i a the 

s t r u c t u r a l l y r e l a t e d intermediates 43 and 44. 

The key steps f o r r i n g E annulation are the Claisen rearrangement 

of 69 t o 70, and the subsequent s t e r e o s p e c i f i c acid catalysed o l e f i n 

c y c l i z a t i o n of alcoh o l intermediate 71 t o 72. I t i s important to note 

t h a t t h i s l a t t e r step i s the key stereochemical step, and not the Claisen 

rearrangement which introduces only one (racemic) stereocentre. 

Intermediate 72 can then be modified t o the n a t u r a l methylenedioxy 

f u n c t i o n a l i t y , by boron t r i b r o m i d e demethylation t o the catechol, 73, 

f o l l o w e d by i n s e r t i o n of the methylene bridge w i t h dibromomethane, t o 

provide the methylenedioxy•system, 74, i n moderate y i e l d . 

O xidative m o d i f i c a t i o n of the cyclopentanone r i n g E of 72, or 74, 

then leads s t e r e o s p e c i f i c a l l y t o 75-or 77, r e s p e c t i v e l y , as the bulky 

oxidant a t t a c k s from the l e a s t hindered face. 

F i n a l conversion of these intermediates t o (±)-3,4-dimethoxy-

cephalotaxine, 79 , and (±)-cephalotaxine, /, r e s p e c t i v e l y , i s then e a s i l y 

achieved i n two steps, i n good y i e l d s . 

Although Hanaoka's synthesis i s longer than Weinreb's, the extremely 

good y i e l d s f o r many of Hanaoka's conversions, compared w i t h the moderate 

y i e l d s of Weinreb's steps, means t h a t the o v e r a l l y i e l d of (±)-cephalota-

•xine from Hanaoka's t e t r a c y c l i c intermediate, 68, i s 10% over nine steps, 

compared t o 16% from Weinreb's e l a b o r a t i o n of -^^to (±)-cephalotaxine i n 

only three steps. The only reason Hanaoka's route to (±) cephalotaxine 

i s o v e r a l l lower y i e l d i n g than Weinreb's, i s the poor y i e l d (33%) f o r 

methylene bridge i n s e r t i o n i n t o catechol 73. 

The l a s t year (mid-87 t o mid-88) has seen two new, elegant, t o t a l 

syntheses. The f i r s t of these i s an intramolecular n i t r o s o c y c l o a d d i t i o n 

40 
approach , reported by Fuchs et a l 
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i v Fuchs e t a l synthesis 

The Fuchs group's o r i g i n a l e f f o r t s had been d i r e c t e d towards i n t r a -

41 

molecular Michael s p i r o c y c l i z a t i o n of the intermediate 80 , u t i l i z i n g 

w e l l known methodology f o r h i s t r i o n i c o t o x i n precursors (see 2 . 1 , i ) . 

However, [4,4] s p i r o c y c l i z a t i o n attempts on 80 proved f r u i t l e s s . 

80 

The a l t e r n a t i v e s t r a t e g y (scheme VI) envisaged from r e l a t e d pre

cu r s o r s , was a [4 + 2]n c y c l o a d d i t i o n of the n i t r o s o d e r i v a t i v e of 83 

w i t h the i n t e r n a l diene. This would construct r i n g C, and an e a s i l y 

m o d i f i a b l e r i n g D, and was expected, from precedents, t o occur i n a 

s t e r e o s p e c i f i c manner, leading t o c i s r i n g E f u s i o n t o r i n g C, i . e , via 

int e r m e d i a t e 84. 

However, the c y c l o a d d i t i o n provided an isomeric mixture, which on 

subsequent N-O cleavage w i t h sodium-mercury amalgam, mesylation and then 

i n t r a m o l e c u l a r amide a l k y l a t i o n , y i e l d e d a 2:1 mixture of the cephalotaxine 

precursor, 88, and the diastereomer, 89, r e s p e c t i v e l y . 

Fuchs observes t h a t the minor isomer must a r i s e from intramolecular 

c y c l o a d d i t i o n v i a geometry 85, w i t h the dieneophile adding from the 

opposite face t o the t e t h e r i n g moiety, which i s unprecedented among 

in t r a m o l e c u l a r c y c l o a d d i t i o n s . 

A f u r t h e r a t t r a c t i v e f e ature of t h i s synthesis i s th a t by proceeding 

v i a demethylcephalotaxine, both c y c l o a d d i t i o n products can be taken 

through to (±)-cephalotaxine. Reduction of the double bond and lactam 

carbonyl f u n c t i o n a l i t i e s of 88 and 89 , followed by deprotection of the 

1,2-cis d i o l , then Swern o x i d a t i o n , leads to demethylcephalotaxinone, 12, 

The loss of the benzylic proton r e s u l t s i n the r e l a t i v e stereochemistries 
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SCHEME VI 

81 

84 

( 
0 

V 0 

- 0 
0 

Q 

11 , i i i Q 

< 

8 2 X 

83 X 

OBO = 

CONHOH 

56 87 
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86 + 87 
V , V I , V l l 

88 (46%) 89 (23%) 

V l l l , I X , X , X I 

< 
X l l . X l l l 

— ^ { - ) cephalotaxine, 1 

12 (60%) 

i t-BuLi , i i pTsOH, i i i NH2OH, i v HIO^, v Na-Hg/EtOH, v i MsCl/Et^^^-

v i i NaH, v i i i H2/Pd, i x BH^.THF, x HCl, x i Swern o x i d a t i o n , x i i pTsOH, 

x i i i NaBH^ ( 9 7 % ) , 

of both precursors leading to a s i n g l e racemic intermediate, 72, which 

i s then converted to (±)-cephalotaxine by e s s e n t i a l l y the same method-

33 34 
ology employed by Weinreb et a l ' 

V Keuhne et a l synthesis 
4'? 

A f i f t h t o t a l synthesis has been presented r e c e n t l y , and has 

A 3 
now been published (scheme V I I ) . 

The f i r s t key step i n t h i s approach i s the novel o x i d a t i v e rearrange

ment of b i c y c l i c enamide , 90 to the s p i r o p i p e r i d o n e , 91, which proceeds 

i n good y i e l d . 
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The mechanism postulated by Kuehne et a l , involves two rearrangement 

pathways from the b r i d g i n g a c e t a l carbocation intermediate, 98, v i a 

e i t h e r 99 or 7 0 0 , t o the c a t i o n i c s p i r o intermediate 7 0 7 . This then 

adds a c e t a t e , and i s then converted t o the keto system, 9 7 . Support f o r 

both rearrangement pathways, was provided by l a b e l l i n g s t u d i e s . 

^. 91 

100 101 

I n t r o d u c t i o n of the double bond i n the carbocy c l i c r i n g ( t o become 

r i n g E) i s achieved e f f i c i e n t l y i n two ways. These two methods share 

the common s i l y l enol ether i n t e r m e d i a t e 7 0 2 , which i s e i t h e r converted 

t o the s e l e n y l e t h e r , 7 0 3 , and then o x i d a t i v e l y deselenated to 92, or 

d i r e c t l y o x i d i z e d t o 9 2 by palladium diacetate and q u i n o l i n e . (The 

o v e r a l l y i e l d s being 8 8 % and 9 2 % r e s p e c t i v e l y ) . 

Me35i 

7 0 3 7 0 2 
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SCHEME V I I 

90 

93 R=H 

94 R=A ,c 

V I 

96 

V l l 0 

91 

92 

97 

11 or 111 

or i v 

i PbC0Ac)^(80%), i i (a) Me^Sil/HMD, (b) PhSeCl, ( c ) HIO^ ( 8 8 % ) , 

i i i (a) Me3SiI/HMD, (b) PO(OAc),/quinoline (92%), i v ( b i s b e n z o n i t r i l e ) P d C l 2 ' 

( 6 8 % ) , V Al (OPr^)3/^PrOH (100%), v i PcKPPh^)^, v i i CF^CO^H.viii SnCl^(100%), 
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Meerwein-Pondorff red u c t i o n of the a ,3-unsaturated ketone, 92, i s 

presumed t o provide r e l a t i v e stereochemistry w i t h hydroxyl and lactam 

f u n c t i o n a l i t i e s t r a n s . A f t e r a c e t o l y s i s , closure of r i n g C i s then 

achieved i n two ways, most e f f i c i e n t l y by Lewis acid catalysed c y c l i -

z a t i o n w i t h t i n t e t r a c h l o r i d e . 

The cyclopentanone r i n g E i s then modified v i a s i m i l a r methodology 

40 

t o t h a t employed by Fuchs et a l 

O v e r a l l , Kuehne's s t r a t e g y has the a t t r a c t i v e features of an e f f i c 

i e n t , novel rearrangement entry of the ringD-ringE a z a s p i r o c y c l i c moiety, 

and a m i l d , q u a n t i t a t i v e , s t e r e o s p e c i f i c entry t o the 3-benzazepine r i n g C. 

v i Biomimetic approaches 

A number of i n v e s t i g a t i o n s d i r e c t e d towards biomimetic cephalotaxine 

synthesis, have been reported t o be p a r t l y successful, though these do 

not appear t o have been c a r r i e d t o the f i n a l t a r g e t . 

44 45 

Kupchan e t a l ' converted the h y p o t h e t i c a l biogenetic intermediate 

1-phenethyl t e t r a h y d r o i s o q u i n o l i n e , 70^ t o 205 by intramolecular oxidative 

c o u p l i n g . This was r i n g expanded by treatment w i t h base, t o 106, then 

elaborated t o i n t e r m e d i a t e 707 i n four steps, i n ca. 70% o v e r a l l y i e l d 

(scheme V I I I ) . 

O x i d a t i o n w i t h potassium f e r r i c y a n i d e then provided the coupled 

product 3SIL, the assumed b i o s y n t h e t i c precursor of cephalotaxine (see 

1.5). U n f o r t u n a t e l y , the y i e l d of t h i s step was only 10%. Other attempts 

t o convert intermediate 707 t o 35^ , led e i t h e r to 108a^, or a mixture 

of 7M'a and. 705-^^^. 

v i i Other s y n t h e t i c routes i n progress 

Several other groups are also c u r r e n t l y t r y i n g to synthesize cepha-

48 

l o t a x i n e . H i l l and co-workers are i n v e s t i g a t i n g routes v i a the same 

1-azaspirocyclic intermediate as we have prepared (see 2.2), i n c l u d i n g 

possible a z i r i d i n i u m expansion methodology (see 3 . 1 . i v ) . 
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SCHEME V I I I 

NCOCF^ 

MeO 

MeO 

104 

OMe 

i i i , i v , V T ^ v i 

< 

705 

11 

OMe 

707 706 

v i i 

OMe 

i VO2/CF2CO2H, i i NaOH, i i i NaBH^, i v (CF3CO2) 0, v CH2N2, 

v i Pd/H2 , v i i K3Fe(CN)g (1 0 % ) . 
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Raucher's group*^^ are i n v e s t i g a t i n g methodology v i a [3,3] sigma-

t r o p i c rearrangement of intermediates l i k e 709 t o 7 70 , t o construct an 

a p p r o p r i a t e l y f u n c t i o n a l i z e d a z a s p i r o c y c l i c subunit, w i t h the f a c i l i t y to 

then c o n s t r u c t r i n g C. 

CONMe, 

709 770 

Further development of e l e c t r o n - i n i t i a t e d p h o t o c y c l i z a t i o n of 

immonium s a l t s (see 2 . 1 . v i i ) by Mariano et a l ^ * ^ , has provided the 

promising cephalotaxinone intermediate 7 72 from immonium s a l t 77 7. 

C02Et 

^ 3 u 0 2 C ^ 

777 

MS C02Et 

3U0LC 

772 

51 52 

P r i o r t o these r e p o r t s , Godleski et a l ' published a hi g h l y e f f i c 

i e n t synthesis of a 1-azaspirocycle r e l a t e d t o cephalotaxine (see 2 . 1 . i i ) , 

but have not reported any f u r t h e r progress. 
53 

S i m i l a r l y , Bryson et a l reported the synthesis of another 

1-aza s p i r o c y c l i c i n t e r m e d i a t e , s t i l l r e q u i r i n g r i n g C closure to es t a b l i s h 

the basic cephalotaxine r i n g system, though t h i s route does not appear 

to have been developed f u r t h e r (see 2 . 1 . i x ) . 
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v i i i Conclusion 

The i n t e n s i v e e f f o r t s of many groups towards the t o t a l synthesis of 
cephalotaxine over the l a s t decade, seem l i k e l y t o provide a considerable 
number of e f f i c i e n t routes to t h i s t a r g e t . 

With such a v a r i e t y of s o l u t i o n s t o the s y n t h e t i c challenges of the 

cephalotaxine r i n g system, i n hand, the development of 'second generation' 

syntheses - p a r t i c u l a r l y w i t h a view to e f f e c t i n g asymmetric synthesis -

should begin t o emerge during the next decade. 

1.7 P a r t i a l syntheses of harringtonines 

I t i s the h a r r i n g t o n i n e s 2 -5, and not the parent a l k a l o i d , 1, 

which show antitumour a c t i v i t y (see 1.3), so much e f f o r t has been d i r 

ected towards p a r t i a l syntheses of these esters from cephalotaxine. 

A v a r i e t y of approaches are now a v a i l a b l e f o r the conversion of 

cephalotaxine t o any of i t s four antitumour e s t e r s , which we w i l l here 

only b r i e f l y review. U n f o r t u n a t e l y , few of these are asymmetric, and 

thus separation of diastereomers i s usually r e q u i r e d . 

I n i t i a l attempts a t a c y l a t i o n of cephalotaxine w i t h a f u l l y formed 

7 54 

ac i d s u b s t i t u e n t , were uniformly unsuccesful ' , probably due to the 

s t e r i c hindrance of the cephalotaxine hydroxyl group. Thus, the following 

approaches established the a c y l bond to the nucleus e a r l i e r i n the con

s t r u c t i o n of the side chain, which was then elaborated to the appro

p r i a t e h a r r i n g t o n i n e f u n c t i o n a l i t y . 

i Deoxyharringtonine 

This d e r i v a t i v e , 3, having the simplest of the ester side chains, 

was the f i r s t t o y i e l d to p a r t i a l synthesis. Mikolajczak^^ and co-workers 
r 

reported the reasonably short route to deoxyharringtonine and i t s C2 

epimer, summarized i n scheme IX. 
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SCHEME IX 

COCOCI 

0 

COCeph 

Zn/BrCH2C02Me 

^ 

775 

3 + C2' epimer 

i i H a r r i n g t o n i n e 

Two d i f f e r e n t general approaches t o p a r t i a l synthesis of h a r r i n g 

tonine have been repo r t e d , both i n v o l v i n g p r o t e c t i o n of the C7' hydroxyl 

group, one as c y c l i c ether, and the other as c y c l i c a c e t a l . These 

s t r a t e g i e s , commencing from e i t h e r 114^^ or 776 are o u t l i n e d i n scheme 

X, both p r o v i d i n g h a r r i n g t o n i n e along w i t h i t s C2' epimer. 

SCHEME X 

iMe Dcc/Cp xr ^ / ^ ' ^ e 
> X ><; i HOAc/HCl 

^ rOCeph i i Zn/BrCH2C02Me ^0 

1H 

H 

775 

Cp 

•CCeph 

0 

OBz 

. ^ . 1) MeO /MeOH 
COCeph H^/pd 

epimer 

0 

77; 

Throughout schemes IX to X I I I , 'Cp' r e f e r s to parent cephalotaxine, 7 , 
and 'ceph' to the cephalotaxyl nucleus attached to the ester acyl oxygen, 
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i i i Homoharringtonine 

This ester i s undergoing the most extensive p r e - c l i n i c a l and c l i n i c a l 

t r i a l s , so v i a b l e p a r t i a l synthesis of t h i s a l k a l o i d i s of p a r t i c u l a r 

importance. 

The reported routes t o homoharringtonine are s t r a t e g i c a l l y s i m i l a r 

t o those reported f o r deoxyharringtonine, i n v o l v i n g a-keto acid c h l o r i d e 

i n t e r m e d i a t e s , and Reformatsky methodology t o introduce C2' f u n c t i o n a l i t y . 

The two major routes, commencing w i t h o l e f i n 118 and k e t a l 720 respect

i v e l y , are o u t l i n e d i n scheme X I . 

SCHEME XI 

0 

R COCl 

118 R= Me2C=CH2-

720 R= 0~P 
M e - ^ 

R= 0 0 

M e ^ ^ 

Cp 

- > R -'^'^^^^COCepl-

722 

b R= Me2C=CH2-

11,111 
/ 
/ 11 

i Zn/BrCH.^C0^Me 

i i Ĥ O', i i i MeMgl 
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i v I s o h a r r i n g t o n i n e 

Two s i m i l a r routes have been reported, both proceeding from the 

deoxyharringtonine i n t e r m e d i a t e , 77J, d i f f e r i n g mainly i n the choice of 

carbonyl a l k y l a t i n g agent and hydroxy' p r o t e c t i n g group (scheme X I I ) . 

SCHEME X I I 

03z 

Zn/ 3, COjMe 
:eph 

BzO'''''^302Me 

123 

H2/Pd 

HO 

775 

LDA 

OCeph 

. - Ceph 

HO'n\:o2Me 

Me 

124 

V Asymmetric syntheses of deoxy- and homoharringtonine 

A t o t a l l y s y n t h e t i c source of ha r r i n g t o n i n e esters w i l l only r e a l l y 

become v i a b l e when asymmetric syntheses of both cephalotaxine, and 

asymmetric i n t r o d u c t i o n of the ac y l moiety, have been achieved. 

To date, several asymmetric p a r t i a l syntheses of cephalotaxine 

esters have been reported. 

The f i r s t s t r a t e g y involves s t e r e o s e l e c t i v e a d d i t i o n of the c h i r a l 

( + ) - R - a - s u l f i n y l ester anion, 125, to e i t h e r 113 or 779(intermediates 

above f o r deoxyharrihgtonine and homoharringtonine syntheses), which can 

then be elaborated to the n a t u r a l deoxyharringtonine and homoharringtonine 

stereoisomers, (Scheme X I I I ) , 

- 32 -



SCHEME X I I I 

Me 

OH 

>-"^-4^0Ceph 

7 2 6 

1,11,111 

0 
7 2 5 

-CO^Bu 

127 

I V , 1 

11,111 

i Al-amalgam, i i CF3CO2H, 

i i i CH2N2, i v H+-H,,0 

An a l t e r n a t i v e a s y m m e t r i c s y n t h e s i s o f h o m o h a r r i n g t o n i n e has a l s o 

been a c h i e v e d by anl a p p a r e n t l y minor m o d i f i c a t i o n o f t h e approaches above 

( 1 . 7 . i i i ) , u s i n g a f r e e c a r b o n y l a t C7'. The Reformatsky a l k y l a t i o n of 

th e C2' c a r b o n y l i n ^ 
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This remarkable s t e r e o s p e c i f i c i t y was accounted f o r by invoking a 

crown ether l i k e arrangement of the dicarbonyl ester 725, one of the 

possible geometries p r o v i d i n g a b e t t e r cage-like complexation t o the 

z i n c , and t h i s allowis only f o r pro-R a t t a c k on the a-keto f u n c t i o n a l i t y . 

Thus, only the n a t u r a l C2' epimer i s obtained. 

v i Conclusion 

These r e p o r t s hold good promise f o r the f u t u r e development of e f 

f i c i e n t asymmetric p a r t i a l syntheses of a l l the h a r r i n g t o n i n e s . This 

then only leaves the major challenge of an ' asymmetric synthesis of 

cephalotaxine, t o provide a t r u e t o t a l synthesis of the n a t u r a l l y occur

r i n g h a r r i n g t o n i n e s i 

1.8 Retrosynthetic a n a l y s i s of cephalotaxine 

The main s t r u c t u r a l features of the cephalotaxine skeleton are; 

(1) the 1-azaspirocyclic subunit (fused annular t o a 3-benzazepine r i n g , 

w i t h defined stereochemical requirements), (2) the c e n t r a l 3-benzazepine 

r i n g , and (3) the o x i d i z e d cyclopentene r i n g . 

The key 'higher l e v e l ' features c e n t r a l t o t h i s r e t r o s y n t h e t i c 

analysis, are; (1) the r e c o g n i t i o n of the three stereocentres, and more 

s p e c i f i c a l l y , the i d e n t i f i c a t i o n of the r e l a t i v e stereochemistry of two 

of these centres common t o r i n g s C and E, (2) the t o p o l o g i c a l consequences 

of t h i s r e l a t i v e stereochemistry, coupled w i t h the r i g i d i t y of the s p i r o 

c e n t r e , leading to a pronounced bowl shape of cephalotaxine, 1, and 

t h e r e f o r e p e n t a c y c l i c s y n t h e t i c precursors. 

That t h i s topology might be important t o the f e a s i b i l i t y of c e r t a i n 

steps i n the r i n g synthesis, should be considered, i t i s c e r t a i n l y 

important t o the stereochemistry of i n t r o d u c i n g the hydroxyl functiona

l i t y : i t i s t h i s bowl geometry which d i r e c t s s t e r e o s p e c i f i c reduction 

' 25 
of the carbonyl t o the required hydroxyl c o n f i g u r a t i o n 
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The design of our s y n t h e t i c strategy hinged on the i d e n t i f i c a t i o n 

of a v e r s a t i l e a z a s p i r o c y c l i c intermediate of general form 736/ w i t h the 

necessary f u n c t i o n a l i t y f o r possible e l a b o r a t i o n towards r i n g C and E. 

136 
R=H, 2C fragment 

R̂  = 2C fragment, H 

X = 0,H„ 

There are two types of such intermediate, v i z those a r i s i n g from 

C-aryl disconnection ( a ) , and those from C-N disconnection ( b ) . These 

intermediates represent d i f f e r e n t s t r a t e g i e s , which, however, r e t r o -

s y n t h e t i c a l l y converge w i t h intermediates 133a and 133S- (scheme XIV). 

The intermediates 133 are p i v o t a l t o both the s i g n i f i c a n t stereo

chemical, and consequently t o p o l o g i c a l , r e t r o s y n t h e t i c considerations of 

t h i s general s t r a t e g y . 

The r e l a t i v e stereochemistry of 133, w i t h n i t r o and aromatic groups 

t r a n s (which then determines the r e l a t i v e stereochemistry of these centres 

throughout the envisaged s y n t h e s i s ) , could be derived from c i s or trans 

134, as Michael a d d i t i o n t o 134 should be s t e r e o c o n t r o l l e d on the basis 

of s t e r i c considerations (see 2.2). 

The m o d i f i c a t i o n o f r i n g E, from the cyclohexene of our e a r l i e r 

devised intermediates, towards the a p p r o p r i a t e l y f u n c t i o n a l i z e d cyclo-

pentene, i s not addressed i n the r e t r o s y n t h e s i s of scheme X I . The pos

s i b i l i t i e s a v a i l a b l e w i l l be covered i n chapter 5. However, t h i s problem 

has been a s s i s t e d , since the outset of our work, by the v a r i e t y of i n t e r 

mediate r i n g E systems t h a t have now been c a r r i e d through to cephalotaxine 

r i n g E ' ' . Hence, we have a v a r i e t y of pre-targets through which to 

d i r e c t r i n g E e l a b o r a t i o n . 
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SCHEME XIV 

< 

OMe 

757 

753 a R =H 

d R =CH2Y 

.0 

^0 

OMe 

< 

75-̂  

•R 

NO. 

755 

- 36 



1.9 Cephalotaxine analogues 

The i n v e s t i g a t i o n of s y n t h e t i c cephalotaxine r i n g analogues has 

seen l i t t l e work, the only notable r e p o r t s being the syntheses of 3,4-

39 43 dimethoxycephalotaxine and 8-oxo-fephalotaxine , described i n the 

l a s t two years. 

The types of m o d i f i c a t i o n which are worth e x p l o r i n g , f a l l i n t o two 

major categories: (1) those w i t h novel s u b s t i t u t i o n i n any of the r i n g s , 

and, (2) those i n v o l v i n g changes i n r i n g s i z e , or i n t r o d u c t i o n of extra 

r i n g heteroatoms. 

Category (1) c l e a r l y involves a wide range of analogues, w i t h sub

s t i t u t i o n possible i n r i n g s C,D, or E, and also on the aromatic nucleus. 

Also w i t h i n t h i s category i s the cephalotaxine regioisomer, 131a, which 

could then provide an a l t e r n a t i v e s eries of isomeric harringtonines, 

1371, f o r stud^r. 

W i t h i n category (2) there are c l e a r l y a number of r i n g size v a r i a 

t i o n s t h a t are possible, and t h a t may be of i n t e r e s t . Prime targets would 

be 6- or 8-membered r i n g C, 6-membered r i n g D, and 6-membered r i n g E, 

which w i l l a l l be discussed f u r t h e r i n the relevant sections of f o l l o w i n g 

chapters. 

F u r t h e r , of some i n t e r e s t i s the i n t r o d u c t i o n of an e x t r a hetero-

atom i n one of the r i n g s , the most f e a s i b l e being r i n g C. This i s an 

area we have touched upon, and w i l l be discussed i n chapter 4. 

The p o s s i b i l i t y of modifying our sy n t h e t i c scheme to y i e l d a range 

of i n t e r e s t i n g analogues, i s one of the underlying aims of the work 

described here. 

With the recent f l u r r y of new s y n t h e t i c approaches, to cephalotaxine, 

i t i s expected t h a t the next few years w i l l witness increasing reports of 

s y n t h e t i c a l l y modified cephalotaxine r i n g systems. 
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CHAPTER TWO 

7-AZASPIROCYCLIC RING SYSTEMS: 

REVIEW OF METHODOLOGY AND 

DISCUSSION OF RESULTS 
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2.1 I n t r o d u c t i o n - Synthetic approaches t o azaspirocycles 

A z a s p i r o c y c l i c r i n g systems are present i n a v a r i e t y o f n a t u r a l 

products, other than Cff-phatotaxaA a l k a l o i d s . These include the 1-

azaspiro [5.5] undeeane e r y t h r i n a ^ ^ a l k a l o i d s (e.g. 55), the 1-azaspiro 

[ 6 . 5 ] dodecane homoerythrina (e.g. 57) and p h e l l i b i l i d i n e a l k a l o i d s 

(e.g. p h e l l i b i l i d i n e 755), the 1-azaspiro [5.4] decane spirobenzyl i s o -

62 

q u i n o l i n e s (e.g. 797) and the 1-azaspiro [4.4] nonane brevianamide 

a l k a l o i d s (e.g. brevianamide A, 759), and other fused i n d o l e a l k a l o i d s 

e.g. austamide 140^^'^'' and a r i s t o t e l i n e 141^^. 

MeO-' 

759 

7-̂7 

N " " 0 

Simple b i c y c l i c a z a s p i r o c y c l i c a l k a l o i d s which are of c u r r e n t 

i n t e r e s t i n c l u d e , most i m p o r t a n t l y , the 1-azaspiro [5.5] undecane 

h i s t r i o n i c o t o x i n s '̂''̂ ^ and the 2-azaspiro [5.5] undecane nitramine 

69 ' 

a l k a l o i d s . However, t h e i r apparent s t r u c t u r a l s i m p l i c i t y b e l i e s 

considerable s y n t h e t i c challenges. 
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Since the mid-1970s, a number of new approaches to 1-azaspirocyclic 

r i n g systems have been developed, motivated l a r g e l y by the unusual 

n e u r o p h y s i o l o g i c a l p r o p e r t i e s of h i s t r i o n i c o t o x i n 7-̂ 2, and i t s d e r i v a t i v e , 

p e r h y d r o h i s t r i o n i c o t o x i n 143. 

142 143 

Consequently, most reported s y n t h e t i c e f f o r t s have been directed 

towards the 1-azaspiro [5.5] nonane skeleton of these a l k a l o i d s , or the 

1-azaspiro [ 4 . 4 ] nonane framework of ce-phalotaxuA, and brevianamide 

a l k a l o i d s . 

Some a t t e n t i o n has also been focused on the 2-azaspiro [5.5] 

undecaae n i t r a m i n e a l k a l o i d s , nitramine 144, isonitramine 7-̂ 5 and 

s i b i r i n e 7-̂ 6, l a r g e l y due t o t h e i r s i m p l i c i t y and t h e i r r e l a t i o n s h i p to 

the h i s t r i o n i c o t o x i n s . However, we w i l l not consider t h i s work i n any 

d e t a i l . 

OOH HO-" 

MeN 

144 145 146 

A range of methodologies have been employed, many of which are 

motivated by achieving! s t e r e o s p e c i f i c i t y i n the formation of the s p i r o -

c e n t r e , f a c i l i t a t i n g the p o s s i b i l i t y of asymmetric i n d u c t i o n . Therefore 

i t i s not s u r p r i s i n g t h a t both intramolecular c y c l o a d d i t i o n s , and r e -
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arrangements have been employed. Other types of methodology have i n 

cluded c a t a l y t i c a l l y - a s s i s t e d i n t r a m o l e c u l a r Michael a d d i t i o n s , metal-

a s s i s t e d amine-olefin c y c l i z a t i o n s , as w e l l as the extension of iodo-

c y c l i z a t i o n reactions^*^ t o s p i r o c y c l i z a t i o n s . These, and other approaches, 

are now considered i n t u r n . 

i I n t r a m o l e c u l a r Michael c y c l i z a t i o n s . 

K i s h i et al^''' r e p o r t e d the acid-catalysed Michael c y c l i z a t i o n of 

araido-enone 1^1, w i t h some degree of s t e r e o s e l e c t i o n , p r o v i d i n g a 2:1 

r a t i o of ?48:749, reversed by basic e q u i l i b r a t i o n t o a 1:4 r a t i o . 

A s i m i l a r acid c a t a l y s e d c y c l i z a t i o n of the amino-enone, 150, gener

ated i n s i t u , t o the spiroamine, /5/, was ef f e c t e d i n 94% y i e l d by 

Magnus et a l ^ ^ . 

R = b u t y l X=0 

"̂"̂  R = b u t y l X= n-pentyl 

750 R = H X = 

75^. R' - Bu 

749 fl - — Bu 

73 
I n c l o s e l y r e l a t e d work, Corey et a l found no s t e r e o - s e l e c t i o n i n 

74 

the uncatalysed c y c l i z a t i o n of 7 52 to 753, while Godleski et a l reported 

t h a t t r i m e t h y l s i l y l i o d i d e catalysed c y c l i z a t i o n of 754 provided 755 

s t e r e o s e l e c t i v e l y . '< 
An attempted extension of t h i s methodology to the synthesis of a 

1-azaspiro [4.4] nonane precursor of cephalotaxine proved unsuccessful 
40 
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s 

0 

HCH2Ph 

75-5 75^ 755 

On 

I n t e r e s t i n g l y , Semmelhack et a l found t h a t azaspirocycle 6Z 

was r e a d i l y polymerized. They postulated t h a t the z w i t t e r i o n i c form 

75/5 underwent a r e t r o - M i c h a e l r e a c t i o n t o 757, which was subsequently 

polymerized. 

OMe 

756 757 65 755 

S i m i l a r l y , they suggest th a t i n s t a b i l i t y of 65 i s due t o a r e l a t e d 

r e t r o - M i c h a e l e l i m i n a t i o n t o 75(5, 

i i Metal assisted c y c l i z a t i o n s 

Metal assisted s p i r o c y c l i z a t i o n of substrates 759, c l e a r l y r e l a t e d 

t o those above, has provided entry not only to the 1-azaspiro [5.5] 

OAc . 
760a n = 3 m = 4 

g n = 3 m = 3 

c n = 2 m = 4 
n = 2 m = 3 

V / 
759 

undecane skeleton, HOci, but also to the 1-azaspiro [4.5] - and 1-azaspiro 

[5.4 ] - decanes 760̂ !. and 760c r e s p e c t i v e l y , and 1-azaspiro [4.4] nonane. 7606^ skeletons 51,52 
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S i m i l a r l y , Cariruthers et a l ^ ^ have r e c e n t l y found palladium (0) 

catalysed c y c l i z a t i o n of amino-cyclohexyl acetate 759^ (n = 3, m = 4 ) , 

to azaspirocycle 760a/ t o proceed smoothly i n moderate y i e l d . 

This methodology has been extended t o the synthesis of the cephalo-

t a x i n e i n t e r m e d i a t e , 767, by these workers, the c y c l i z a t i o n step i t s e l f 

being q u a n t i t a t i v e . Though f u r t h e r progress i s yet to be reported, t h i s 

approach holds the p o s s i b i l i t y of leading t o an enantioselective synthe

s i s , u t i l i z i n g the p o t e n t i a l of a l l y l palladium complexes f o r asymmetric 

,̂ . 76a76b synthesis . 

OMe 

< 

767 762 

A z a s p i r o c y c l i z a t i o n of a cyclohexadienylium i r o n t r i c a r b o n y l com

plex, 762, followed by o x i d a t i v e decomplexation and h y d r o l y s i s , has 

also provided entry t o the 1-azaspiro [5.5] undecane r i n g system, 765^^. 

i i i Halo and m e r c u r i c y c l i z a t i o n s 

The m e c h a n i s t i c a l l y s i m i l a r methodologies of m e r c u r i c y c l i z a t i o n and 

i o d o c y c l i z a t i o n , provide another entry to azaspirocycles, w i t h the 

p o s s i b i l i t y of s t e r e o s e l e c t i o n . 

The m e r c u r i c y c l i z a t i o n of the amino-olefin 764 provides some se l e c t i o n 

of 765 over 766^^'^^i while i o d o c y c l i z a t i o n of 767 leads to good selec

t i v i t y , p r o v i d i n g the s i n g l e azaspirocycle 168 

A r e l a t e d , but uncatalysed, r e a c t i o n i s the s p i r o c y c l i z a t i o n of 

the epoxide 769, susceptible to att a c k by the amine i n t e r n a l nucleophile 

( c f . the a c t i v a t e d double bond of 767 i n h a l o c y c l i z a t i o n ) . This reaction 

i s also s t e r e o s e l e c t i v e i n a f f o r d i n g 770, 
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i HgCl2 

i i NaBH 

(63:37) 

764 765 766 

PhCH2HN 

6R 

768 1 = 1 

X = OH 

PhCH2HN 

769 

OR 

i v Acyliminium c y c l i z a t i o n s 

81 8i2 

Evans et a l ' used a 'formate a c t i v a t e d ' e x o c y c l i c o l e f i n as 

i n t e r n a l nucleophile t o a t t a c k the endocyclic acyliminium double bond 

of 777 , p r o v i d i n g a m i x t u r e of s p i r o c y c l i c products 772 and 775. 

N 

777 775 (30%) 772 (40%) 

S i m i l a r a c t i v a t e d o l e f i n c y c l i z a t i o n s onto a c y l iminium i n t e r -

83 84 
mediates have also been reported by Schoeraaker et a l ' , while the 

analogous acid c a t a l y s e d c y c l i z a t i o n s of exocyclic enamines onto imines 

85 
has been reported by Corey et a l , i n the c y c l i z a t i o n of 77-!̂  to 775. 
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o 
77^ 775 

C y c l i z a t i o n s o f o l e f i n s onto i n t e r n a l iraine or imdnium f u n c t i o n a 

l i t i e s have also been: reported i n the synthesis of spi r o b e n z y l i s o q u i n o l i n e s . 

These proceed v i a r i n g opening of a benzocyclobutane, the r e s u l t i n g 

double bond - a c t i v a t e d by v i r t u e of the i n s t a b i l i t y of the o-quinonoid 

int e r m e d i a t e - then a t t a c k i n g the imine or irainiura carbon. 

For example, t h e unstable 776 opens t o the r e a c t i v e o-quinonoid 

777. Assistance from the hydroxyl group i s then suggested t o aid nucleo-

p h i l i c a t t a c k on the imi n e , generating azaspirocycle 7 7S^^'^^. 

Analogously, t h e in t e r m e d i a t e iminium o-quinonoid system 779 

undergoes s p i r o c y c l i z a t i o n to 750, by a s i m i l a r process. 
88,90 

MeO 

MeO 
HO-

K 
MeO OMe 

776 

NMe 

( t o 750) 

MeO (ytAe 

779 

MeO OMe 

( t o 775) 

775 R H X = 0 

Me X = CH. 
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V In t r a m o l e c u l a r c y c l o a d d i t i o n s 

The use of i n t r a m o l e c u l a r c y c l i z a t i o n s i s p a r t i c u l a r l y a t t r a c t i v e , 

because of the w e l l - d e f i n e d stereochemistry of such c y c l i z a t i o n s . 

C y c l o a d d i t i o n o f n i t r o n e s t o o l e f i n s have been used e.g. f o r 78.7^ 

752^^ and 783 t o a m i x t u r e of 784 and 785^^. The l a t t e r compound was then 

converted t o the simple l-azaspirocycle 756, 

787 R = E 

755 R = H 

(R=E) 

(R=H) 

784 785 

v i Rearrangements 

One of the e a r l i e s t syntheses of a h i s t r i o n i c o t o x i n d e r i v a t i v e , 

r e p o rted by Corey e t a l , u t i l i z e d the Beckmann rearrangement of the 

c a r b o s p i r o c y c l i c oxime 7S7, t o the spirolactam 788, 

HON 

757 

H 

'Bu 

755 
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A s i m i l a r approach t o both the 1-azaspiro [ 5 . 5 ] undecane and 1-

azaspiro [5.4] decane skeletons, by t h i o n y l c h l o r i d e induced Beckmann 

94 

rearrangement, had been reported previously by H i l l e t a l , though 

y i e l d s were poor. 
This Beckmann rearrangement methodology has been l a t e r used i n the 

95 

synthesis of s u b s t i t u t e d 1-azaspiro [5.5] undecanes 

A v a r i e t y of o t h e r rearrangement approaches t o azaspirocycles have 

been reported since the mid-1970s. The novel base induced rearrangement 
of an intermediate iminium s a l t , from treatment of 7^9 w i t h bromine, 

96 
leads t o system 790 i n poor to moderate y i e l d s 

R R 
759a R=R=Me 

759^ R=R=H 

Me 

A 
R R 790a 58% 

790^ 20% 

S p i r o b e n z y l i s o q u i n o l i n e a l k a l o i d s , c o n t a i n i n g a benzo-fused 1-

azaspiro [5.4] decane s u b s t r u c t u r e , have also been obtained by r e -

97 98 99 
arrangements. Approaches t o oc h r o b i r i n e , corydaine , fumaricine , 

raddeamine, 7 97,^*^^ and yenhusomine, 792,''̂ ^̂  a l l proceed v i a photo-

rearrangement of a phenol betaine intermediate 795, t o y i e l d fused 

a z i r i d i n e i s o q u i n o l i n e s ; a z i r i d i n e opening then leads to the spiro 

fused products. 

/9/ R= HO— 

7 92 R= HO 

795 
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A completely d i f f e r e n t rearrangement t o a sp i r o b e n z y l i s o q u i n o l i n e 

occurred when DIBAL-H reduced 794 t o 795^°^ 

An elegant approach t o 1-azaspirocycles, was reported by Overman et 

102 

a l , i n v o l v i n g i n s e r t i o n of cyclohexanone i n t o 7 96, y i e l d i n g i n t e r 

mediate 797, which underwent a [3,3] sigmatropic rearrangement, (a c a t i -

onic aza-Cope rearrangement) a f t e r treatment w i t h a l k y l i o d i d e , as the 

key step. The f i n a l c y c l i z a t i o n involved the Mannich reaction of the 

rearranged i n t e r m e d i a t e 795, t o y i e l d 799 i n 70% o v e r a l l y i e l d . 

797 

799 

v i i Photochemical routes 

A few photochemical routes to 1-azaspirocycles have been reported, 

other than the phot:o rearrangements to s p i r o b e n z y l i s o q u i n o l i n e s described 

above. 
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