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Total syntheses of natural products, such as iso- 

quinoline, indole and diterpene alkaloids, terpenes 

and a steroidal compound by phenolic oxidation, 

Pschorr reaction, photolytic reaction, benzyne 

reaction and thermolysis of benzocyclobutene 

derivatives, which had been developed mainly in this 

laboratory, are described. 
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I. INTRODUCTION 

The s t u d i e s  focussed on t h e  t o t a l  syn theses  of n a t u r a l  pro- 

d u c t s  based on sys temat ic  a n a l y s i s  s t a r t e d  i n  t h e  middle of 

1 9 6 0 ' s  wi th  a  b iogene t ic - type  s y n t h e s i s  of g l a z i o v i n e  and 

Neupaverine 
Eupaverine 

Papaverine 

K36,CNki , '::PMe CH2N2 , :::pMe 
HO 

\ 
I I I I 

HO 
0 0 

N - Methylcochurine 
Glaziovine Pronuciferine 
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1 pronuciferine by phenol oxidation . The key material in this 

synthesis was N-methylcoclaurine which has two phenolic hydroxy 

groups in a 1-benzylisoquinoline molecule. The most important 

synthetic step for the key material is the conversion of a non- 

phenolic base by 0-dealkylation. However, 0-dealkylation by our 

group is not new, although this work was started by one of the 

authors (T.K.) during the second world war. Thus, we had two 

main routs based on suggestions by Professor S. Sugasawa, 

Kametani's teacher at that time. One was the synthesis of 

papaverine-like compounds, neupaverine and eupaverine, from 

safrole that was easily available as a starting material. The 

other was the preparation of the water-soluble papaverine 

derivatives having phenolic hydroxyl groups by 0-dealkylation of 

nonphenolic isoquinolines. The results of this ~ o r k ~ - ~  established 

a general and effective method for 0-deetherification of O- 

alkylated isoquinolines which has contributed much to finding 

several new synthetic reactions such as phenol oxidation or 

photolytic reaction in our laboratory. Here we wish to describe 

the total syntheses of natural products by several reactions 

developed in our laboratory. Firstly, we mention the total 

synthesis of isoquinoline alkaloids by phenolic oxidation in 

which phenolic isoquinolines were used as a starting material. 

11. TOTAL SYNTHESIS OF ISOQUINOLINE AND IlELATED ALKALOIDS BY 

PHENOL  OXIDATION^-' 
It has long been known that dimeric products can be formed by 

the oxidation of phenols with such reagents as ferric chloride 



and Potassium f e r r i c y a n i d e 8  a s  shown i n  t h e  fol lowing c h a r t .  

Phenol 0xido;ion 

I n  a d d i t i o n ,  t h e  concept  t h a t  some i s o q u i n o l i n e  a l k a l o i d s  

a r e  b u i l t  up i n  n a t u r e  by o x i d a t i v e  c o u ~ l i n g  w i t h i n  t h e  molecule 

o f  a  benzy l i soqu ino l ine  i s  n o t  new; ~adamer '  i n  1911 drew a t t e n t -  

ion t o  t h e  r e l a t i o n s h i p  between laudanosol ine  and g lauc ine ,  and 

s i m i l a r  i d e a s  were promulgated by ~obinson' '  and ~ch6"f ' l .  I n  

1957, Barton and cohen12 proposed t h a t  t h e  new C-C o r  C-0 bonds i n  

i s o q u i n o l i n e  a l k a l o i d s  w e r e  formed by p a i r i n g  o f  r a d i c a l s  from the  

s u b s t r a t e  involved i n  t h e  o x i d a t i v e  s t e p .  A very d e t a i l e d  know- 

ledge of t h e  b i o s y n t h e t i c  pat5way t o  t h e  i s o q u i n o l i n e  a l k a l o i d s  
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has  been gained from ex tens ive  t r a c e r  exper iments ,13 which showed 

t h a t  pheno l ic  ox ida t ion  is  an important  s t e p  i n  t h e  b iogenes i s  

o f  i s o q u i n o l i n e  a l k a l o i d s  as sham belaw in  the biogenesis of morwhine. 

Thus, morphine i s  b iosyn thes i sed  from s a l u t a r i d i n e ,  formed 

phenol ox ida t ion  o f  r e t i c u l i n e ,  through thebaine  and codeine.  

0 

Q*., ,.*H - 
a,,, H A  - 

NMe NMe Me 

M ' 
Morphine Thetaine 

Since 1 9 6 0 ,  t h e  biogeneticalapplicabilityof phenol ic  oxidat-  

ion i n  t h e  s y n t h e s i s  of i soqu ino l ine  a l k a l o i d s  has been repea ted ly  

i n v e s t i g a t e d ,  and t h e  t o t a l  syntheses  o f  a  nwnber of i s o q u i n o l i n e  

a l k a l o i d s  have been achieved us ing biogenet ic- type r e a c t i o n  

s t e p s .  
14-19 

1. Chemical Oxidation 

a )  Cular ine  and Rela ted Alkaloids  

Cular ine  and r e l a t e d  a lka lo ids2 '  may be b iosyn thes i sed  by 



phenol oxidation of a 7,8-dioxygenated 1,2,3,4-tetrahydroisoquino- 

line. Thus, oxidative coupling of 1,2,3,4-tetrahydro-8-hydroxy- 

l-(3-hydroxy-4-methoxybenzyl)-7-methoxyisoquinoline followed by 

0-methylation gives cularine. Alternatively, it is possible 

that phenol oxidation of the 1-(4-hydroxy-3-methoxybenzy1)-isomer. 

followed by conversion of the resulting dienone by dienone-phenol 

rearrangement2' would also afford cularine . 
Along this biogenetic pattern, the former diphenolic isoquino- 

line was oxidised with potassium ferricyanide in a two-phase 

system to afford 0-demethylcularine in 2.5 - 8 % yield in addition 

to the ortho-coupling product. 0-Demethylcularine was then trans- 

formed into cularine by methylation with diazomethane. 22 ~ h u s ,  a 

biogenetic-type synthesis of cularine has been achieved. The same 

result was also obtained by ~ a c k s o n . ~ ~  Furthermore, the 1-(4- 

hydroxy-3-methoxybenzy1)isomeric isoquinoline on oxidation with 

the Same reagent gave the dienone. 2 2 

b) Aporphine- 

The relationship between laudanosoline and glaucine was noted 

at the beginning of this century. 9124 In 1957,  arto on'^ proposed 
the theory of phenol oxidation in the biogenesis of aporphine al- 

kaloids. Thus, the majority of the aporphine bases such as iso- 

boldine and glaucine, can be regarded as being formed by phenolic 
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coupling from the phenolic base reticuline or its biogenetic equi- 

valent. The hypothesis that phenolic oxidation generates the 

bond between the two aromatic rings of the aporphines has been 

confirmed by conversion of a labeled reticuline into a radio- 

active bulbocapnine. 25 .26  

""s' 
Me0 

"Olf-J' 
Me0 

Reticuline Bulbocapnine 

Until recently, no laboratory analogy of this type of bio- 

genetic synthesis had been realized. 27r28 We postulated that the 

presence of the lone electron pair of nitrogen would prevent the 

C-C coupling, and thus accomplished the in vitro synthesis of the 

aporphine derivative in moderate yield 2 phenol oxidation of 
0-methyllaudanosoline methiodide where the lone electron pair on 

the nitrogen was protected by quaternisation, with ferric 

chloride .29 Based this finding, N-ethoxycarbony lnorreticuline, 

whose lone electron pair on the nitrogen is also protected, was 

converted into an aporphine in 5 - 7 % yield, by phenolic 

oxidation with potassium ferricyanide in dilute ammonia; and 

lithium aluminium hydride reduction affords isoboldine. 30 



M~O? Ho 'Me -Le-~lp 'Me , M e x z 1 p  

HO \ HO 
\ \ 

Me0 
OH OH OMe 

Isoboldine 

Later, we found that protection of the lone electron pair 

on the nitrogen is not necessary in a coupling reaction,' and 

reticuline has been converted into isoboldine on oxidation with 

potassium ferricyanide, 31r32 silver carbonate33 or vanadium 

o~ychloride,~~ in 5 - 10 % yield. Methylation of isoboldine 

afforded qlaucine. The same work has been carried out independently 

by Jackson, 34 Chen, 35 and ~ r a n c k ~ ~ .  Phenol oxidation of the 

diphenolic 2'-bromobenzylisoquinoline with potassium ferricyanide 

gave no corytuberine-type aporphine but isoboldine by an oxi- 

dative elimination of the bromine atom.30 The difficulty in 

oxidizing reticuline or 6'-bromoreticuline-type compounds to 

corytuberine-type aporphines is probably due to the influence of 
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s t e r i c  f a c t o r s  which p reven t  d i r e c t  coupling of r a d i c a l s  o r t h o  

t o  both  of t h e  pheno l ic  hydroxy groups. 

Severa l  aporphine a l k a l o i d s ,  exempli f ied  by n u c i f e r o l i n e  and 

n o r n u c i f e r i n e ,  a r e  cons t ruc ted  i n  such a way t h a t  t h e i r  biogene- 

s is  by d i r e c t  pheno l ic  o x i d a t i o n  is  n o t  reasonable  o r  invo lves  

u n l i k e l y  p recursors .  ~ a r t o n l *  t h e r e f o r e  proposed t h a t  a coc- 

laurine analoguewould i n i t i a l l y  be ox id i sed  t o  t h e  dienone pro- 

aporphine,  which would then be subjected t o  dienone-phenol rearrange-  

ment t o  generate  n u c i f e r o l i n e  and t h a t  reduct ion o f  the dienone t o  

d i e n o l  followed by dienol-benzene rearrangement,  would then 

f u r n i s h  nornuc i fe r ine .  This hypothesis  has been confirmed by 

1 3  feed ing  experiments . 



This  coupl ing p rocess  was reproduced i n  o u r  l abora to ry .  Thus, 

N-methylcoclaurine was o x i d i s e d  wi th  potassium f e r r i c y a n i d e  i n  

chloroform i n  t h e  presence o f  8 % am~onium a c e t a t e  t o  g ive  

g l a z i o v i n e  which was conver ted i n t o  p r o n u c i f e r i n e  by methyla t ion 

wi th  diazomethane.' Glaziovine ,  i n  t u r n ,  could be t ransformed 

i n t o  n u c i f e r o l i n e  and nornuciferbne. ,  and p r o n u c i f e r i n e  t o  nuci-  

f e r i n e .  

0 
Glaziovine 

Pakistanamine i s  a  b i sbenzy l i soqu ino l ine  a l k a l o i d s ,  whose pro- 

aporphine moiety would a l s o  be  b iosyn thes i sed  by t h i s  p rocess .  
3 7 

Indeed,  we ob ta ined  t h i s  compound a s  a d i a s t e r e o i s o m e r i c  mixture  

i n  t h e  same manner a s  shown i n  t h e  fol lowing c h a r t . 3 8  



HETEROCYCLES. Vol.8. 1977 

Recently, ~attersby~' elucidated a surprising biogenetic route 

to glaucine and corydine by means of tracer experiments. Thus, 

phenolic oxidation of a protosinomenine-type isoquinoline could 

yield a dienone. Dienone-phenol rearrangement of this first 

dienone could yield boldine, affording glaucine, and the 

second dienone which in turn leads to corydine. A related 

dienone has been synthesised in our laboratory, based on a 

HO 

Me0 ?Me , 
Me0 

\ 
Me0 

\ 

OH OH 

Protosinomenine 

RO 
1 

Me0 -.PMe OR 

R =  H Boldine 
R=Me Glaucine 



hypothetical biogenesis of aporphine before presentation of this' 

mechanism, by phenolic oxidation of N-ethoxycarbonyl-N-norprotos- 

inomenine with potassium ferricyanide in the presence of dilute 

ammonia and ammonium acetate. 

The synthesis of thalicsimidine was examined by the above three 

biogenetic routes, 41'42 and this alkaloid was obtained by two 

pathways,one via direct coupling and the other through proapor- 

phine. 4 1 

K3fdCN16 Me0 ' Me P, Me0 

Me0 Me0 
OH OH 

Me0 

Thalicsimdine 
21 CHzN2 

OMe 

Mrn C02Et ____, 

C )  

Tracer experiments have shown that morphine is biosynthesised 

from salutaridine formed via phenolic oxidation of reticuline 

throuth thebaine and codeine13 and this biogenetic route has been 
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dupl ica ted  by Barton. 

Another coup l ing  mode o f  r e t i c u l i n e  would give  a  second mor- 

phinandienone,  p a l l i d i n e ,  which could  be conver ted i n  n a t u r e  

i n t o  amurine o r  f l a v i n a n t i n e  by t ransmethy la t ion  and into sebiferine 

by methylation.  We could  conver t  r e t i c u l i n e  i n t o  p a l l i d i n e  

by an o x i d a t i v e  coupl ing wi th  potassium f e r r i c y a n i d e  i n  the  pre- 

sence of 50 % sodium hydrogen c a r b o n a t e ,  31-33 s i l v e r  carbonate  on 

 elite^^ o r  vanadium o ~ y c h l o r i d e . ~ ~  ~ a l l i d i n e  is  a l s o  t ransformed 

i n t o  s e b i f e r i n e  by t rea tment  wi th  diazomethane. I n  this oxi-  

d a t i o n ,  s a l u t a r i d i n e  could n o t  be ob ta ined .  

O M e  

O N  > O N M  "" , 
Me 

Me0 ' 
1 H  

Me0 Me0 

d )  Hasubanan Alkaloids  

Cepharamine, a  hasubanan-type a l k a l o i d  from Menispermaceae, 

i s  probably b iosyn thes i sed  by rearrangement of t h e  proerythina-  

dienone, a  p recursor  t o  t h e  aporphine a l k a l o i d s  formed from pro- 

tosinomenine by phenol ic  o x i d a t i o n ,  a l though t r a c e r  experiments 

have n o t  y e t  been c a r r i e d  o u t .  I n  our  l a b o r a t o r y ,  a  dienone having 

t h e  same molecular p recursor  s k e l e t o n  was syn thes i sed  by phenol ic  



oxidation4' ,  b u t  a c i d i c  rearrangement of t h e  dienone gave no 

expected compound. 

On t h e  o t h e r  hand, t h e  hasubanan molecular s k e l e t o n  was synthe- 

s i s e d  by a  non-biogenet ic  r o u t e  a s  shown i n  t h e  fol lowing c h a r t  

i n  which phenol ic  ox ida t ion  was a  key s t e p .  Vanadium oxychlor ide  

o x i d a t i o n  o f  the  d iphenol ic  compound, followed by h y d r o l y s i s  and 

i s o m e r i s a t i o n  gave a  hasubanan-type enone. 4 4 

e )  genzophenanthr idine  Alkaloids  

The benzophenanthridine a l k a l o i d s  a r e  b iosyn thes i sed  through 

c leavage o f  the  C -C bond of b e r b i n e s ,  formed i n  p l a n t s  6 7 

from r e t i c u l i n e  o r  i t s  b i o g e n e t i c  e q u i v a l e n t s ,  followed by join- 
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i n g  of C6 t o  C13. 

W e  have succeeded i n  t h e  conversion of be rb ines  i n t o  benzo- 

phenanthr idine  by us ing  o x i d a t i v e  coupl ing wi th  l e a d  t e t r a a c e t a t e  4 6 

45 a s  the  key r e a c t i o n  . Thus, ox ida t ion  o f  methine base ,  de r ived  

from the  be rb ine ,  wi th  l e a d  t e t r a a c e t a t e  gave t h e  p-quinol a c e t a t e  

which was t r e a t e d  w i t h  sulphuric a c i d  i n  a c e t i c  a c i d  and then 

hydrolyzed t o  a f f o r d  t h e  benzophenanthridine.  45 N i t i d i n e  was 

s y n t h e s i s e d  by t h e  same method from t h e  corresponding 2,3-methyl- 

enedioxyberbine.  4 7  

'+OH 
OMe 

f )  Phene thy l i soqu ino l ine  Alkaloids  

I n  t h e  l a s t  decade, t h e  phenethyl isoquinol ine  a lka lo ids2 '  have 

been i s o l a t e d ,  c h a r a c t e r i s e d ,  and d iv ided  i n t o  f i v e  groups: b i s -  

phene thy l i soqu ino l ine ,  homoproaporphine, homoaporphine, homomor- 

phinandienone , and homoerythrina a l k a l o i d s ;  corresponding t o  b i s -  



benzylisoquinoline, proaporphine, aporphine, morphinandienone, 

and erythrina alkaloids in the benzylisoquinoline series. These 

alkaloids are probably biosynthesised from autumnaline or its bio- 

genetic equivalents by phenolic oxidation just as the benzyliso- 

quinoline alkaloids could be formed from coclaurine or its ana- 

logue. 

The homoaporphine alkaloids are known only in the form of 

their representative, kreysiginone, which is probably biosynthesi- 

sed from homoorientaline (R=H). Laboratory experiments attempt- 

ing the conversion of homoorientaline into kreysiginone have been 

carried out. Phenolic oxidation of homoorientaline with potassium 

ferri~yanide~~'~' or ferric chloride 48'49 afforded a mixture of 

two dienones that differed in configuration at the spiro-center, 5 0 

one of which was identical with kreysiginone. 

Homoaporphine alkaloids such as floramultine, an isomer of 

multifloramine, may be biosynthesised by direct phenolic oxidat- 

ion from autumnaline, as shown by tracer experiments, which ruled 

out a route involving a dienone-phenol rearrangement of the homo- 

pr~aporphine.~~ On the other hand, the synthesis of homoaporphine 

by a non-biogenetic route through the homoproaporphine has been 

carried out as follows. 48-50'52 The diphenolic isoquinoline was 

oxidised with potassium ferricyanide or ferric chloride to give 

M e 0  0 

HO 

/ OMe 

R   OM^ Me0 
OH 

R=H Kreya8gimne 
Multif lor~mine 
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the homoproaporphine (R=OMe) in good yield, which was subjected 

to dienone-phenol rearrangement to afford multifloramine. Methyl- 

ation of this furnished kreysigine. 

Androcymbine, the first example of a 1-phenethylisoquinoline 

alkaloid, is biosynthesised by phenolic oxidation of autumnaline 

and transformed biogenetically into colchicine as shown by tracer 

experiments. l3 In the laboratory, the conversion of autumnaline 

into androcymbine by phenolic oxidation failed, but homomorphinan- 

dienone was obtained in low yield from homoreticuline by potassium 

ferricyanide oxidation. 5 3 

It is likely that the ring system of the homoerythrina alka- 

loids, schelhammerine is derived from homoprotosinomenine by 

a route analogous to that involved in the biogenesis of the 

erythrina alkaloids, for which a protosinomenine precursor has 

been established. A trial in the laboratory resulted in failure, 5 4 

but homoerythrinadienone has been obtained from the secondary 

amine y& potassium ferricyanide oxidation. 5 5 



g) Amaryllidaceae Alkaloids 

Barton and cohen12 suggested that a phenolic intermediate, such 

as the amine now known as the natural product norbelladine, 

represents a single precursor for galanthamine, the Amaryllidaceae 

alkaloid. The validity of this has been conclusively demonstrated 

by independent investigators. 13 

Narwedine, obtained in poor yield by manganese dioxide oxidation 

of belladine derivative, was reduced to galanthamine. Other 

oxidations, such as potassium ferricyanide or lead dioxide. 

were studied, but the yields, determined by the radiochemical 

dilution method, were very low. 5 6  However, we reported an improved 

method 57-59 involving the use of the bromoamide as a substrate 

for phenolic oxidatron. Amldatlon protects the basic nitrogen 

0 Lead ox~de 

MeO 
Narwed~ne 
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against oxidation and the bromine atom prevents oxidative coupling 

at an undersired position. Potassium ferricyanide oxidation of 

the amides in the presence of sodium hydrogen carbonate yielded 

the corresponding enones which were reduced to galanthamine by 

standard methods. Galanthamine was reduced to lycoramine and 

converted into narwedine by oxidation. 

2. Enzymatic Oxidation 

The enzymatic oxidation and coupling of phenols is a subject 

of great importance in biochemistry and organic chemistry. The 

three main classes of enzymes known as catalysts for'phenol oxi- 

dation and coupling are the laccases, the tyrosinases, and the 

peroxidases, which involve a heavy metal as a coenzyme. For exam- 

ple, horseradish peroxidase consists of a protein together with 

an iron-porphyrin compound. The iron atom is thought to be 

surrounded octahedrally by the porphyrin, the protein, and another 

ligand, such as hydrogen peroxide. 19 

One outcome of a deeper knowledge of the mechanism of enzymatic 

oxidation and coupling of phenols will undoubtedly be to provide 

the organic chemist with more efficient chemical oxidations. 

The chemical oxidant that seems to come closest to the enzymatic 

oxidant is ferricyanide because the oxidation-reduction potential 

of ferricyanide (300mV) is reasonably close to that recorded for 

laccase (415 mV). Therefore we used potassium ferricyanide and 

a similar reagent, ferric chloride, as enzyme models for biogene- 

tic-type synthesis of isoquinoline and related alkaloids by 

phenol oxidation. 



Many types of isoquinoline alkaloids can be synthesised by 

phenolic oxidation with chemical oxidants along biogenetic 

lines. In this oxidation, the coupling reaction proceeds in an 

intramolecular manner, but not intermolecularly. On the other 

hand, enzymatic oxidation of phenolic isoquinoline differs from 

oxidations with chemical reagents. 60-65 

N-Methylcoclaurine, which furnished glaziovine by potassium 

ferricyanide oxidation as described above, on treatment with homo- 

qenised potato peelings and hydrogen peroxide at pH 4.8 for 8 days 

at room temperature afforded the liensinine-type compound in 

addition to a small amount of the trimer. 6 2  This reaction con- 

stituted a biogenetic-type synthesis of liensinine-type bisbenzyl- 

isoquinoline alkaloids. Similarly, treatment of N-methylhomoco- 

claurine, which gives the homoproaporphine by potassium ferricy- 

anide or ferric chloride oxidation, with homogenised potato peel- 

ings and hydrogen peroxide at pH 4.8 for 4 days at room tempera- 

ture, gave promelanthioidine, a potential precursor of melanthioi- 

dine. 60 However, it was interesting that oxidation of N-methyl- 

coclaurine with homogenised horseradish and hydrogen peroxide at 

pH 4 . 8  under the same conditions as those described above, afforded 

the isomeric bisphenethylisoquinoline.61 On the other hand, 

monophenolic isoquinolines gave no oxidised products under the 

same reaction conditions. 6 1 

In the above reactions, C-C coupling products were not observed. 

Potato peel homogenates seem to contain the enzyme needed for 

head-to-tail coupling, while horseradish and Wasabia japonica 
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seem t o  c o n t a i n  t h e  enzyme f o r  head-to-head coupl ing.  There fo re ,  

t h e  p r o t e i n  p a r t  of  t h e  enzyme which a c c e p t s  t h e  s u b s t r a t e  seems 

t o  be d i f f e r e n t  i n  t h e  enzymes of  p o t a t o  and Wasabia japonica .  

I t  i s  i n t e r e s t i n g  t h a t  no phene thy l i soqu ino l ines  wi th  two e t h e r  

l i n k a g e s  have been observed i n  t h i s  enzymatic o x i d a t i o n .  I t  is 

p o s s i b l e  t h a t  one p a i r  of hydroxy groups i n  t h e  1-phenethyl groups 

p a r t i c i p a t e s  i n  t h e  approach t o  two i s o q u i n o l i n e  molecules through 

t h e  enzyme a c t i v e  s i t e ,  whereas .another  p a i r  of hydroxy groups i n  

t h e  i s o q u i n o l i n e  nucleus seems t o  ox id i s f  e x h  other by phenol oxidation. 

Me0 / 

POtDtO w.1,rg 

OH 

Meionthioidine 



I n  summary, many d i f f e r e n c e s  were found i n  t h e  behaviour of 

enzymatic models and enzymes; chemical  r eagen t s  were more s u i t a l e  

f o r  i n t r a m o l e c u l a r  C-C coupl ing than f o r  in te rmolecu la r  r e a c t i o n ,  

b u t  enzymes l e d  t o  in te rmolecu la r  C-0 coupl ing and in t ramole-  

c u l a r  C-N coupl ing products .  I n  o r d e r  t o  understand t h e s e  d i f f e -  

r ences ,  it w i l l  be necessary  t o  engage i n  thorough physicochemical 

and biochemical  s t u d i e s  o f  the  r e l a t i o n s h i p  between t h e  metal  

i o n ,  a  type of enzymatic model, and t h e  enzyme. 

3. Biotransformat ion 

A s  mentioned e a r l i e r ,  t e t i c u l i n e  p l a y s  a n i m p o r t a n t  r o l e  i n  the  

b iogenes i s  o f  i s o q u i n o l i n e  a l k a l o i d s .  D i r e c t  o x i d a t i v e  in t ramole-  

c u l a r  coup l ing  of r e t i c u l i n e  gives  aporphine a l k a l o i d s  ( i s o b o l d i n e  

and c o r y t u b e r i n e ) ,  morphinandienone a l k a l o i d s  ( p a l l i d i n e  and 

s a l u t a r i d i n e )  , and pro toberber ine  a l k a l o i d s  (core,ximine and. scoule-  

r i n e ) ,  which may be p recursors  o f  benzophenanthridine a l k a l o i d s  

(che l idon ine l  , p h t h a l i d e i s o q u i n o l i n e  a l k a 1 o i . d ~  ( n a r c o t i n e )  , proto-  

p ine  a l k a l o i d s  ( p r o t o p i n e ) ,  sp i robenzy l i soqu ino l ine  a l k a l o i d s  

(ochotensiminel ,  and rheadan a l k a l o i d s  ( r o h e a d i n e ) .  I n  o r d e r  t o  

i n v e s t i g a t e  t h e  b io t rans format ion  o f  r e t i c u l i n e  i n  mammalian 

t i s s u e ,  a  s o l u t i o n  of ( + ) - r e t i c u l i n e  i n  propylene g l y c o l  was in- 

j e c t e d  i n t r a p e r i o n e a l l y  i n t o  r a t s  and f o r  4 days a f t e r  t h e  in-  

j e c t i o n ,  t h e  u r i n e  was c o l l e c t e d  i n  a  b o t t l e  c o n t a i n i n g  a  few 

drops of to luene .  The pooled u r i n e  was a d j u s t e d  t o  pH 5 wi th  d i -  

l u t e  s u l p h u r i c  a c i d  and then  t o  pH 4 . 5  wi th  0 .1  mole a c e t a t e  b u f f e r  

and incuba ted  wi th  6-glucuronidase.  The crude b a s i c  e x t r a c t  was 

s e p a r a t e d  by p r e p a r a t i v e  t l c  on s i l i c a  g e l  t o  y i e l d  t h e  s t a r t i n g  

r e t i c u l i n e  and a  p ro toberber ine ,  t h e  s t r u c t u r e  of which was shown 
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to be coreximine by tlc and gas chromatographic comparison and 

mass spectrometry. 6 6 

The biotransformation of 1-benzyl-1,2,3,4-tetrahydro-2-methyl- 

isoquinolines to tetrahydroprotoberberines was substantiated by 

tracer experiments. 

A solution of (t)- [ N ~ ~ C H ~ I  reticuline was administered to a fe- 

male rat of Wistar strain. After treatment of the collected urine 

and dilution with nonradioactive (?)-coreximine, radioactive ( 2 ) -  

coreximine was isolated in a pure state in 0.03 % yield. 

The biotransformation was also demonstrated by incubating a 

20 % homogenate of rat liver, prepared in phosphate buffer at pH 

' 3 7.5, with (t)-[2 , 6  ,8- HI- and ( ? ) - [ ~ - ~ ~ c ~ ~ l r e t i c u l i n e .  After 

incubation at 3 7 O ~  for 2 h, carrier alkaloid was added to each 

reaction mixture and then purified by preparative tlc, followed by 

recrystallisation to constant activity. Formation of coreximine 

and scoulerine from (?)-reticuline with homogenised rat liver was 

proved by experiments with (?)-reticdine labeled with carbon- 

14 or tritium. No radioactivity was found in pure sinoacutine. 

Me0 , 
wtde mt or+ 

20 % rormgeniud 
mt liver in phosWfe OH 

M f e r  d pH 7.4 '  OM^ 
OH OH 

Norreticuline 0.41 % 



The amount of a l k a l o i d s  formed by t h e  above enzymatic r e a c t i o n  

was too  smal l  f o r  measurement of o p t i c a l  r o t a t i o n .  Since t h e  

o p t i c a l l y  a c t i v e  coreximine was separab le  from the  racemate by re- 

peated r e c r y s t a l l i s a t i o n s ,  it was expected t h a t ,  upon d i l u t i o n s  

of a smal l  amount of t h e  o p t i c a l l y  a c t i v e  r ad ioac t i ve  product  wi th  

a l a r g e  amount of t h e  enant iomeric  coreximine, repea ted  recry-  

s t a l l i s a t i o n s  would even tua l l y  show no r a d i o a c t i v i t y .  Thus, a f t e r  

incuba t ion ,  t he  r e s u l t i n g  homogenate was separa ted  equa l l y  i n t o  

t h r e e  f r a c t i o n s ,  t o  which ( - 1 ,  ( + I ,  and (?)-coreximine were added. 

The radiochemical ly  pure  bases  were ob ta ined  by r igorous  preparative 

t l c  followed by repea ted  r e c r y s t a l l i s a t i o n s .  The y i e l d s ,  which 

were c a l c u l a t e d  on t h e  b a s i s  of t he  amount of "cold"  c a r r i e r  added, 

a r e  shown i n  t h e  above c h a r t .  The radiochemical y i e l d  of t h e  

product  from d i l u t i o n  with  (*)-coreximine was nea r l y  twice t h a t  

ob ta ined  from d i l u t i o n  wi th  - -  o r  (+)-coreximine,  r e spec t i ve ly .  

This r e s u l t  sugges t s  t h a t  t h e  coreximine formed was racemic. I t  

i s  i n t e r e s t i n g  t h a t  t h e  above enzymatic t rans format ion  of 

r e t i c u l i n e  t o  coreximine was no t  s t e r e o s p e c i f i c .  6 7 

The t rans format ion  of ( + ) - r e t i c d i n e  was f u r h t e r  s t ud i ed  using 

a 9000 g superna tan t  of r a t  l i v e r  homogenates. Without any co- 

3 f a c t o r ,  t h e  r a d i o a c t i v i t y  of ( 2 ) -  12' , 6 '  ,8- HI r e t i c u l i n e  was in-  

corporated i n t o  (?)-coreximine i n  0.160 % and ( * ) - n o r r e t i c u l i n e  

i n  0.410 % y i e l d .  Addition of NADPH (dihydronicotinamide adenine 

d inuc l eo t i de  phosphate) t o  t h e  superna tan t  inc reased  t h e  formation 

of (*)-coreximine and ( i - ) - n o r r e t i c d i n e  t o  3.31 and 1.35 8 ,  

r e spec t i ve ly .  Furthermore, t h e  y i e l d  of coreximine was enhanced 

by t h e  add i t i on  of magnesium ch lor ide .  Thus, i n  t he  presence of 
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NADPH and magnesium chloride, the incorporation of (?)-reticuline 

into (')-coreximine was 11.6 % .  When the supernatant together 

with glucose 6-phosphate, NADP,nicotinamide, and magnesium chloride 

was used, (')-reticuline was converted to (+)-coreximine in 5.99 

% yield. 

9.003 x g supermfant 
of rat liwr 

> 

Reficuiine Coreximine 
Cofoctors 

Nil 0.16 % 

NADPH 3.31 % 

Norreticuline 

0 . 4 1  % 

1 . 3 5 %  

NADPH. MqCIz 11.68 % 

. 

In the case of nonphenolic tetrahydroisoquinolines, the radio- 

3 activity of (A)-[2',6',8- Hllaudanosine was incorporated into ( + ) -  ::'y -Me 9.Kox g arwnotant 

of mf liwr , 
Me 0 +NADPH 

0 Me 

2% + ":% OMe + 

' OMe \ OMB 

6Me 



norlaudanosine  i n  14.13 % y i e l d  i n  t h e  presence o f  NADPH. The 

+ 
i n c o r p o r a t i o n s  i n t o  ( - ) -xy lop in ine  and ( - ) - t e t rahydropa lmat ine  

were vexy smal l  b u t  n o t  z e r o  a s  shown i n  t h e  above c h a r t .  

I t  is reasonable  on t h e  b a s i s  o f  t h e  above r e s u l t s  t h a t  l-benzyl- 

1,2,3,4-tetrahydro-2-methylisoquinolines would give  r i s e  t o  immo- 

nium c a t i o n s  which a f f o r d  tetrahydroprotoberberines by c v c l i s a t i o n  

o r  an N-demethylated product  by h y d r o l y s i s .  A l l  n o s s i b l e  mecha- 

nisms f o r  t h e  formation o f  t h e  immonium c a t i o n  a r e  o u t l i n e d  i n  

t h e  following chart. The responsible  r a t  l i v e r  enzyme would r e q u i r e  

NADPH and molecular  oxygen a s  i n  t h e  known enzymatic N-demethyl- 

a t i o n ,  s u g g e s t i n g  t h e  p a r t i c i p a t i o n  o f  t h e  cytochrome p-450 enzvme 

system. The formation o f  xylopinine  and t e t rahydropa lmat ine  from 

laudanosine  would exclude t h e  p o s s i b i l i t y  t h a t  t h e  r a d i c a l  i s  

enzymat ical ly  o x i d i s e d  t o  t h e  d i r a d i c a l  which a f f o r d s  a  proto-  

OR 

'0.0. :%/ @OR T I  0 R 0 R 

I I 
I I o*-l/-ox- \I OR 
14 

OR, 
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b e r b e r i n e  by r a d i c a l  coupl ing.  It i s  d i f f i c u l t  t o  determine 

whether t h e  c y c l i s a t i o n  s t e p  of immonium c a t i o n  i s  enzymatic o r  

nonenzymatic. 6 7 

4 .  Phenol Oxidation wi th  Enzymic Model 

React ions  between atmospheric oxygen and phenols a r e  of 

s p e c i a l  i n t e r e s t  i n  r e l a t i o n  t o  au tox ida t ion  p rocesses  and enzymic 

p rocesses .  Oxidat ive  r e a c t i o n s  of phenols wi th  molecular oxygen 

a c t i v a t e d  by metal  s a l t s  a r e  w e l l  known. 18'19 Many phenol ic  com- 

pounds i n  n a t u r e  would a l s o  be ox id i sed  wi th  enzymes invo lv ing  

both  metal  and oxyqen t o  a f f o r d  complex n a t u r a l  products .  The 

l a c c a s e  and t y r o s i n a s e ,  two of t h e  t h r e e  main c l a s s e s  of enzymes 

known a s  c a t a l y s t s  f o r  phenol o x i d a t i o n  and coupl ing,  invo lve  

copper i o n  and oxygen. I n  connection wi th  our  i n t e r e s t  i n  a l k a l o i d  

s y n t h e s i s  under mild c o n d i t i o n s ,  we s t u d i e d  phenol ox ida t ion  of 

some i s o q u i n o l i n e  a l k a l o i d s  by a mixture of cuprous c h l o r i d e  and 

molecular oxygen i n  p y r i d i n e  6 8 f 6 9  and r e l a t e d  r e a c t i o n  systems 

a s  an enzymic model. 

The suspension of cuprous c h l o r i d e ,  Cu2ClZ, i n  p y r i d i n e  absorbs  

oxygen r a p i d l y  under an oxygen atmosphere t o  g ive  a dark green 

s o l u t i o n  t o  which a s o l u t i o n  of 1 molar equiv.  of ( + ) - r e t i c u l i n e  

hydrochlor ide  i n  p y r i d i n e  was added dropwise a t  room temperature  

wi th  e f f i c i e n t  s t i r r i n g .  The co lour  of t h e  s a l u t i o n  changed t o  

dark brown. The mixture was f u r t h e r  s t i r r e d  f o r  15 - 30 min, 

c r y s t a l l i n e  ammonium c h l o r i d e  added, and p a r t i t i o n e d  between 

chloroform and d i l u t e  ammonia. The chloroform e x t r a c t  was 

p u r i f i e d  by p r e p a r a t i v e  TLC on silica g e l  t o  a f f o r d  (+)-corytu-  

b e r i n e  (28 % ) ,  (+) - i sobo ld ine  ( 8  % ) ,  and p a l l i d i n e  ( 6  % ) .  The 



same treatment of (?)-orientalhe perchlorate and (?)-homo- 

orientaline perchlorate gave orientalinone and kreysiginone, 

respectively, in moderate yield. 

Similarly, racemic 1,2,3.4-tetrahydro-7-hydroxy-l-(3-hydroxy-4- 

methoxyphenethy1)-6-methoxy-2-methylisoquinoline hydrochloride 

gave also ortho-ortho (5 % ) ,  ortho-para (2 % ) ,  and para-para ( 2  

% )  coupling products. 
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The above synthesis is the first example of the ortho-ortho 

oxidative coupling of reticuline to corytuberine and of the 

corresponding phenethylisoquinoline to the ortho-ortho coupling 

product with chemical reagents. 

The use of dimethylformamide in place of pyridine for the above 

reaction gave poor results and needed longer reaction time. Cup- 

rous bromide gave a similar result to cuprous chloride, but the 

use of divalent copper salts such as cupric chloride instead of 

cuprous chloride gave no oxidised product. 

Two mechanisms could be considered for the above oxidation. 

The first resembles that of tyrosinase, in which copper would 

be in the cuprous state throughout the reaction and the phenols 

are oxidised directly with activated molecular oxygen to aryloxy 

radicals as in the following equation. The second is relevant 

to that of laccase in which one electron of the phenol group is 

transferred to molecular oxygen copper, the valence of which 

changes during the reaction. 



I 
Tyrosinase lil<e : Cu - A r 0  + H 2 0  A r O H  + o2 -- 

n CuC12 + K O 2  --A 
C ~ C I  + 0, + KC1 

Laccase like 

ArOH 
Caupliq reaction 

T 

In order to clarify the mechanism of the above oxidation, the 

following reactions were studied. when a mixture of cupric chlo- 

ride and an excess of potassium superoxide in pyridine was stirred 

for 12 hr at room temperature under nitrogen atmosphere the colour 

of the solution changed to dark green. With this mixture ( + ) -  

reticuline perchlorate was converted to (+)-corytuberine (32.5 % ) ,  

(+)-isoboldine (8.5 % )  , and pallidine (6.5 % )  , whereas (i)-orien- 

taline perchlorate was transformed to a mixture of ('1-orientali- 

none and its epimer (25 % yield), the ratio of the two components 

was nearly the same as in the case of oxygen-Cu2C12-pyridine, 

indicating that a cupric complex, in the above chart 

would operate in the above oxidative coupling. Neither potassium 
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superoxide i n  p y r i d i n e  nor potassium superoxide and cuprous 

c h l o r i d e  i n  p y r i d i n e  under a n i t rogen  atmosphere o x i d i s e d  t h e  

above s u b s t r a t e s t h e  s t a r t i n g  m a t e r i a l  was recovered.  

~ ~ - ~ % l ~ - p y r i d i n e  - 

~ o ~ - c k l ~ ~ ~ r i d i n e  + 

K O 2  - pyridine - 

Furthermore, on o x i d a t i o n  wi th  two molar equiv.  of a d i v a l e n t  

copper complex [pyridine-CuC10Me12. prepared from cuprous chlo- 

r i d e  i n  p y r i d i n e  i n  t h e  presence of oxygen and methanol, i n  pyr i -  

d ine  under n i t r o g e n  atmosphere, ( + ) - r e t i c d i n e  and ( ? ) - o r i e n t a l i n e  

p e r c h l o r a t e s  a f fo rded  t h e  same r e a c t i o n  products  a s  above. I t  is 

thus  probable  t h a t  cuprous s a l t s  a r e  r e a d i l y  ox id i sed  wi th  mole- 

c u l a r  oxygen i n  p y r i d i n e  t o  g ive  c e r t a i n  c u p r i c  i o n s  which a r e  

e f f i c i e n t  c a t a l y t i c  systems f o r  phenol o x i d a t i v e  coupl ing of some 

phenol ic  i s o q u i n o l i n e  a l k a l o i d s .  70 



111. TOTAL SYNTHESIS OF ISOQUINOLINE ALKALOIDS BY MODIFIED 

PSCHORR  REACTION^^ 
1. Morphinandienone Alka lo ids  

Thus f a r ,  i t  has  been demonstrated t h a t  phenol  o x i d a t i o n  mimics 

one o f  t h e  b i o g e n e t i c  pathway i n  Nature and p rov ides  a  f a c i l e  r o u t e  

t o  t h e  s y n t h e s i s  o f  c e r t a i n  i s o q u i n o l i n e  a l k a l o i d s .  However, i t s  

u t i l i t y  is  l i m i t e d  s i n c e  i n t e r m o l e c u l a r  coup l inq  a l s o  occurs  t o  

genera te  polymers which a r e  formed from t h e  s t a r t i n g  m a t e r i a l  and/or 

i t s  o x i d a t i o n  products .  Moreover, i n t r a m o l e c u l a r  coup l ing  always 

t a k e s p l a c e  a t  t h e  o r t h o  and p a r a  p o s i t i o n  t o  t h e  p h e n o l i c  h v d r o x ~ l  

group, and t h i s  f a c t  r e v e a l s  t h a t  phenol o x i d a t i o n  l a c k s  reg io -  

s e l e c t i v i t y  a s  shown i n  t h e  fo l lowing  c h a r t .  Furthermore,  phenol  

o x i d a t i o n  can n o t  be employed i n  t h e  s y n t h e s i s  of  c e r t a i n  d ienones ,  

such a s  amurine where one hydrogen is  o r t h o  and t h e  methylenedioxy 

group i s  meta and p a r a  t o  t h e  coup l ing  s i t e ,  and f l a v i n a n t i n e a n d  

androcymbine where t h e  hydroxyl i s  meta t o  t h e  c o u p l i n g  p o s i t i o n .  

Furthermore,  s i n c e  o x i d a t i v e  coupl ing occurs  p r e f e r e n t i a l l y  a t  

t h e  p a r a  r a t h e r  than t h e  o r t h o  p o s i t i o n  t o  t h e  hydroxyl group,  

r e t i c u l i n e  can be conver ted  i n t o  i s o b o l d i n e  and ~ a l l i d i n e  b u t  

n o t  i n t o  s a l u t a r i d i n e .  
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Me0  

Me  PMe OH 

lsobolidine 

v 

Intermolecular 
coupling 

Me ":%Me 0 

Salutaridlne 

I n  view o f  t h e s e  i n h e r e n t  l i m i t a t i o n  a s s o c i a t e d  w i t h  phenol 

ox ida t ion  and connection wi th  o u r  i n t e r e s t  i n  a genera l  method f o r  

t h e  s y n t h e s i s  o f  morphinandienone type compounds, we tu rned  o u r  

a t t e n t i o n  t o  the  use of t h e  Pschorr  r e a c t i o n . 7 2  

I t  is w e l l  known t h a t  Grewe c y c l i s a t i ~ n ' ~  proceeds by a nucleo- 

p h i l i c  a t t a c k  o f  t h e  aromat ic  r i n g  t o  the  carbonium i o n  generated 

by p ro tona t ion  t o  an o l e f i n i c  system a s  shown i n  t h e  fol lwoing 

c h a r t .  

el Grewe Cyclisation : Aromatic ring + C 



Based on this reaction, we supposed that if the angular 

carbon of the isoquinoline ring is activated by an appropriate 

substituent, the carbon could attack nucleophilically an aroma- 

tic cation generated in situ to form a morphinandienone-type 

compound. As usual a method for generation of an aromatic cation 

is decomposition of aromatic diazonium salt by an SN1 mechanism. 

In this reaction the position of an aromatic cation is fixed at 

the position located by the diazonium group, so the reaction could 

proceed with high regioselectivity. 

high regioselectivity 

Thus when 2'-aminolaudanosine was diazotised with a slight 

excess of sodium nitrite in N-sulphuric - acid and the resulting 

diazonium salt was decomposed thermally without a metal catalyst, 

we obtained a cyclohexadienone as the major product together with 

some laudanosine and glaucine. 

The structure of this dienone was established as the morphinan- 

dienone by its spectral properties as well as by its alternate 

synthesis from the ethoxy analogue described below. 

If 2'-aminolaudanosine had been converted into the unexpected 

dienone, proerythrinadienone, then the ethoxy derivative should 
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a f f o r d  a second p r o e r y t h r i n a  dienone which has  an ethoxy group. 

However, t h e  p roduc t s ,  ob ta ined  by d i a z o t i s a t i o n  of t h e  two amino- 

i s o q u i n o l i n e s  followed by decomposition, were i d e n t i c a l  i n  i r  and 

nmr s p e c t r a  a s  w e l l  a s  i n  mixture mel t ing p o i n t  o f  t h e i r  methio- 

d ides .  Unequivocal proof t h a t  t h e  product  was indeed t h e  morphi- 

+ 
nandienone (-1-0-methylflavinantine was provided bv the  f a c t  t h a t  

i t s  i r  spectrum was superimposable wi th  t h a t  of t h e  0-methyl e t h e r  

ob ta ined  from n a t u r a l  f l a v i n a n t i n e  and diazomethane. 74 

OMe 

Thus, by applying the  Pschorr  r e a c t i o n  which had been widely 

used f o r  t h e  s y n t h e s i s  o f  aporphines ,  w e  d iscovered a g e n e r a l  

s y n t h e t i c  methodfor p repar ing  morphinandienone-type a l k a l o i d s .  



I t  i s  i n t e r e s t i n g  t h a t  t h i s  r e ac t i on  is p a r t i c u l a r l y  u se fu l  i n  

t he  s y n t h e s i s  o f  morphinandienones which can no t  be prepared by 

phenol ox ida t ion .  Thus, s i n c e  coupl ing i n  t he  Pschorr r e ac t i on  

occurs  s e l e c t i v e l y  a t  t he  p o s i t i o n  having t he  amino func t ion ,  

app rop r i a t e ly  s u b s t i t u t e d  morphinandienones can r ead i l y  be pre- 

pared a s  des i red .  

S imi l a r l y ,  t r ea tment  o f  t he  i somer ic  p recursors ,  followed by 

removal o f  t he  p r o t e c t i n g  group, gave t h e  i somer ic  phenol ic  mor- 

phinandienones amurineT5 f lav inan t ineT6 and p a l l i d i n e .  
7 7 

T O  r o  

I. NoNOz. HCI ~. 
- -  > OgNMe 

Me0 

n 
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2. Morphine, Codeine and Thebaine 

Based on this method, one of the most interesting and complicated 

isoquinoline alkaloid, morphine was also obtained by this modified 

Pschorr reaction. Optical resolution of the (i)-2'-aminobenzyl- 

isoquinoline the salt of di-ptoluoyltartaric acid afforded 

the R- (-)-isomer which was diazotised with sodium nitrite and 

sulphuric acid and the resulting diazonium salt was decomposed 

thermally without a catalyst to give salutaridine. Reduction of 

salutaridine with sodium borohydride yielded the epimeric 

salutaridinols which were dehydrated in the presence of hydrochloric 

acid to furnish thebaine. Since thebaine has previously been 

converted into morphine y& codeinone 

synthesis of morphine and its related 

and codeine, a total 

alkaloids was achieved. 7 8 

N&H4 _ 
HCI 

Thebaine 

Codeinone Codeine Morphine 



3. Sinomenine 

I n  a  s i m i l a r  manner, S-(+)-2'-aminobenzylisoquinoline, obta ined  

from i t s  recemate by r e s o l u t i o n  wi th  : d i - p - t o l u o y l t a r t a r i c  a c i d ,  

was d i a z o t i s e d  and the rmal ly  decomposed t o  g i v e  s i n o a c u t i n e ,  an 

an t ipode  of s a l u t a r i d i n e ,  which was reduced t o  s i n o a c u t i n o l  and 

then  dehydrated t o  a f f o r d  (+I - theba ine ,  an t ipode  of n a t u r a l  the-  

ba ine  which had been transformed i n t o  t h e  an t ipode  of n a t u r a l  s ino-  

menine. Moreover, sinomenine s y n t h e s i s  had been examined v i a  

79-82 s e v e r a l  r o u t e s  by t h e  modified Pschorr  r e a c t i o n .  

MsO MeO. 

0 
OMe ( + I -  Themine Sinomenine 

4 .  Homomorphinandienone Alkaloids  

A s  an ex tens ion  o f  t h e  modif ied Pschorr  r e a c t i o n ,  t h e  homo- 

morphinandienone was s y n t h e s i s e d  from t h e  2 '-aminophenethyliso- 

q u i n o l i n e  under t h e  same r e a c t i o n  cond i t ions .  The s t r u c t u r e  of 

t h e  homodienone, suppor ted  by s p e c t r a l  d a t a ,  was confirmed by i t s  

a l t e r n a t e  s y n t h e s i s  from t h e  benzyloxy-subst i tu ted aminoisoquino- 

l i n e ,  thus  r u l i n g  o u t  t h e  o t h e r  p o s s i b l e  coup l ing  p roduc t ,  homo- 

p roery th r inad ienone .  8  3 

However, t h e  modified Pschorr  r e a c t i o n  o f  t h e  0-pentamethylated 

phene thy l i soqu ino l ine ,  which would be a  p r e c u r s o r  f o r  O-methyl- 

androcymbine, gave t h e  abnormal s p i r o  compound.84 I n  c o n t r a s t ,  

C-norandrocymbine was formed from the  correspond.ing benzyl iso-  

qu ino l ine .  85 
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IV. TOTAL SYNTHESIS OF ISOQUINOLINE ALKALOIDS BY PHOTO-PSCHORR 

REACTION 7 1 . 8 6  

The photochemical reactions of organic compounds started to be 

investigated in the early years of this century but only in the 

last decade has photochemistry become a sophisticated field. 

Improved methods for the isolation of products and for the deter- 

mination of structure which have been developed since World War 

I1 have overcome the former reluctance of organic chemists to 

utilize photochemical methods of synthesis. Photochemical synthe- 



ses of strained or complicated molecules are widely employed. In 

particular, a number of alkaloids have been synthesised by photo- 

chemical reactions, often from starting materials of rather simple 

structure. In this review, we wish to describe the total synthesis 

of isoquinoline and related alkaloids by photolytic Pschorr re- 

action and thenby photolytic cyclodehydrohaloqenation developed 

in our laboratory. 

1. Benzylisoquinoline Series 

~ s b o n d ~ ~  reported that the diazonium salts derived from 2 ' -  

aminobenzylisoquinolines transformed into the morphinandienone by 

treatment with zinc and warm hydrochloric acid after we had 

described a morphinandienone synthesis by the modified Pschorr 

reaction. Soon thereafter, ~ s h i w a t a ~ ~  reported a new synthesis of 

proaporphines by the Pschorr reaction. 

we supposed that morphinandienone formation in Osbond's work 

proceeded radical mechanism as shown in the above chart. 

Thus, the aromatic cation, derived from a diazonium salt, is redu- 

ced with zinc and hydrochloric acid to form the aromatic radical 

which is attacked by the second aromatic nucleus. 
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Based on t h i s  i d e a ,  we assumed t h a t  p h o t o l y s i s  of a  diazonium 

s a l t  would be a  more e f f i c i e n t  way of e f f e c t i n g  homolysis of t h e  

carbon-nitrogen bond t o  form t h e  p o s t u l a t e d  r a d i c a l  in te rmedia te  and 

thus  examined t h e  decomposition of diazonium s a l t s  un&r photolysis. 

I r r a d i a t i o n  of t h e  diazonium s a l t ,  obta ined from 6'-amino- 

o r i e n t a l i n e  by d i a z o t i s a t i o n ,  i n  dilute s u l p h u r i c  a c i d  a t  5  - 10' 

f o r  s e v e r a l  hours  a f fo rded  i n  moderate y i e l d  f l a v i n a n t i n e  and 

bracteoline. ' '  To p reven t  t h e  dienone-phenol rearrangement of t h e  
* 

r e s u l t i n g  dienone by n-n t r a n s i t i o n ,  t h e  p h o t o l y t i c  r e a c t i o n  was 

c a r r i e d  o u t  wi th  a  Hanovia 450 W mercury lamp surrounded by a  pyrex 

f i l t e r  t o  c u t  o f f  t h e  l i g h t  below 310 nm and i n  t h e  presence of 

a c i d  t o  coord ina te  t h e  lone e l e c t r o n  p a i r  on t h e  oxygen. 

On the o t h e r  hand, t h e  u s u a l  Pschorr  r e a c t i o n  of t h e  same i so -  

q u i n o l i n e  gave only  b r a c t e o l i n e  i n  a  low y i e l d  and t h e  modified 

Pschorr  r e a c t i o n  a f f o r d e d  t h e  n i t r o b r a c t e o l i n e .  

.1 

NMe 

Me0 

0 OMe 
OH 



In a similar manner,  dimet dim ethyl her no vine,^^^^^ N-methyl- 
lindecarpineg2 and corydineg2 have been prepared from the approp- 

riate aminoisoquinolines. In these synthesis, diphenolic aporphines 

were directly obtained from the diphenolic precursors. These trans- 

formations demonstrate that, in contrast to the normal Pschorr 

reaction, side reactions, such as diazo coupling of the phenolic 

isoquinoline or loss of protecting groups, do not occur in the 

photo-Pschorr reaction. 9 2 

2. enethylisoquinoline Series 

The photo-Pschorr reaction was also applied to the phenethyl- 

isoquinoline series under the same conditions as in the benzyliso- 

quinoline series. 

Photolysis of the diazonium salts of phenethylisoquinolines 

gave 0-methylandrocymbineg3 but thermal decomposition of this 

diazonium salts afforded the abnormal spiro compounds. 93 More- 

over, irradiation of the diazonium salt derived from l-(2-amino- 

3,4,5-trimethoxyphenethyl)-1,2,3,4-tetrahydro-7-hydroxy-6-methoxy- 

2-methylisoquinoline afforded 0-methylandrocymbine and kreysigine. 
9 1 

The latter homoaporphine which could not be obtained by Pschorr 

reaction was also synthesised from a similar phenolic diazo- 

nium salt by a photo-Pschorr reaction. 
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The total synthesis of androcymbine has been accomplished by 

an application of the photo-Pschorr reaction as follows. Photo- 

lysis of the monobenzyloxy diazonium precursor at 5 - lo0 with a 

Hanovia 450 W mercury lamp using a Pyrex filter provided 0-benzyl- 

androcymbine which was also obtained by treating the related di- 

benzyloxy intermediate in a similar manner. Treatment of the 

benzyloxy-dienone with 48 % hydrobromic acid at 55' for 45 min 

effected 0-debenzylation to afford the desired dienone androcym- 

bine . 9 4 

Me0 OMe 

However, direct conversion of the diphenolic isoquinoline to 

androcymbine did not occur; instead this reaction produced the homo- 

proaporphine, probably * radical intermediates as illustrated. 9 4 

V. -SYNTHESIS OF ISOQUINOLINE AND AMARYLLIDACEAE ALKALOIDS 

BY PHOTOLYTIC CYCLODEHYDROHALOGENATION~~ 



I t  i s  w e l l  known t h a t  p h o t o l y s i s  of aromat ic  h a l i d e s  i n  benzene 

r e s u l t s  i n  t h e  format ion of b iphenyl  d e r i v a t i v e s  by r e a c t i o n  

of t h e  a r y l  r a d i c a l s  produced by homolytic c leavage of t h e  carbon- 

halogen bond.95 On t h e  o t h e r  hand, s i n c e  t h e  key in te rmedia te  i n  

t h e  photo-Pschorr r e a c t i o n  of t h e  diazonium s a l t  i s  probably t h e  

aromat ic  r a d i c a l ,  it appeared l i k e l y  t h a t  t h e  l a t t e r  could a l s o  be  

genera ted  by r a d i c a l  format ion a t  t h e  CZ1-ha lo-subs t i tu ted  benzyl- 

i s o q u i n o l i n e  t o  a l s o  a f f o r d  t h e  dienone.  Based on t h i s  consideration, 

we i n v e s t i g a t e d  t h e  p o t e n t i a l  u t i l i t y  of p h o t o l y t i c  cyclodehydro- 

ha logena t ion  i n  t h e  s y n t h e s i s  of rnorphinandienone and aporphine 

a l k a l o i d s .  

OMe 

pMe 
OMe 
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1 e p h i n e  and Morphinandienone Alkaloids 

In our initial studies, we irradiated the readily accessible 

6'-bromolaudanosine (R=Me) in aqueous methanol with a Hanovia 450 

W mercury lamp surrounded by a pyrex filter at room temperature in 

an atmosphere of nitrogen. However, the expected morphinandienone 

or aporphine was not obtained. 

We then reasoned that coupling of the C2,-radical with the 

isoquinoline ring would be favoured by the presence of a phenolic 

function which is more polar than a methoxyl group. Thus, the 

diphenolic isoquinoline 6'-bromoorientaline was irradiated in the 

usual way, but once again, no coupling products such as the apor- 

phine or the morphinandienone could be obtained. 

We next speculated that coupling of the radical would be 

favoured by a phenolate anion rather than a free phenolic function. 

This assumption proved to be correct and indeed irradiation of 6'- 

1 2 3 bromoorientaline ( R  =H, R =OH, R =0~e) for 7 h at room temperature 

in the presence of an excess of sodium hydroxide with a Hanovia 

450 W mercury lamp using a pyrex filter afforded the aporphine 

bracteoline and the morphinandienone flavinantine in moderate 

yield. Since irradiation of the non-phenolic base in the presence 

of alkali resulted in no coupling product, we concluded that a 

phenoiic hydroxyl group at the C -position of the isoquinoline ring 
7 

as well as an excess of sodium hydroxide was necessary for C-C 

coupling. 9 6 , 9 7  

i 2 By this means, irradiation of 6'-bromoreticuline (R =H, R =OPlie, 

3 1 2 3 R =OH) and its methylenedioxy analogue ( R  =H, R + R = 0CH20) gave 

in moderate yield isoboldine and demesticine, respectively. In 



addition, the corresponding morphinandienones pallidine and amu- 

rine were also obtained. 96 ,97  

It is apparent from the aforementioned examples that photo- 

cyclisation of phenolic bromoisoquinolines induced coupling at 

both the ortho and para position to the phenolic function to 

form the aporphines and morphinandienones, respectively. As an 

extension of the latter type coupling, photolysis of 2'-bromo- 

1 2 3 reticuline (R =OH, R =OMe, R =H) in the presence of sodium iodidc 

gave the morphinandienone salutaridine. Reduction of this pro- 

duct provided the corresponding dienol salutaridinol which was 

then rearranged by acid treatment to afford thebaine. Since the- 

baine had previously been converted by both Professors Gates and 

Rapoport via codeinone and codeine into morphine and sinomenine, 

our preparation of thebaine by photo-cyclodehydrohalogenation thus 

constitutes a total synthesis of morphine, codeine, and sinome- 

nine, 98,99 
Similarly, N-methyllaurotetanine, cassythicine and 

pukateine were obtained from the appropriate bromoiso~uinolines. 9 9 

h?,? , RO&. Me 

MeO 
OMe 

MeO 
0 
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2 Proaporphine Alkaloids -- 
Having demonstrated the feasibility of preparing morphinan- 

dienones by photo-cyclisation, we then extended this study to the 

synthesis of proaporphine alkaloids. Thus, irradiation of the 

substituted 8-bromo-1-(4-hydroxybenzyl)isoquinolines in the usual 

manner in the presence of sodium hydroxide afforded the corres- 

ponding proaporphines mecambrine, pronuciferine and (ilaziovine. 

Moreover, photolysis of the trimethoxy-substituted intermediate 

gave 0-methylorientalinone in addition to 0-methylisoorientalinone, 

a spiro isomer which was separated by fractional crystallisation 

of the picrolonates. 97.99,lOO 

3 Hasubanan Alkaloids - 
Using similar photolytic con ditions, the phenolic bromoca: 

ate was cyclised to yield the proerythrinadienone-type compound 

but this was not transformed into the cepharamine-type wmpound. 101,102 



By a modification of the photo-cyclodehydrohalogenation re- 

action, the hasubanan alkaloid cepharamine was synthesised as its 

racemate in the following manner. 2'-Bromoreticuline was treated 

with trifluoroacetic anhydride in a sealed tube at 160° for several 

hours and the resulting stilbene was hydrogenated over Adams cata- 

lyst to give the dihydrostilbene. Irradiation of the latter in the 

presence of sodium iodide and sodium hydroxide gave a mixture of 

the dienone and the enone. Treatment of the dienone with weak 

base also afforded the enone which was then transformed by metha- 

nolic hydrochloric acid into cepharamine. 103 

4. Phenethylisoquinoline Alkaloids 

In addition to the conversion of phenolic bromobenzylisoquino- 

lines into aporphines, morphinandienones, and proaporphines, photo- 

lytic cyclisation of related phenethylisoquinolines afforded the 

corresponding "homo" alkaloids. 

The 8-bromo-monophenol was converted by irradiation into the 

dienone 0-methylkreysiginone and its spiro isomer, the former of 

which was identical with the methylation product of kreysiginone. 
100 

Me0 OMe 0- Methylkley~iginOne 



HETEROCYCLES. Voi 8. 1977 

Irradiation of the bromo-monophenol in the usual manner afforded 

a separable mixture of the homodienone alkaloid 2-methylandro- 

cymbine and the homoaporphine alkaloid kreysigine which were 

identical by ORD with the natural products. 'O4?lo5 similarly, 

photolytic cyclisation of the bromo-diphenol gave androcymbine as 

well as multifloramine. 106 

The synthesis of kreysiginine was also examined. Photolysis of 

the diphenolic bromoisoquinoline gave alkaloid CC-24 and the enone. 

The latter one formed by a Michael-type addition of the phenolic 

hydroxyl group to the initial dienone system. 10 7 

5. Amaryllidaceae Alkaloids 

Finally, the spirodienone synthesis by photolytic cyclisation 

of phenolic bromo compounds was also applied to the total synthe- 

sis of certain Amaryllidaceae alkaloids. Thus, irradiation of 

1 2  phenolic bromo-amine ( R  =R =Me) in the usual manner afforded the 



enone. S ince  t h i s  enone had p rev ious ly  been conver ted i n t o  

m a r i t i d i n e ,  t h i s  sequence c o n s t i t u t e d  an a l t e r n a t e  r o u t e  t o  t h e  

Amaryll idaceae a l k a l o i d . l o 8  I n  a  s i m i l a r  manner, ( + ) - e p i c r i n i n e  

was s y n t h e s i s e d  by p h o t o l y s i s  of t h e  methylenedioxy-substituted 

amine followed by reduc t ion  of t h e  r e s u l t i n g  enone wi th  l i t h i u m  

aluminium hydride .  109 

U t i l i z i n g  a  v a r i a t i o n  o f  t h i s  approach,  we a l s o  achieved t h e  

s y n t h e s i s  of t h e  Amaryll idaceae a l k a l o i d  galanthamine a s  i t s  race-  

mate. I r r a d i a t i o n  of t h e  pheno l ic  bromo-amide e f f e c t e d  c y c l i -  

s a t i o n  t o  t h e  narwedine-type d e r i v a t i v e  which was then reduced 

wi th  l i t h i u m  aluminium hydride  t o  a f f o r d  (*)-galanthamine.  
110 

V I .  TOTAL SYNTHESIS OF ISOQUINOLINE ALKALOIDS BY BENZYNE REAC- 

TION 

A s  t h e  f i f t h  approach t o  t h e  t o t a l  s y n t h e s i s  o f  i s o q u i n o l i n e  

a l k a l o i d s ,  we exp lored  t h e  u t i l i t y  of t h e  benzyne r e a c t i o n  which 

invo lvesano ther  mechanism i n  t h e  s u b s t i t u t i o n  r e a c t i o n  on an 

aromat ic  r i n g  i n s t e a d  of t h e  i o n i c  r e a c t i o n  i n  Pschorr  synthe- 
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sis and t h e  r a d i c a l  r e ac t i on  i n  phenol ic  ox ida t ion  and pho to ly s i s .  

NMe 

F i r s t l y ,  2'-bromocodamine (R1=R2=~e)was t r e a t e d  with  sodium 

amide i n  l i q u i d  ammonia t o  give tha l iporph ine  and O-methylflavi- 

nant ine ,  both  of which were a l s o  syn thes i sed  from 3'-bromocodamine 

by the  same reac t ion .  Thus, i t  was e s t a b l i s h e d  t h a t  t h i s  r e ac t -  

ion involved benzyne in te rmedia tes .  I n  add i t i on ,  racemic cryptau- 

s t o l i n e  was a l s o  ob ta ined  and was probably formed by t he  nucleo- 

p h i l i c  a t t a c k  of  t he  t e r t i a r y  n i t r ogen  atom t o  t he  benzyne posi-  

t ion .  111,112 

I n  a  s i m i l a r  manner, t he  methylenedioxy analogue (12.1 + R~ = CH~) 

af forded  a  mixture of domesticine,  amurine, and t he  quaternary di-  

benzopyrrocoline,  cryptowoline.111,113 



1-(2-Bromobenzy1)-1,2,3,4-tetrahydroisoquinoline was s u b j e c t e d  

t o  t h e  benzyne r e a c t i o n  wi th  sodium amide i n  l i q u i d  ammonia t o  

p rov ide  t h e  tetrahydrodibenzopyrrocoline. Proof t h a t  t h i s  type 

of r e a c t i o n  proceeded via a benzyne i n t e r m e d i a t e  was provided by 

t h e  c i n e - s u b s t i t u t i o n  observed i n  t h e  convers ion o f  the  3'-bromo- 

i s o q u i n o l i n e  i n t o  t h e  dibenzopyrrocol ine  wi th  sod.ium amide i n  

l i q u i d  ammonia. 1 1 4  

Based on t h i s  f i n d i n g ,  we s y n t h e s i s e d  cryptowol ine  and cryptau- 

s t o l i n e  from t h e  2 '-bromoisoquinolines by t h e  benzyne r e a c t i o n .  

Treatment o f  t h e  2 '-bromoisoquinolines w i t h  sodium amide i n  l i q u i d  

ammonia gave t h e  dibenzopyrrocol ines  which were conver ted i n t o  the  

methiodides followed by debenzyla t ion t o  give  t h e  racemates o f  

t h e  a l k a l o i d s  cryptowoline and cryptaustol ine .114 
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VII. TOTAL SYNTHESIS OF NATURAL PRODUCTS VIA BENZOCYCLOBUTENES~~~ 

1. Introduction 

According to the Noodward-Hoffmann rule,l16 the application of 

photolysis and thermolysis to electrocyclic and cycloaddition re- 

actions gives different products. This rule not only explains 

the mechanism of the photolytic and thermal reactions but also 

provides a useful route for the synthesis of organic compounds. 

For example, ~uisgenll~ reported that thermolysis of the benzo- 

cyclobutene derivative118 in the presence of the dienophile gave 

in a regioselective and stereoselective manner the tetralin deriva- 

tive by the electrocyclic reaction followed by cycloaddition to the 

resulting 2-quinodimethane. Based on this finding, we investi- 

gated the possibility of converting 1-benzocyclobutenes via 

ring-opened intermediates into natural products with a complicated 

ring system. 

a) Isoquinoline Synthesis 

Initially, we examined the thermolysis of benzocyclobutenes in 

the presence of imines as the dienophiles in order to develop a 

new method of isoquinoline synthesis. Thus, reaction of l-cyano- 

benzocyclobutene with Schiff bases was carried out at 150 - 160° 



without solvent to give only the 3.4-disubstituted 1,2,3,4-tetra- 

hydroisoquinolines whose structures were deduced from nmr spectral 

analysis. Although the stereochemistry of the C-3 and C-4 posit- 

ions was unclear, we assumed that the --configuration was the 

preferred one since epimerisation at the C-4 position would give a 

more thermodynamically stable compound. Since the 3,4-disubstituted 

isoquinoline was obtained as a single stereostructure, it may be 

concluded that the cycloaddition proceeded in both a regioselective 

and stereoselective manner. Therefore, we developed a new and 

simple synthesis of the isoquinoline ring in a regioselective and 

stereoselective manner and also found that the 2-quinodimethane re- 

acted with an imine system. 119 

b) General Reaction of 0-Quinodimethane 

Usually, 2-quinodimethanes are formed in situ by thermolysis 

of benzocyclobutenes and it is known that ring-opening of benzo- 

cyclobutene occurs in a conrotatory manner. We also examined 

the direction of ring opening and found that 2-quinodimethane takes 

the (E)-form which is more stable thermodynamically rather than the 
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(Z)-form due to the secondary effect of the substituent on 

cyclobutene ring.'*' Moreover, we also observed that g-quinodi- 

methanes derived from 1,l-dialkylated benzocyclobutenes or 1- 

substituted 1-methylbenzocyclobutenes cause a new type of reaction, 

namely [1,5lsigmatropic hydrogen migration as shown in the 

following chart. 120 

Regiodective and 
Stereoselective Reaction 

Z - form 

2. Total Synthesis of Isoquinoline Alkaloids 

a) Protoberberine Alkaloids 

As shown in the above chart, since 2-quinodimethanes could react 

intramolecularly (electrocyclic reaction or intramolecular cyclo- 

addition) and intermolecularly (cycloaddition), we investigated 

protoberberine synthesis by both methods. 

Thermolysis of the 1-benzocyclobutenyl-3.4-dihydroisoquinoline 

hydrochloride at 160 - 180° for 20 min gave the protoberberine. 

This probably involved an electrocyclic reaction of benzocyclo- 



butene to form the g-quinodimethane which underwent a second 

electrocyclic reaction with the 3,A-dihydroisoquinoline system to 

yield the 7,8-dihydroprotoberberine intermediate which was then 

easily dehydrogenated in the air to give the protoberberine. Hy- 

drogenation of the quaternary base thus afforded the alkaloid xy- 

lopinine. In the same manner, discretine, 122 coreximine12 and 

0-methyl~orytenchirine~~~ have been synthesised from' the approp- 

riate benzocyclobutenes. 

R1 R2 R3 X 
Discretine H Me Me H 

Coreximine Me H H H 

o -~e Ih# :  Me MB MB MB 
corytenc. ~rlne 

The second approach is an application of intermolecular cyclo- 

addition of benzocyclobutenes to 3,4-dihydroisoquinolines. 125 

Thus, heating the 1-cyanobenzocyclobutene with the 3,4-dihydro- 

0 isoquinoline at 150 - 160 gave in good yield the 13-cyano-7,8,13, 

13a-tetrahydroprotoberberine with regio- and stereoselectively but 
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not the 8-cyano isomer. Moreover, 1-cyano-1-methylbenzocyclobutene 

also gave 13-cyanomethyltetrahydroprotoberberine. Decyanation 

of the latter by a Birch-type reduction with lithium in liquid 

12 7 ammonia in the presence of isopropyl alcohol afforded xylopinine. 

On the other hand, heating the benzocyclobutenol with 3,4-di- 

hydro-6,7-dimethoxyisoquinoline in benzene at 80' for 5 h gave 

via the transient 8-hydroxyprotoberberine the quaternary proto- 

berberine in 52 % yield. The later was then converted into the 

protoberberine alkaloid xylopinine in good yield by reduction with 

sodium borohydride. 128 



Thus, we found that the regioselectivity in cycloaddition of an 

o-quinodimethane depended upon an E-effect of the substituent - 
on cyclobutene ring and also developed two new methods for proto- 

berberine synthesis. 

b) Spirobenzylisoquinolines 

In connection with our protoberberine synthesis, a novel synthe- 

sis of the spirobenzylisoquinoline was achieved as follows. It 

was surprising that Bischler-Napieralski reaction of the amide 

with phosphoryl chloride in refluxing benzene for 22 h did not 

provide the expected 3,4-dihydroisoquinolinium salt. Instead, we 

C 

I Free base ) - 
\ / 

Me0 
Me0 OMe 

- Me0 

Ochotensimioe 
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obtained directly the spirobenzylisoquinoline. 12' It is probable 

that the 3,4-dihydroisoquinolinium salt was initially formed and 

then rearranged thermally 2-quinodimethane and the spiro 

intermediate to yield the ochotensine-type compound. 129,130 The 

different chemical behaviour of the amide must arise from hyper- 

conjugation and the steric effect of the methyl group on cyclobutene 

ring. 

This finding provides a more direct route to the ochotensine- 

type alkaloids than the stepwise procedure heretofore reported, 

and this transformation also represents a convenient entry into 

the synthesis of the spirobenzylisoquinoline alkaloids. 

The hydrochlorides of the 1-benzocyclobutenyl-3,4-dihydroiso- 

quinoline are stable at room temperature but the free bases of 

these compounds are unstable in air. A chloroform solution of the 

free base on standing at room temperature for 2 or 3 days was 

transformed, in good yield, into the ketospirobenzylisoquinolines. 

The mechanism of this reaction could be explained by air oxidation 

of the benzocyclobutenes to the benzocyclobutenols followed by 

ring opening to g-quinodimethanes and then electrocyclic reaction 

as shown in the above chart. 131,132 

3 .  Tetracyclines 

It is well known that pquinone or naphthoquinone is an effect- 

ive dienophile, and, therefore, the reaction of naphthoquinone with 

o-quinodimethanes was examined to develop a new and simple method - 

for a synthesis of tetracycline-type compounds. 

Heating naphthoquinone with g-quinodimethanes, which were 

generated in situ from latter benzocyclobutenes, g-xylyl dibromide 



or N-aminodihydroisoindole, gave the tetracycline-type of com- 

pounds, naphthacene-5,12-quinones in moderate yield. 133 

Me0 X 
\ 

Based this finding we have investigated the total synthesis 

of adriamycinone. Reaction of 6-ethoxy-5,8,9,10-tetrahydronaphtho- 

quinone with 6-methoxybenzocyclobutenol at 150 - 160' afforded the 

tetracyclic compound, which was also obtained by treatment of the 
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benzocyclobutenol with 6-ethoxynaphthoquinone. Similarly, the 

benzocyclobutenol was converted into 2-ethylenedioxy-1,2,3,4-tetra- 

hydro-7- or 10-methoxynaphthacene-5,12-quinone by reaction with 

6-ethylenedioxy-5,6,7,8-tetrahydronaphthoquinone. The resulting 

product can be considered as a potential precursor to adriamycinone 

since the related 6,11-dihydroxylated compound has been converted 

into adriamycinone. 

4. Olivacine 

As a further extension of the intermolecular cycloaddition of 

o-quinodimethanes to the imines system, the possibility of obtain- - 

ing an indolotetralin derivative by the reaction of an g-quinodi- 

methane with indole was investigated. This was of particular in- 

terest as the expected cycloaddition product would be an analogue 

of olivacine or ellipticine which shows antitumor activity. 

However, since reaction of indole with the cyanobenzocyclobutene 

in boiling dichlorobenzene afforded only the benzocyclobutene dimer, 

the more nucleophilic indolylmagnesium bromide was fused with the 

cyanobenzocyclobutene at 160° for 10 min to give regioselectively 

6-cyano-8,9-dimethoxybenzocarbazole in 83 % yield. 134 

Based on this finding as well as several model experiments 135 

using indole and pyridine derivatives, the total synthesis of oliva- 

cine was achieved as follow. Heating indole with 3,4-dibromo- 

ethylpyridine in dimethylformamide at 150° afforded regioselectively 

olivacine in 30 % yield. The regioselectivity was based on the 

nucleophilicity at the C position in the indole ring and also on 3 

the electrophilic activity by C=N in the pyridine system. 136 



5. Quinazolone Alkaloids 

As mentioned above, we exploited.the novel synthesis of hetero- 

cyclic systems by an intermolecular cycloaddition of 2-quinodi- 

methane with imines. In addition we expected that if an iminoketene 

could be generated in situ from some suitable precursors, this 

species would react with imines to form a quinazolone system and 

that this type of cyclisation could be applied to the total synthesis 

of r~tecarpine~evodiamine and related compounds. 

Firstly, we carried out model experiments in investigating the 

synthesis of the iminoketene. It has been reported that the 

reaction of isatoic anhydride with imines to form quinazolone 

required severe conditions. Since the mechanism had not been 

elucidated, we assumed that the intermediate would be theiminoketene, 

formed by elimination of carbon dioxide by a retrograde Diels- 

Alder type reaction. Since our experience, cycloaddition reaction 

with imines would be expected to proceed under mild conditions, 

sulfinamide anhydride was used as a possible precursor of the 
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iminoketene. 

Heating anthranilic acid with thionyl chloride in dry benzene 

under reflux gave the unstable sulfinamide anhydride. Reaction 

of the latter with 0-methylpyrrolidine, which was unstable on 

heating, was carried out in dry benzene at room temperature to 

afford regioselectively deoxyvasicinone in good yield. In this 

reaction, the sulfinamide anhydride could have been converted into 

the iminoketene by a retrograde cycloaddition, which would regio- 

selectively react with the imine via a concerted (T4 + .2)cyclo- 

addition pattern to form deoxyvasicinone. 137 

On the basis of this finding that the quinazolone system could 

be obtained in one-step and in a regioselective manner by cyclo- 

addition of imines with iminoketene, we examined the synthesis of 

evodiamine and rutecarpine. 

Heating N-methylanthranilic acid with thionyl chloride in dry 

benzene gave an unstable sulfinamide anhydride which on treat- 

ment with 3.4-dihydro-B-carboline in dry benzene at room tem- 

perature evolved sulphur dioxide to afford perhaps via a hypothetical 

intermediate N-methyliminoketene, regiospecifically evodiamine in 

65 % yield. 137 In a similar manner, rutecarpine was also obtained 

in one step. Namely, treatment of the sulfinamide anhydride with 

3,4-dihydro-6-carboline in dry benzene at room temperature gave, 

in 80 % yield, rutecarpine by a spontaneous dehydrogenation of 

the initial product. 137 Euxylophoricine A and C, the dimethoxy 

and methylenedioxy analogues of rutecarpine, respectively, were 

also obtained by the same method. 138 



Evodiamine 

Although we have proposed a concerted mechanism in the above 

type of cycloaddition reaction, a stepwise mechanism is also 

0 likely since the anhydride is prepared by heating at 80 without 

decomposition to the iminoketene. If the latter mechanism would 

be applicable, the formation of quinoazolones from the reaction 

of the iminoketene with amides would be possible. Based on this 

premise, we investigated the reaction of the sulfinamide anhydride 

with amides. 139 

Treatment of the sulfinamide anhydride with pyrrolidone or 

phenylacetamide at room temperature gave, in good yield, 

Machinlaya alkaloid and glycosminine .13' Similarly, arborine, 139 



HETEROCYCLES. Vol 8. 1977 

glycor ine ,  glomerine and h ~ m o g l o r n e r i n e ~ ~ ~  have been prepared from 

N-methylanthranil ic a c i d .  This r e a c t i o n  was a l s o  applied. t o  a  t o t a l  

s y n t h e s i s  o f  r u t e c a r p i n e  from N-formyltryptamine %a 3-indolyl- 

ethylquinazolin-4-one a s  shown i n  the  fol lowing c h a r t .  139 

6. Yohimbine 

The s u c c e s s f u l  s y n t h e s i s  o f  a  protoberber ine- type compound 

from benzocyclobutenes by an e l e c t r o c y c l i c  r e a c t i o n  and an i n t e r -  

molecular cyc loadd i t ion  r e a c t i o n  suggested t h a t  t h e  decadehydro- 

yohimbanes o r  yohimbones, p o s s i b l e  in te rmedia tes  t o  yohimbine, 

could be ob ta ined  by the  same r e a c t i o n  o f  t h e  a p p r o p r i a t e  2- 

quinodimethanes with 3,4-dihydro-8-carbolines. Based on th is  idea, we 

f i r s t l y  i n v e s t i g a t e d  a  yohimbone s y n t h e s i s  a s  follows. 

An in te rmolecu la r  cyc loadd i t ion  o f  1-cya~~obenzocyclobutene t o  

3,4-dihydro-6-carboline was e f f e c t e d  a t  150 - 160° wi thou t  solver i t  



over  2  h  i n  a  c u r r e n t  of n i t r ogen  t o  give r e g i o s e l e c t i v e l y  t he  

14-cyanohexadehydroyohimbane i n  85 % y i e l d  which was decyanated 

by t rea tment  wi th  m e t a l l i c  l i t h ium and l i q u i d  ammonia i n  t he  pre- 

sence o f  i sopropyl  a lcohol  t o  a f f o r d  i n  6 5  % y i e l d  t he  hexadehydro- 

yohimbane. 127 The r e g i o s e l e c t i v i t y  o f  t h i s  r e ac t i on  is  ra t iona l i sed .  

by the e l e c t r o n - a t t r a c t i n g  powerof thecyano group i n  quinodimethane 

system. 

Moreover, thermolysis  o f  3,4-dihdyro-1-benzocyclobutenylcarbo- 

l i n e  hydrochlor ide  a t  155' i n  bromobenzene f o r  30 min i n  a  c u r r e n t  

o f  n i t r ogen  gave t he  expected. decadehydroyohimhane i n  70 % y i e l d  

which was reduced wi th  sodium borohydride t o  give t h e  hexadehydro- 

y o h i h a n e ,  i d e n t i c a l  wi th  t he  product  formed via an in te rmolecu la r  

cyc loaddi t ion  r eac t i on .  140 
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In addition, we synthesised another type of hexadehydroyohim- 

bane differing only in the position of the methoxyl substituent by 

utilizing the difference in reactivity between the free base and 

the hydrochloride. Thus, the free base of the l-benzocyclobutenyl- 

3,4-dihydrocarboline rearranged on standing for 3 days in chloroform 

at room temperature to the ketospirobenzyl-B-carboline followed by 

irradiation in dry tetrahydrofuran at room temperature for 3 h to 

give the lactam which had already been converted into 18-methoxy- 

yohimbane. 12 7 

It is interesting that the same starting material gives the two 

yohimbanes which are position isomers as shown in tne following 

chart. 

Birch reduction of the hexadehydroyohimbane with the lithium and 

liquid ammonia-isopropyl alcohol system gave the en01 ether. The 

I 
OMe OMe 6 

OMe 

trans- Yohimbone quo- Yohimbone 



same enol ether was obtained by reduction of 14-cyanoyohimbane with 

a large excess of lithium in liquid ammonia and isopropyl alcohol. 

Finally, treatment of the enol ether with oxalic acid gave the 

6,Y-unsaturated dehydroyohimbone in good yield while reaction with 

127 hydrochloric acid by Swan's method afforded the dehydroyohimbones. 

Our methods would be specially useful for the synthesis of 

yohimbanes and yohimbones having an electron-withdrawing group 

on ring E since this type of compound could not be obtained by 

the usual Mannich reaction of 1-benzyl-1,2,3,4-tetrahydro-6-carboline 

with formalin while in our synthesis the key starting materials 

have already a "berberine bridge carbon" in the molecule. 

2. NclBH4 

OMe OMe OMe 

Q--S , :yp, 0 

, 
M e 0 2  M e 0 6  

OMe 0 
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Based on the above model experiments, we have accomplished the 

total synthesis of yohimbine from the key intermediate l-spiro- 

benzyl-B-carboline y& hexadehydroyohimbine as shown in the above 

chart. Photolysis of the spirobenzyl-6-carboline with a Hanovia 

450 W mercury lamp in tetrahydrofuran yielded the decadehydroyohim- 

bane and the decadehydroyohimban-21-one. Reduction of both products 

with sodium borohydride gave 0-methylhexadehydroyohimbine. 141 

Hydrolysis of this ester with aqueous methanolic potassium hydroxide 

followed by Birch reduction141 of the resulting carboxylic acid, 

afforded the enol ether which was esterified with diazomethane to 

give the 0-methyltetradehydroyohimbine. Treatment of the latter 

first with oxalic acid and then with dilute hydrochloric acid 

afforded dehydroyohimbinone which was catalytically hydrogenated 

with 30 % palladium on carbon to give (+)-yohimbinone, followed by 

sodium borohydride reduction to afford (t)-yohimbine and B- 

yohimbine. Thus, a total synthesis of (*)-yohimbine has been 

accomplished by a method developed in our laboratory. 142 

7. Diterpenes 

a) Tetracyclic Diterpene 143 

The bridged bicyclic[3.2.lloctane, which is found in hibaene, 

is an integral part of the structure of a large class of tetracyclic 

diterpenoids for which many types syntheses have been reported. 

One of the most difficult synthetic steps is to build the bicyclo- 

[3.2.lloctane system from appropriate precursors such as tetralin 

or hydrophenanthrene derivatives. In the early part of this sect- 

ion we described the formation of hydrophenanthrene ring by an 

intramolecular cycloaddition of an olefinic benzocyclobutene as 



a general reaction of 2-quinodimethanes. Thus, it should be possible 

to synthesise, in one step, the hibaene ring system if the benzo- 

cyclobutene substituted by a methylenecyclopentene unit is 

subjected to thermolysis. Based on this consideration, we planned 

a synthesis of dihydrohibaene as shown in the following chart. 

The benzocyclobutenylethyl group which forms ring A and a part 

of rings B and C was synthesised as follows. Hydrolysis of the 

cyano group gave the carboxylic acid which was reduced to the 

alcohol. The tosylate, prepared by the reackion of the alcohol 

with tosyl chloride, was converted into the homocarboxylic acid 

via the nitrile. - 
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Me0 wCN KOH , Mawm2" " A I H ~  TsCl 
EtOH THF PY 

H2OT5 FhCN M e O m 2 C N a M e 0  
Tiis2 . EtOH wCHfiH 

The homocarboxylic a c i d  was reduced t o  t h e  a l c o h o l ,  whose t0Sylate 

was t r e a t e d  wi th  sodium iod ide  t o  g ive  t h e  s t a r t i n g  benzocyclo- 

bu teny l  i o d i d e .  

Condensation of t h i s  iod ide  wi th  t h e  p y r r o l i d i n e  enamine of 

cyclopentanone i n  b o i l i n g  benzene f o r  23 h gave t h e  cyclopentanone 

i n  60  % y i e l d .  P r i o r  t o  in t roduc ing  t h e  methyl group a t  t h e  C2- 

p o s i t i o n  of cyclopentanone r i n g ,  t h e  C - p o s i t i o n  was blocked by a 5 

p r o t e c t i n g  group which would r e a c t  a s  a d ienophi le  i n  a l a t e r  

s t a g e .  Reaction of t h i s  product  wi th  e t h y l  formate i n  t h e  pre- 

sence of sodium hydride  i n  benzene followed by t rea tment  of t h e  



r e s u l t i n g  hydroxymethylenecyclopentanone wi th  b u t y l  mercaptan i n  

the  presence of E-toluenesulphonic a c i d  a f f o r d e d  t h e  s u l p h i d e  i n  

79 % y i e l d .  

HWgt . NOH n ~ u ~ ~ .  p -  , Ma& H-sneu 
tenmne ref IUX . I hr 

benzent 

A methyl group was then in t roduced  a t  t h e  C - p o s i t i o n  by r e a c t -  2 

ion wi th  methyl i o d i d e  i n  s - b u t a n o l  i n  t h e  presence of pota- 

ssium =-butoxide a t  room temperature  f o r  1 7  h t o  g ive ,  i n  48 % 

y i e l d ,  t h e  key i n t e r m e d i a t e .  Heating t h e  l a t t e r  i n  - o-dichloro- 

benzene a t  180° f o r  1 3  h i n  a c u r r e n t  of n i t r o g e n  a f fo rded  

t h e  2-quinodimethane i n  a r e g i o s e l e c t i v e  manner t h e  t e t r a c y c l i c  

compound i n  65 9. y i e l d .  Desulphur isa t ion o f  t h i s  product  wi th  

Raney n i c k e l  i n  e t h a n o l  gave, i n  86.2 % y i e l d ,  t h e  p o t e n t i a l  

i n t e r m e d i a t e  whose 13-methyl s i g n a l  i n  nmr spectrum was i n  t h e  

normal p o s i t i o n .  This  showed t h a t  t h e  r e l a t i v e  c o n f i g u r a t i o n  o f  

t h e  13-methyl and 9-hydrogen was probably &-conf igurat ion.  The 

s te reochemis t ry  o f  t h i s  product  was thus  considered t o  t h e  c&, 

al though t h e  a l t e r n a t i v e  --structure cannot be  r u l e d  o u t .  
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The carbonyl group of t h i s  compound was conver ted i n t o  a  methyl- 

ene func t ion  by Wolff-Kishner reduct ion.  Thus, w e  could  e s t a b l i s h  

a  novel and s h o r t  s y n t h e s i s  o f  t h e  t e t r a c y c l i c  moiety which forms 

t h e  framework i n  hibaene.  

I n  o r d e r  t o  in t roduce  methyl groups on r i n g  A ,  t h e  fol lowing 

r e a c t i o n s  were c a r r i e d  out .Birch reduc t ion  of t h e  t e t r a c y c l i c  

compound with  l i t h i u m  i n  l i q u i d  ammonia followed by h y d r o l y s i s  

gave t h e  enone, i n  which t h e  carbonyl group on ring-C was a l s o  

H 
Me I1 (CF3C0 120 

IiI Me 
AcOH 2 1 d l  HCI 

li 



reduced t o  an a-hydroxyl group. Treatment of t h e  cyclohexenone w i t h  

hydrogen peroxide i n  sodium hydroxide followed by decomposition of 

t h e  r e s u l t i n g  epoxide wi th  tosy lhydraz ine  and a c e t i c  a c i d  a f f o r d e d  

t h e  a c e t y l e n i c  ketone which on methyla t ion and a c i d i c  t r ea tment  

y i e l d e d  s t e r e o s e l e c t i v e l y  t h e  106-methyl ketone.  

A methyl group was in t roduced  a t  t h e  C4-posi t ion a s  fol lows.  

Bromination of t h e  ketone ob ta ined  by t h e  above r e a c t i o n s  followed 

by dehydrobromination wi th  l i t h i u m  carbonate  and l i t h i u m  bromide 

under mild  c o n d i t i o n s  gave t h e  3,4-dehydro compound which was 

t r e a t e d  wi th  dimethylcopper l i t h i u m  a t  -30° t o  a f f o r d  t h e  expected 

C -methyl d e r i v a t i v e .  The f i n a l  s t e p s  o f  i n t r o d u c i n g  one more 4 

methyl group a t  t h e  C - p o s i t i o n  and t h e  convers ion of 0-funct ions  
4 

t o  methylene groups a r e  now under i n v e s t i g a t i o n .  

, Br2 Li2C03, Li Br 
CH2CI2 

8, : 
DMF 

H H H 

Me2CuLi 
THF 

Me Me 
Dihydmhibaene 

b) Diterpene Alka lo ids  
1 4 4  

Nagata had achieved t h e  t o t a l  s y n t h e s i s  of t h e  d i t e r p e n e  alkaloids, 

a t i s i n e ,  vea tch ine  and g a r r y i n e  dur ing 1964 - 1967. I n  t h e s e  

syn theses  t h e  key and common i n t e r m e d i a t e  was 16,17-imino-13- 
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methoxy-5B,l0a-podocarpane-8,11,13-triene. Wiesner also succeeded 

in a synthesis of atisine from the 15-carbonylpodocarpane deri- 

vative (shown in the chart after the next one). 

Our synthesis was based on the idea that a hydrophenanthrene 

derivative which has two functional groups would be most effective 

for construction of the 16,17-iminobridge (D-ring) of Nagata's 

intermediate and that such an intermediate could be prepared in 

one step by an intramolecular cycloaddition reaction of an 2- 

quinodimethane derivative. The benzocyclobutene was chosen as a 

suitable starting material because it forms an 2-quinodimethane on 

heating and also has cyano and carbomethoxyl groups which are 

necessary for building up the ring D, although there are two 

regioselectively different routes for the intramolecularcycloaddition 

reaction of the 2-quinodimethane as shown in the following chart. 

One is the formation of the expected hydrophenanthrene and the 

other generated the bicyclo[4.3.lldecane. 

The iodide, obtained easily from methyl acetoacetate, was con- 

densed with 1-cyano-4-methoxybenzocyclobutene in the presence of 

sodium amide in liquid ammonia to give in 75 % yield the l-cyano- 

1- (4-vinylpentyl) benzocyclobutene. Heating the benzocyclobutene 

in dry toluene in a sealed tube at 180 - 230° afforded 4aa-cyano- 

7-methoxy-la-methoxycarbonyl-1B-methyl-l,2,3,4,4a,9,lO,lOaa-octa- 

hydrophenanthrene in 40 - 50 % yield and the l0aB-isomer in 10 % 

yield in a regiospecific and stereospecific manner. In this stage, 

the stereochemistry could not be determined but was evidenced'by 

hydrogenation of these products over Raney nickel in ethanol under 

115 atm of hydrogen at 80° to the lactams in quantitative yield. 



This fact revealed the relative configuration of the cyan0 group 

to be cis and also ruled out another possible structure in the ther- 

molysis of the benzocyclobutene derivative since the bicyclo- 

[4.3.l]decane could not from a stereochemical point of view form 

a lactam. The AB ring juncture of both products was determined by 

their conversion into known compounds. 

The stereocontrolled rearrangement of the benzocyclobutene 

into the hydrophenanthrene can be explained as follows. On 

thermolysis of the benzocyclobutene, which might be an epimeric 

mixture, the 2-quinodimethanes are formed by an electrocyclic 

reaction of the cyclobutene ring where one has a steric repulsion 
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between the cyano and methoxycarbonyl groups while the other has 

no repulsion. Therefore, it is the latter epimer that gave the 

major product with the c i s - A B  ring junction while the former gave 

the minor product. 

In order to obtain the trans fused octalin belonging to the 

natural series, thermolysis of the benzocyclobutene was carried 

out by refluxing in triglyme in the presence of 10 % palladium on 

carbon for 6 h, however the cis fused octalin was obtained. 
Further the direct epimerisation of the *-product into the trans 

fused octalin by Pelletier's method was examined but once again 

the starting octalin was recovered. Therefore, the indirect 

conversion of the cis fused octalin into the trans isomer was 
investigated as follows. Oxidation of the cis fused octalin with 

chromium trioxide in acetic acid for 16 h and then at 60° for 1 h 

gave, in 45 - 50 % yield, the ketone which was treated with bromine 

in acetic acid at room temperature to produce the a-bromoketone 

in 98 % yield. Dehydrobromination of this compound was achieved 

by treatment with N-phenylbenzamidine in boiling xylene for 3 h to 

give, in 90 - 95 % yield, the a,B-unsaturated ketone which was 

subjected to catalytic hydrogenation on 10 % palladium on carbon 

in ethanol to afford the expected 4aa-cyano-1,2,3,4,4a,9,10,1OaB- 

octahydro-7-methoxy-l~-methoxycarbonyl-l~-methylphenanthrene. 

High-pressure reduction of this cyano ester under 115 atm of 

0 hydrogen on Raney nickel in ethanol at 80 gave the lactam in 

80 % yield. Treatment of the lactam with lithium aluminium 

hydride in boiling dioxane for 7 h afforded 16.17-imino-13- 

methoxy-58,lOa-podocarpene-8,11,13-triene characterised as 



hydrochloride which was identical with an authentic sample. Since 

our product had been correlated to atisine, veatchine and garryine 

by Nagata,145 this work constituted a formal total synthesis of 

these alkaloids. 

- 

8. Triterpenes 147 

The pentacyclic aromatic diethers having the trans, anti, 

trans-BCD ring structure and the correct array of angular methyl 

groups, are important intermediates in the total synthesis of the 

pentacyclic triterpenes, as seen in the total synthesis of 

alnusenone and friedelin by Ireland. 1481149 A crucial step in the 

synthesis of this pentacyclic diethers is the introduction of 

methyl groups at angular positions with the required stereo- 

chemistry. 

Since we found that intramolecular cycloaddition of an 2- 

quinodimethane in the synthesis of diterpenes could proceed 



HETEROCYCLES. Voi. 8. 1977 

s t e r e o s e l e c t i v e l y  a s  shown i n  above s e c t i o n ,  we i n v e s t i g a t e d  a  

novel s y n t h e s i s  of t r i t e r p e n o i d s  by t h i s  method. I n  t h i s  connection, 

a  simple and s t e r e o s e l e c t i v e  s y n t h e s i s  of t h e  key in te rmedia tes  

f o r  t r i t e r p e n o i d  s y n t h e s i s  i s  desc r ibed .  

Our f i r s t  t r i a l  was a  one-step s y n t h e s i s  of t h e  p e n t a c y c l i c  

compound by a  double in te rmolecu la r  cyc loadd i t ion  of t h e  bis-2- 

quinodimethane t o  i soprene .  This  idea  was based on t h e  f a c t  t h a t  

t h e  C6,Csa,Csb and C - u n i t  correspons t o  i soprene .  Attempted 7 

p r e p a r a t i o n  of t h e  p e n t a c y c l i c  compound by h e a t i n g  t h e  bisbenzo- 

cyclobutene wi th  a  1 0  molar excess  of i soprene  i n  an au toc lave  a t  

180° f o r  2 h  gave i n s t e a d  t h e  1 : 2 adduct,  b i s t e t r a l i n  d e r i v a t i v e ,  

so w e  tu rned  our  a t t e n t i o n  t o  a  s tepwise  s y n t h e s i s  of t h e  

p e n t a c y c l i c  aromat ic  d i e t h e r .  

Me, 

Friedelin 

. 



We selected 1-cyano-4-methoxybenzocyclobutene as a starting 

material for the stepwise synthesis since the corresponding 1- 

methyl analogue,which would be a more direct intermediate to 

alnusenone than the 1-cyano derivative, would rather form a 2- 

vinyltoluene by a [1.5lsigmatropic reaction than cycloaddition 

in a thermolysis. 

Heating the 1-cyano-4-methoxybenzocyclobutene with isoprene 

cyano-2-propenyltetralin and 1-cyano-2-methyl-2-vinyltetralin in 

a ratio of 1 : 1. Condensation of the former with benzocyclo- 

butenylethyl iodide in the presence of sodium amide in liquid 

ammonia proceeded from the less hindered side of the C-1 position 

to give the key starting material in 88 % yield with the 1-cyano 

and 2-vinyl groups cis to each other. 

Heating this compound in dry toluene in a sealed tube at 

210 - 215' for 3 h provided stereoselectively, in 58 % yield, 

the pentacyclic compound which was reduced with di-isobutylalu- 

minium hydride in benzene at room temperature to give the di- 

imine in 90 % yield. Wolff-Kishner reduction of the diimine with 

hydrazine hydrate and hydrazine dihydrochloride in triethylene 

0 glycol in the presence of potassium hydroxide at 160 - 165 

gave in 4 4  % yield the expected the 6b,lZbR,l4aR-trimethylated 

pentacyclic compound, identical with that obtained by Ireland. 

The stereoselective formation of the pentacyclic compound on 

the thermolysis of the benzocyclobutene derivative can be explained 

as follows. Conrotatory ring opening of the cyclobutene unit in 
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the  benzocyclobutene would form t h e  s t e r i c a l l y  favoured g-quino- 

dimethane. Synchronous in t ramolecu la r  cyc loadd i t ion  of t h i s  

i n t e r m e d i a t e  would most favourably proceed through t h e  =chair  

conformation shown t o  give  t h e  p e n t a c y c l i c  compound with  t h e  

requ i red  s tereochemical  arrangement, r a t h e r  than through t h e  less 

s t a b l e  "@-chairw o r  "boat"  forms which would produce t h e  trans, 
anti,cis-BCD and trans,syn,trans-BCD r i n g  s te reo i somers  o f  t h e  -- 
p e n t a c y c l i c  compound. 

Alnuse~lone 

By t h e  same r e a c t i o n  us ing 1-cyano-4-ethoxybenzocyclobutene 

and l-cyano-l-~2-iodoethyl)-4-methoxybenzocyclobutene, t h e  penta- 

c y c l i c  aromat ic  d i e t h e r ,  which had been converted i n t o  f r i e d e l i n  

by I r e l a n d ,  has been syn thes i sed  a s  shown i n  t h e  fol lowing c h a r t .  



O M  NC , ' B U ~ A I H  [ HN=HC NH2NH2. 2HCI 

-- 
4 , NH2NH2. H z 0  
\ I Me , I Me 

E m  
KOH 

E l 0  HOiCH2IJOH 

lrelcnd 

Me 
EtO 

Friedelin 

Thus, we ob ta ined  t h e  key compounds, which have been c o r r e l a t e d  

wi th  t h e  t r i t e r p e n o i d ,  alnusenone and f r i e d e l i n  i n  a  simple s t e r e o -  

s e l e c t i v e  way, p rov id ing  an e f f e c t i v e  method f o r  t h e  s y n t h e s i s  of 

p e n t a c y c l i c  d i e t h e r s .  

9 .  T o t a l  Syn thes i s  of Es t rone  150,151 
- 

The s y n t h e s i s  of e s t r o n e  has  he ld  a  s p e c i a l  f a s c i n a t i o n  f o r  

o rgan ic  chemists  and many types  of approaches have been r e p o r t e d  

toward t h i s  n a t u r a l  sex hormone. I n  t h e  l a s t  decade, i n t e r e s t  

has  focused on developing asymmetric syn theses  o f  e s t r o n e  and 

r e l a t e d  compounds. 

I n  connect ion wi th  our  i n t e r e s t  i n  t h e  s y n t h e t i c  development 

of cyc loadd i t ion  of e l e c t r o c y c l i c  r e a c t i o n  s t a r t i n g  from 2- 

quinodimethanes based on benzocyclobutenes,  w e  i n v e s t i g a t e d  a  
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new synthesis of estrone through 0-methyl-D-homoeetrone the 

intramolecular cycloaddition reaction. The following descrip- 

tion is a synthesis of D-homoestrone which constitutes a formal 

total synthesis of estrone by our method. 

Condensation of the benzocyclobutenylethyl iodide with 2- 

methyl-3-vinylcyclohexanone which is protected by a 6-butylthio- 

methylene group in order to introduce regioselectively a methyl 

group at C -position, in the presence of potassium =-butoxide 2 

afforded the 1,l-disubstituted cyclohexanone. Hydrolysis of this 

product with potassium hydroxide in diethylene glycol at loo0 

furnished the key intermediate by elimination of the protecting 

group. This compound transformed smoothly in boiling dichloro- 

benzene for 4 h to 0-methyl-D-homoestrone, identical with an 

authentic sample, in 95 % yield. 

The stereocontrolled formation of homoestrone can be explained 

as follows. The four-membered ring in the key intermediate benzo- 

cyclobutene derivative opens preferentially to form the sterically 

favoured E-oriented 2-quinodimethane whose synchronous cycloaddition 

proceeds regiospecifically through the more stable exo transition 
state rather than the endo state which has steric repulsion 

between the aromatic and the cyclohexanone ring. Demethylation 

of 0-methyl-~-hom0e~tr0ne gave D-homoestrone. Since O-methyl- 

D-homoestrone has previously been correlated to estrone, 152 this 

work constitutes a total synthesis -of estrone. 



Estrone 

VIII. CONCLUSION 

We would like to say that the synthetic organic chemistry will 

live forever supported by the splended development of physico- 

chemical tool and by the appearance of new reagents and the 

discovery of new reactions. Although a computer system for the 

synthesis of complex molecules is under examination, we believe 

that the systematic methodology for the synthesis of organic 

compounds, such as retro mass spectral synthesis, 153 will always 

be necessary. Synthetic studies must continue so that new and 

more efficient drugs become available for medicinal use. 

A silk road is well known in Japan as a route for transportat- 

ion of silk, a valuable good, from Orient to Europe, namely from 
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China to Rome through India, Afganistan, Iran, Turkey and Greek. 

Although this word involves many meanings, a silk road of our 

synthetic studies was not so easy. My work (T.K.) started from 

a very simple isoquinoline synthesis under Professor Shigehiko 

Sugasawa during the second world war. My first research sub- 

ject from Professor S .  Sugasawa caused me to develop the iso- 

quinoline chemistry leading to the total synthesis of a variety 

of natural products. I believe that it is very important for 

our chemist to keep in mind the first research subject. 

Finally I should greatly appreciate Professor Shigehiko 

Sugasawa's help and guidance for me. Thank you very much indeed 

for his warnest kindness. 



REFERENCES 

1. T. Kametani and H. Yaqi, Chem. Comm., 1967, 366: J. Chem. 

SOC. C, 1967, 2182. - 
2. T. Kametani, J. Pharm. Soc. Japan, 1951, z&,, 322. 

3. T. Kametani and S. Kano, J. Pharm. Soc. Japan, 1952, z&, 
1081. 

4. T. Kametani and J. Serizawa, J. Pharm. Soc. Japan, 1952, z& 
1085. 

5. T. Kametani and K. Fukumoto, Synthesis, 1972; 657. 

6. T. Kametani, K. Fukumoto, and F. Satoh, Bioorq. Chem., 1974, 

4,  430. 
7. T. Kametani, K. Fukumoto, and M. Ihara, "Bioorganic 

Chemistry," Vol. 2, in press. 

8. R. Pummerer and E. Frankfurter, g., 1914, , 1472. 

9. J. Gadamer, Arch. Pharm., 1911, ztx, 498, 680. 
10. R. Robinson, "The Structural Relationships of Natural Pro- 

ducts", 1955, Clarendon Press, Oxford. 

11. C. Schdpf and K. Thierfelder, Annalen, 1932, txx, 22. 
12. D. H. R. Barton and T. Cohen, "Festschrift A. Stoll". 1957, 

13. A recent review of biosynthesis of isoquinoline alkaloids is 

found in H. R. SchCltte,"~iosyntheses der Alkaloide': K. Mothes and 

H. R. SchUtte, Ed., VEB Deutscher Verlag der Wissenschaften, 

Berlin, 1969, p. 367. 

14. T. Kametani and K. Fukumoto, Japanese J. Pharm. Chem., 1963, 

24, 426. 
15. B. Franck, G. Blaschke, and G. Schlinqloff, Anqew. Chem., 



HETEROCYCLES. Vol.8. 1977 

1963, ZJ,, 957. 

16. H. Musso, Angew. Chem., 1963, 12, 965. 
17. A. I. Scott, Quart. Rev., 1965, $ 2 ,  1. 
18. A. R. Battersby, "Oxidative Coupling of Phenols", W. I. Talor 

and A. R. Battersby, Ed., 1967, Marcel Dekker, New York. 

19. T. Kametani and K. Fukumoto, "Phenolic Oxidation", 1970, 

Gihodo, Tokyo. 

20. T. Kametani, "The Chemistry of the Isoquinoline Alkaloids", 

1968, Hirokawa Publishing Co. Inc., Tokyo, and Elsevier Publishing 

Co., Amsterdam; T. Kametani, "The Chemistry of the Isoquinoline 

Alkaloids, Vol. 11", 1974, The Sendai Institute of Heterocyclic 

Chemistry, Sendai, Japan. 

21. T. Kametani, T. Kikuchi, and K. Fukumoto, Chem. Corn., 1967, 

546; Chem. and Pharm. Bull. (Japan), 1968, $5, 1003. 

22. T. Kametani, K. Fukumoto, and M. Fujihara, Chem. Comm.,1971, 

352; Bioorg. Chem., 1971, A, 40. 
23. A. H. Jackson and G. W. Stewart, Chem. Corn., 1971, 149. 

24. F. L. Pyman, J. Chem. Soc., 1909, 22 ,  1266. 
25. G. Blaschke, Arch. Pharm., 1968, ;(I&, 432; 1970, &@, 358. 

26. E. Brockmann-Hanssen, C.-H. Chen, H.-C. Chiang, and K. 

McMurtrey, Chem. Corn., 1972, 1269. 

27. The first synthesis of aporphine by phenol oxidation has 

been reported by Franck in 1962. 

28. B. Franck and G. Schlingloff, Annalen, 1962, 222, 132. 
29. T. Kametani and I. Noguchi, J. Chem. Soc. C, 1967, 1440. 

30. T. Kametani, T. Sugahara, and K. Fukumoto, Tetrahedron, 1969, 

Q,, 3667. 



31. T. Kametani, K. Fukumoto, A. Kozuka, and H. Yagi, J. Chem. 

SOC. C, 1969, 2034. - 
32. T. Kametani, K. Fukumoto, K. Kigasawa, and K. Wakisaka, 

Chem. and Pharm. Bull. (Japan), 1971, &%, 714. 
33. T. Kametani. A. Kozuka, and K. Fukumoto, J. Chem. Soc. C, 

1971, 1021. 

34. A. H. Jackson and J. A. Martin, J. Chem. Soc. C, 1969, 2061. 

35. W. W. C. Chen and P. Maitland, J. Chem. Soc. C, 1966, 753. 

36. B. Franck, G. Dunkelmann, and H. J. Lubs, ~ngew. Chem., 1967, 

x, 1066. 
37. M. Shamma, J. L. Moniot, S. Y. Yao, G. A .  Miana, and M. 

Ikram, J. Amer. Chem. Soc., 1973, , 5742. 

38. T. Kametani, H. Terasawa, and F. Satoh, Heterocycles, 1974, 

2, 159. 
?r 

39. A. R. Battersby, J. L. McHuqh, J. Staunton, and M. Todd, 

Chem. Comm., 1971, 985. 

40. T. Kametani, R. Charubala, M. Ihara, M. Koizumi, and K. 

Fukumoto, Chem. Comm., 1971, 289. 

41. T. Kametani, K. Takahashi, and K. Fukumoto, J. Chem. Soc. C, 

1971, 3617. 

42. T. Kametani, R. Charubala, H. Ihara, M. Koizumi, K.Takahashi, 

and K. Fukumoto, J. Chem. Soc. C, 1971, 3315. 

43. D. H. R. Barton, D. S. Bhakuni, R. James, and G. W. Kirby, 

J. Chem. Soc. C, 1967, 128. 

44. T. Kametani, T. Kobari, and K. Fukumoto, Chem. Comm., 1972, 

288; T. Kacetani, T. Kobari, K. Shishido, and K. Fukumoto, Tetra- 

hedron, 1974, ,?Q, 1059. - 



HFTEROCYCLES. Vol 8. 1977 

45. T. Kametani, M. Takemura, M. Ihara, K. Fukumoto, and K. 

Takahashi; Heterocycles, 1977, 6 ,  99. 
46. B. Umezawa and 0. Hoshino, Heterocycles, 1975, 2 ,  1005. 
47. T. Kametani, M. Takemura, M. Ihara, and K. Fukumoto, to be 

published. 

48. T. Kametani, K. Fukumoto, H. Yagi, and F. Satoh, Chem.Com., 

1967, 878. 

49. T. Kametani, F. Satoh, H. Yagi, and K. Fukumoto, J. Org. 

Chem., 1968, 22,  690. - 
50. T. Kametani, F. Satoh, H. Yagi, and K. Fukumoto. Chem.Comm., 

1967, 1103; J. Chem. Soc. C, 1968, 1003; 1970, 382. 

51. A. R. Battersby, P. Bohler, M. H. G. Munro, and R. Ramage, 

Chem. Comm., 1969, 1066. 

52. T. Kametani, H. Yagi, K. Fukumoto, and F. Satoh, Chem. and 

Pharm. Bull. (Japan), 1969, &I, 2297. 
53. T. Kametani, K. Fukumoto, M. Koizumi, and A. Kozuka, 

Comm., 1968, 1605; J. Chem. Sac. C, 1969, 1925. 

54. T. Kametani, K. Fukumoto, M. Kawazu, and M. Fujihara, J- 

Chem. Soc. C, 1970, 922. 

5 5 .  T. Kametani and K. Fukumoto, Chem. Comm., 1968, 26; J. Chem. 

m, 1968, 2156. 
56. D. H. R. Barton and G. W. Kirby, J. Chem. Soc., 1962, 806. 

57. T. Kametani, K. Yamaki, H. Yagi, and K. Fukumoto, Chem. 

Comm., 1969, 425; J. Chem. Sac. C, 1969, 2602. 

58. T. Kametani, C. Seino, K. Yamaki, S. Shibuya, K. Fukumoto, 

K. Kigasawa, F. Satoh, M. Hiiragi, and T. Hayasaka, J. Chem. Sac. 

C, 1971, 1043. - 



59 .  T. Kametani, K. Shishido, E. Hayashi, C. Seino, T. Kohno, 

S. Shibuya, and K. Fukumoto, J. Orq. Chem., 1 9 7 1 ,  2 6 ,  1 2 9 5 .  

60 .  T. Kametanl, S. Takano, and T. Kobari, Tetrahedron Letters, 

1 9 6 8 ,  4565 ;  J. Chem. SOC. C, 1 9 6 9 ,  1 3 1 .  

61 .  T. Kametanl, S. Takano, and T. Kobari, J. Chem. Soc. C, 

1 9 6 9 ,  2770 .  

62 .  T. Kametani. H. Nemoto, T. Kobari, and S. Takano, J. Hetero- 

cyclic Chem., 1 9 7 0 ,  , 1 8 1 .  

63.  T. Kametani, S. Takano, and S. Kobarl, J. Chem. Soc. C, 

1 9 7 1 ,  1 0 3 0 .  

64 .  T. Kametanl, K. Fukumoto, K. Kigasawa, and K. Wakisaka, 

Chem. and Pharm. B u l l .  (Japan), 1 9 7 1 ,  jJ,, 714 .  

65 .  T .  Kametani, M. Mizushima, S. Takano, and K. Fukumoto, 

Tetrahedron, 1 9 7 3 ,  22,  2031.  

66.  T. Kametani, M. Ihara, and K. Takahashi, Chem. and Pharm. 

B h l l .  (Japan), 1 9 7 2 ,  &,Q, 1 5 8 7 .  

67.  T. Kametani, M. Takemura, M. Ihara, K. Takahashi, and K. 

Fukumoto, J. Amer. Chem. Soc., 1 9 7 6 ,  , 1 9 5 6 .  

68.  J. Tsuji and H. Takayanagi, J. Amer. Chem. Soc., 1 9 7 4 ,  26, 
7349 ;  Tetrahedron Letters, 1 9 7 6 ,  1 3 6 5 .  

69.  T. Kajimoto, H .  Takahashi, and J. Tsuji, J. Orq. Chem.,1976, 

$+, 1 3 8 9 .  

70 .  T. Kametani, M. Ihara, M. Takemura, Y. Satoh, H. Terasawa, 

Y. Ohta, K. Fukumoto, and K. Takahashi, J. Amer. Chem. Soc., 1 9 7 7 ,  

22,  3805 .  

71.  T. Kametani and K. Fukumoto, J. Heterocyclic Chem., 1 9 7 1 ,  

4, 341 .  



HETEROCYCLES. Vol. 8. 1977 

72. D. F. DeTar, "Org. Reac t ions" ,  1957, 2 ,  409. 
73. R.  Grewe and A .  Mondon, Chem. Ber . ,  1948, &, 279. 
74. T. Kametani, K .  Fukumoto, F. Sa toh ,  and H .  Yagi, Chem.Com., 

1968, 1389; J. Chem. Soc. C, 1969, 520. 

75. T. Kametani. K .  Fukumoto, and T. Sugahara,  Tet rahedron 

L e t t e r s ,  1968, 5459; J. Chem. Soc. C ,  1969, 801. 

76. T. Kametani, T. Sugahara, H. Yagi, and K.  Fukumoto, J .  Chem. 

SOC. C ,  1969, 1063. - 
77. T. Kametani, M. Koizumi, and K .  Fukumoto, Chem. and Pharm. 

Bull. ( J a p a n ) ,  1969, $J,, 2245. 

78. T. Kametani, M. I h a r a ,  K .  Fukumoto, and H .  Yagi, J. Chem. 

SOC. C ,  1969, 2030. - 
79. T. Kametani. T. Sugahara, and K .  Fukumoto, Chem. and Ind . ,  

1969, 833. 

80. T. Kametani, T. Sugahara,  and K .  Fukumoto, Tet rahedron,  1971, 

2;1, 5367. 
81. T. Kametani, T. Sugahara, K .  Fukumoto, B.  R. P a i ,  and R. 

Charubala,  J- Chem. Soc. C ,  1970, 624. 

82. T. Kametani, T. Sugahara, and K .  Fukumoto, Chem. and Pharm. 

Bull. ( J a p a n ) ,  1974, 4 2 ,  966 .  

83. T. Kametani, K .  Fukumoto, F. Sa toh ,  and H .  Yagi, Chem. Com., 

1968, 1001; J. Chem. Soc. C ,  1968, 3084. 

84. T. Kametani, M. Koizumi, and K .  Fukumoto, J. Chem. Soc. C ,  

1971, 1792. 

85. T. Kametani, M. Koizumi, and K .  Fukumoto, Chem. and Pharm. 

Bull. ( J a p a n ) ,  1969, kz, 1809. 
86. T. Kametani and K .  Fukumoto, Accounts Chem. Res., 1972, 2 ,  



87. B. G r e q s o n - A l l c o t t  a n d  J. M .  Osbond,  T e t r a h e d r o n  L e t t e r s ,  

1 9 6 9 ,  1 7 7 1 .  

88 .  S .  I s h i w a t a ,  K .  I t a k u r a ,  a n d  K .  Misawa,  Chem. a n d  Pharm. 

B u l l .  ( J a p a n ) ,  1 9 7 0 ,  kg, 1 2 1 9  a n d  r e f s .  c i t e d  h e r e i n .  

8 9 .  T.  Karnetani ,  H .  S u g i ,  S .  S h i b u y a ,  a n d  K. Fukumoto,  

a n d  Pharm. B u l l .  ( J a p a n ) ,  1 9 7 1 ,  kx, 1 5 1 3 .  

90 .  T. K a m e t a n i ,  K .  S h i s h i d o ,  a n d  K .  Fukumoto,  Chem. a n d  I n d . ,  

1 9 7 0 ,  1 5 6 6 .  

91 .  T. Karnetani ,  M. Koizurni ,  K .  S h i s h i d o ,  a n d  K .  Fukurnoto,  J- 

Chem. S o c .  C, 1 9 7 1 ,  1923 .  

92.  T.  K a m e t a n i ,  T.  S u g a h a r a ,  a n d  K .  Fukumoto,  T e t r a h e d r o n ,  1971,  

xx, 5367.  

93 .  T. Karnetani ,  M. Ko izumi ,  a n d  K. Fukumoto,  Chern. C o r n . ,  1 9 7 0 ,  

1 1 5 7 ;  J. Chern. S o c .  C, 1 9 7 1 ,  1 7 9 2 .  

94.  T.  K a m e t a n i ,  M. Ko izumi ,  a n d  K .  Fukumoto,  J. O r q .  Chem., 

1 9 7 1 ,  26, 3729.  

95 .  R. K .  Sharrna a n d  N.  K h a r a s c h ,  Angew. Chem., 1 9 6 8 ,  @ Q ,  69 .  

96 .  T.  K a m e t a n i ,  S .  S h i b u y a ,  H .  S u g i ,  0 .  Kusarna, a n d  K .  Fukumoto,  

J. Chem. S o c .  C, 1 9 7 1 ,  2446.  

97 .  T. Karnetani ,  H. S u g i ,  S .  S h i b u y a ,  a n d  K .  Fukurnoto,  Chern. a n d  

I n d . ,  1 9 7 1 ,  8 1 8 .  

98 .  T. Karnetani ,  H .  Nernoto, T. Nakano,  S .  S h i b u y a ,  a n d  K .  

Fukumoto,  g e m .  a n d  I n d . ,  1 9 7 2 ,  788.  

99.  T.  Karne tan i ,  K .  Fukumoto,  S .  S h i b u y a ,  H. Nemoto, T.  Nakano,  

T. S u g a h a r a ,  T.  T a k a h a s h i ,  Y .  A izawa ,  a n d  M. Tor iyarna ,  3. Chern. 

S o c .  P e r k i n  I ,  1 9 7 2 ,  1435 .  



HFTEROCYCLES. Vol 8. 1977 

1 0 0 .  T.  K a m e t a n i .  T. S u g a h a r a ,  H. S u g i ,  S .  S h i b u y a ,  a n d  K .  

Fukumoto,  Chem. Comm., 1971 ,  724: T e t r a h e d r o n ,  1 9 7 1 ,  2 ,  5993.  

1 0 1 .  T. K a m e t a n i ,  T. Honda, M .  I h a r a ,  a n d  K .  Fukumoto,  Chem. a n d  

I n d . ,  1 9 7 2 ,  1 1 9 .  - 
102 .  T. K a m e t a n i ,  K .  T a k a h a s h i ,  T .  Honda, M. I h a r a ,  a n d  K .  Fuku- 

moto ,  -andPharm. 1 9 7 2 ,  ?:, 1 7 9 3 .  

103 .  T. K a m e t a n i ,  H .  Nemoto, T. K o b a r i ,  K .  S h i s h i d o ,  a n d  K.  

Fukumoto,  Chem. a n d  I n d . ,  1 9 7 2 ,  538. 

1 0 4 .  T. K a m e t a n i ,  Y .  S a t o h ,  S .  S h i b u y a ,  M. Ko izumi ,  a n d  K .  Fuku- 

moto ,  J .  Org .  Chem., 1 9 7 1 ,  ,3g, 3733. 

1 0 5 .  T. K a m e t a n i ,  Y .  S a t o h ,  a n d  K .  FukumOtO, J. Chem. S o c .  P e r k i n  

I ,  1 9 7 2 ,  2160. - 

106 .  T. K a m e t a n i  a n d  M .  Koizumi,  J. Chem. Soc .  C ,  1 9 7 1 ,  3976.  

107 .  T.  Kametan i .  T.  Kohno, R. C h a r u b a l a ,  a n d  K .  Fukumoto,  ~etra- 

h e d r o n ,  1972 ,  28, 3227.  - 
1 0 8 .  T .  K a m e t a n i ,  T. Kohno, S .  S h i b u y a ,  and K. Fukumoto,  C- 

CorrJn., 1 9 7 1 ,  774;  T e t r a h e d r o n ,  1 9 7 1 ,  22, 5441.  

1 0 9 .  T.  K a m e t a n i ,  T.  Kohno, R. C h a r u b a l a ,  S .  S h i b u y a ,  a n d  K .  

Fukumoto,  Chem. a n d  Pharm. B u l l .  ( J a p a n ) ,  1 9 7 2 ,  ZQ, 1 4 8 8 .  

1 1 0 .  T. K a m e t a n i ,  K .  Yamaki,  T. T e r u i ,  S .  S h i b u y a ,  a n d  K .  Fuku- 

moto ,  J. Chem. S o c .  P e r k i n  1, 1 9 7 2 ,  1 5 1 3 .  

111. T. K a m e t a n i ,  T.  Nakano, A .  U j i i e ,  K .  T a k a h a s h i ,  a n d  K .  

Fukumoto,  Chem. a n d   harm. B u l l .  ( J a p a n ) ,  1 9 7 3 ,  ZA, 766.  

1 1 2 .  T.  Kametan i .  T.  Nakano, a n d  K .  Fukumoto.  T e t r a h e d r o n ,  1 9 7 2 ,  

28, 4667.  

1 1 3 .  T. Kametan i .  S .  S h i b u y a ,  K.  K igasawa ,  M .  H i i r a g i ,  a n d  0. 

Kusama, J .  Chem. S o c .  C, 1 9 7 1 ,  2712.  



1 1 4 .  T. Karnetani  a n d  K .  Ogasawara ,  J .  Chem. S o c .  C, 1 9 6 7 ,  2208.  

1 1 5 .  T. Karnetani  a n d  K .  Fukumoto,  H e t e r o c y c l e s ,  1 9 7 5 ,  2 ,  29. 

1 1 6 .  R. B.  Woodward a n d  R. Hoffrnann, "The C o n s e r v a t i o n  o f  O r b i t a l  

Symmetry" ,  Academic P r e s s ,  New Y o r k ,  1 9 7 0 .  

1 1 7 .  R .  H u i s g e n  a n d  H .  S e i d e l ,  T e t r a h e d r o n  L e t t e r s ,  1 9 6 4 ,  3381 .  

1 1 8 .  I .  L. K l u n d t ,  Chem. Rev. ,  1 9 7 0 ,  ,#,, 471 .  

1 1 9 .  T. Karnetani ,  T.  T a k a h a s h i ,  K.  O q a s a w a r a ,  a n d  K .  Fukumoto,  

T e t r a h e d r o n ,  1 9 7 4 ,  ,3&, 1 0 4 7 .  

1 2 0 .  T. Karne tan i ,  H .  T s u b u k i ,  Y .  S h i r a t o r i ,  Y.  K a t o ,  H. Nemoto, 

M .  I h a r a ,  K .  Fukumoto,  F .  S a t o h ,  a n d  H.  I n o u e ,  J .  Org .  Chern., i n  

p r e s s .  

1 2 1 .  T. Karnetani ,  K .  O q a s a w a r a ,  a n d  T. T a k a h a s h i ,  Chem. Comm., 

1 9 7 2 ,  675 ;  T e t r a h e d r o n ,  1 9 7 3 ,  ,@,, 73 .  

1 2 2 .  T. Karnetani ,  Y .  H i r a i ,  F .  S a t o h ,  K .  O g a s a w a r a ,  a n d  K .  Fuku- 

moto ,  Chern. a n d  Pharm.  B u l l .  ( J a p a n ) ,  1 9 7 3 ,  &t, 907 .  

1 2 3 .  T. K a m e t a n i ,  M. Takemura ,  K .  O g a s a w a r a ,  a n d  K.  Fukumoto,  

J. H e t e r o c y c l i c  Chern., 1 9 7 4 ,  A,&, 1 7 9 .  

1 2 4 .  T.. Karne tan i ,  C. Ohtsuka, H. Nemoto, a n d  K .  Fukumoto,  Chem. 

a n d  Pharm. B u l l .  ( J a p a n ) ,  1 9 7 6 ,  24. 2525.  

1 2 5 .  T.  K a m e t a n i ,  T. K a t o ,  a n d  K.  Fukurnoto,  T e t r a h e d r o n ,  1 9 7 4 ,  

24, 1043 .  

1 2 6 .  T. Karnetani ,  T. T a k a h a s h i ,  T .  Honda,  K.  O g a s a w a r a ,  a n d  K .  

Fukurnoto,  J .  Org.  Chem., 1 9 7 4 ,  22 ,  447.  

1 2 7 .  T. Karnetani ,  M .  K a j i w a r a ,  T. T a k a h a s h i ,  a n d  K .  Fukumoto,  

J. Chem. S o c .  P e r k i n  I ,  1 9 7 5 ,  737 .  

1 2 8 .  T. K a m e t a n i ,  Y. Kato, a n d  K .  Fukumoto,  J. Chem. S o c .  P e r k i n  

I ,  1 9 7 4 ,  1 7 1 2 .  - 



HETEROCYCLES. Vol. 8. 1977 

129. T. Kametani, T. Takahashi, and K. Oqasawara. Zetrahedon 

Letters, 1972, 4847; J. Chem. Soc. Perkin I, 1973, 1464. 

130. T. Kametani. Y. Hirai, H. Nemoto, and K. Fukumoto. J. Hetero- 

cyclic Chem., 1975, &z,  185. 
131. T. Kametani, Y. Hirai, H. Takeda, M. Kajiwara, T. Takahashi, 

F. Satoh, and K. Fukumoto, Heterocycles, 1974, 2 ,  339. 
132. T. Kametani, H. Takeda, Y. Hirai, F. Satoh, and K. Fukumoto, 

J. Chem. Soc. Perkin I, 1974, 2141. 

133. T. Kametani, T. Takahahsi, M. Kajiwara, Y. Hirai, C. Ohtsuka, 

F. Satoh, and K. Fukumoto, Chem. and Phrm. Bull. (Japan), 1974, 24,  
2159. 

134. T. Kametani. T. Suzuki, K. Takahashi, and K. Fukumoto, 

Heterocycles, 1974, 2 ,  9; Tetrahedron, 1974, ,3Q, 2207. 
135. T. Kametani. Y. Ichikawa, T. Suzuki, and K. Fukumoto, Hetero- 

zcles, - 1974, 2 ,  171; Tetrahedron, 1974, , 3713. 

136. T. Karnetani, Y. Ichikawa, T. Suzuki, and K. Fukumoto. Hetero- 

cycles, 1975, 4, 401; J. Chem. Soc. Perkin I, 1975, 2102. 

137. T. Kametani. T. Hiqa, C. V. Loc. H. Ihara, M. Koizumi, and 

K. Fukumoto, J. Amer. Chem. Soc.. 1976, 2 ,  6186; Heterocycles, 
1976, t ,  23. 
138. T. Kametani, C. V. Loc, T. Hiqa, M. Ihara, and K. Fukumoto, 

J. Chem. Soc. Perkin I, in press. 

139. T. Kametani, C. V. Loc, T. Hiqa, M. Koizumi, M. Ihara, and 

K. Fukumoto, Heterocycles, 1976, , 1987; J. Amer. Chem. Soc., 

1977, 22 ,  2306. 
140. T. Kametani, M. Kajiwara, and K. Fukumoto, Chem. and Ind., 

1973, 1165; Tetrahedron, 1974, ,3Q, 1053. 



1 4 1 .  T .  Kametan i .  Y .  H i r a i ,  M. K a j i w a r a ,  T. T a k a h a s h i ,  a n d  K .  

Fukumoto,  Chem. a n d  Pharm. B u l l .  ( J a p a n ) ,  1 9 7 5 ,  54, 2634.  

1 4 2 .  T .  K a m e t a n i ,  Y .  H i r a i ,  a n d  K .  Fukumoto,  ~ e r o c y c l e s ,  1 9 7 6 ,  

, 29; %m. a n d  Pharm.  B u l l .  ( J a p a n ) ,  1 9 7 6 ,  54, 2500.  

1 4 3 .  T .  K a m e t a n i ,  H .  Nemoto, a n d  K .  Fukumoto,  Chem. Comm., 1 9 7 6 ,  

400.  

1 4 4 .  T .  Kametan i ,  Y .  K a t o ,  T. Honda, a n d  K .  Fukumoto.  H e t e r o -  

c y c l e s ,  1 9 7 6 ,  $, 241;  J. Amer. Chem. S o c . ,  1 9 7 6 ,  ,9&, 8185.  

1 4 5 .  W .  N a g a t a ,  M .  N a r i s a d a ,  T .  W a k a b a y a s h i ,  a n d  T .  Sugasawa ,  

J .  Amer. Chem. S o c . ,  1 9 6 4 ,  , 926 ;  1 9 6 7 ,  , 1 4 9 9 .  ----- 
1 4 6 .  R. W. G u t h r i e ,  2. V a l e n t a ,  a n d  K .  l i i e s n e r ,  T e t r a h e d r o n  

L e t t e r s ,  1 9 6 6 ,  4645 .  -- 
1 4 7 .  T.  K a m e t a n i ,  Y .  H i r a i ,  F .  S a t o h , a n d  K .  Fukumoto,  

-, 1 9 7 7 ,  1 6 .  

1 4 8 .  R .  E .  I r e l a n d ,  M .  J .  Dawson, S .  C. Welch,  A. Haqenbach ,  

J. B o r d n e r ,  a n d  B.  T r u s ,  J. A m e r .  Chem. S o c , ,  1 9 7 3 ,  2 2 ,  7829.  

1 4 9 .  R .  E .  I r e l a n d  a n d  D.  M .  Walba,  T e t r a h e d r o n  L e t t e r s ,  1 9 7 6 ,  

1 0 7 1 .  

1 5 0 .  T.  K a m e t a n i ,  H .  Nemoto, H .  I s h i k a w a ,  K .  S h i r o y a m a ,  a n d  K .  

Fukumoto,  J .  Amer. Chem. S o c . ,  1 9 7 6 ,  22,  3378 .  

1 5 1 .  T.  K a m e t a n i ,  H.  N e m o t o ,  H .  I s h i k a w a ,  K .  S h i r o y a m a ,  H .  Matsu- 

moto,  a n d  K .  Fukumoto,  J .  Amer. Chem. S o c . ,  1 9 7 7 ,  2 2 ,  3461. 

1 5 2 .  G. H. D o u g l a s ,  J .  M .  H .  G r a r e s ,  D. H a r t l e y ,  G .  A.  Hughes ,  

B .  J .  McLouqhl in ,  J.  S i d d a l l ,  a n d  H .  S m i t h ,  J .  Chem. S o c . ,  1 9 6 3 ,  

5072 ,  a n d  r e f s .  c i t e d  h e r e i n .  

1 5 3 .  T.  Kametan i  a n d  K .  Fukumoto,  A c c o u n t s  Chem. Res,, 1 9 7 6 ,  2 ,  
319. 

R e c e i v e d ,  1st J u l y ,  1 9 7 7  


