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ABSTRACT 

Organic chemists have begun to use intramolecular radical addition reactions i .e. radical 
cyclizations to develop useful synthetic transformations. The mild reaction conditions and the 
observed selectivities made these radical cyclizations a viable alternative to the conventional 
polar reactions. Application of radical cyclization strategy to various natural products like 
sesquiterpenes (sativenes, agarofurans, hirsutene, capnellenes, silphiperfolene, seychellene, 
patchouli alcohol), marine diterpene isoamijiol, pyrrolizidiiie alkaloids (dehydrohastanecine, 
heliotridine, hastanecine), by various organic chemists demonstrates the versatility of this 
relatively new area in organic synthesis. 

WE use of free radical intermediates in ring 
formations has until recently been limited to 

studies of a more mechanistic bias. In the past, the 
mild reaction conditions and high selectivities of 
radica1 cyclizations have often been overlooked. 
However, the last few years have witnessed a rapid 
development in the use of radical-mediated reac- 
tions in organic synthesis1i2. Organic chemists have 
begun to use intra and intermolecular free radical 
addition reactions to develop useful synthetic trans- 
formations. This is mainly due to the fact, that 
because of the mechanistic studies in the last three 
decades, the main features of the radical reactions 
are now known; radicals have been generated from 
nearly every important functional group; radical 
chains can be constructed and controlled in which 
reactions between radicals and nonradicals occur 
with high selectivities. Radicals exhibit high chemo- 
selectivity i.e. they react with different hnctional 
groups with different rates. Furthermore, functional 
groups like -OH and -NH2 can be tolerated without 
protection as these groups are attacked by the 
radicals so slowly. Carbon-centred radicals can add 
on to electron-rich or electron-poor alkenes, allenes 
and acetylenes. The versatility of the radical cycliza- 
tions enhanced because of the ease of generation of 
quarternary carbons and also the formation of 
unusual bonds quite contrary to the polar reactions3. 
Radical rearrangements are much less common 
when compared to the rearrangements of cations. 
Similarly the clevage of a PC-X bond is less 
pronounced in comparison with those of anions. 
This means that during radical reactions the adja- 
cent chiral centres survive. Intramolecular cycliza- 
tion and intermolecular reactions of cyclic radicals 
impressively demonstrate that even the stereoche- 

mistry of radical reactions can be high. However, for 
non-cyclic radicals much work has yet to be done to 
improve the stereoselectivity . 

By far the most studied cyclizations are those of 
5-hexenyl radicals (1-+2) It has been shown that  
initial radical structure, steric effects resulting from 
olefin substitution patterns and geometric con- 
straints on the chain linking the olefin and radical 
are factors in governing cyclization regiochemistry. 
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In spite of the promising work done during the last 
three decades, radical cyclizations did not find its 
well-deserved place in the synthesis of natural 
products untiI the beginning of this decade. Much 
activity has been initiated during the last 4 or 5 years 
mainly by Stork, Curran, Pattenden and their 
coworkers. Only a couple of scattered examples of 
radical cyclization derived synthesis of natural pro- 
ducts appeared in the late seventies. The purpose of 
this article is to initiate much more activity in 
utilizing radical cyclizations in the synthesis of 
natural products. 

In 1976 Bakuzis and coworkers+ reported the 
synthesis of sesquiterpenes sativene (3) and its 
epimer capocamphene (4) via the ketones 2 and 8, 
which perhaps is the first example of the utilization 
of the radical cyclization as the key step in the 
synthesis of natural products. The key cyciizatjon 
precursor, bromo olefin 6 was obtained from the 
readily available broino norbornanone 5. However, 
the radical generated by treatment with tributyl t in  
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) showed poor stereosclectivity in 
the cyclization and ketones 2 and 8 were formed i n  ii 
ratio of 3 : 2. Buchi in his chiral synthesis of diliydro- 
agarofuran (2) encountered similar stereochemical 
problems'. The chiral intermediate chloro vinyl 
ether 10, obtained from (-) carvonc (II) via a, on 
treatment with T1BTI-I cyclized to dihydro agarofur- 
an 2 and its epinier in a ratio of S:2.  This was 
circumvented by using teeininal acetylene in place of 
terminal olefin. Thus, cyclization of the chloro 
acetylene U fc~llowed by protiodesilylation gener- 
ated the olefin 14. This was transformed to dihydro- 
agarofuran 9 by diimidc reduction. The uniqueness 
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Scheme 2. 

of this method is the construction of ring A onto 
preformed o x ; ~  bicyclo (3.2. I )  octane system, con- 
trary t o  thc other methods of constructing the 
tetrahydrofuran ring at the end. This establishes the 
versatility of radical cyclizacions in the formation of 
unusual bonds. 

More systematic work in utilizing radical cycliza- 
tion in the synthesis of natural products started in 
the beginning of this decade, Prof. Stork" after 
establishing ;1 variety of synthetically useful radical 
mediated transformations, applied the methodology 
to the synthesis of sesquiterpene hydrocarbon 
seychellene via the ketone fi as outlined in 
scheme 3. He used a combination of Diels-Alder 
reaction and selective enolate alkylations to gener- 
ate the necessary vinyl bromide 1z starting from the 
enol ether u. The vinyl radical generated from the 
bromide 12 cyclises regiospecifically to give 
norseychellenone fi in over 70% yield. He has also 
synthesized the sesquiterpene alcohol patchouli 
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alcohol fi using a similar vinyl radical cyclization 
strategy, except tha t  hc uses it terminal acetylene to 
generate vinyi radical7. 

Radicals generated from different origin were also 
exploited in ring formations. Pattenden and cowor- 
kers used ketones as radical sources. Radical anions 
generated fron: alkynyl ketones, 20, either by 
electrochemical means or by titration with naph- 
thalene-sodium anion radical, w~is  found to cyclixe 
to form gllylic alcohols 21. Evcn the ailenyl ketones 
were found to cyclize to givc predominantly cyc- 
lopentanols. This methodology was successfully 
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applied first in the synthesis of capnellen-#a-lOa- 
diol (2) ;in isomer of the marine sesquiterpene 
capncllcne-8~-1 Ou-did (a) in 1982 and more re- 
ccntly to the synthesis of marine metabolite isoarni- 
jiol (24). Titration of the acetylenic ketone 2, 
obtained by stereospecific alkylation of the bicyclic 
ketone 26, with sodium-naphthalene radical anion 
furnished the triyuinane 22 in ii moderate yield". 
This was oxidized to the diol 2. Later this was 
transformed to the natural capnellen using potas- 
sium superoxide"'. 

Synthesis of the dolcstane skeleton, a 5-7-6 ring 
system, present ifi the molecule isoamijiol (a) 
widens the scope of this methodology". Starting 
from cyclopentanone enamine required acetylenic 
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Scheme 4. 
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ketone was prepared via the intermediates 2y,X, 
I_ 3 1, using 2 + 2 cycloaddition and retroaldol reac- 
tions. Treatment of the acetylenic ketone a with 
sodium-naphthalene conve'rts smoothly to desox- 
yisoamijiol 32, which was oxidized to isoamijiol 24 
using selenium dioxide. 

It is readily recognized thBt if the initial cyclized 
radical produce again hex-5-enyl radicals, subse- 
quent cyclization can occur @-+a+&). Basing 
on this concept of tandem radical cyclizations, 
Curran and coworkers developed a general radical- 
mediated polyolefinic cyclization to poiycyclopenta- 
noids, analogous to cation mediated polyolefin 
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Scheme 7. 

marine origin, capneliene (3) via the tertiary 
bromide as outlined in  scheme 7. Bromide 4 was 
obtained analogous to the iodide 36, via SN2' 
cuprate opening of bicyclic lactone 41 to the acid a. 
Capnellene (3) was formed smoothly from bromide 
-" 40 under standard radical conditions, however it is 
interesting to note that it took a different course 
with the carresoonding iodide. 

In an attempt to aernonstrate that this tandem 
cyclization methodology can bc applied to a variety 
of pdlyquinanes he synthesized the angular tri- 
quinane, silphiperfol-6-en (Q) and its 9-epimer 44 
starting from 3-ethoxy cyclopentenone (G) (scheme 
8)". The vinyl radical precursor _ -  46 was obtained in a 

cyclizations to steroids. First he demonstrated the 
utility of this tandem radical cyclization sequence to 
the synthesis of linear triquinane sesquiterpene 
hirsutene (S>l2 as outlined in scheme 6. The 

Scheme 6. 

requisite iodo en-yne 36 was obtained from the 
bicyc'iic lactone 37 via 3 using a combination of 
cuprate chemistry and furietional group manipula- 
tion. Treatment of 36 with TBTH in benzene 
furnished hirsutene (3) with cohplete regio and 
stereochemical control. He e~trapolated'~ this 
methodology to yet another h e a r  triquinane of 

Br Br 
TBTH/ 5 - 47 J 

Scheme 8. 

straightforward manner via a. Treatment of vinyl 
bromide &5 with TBTH followed by Wulff-Kishner 
reduction resulted silphiperfolencs 43 and 44 in an 
unfavourable ratio of 1 : 3. The ratio can be altered 
to a more reasonable 5 ;  2 by protecting the ketone in 
& as its ethylene ketal and by making use of the 
steric bulk so produced. 

Application of this radical cyclizations is not 
restricted to carbocycles. Hart and cowolkersls after 
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exploring the generation of pyrrolizidines and 
indolizidines 49? structural subunits of a large 
number of alkaloids, starting from the acetylenic 
sulphide 3, and detailed study of the effect of the 
substituent K i n  cyclizations, they applied this 
strategy to the chiral synthesis of pyrrolizidine 
alkaloids (-)-dehydrohastanecine ( S l ) ,  (+)-hehot- 
ridine (g) ,  (+)-hastanecine (a) via common in- 
termediate s"'. The sulphidc 2 required for the 
construction of 54 was obtained from the chiral 
succininiide s. Cyclization of 3 undcr standard 

53 - 52 - 51 - 

of this methodology a n  analog of santonin, 11, 
13-dehydro isohyposantonin a was syn~licsized 
starting from the readily available 5 ,  8-dimethyl 
tetralone (6l) via bromide 62 and inethylene tct- 
rahydrofuran as outlined in the scheme 10'7. We 
are further exploiting the' radical cyclization rtietho- 
dology to variety of cyclopentanoicl natural pro- 
ducts. 

In conclusion, we have tried to prescnt in this 
article examples which illustrate the recent develop- 
ment and application of radical cyc1iz;itions in the 
synthesis of natural products. It is clear that this 
kind of carbon-carbon bond forming reactions hiis 
much to offer and i t  is expected that the organic 
chemists would use much more of this cheniistry to 
tackle the problems in organic svnthesis, especially 
in the area of natural product synthesis. 

4 November 1986 
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Scheme 9. 
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radical conditions generated geometric isomers 3 i n  
over 70% yield along with the reduction product 57 
(18%). 3 was transformed to alkaloids A!, 52 and 
a, thus constituting their chiral synthesis. 

As part of our interest in utilizing radical cycliza- 
tion rcactions in the synthesis of natural products, in 
our laboratories, we have devclopcd a methodology 

59 - 58 - 
to construct n-methylene-y-butyro lactone. ii widely 
accurred biologicali y important moiety, basing o n  
the cyclization of propargyloxy cthyl bromides 3 to 
3-methylenc tctrahydrofurans 3. As an application 

63 62 - - 61 - 

Scheme 10. 
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For the first time the multidrug therapy ( 
has provided opportunities for ‘effective control 
programmes. A i t ~ o ~ g ~  expensive, it: 
the treatment period and proved its capacity to 
overcome drug resistance. ost countriss and 
voluntary organizations have adopted M 
slowly, because of cost constraints and inadequate 
health infrastructures. 

uning the past 3-4 ye,ars, over 5,00,000 patients 
from different countries have been put OD M 
the role of the World ealth Organization’s in 
leprosy control is not only to assist in the develop- 
ment of new technology, but also to promote, 
coordinate and support leprosy control through t 
new strategy of MDT. 

The WHO Leprosy Control rogramme is receiv- 
port from several bilateral, multilater- 

al and voluntary organizations and from gelrelrous 
foundations. FOX many years, it has greatly bene- 

donations made by the Japan 

e efficacy of the Leprosy vaccine 
e within the next 5-10 
trails in Veneztiela and 

Is are being contemplated, 
’s cursent new t rust in leprosy control 

T and its investme t in an effictive 
leprosy vaccine for the future, major reductions in 

revalence’sf leprosy are foreseeable in the near 
le perspective on elimination of 
tant future. Therefore, this calls 
d efforts to mobilize the addi- 

tional resources required to i lement the program- 
as to strengthen health services at 

aess Releasel23, 25 
ealth Organization Media 

Service, 1211, Geneva 27, Switzerland). 
h 

c 
Blood cells of both humans and animals are 

capable of changing their shape. Studies in this 
sphere have been carried out at QSCOW’S Institute 
of Biological Tests of Chemical Compounds. The 

I experiments consisted in sieving blood through filn: 
with minute holes. The blood of 
passes even through a close-heshed sieve, the blood 
cells being highly flexible, while the sick persons’ 
cells lose their flexibility and will be retained on the 
sieve. 

The .established inter-relationship between the 

en. cardio-vascular 

purposes is being 
currently developed. The materials used are mostly 
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