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MAIN METHODOLOGIES FOR THE SYNTHESIS 

OF RADIALENES. AN UPDATE 

Florence Geneste and Alec Moradpour * 

Laborutoire de Physique des Solides 
UA2 du CNRS, University of Paris-Sud 

F-91405 Orsuy cedex, FRANCE 

INTRODUCTION 

Radialenes defined as “alicyclic compounds in which all ring carbon atoms are sp2- 
hybridized and carry as many exocyclic double bonds as possible”, have attracted much attention for 
their unique molecular properties, as well as their potentially interesting behavior as components of 
solid state materials, after the isolation of the first radialene in the early sixties. Interest for this highly 
aesthetic series of molecules includes the challenging aspects of working out the corresponding high 
yield syntheses. 

R R  

RXl R&R R% R 
R R 

R R R R 
R 

(5) radialene (6) radialene 
R R  R R R R R R 

(3) radialene (4) radialene 

Scheme 1 

Although the above definition might include a larger family of compounds, we will restrict 
the present review to the syntheses of radialenes in which each carbon of the central alkane ring is 
involved in an exocyclic double bond, as illustrated in (Scheme 1). 

The preparation and the properties of radialenes have been very nicely reviewed recently.’ 
The synthetic aspects were discussed according to the sizes of the central rings of the radialene 
compounds. The present review, as an alternate viewpoint, is aimed at examining more specifically 
the methodologies involved throughout these syntheses, and at pointing out general strategies if any, 
to the preparation of a desired radialene. 

It is divided into two main parts: (i) the reactions leading to the construction of the radi- 
alenes inner rings, and (ii) the ultimate formations of the radial double bonds that result in the radia- 
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GENESTE AND MORADPOUR 

lene structures from available rings. For both parts we will emphasize the more broadly applicable and 
high yield reactions. 

I. CONSTRUCTION OF THE RADIALENES INNER RINGS 

Several radialenes have been elegantly prepared using processes involving the construction 
of the central rings with the simultaneous introduction of the exocyclic double bonds. These processes 
include: (i) cumulene cycloadditions and, (ii) carbenoid cyclooligomerizations. 

1. Cumulene Cycloadditions 
a. Thermal Reactions 

The cyclodimerizations of compounds containing cumulated double bonds, such as cumu- 
lenes (l), might result either in the formation of cyclobutanes 2 or lead to (4)radialenes 3 depending 
on the double bonds which react (Scheme 2). 

R 4 3 C q R 2  * R i  R2 ) = C w 4 ,  " R4 c 

R3-f' ) '-I R2 1 Rl 
( 

R4 R4 
3 2 

Scheme 2 

Consequently, the question of the cycloaddition regiochemistry of these processes must first 
be addressed. Moreover, the stereochemistry of the resulting cyclodimers arising from unsymmetrical 
cumulenes must also be clarified. 

Several examples of thermal dimerizations of cumulenes to (4)radialenes have been 
described (Table 1). However, the structure determinations in these series, when only the IR and 
NMR data were available, proved to be unreliable in some cases. As a consequence, several structures 
claimed to be radialenes were later corrected on the basis of single-crystal X-ray structure determina- 
tions (Table 2) .  Therefore, early reported cumulenes cyclodimers assumed to be radialenesh~x~'O~' 
should be considered with caution in the absence of X-ray structure data. 

The mechanism of this dimerization process, whether concerted or involving diradicals, and 
the factors controlling these cyclodimerizations has not been determined. However, in one very inter- 
esting study involving the solid-state cyclodimerizations of the carboxylic-acid butatriene diesters 6' 
(Table I ) ,  the precise stereochemistry of the resulting (4)radialene 7 has been determined, and the 
high stereospecificity of this solid state, crystal-lattice controlled dimerization, was attributed to a 
possible diradical mechanism.'2a Such stereospecific cyclodimerizations have recently been attributed 
to the higher thermodynamic stability of the corresponding isomer.'2h 
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Table 1. Cumulene Cyclodimerization to [4]-radialenes 
cumulenes 

4 

[4]-radialene reaction ref.d 
conditions 
(% yield) 

cyclohexane 
reflux 

( 2 5 % )  

It 
5 

COOCH3 COOCHj 

100°C (solid) 
(2) phx:: (75%) 

COOCH3 Ph 

COOCH3 
Ph P C - C <  

Ph 
6 

COOCHj COOCH3 
7 

i n  

9 

I 

\ 11 

270 - 275°C 
(solid) 

(5  1 Yo) 

RT (solid) 

( loo%) 

(3) 

(4) 

~~~~~ 

a) reference to a single crystal X-ray analysis 

51 1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
4
1
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



GENESTE AND MORADPOUR 

Table 2. Examples of Radialenes from Cumulenes Cyclodimers 
Starting cumulene Resulting cyclodimer" Reaction 

condition (yield) 
- _ _  - -~ ~ 

Ph 

solid state 
p h g P h  photodimer 

Ph Ph 

Ph Ph 
)=c=c< 

10 P h Y '  Ph 

Ph 11 

12 

~~ 

a) reference to X-ray analysis 

RT 
(65%) 

Ref 

b. Metal Catalyzed Cyclooligomerizations 
i. (3)Cumulene.v 

As an alternative to the above thermal (2+2) dimerizations, West and his co-workers initi- 
ated very interesting transition-metal catalyzed dimerizations of (3)~umulenes.l~ This approach, based 
on the use of catalysts known to promote the dimerization of alkenes and allenes,I4 greatly enlarged 
the access to (4)radialenes. Thus, the use of Ni(PPh,),(CO), in the dimerization of 4 gave the (4)radia- 
lene 5 in 95% yield (Scheme 3), while the thermal cyclodimer had previously been obtained in a much 
lower yield (25%) (Table 1). Other (4)radialenes 17" and 1916 were subsequently prepared as well by 
this procedure in satisfactory yields. 

Later, the scope of these catalyzed processes was broadly extended, by Iyoda and co- 
workers," allowing the access to higher radialenes. Thus, based on the known reduction of vic- 
dihalides to olefins, these authors first generated (3)cumulenes from 2,3-dihalo- 1,3-butatrienes 20 
using Ni(0) complexes. The same result was also obtained frqm 1,4-dichloro-2-butynes 21 and from 
the vinylic gem-dibromo compounds 22 (Scheme 4). The resulting (3)cumulenes were subsequently 
cyclodimerized to (4)radialenes 24, or cyclotrimerized to (6)radialenes 25. The structures of these 
isolated radialenes were strongly dependent on the reaction conditions. 

The main advantages of this strategy are the possibilities of: (i) a one-pot construction of the 
radialene framework from these precursors, (ii) a catalytic process by the use of the Ni(I1) complexes 
combined with a reducing agent (zinc), (iii) the preparations of either (4) or (6)radialenes depending 
on the reaction conditions. 
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L A - -  

0 ?@c=c<o 

4 

Ni(PPh3)(CO), 

RT 
. 

(95%) 

16 

>=c=c< 

18 

R)+R R 

X R  

20 

R9-k R 

CI 
21 

R Br 
22 

Nio . 

Ni(C0D) 

RT 
(94%) 

P 

Scheme 3 

I t  
5 * 

17 

x 19 

- R RxR R R R 

24 

R r n R  

R*R 

25 

Scheme 4 
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GENESTE AND MORADPOUR 

Thus, starting from the diodo compound 26, either octamethyl(4)radialene 19 (48%) or 
dodecamethyl(6)radialene 27 (50%) have been obtained selectively, depending on the solvent 
(benzene or DMF) (Table 3).17h 

Table 3. Preparation of (4) and (6)Radialenes as a Function of the Reaction Conditions 

*x+*  Ni (0) complcx" ?k 26 

27 

Substrateb 
26 

Solvent 
Benzene 

Product (yield %) 

19 (48) 
~~ 

19 (1) 27 (SO) 
~~~ ~~~ 

26 DMF 
-~~ ~~~~~ 

a) NiBr,(PPh,)2, PPh,, Zn ( 1  :2: 101, b) substrate over Ni ratio ( I :2) 

Similarly, the butadiene 28 afforded the corresponding (4)radialene 29 in benzene (62%). 
But triinerization to the (6)radialene 30 did not occur either in THF or in DMF (Scheme 5). 

Ni" 

benzene 
b 

28 

29 (62%) 

Scheme 5 30 

However, there appear to be several limitations to this interesting process.17h For example, 
while the reaction of 3,4-diiodo-2,S-diphenyl-2,4-hexadiene 31 gave a poor yield of the (Z) and (E)- 
butatrienes 32, I ,  I -dibromo-2,2-diphenyI ethylene (34) produced the tetraphenylbutatriene 12 in  a 
high yield (60%). In contrast, both 32 and 12 were recovered unchanged in the attempted 
cyclooligomerizations and did not react to give radialenes. It appeared that such highly crowded, 
phenyl substituted butatrienes are unreactive under these conditions (Scheme 6) in contrast to les\ 
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hindered ones such as 33 which yields the (4)radialene 19. 

Ni' 

17% in toluene 
0% in DMF, THF 

33 

19 

no 
reaction 

Ph Ph Ph 

Ph Ph Ph 
Ni' Ni" >C=C< - - 

34 1 2  (60%) 

Scheme 6 

The mechanism of these reactions involve the oxidative addition of two (3)cumulenes mole- 
cules to the Ni(0) catalyst resulting in carbon-carbon coupling. Thus, 18 reacts with 35 yielding the 
nickel cyclopentane derivative 36, after the displacement of 1,5-cyclooctadiene (COD). Interestingly, 
compound 36 has been isolated as a single crystal and fully characterized by X-ray diffraction 
(Scheme 7)." 

2>c=c< bipy (COD) Ni 

18 -COD 35 

37 (6670) 36 (83%) 19 (79%) 

I CH302CCECCOzCH3 

38 

COpCH3 88 27 (60%) C02CH3 

C02CH3 

C02CH3 

Scheme 7 
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GENESTE AND MORADPOUR 

40a: R = COOCH3 (30%) 

In turn, this complex yielded the (4)radialene 19 by a reducive elimination. Alternatively, 
the reaction with methyl acetylenedicarboxylate 38 led also to the compound 27. This process was 
also carried out under a CO atmosphere, and very interestingly, a CO insertion reaction led to the 
cyclopentanone derivative 37, opening the way to the first synthesis of a (5)radialene.I6 

R R  
41a: R = COOCH3 (35%) 

+5% of [4]-radialenes 
41b: R = -(CH=CH)z (72%) 

R 

R R 
43b: R = -(CH=CH)z- (56%) 

Scheme 8 

The use of this methodology has allowed the preparation of an interesting series of 1,3- 
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dithiol substituted radialenes,'*-*' with modest (30% for the (4)radialene Ma) to fair yields (72% for 
the (6)radialene 41b) (Scheme 8). 

Moreover, the Ni(0)-catalyzed CO insertion reaction led to a very efficient synthesis of the 
cyclopentanone derivative 42b. The corresponding (5)radialene 43b was prepared therefrom by a 

sequence of reactions involving the isolation of the remarkably stable salt 4S2'(Scherne 9), with an 
acceptable overall yield (56%). 

A A 
42b: R = -(cH=cH)~. 

A A 
44 

R R 

R' 
BF3*OEt2 

THF, -70°C 
t 

THF, -70°C - 43b 
2. Et3N, -70°C 

R R 

45 
Scheme 9 

ii. Higher Cumulenes 

Several nickel-catalyzed dimerizations of (5)cumulenes have also been carried out (Scheme 
10). However, in contrast to the unreactive (3)cumulenes 32 and 12 (Scheme 6) the tetraaryl substi- 
tuted (5)cumulene 46 reacts smoothly with Ni(CO),(PPh,), to give the dimer 4722 (61 %). Similarly, 
cumulenes 8 and 49 yield 4S4 (64%) and 502, (82%) respectively, although lower reactivities of the 
latter towards Ni(CO),(PPh,), involved much longer reflux periods (24h) than previously (30 min. for 
47). It is also worth noting that the structure of the dimer obtained previously by the purely thermal 
reaction of compound 8 (Table 1) corresponds to the more symmetrical (4)radialene 9;4 this is in 
contrast to the present Ni-catalyzed product 48. On the other hand, treatment of the heavily-substi- 
tuted (5)cumulene 51 with the Ni(CO),(PPh,), catalyst gave the (5)radialenone 52 as the main product 
(74%) together with a small amount of 5323 (6%) (Scheme 11). The uncertainty in the structural deter- 
minations of compounds 48, 50 and 53 (based on only spectroscopic data), does not exist for 47 
(synthesized by an alternate independent procedure22) and 52 ( characterized by an X-ray diffraction 
analysis*,). 
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8 

Ni" 
___t 

49 

Scheme 10 

\ I 
t Bu t Bu 

52 (74%) 

I 
47 Ph 

""C 
t B u q c  '$-t Bu 

f Bu f Bu 

+ 

t Bu t Bu 
53 (6%) 

Scheme 11 

2. Carbenoid Cyclooligomerizations 
A very poor yield (2%) of compound 55 has been obtained, as early as 1965,2Jd by the reac- 

tion (at -60") of a carbenoid species 54 (generated and subsequently dimerized at -100" in a one-pot 
procedure) with its dimer 18 (Scheme 12). Although the structure of this product was assigned to the 
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(3)radialene 55a, this assignment is based only on spectroscopic data (proton NMR). and conse- 
quently the alternate possible isomer 55b (unknown)24c may not be excluded. 

- 100" * >c=c< 

54 18 

55a 55b 
Scheme 12 

The reactivity of carbenoids towards the preparation of radialenes was later greatly 
improved by Iyoda and his co-workers who used the cuprate complexes derived from these species.z5- 
27 Thus, after the lithium carbenoid 56 was generated from 1 , I  -dibromo-2,2-diphenylethylene 34, its 
subsequent treatment with 0.5 equiv. of CuLPBu, gave octaphenyl(4)radialene 59 (34%), together 
with a considerable amount of the tetrabutadiene 12 (40%) (Scheme 13).25 

Ph 

PhHBr Ph Br - 90°C Ph 
c 

BuLi 

34 56 

Ph Ph 

Ph Ph 
12 (40%) 

w )===c=c< 

Ph Br Ph 
- phx:: Ph Ph Ph 

px;h 
Ph 

58 

Scheme 13 

59 (34%) 
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The formation of the radialene 59 involves the oligomerization of an ate-type complex 57 
rather than a reaction with the butatriene as before (Scheme 12). Although the exact mechanism of the 
process was not established, the final step leading to 59 was assumed to involve reductive elimination 
of copper bromide from a metallacyclic intermediate 58.2s 

A similar procedure yields octamethyl(4)radialene 19 (23%), decamethyl(5)radialene 61 
(32%),26 as well as (3)radialene 64 (22%).28 (Scheme 14). Steric factors were assumed to contribute to 
these oligomerization reactions, and to control the nature of the resulting radialenes [compare 56 
(Scheme 13) to 62 (Scheme 14)]. However, unfortunately in all the cases investigated, the main reac- 
tion products are the corresponding undesired butatrienes [ i. e. 18 and 63 (Scheme 14)]. 

- 100°C cu '  - >c=c< + -)4+ + & 
18 (45%) 

19 (29%) 61 (32%) 

cu '  - 
- 90°C 

63 (58%) 

+ 

64 (22%) 

Scheme 14 

Another catalyst assumed to promote the formation of radialenes was also investigated by 
the same authors.28 Thus, with activated metallic nickelz9 2-methyl-] ,1-dibromopropene 33 led to a 
mixture of the (4)radialene 19 and the (5)radialene 61 in respectively 14% and 7% yieldsz8 (Scheme 
15). In contrast, the previous NiBr,(PPh,),PPh,, Zn, Et,NI system'7h yields exclusively the (4)radia- 
lene 19 (17%) (Scheme 3). 

The results of the metallic nickel catalyzed carbenoid reactions are reminiscent of the Cu(1)- 
catalyzed cyclooligomerization of the carbenoid 60 which also led to a mixture of (4) and (5)radi- 
alenes (Scheme 14). Therefore in some way, the reactivity of the nickel carbenoids, assumed to be 
derived from the gem-dibromoethylene 33, may be analogous to that of cuprates involved in the 
carbenoid cyclooligomerization reactions. This fact probably also excludes the alternate possibility of 
an activated nickel catalyzed addition reaction of carbenes to (3)cumulenes, as previously supposed 
(See Scheme 12). 
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Ni* *I; - 
33 

19 (14%) 61 (7%) 

- Ni* A + Ar 

Ar Ar 
66 (58%) 

67 (14%) 65 

Ar = p-NC-C6H4 

Ni* - 
68 

69 (54%) 

Scheme 15 
On the other hand (Scheme 13 ,  2-aryl- 1,l-dibromopropene 65 yields a mixture of isomeric 

(3)radialenes 66 (58%) along with the butatrienes 67 (14%) with activated Recently, various 
catalysts were investigated for the preparation of radialene 69 and only this activated nickel catalyst 
was found to give a reasonable yield (54%) of 69, starting from the dibromoolefin 68.'O 

11. SYNTHESES OF THE EXOCYCLIC DOUBLE BONDS STARTING 
FROM AVAILABLE INNER RING SYSTEMS 

The literature results are divided, for convenience, into two sections involving: first the 
construction of substituted inner-ring carbon skeletons followed by introduction of the radial double 
bonds from these substituted intermediates. 

1. Preparation of the Required Skeleton 

a. By Reaction of the Inner-ring Carbons as Electrophiles 

i. Halogen compounds 

The stabilized cyclopropenium cation is an archetype of the non-benzenoid aromatic 
compounds. Although some cyclopropenium cations had been previously rep~rted,~'  the stable and 
synthetically useful tetrachloroaluminate salt of tetrachlorocyclopropenium 70 was prepared for the 
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GENESTE AND MORADPOUR 

first time in 1964 by West and his co-workers (Scheme 16).32 This  salt exhibits a highly 

- A CI 

0 ArH 
, AIC14 

CI Ar 

-* AlCli A 
CI CI CI 

70 71 72 

- A Ar' Ar Ar' Ar 

Ar'H A -  Ar"H H207i ArT Ar' 74 

OH "6 Ar' 
77 

Ar w 75 Ar' 

0 
78 

I RCH2R 

Ar 1 76 Ar' 

Scheme 16 

interesting and versatile reactivity. Thus, depending mainly on the nucleophilicity of the reagents, 
Friedel-Crafts type alkylations lead to either mono, di, o r  triaryl substituted cyclopropenium 
compounds 72, 73, or 74. It is possible to carry out these substitutions either stepwise, or at once to 
the more substituted stage. Consequently, multi-arylated compounds containing the same 
substituents, or alternatively derivatives bearing various aryl groups different from one another may 
be prepared as well. In addition, it is possible to hydrolyze the diaryl chlorocyclopropenium salts, e. g. 
73, to the diaryl cyclopropenone 75, a precursor of 76, an interesting intermediate (vide infru). The 
interesting product 77 is obtained by a reaction of the same salt 73 with phenols. The phenolic protons 
are then easily removed from the resulting p-hydroxyaryl substituted cyclopropenium salts 77, 
converting them into the quinocyclopropene 78.'? 

Fukunaga"" accomplished the direct nucleophilic substitution of 70, thus bypassing the 
trichloropropenium salt 71 (Scheme 13, and synthesized the salts 79a,b fully substituted by cyano or 
ester groups. Later Oda et showed that an important factor for the success of this reaction 
involve the pKa of the nucleophile: the higher the pKa the better the yield of the reaction. The higher 
homologue 3,3,4,4-tetrafluorocyclobutene 80 leads, by the same procedure, to the octacyano 
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Ri  0 Rz 

* p.. NaH + RiCHzRz 

CI R2 0 
70 R I  Rz 

79a : R1 = R2 = CN 
79b : Ri  = RZ = COOEt 

Scheme 17 

tetramethylene cyclobutane dianion salt 81 (40% ).34 Remarkably, reactions of the available 
compound 82, reported to yield the hydrazone 83” (a derivative of the long known36 pentaketone), 
have not been investigated (Scheme 18) 

CN CN 

no 

F + N2H4 

CI H C I  

82 

CN CN 

81 (40%) 

Scheme 18 83 

An interesting albeit isolated study involved an alternate nucleophilic substitution of the 
saturated hexachlorocyclopropane which gave a moderate yield of the (3)radialene 85 when reacted 
with the anion derived from thioxanthene 8437 (Scheme 19). 

a + cl& CI CI 2. 1. BuLi, BuLi THF - a 
0 0  n4 

ns (25%)  

Scheme 19 

More recently, an elegant one-step procedure involving Pd-catalyzed cyclopentadienylations 
of tricarbonyl (p5pentaiodocyclopentadienyl)manganese 86 by trimethylcyclopentadienylstanane, 
and resulting in the penta substituted cyclopentadienyl complex 87 (as a mixture of the 1,3 and 1,4 
tautomers) (Scheme 20) has been reported.18 
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GENESTE AND MORADPOUR 

I 

86 

CpSnMe3 

87 

Scheme 20 

ii. Ketones 

The widely studied oxocarbons 86-89 and pseudo-oxocarbon compounds (where oxygens 
are replaced by other elements) (Chart 2),39 have been considered as possible precursors 

A- 
0’ ‘0 

OR0 0’ ‘0 2- 

o.&; 

0‘ ‘0 

86 87 88 

Chart 2 

’*; 
0 -  

0 

89 

for the syntheses of radialenes.4O These “aromatic” dianions might be considered as the equivalents of 
some of the previous halogen compounds ( i. e. 70, 80,82 ). Thus, reaction of the pseudo oxocarbon 
90 with the carbanion from malononitrile gives the dianion 81 (70%) (Scheme 21);4’ 

r 7 

90 

91 

Scheme 21 

L _I 
81 (70%) 

NCYCN 

CN CN 

92 

2 -  

the latter salt had also been prepared from the halogen derivative 80 (Scheme 13. However, many 
studies in this field involved only the malononitrile nucleophile and the published attempts to prepare 
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higher homologues of the compound 81 led at best to the trisubstituted condensation products, i. e. 92 
from the pseudo oxocarbon 91.42 

On the other hand, the possibility of synthesizing (4)radialenes (i. e. 94,95, and 96) from bis 
(alky1idene)cyclobutadienone 93 has been demonstrated by a simple and versatile reaction sequence43 
(Scheme 22),  based on the expected ketone reactivities. However, surprisingly the latter procedure 

HBr Ph Ph 

Ph Ph 
OH OH 

h--F 

- 
A -  - 

Ph ph>Br Ph Br 

P h L O  

Ph-0 

Ph 

I \ 93 

.1 
Ph H phwph 

Ph-Ph 

Ph Ph 

96 

Br 
Ph2C= C=C’ 

Ph2C=C=C, 
+ I 

Br 

0 Ph phP Ph 

Ph phx 
Ph 

94 

Ph 

Ph p h x P h  

Ph Ph 

95 

Scheme 22 

was not investigated since the original publication; thus it is possible that the previous 
oxo(pseudo)carbon intermediates (Scheme 21) are worth some additional efforts. 

b. By Reaction of the Inner-ring Carbons as Nucleophiles 

In contrast to the previous reactions involving the inner-ring carbons as electrophiles, the 
inner-ring carbons reactivity might also be considered nucleophilic, as this is the case for the 
cyclopentadienyl anion 98. In fact, polyalkylations of the latter are well documented.44 Thus, it is 

97 98 
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GENESTE AND MORADPOUR 

possible to prepare precursors to the penta-radialene 101 by one-pot procedure, i. e. 99 by simple 
nucleophilic reactions, or 100 by allylic polyalkylations catalyzed by Pd(0) (Scheme 23hJ5 

<H [18-6] 
2. KH [Pd(dha)? + dppe] 5% 

Scheme 23 

2. Introduction of the Radial Double Bonds 

The exocyclic double bonds of the radialenes are formed in several examples along with the 
construction of the carbon skeleton [see 85 (Scheme 19) or 95 (Scherne 22)] .  However, the formation 
of these double bonds might also involve specific difficulties that prevent the achievement of the 
projected synthesis (see 87,3x Scheme 20). For these last steps in the syntheses of radialenes, two main 
processes have been used to introduce the required unsaturations, namely oxidation elimination. These 
two processes are now considered. 

a. Oxidation 

A large series of (3)radialene4h,’3 were successfully prepared by the chemical oxidation of 
phenolic-type compounds such as 102 or anionic salts such as 104 (Scheme 24). Some typical exam- 
ples are summarized in the (Table 4). The oxidation of salts 104 prepared by the method of Fuku- 
naga3’ is a very useful method to prepare (3)radialenes. Thus, the radialenes 108”‘ and 10933d not 
synthesized by the cyclooligomerisation procedure are now prepared according to the Fukunaga 
method. 

The higher homologue octacyano tetramethylenecyclobutane dianion salt 81 (Scheme 17) 
exhibits only a single reversible oxidation wave at + I  .25V by cyclic voltammetry, corresponding to 
the dianionhdical anion couple.34n The radical anionheutral couple wave apparently occurs at 
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MAIN METHODOLOGIES FOR THE SYNTHESIS OF RADIALENES. AN UPDATE 

much higher potentials (above +2.1V). By contrast, the dianion 79a (Scheme 17) exhibits two such 
waves at lower potential values. and was consequently oxidized electrochemically to the corre- 
sponding radialene.33h 

oxidation - 

102 103 

R @ R  

Y 
R 

R R  

104 

oxidation 

R AR 
R F i  

105 

Scheme 24 

Thus, electrochemical oxidations have also been sometimes required to prepare radialenes. In 
fact, in  the case of lU4’ (Scheme 25) chemical oxidation of the precursor 110 (by oxygen) stops at the 
stage of the intermediate 111, and the desired rddialene 112 has only been obtained electrochemically 

Table 4. Examples of Radialenec Obtained by Oxidation 
Radialenes Oxidant Yield Ref. 

~~ ~ ~~~~~~~~~~ ~ ~ ~~ 

Precursor 
~~ ~ ~ 

iPr H O Y  iPr H i:y 
K?Fc(CN)h 88% 4 6 ~  

iPr 
I I  \ 

/ iPr 
iPr iPr 

OH 0 
106 
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GENESTE AND MORADPOUR 

Table 4. Continued ... 
Oxidant Yield Ref. - _ _  Radialenes Precursor -~~ __ 

KdFe(CN)61 46m ** OH 0 

0 H 2 0  I OH- 

107 

M+ * - +  Me3Si SiMe3 

Me3Si , , SiMe3 
DDQ 5% 33c Me3Si , , SiMe3 , / - 

I I  I I  
SiMe3 SiMe3 

I I  I I  
SiMe3 SiMe3 

108 

Br Br 

QQ 
Br 

Br Br 
Br Br 

109 

0 2  25-35%a 33d 

a) Overall yield for the synthesis of the radialene. 

110 111 112 

Scheme 25 
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EtOH / NaOEt 

b. Elimination 

As usual, several early syntheses of radialenes are based on the use of otherwise available 
substrates. Thus, the radialene 11548 was synthesized from the Feist acid49 113 according to the 
series of reactions (Scheme 26) involving dehydro-halogenations in basic medium of the dibromo 
compound 114. A similar reaction50 from the iodo derivative 117, and the corresponding Hoffman 
type elimination reactions were also in~es t iga ted ,~~ the yields of the elimination steps for the latter 
reactions are lower. 

50% 

1. LiAIH4 
2. OH- 

D / I  * n rBr KOH I I  
3. PBrq I Dvr. 

COZH 
Y 

113 114 115 

KOH 1 140";;; Ton 

c 

COOCH3 
I 

+ -- 
11% A 

_/C02Me H3COOC COOCH, 
Me02C' 

116 117 

Scheme 26 

The (4)radialene 121 was first obtained by a similar process (Scheme 27) by dehydrohalo- 
genation of the tetrabromo derivative 120.5' The process was improved subsequently using the 

Br 

* XBr 1. LiAlH4 

2. PBr3 Br COOMe 

MeOOC 

hv 
MeOOC 

MeOOC 

118 119 

BI/ 

120 

C=CCl pyrolysis 

40% c c = CCI 

Zn 

17% 

122 

Cl 

123 121 

Scheme 27 
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GICNESTE AND MORADPOUR 

dichloro compound 123 according to the procedure of Hopf and coworkers.s2 Similarly to the (3)radi- 
alene series, the Hoffman type eliminations give the radialene 121 with much lower 

Several (6)radiaIeness~~s"ss were also successfully prepared by dehydrohalogenation reac- 
tions, starting from halogenated hexamethyl, (or ethyl) benzene derivatives (Scheme 28). 

130 

Chart 4 

124 

Br%r Br 126 Br 

Br# Br 

Br Br 

Br 
Br Br 

128 

800°C 

60% 
-- 

125 

ref 54a 
Mg / MeOH 

29% 
- 

127 

(BulP)?Ni(COD) 16%) - Br % Br ref 55 

Br 

129 

Scheme 28 

I t  is worth noting that (5)radialene 130 (Chart 4) has not yet been synthesized; apart from the 
problems related to its instability, one reason for this might be that the corresponding starting 
substrates are  indeed not easily available, as  was the case for  the previous ( 3 ) ,  (4), and 
(6)radialenes series. Therefore, we decided to investigate an alternate approach to this problem, by 
successive introductions around a cyclopentane ring of radial groups containing easily eliminated 
leaving groups ( i. P. Y = Br in 131) (Schomr 29).sh 
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R::r& ROOC COOR R O O T :  ROOCAOOR 

ROOC COOR 

t-- COOR 

COOR COOR 

133 132 131 

R = C ~ H S  
Scheme 29 

The bromo allylic compound 135 prepared from the alkene 134 was reacted with the 
malonic phenylthioester 136 yielding the compound 137 (Scheme 30). Oxidation of 137 with m- 

chloroperbenzoic acid followed by mild heating led to a mixture containing the desired compound 
138 and the endocyclic isomer 139 (40/60 composition). We were unable to avoid the formation of 
this undesired isomer 139 by any subsequent modifications of this procedure for the sulfoxide group 
elimination reaction. Moreover, we find that base-catalyzed processes efficiently isomerize the reac- 
tion mixtures containing 138 to the more stable regioisomer 139. 

EtOOC COOEt C , H , S ~ C o o E t  EtOOC COOEt 

136 COOEt &-Et 
NaH 

137 

+ 
NBS 

cc14 
134 135 

EtOOC COOEt 
COOEt 

c 
COOEt 

EtOOC COOEt 
COOEt + 

COOEt &\ OH- 139 

I .  CIChH4C03H 

2. toluene, reflux 

138 

Scheme 30 

This unexpected result prompted us to investigate a similar double-bond formation process, 
but in a I ,3 regiochemistry on the cyclopentane ring. Therefore the compound 140 was also prepared. 
Similarly, this compound led to a mixture containing 141 and 142 in a 55/45 ratio (Scheme 31). 
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EtOOC COOEt 

EtOOC COOEt 
I .  CIC6H4C03H 

* 
PhS SPh 2. toluene reflux 

140 

EtOOC COOEt 

COOEt w EtOOC 

141 

t 

EtOOC COOEt 

EtOOC W C O O E t  

142 

Scheme 31 

In order to clarify these results and to anticipate the behavior of the higher tri- and tetrasub- 
stituted homologues of this series, we have also computed the properties of these compounds using ab 
initio methods. The energy-minimized geometries of compounds 138,139 and 141,142 show that the 
driving forces for these double-bonds migrations are mediated by (i) the minimization of the steric 
constraints within and between the various substituents, and (ii) the conjugation enhancement within 
the carbon-carbon bond n-system.These calculations show also that the higher tri- and tetrasubstituted 
homologues will also exhibit the same endocyclic double-bond isomerisation. 

These results raise the question of the possible general occurrence of such endocyclic 
double-bond isomerisation mechanisms to account for the limited number of present (5)radialenes 
syntheses. In fact, such an isomerisation process does not interfere with the formation of (3) and 
(4)radialenes, although a similar process is observed in the (6)radialene series. Heating the radialene 
127 to 230°, results in the formation of the more stable regioisomer 144, along with compound 145 
from an electrocyclic ring-closure reaction (Scheme 32).Ih % 230°C l h  

127 143 

f 

144 145 

Scheme 32 
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CONCLUSION 

The syntheses and the properties of the radialenes have been very actively investigated for nearly forty 
years. A number of (3), (4), ( 5 )  and (6)radialenes have been synthesized and isolated in good yields, 
by a variety of reactions, several of which were worked out specifically for this interesting series. 
Several of the available methods, such as the catalyzed cyclooligomerisations of Iyoda and 
coworkers,” the Friedel-Crafts reaction of the trichloropropenium  salt^?^,^^ or the F ~ k u n a g a ~ ~  substi- 
tution reactions towards the synthesis of (3)radialene, allow a controlled preparation of the desired 
radialene. However, a general procedure for the synthesis of (5)radialene series is still lacking, and 
only two compounds have been synthesized so far in this interesting series. Efforts toward this partic- 
ular objective and also towards any new and versatile procedures yielding radialenes will surely yield 
very interesting results in the future. 
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