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INTRODUCTION
Interest in free radical cyclizations has increased enormously in the last

few years and this Symposium gives a very good opportunity to review this
rapidly developing field. An exhaustive review will, however, greatly exceed
the time available and I should like to make it quite clear that the selection
which had to be made has been directed partly by the need to illustrate
general points but also by our own particular interests. It seems convenient
to divide this talk into two parts covering two of the main types of reactions
which free radicals undergo to generate new bonds:

(i) Addition of free radicals to unsaturated bonds. We shall consider here
only double bonds although triple bonds also undergo cyclization reactions.

(ii) Aromatic substitution reactions. We shall restrict ourselves to the
formation of new carbon—carbon bonds. We shall not consider here the
formation of cyclopropane rings which could be envisioned either as "micro-
cyclizations" or homoallylic participations. We will have to omit also the
very interesting cyclizations by radical coupling reactions, as well as a
few recent very elegant cyclizations of radical anions.

CYCLIZATIONS BY FREE RADICAL ADDITION REACTIONS
Since the discovery of free radicals in solution by Moses Gomberg, which

this Symposium commemorates, a very large number of free radical addi-
tions to unsaturated linkages have been observed, largely through the
work of Morris S. Kharasch and his School. Practically all classes of organic
compounds have been added to carbon—carbon double bonds: hydrocarbons,
halogen derivatives, aldehydes, alcohols, ethers, amines, ketones, esters,
amides; very high yields have sometimes been obtained.

In principle each one of these addition reactions could be used to close a
ring. It is surprising that so little use has been made of these possibilities
until recently. Some early examples can, however, be found in the literature
with 1 ,5-dienes by addition of hydrogen sulphidel of autoxidation5 (these
however are "heterocyclizations").

Free radical formation of alicyclic rings seems to have been mentioned
first in the polymerization of 1 ,6dioIefinsSa and the addition of various
addenda to 1 ,6diolefins3b (see Figure 1).

When we started working in this field, it was quite clear that all possi-
bilities were far from having been explored. We shall see some more recent
examples as we go along.

A difficulty at once arises when the particular features of free radical
addition reactions are considered. In intermolecular reactions it is common
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AO XYCCL4
S CBrCI3

L<J +XY—'- C(COOEt)2

CH2
HPO(OMe)2

Figure 1

practice to use an (sometimes very large) excess of the addendum in order
to minimize telomerization of the diefin. In intramolecular reactions, such
as those which are envisioned, the molar ratio of radical to double bond is of
course one. For that reason, cyclizations are expected to be less efficient
than additions.

On the other hand the fact that the two reacting groups are already in the
same molecule is very favourable as regards the entropy of the reaction.
For this entropy factor to come into play the two groups must of course be
advantageously situated in the starting molecule. This "advantageous
situation" is illustrated by the large number of very efficient intramolecular
1,6-hydrogen transfer reactions8 (see Figure 2).

RCH •
= carbon R—C

H
X=nitrogen
X = oxygen

Figure 2

The case with X = nitrogen is observed in the Hoffmann—Loeffier—
Freytag reaction6. Numerous instances when X oxygen are known where
the free radical is generated by the decomposition of lead(IV) derivatives7,
the photolysis of nitrites8, and the decomposition of alkyl hypoiodites9 or
hypochlorites'°. It is quite clear that free radicals will react very efficiently
with atoms or bonds situated similarly to the hydrogen in the above scheme.

Consideration of models confirms that poor overlaps of orbitals is experi-
enced between a radical and a y6 double bond whereas a fairly good overlap
occurs both with C5 and C6 in a y8 double bond, and with C6 in a E4 double
bond.
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We chose the cyclization of cyanoesters to start our programme. The
intermolecular reaction, which had just been described, was very efficient11;
the starting materials could be readily prepared and the cyclized products,
if any, could be easily identified.

As regards experimental conditions it is well known that cyclizations are
favoured by dilution, but, as we have seen, we cannot here use an excess of
addendum as solvent. We, therefore, had to use another solvent. In order to
ensure a convenient temperature for the decomposition of benzoyl peroxide
which we intended to use as an initiator we selected boiling cyclohexane
which turned out to be better than benzene. It might be said that the cycliza-
tion reactions which we have observed are chain reactions (less than half an
equivalent of peroxide is needed) but we have reason to believe that the
solvent is involved and actually is the hydrogen donor (see Figure 3).

(a)

(b) t CycLohexcne + Cyclohexyl'

( x ._x
Cyclohexyt + — Cyclohexone -- Y

Figure 3

The second step (b) should be a low energy process, which perhaps
explains the efficiency of cyclohexane for these reactions.

The usual procedure was to add very slowly (during 24—48 h) the starting
material together with the peroxide to boiling cyclohexane. With di-t-butyl
peroxide as initiator we heated the solution in a bomb at c. 1400.

Monocyclic compounds
Ethyl 2-cyano-5-hexenoate (I, R = R' = H) and ethyl 2-cyano-6-methyl-

5-heptenoate (I, R = R' = Me) could not be cyclized but ethyl 2-cyano-5-
heptenoate (I, R = Me, R' = H) gave a 30 per cent yield of ethyl 2-methyl-.
1-cyanocyclopentane carboxylate (II) (reaction time 168 h)12a.

The next higher homologue, ethyl trans-2-cyano-6-octeneoate (III)
(Figure 4) gave the cyclohexane derivative (TV)13 in a yield which could be
brought up to 88 per cent (02 mole of benzoyl peroxide per mole of starting
material; 40 ± 40 h; 5 gin 11. of cyclohexane). Reduction of the amount
of solvent to 100 or 30 ml reduced the yield to 74 and 40 per cent respectively.
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In benzene using the best of the above conditions only 20 per cent of
cyclized product was obtained, 40 per cent of the starting material being
recovered.

R-_jJ_—COOEt
R [,Jj__COOEt

(I) (II)

COOEt CN
COOEt

(Iii) (IV)

E,J__Coo(_menthYt)
(V) (VI)

Figure 4

Considering the high yield in this cyclization we investigated the possi-
bility of an asymmetric synthesis. The (—)menthyl ester of the same cyano
acid (V) was prepared and treated as above. The product (57 per cent)
was degraded to the known trans-2-methylcyclohexane carboxylic acid
(VI, R = 000H) which was found to be optically active and was reduced
to trans-2-methylcyclohexanemethanol (VI, R = CH2OH) which had been
resolved'4. The rotation observed shows that the yield of asymmetry achieved
is 29—30 per centl5a.

Before discussing the problem of the size of the ring, let us mention a few
cases with isopropenyl chainsl5a which gave only six membered rings as was
to be expected (see Figure 5).

y:COOEt} °'°
X=Y=CN 28°/s

1340/
Y = COOEtJ

Figure 5

The homologous 2-cyano-7-octenoate (VII) also gave a cyclohexane
derivative although this involved an "anti-Kharasch" addition to the
terminal double bondl5b.

A number of other examples of free radical cyclization have been pub-
lished over the last few years. The simple 5-hexen-l-yl radical has been
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reported to cyclize to the cyclopentylmethyl or the cyclohexyl radical in the
mercury sensitized photolysis of cyclohexane'° or the pyrolysis of cyclo-
hexane—acetone-d6 mixtures between 155—400 017

Robert C. Lamb'8 and his associates decomposed 6-heptenoyl peroxide in
toluene at 77° (see Figure 6). They found no acceleration in the decom-
position of this peroxide compared with heptanoyl peroxide and obtained,

( rCOOI I 2 -
totuene

SH P (OEt)3 U + C
43°/c 0010 at 60°
5001o 3% at 120°

J_COoH LJ --

+ 6-Dodecadiene

+ RFI RFI + Atiphatic adducts

ll°/c, CiS
59% trans

+ (OR)2OPH ÷ xy
COCEt COOEt 3 / 1 COOEt

CCL

'[•_j—
ct

CCL3

Ct2CflJf
Figure 6

aside from open-chain compounds, methylcyclopentane and a small amount
of cyclohexane. Cyclohexane formyl peroxide on the other hand gave only
cyclohexane, and cyclopentane acetyl peroxide gave methylcyclopentane
(a small amount of cyclohexane was formed by a non-radical path: insensi-
tivity to the addition of hydrogalvinoxyl). They suggested that hexenyl free
radical is internally complexed and the ratio of C5/C6 rings is determined
by the steric requirements of the transition states leading from this radical
to the products by hydrogen transfer with the solvent.
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Walling and Padwa19 had explained the remarkable influence of cyclo-
hexene on the hydrogen abstraction reaction of the t-butoxy radical by the
formation of such a complex.

Shortly thereafter Walling and Pearson2Oa studied the hexenyl radical
generated by reduction of 5-hexene-1-thiol by triethyl phosphite. They also
found methylcyclopentane with a few percent of cyclohexane. Garwood,
Scott and Weedon2Ob observed the formation of cyclopentane compounds
in the electrolysis of 6-heptenoic acid.

Brace2a has studied the addition of l-iodoperfluoropropane to 1,6-
heptadiene and again cyclization gives only cyclopentane derivatives. The
suggested explanation is the difference in efficiency of the transfer steps
involved.

Cadogan, Hey and Ong2lb have added thiols or dialkyl phosphites to
ethyl diallylacetate and observed both cyclohexane and cyclopentane ring
formation in a ratio of 3/1. Very recentlyl2b a remarkable cyclization to a
dichiorovinyl cyclopentane derivative has been reported.

The striking difference in the size of the rings formed in the cyclization
of the primary radicals to cyclopentanes compared to the formation of
cyclohexane derivatives from highly resonance stabilized oc-cyano ester
radicals made it desirable to investigate this point more closely.

We therefore prepared a series of related compounds of the general type
shown in Table 1 and submitted them to free radical cyclization conditions.
The results show that the oc-cyano esters are extreme cases; almost all others
with the understandable exception of the substituted malononitriles led to
mixtures of cyclohexane and cyclopentane compounds, with the latter

Table 1. Compounds of the general type A submitted for free radical cyclization conditions
to obtain compounds B and C

(A) (B) (C)

X Y R
Total

cyclLed
(%)

2 (Os)
(%)

Isomers 3 (0,) Isomers
(%)

P
(a)

(b)

eroxide
benzoyl= (t-BuO),

ON

CN

OO,Et

COCH,
Cl
H

H

CO,Et
CN

OO,Et

CO,Et

CO,Et
CN

OO1EL

H
CH,

11
OH3

H
OH,

H
OH,

H
H

OH,

H

CH,

58
90
70
50
55
26
33
33
15
22

19

30

25

84
100
80

100
40
65
50
50
11
0

0

44

I)

I

16
0

20
0

60
35
50
50
89

100

100

56

100

65% trans
35% cix
66% trans
34% cix
60% trans
40% cix
75% trans

(a)
(a, b)
(a)
(a)
(a, b)
(a)
(a, b)
(a,b)
(a)
(b)

(b)

(b)

(h)

H 000H, H

OH,
II =0 H

OH,

13

25

41
54

28

36
100
100

90% trans
10% cix

72

64
0
(1

25% cis
70% trans
30% cix
70% trans
30% cix

j

(b)

(b)

(a)
(a)
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becoming the main compounds in the case of mono esters, nitriles or
ketones22.

The more substituted radicals seem to give a larger proportion of C6
rings but comparison of the diester or keto ester with the chioroester shows
that bulk (influencing sterically the stabilities of the two transition states)
is not the only factor; rather, stability of the first radical seems determining
since with two resonance stabilizing substituents on the radical carbon,
large to fair proportions of cyclohexane derivatives are formed. Total
yields are also higher which is reasonable since more time is available for the
double bond to "come around" and participate. A similar phenomenon has
been observed in the participation of a double bond with a carbonium
ion23.

Cadogan, Hey and 0ng24 have recently obtained cyclohexane derivatives
from ethylenic, cyano-keto or diesters using conditions similar to ours. It is
remarkable that in the cases mentioned above211', where substantial C6 ring
formation was observed, the radicals involved were stabilized by beta-
sulphur or phosphorus atoms.

The simple aldehydes, 5-hexenal and 5-heptenal, give only cyclohexane
derivatives. A few more complex cases had been described by Dulou and his
associates25 including formation of camphor or apocamphor from ac-cam-
phenilaldehyde or apo-oc-camphenilaldehyde; of menthone and isomenthone
from citronellal and piperitone and from citral with acetyl peroxide without
solvent or in hexane. Here C6 rings are formed in preference to C7 ones.

It does not seem possible with the available evidence to give a completely
satisfactory explanation of these results. It looks as if very reactive free
radicals reacted with the more immediately available end of the double
bond without much regard to the comparative stability of the end products.

With a less reactive free radical one might argue that the transition states
involved resemble the products more closely.

The cyclohexane derivatives both in the disubstituted cases and the
aldehydes should be considered as more stable than their C5 ring isomers
(eclipses of substituents and strain of the ring) (see Figure 7).

Some more recent findings however show that this is too simple a view:
the simple cyanoester was irradiated in acetone—cyclohexane solution
(E1ad26 has obtained very good results with this technique in intermolecular
additions) so that the temperature could be lowered. At 800 the cyclization
proceeded very much as with peroxide initiation. At lower temperature
however the results are shown in Table 2. Cyclopentane ring formation is
favoured.

The initiator and the solvent also seem to have an influence. It is hoped
that with this technique more information will be obtained that will help
to understand the interplay of the various factors. (See the note added in
proof on page 182.)

It is interesting to compare the cyclization of these radicals to that of
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Figure 7

COOEt1/
Table 2. Cydlization of

[\/J\CN

Solvent
Temperature

(°C) initiator
C6j
(%)

C5t
(%)

Methylcyclohexane—
isopentane (2:1)

Methylcyclohexane
isopentane (2:1)

Cyclohexane
Cyclohexane
Decalin
Decalin
Decalin
Cyclohexane
Cyclohexane
Cyclohexane

—70°

22°
35°
65°

150°
30°

—70°
77°
81°

140°

liv

hv
hv
hv
hv
hv
hv
hv

(PhCO2)2
(t-BuO)2

Acetone
.

Acetone
Acetone
Acetone

Benzophenone
Benzophenone
Benzophenone
Benzophenone

20

50
61
74
89
70
50
63
86
86

80

50
39
26
ii
30
50
37
14
14

The results are within + 3 per cent range.

related ions; hexenyl cation gives cyclohexanol and thenyihexenyl anion
gives phenylmethylcyclopentane28 (see Figure 8).

(ref. 27) (ref. 18,20) (ref. 28)

Figure 8

Polycyclic compounds
In order to synthesize bicyclic compounds it is convenient to start with

monocyclic olefins (Figure 9). The isomeric ethyl cyclopentenyipropyl-
cyanoacetates (VIII) were cyclized to cis hydrindane derivatives30. Ethyl
cyclohexenyipropylcyanoacetate (IX) was cyclized to a saturated compound
which was degraded to trans,trans cyclohexane carboxylic acid31.
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(VIII)

OOR
(1X)

Figure 9

COOH

The trans stereochemistry of the decalin system formed meant that the cis
decalyl free radical first formed epimerized to the more stable isomer before
the hydrogen transfer step. It has been shown recently by Bartlett that
cis decalyl free radicals actually epimerize extremely rapidly52.

The bicyclization of diene derivatives was of interest since it could be
related to the biosynthetic cyclization of polyolefines of the squalene type.
Free radical oxidizing cyclization of squalene itself has been attempted32.

Ethyl x-cyano-6,10-undecadienoate (X) was cyclized to a decalin system
which was degraded to trans,trzns x-decalol. A hydrophenanthrene
derivative could also be prepared by double cyclization (see Figure 10).

A few heterocyclic rings have been obtained in related reactions. Lamb34
and his associates have decomposed fl-allyloxypropionyl peroxide (XI) in

1f
CN COOEt

(X)

OOR
rap. 59-60°

toluene and found that the cyclization gave exclusively 3-methyltetrahydro-
furan (no six membered ring was formed). A few ethylenic amines have been
cyclized although in low yield.

The role of the solvent was apparent in an attempt to cyclize a-bromo-6-
heptenonitrile (XII). The cyclized products isolated were cis and trans-2-
methylcyclopentane nitrile and a small amount of cyclohexane nitrile;
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bromocyclohexane was formed in 63 per cent yield35. This showed that
hydrogen transfer took place with the solvent and bromine was removed
from a new molecule by the cyclohexyl radical. An aliphatic saturated
c-bromonitrile was found to exchange bromine readily with the solvent
under the same conditions but heptene nitrile itself cyclized very much less
efficiently (see Figure 11).

—COOI2
(Xl)NO

CNcycohexane CN
(XII) 42°J0trans 63%

1.90/0 cis

Figure 11

CYCLIZATIONS BY FREE RADICAL AROMATIC
SUBSTITUTION

The second part of this talk will be devoted to cyclizations in which the
key step is an aromatic substitution. Among these are very early instances
which in fact were discovered before their free radical nature was recognized.
These comprise the group of intramolecular aromatic arylation reactions
of which a well known example is the Pschorr phenanthrene synthesis37
(see Figure 12).

X=CH2 YNH2
Co NH2
CH=CH c/s NH2 or Br

CH2CH2 NH2

O,NR,S,S02 NH2

Figure 12
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Quite recently38 an efficient cyclization of cis-o-bromostilbene to phenan-
threne with a Grignard reagent and cobaltous chloride has been reported.

Phenylbutyl radicals have been shown to cyclize when the solvent is not
too good a chain transfer agent. These and related radicals were produced
from phenyl pentyl derivatives by decarbonylation of the aldehydes39,
decomposition of the acyl peroxide40' 41, electrolysis of the or treat-
ment of the acid with lead tetracetate43 (see Figure 13).

CHO

Figure 13

The pyrolysis of a suitable mercury derivative led to cyclization with
formation of a substituted tetralin44a. Tetralin itself has been obtained in the
pyrolysis of the vinyl ether of phenylcyclopropyl carbinol44b. In a similar
way aryl propionyl and butyroyl radicals have been cyclized to indanones
and tetralones45. Quite recently a similar cyclization to a fluorenone has
been reported by Huang46 (see Figure 14).

We have been engaged for some time in related cyclizations. Ethyl 5-
phenyl-2-cyanovalerate could not be cyclized with benzoyl or di-t-butyl
peroxide. So it appeared that these highly resonance stabilized radicals
would not attack an aromatic ring as easily as a double bond. We then
turned to more reactive free radicals such as those which are intermediates
in addition reactions. With 1-phenyl-4-pentene (XIII), addition of XY
should lead to a radical suitably placed with regard to the ring (seeFigure 15).
But of course the desired cyclization leading to (XIV) would be in com-
petition with chain transfer leading to simple addition (XV). With too
efficient transfer agents, this is the preferred pathway as reported by Martin
and Gleicher47, working with CBrCI3.

The addition of ethyl cyanoacetate (10/1 molar proportion) to phenyl-
pentene gave different results when benzoyl peroxide or di-t-butyl peroxide

177
P.A.C.- N
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cC

Figure 14

were used as initiators48. It can be seen from Table 3 that one mole of benzoyl
peroxide is necessary to convert all the olefin, that the yield of total 1:1
products is fairly constant but that the ratio of cyclized to non-cyclized
products increases from 059 (with 015 mole of peroxide) to I 32 (with 1 mole
of peroxide).

When the reaction mixture is diluted with benzene (in the hope of
favouring the cyclization) the total yield of 1:1 products decreases and the
ratio of cyclized to non-cyclized products increases (0.72 and 2.5).

With cyclohexane as solvent fair yields of 1:1 products with high pro-
portions of cyclized product were obtained with essentially complete con-
version of the olefin.

With di-t-butylperoxide, in excess cyanoacetate, only the addition
product could be obtained. With benzene as diluent a few per cent of
cyclized product was formed. Only with equimolecular amounts of cyano-
acetate and olefin could a fair proportion of cyclization be observed (cyc-
lized/non-cyclized = 0.7) (Table 4). We were thus encouraged to attempt

5
(XIII)

Figure 15
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FREE RADICAL CYCLIZATIONS

the synthesis of a tricyclic compound in a reaction that would incorporate
both an addition to a double bond and an aromatic substitution.

Ethyl 2-cyano-9-phenyl-6-nonenoate (XVI) was then prepared by
standard methods. The central double bond resulting from opening of a
3-chiorotetrahydropyran derivative with sodium should have the trans
configuration49. In benzene with BPO or DBPO, no satisfactory results were
obtained. After treatment with BPO in cyclohexane, however, distillation
of the reaction products gave an oil which was largely crystalline. Analysis, i.r.
and n.m.r. examinations of this crystalline product indicated that it was
the expected tricyclic compound (XVII) (see Figure 16). The oiiy fraction
contained more of this compound and the product of monocyclization which

(XVI)

LOAc OAc

(XXII) m.p. 80.10 (XVIII) = mp.734°

could be degraded to 2-phenethylcyclohexane carboxylic acid, identical
with an authentic sample. The conversion is essentially complete, the yields
are 4 per cent for the simple addition and 42 per cent for the bicyclization
(calculated on the olefin; 34 per cent calculated on the peroxide). DBPO
gives a somewhat lower total yield (27 per cent) and a smaller ratio of
tricyclic/bicyclic compound (70/ 30). The structure of the tricyclic compound
was confirmed by hydrolysis and by decarboxylation to the monoacid
followed by degradation either with lead tetracetate or by the Baeyer—
Villiger reaction on the methyl ketone. The acetate formed was hydrolysed
and the alcohol oxidized to a ketone m.p. 57—58° (XX) which could be
epimerized with acid or base to an isomeric ketone m.p. 73—74° (XXI).
This last ketone was identical with the product of Friedel—Crafts cyclization
of 8-phenyl-5-octenoyl chloride according to Ansell and associates50. When
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(XVII)

(XX) m.p.=578°

(XXIII)oil (XXI) m.p.734° (XIX) m.p.867°
Figure 16
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repeating their experiment with milder isolation conditions, we obtained
the less stable ketone (XX). The trans configuration had been considered
for the more stable ketone. However, a number of cases51 have been reported
when cis octahydrophenanthrones are actually more stable than their trans
isomers, even without the angular methyl group.

It was important to compare this stereochemistry with that of the free
radical cyclization of the diolefin above and also to ascertain the value of
this method in the synthesis of other products. We obtained information on
this point by n.m.r. investigation55 of the four alcohols (acetates) which
could be obtained by appropriate reductions of the two ketones with lithium
aluminium hydride or isobornyl oxyaluminium dichloride53.

The coupling constants of the —CHOAc protons led to the conclusion
that the less stable ketone has the trans configuration.

Note added in proof
The cyclization step had been shown to be irreversible in the unsubstitu-

ted case. Remarks by Professors de Tar and Bartlett at the Symposium
incited us to check on this point in the case of substituted radicals54. It has
indeed been found that in some cases cyclopentyl methyl free radicals can
lead to cyclohexane compounds. Together with the lower activation energy
found for cyclopentane formation this means that C5 formation is the
kinetically favoured process and that in some cases equilibration can lead
to varying amounts of C6 derivatives.

I have great pleasure in mentioning the names of the students who have worked on one
or another part of this programme with great enthusiasm and skill: Drs. J. M. Surzur,
L. Katz, F. Le Goffic, C. James, Y. Clenet, P. Dostert, M. Maumy and J. C.
Chottard.
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