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INTRODUCTION

The number of known organic reactions which are
accompanied by rearrangement is continuously growing.
Such reactions constitute, in a sense, the philosopher's
stone for theoretical organic chemistry.

11

11

Huckel1 believes that rearrangements lie outside the
scope of structural theory, which cannot explain them or
predict their course. Nevertheless, this theory enabled
Baker2 to classify rearrangements (in 1933) on the basis
of a combined structural and chemical principle. He dis-
tinguishes "diad", "triad", "tetrad", etc. rearrangements,
those involving rings, and rings and chains, as well as
carbon—carbon, carbon-oxygen, etc. rearrangements, de-
pending on the type of molecule, the nature of the migrating
groups, the nature of the rearrangement centres, and the
number of atoms in the chain linking two such centres. All
the rearrangements discussed by Baker are heterolytic
since homolytic rearrangements in solution were not known
at that time.

It has been stated that radical rearrangement in solution
is impossible or limited in extent. Thus, Dewar3 sug-
gested that isomerisation of aliphatic radicals did not
occur because stable π complexes are not formed. In fact,
the absence of rearrangement in the neopentyl residue when
sodium reacts with neopentyl chloride has been quoted as
proof of the radical mechanism of the Wurtz reaction4.

Even in recent times some reviews and monographs
specifically devoted to the chemistry of radicals either
completely neglect the problems of radical rearrangement
or regard such rearrangement as a relatively rare pheno-
menon. Thus, in a symposium dedicated to the memory of
M.S. Khar asch, Kutschke and Steacie failed to-mention the
possibility of rearrangement of free radicals in their list
of free-radical reactions in the gas phase. Walling6 writes:
"It seems a safe generalisation that radical rearrange-
ments are less common than those of the corresponding
carbonium ions". However, the experimental data accu-
mulated to date show that radical rearrangement occurs
widely. Semenov believes rearrangement to be a general
property of radicals7.

Investigations of free radicals in liquid and gas phases
have been largely carried out in isolation5. Study of free
radicals in the gas phase has been mainly confined to the
simplest short-lived radicals (methyl, ethyl), and con-
cerned almost exclusively with kinetic problems. Studies
in the liquid phase concerned a large number of complex
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radicals, including stable radicals, and dealt with their
structure, their chemical reactions, and new methods for
their synthesis. At present, the two fields of study are
converging, but the differences between them, both as
regards the conditions employed and the approach of the
investigators to the problem, still remains very consider-
able.

This review concerns radical rearrangements in the
liquid phase. The general literature on this problem is
extremely meagre. We can quote only one small review,
in Japanese8, and a short description of certain problems
of radical rearrangement in solution given in the mono-
graphs6»7 quoted above. We shall also consider the
structural-chemical principles for classifying rearrange-
ments, designating them as 1,2-, 1,3-, . . . 1,5-migration
of an atom or group8. The numbers denote the mutual
disposition of the rearrangement centres.

Among the various factors governing the occurrence of
radical rearrangements in solution, the main role appears
to be played by the possibility of rearrangement of a less
stable radical to one which is more stable under the given
conditions [for example, rearrangement of the primary
radical (C6H5)3CCH2 to the more stable tertiary radical
(C6H5)2CCH2C6H5]. Recently, however, examples of re-
arrangements have been found in which the stabilities of
the initial and final radicals do not differ very much (for
example, the rearrangement C6H5CH14CH2 -»OH£4OH2CeH5),
but in these cases the yields of the rearrangement products
are small. An important factor in the rearrangement
appears to be the ability of the substance the radical sta-
bilises in the reaction to effect chain transfer. The use of
less effective chain-transfer agents lengthens the life of the
radical and favours rearrangement.

Intramolecular radical rearrangements may be regarded
as reactions of the radical with itself. Radical rearrange-
ments may then be divided into three principal groups,
according to three types of reactions in which radicals par-
ticipate.

1. S u b s t i t u t i o n r e a c t i o n s . These embrace a
large number of true rearrangements with migration of
various atoms or groups, which may be schematically
represented as follows:

A—B—C A - B - C

A—(B)nC — A—(B)nC

where X is the migrating atom or group.

2. Addi t ion r e a c t i o n s . In our case these will
be ring-closure reactions, for example, the formation of
tetralin in the peroxide-catalysed decarbonylation of
phenyldimethylpentanal9:

CH3

—C—CH,CH,CHSCHO

HaC CH,

\κ
/\

H3C C

I

'CH2

Rearrangements of this type have also been observed in
the polymerisation of diene compounds with non-conjugated
double bonds, particularly in 1,5- and 1,6-positions (when
the formation of 5- and 6-membered rings is possible).

These reactions are important in the synthesis of macro-
molecular compounds with heterocyclic residues in the
chain, for example:

H,C

R + CH

CHS
RCH, CH,

CH CH

RHjC CH,

\κ\ .
CH CHυ- υ

where X = C, Ν, Ο, Ρ, Si, Sn. A review of these reac-
tions has been published recently10.

3. D e c o m p o s i t i o n r e a c t i o n s . This group in-
cludes rearrangements with ring rupture as well as some
of ally lie type. Bond rupture at the β-atom with the for-
mation of a new α, β double bond is characteristic of such
rearrangements:

A—B—C - A = B C

u u ·
These reactions often take place in radicals with a

weakened β, y-bond; for example, alkoxy radicals with the

structure \ / rearranged to -CH,

Decomposition of a -hydroxycyclohexyl hydroperoxide in
the presence of Fe2+ salts results in the formation of
a, ω-decanedicarboxylic acid12:

HO OOH

X
HO Ο

HO Ο' \S

° CH,X
\, \.

[HOOC(CH 2 ) 5 -] 2 .

The 5-membered ring in the corresponding hydroxy-
-radicals opens in the same way11; for example, the oxy-

chloride /\Oci

Ο

rearranges to the ω -chloro-derivative

CH3CCH2CH2CH2CH2C1. Rearrangements with rupture of
a strained ring, for example a 4-membered one, take place
even in hydrocarbon radicals. Thus the free-radical addi-
tion of carbon tetrachloride and other polyhalogenomethanes
to pinene takes place as follows13:

HjCClj

CCI-,

Oxidative dimerisation of vinylacetic acid14 may be
quoted as an example of an allylic rearrangement:

CH2=CHCH,COOH — a O e t y l - CH,=CHCHCOOH
peroxide |

[-CHSCH=CH—COOH]j ^- CHa—CH=CH—COOH .

It is evident from the above that inter molecular free-
- radical rearrangements, where there is no true radical
rearrangement, are not included here. For example: the
rearrangement of chloroacetanilides15:

1 i
NCOCH3

>!— NHCOCH.,;
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rearrangement of alkoxystyrenes16, for which the following
mechanism has been proposed17:

CH 2 =C(OR)C,H 6 -f R - RCH tC(OR)C,H6 +R;

certain ally lie rearrangements:

C H 2 = C H - C H B r R + Br -^ BrCH2CH—CHBrR — CH 2Br—CH=CHR + Br ;

etc. Apparently, the free radicals, if they are formed in
these reactions, do not undergo rearrangement.

Reactions of types 2 and 3 have been little studied, and
this review will deal with rearrangements of type 1, which
are accompanied by the migration of hydrogen, chlorine,
and aryl and alkyl groups.

I. RADICAL REARRANGEMENTS WITH HYDROGEN
MIGRATION

Radical rearrangements with hydrogen transfer are
among the most important to be considered. The principal
laws governing radical-substitution reactions (for example,
radical chlorination), the characteristic features of the
ability of individual groups in the molecule to undergo
homolytic substitution, and the comparative radical stability
series have all been deduced on the assumption that the
radical centre, at least in saturated molecules, is not dis-
placed along the molecular chain. However, in a number
of studies it has been asserted or assumed that radical re-
arrangement takes place with migration of a hydrogen atom
from an adjacent (1,2-migration) or more distant carbon
atom to one bearing an unpaired electron.

A. 1,2-Migration of Hydrogen

Contradictory views have been expressed on the possi-
bility of free-radical rearrangement with 1,2-hydrogen
migration. In 1936 the rearrangement of the isopropyl to
the n-propyl radical (CH3CHCH3 -»CH3CH2CH2) was des-
cribed18. These data, however, were questioned by
Kharasch and his coworkers 19>20, since according to their
results alkyl radicals do not isomerise in solution.

1,2-Migration of hydrogen in radicals of the type
RCH2CHCOOH was suggested to resolve the contradiction
which arose when the action of a chlorine atom 2 1 and a
methyl radical2 2 on isobutyric acid was compared. In
the first case the substitution was in the β-position (forma-
tion of /3-chloroisobutyric acid), in the second in the
a -position (formation of tetramethylsuccinic acid).

The photochemical reaction between sulphonyl chloride
and propionic acid21 also results in a β -substituted product
(HOSO2CH2CH2COOH). Kharasch and Brown21 explained
the formation of β-substituted products by rearrangement
with 1,2-migration of hydrogen, for example as follows:

initial assumption that the chlorine atom and methyl radical
must attack at the same site in the molecule is unjustified.

1,2-Rearrangement with hydrogen transfer was postu-
lated to explain the anomalies observed in certain reac-
tions of organomagnesium compounds in the presence of
CoCla- Thus when n-butylmagnesium bromide reacts with
y-chloropropylbenzene in the presence of cobalt chloride,
trans -β -methylstyrene (and not allylbenzene) and trans -
-2-butene (and not 1-butene) are obtained23. The forma-

tion of these products was explained by 1,2-migration of
hydrogen in the radicals,

C,HSCH2CH2CH2 - C,H,CH 2 CHCH 3 ,

CH 3CH 2CH 2CH a — CH 3 CH 2 CHCH,,

followed by their disproportionation. Slaugh24, however,
believes that the formation of trans -β -methylstyrene and
trans -2 -butene is more plausibly explained by the migra-
tion of the double bond (rather than 1,2-transfer of hydro-
gen).

Recently25 the behaviour of the primary butyl radical
under various conditions has been studied in detail. In par-
ticular, the reaction between butyl bromide and magnesium
in the presence of cobalt bromide was found to yield approxi-
mately equal quantities of 1-butene and 2-butene. Since
the isomerisation of 1-butene to 2-butene requires more
severe conditions, the author explained the formation of
2-butene by the migration of hydrogen in the radical (with-
out specifying from which carbon atom the hydrogen
migrates). It should be noted that in the case of both the
y-phenylpropy 1 and η-butyl radicals the formation of un-
saturated compounds with a non-terminal double bond may
be explained by 1,3-migration of hydrogen with subsequent
disproportionation of the isomerised radicals (see follow-
ing section).

The decarbonylation of /3-phenyl-j3-(£-methoxyphenyl)-
propionaldehyde yielded a -phenyl-α -(/>-methoxyphenyl)-
ethane26. The authors suggested that this reaction may
involve the 1,2-migration of hydrogen in the radical:

p-CH8OC,H,

C,H

p-CH,OC,H4

C,H5

J—CHs·

Later this hypothesis was checked by Curtin and
Cauer27, who on decarbonylation of 0-deutero-/3-phenyl-
-/3-(£-methoxyphenyl)propionaldehyde obtained only the
compound />-CH3OC6H4CD(C6H5)CH3, which indicates the
absence of migration of either the aryl group or deuterium.

The Kolbe electrolysis of perhydrodiphenic acids

yields the lactone <T"~)>~fC"~y> , 2 8 The

authors2 8 suggested that this involves the isomerisation of
the radical with 1,2-migration of hydrogen:

(CH3)2CHCOOH + Cl -r* (CH,),CCOOH + HC1

(CH,)2£COOH
V Cl, C1CH,X

>CH—COOH — * • >CH—COOH + Cl.
/ C H , / "CH,

Later, Brown himself admitted22 the weakness of this
hypothesis and pointed out that the polar character of the
attacking atom or radical plays an important role in
determining the site of the attack. Consequently, the

It is also possible that the 5-membered lactone may
arise due to ionic migration of hydrogen in the carbonium
ion formed by the oxidation of the intermediate radical (I):
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Thus, although 1,2-migration of hydrogen was postu-
lated in the studies quoted above, its occurrence was not
proved. Special investigations were undertaken to settle
this question. The most definite results, showing the
absence of 1,2-migration of hydrogen in radicals both in
the gas and in the liquid phase, were obtained in work with
tracer atoms (deuterium, tritium).

Brown and Russell30 chlorinated photochemically
2-deuteroisobutane at -15°. They obtained both t-butyl
chloride and isobutyl chloride and, correspondingly, both
deuterium chloride and hydrogen chloride, which means
that the reaction proceeds via two pathways:

*DC1 + (CH3)2CCH3.

The DC1 :HC1 and t-butyl chloride : isobutyl chloride molar
ratios were found to be the same in two experiments,
confirming that isomerisation with hydrogen migration,
(CH3)2CDCH2 -»(CH3)2CCH2D or (CHjgC -»(CH3)2CHCH2,
does not take place, and that the exchange reaction

(CH3)2CDCH2 + (CH,),CDCH3 — (CH3)2CDCH,D+(CH,),C

is also absent.
Slaugh24 studied the behaviour of the 2-phenylethyl

radical in the presence of tritium-labelled toluene-ω-thiol.
If the primary radical (Π) rearranges to the secondary
radical (ΠΙ), the ethylbenzene formed should contain
tritium at the "benzyl" atom in the hydrocarbon:

C1H5CH2CH2T

(ii) I

(Ill)

The reaction product was treated with iV-bromosuccinimide:

C,H6CHTCH3
C,H6CHBrCH3 + C4H4O,NT

The activity of the succinimide corresponded to 1.8% re-
arrangement, but the author believes that it is due to the
exchange reaetion between the succinimide and the tritium-
-labelled toluene-ω-thiol.

Kornblum and coworkers31 studied the possibility of
1,2-migration of hydrogen from carbon to oxygen in the

I
system H-C-O. They investigated the liquid-phase

I
pyrolysis (at 100°) of optically active 2-octyl nitrite and
obtained optically active 2-octanol. They believe that the
reaction proceeds in a manner analogous to the scheme
proposed by Rice3 2 for the gas-phase pyrolysis of alkyl
nitrite:

C,HI3CH(CH3)ONO -• C,H13CH(CH3) Ό + NO
C,HlsCH(CHa) Ο + C,H13CH(CHa)ONO -» C,H13CH(CH3)OH + C,H,,C(CH,)ONO

. 0
C,H13C(CH3)ONO - C,H13GQ + NO.

^CH

The formation of optically active 2-octanol demonstrates
the absence of rearrangement of radical (IV) to radical (V),
since this would have resulted in racemisationt:

C,H13CHO

CH3

(IV)

C,H1SC—OH

CH,
(V)

In another investigation33 a study was made of the thermal
decomposition of an optically active peroxide in the pre-
sence of thiophenol at 125°:

C,H,CH(CH JOOC(CHj), + C»H,SH C,H,CH(CH,)OH.

Optically active phenylmethylmethanol was obtained, which
again points to the absence of 1,2-migration of hydrogen
in the radical

5 >V>CHO.

HC/

Proof of the absence of 1,2-migration of hydrogen in
radicals may also be derived from many investigations
undertaken for the solution of other problems. For
example, the homolytic addition of carbon tetrachloride
or bromotrichloromethane to olefines of the type
R-CH2CH = CH2 takes place as follows:

RCH,CH=CH>.+ CC1, - RCHsCHCHjCClj,

and even in the case where R = phenyl 3 4; the product
RCHXCH2CH2CCl3 (X = halogen) is not formed, showing
that there is no isomerisation of the radical CeH5CH2.
.CHCH2CClg to the more stable substituted benzyl radical
C6H5CHCH2CH2CCl3.

From the above data, it is evident that up to the
present there has not been a single reliable demonstration
of 1,2-migration of hydrogen in radicals.

B. MIGRATION OF HYDROGEN TO MORE DISTANT
CARBON ATOMS WITH FREE VALENCIES

The migration of hydrogen to a more distant radical
centre has been observed in many cases. However, it has
often proved impossible to establish unambiguously from
which carbon atom the hydrogen migrates.

1 , 3 - M i g r a t i o n of h y d r o g e n . There are few
reliable data showing 1,3-migration of hydrogen in a
hydrocarbon radical in solution.

Reutov and Shatkina29 found that the propyl radical
formed on thermal decomposition of n-butyryl peroxide
(labelled in the a -position) undergoes rearrangement in
solution with 1,3-migration of hydrogen:

1
CH 3 CHJCHJ

The yield of the rearranged product amounts to 4.0 ± 0.5%.

It is possible that in the reactions (mentioned above)
between butyl bromide and magnesium in the presence of
cobalt halides25, resulting in a mixture of 1-butene and

t It is possible that the formation of equimolar quantities of
2-octanol and 2-octanone is due to disproportionation of the radi-
cals: CHS CH,

lisC2C6H13CHO · -*CeH,3CHOH+C,H,3COCH3;

however, this does not alter the main conclusion.
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2-butene, the formation of 2-butene is due to the 1,3-migra-
tion of hydrogen CH3CH?CH2CH2 = CH3CHCH2CHg with sub-
sequent disproportio nation of the secondary radicals. It
seems to us that the behaviour of the phenoxybutyl radical
(described in the same paper), which breaks down with
the formation of 1-butene, can also be interpreted in terms
of a 1,3-migration of hydrogen:

C,H 6OCH,CH2CH2CH2 — C,,H5OCH2CHCH2CH3 -» C eH 6O + CH 2 =CHCH 2 CH,.

1,3-Migration of hydrogen from carbon to nitrogen may
take place in the reduction with benzyl radicals of aro-
matic nitro- and nitro so-compounds to amines35. The
following reaction scheme has been proposed:

ArNOCHjPh

ArN=O + PhCH2

rearrangement

ArNOCH2Ph

ArNHOCHPh - ArNH + PhCHO

PhdH,

/
h
/ 1

ArNHCH sPh ArNH, + P h C H 2 .

1 , 5 - M i g r a t i o n of h y d r o g e n . Kosiakoff and
Rice3 6 suggested that the thermal decomposition of higher
hydrocarbons results in the formation of long-chain radi-
cals which can isomerise. They suggested, for example,
that in the decomposition of n-hexane the primary radical
1-hexyl can isomerise to the secondary radical 2-hexyl:

C H a - C H a .
I

CH a —CH a

I
C H a — CH3

i.e. with 1,5-migration of hydrogen in the radical. Since
the activation energy of such a process is undoubtedly much
less than that for decomposition of the radical, equilibrium
between the two radicals is probably established. Assuming
that at 600° under low pressure n-hexane decomposes
according to the scheme:

R + C e H I 4

CH 3(CH 2) 4CH 2

CH3(CH2)3CHCH3

CH3(CHa)2 CHCH2CH,

— 2C 2H 4 + C,H 6(C 2H.),

C 3 H 6 -f GjH4 + CH 3 (CH 4 ),CH 3CH 2CH 2CH aCHCH 3

CHaCHjCHj'

the authors calculated the yield of the possible products of
the thermal decomposition of n-hexane both in the absence
and in the presence of free-radical isomerisation with
1,5-migration of hydrogen. The results obtained are
clearly shown in the Figure. It is evident that assumption

C,H,C 5H 1 0

Thermal decomposition of n-hexane.
Continuous line — experimental; broken
line — calculated. A) Rearrangement not
allowed for; B) rearrangement allowed
for.

of radical isomerisation substantially improves the agree-
ment between the calculated and experimental data. In
the case of radicals with longer chains, obtained for
example by the cracking of η-octane36 and n-hexadecane37,
the possibility of the isomerisation of intermediate radicals
is even greater and the improvement in the calculated
yields becomes still more notable when isomerisation is
taken into account.

Grob and Kammuler38 demonstrated liquid-phase
1,5-migration of hydrogen in a radical. In an attempt to
investigate the possible isomerisation of radical (VI) to
radical (VII),

C,H 5CH 2(CH 2) 3CH 2

(VI)

C eH 6CH(CH 2) 3CH 3 ,

(VII)

they studied the pyrolysis of e -phenylcaproyl peroxide at
85° in the presence of dry sand. The following were the
products: CO2, e-phenylcaproic acid, δ-phenylpentyl ether,
e-phenylcaproate, n-pentylbenzene, 1,10-diphenyldecane,
5,6-diphenyldecane, and polymeric material. The forma-
tion of 5,6-diphenyldecane (yield 4.5%) may be due to the
intramolecular rearrangement of radical (VI) to radical (VII)
with subsequent recombination of the rearranged radicals.
However, the formation of this compound may be interpreted
as due to the action of radicals present in the reaction
mixture on n-pentylbenzene with subsequent recombination
of the 1-phenylpent-l-yl radicals:

R + C,H tCH 2(CH a) 3CH 3 - RH + C eH 6CH(CH 2) 3CH 3,

2CeH6CH(CH,)3CH3 ]

C,H6

The formation of 5,6-diphenyldecane by the action of
radicals (generated in the breakdown of t-butyl peroxide) on
n-pentylbenzene is known. Grob and Kammuler quote the
following evidence in support of intramolecular rearrange-
ment in this process. When the peroxide is pyrolysed in
cumene (at 110°-120°), it might be expected that outside
the solvent "cage" the radicals would react with the more
reactive cumene and not with n-pentylbenzene the concen-
tration of which in solution is low. Thus the yield of
5,6-diphenyldecane should fall if the compound were formed
as a result of the secondary reaction with n-pentylbenzene.
Experiment shows that the yield of 5,6-diphenyldecane in-
creases when the reaction is carried out in cumene. The
reason for the increase is not clear [possibly it is due to
the higher temperature (110°-120°) in cumene (85° with-
out cumene)].

It is interesting to compare this with the fact that de-
composition of δ -phenylvaleryl peroxide does not result in
products derived from 1,4-migration of hydrogen39. It is
possible that the C6H5(CH2)3CH2 and C6H5(CH2)4CH2 radicals
behave differently because in the latter case a conforma-
tion favouring rearrangement may be assumed:

1,5-Migration of a hydrogen atom bound to an aromatic
nucleus has been suggested to explain the formation of
isomeric products in the decomposition of 2-(4-methyl-
benzoyl)aryldiazonium salts4 0. The decomposition of
aryldiazonium halides of this structure was carried out in
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carbon tetrachloride at pH 7.2. Among other products,
the following chloro-derivatives were obtained:

- C H , .

:i (A)

7% of theoretical of theoretical

The following reaction has been suggested to explain the
formation of chloro-derivative (A):

- c -<_>- C H *X
(A)

Chloro-derivative (B) was assumed to arise through re-
arrangement of radical (VIE) to radical (IX) via 1,5-migra-
tion of hydrogen with subsequent reaction of radical (IX)
with carbon tetrachloride:

CH3
>-CH, (B)

(VIII) (IX)

It is noteworthy that radical rearrangement with
1,5-migration of hydrogen appears to play a major role in
the radical polymerisation of ethylene and other olefines as
well as in the polymerisation of dienes and other unsaturated
compounds (see, for example, refs.41 and 42). In recent
years data have been obtained suggesting that polyethylene
molecules synthesised by radical polymerisation under pres-
sure have side chains. Depending on the reaction conditions,
polyethylene with long or short side chains can be obtained.
The physicomechanical properties of polyethylene depend
to a large extent on the nature of branching in the molecule.
It has been suggested41 that there may be two mechanisms
leading to chain branching in the molecule. Long side
chains are formed as a result of intermolecular hydrogen
transfer:

RJCHJCH, + RaCH,CHaRs -» R1CHaCH3 + R2CHCH,R8

 C H ' " C H %

-» R2CHCHaR3

CH,CHj

and short side chains are formed via intramolecular hydro-
gen transfer. Assuming that the formation of 5- and
6-membered rings in the transition state is sterically
favoured, Roedel41 suggested that the intramolecular re-
arrangement is effected mainly by 1,5-migration of hydro-
gen in the radical:

RCH, CH a -CH t

^CH,—CH,
•RCH-

C*H,

C H ' ~ C H ' - RCHCHSCHS.

C«H,

Study of the infra-red spectra of polyethylene containing
short side chains 4 2 has shown that the number of methyl and
ethyl groups in the polyethylene specimens examined was the
same. This has been interpreted as showing that pendant
methyl side groups are not formed in polyethylene. The
short side chains are supposed to arise mainly by 1,5-migra-
tion of hydrogen in the radical; 1,3- and 1,4-migrations
are also believed to be possible.

A number of other observations have been interpreted
as proof that radicals can isomerise via hydrogen transfer
from a carbon atom to a non-neighbouring atom with an

unpaired electron, but it was impossible to establish from
which particular carbon atom the hydrogen migrated.

1,6-Migration of hydrogen from carbon to oxygen in a
radical has been invoked to explain the formation of com-
pounds (C) and (D) in the oxidation of 4-methyl-2,6-di-t-
-butylphenol:

CHa-

AΠ
OH

(C)

C ( C H 3 ) 3

_

and

1

CH—
II

A
<CH8)3c/\/N

_ Ο

(D)

SC(CH»)3

_

The formation of these products is supposed to be due to
the rearrangement of radical (X) to radical (XI):

CH3

I
CH,

O"

(X)

When the bromo-compound

(CH3),C/\j

OH

(XI)

reacts with mercury, the same compounds, (C) and (D),
are formed which confirms the occurrence of this re-
arrangement.

Thus the ability of radicals to isomerise in solution
via hydrogen migration to a non-neighbouring atom is now
definitely established. However, such isomerisation has
been little studied. In particular, the influence of the
structure of the radical, the nature of the solvent, the
temperature, and other conditions on this reaction is un-
known, and no quantitative data characterising the process
are available.

The possibility of rearrangement, via hydrogen migra-
tion, of initially formed radicals must undoubtedly be
taken into account in studies on the mechanism of radical
substitution, on the reactivity and stability of radicals in
solution, and in many other problems.

Π. RADICAL REARRANGEMENT WITH CHLORINE
MIGRATION. 1,2-MIGRATION OF CHLORINE

Studies on chemical reactions of polychlorohydrocarbons
containing the trichloromethyl group have shown that this
group is active in homolytic reactions4 4. Thus when
α,α, α, ω-tetrachloroalkanes are allowed to react with
organomagnesium compounds in the presence of cobalt
chloride, the CClg group is attacked and compounds with
the structure Cl(CH2)nCCl2CCl2(CH2)/lCl are formed. The
reaction of a, a, a, ω -tetrachloroalkanes with copper and
nickel takes place similarly. The process apparently goes
via a stage in which a chlorine atom or a tetrachloroalkane
molecule undergoes homolytic scission:

R + CCI,(CH,)« CI - RC1 + CCIt(CH,)nCl,

2Cl(CHI)nCCl, — Cl(CH,)nCCl,—CC1,(CH,V>CI.

It must be emphasised that the removal of a chlorine
atom from the trichloromethyl group takes place under
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extremely mild conditions. It is possible that the ease of
this removal from a CClg group in a polychlorohydrocarbon
radical is even greater, by analogy with the greater mobility
of hydrogen in hydrocarbon radicals than in the molecules
of saturated hydrocarbons ^ J 4 6 . The ease of removal of the
chlorine atom and the stability of radicals in which a car-
bon atom with an unpaired electron is bound to two chlorine
atoms4 7, should favour the rearrangement of radicals of
type (A) to radicals of type (B):

cciai/ -> cci.cc/
(A) (B)

In a number of investigations of this rearrangement the
radicals of the above structure were obtained by the homo-
lytic addition of various compounds to olefines containing
a polyhalogenomethyl group. The addition of hydrogen
bromide, bromotrichloromethane, bromine, and thio-
phenol to substances with the structure XCC^CY = CH2

(where X = Cl, F, H, CHgj Υ = Cl, H, Br, CR,) has been
studied. The results obtained are collected in Tables 1-3.

Table 1 gives some data on the reaction between hydro-
gen bromide and a number of polyhalogenoalkenes in the
presence of benzoyl peroxide or under illumination with
ultra-violet light. It is well known that the addition of
hydrogen bromide to olefines in the presence of peroxides
takes place via a chain radical mechanism. The purely
homolytic character of the reactions described in Table 1
is emphasised by the fact that in the absence of radical-
-process initiators there is no reaction between hydrogen
bromide and the compounds listed in the table. The chain
character of the reaction is confirmed by the fact that
addition of negligible quantities of inhibitors brings the re-
action to a complete stop. Addition of HBr was carried
out by saturating a solution of 0.5 g of benzoyl peroxide in
0.1-0.6 mole of polyhalogenoalkene at 50°-70°. In the
general case the reaction results in a mixture of products:

(i) XCCl2CY=CH i !+HBr

-, XCCljCHYCHiBr

yt HCClXCYClCHjBr 1

CC!X=CYCHi!Br

HCClXCYClCHjCl

Thus in the case of example 4 in Table 1, where X = Cl
and Υ = Cl compounds 1', 2', and 3' were obtained:

CCl,CCl=CH,+HBr
Βζ,Ο,

CHCl,CCI,CH,Br

CCl,= CClCH,Br

CHCt,CCl,CH,Cl

The following mechanism has been proposed for this pro-
cess:

Βζ,Ο, - C,HS

C,H6 +HBr — C,H,+Br

CC!,CCI=CH,+Br CCl,CClCH,Br (a)

rearrangement
CClsCClCH,Br • CCl,CCl,CH,Br (b)

(A)

CCI,CCI2CH,Br+HBr

CCI3CClCHaBr \

/

(U)

— HCCl,CCI,CH,Br +Br (c)

• CCli=CClCH,Br +CI (d)

CCljCCljCHjBr /

CClsCCI=.CH,-f-Cl • CC1SCC1CH,C1 (e)

(A')

CCljCClCH,Cl

(A')

rearrangement

CCUCCIjCHsCl+HBr

CC1,CC13CH,CI (0

(B')

HCC1,CC1,CH,C1 + B r (g)

This scheme is analogous to that proposed by Khar as ch
for the "peroxide effect", but stages (b) and (f) involve the
rearrangement of radicals (A) and (A') to radicals (B) and
(B'), and the elimination of a chlorine atom in stage (d)
leads to the propagation of a chain reaction [stages (e), (f),
and (g)], which is completely analogous to the main process
[stages (a), (b), and (c)] resulting from the presence of
bromine atoms in the system. Elimination of chlorine,
which stabilises the intermediate radicals, is encountered
quite frequently in homolytic reactions4 8"5 1.

Introduction of fluorine or hydrogen to a trihalogeno-
methyl group in unsaturated compounds (Nos.5 and 7 in
Table 1 and No. 3 in Table 3) impedes the rearrangement
of radicals and, in addition to the rearranged products,
non-rearranged addition products are also formed. Table 2
gives some data on the reaction of bromotrichloromethane,
bromine, and mercaptans with 3,3,3 -trichloropropene. The

TABLE 1. Addition of hydrogen bromide to polychloroolefines in the presence of benzoyl peroxide or under ultra-
-violet illumination.

No.

1

2·
3

4

5

6

7*

8

9

Polychlorooleiine

CC1,CH=CH,

CC1,CH=CH,

CC1,C=CH,

CC!,CC1=CH,

CHC1,-CH=CH,

CH,CC1,-CH=CH,

CFC1,-CH=CH,

CHC1,-CC1=CH,

CHC1,—C(CH,)=CH,

not rearranged

CHCJr-CH.-CH.Br 5

CFCl,CH,CH,Br 39

CHCl.-CCIH-CH.Br 30

CHCI,—CH—CH.Br 34

CH.

Reaction products (yield, % of theoretical)

rearranged

CCI.H—CHCI CH.Br 77

CHCI,—CHCI—CH.Br 88

CHCl.-CCl-CH.Br 5»

CH,
CHC1.-CCI,—CH.Br 34

CH.C1—CHCI—CH,Br 46
CH.CHC1—CHCI—CH,Br 73

CFC1H—CC1H—CH.Br 18

CH.CI-CC1—CH.Br ~ 30

CH,

rearranged Cl-addition
product

CHCI,—CCI—CH.CI 11

CH.

CHCI,—CC1,-CH,CI 14

unsaturated products

CCl,=C-CH.Br 15

CH.

CCl,=CCl-CH,Br 15

CHC1-C— CH,Br ~ U

CH.

% re-
arrange-
ment**

100

100

100

100

90

100

30

0

~50

Reference

52

63

64

56

56.57

57

53

55

57

* Experiments carried out under illumination with ultra-violet light.
** Calculated from the proportions of the addition products.
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TABLE 2.

No.

1

2

3

4

5

6

7

8

Reogent

BrCCI,

Br,

Br,

Br,

C.H.SH*·

C.H.SH

C,H,CH,SH

n-C,H,,SH

Addition of various

Initiator

(CeH6CO)2O2

illumination with
incandescent
lamp (150 W)

(C,H6CO)2O2

illumination with
incandescent
lamp (150 W)

ditto

»

Solvent

CHjCOOH

CHC1,

CCI.

reagents to 3,3,3-trichloropropene.

Temp.,

loo

20

80

115

80—90

110—115

110—115

not rearranged

CCI.CHBr—CH,Br 80

CCI.CHBr—CH,Br 70

CCI.CHBr—CH.Br 47

CC1,CH,CH,SC,H, 27

Reaction products (y

rearranged

BrCC!,CHCI-CH,CCl, 18

CCl,Br-CHCl-CH,Br* 30

CCl.Br—CHC1—CH.Br* 53

CHCI,CHC1-CH,SC,H, 30

CHCU-CC1H-CH.SCH, 11

C.H,

eld, % of theoretical)

rearranged Cl-addition
product

BrCCl,CHCI-CH,Cl 14

unsaturated

CC1,=CH-CH,CC1, 26

CC1,-CHCH,SC,H, 11

CC1,=CH—CH, 39

CH.C.H,

CCl,=CHCH,SC,H,,-n 30

Reference

52

58

58

58

59

59

59

60

* Yield given as a percentage of total products.
** Reaction carried out in the presence of sulphur as inhibitor of the homolytic process.

first of these compounds add to trichloropropene solely by
a chain radical mechanism. The addition of bromine to
3,3,3 -trichloropropene may be heterolytic when the reaction
is carried out in a polar solvent (acetic acid) and in the
absence of initiators (No.2 in Table 2). Under these con-
ditions a non-rearranged addition product with the structure
CClgCHBrCRjBr is formed. When the reaction is carried out
in a non-polar solvent under illumination (No.3 in Table 2)
or in the presence of benzoyl peroxide (No. 4 in Table 2),
a mixture of rearranged (BrCCLjCHClCHjjBr) and non-
-rearranged compounds is formed.

In exactly the same way the addition of thiophenol to tri-
chloropropene can be effected by both a heterolytic (in the
presence of sulphur as an inhibitor of the homolytic pro-
cess, No.5 in Table 2) and a homolytic (No. 6 in Table 2)
mechanism. In the first case a non-rearranged product
with the structure CCl3CH2CH2SCeH5 is formed, and in the
second a rearranged product and an unsaturated compound
(HCCLjCHClCHĵ CeHg and CCl2 = CHCH2SCeH5). The
last is obtained in a slight yield. When thiophenol is re-
placed by toluene-ω-thiol (No. 7 in Table 2) or n-hexane-
thiol (No. 8 in Table 2), the principal products are CCl2 =
CHCH2SCH2CeH5 and CCL, = CHCH2SCeH18 respectively. It
is interesting that in these reactions the chlorine eliminated
instead of being bound to the trichloropropene reacts with
toluene-ω-thiol and n-hexanethiol to form hydrogen chlor-
ide.

A number of factors affect the chemical behaviour of the
radicals in solution; this is reflected particularly in the
relative yields of products 1,2, and 3 (scheme I) and those
of the non-rearranged products. The most important of
these factors are the relative stabilities of the initial and
rearranged radicals, the relative rates of their reaction
with the chain-transfer agent (HBr, Br2, CeH5SH), etc.
Comparison of the results of the reactions (Tables 1 and 2)
leads to certain conclusions on the relation between the
structure of the radical and its ability to rearrange with
1,2-migration of chlorine.

The reactions listed in Table 1 were carried out under
comparable conditions with the same chain-transfer
agent — hydrogen bromide. The results obtained show
that rearrangement leads to the formation of more stable
radicals. For example, the reaction of 2,3,3-trichloro-
prop-1-ene (No. 8 in Table 1) with hydrogen bromide takes
place without rearrangement, since, in conformity with the
general rule, the initial secondary radicals# CHCl2OClCH2Br
are more stable than the primary radicals CHClCCl2CH2Br,
which would be formed as a result of rearrangement.
Radicals in which the unpaired electron is associated with

I
the group CCLj-C- are more stable than secondary radicals

of the type - C - C H - C - or -C-CC1-C-, and also more
[ I I I

stable than tertiary radicals. Accordingly, radicals (A),
(B), and (C) rearrange to (A'), (B'), and (C) (Nos. 1, 3, and
4 in Table 1).

CCl,CHCH2Br - CCl2CHClCH,Br,

(A) (A')

CCl3CClCH2Br -* CCl,CCl2CH2Br,

(Β) (Β')

CC13C—CH2Br -> OCl,CClCH,Br.

CH3 CH3

(C) (C)

Primary radicals bound to chlorine are somewhat more
stable than secondary radicals bound to hydrogen; thus
radicals (D) rearrange to (D'):

CHCl2CHCH2Br - CHClCHCICH.Br. (No. 5, Table 1)

ω) ω')
It is therefore readily seen why the secondary radical (E)

rearranges to the more stable secondary radical (E'):
CH,CCl2CHCH2Br -» CHsCClCHClCH2Br.

(Ε) (Ε')

(No. 6, Table 1)
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Reactions of 3,3,3-trichloropropene with various sub-
stances which can function as chain-transfer agents are
compared in Table 2. Examination of the data shows that,
in all cases where the reaction is carried out in the pre-
sence of radical initiators (Nos.l, 3, 4, 6, and 7), the initial
radicals CClgCHCH2Y (Y = CCL,, Br, CeH5S) rearrange to
the more stable radicals OC^CHClCILjY. The different
chain-transfer agents resulted merely in a change of the
relative yields of products of types 1,2, and 3 (scheme I,
p. 7). This also confirms that the main factor determin-
ing the occurrence of rearrangement is the greater stability
of the rearranged radical.

In some of the cases investigated, "normal" addition
products were obtained together with the rearranged pro-
ducts:

(1) CC1 3CH=CH 2 y f-Br a -<
^BrCCljCHClCHjBr,

*CFCl2CH2CH2Br

(2) CFC1 2CH=CH 2 + HBr—<
^HCFClCHClCH 2 Br,

-CFCl2CHBrCHaBr

-,CHC12—CH2CH2Br

(4) CHC.a-CH=CHa +
 H B K C H 2 C , - C H a - C H 2 B r ,

^CHCl2-C(CH3)H-CH2Br

(5) CHClj—C(CH3)=CH2

(No. 4, Table 2)

(No. 7, Table 1)

(No. 3, Table 3)

(No. 5, Table 1)

(No. 9, Table 1)

In all cases except the first, the formation of non-rearranged
products by simultaneous heterolytic addition reactions is
eliminated from consideration since these reactions do not
occur in the absence of benzoyl peroxide and illumination.
Furthermore, addition of traces of inhibitors suppresses
the formation of both the rearranged and non-rearranged
products. It is possible that the initial radicals
CFC^OHCHaBr, CFCLjCBrCRjBr, CHClaCHCHjsBr, and
CHCl26(CH3)CH2Br, and the corresponding rearranged radi-
cals OFClCHClCHgBr, CFClCBrClCH2Br, CHClCHClCH2Br,
and OHClCCUCHgJCHLjBr have comparable lifetimes, which
results in a mixture of rearranged and non-re arranged
products.

During studies of 1,2-migration of chlorine in radicals
the interesting homolytic transformation of 3,3,3 -trichloro -
-2-bromoprop-l-ene to the isomeric l,l,2-trichloro-3-
-bromoprop-1-ene was investigated81 (No. 1 in Table 3).
The compound (CCLjCBr = CH2) isomerises on standing
after an induction period (over 1-2 days) or on illumination
(without heating) with a mercury-vapour lamp (over several
minutes):

CCl 3 CBr=CH, - CCI a=CClCH sBr.

The radical chain mechanism of this rear rangement has
been demonstrated by the following observations. The
rearrangement i s initiated by illumination of the substance
with ultra-violet light and i s inhibited by the addition of
smal l quantities of such inhibitors a s hydroquinone and
dimethylaniline. The homolytic i somerisat ionof this com-
pound differs from the heterolytic anionotropic i somer i sa-
tion, which i s of the allylic type:

— • CCl2=CCICH2Br
CClsCBr=CHil-

J*E!i_- CCl,=CBrCH,Cl.

The following scheme has been proposed for the homolytic
isomerisation.

(Ill)

Br + CCl3CBr=CH2

t.
CClstBrCHjBr

Br'+CCl 2 =CClCH 2 Br Z- CClaCBrClCH,Br

The results of other studies on isomerisation of this type
are given in Table 3.

Compounds of the type XCCLjCBr = CH2 (where X =
F) can also isomerise on illumination with ultra-violet
light or on heating with benzoyl peroxide:

XCCl aCBr=CH a - XCCl=CClCHaBr.

3,3-Dichloro-2-bromobut-l-ene (No. 2, Table 3) iso-
merises heterolytically under the action of SbCl5 with the
formation of the allylic isomer l,3-dichloro-2-bromobut-
-2-ene, whereas on illumination with ultra-violet light it

TABLE 3. Homolytic isomerisation of compounds of the type XCCl2CBr= CH2.

No.

1

2

3

Polyhalogenoalkene

CCl,CBr-=CH·,

CHjCCLCBr^CH',

CFCla—CBr—CH*

SbCI5-catalysed
anionotropic
isomerisation

CCl,=CBr—CH.C1

CH,CCl=CBr—CHiCl

Homolytic isomerisation

CCl,=CCl-CH,Br*·

CH,CC1=CC1—CH,Br··

CFC1=CC1—CH.Br*··
+ dimer* (C)

Interaction with various reagents

reagent

C.H.SH

C.H.SH

C.H.SH+S

HBr-t-
+(C.H.CO,),

HBr
(u.v. light)

heating with
(C.H.CO,),

products

unsaturated

CC1,=CC1—CH,SC,H,

CC1,=CCI_CH,SC.H,

CH,CC1=CC1—CH.Br

CFCl=CCI-CH,Br
(A)

CFCl=CClCH,Br
(A)

addition products

Οα,ΟΗΒΓ-αΗ,βΟ,Η,

_

CFCl,-CHPr-CH,Br+
(B)

+dimer* (C)
dimer· (C)

yield, %
of

theoretical

55

30

38

90

78 (B);
3 (A);
9(C);

46 (A);
49 (C);

% re-
arrange-

ment

100

100

0

100

4 * . . .

100*··*

Reference

6!

60

62

63

* After an induction period Nos.l and 2 undergo homolytic isomerisation to CC1X = CC1—CH2Br (X = d , CH3);
on standing No. 3 is converted to dimer (C) with the structure CH2Br-CBr(CFCl2)-CH2-CCl = CFCl; on
interaction with dialkylamines Nos.l, 2, and 3 form amines with the structure CXCl=CBr—CH2NR2(X = Cl, F,
CH3).

** Illumination with ultra-violet light.
*** Heating or illumination with ultra-violet light.

**** Yield of dimers not taken into account.
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isomerises homolytically to 2,3-dichloro-l-bromobut-2-
-ene. Ultra-violet light causes the homolytic isomerisa-
tion of 3-fluoro-3,3-dichloro-2-bromoprop-l-ene (No. 3 in
Table 3) to l-fluoro-l,2-dichloro-3-bromoprop-l-ene, a
dimer which probably has the structure CH2BrCBr (CFCLJ -
CH2CC1 = CC1F being formed at the same time.

Such isomerisation of compounds of the type XCCLjCBr =
CH2 is due to the fact that radicals with the bond system

I I
- C —C-Br readily split off the bromine atom, then

! I
becoming stabilised by rearrangement to unsaturated com-
pounds [reaction c, scheme (ΙΠ)]. Thus compounds with
the structure XCCLjCBr = CH2 (where X = Cl, CH3) do not
undergo homolytic addition, even of extremely effective
chain-transfer agents such as hydrogen bromide and thio-
phenol (Nos. 1 and 2 in Table 3)j in all cases the initially
formed radicals of the type XCCLjCBrCILjY (where X = Cl,
CH3; Υ = Br, CeHgS) isomerise to XCClCClBrCH2Y which
become stabilised by splitting off bromine and rearranging
to unsaturated compounds of the type XCC1 = CC1CH2Y.
Only when hydrogen bromide is added to 3-fluoro-3,3-
-dichloro-2-bromoprop-l-ene under ultra-violet illumina-
tion (No. 3 in Table 3) is a saturated addition product
(CFCLjCHBrCHjjBr) obtained together with the unsaturated
compound (CFC^CClCILjBr). The former, however, is
formed from the non-rearranged radical, and the rearranged
radical is stabilised solely by eliminating bromine and
undergoing conversion to an unsaturated compound:

CFCl,CBr=CHi + Br - CFCl2CBrCH.,Br

(F)

(IV) CFCl2CBrCH,Br

I HBr

J ^ L CFClCClBrCHsBr

I HBr I (F')

CFCl2CHBrCH8Br + Br CFC^CClCHjBr + Br.

1,2-Migration of chlorine is observed also in other re-
actions. Thus Urry and Eiszner6 4 obtained a 60% yield
of tetra(chloromethyl)methane in the reaction between
diazomethane and carbon tetrachloride under illumination.
The reaction must be based on a radical chain mechanism,
since it is very slow in the dark, becomes faster on illu-
mination, and is inhibited by diphenylamine. In stages (1),
(2) and (3) [scheme (V)] the mechanism proposed for the
formation of tetrachloromethylmethane involves rearrange-
ment with migration of a chlorine atom from the trichloro-
methyl group (and then from, the dichloromethyl and mono-
chloromethyl groups) to a neighbouring carbon atom with an
unpaired electron.

(V)

CC13 + CHaN2 — CC13CH, + N 2 ,

CCI3CHj -> CClj—CHSC1,

CCIs—CHjC! + CH2N2 - CHaCCls—CH,C1 + Nj,

CHjCClj—CH2C1 -* CHjCl—CC1—CHaCl,

CHjCl—CC1—CHjCl + CHjN2 -* CH2CI—CCl—CHSCI + Nj

CHSC1—CC1—CH2C1 - CH2C1—C—CH2C1,

CH, CH2C1

CH,

CH2CI—C—CH,CI + CH,Nj - CHaCCl—C—CHjCI -f N 2 ,

CH2CI CHjCI

f-
CH2CI—C—CHjCI + CCI4 -> (CHjCI)4C + CCI3.

CH,CI

(1)

(2)

(3)

It might be supposed that in the reaction between diazo -
methane and carbon tetrachloride the C-Cl bond is
ruptured and the biradical «CĤ  "inserted", which should
also result in the formation of tetra(chloromethyl)methane.
However, since CHgCCL, and CH-jClCCL, do not react with
diazomethane under these conditions, this hypothesis was
rejected.

Diazomethane reacts similarly with bromotrichloro-
methane, chloroform, and methyl trichloroacetate64.
Methyl diazoacetate reacts with chloroform, carbon tetra-
chloride, and bromotrichloromethane with the formation of
rearranged products65:

CHNjCOOCH3 + XCCI, CCI3CHCOOCH3 + (X) (X = H, Cl, Br),
(G)

(VI) CC13—CHCOOCH3 - CC1,CHC1—COOCH3

(G) (G')

CC1,—CHC1—COOCH, —

(G')

i \ CCltX—CHCl—COOCH3 + CCl, (X = H. Br)

— CC12=CC1—COOCH3 (X Br).

It must be emphasised that although the secondary radi-
cal (G) in scheme (VI) is stabilised by the neighbouring
methoxycarbonyl group, it is nevertheless less stable than
the (C) radical which contains the OCLj group.

Reaction between olefines and sulphonyl chloride in the
presence of t-butyl peroxide proceeds as follows86:

RCH=±CH2 + SO2C12—

RCHC1CH2C1

• (RCHC1CH2)2SO2.

The authors suggested that the reaction involves rearrange-
ment of the radicals with 1,3-migration of chlorine from
sulphur to carbon:

RCH=CH2 + SO2C1 -» R—
\

rearrangement

R C H C 1 C H J S O , C H 2 C H R ^ R C H C " ' RCHC1CH2SO2

Iso.ci,

(RCHC1CH2)2SO2 + SO2C1.

Assuming that rearrangement of polyhalogenoalkyl
radicals results in the formation of more stable radicals,
the following table of relative stabilities has been set up:

CCljCH, < CC1 2CHJC1 M

CH2C1CC12CH2 < CH2C1CC1CH2C1 M

(CH,C1) 2 CC1CHJ < (CH2Cl)2CCHjCl M

CHClCCl2CH2Br < CHCl2CClCH,Br "

CC1,CHCH,X < CC12CHC1CH,X ( X = C 1 M , Br n , CCl,", SC.Hj')

CCI3CHCOOCH3 < CC12CHC1COOCH3'
S

CCl3CClCH2Br < CCl2CCljCH2Br M

CClsCBrCHiY < CCl2CClBrCH2Y (Y=Br", SC.H,60)

CH3CCl2CHCH2Br < CH3CClCHClCH,Br "

CCl3C"(CH3)CH2Br < CCIsCCl(CH3)CH2Br M

CHCl2CHCH2Br < CHClCHClCH2Br Η · " ί

CHClaC(CH3)CH2Br < CHC1C(CH3)C1—CH.Br " t

CFCljCHCHjBr < CFClCHClCH2Br " ' $

CFCl,CBrCH2Br < CFClCClBrCH2Br " t

t Under the given conditions these radicals have comparable
life-times. Sufficient data for an actual estimate of their stabilities
are not available, but it appears that the stabilities of radicals in
the left-hand column are less than or close to the stabilities of
those in the right-hand column.

10
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From this table, the radicals can be arranged in the fol-
lowing series with respect to their stability:

ΠΙ. RADICAL REARRANGEMENTS WITH MIGRATION
OF ARYL GROUPS

RCH2 < R2CH < R 3 £ SS RCHC1 < R2CC1 < RCC12,

where R are polyhaloalkyl radicals. The agreement be-
tween the left-hand side of this stability series and the
related series for hydrocarbon radicals (primary < secon-
dary < tertiary) emphasises the correctness of the hypo-
thesis that the principal factor governing the occurrence of
rearrangement is the formation of radicals which are more
stable under the given conditions.

The available experimental evidence shows that the re-
arrangement involves intramolecular migration of a
chlorine atom. For example, in the homolytic addition
of HBr to 3,3,3-trichloropropene the process may be re-
presented by scheme (A):

Br + CC13CH=CH2 • CCl3CHCH2Br

(A) t
ι

Br + HCCl2CHClCH2Br J !

(Ill)

rearrangement

CCl2CHClCHaBr.

An alternative possibility is the migration of a chlorine
atom to the reaction point and its subsequent addition to the
double bond with the formation of a rearranged radical, as
in scheme (B):

(C)

B r + C C 1 3 C H = C H J - • C C l 3 C H C H 2 B r • C C I 2 = C H C H 2 B r + C l

ΐ (Ο I (ID

1 Br + HCCI2CHClCH2Br < - — CCl2CHClCH2Br.
(Ill)

However, the chlorine atom is known to add on very
much more readily to compounds of type (I) than to those
of type (Π) and consequently process (B) cannot explain the
observed preferential formation of the rearranged com-
pound (HI).

The fact that in a number of cases rearrangement does
not yield any product which could be ascribed to inter-
molecular migration of chlorine constitutes the principal
proof that the migration of the chlorine atom is intramole -
cular. Some examples of rearrangements of this type,
which result in almost quantitative yields of a single pro-
duct, are given below:

CCI 3CBr=CH 2 — CCl 2 =CClCH 2 Br,
Βζ,Ο,

HBr
CH 3 CCl 2 CBr=CH 2

CCI 3 CH=CH 2 + HBr

CH 3 CCl-CClCH 2 Br,

? - HCCljCHClCH2Br.

In addition to intramolecular migration of chlorine,
intermolecular migration is also possible in a number of
cases. This always leads to the formation of side pro-
ducts, as for example in scheme (C) which describes the
homolytic addition of thiols to 3,3,3-trichloropropene with
the formation of the rearranged compounds (V) (pathway
a, b, c) and the unsaturated compounds (IV) plus hydrogen
chloride (pathway a, d, e):

SR + CC1 3 CH=CH 2

(C)

SR + HCC1,CHC1CH2SR

(V)

CC13CHCH2SR -» CC1 2=CH—CH 2SR + Cl

(IV) e

arrangement Cl + HSR — HC1 + SR

CC1.CHC1CH.SR.

A. 1,2-Migration of Aryl Groups

A number of free-radical rearrangements involving
1,2-migration of aryl groups are known. The first such
rearrangement, for the neophyl radical, was described by
Urry and Kharasch67 in 1944. They found that when phenyl-
magnesium bromide is allowed to react with l-chloro-2-
-phenyl-2-methylpropane(neophyl chloride) in the presence
of cobalt chloride, hydrocarbons (I)-(IV) are formed in
55% yield, which corresponds to 50% rearrangement. The
following scheme was proposed:

CeH6MgBr + CoCl2 - C,H5CoCl + MgBrCl,

2C,HsCoGl -» C,H,C,H5 + 2CoCr,

C,H,C(CH3)aCH2Cl + CoCl· - C,H5C (CH3)2CH2 + CoCl 2,

C eH 6C(CH s) 2CH 2 — ^ C eH6C (CH 3) 2CH 3 ,

(1)
rearrangement

C e H 6 C(CH 3 ) 2 CH 2 C(CH 3 ) 2 CH 2 C,H 6 ,

CH 3

X=Cr<C 6 H S C H 2 C = C H 2 + C eH 6CH 2CH (CH 3 ) 2

(II) (III)

CH,

' C e H 5 C H = C — C H 3 + I I I .

(IV)

An analogous rearrangement takes place in the decar-
bonylation of β -phenylisovaleraldehyde catalysed by
di-t-butyl peroxide, which results in approximately iden-
tical yields of t-butylbenzene and isobutylbenzene68.
Seubold69 studied the effect of dilution and temperature
on the rearrangement in this reaction. He found that the
ratio of the reaction products (isobutylbenzene ^-butyl-
benzene) to a large extent depends on the concentration of
the aldehyde and only little on the temperature (see
Table 4).

The dependence of the extent of rearrangement on the
concentration suggests that the rearrangement involves the
formation of a free neophyl radical with subsequent migra-
tion of the phenyl group, resulting in the formation of the
phenylisobutyl radical:

RiCO - Ri + CO,

Ri + RiCHO ^ R,H + RjCO,
• rearrangement .
R jj * R

R2 + RXCHO ? ! R'2

(R8H) ^ d (R2H) = k* _

(RxH) d (R^) ki (R^HO)

Another possibility, by analogy with heterolytic rearrange -
ments, is that the phenyl group participates in the reaction

TABLE

Temp.,
C

130
130

130. 150
170

4.
Molar concn.

aldehyde i
chlorobenze

6.4
1

without solv
ditto

of
τ
ie

ent

% re-
arrangement

51
80

57±3
63+3

11
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TABLE 5. Decarbonylation of aldehydes (RCHO) on heating to 130°-150e.

No.

2

3

4

5

6

7

a

9

10

II

R

CH,

C.H.C-CH·
1 »

CK,

CH,

CH,C,H4C-CH,

CH,

(C.H,),C-CH,

CH,

(C.H.J.C-CH,

(C,H,),C-CH

CH,

C.H,

ρ-ΝΟ,ϋ,Η,ίί—CH,

N^H,.

\ ^ C H »

/CeH»

C.H.

CHjOC.H,-CD—dH,

C.H.CH.CH,

C,H,CH,t-CH,

CH,

Migrating group

C.H,

p-CH,C,H4

C.H,

C.H,

C.H,

ρ-ΝΟ,ΰ,Η,

C.H,

C.H,

C.H, or CH.OC.H.

C.H,

C.H,

Temperature, °C

130

130

140

140

140

140

140

146-150 (in chloro-
benzene)

Products (overall yield, %)

C H · .CH.

C,H,C-CH,, C,H,CH,-CH 71

C!H, N C H ,

CH,
I /CH,

CH,C,H1C-CH1, CH,C,H4-CH,-CH<r

CH. C H i

/CH,
CH,CH4CH,C-CH,, CHtC^CH-C^ us

Γ /CH.1
C.H.CH.C- 1 94

L C.H, J,

(C,H,),CHCH,C,H,, (C,H,),C=CHC,H« 24.3

(C,H,),CHCHC,H,, (ΰ,Η,),ΰ=ΰ-ΰ,Η,

CH, CH, 33

η ΝΠ Γ Η ΓΗ c'^'^* unidentified
χ;,Η, p-nitrophenyl-hydrocarbon 4

/-^y 0 ·"* /TVCHAH. 47
\_-/XHj

/ C H . j — T - C H . C H .

C.H,

CH.OC.H.CD-CH, 45-50

14 (14) 14 (14)
C.H,CH,CH,. C.H,CH=CH, 67.8

C,H,CHaCH(CH,),

% re-
arrangement

57±3

48-49

100

96

100

80

89

63

0

3.3±0.1

0

Reference

68.69

78

26

27

26

27

70,79

70,79

27

24

78

through a bridge -type transition state, for example as
follows;

j
CHj—C—CHjCO

—CO reaction products.

Here the proportion of the reaction product should not
depend on the concentration of the hydrogen donor, in this
case aldehyde. It is noteworthy that the l,l-dimethyl-2-
-phenylethyl radical obtained by the decarbonylation of the
corresponding aldehyde does not rearrange to the neophyl
radical (No. 11 in Table 5).

Later W ° it was shown that the extent of rearrange -
ment during the decarbonylation of aldehydes decreases on
addition of a hydrogen donor, for example, toluene -ω -thiol

or thiophenol, to the reaction mixture. Such a reaction
may be represented as follows:

RSH+A - RS+ AH,

R§ + RjCHO - RSH + RxCO .

R,CO -• R, + CO.

R » -

— R,H + RS

rearrangement
R,.

R, + RSH - R,H + RS,

where R = CeH5, CeHeCH2.

The chain transfer constants for mercaptans are known
to be much higher than for aldehydes71»72, i.e. mercaptans
are better hydrogen donors in free-radical reactions than
aldehydes. This confirms the data obtained by Slaugh24,
who found that the side chain of the ethylbenzene obtained
in the decarbonylation of 3-phenylpropionaldehyde in the
presence of tritium-labelled toluene-ω-thiol contained
tritium. Thus addition of the mercaptan shortens the life

12
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of the radical so that the latter does not have time to
undergo rearrangement. Seubold89 explains the absence
of rearrangement in the peroxide-catalysed chlorination of
t-butylbenzene73 by the fact that the rate of the reaction
of the neophyl radical with chlorine is higher than the rate
of the rearrangement.

The small temperature dependence of the relative
yields of the reaction products shows that the activation
energy for the rearrangement and for the removal of
hydrogen from the aldehyde are approximately the same.
For the latter process, Ε = 7-8 kcal mole"1!. Seubold69

also quotes the heat of migration of the phenyl group in the
neophyl radical:

Η + C,H6C (CH3)2 CH 2 - C e H 6 C(CH 3 ) 2 CH a 4-95.5 k c a l m o l e ' 1

(it is assumed that this quantity is the same as in neo-
pentane),

C eH 6CH 2CH (CH 3) 2

(as in isobutane),

C eH6CH2C (CH3)2 + Η - 86.5 kca l mole" 1

C eH6C (CH3)2 CH 3 - * C eH 6CH 2CH (CH3)2 - 0.3 kcal mole" ' ,

C eH 6C (CH3)2 CH2 — C,H6CH2C (CH3)2 + 8.7 k c a l mole" 1 .

Apart from the above examples, the rearrangement of
the neophyl radical was also observed in the decomposition
of/3-phenylisovaleryl peroxide74, when bromine was
allowed to react with the silver salt of β -phenylisovaleric
acid. Here, however, contradictory results were ob-
tained: Berr 7 5 and Wilt76 state that there is no rearrange-
ment in the reaction, whereas Smith and Sellas77 found the
extent of rearrangement to be 52%. In general, the extent
of rearrangement should depend on the relative rate of the
rearrangement of the radical with respect to the rates of
the competing reactions (substitution, disproportionation,
etc.). The dependence of the extent of rearrangement on
the rates of the competing reactions is particularly evident
(as described above) in the case of the neophyl radical
(dependence on the hydrogen donor concentration, absence
of rearrangement in the chlorination of t-butylbenzene,
etc.).

From a comparison of the extent of rearrangement in a
series of similar reactions, assuming that the rates of the
competing reactions change little within a given series, the
qualitative dependence of the rate of isomerisation on the
structure of the radicals can be determined.

A number of studies on the rearrangement of radicals of

Ar
the type

R

c - c ( > where Rx and Rj = H, CH3, Ar,

4

and Rg and R4 = H, Alk are summarised in Tables 5 and 6.
Great care must be exercised in comparing radicals which
were obtained in different reactions and consequently had
different lifetimes. Even in a series of similar reactions,
as for example in the decarbonylation of aldehydes, the
radicals formed in the intermediate stage are stabilised at
different rates and sometimes even by different pathways
because of the differences in the structure of the aldehydes
and their transfer constants. For instance, in the decar-
bonylation of phenylisovaleraldehyde (No. 1 in Table 5) the
radicals react by removing a hydrogen atom from the
aldehyde, whereas in the decarbonylation of /3,j3-diphenyl-
butyraldehyde (No. 3 in Table 5) the radicals dimerise;

§ Signs of the heats have been changed throughout to conform
with English notation (Ed. of Translation).

under these conditions triphenylethyl radicals (No. 4 in
Table 5) are stabilised mainly by disproportionation.

Rearrangement depends markedly on the degree of sub-
stitution at the β-carbon atom, the quantity of rearranged
products increasing with increase in the number of sub-
stituents. This increase may be due to a number of
factors: steric strain in the initial radical, the tendency
to form a more stable radical (the rearrangement of a
primary to a secondary or tertiary radical), etc. (cf. Nos.
1, 10, and 11 in Table 5 and 1, 2, and 3 in Table 6).

In the case of the phenylethyl radical (No. 10 in Table 5
and No. 1 in Table 6) structural factors favouring re-
arrangement are lacking. Here rearrangement may be
effected by the formation of a bridge-type transition state,
in which the unpaired electron is delocalised over the
benzene ring:

As a result, 50% rearrangement might be expected. How-
ever, in practice this equilibrium is not attained and the
yields of rearranged products prove to be much lower.
Thus when [2-14C]-3-phenylpropionaldehyde is decarbonyl-
ated, rearrangement takes place to the extent of only a
few per cent. As with the neophyl radical, the rearrange -
ment depends on dilution and on the addition of mercaptan,
which is interpreted as proof that the reaction goes via the
free [14C]-2-phenylethyl radical. In this case the extent of
rearrangement increases with the temperature. Thus,
unlike the case of the neophyl radical, the activation energy
for the migration of the phenyl group in the phenylethyl
radical is somewhat higher than the energy required for the
removal of a hydrogen atom from the aldehyde.

The appreciable rearrangement in the reaction of
2-phenylethyl bromide with magnesium in the presence of
cobalt bromide (No. 1 in Table 6) may be explained by the

TABLE 6. Rearrangements in Grignard reactions in the presence
of cobalt salts.

No.

1

i

3

4

R

C,H,CH,CH,

CH,

C.H.CHCH,

CH,

C.H.C—CH,

CH,

CH,

CH.C.H.C-CH,

CH,

Reaction

RBr+Mg+CoBr,

RBr+Mg+CoBr,

RCI+C,H,MgBr+CoCl,

RCl+C,H,MgBr+CoCl,

Products (overall yield, %)

C,H,CH=CH,, C,H,CH,CH, 44

CH. CH,

C.H.CH , C,H,C=CH,; C,H,CH,CH,CH,;
N C H ,

C,H,CH=CHCH,, CH,CH,CH=CH, 17

CH,C(CH,),CH,, C,H,CH,-C=CH,
.CH,

C.H,CH,CH(CH,),, C.H,CH=C< 55

CH, C H >

p-CH,C,H«C-CH,,p-CH,C,H4CH, —CH ,

CH, CH,
CH,

P - C H J C ^ C H J C ^ H , .

pCH,C,H4CH=CCH, 54.6

CH,

% re-
arrange-

ment

19-20

40

50

36

Ref-
erence

80

80

67

η

13
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long lifetime of the radical in this reaction. It is also
possible that decomposition of phenylethylcobalt halide
proceeds in step with the rearrangement, for example 8 0:

[cfH2—"CHj—-CoBr] reaction products.

The question of the formation of non-classical transition
states may be resolved by studying the stereospecificity of
group migration.

The rearrangement is also considerably influenced by the
nature of the substituent at the β -carbon atom. Curtin and
coworkers26»27 studied the decarbonylation of a number
of aryl-substituted aldehydes (Nos.3, 4, 5, 6, and 9 in
Table 5). Their results show that when the methyl groups
of the neophyl radical are replaced by phenyl groups, the
capacity of the radicals to undergo rearrangement increases.
Thus, in the decarbonylation of β, /3-diphenylbutyraldehyde,
β, β, β-triphenylpropionaldehyde, and β, β, β-triphenyl-α -
-methylpropionaldehyde, only rearranged products were
obtained. Rearrangement of the β, β, β-triphenylethy 1
radical was also observed in the thermal decomposition of
(C6H5)3CCH2CN=NCCH2C(CeH5)3, resulting in the forma -

II II
ο ο

tion of β, β, a -triphenylethane and triphenylethylene in
approximately equal amounts81.

A rearrangement was also found to occur 8 2 in the peroxide -
-catalysed addition of butyraldehyde to 3,3-diphenylbut-l-
-ene, the reaction yielding 2,3-diphenyloctan-4-one. A
similar rearrangement was observed ω in the reaction of
this diphenylbutene with bromotrichlor ο methane in the
presence of benzoyl peroxide:

CH3C (C,H6)2 CH=CH, + CC1, CH3C (C,H,)a CH-CH.CCl,

rearrangement

CC13 + HBr + C H I = C (C,H6) CH (C,H6) CH2CCi3 - -

It is interesting that in the homolytic addition of butane thiol
or thiolacetic acid to the same diphenylbutene there is no
migration of the phenyl group.

The presence of the p -methoxyphenyl group in a -phenyl-
-a-(/>-methoxyphenyl)ethyl radical (No. 9 in Table 5) sup-
presses rearrangement, the only product of the reaction
being a -phenyl-α -(/>-methoxyphenyl)ethane.

Very few data are available on the effect of other sub-
stituents. Wilt and Philip70»79 studied the effect on the
rearrangement of the incorporation of the cyclopentyl and
cyclohexyl rings in the aldehyde molecule. They found
that, in the t-butyl peroxide catalysed decarbonylation of
aldehydes with structures

H,CHO

the size of the ring appreciably influences the extent of
rearrangement (Nos. 7 and 8 in Table 5). The effect of
temperature and mercaptans is shown in Table 7. The
marked influence of toluene-ω-thiol on the rearrangement

TABLE 7.

R

1-Phenylcyclo-
pentyl

1-Phenylcyclo-
hexyl

% rearrangement at
various temperatures

140°

63

89

190°

71

91

HI
92

94

16
0°

(2
0

 m
ol

e 
%

to
lu

en
e·

•
ω

-t
hi

ol
)

3

50

was interpreted by the authors as a confirmation of the
free-radical mechanism, the following radicals participat-
ing in the reaction:

The percentage rearrangement was calculated from the
proportions of the hydrocarbons formed, which were ob-
tained in 64-74% yield in the case of the cyclopentyl deri-
vative, and in 21-47% in the case of the cyclohexyl deri-
vative.

The concept of 1,2-migration of the phenyl group was
used to explain the isomerisation of certain alkylbenzenes
during pyrolysis at high pressure84»85. When isopropyl-
benzene, />-isopropyltoluene, and s-butylbenzene were
passed through a heated copper tube (816 atm, 479°-528°),
n-propylbenzene, />-n-propyltoluene, and n-butylbenzene
(the last in small yield) were obtained respectively, as well
as other products 8 5. Quite recently Slaugh and Raley 8 5 found
that when these alkylbenzenes are pyrolysed in an autoclave
in the presence of effective chain-transfer agents, the yields
of the rearranged alkylbenzenes increase. Chain-transfer
agents such as CeH5SH, H2S, etc. are either introduced
directly or are formed as a result of pyrolysis of halogen-
or sulphur-containing promoters. The authors believe the
best promoters to be organic bromo-derivatives. The
following mechanism was proposed for this isomerisation:

radical source » In* (initiator),

In* + HT · Τ +· InH (HT = hydrogen-transfer agent),

+ TH

[/ ^ \ ,-CH(R)-CH3~l

<QXI ^-CH,CH(R)CHj,

(transition state)

H,CH(R)CH3 + HT

The relatively difficult removal of a hydrogen atom from
the ^position in isopropylbenzene appears to be facilitated
by the removal of the resulting radical from the equilibrium
system by the 1,2-migration of the phenyl group followed by
further reactions of the isomeric radical.

14
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Similar isomerisations with 1,2-migration of the aryl
group were also observed in the thermal alkylation (410-
420 atm, 400°-485°) of alkylbenzene with olefines86"88, in
the following systems:

c c c
Ι Ι ι

Ar—C—C—C—C - Ar—C—C-C—C-C ,

Ar—C—C—C—C -» Ar—C—C—C—C—C ,

Ar-C-C—C—C -» Ar—C—C-C—C—C,
\

C

Ar—C—C—C—C—C -> Ar—C—C—C—C—C—C,

C C C

Ar—C—C—C—C -* Ar—C—C—C—C-C ,

C C

Ar—C—C—C—C—C — Ar—C—C-C—C—C—C .

c

For example, alkylation of ethylbenzene with isobutene w

yielded 2-methyl-4-phenylpentane and 1-pheny 1-4-methyl -
pentane, the formation of which is explained by the migra-
tion of the phenyl group in the radical

CH2 CH3

CeH6CH—CHjCHCHa'

The latter may arise either as a result of 1,4-migration of
hydrogen in the radical intermediate formed during the
alkylation,

CH3 CH3

C6H6CH—CH2C—CH3 '

or by the removal of hydrogen from the a -methyl group in
2-methyl-4-phenylpentane (cf. isomerisation of alkyl-
benzenes).

To determine the relative capacity of aryl groups for
migration, Kharasch and his coworkersM studied the
thermal decomposition of t-butyltriarylmethyl peroxides
in cumene solution. The following reaction scheme was
proposed:

(C,H5)3COOC(CH3)3 - (C,H5)3CO + (CH3)3CO,

(CH»), CO + C,H6C (CHaK Η - C,H» (CH,)S C ,

[ and also CH4 + (CHs)j CO or (CH3)3 COH],

2(C,H,),CO - 2C,H,O(C,H6),C - [C,H6O (C.H,^ C - ] , ,

[CH.0 (C.H.), C - ] , + C,H6 (CH3), C - C,H6O (C,HS)2 C - C (CH,), C,H6 +

+ C,HtO (C.HshC.

The extent of rearrangement was determined by the
hydrolysis of the reaction product with subsequent estima-
tion of the phenols. Before hydrolysis the product con-
tained only slight quantities of phenols. The rearrange-
ments of the radicals ArC(C6H5)20 (where Ar = />-CH3C6H4,
a -naphthyl, p -biphenylyl) were investigated in this way,
and the capacity for migration of the groups in the given
compounds was assessed from the proportions of the aryl-
oxy derivatives. The mobilities of the phenyl and tolyl
radicals proved to be approximately the same. The rate
of migration of the α-naphthyl and p -biphenylyl groups is
six times greater than that of the phenyl group.

Attempts were also made to compare the capacities
for migration of p -nitrophenyl and phenyl groups. The
following compounds were obtained in the thermal decom-
position of nitrophenyldiphenylmethyl hydroperoxide95:
phenol, p -nitrophenol, />-nitrobenzophenone, £-nitro-
phenyldiphenylmethanol, and biphenyl. The large quantity
of p -nitrophenol and the absence of benzophenone suggest
that the rate of migration of the nitrophenyl group is high
compared with that of the phenyl group, but the mechanism
of the reaction remains obscure. The results obtained in
the thermal decomposition of t-butyl /'-nitrophenyldiphenyl-
methyl peroxide are no more definite M :

B. Radical Rearrangements with 1,2-Migration of Aryl
Groups from Carbon to Oxygen

According to thermochemical calculations, rearrange-
ment of alkoxy radicals (RgC-O) with migration of sub-
stituents to oxygen should be accompanied by a gain in
energy89. However, in practice such rearrangements are
observed only in radicals containing three aryl groups:
Ar 3C-0 -»Ar2C-OAr. Kharasch et al.90 concluded that
the formation of the diphenyl ether of benzopinacol in the
thermal decomposition of triphenylmethyl peroxide 9 1 and
triphenylmethyl hyponitrite92, and in the decomposition of
triphenylmethyl hydroperoxide in the presence of ferrous
salts, goes via the rearrangement of the free radical:

(C,H,)3C—O — (C,H5)S C—OC,H4 - dimer.

Direct confirmation of the formation of free radicals
when hydroperoxides are decomposed in the presence of
ferrous salts was obtained by Kharasch and his coworkers93

in the reactions of t-butoxy and a-cumyloxy radicals. In
the presence of butadiene, products expected for a reaction
between radicals and an olefine were obtained:

ROOH + Fe"+ — RO + FeOH s +,

RO + CH,=CH—CH=CH, — (ROC.H,);

2 (ROC4H,)· — (ROCH2CH=CHCH,—)2,

2(ROC4H,)" — ROCH,CH=CHCH1CH(CH=CH i)CH,OR.

p-NOtC,H4C (C,HS)S—O—O— t-C4H,.

The results obtained in studies on carbon-carbon re-
arrangements lead to analogous conclusions about the capacity
for migration of certain aryl groups. For example, the
proportions of the rearranged and non-rearranged pro-
ducts in the decarbonylation of phenylisovaleraldehyde and
p-tolylisovaleraldehyde (Nos. 1 and 2 in Table 5) are
similar; this is also the case in the reactions of neophyl
chloride and p -methylneophyl chloride with a Grignard
reagent in the presence of cobalt chloride (Nos. 3 and 4 in
Table 6). It is therefore concluded that the capacities of
the phenyl and £-tolyl groups for 1,2-migration are the
same. In the decarbonylation of β, /3-diphenyl-j3-/>-nitro-
phenylpropionaldehyde (No. 6 in Table 5) a-/>-nitrophenyl-
-/3,/3-diphenylethylene was obtained in 3.3% yield, which
constituted approximately 80% of the nitrohydrocarbon
monomer fraction. The authors therefore suggested that
the p-nitrophenyl group migrates more readily than the
phenyl group.

C. Migration of Aryl Groups to a More Distant Radical
Centre

There are indications that migration of the phenyl group
in free radicals to more distant atoms may be possible.

15
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Winstein et al.9 observed the 1,4-rearrangement in the
peroxide-catalysed decarbonylation of 5-methyl-5-phenyl-
hexanal:

\

CH 3 CH,

Υ

CHS

/CH,

C—CH,

CH,

, A .
CHj

The rearrangement was inferred from the presence of
2 -methyl-5-phenylpentane [C^C^CY^C^CYliCR^CB^}.
In the thermal decomposition of 2-phenoxybenzoyl perox-
ide M phenyl salicylate was obtained, the formation of
which the authors explained by the migration of the phenyl
group in the free radical:

IV. RADICAL REARRANGEMENTS WITH MIGRATION
OF ALKYL GROUPS

In contrast to carbonium ions in which migration of
alkyl groups is frequently observed, hydrocarbon radicals
in solution are very stable to such rearrangement. Thus
neopentyl97 and neohexyl78»98 radicals,

CH,

RCH,C—CHj (where R = H, CH»),

CH 3

obtained in various ways, do not rearrange to t-pentyl and
t-hexyl radicals:

CH,

RCH,—CHS—C·

CH,

Radicals with the structures

Η ] and | H i

presence of CoBr2 are explained by postulating the re-
arrangement of the initially formed secondary radical to
the tertiary radical1 0 1:

CH 3 CH 3

I . I
CH S —C—CH—C—CH.

CH3 CH3 CH3

CH;1—C CH-C-CH3

CH3

In this case the rearrangement may be due to the structure
of the radical in which the methyl groups screen the carbon
atom with a free valency; the lifetime of the radical is
thereby increased and hence the probability of the rearrange -
ment. It is not impossible, however, that the change in
the carbon framework in the above example may be due to
a number of other factors, unrelated to homolytic migra-
tion of the methyl group (for example, ionic isomerisation
of the reaction products).

Isomerisation of alkyl radicals involving rupture of the
C-C bond requires considerable activation energy. This
is apparently the reason for the low probability of such
isomerisation in the liquid phase (at a moderate tempera-
ture). At higher reaction temperatures, the migration of
alkyl groups becomes more probable. Thus, in the perox-
ide catalysed decomposition of f_VCH0 at 140°-150°, the

bornyl radical formed does not undergo a rearrangement
involving rupture of the C-C bond102. If, however, the
bornyl radical comes from 2,2'-bisazocamphane, the de-
composition of which requires temperatures up to 255°-
290° (in hexadecane), then homolytic rearrangement (of
the Wagner-Meerwein type) of the radical does occur1 0 2.
In addition to disproportionation products of the initially

formed bornyl radical, f- -V , isocamphane (I) (mixture

of stereoisomers) and trimethylethylcyclopentene (II) were
isolated in the reaction. The authors explain their forma-
tion by the following scheme:

(A)

formed in the peroxide-catalysed decomposition of the cor-
responding aldehydes, also do not undergo isomerisation
in which there is a change in the carbon framework. In
fact, the absence of migration of the methyl group in the
isomerisation of the α -bromoacetoacetic ester 10° con-
taining the neopentyl group,

O CH 3

I! !
(OH:,):| OCHj—C—CBr—COOCaH5 — (CH3)3 COHBr—C

Ο CH 3

: - C H - COOCjH»,

is quoted as proof that the reaction may proceed by a
radical mechanism. However, the products obtained in
the bromination of 2,2,4,4-tetramethylpentane under ultra-
-violet illumination (200°) and in the reaction of 3-chloro-
-2,2,4,4-tetramethylpentane with a Grignard reagent in the

Here the molar ratio (I): (Π) = 0.035 : (> 0.01). To obtain
experimental confirmation of this hypothesis, the authors
studied the decomposition of the azo-compound (IK) under
the same conditions and again isolated compounds (I) and
(Π), the formation of which was represented as follows:

(B)

(ID (!)

the molar ratio being (I): (Π) = 0.5 : 2.1.
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A C-C bond is ruptured in stage a, b and a new one
formed. However, in the decomposition of 2,2'-bisazo-
camphane,

there is also the possibility that the bornyl radical may re-
arrange as follows:

(C)

i.e. radical X r e a r r a n g e s to Z, omitting the stage in which
radica l Υ i s formed [scheme (A)]. Otherwise the rat io
(I): (Π) in react ions (A) and (B) should be the same.

The probability of such r e a r r a n g e m e n t s becomes g rea ter
in the gas phase (at a high temperature) 7 » 9 . Thus, accord-
ing to Semenov and his c o w o r k e r s 7 , the appearance of
formaldehyde and acetaldehyde in the gas-phase oxidation
of propane i s due to i somerisat ion with C - C bond rupture
of the normal and branched-chain peroxy radica l s formed
in the oxidation. The scheme proposed by Semenov and
his coworkers includes migration of an alkyl group in
stages a' and a":

CH3—CH—CH3 ^ CH3—CH

O—O O — O — C H 8 -* CH 3 CHO + CH 3 O ,

CH3CHaCH2 - CHsCHj—O—O—CH2·

0 — 0
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INTRODUCTION

Since van't Hoff formulated the principles of the stereo-
chemistry of tetravalent carbon, the attention of chemists
has constantly been attracted to problems connected with
the steric course of the fundamental chemical reactions,
such as addition, elimination, and replacement, and with
the differences in reactivity between geometric isomers.
From a formal examination of the tetrahedral models of
van't Hoff, it appeared natural that in substitution the
entering atoms or group of atoms should occupy the same
position as the leaving group, and that addition and elimi-
nation reactions should proceed most readily when the
entering or leaving groups are as close as possible. This
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