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Thermal Rearrangements of Vinylcyclopropanes

E.M.Mil'vitskaya, A.V.Tarakanova, and A.F.Plate

Various types of reactions of compounds containing vinylcyclopropane groups are considered, particular attention being
devoted to data from which the mechanisms of the rearrangements can be inferred.

The bibliography includes 100 references.
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I, INTRODUCTION

Vinylcyclopropanes are of interest for the investigation
of the mutual influence of the cyclopropane ring and an
unsaturated group. This influence is illustrated particu-
larly by the relative lability of such systems, which
undergo intramolecular rearrangements under various
influences (for example, high temperature).

Numerous examples of thermal rearrangements of
vinylcyclopropanes are now known. They have been
described mainly in the last decade. The types of reac-
tions undergone by the compounds under consideration
depend significantly on their structure. In many cases,
the isomerisation proceeds with formation of cyclo-
pentenes. When the relative positions of the hydrogen
atom in the 1-alkyl substituent and the vinyl group are
favourable (cis -1-alkyl-2-vinylcyclopropane systems),
electrocyclic reactions, including a 1,5-hydrogen shift
and yielding dienes, take place. The reactions of divinyl-
cyclopropanes constitute a characteristic example of the
Cope rearrangement,

In the present review a systematic account is given of
examples of rearrangements of vinylcyclopropanes in
accordance with the types of their reactions. Particular
attention is devoted to the discussion of studies whose
authors attempted to elucidate the mechanisms of the
reactions,

II., ISOMERISATION OF VINYLCYCLOPROPANES TO
CYCLOPENTENES

The first example of this rearrangement was described
in 1959 by Neureiter'. In a study of the thermolysis of
1,1-dichloro-2-vinyleyclopropane (I) at 475—500°C, he
established that this yields a mixture the main components
of which are 4,4-dichlorocyclopentene (II) and 2-chloro-
cyclopentadiene (III). The latter was obtained via stages
involving dehydrochlorination of (II) followed by isomer-

isation:
1
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Later it was established that at a lower temperature
(2002— 3275°C) the only reaction product is the dichloride
(Im.*

Two pathways to the formation of a five-membered ring
in this reaction are possible: the biradical pathway (via
an intermediate stage involving the opening of the tri-
methylene ring) and the synchronous pathway (in which
thereisa simultaneous rupture of the three-membered ring
and the formation of a new bond). The latter pathway (a
1,3-suprafacial shift with inversion at the migrating atom
or an antarafacial shift with retention of configuration) is
allowed on symmetry grounds.

In a number of studies (among which those of Frey
must be mentioned), the kinetics of the thermolysis of
various substituted monocyclic and bicyclic vinyleyclo-
propanes were investigated in order to elucidate the
mechanism of the rearrangement (Table 1), The results
are compared with the kinetic parameters of the thermal
rearrangements of the corresponding alkylcyclopropanes
in the discussion of the mechanisms of the rearranﬁements
of vinyleyclopropanes.  Both biradical ??379219:2%2¢ gpnq
synchronous *°°%***® mechanisms for the formation of
cyclopentenes have been proposed,

The lower activation energies for the reactions of
vinyleyclopropanes compared with the values of E5 for the
geometrical and structural isomerisation of alkylcyclo~
propanes (Table 2) and the low entropies of activation
supported the synchronous mechanism >,

However, the kinetic data obtained could be interpreted
also on the hypothesis of the intermediate formation of a
biradical. In this case the observed entropy of activation
can be attributed to a certain rigidity of the intermediate
allyl system. This rigidity is due to the increase of the
potential barrier to rotation about the C(1y—C(s) bond from
3.5 to 16.1 kcal on passing from the hydrocarbon (IV) to
the corresponding allylically stabilised biradical (IVa):'®
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On the other hand, the differences between the activa-
tion energies for the reactions of monocyclic vinyl- and
alkyl-cyclopropane can be attributed to the involvement of
the 7 electrons of the double bonds in the stabilisation of
the biradical. Indeed, the difference between the activa-
tion energies for the reactions of 1-methyl-1-vinyleyclo-
propane (Table 1) and 1,1-dimethylcyclopropane (Table 2),
amounting to 13.2.kcal mole™’, is close to the resonance
energy of the allyl radical (12.6 + 0.8 kcal mole™"), which
Benson and coworkers determined experimentally *,



Table 1.* Thermal isomerisation of vinylcyclopropanes
to cyclopentenes**,
Initial hydrocarbon Isomerisation Temperature, A @1 Ear. References
products °C g4 ) kcal mole-1
@ 339394 13.5 49.60 4
AE O 324.7—390.2]  13.6 49.740.3 5

- » 14.4 57.3%1.0 5
/f » 13.0 53.6+0.8 5
N\ s 13.9 56.2:£0.8 5
O 296—328 13.67 i8.64 6
o~
O— 270290 12.5 | 45.7+0.6 7
CoHg CHg
oS 6 332.7—373.3  13.79 49.98 8
< N \O 332386 13.89 50.9 9
VAV @ 313357 14.44 49.35 10
( )O 325—368 14.14 50.50 1
S"( Q 350390 14.00 54.60 12
=\/:< » 14.61 56.65 »
\=/=< > 13.39 53.00 »
/_/=< , 13.25 52.10 »
H | CHIO—CeHy |
- | 33:2—3871 — 50.4 1
CHOo—CHY__ \CHy
E>‘ 341.9-388.5  14.3 5.1 u
» 14.0 51.3 1

N\
\
— Z
- 271—316 |13.36:£0.1 [44.47+0.26 [ 15
Z
GC/ /\O 233—257 12.57 | 39.6%1.0 16
D D
h 201.6—258.614.33:0.24 |43.41£0.54 | 17, 18
T — 14.6 44.00 19
Q 144—180 12.6 32.4 19
M Hl GHS
CHly CyHy
&mn. CH;°°C‘<Y‘COOCH 132—160 9.69 26.3 20
COOCH, L
7 — 13.7 33.5 21
l\ 108—138 13.4 34.3x1.4 22
= — 13.9 33.9 21
[ 108—138 171 | %9614 | 2
\ —

*Tables 1, 3, and 4 list only those examples of the
reactions for which the kinetic parameters have been
determined.

**Quantitative parameters of the simultaneous isomerisa-
tion to other olefins are quoted for some of the hydro-
carbons.
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Thus the kinetic data do not allow an unambiguous
choice between the synchronous and biradical mechanisms
of the thermal isomerisation of vinylcyclopropanes. In
recent years, there has been an increase in the number of
facts supporting the biradical reaction pathway.

Table 2. Thermal isomerisation of cyclopropanes.

Isomerisation

-1
A$)
products k&

Initial hydrocarbon

D\y D
H>V<H
H

Ey, kcal
mole”

H; H D
D>V<" 445 16.41 | 66.1£0.5 | 2
H

References

Temperature,
°C

CHD==CH~—CH,D » 15.12 65.4+1.1 26
D\u_ P Dn M
1{>§7<H Hvo 380—420 15.35 [ 60.5%1 2
H, cH,
CHZCH=CHD—CH,D 420—475 |14.43=0.16 | 62.3+0.5 >
» 14.4 .62.3£0.5 »

CHD=CD—-CH,—CH3

CHy Hy H CH,
HW(; ca,>V<H 380—453 15,25 59.42 %
CHy=CH—CH(CH,—CH, » 14.1 61.8 »
CHy—C(CH,) =CH—CH, > 14.4 64.8 >
/CH,
CHy | CH;=CH—CH 447511 15.05 62.6 29
<K, cn,
CH.
agen=c” ° » » ? *
CH,
e ——
395—452 15.78 60.95 30

CH;\ CH, ,CHj CHyp cH, H
o H H>V<cua
H H

Willcott and Cargle investigated the thermal trans-
formations of 1-(tvans-2-deuterovinyl)-tvans, tvans-2,3-
dideuterocyclopropane (V), and trans-2-deuterovinyleyclo-
propane (VI):

D
D

w D .

Here structural isomerisation is accompanied by a
degenerate cis —tvans isomerisation **’*, It was estab-
lished that (1) the rearrangement takes place with inversion
of configuration at two carbon atoms and (2) the geomet-
rical isomerisation is at least five times faster than the
formation of cyclopentenes. The results led to the con-
clusion that kinetically independent intermediate com-

pounds areformed inthe reactioninvestigated inaccordance
with the scheme below:
D~

=
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The study of the thermal isomerisation of {vans-1-
methyl-2-vinyleyclopropane (VII), the reactions of which
at 270—330°C proceed with the same activation param-
eters via two pathways, led to a similar conclusion®”:

0 0]
PRI

1X)

Methyleyclopentene is the “usual” producf of the
rearrangement of vinylcyclopropanes. The diene (IX) can
be formed only from cis -1-methyl-2-vinyleyclopropane
(this will be discussed in greater detail below).  Thus,
the isomerisation to cyclopentene is accompanied by
tvans —cis isomerisation in this case too.

Data obtained in the study of the thermal transforma-
tions of the esters (XI)—(XIV) also constitute evidence
against the synchronous mechanism *:

CHy CH, H, H,
H: H R H R >&J " >£(—/
R H \__ H H \_ H H g R H N4
[:4)] X1

i X1V
R=COOC,Hy

It was found that the above compounds readily undergo
isomeric interconversions, the two isomeric cyclo-
pentenes (XV) and (XVI) being also obtained, together with
dienes, in various proportions (depending on the structure
of the initial vinylcyclopropane).

CHy H, H CH,
H H CHy H
R R

(XV) (XVID)

The composition of the reaction product would have been
different if one of the possible symmetry-allowed 1,3-sig~
matropic shifts occurred. However; according to
Mazzocchi and Tamburin ¥, the available data are insuffi-
cient to rule out the possibility that the reaction proceeds
via a combined (concerted and non-concerted) pathway.

A similar rearrangement has been observed also in a
series of bicyclic condensed compounds containing a
three-membered ring and a double bond in the larger ring.
An example of such rearrangements is provided by the
degenerate isomerisation of bicyc10[35,1350]hex-2-ene
(XVID) ® and A °-thujene (XVIII), 172*®31% " (At higher tem-
peratures, the three-membered ring is opened—see

below.)
2 2
3 \ 255° 3 I
' D == . D
5 ° D H ° D

(XVlla) (XV11b)
2 2]
D D
3 y 200-260° 3 ’
T
4 5 4 3
5 s
PN AN
(XVilla) (XVIIIb)

1 The formation of 3-methylcyclopentene (VIII) ° and of
4-methylcyclopentene (X) ” has been noted. Somewhat
different activation parameters were obtained in these
reactions (see Table 1).

471

In a detailed study of the reactions of optically active
deuterated A °*~thujene (XVIIic) at 240°C, Doering ** con-
cluded that the reaction proceeds with intermediate forma-
tion of biradicals, since the reaction products (XVIII,

d—f) are inconsistent with the predicted formation of the
single compound (XVIIIf) (via a concerted mechanism in
accordance with the Woodward—Hoffmann rules):

D
D, : Dy
CH, D CHy ~
(=) (XVIlko) (=) (XVIi1d) Dy oy xviey 0 (xvip

In order to elucidate the pathway whereby vinylcyclo-
propanes rearrange to cyclopentenes, two methods were
used in the above investigations: (1) comparison of the
activation parameters for the reaction with those for the
simultaneous geometrical isomerisation, for which the
mechanism may be regarded as established; (2) compar-
ison of the observed composition of the reaction products
and the composition postulated on the basis of the syn-
chronous mechanism. To prove the proposed mechanism,
one frequently investigates the stereospecificity of the
reaction, Stereospecificity is an invariable conseqguence
of the concerted mechanism,. However, stereospecificity
alone cannot serve as an adequate evidence for the syn-
chronous mechanism *’.

For example, the stereospecificity of the reversible
thermal isomerisation of ¢{vans-5,6-diphenylbicyclo-~
[8,1,0]Jhex-2-ene (XIXa) and trans -4,5-diphenylbicyclo-
[3,1,0]hex-2-ene (XIXb) ***" can be a result of either the
synchronous reaction or a process which may proceed via
an intermediate biradical stage in which the rate of
closure of the new ring is higher than that of the inversion
of the configuration at C(s:

2
t

2 2 2
O =L~
A ‘
X YCeHs 57O ¥ CHg 37 CoH Sy O¥CoHy

Clls CeHs CeHs Coi
(XIXa) (XIXb)
The calculated minimum activation energy for the

conversion of (XIXa) into (XIXb) via the biradical
(31.5 kcal mole™) proved to be very close to the experi-
mental value Ea = 32.4 kcal mole™',*® The stereospec-
ificity of this reaction is apparently determined by the high
energy barrier separating the radicals (XIX) and (XX). In
the transformation (XIX) — (XX), there is an appreciable
enhancement of the steric interaction between the two
phenyl groups, which leads to the breakdown of the
coplanarity of the phenyl group and the radical centre at
C(s) and hence to decreased conjugation:

£4CHs

CeHs
N ,
—_— Z
4%““' - 3

CeHg
(XIX)

i

4
5, CGHS

H\ N '/,CeHs
H
\
vCoHs

(XIXb) (XXb)

3

NG H

CoHs
(XiXa)

(XXa)

This is probably why the activation energy for the
thermolysis of (XXa) is higher (36.7 kcal mole™!). It has
also been noted that the rate of isomerisation of (XXa) is
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appreciably lower than the rate of reaction of (XIXa).
Thus Swenton and Wexler's experimental data '® confirm
the biradical reaction mechanism which they proposed.

The lower activation energies and reaction tempera-
tures for bicyclo[3,1,0]hex-2-ene systems are striking
(Table 1). The observed lower activation energy com-
pared with Ey for the rearrangement of monocyclic vinyl-
cyclopropanes has been attributed to the contribution of
the strain energy of the five-membered ring (+6.8 kecal
mole™") ** and, in the presence of substituents, to the
additional stablllsatlon of the biradlcal state due to the
involvement of the substituents '°’*°

It is noteworthy that the thermal transformations of
condensed compounds in the b1cyclo[4 ,0]hept-2-ene
series {in contrast to bicyclo[3,1, ]hexenes} do not proceed
via the mechanism of the rearrangement of vinyleyclo-
propanes discussed above. Thus a complex mixture of
hydrocarbons, the main components of which are methyl-
cyclohexadienes, is formed from bicyclo[4,1,0]hept-2-ene
(XXI) at 300—500°C: *

@::@a@@@’

(XXID)
[0.041]

.

(XXup

Bicyelo[3,2,0]hex-2-ene (XXII) and bicyclo[2,2,1]-
heptene (XXIII), the formation of which would have been
expected if there were a rearrangement to the corresponding
cyclopentene system, were not detected over the entire
experimental temperature range. This applies also to
the transformations of the ester (XXIV):?

COOCH,

COOCH, CHCOOCH, GHyCOOCH;
coOCHs X: ]; (j C

(XX1V)

7-Methylenebicyclo[4,1,0]hept-2-ene (XXV), which
contains both vinyl and methylenecyclopropane fragments,
constitutes an exception in the above series of com-
pounds ®***,  The methylenecyclopropane fragment is in
fact responsible for the specific features of the behaviour
of this hydrocarbon. 7-Methylenebicyclo[4,1,0]hept-2-ene
isomerises under comparatively mild conditlons (ata
temperature as low as 110°C) in two independent ways with
formation of 4-methylenebicyclo[3,2,0lhept-2-ene (XXVI)
and 1-vinylcyclohexa-1,3-diene (XXVII) in proportions of
4:1, The ratio of the reaction products changes with
increase of temperature above 300°C in favour of the
hydrocarbon (XXVII).? The activation parameters for
the two types of reaction differ appreciably from one
another according to one of the investigations (Table 1),
which may be due to the fact that the reactions proceed
via different transition states, formed in accordance with
the mechanism indicated below:

O~ O~

(XXV) (XXVD

e OO
— ——— —
K L \ .

2

(XXV) (XXvIn
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An alternative reaction mechanism corresponds to the
identical activation parameters for reactions of both types

obtained by Billups et al. *':
o <[

(XXV) /:ﬁ (
(XXVID

In conclusion of this section, examples of the “anomal-
ous” behaviour of certain vinylcyclopropanes at an
elevated temperature will be quoted.

(1) Cases are known where compounds containing the
vinyleyclopropane systems do not isomerise to cyclo-
pentenes. These include the following:

(a) the compounds of the bicyclo[4,1,0}hept-2-ene series
already mentioned;

(b) 1-alkyl- 2—v1ny1- and 1,2—dlvmyl-cyclopropanes, the
rearrangements of which take place in a different way
(see below);

(c) the hydrocarbons (XXVIII) and (XXIX) do not change
up to 475°C, i.e. under conditions such that even cyclo-
propanes isomerise. This is probably due to the fact that
the rearrangements would necessarily lead to the forma-
tion of strained compounds with a double bond at the
bridgehead.

by oy T

(XXVi) R=H
(XX1X) R=CeHs Y

(2) The presence at the C(s) atom of the vinyl group and
in the cyclopropane ring of substituents, such as the alkyl
group (Table 1), the phenyl***'™*? cyclopropylz’“’”’“,
vinyl15,26,35,45 and ester 346,47 groups and chlorine atoms in
the cyclopropane ring *~% does not affect the mode of
rearrangement of monocyclic vinylcyclopropanes.

’ZA:I/ .
5

At the same time the introduction of substituents at the
C(s atom involved in a double bond has a significant
influence on the behaviour of vinylcyclopropanes.

Thus the trans-isomer (XXX) is converted almost
quantitatively into the substituted cyclopentene (XXXI) in
the temperature range 360—390°C. On the other hand, a
complex mixture of products, in which the content of the
expected cyclopentene does not exceed 20%, is formed
from the cis -isomer (XXXII); the process is accompanied
by intense polymerlsauon (up to 60%) **

CH,
C'—C C“C<
@ \CH3 H 9
{(XXX) (XXXD (XXX]U

X =H, CHy, CH(CH,),, OCH; .

i The symbol ~H denotes a hydrogen shift,
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This finding has been explained by the fact that the
steric interaction of the cyclopropane ring and the alkyl
substituent in the cis ~isomer prevents the formation of a
cis -allyl biradical of type (XXXIIIa), which precedes
cyclopentene. A f{rans-allyl biradical of type (XXXIIIb)
should be formed from compound (XXXII), 4

o0

(XXXIIIa) (XXX111b)

That the transformation of hydrocarbon (XXXIV) has
the highest known activation energy of all the thermal
isomerisations of vinylcyclopropanes (Table 1) is a con-
sequence of the steric influence of the cis-methyl group.

GHy C.Hy
cna; \; H: \;
(XXXIV)  (XXXV)

On the other hand, the activation energy for the trans-
formation of hydrocarbon (XXXV), containing the {rans -
ethyl group, does not differ from the value of E for the
unsubstituted vinylcyclopropane (Table 1).

The transformation of 1,1-dichloro-2-cyclopropylprop-
1-ene (XXXVI) takes place at 450°C with formation of a
complex mixture, the main component of which is the
dichloro-derivative (XXXVII):

ct
<\—Z<C‘
CH,

4 Ve
(XXXWD

c=C
cHy” Nei

(XXXVD

Thus the introduction of two electron-accepting substituents
hinders the involvement of the 7 electrons of the double
bond in the opening of the cyclopropane ring., In this

case, the usual thermal decomposition of the three-mem-
bered ring takes place, namely a reaction which has a
higher activation energy than that for the rearrangement

of vinylcyclopropanes. The study of the thermal trans-
formations of the isomeric monochloro-derivatives
(XXXVIID) and (XXXIX) showed that the electronic influence
of the chlorine atom prodominates over the steric influ-

ence %
4 A 4 e

c=C C==(
caa” Na e N\g
(XXXV)I) (XXXIX)

(3) The rearrangement of vinylecyclopropanes is an
exothermic reaction (by approximately 25 kcal mole™) and
the reverse reaction is not, as a rule, observed ',
Systems characterised by a higher strain energy are an
exception°°"**, For example, bicyclo[2,1,1]hex-2-ene
(XT) is converted into bicyclo[3,1,0]hex-2-ene (XVII), °*%
while the reverse process does not take place:

A\~

(XL) (XviD

This reaction probably proceeds via a synchronopus mech-
anism, like the 1,3-suprafacial shift with inversion of
configuration at the migrating atom, which is confirmed
by the stereosPeciﬁcity °2:%4 and the kinetic parameters of
the reactions®'’®,
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III. ISOMERISATION OF VINYLCYCLOPROPANES
INVOLVING A 1,5-HYDROGEN SHIFT

When the steric configuration of 1-alkyl-2-vinylcyclo-
propanes is favourable, suitable conditions are created for
the occurrence of the electrocyclic reaction, involving a
1,5-hydrogen shift and the opening of the cyclopropane ring:
and leading to isomeric dienes. The simplest case of a
rearrangement of this type is the quantitative conversion
of cis-1-methyl-2-vinyleyclopropane (XLI) above 160°C
into cis-hexa-1,4-diene (XLII): ®77?%®

-1

(XL1) (XL
The structural requirements and the geometry of the
transition state for the 1,5-hydrogen shift in c¢is-1-alkyl-
2-vinylcyclopropanes and c¢is-1,3-dienes are illustrated

below: .
=) e £ <
iy = 4 a7 Ny
ry v —
He T 7z |
3 v
i
O

=<

This rearrangement proceeds via a suprafacial mecha-
nism in accordance with the Woodward—Hoffmann rules
for the conservation of orbital symmetry *°.

Table 3 presents the activation parameters for the
reactions of vinylcyclopropanes occurring with a 1,5-
hydrogen shift (data for certain 1,3-dienes are presented
for comparison).

It is striking that the activation energy for the above
transformation is much lower than the values of Ea for
the rearrangement of vinylcyclopropanes into cyclo-
pentenes. The factors A are also lower and correspond
in magnitude to the values of A for the Cope rearrangement
(Section IV). The low value of A suggests a rigid transi-
tion complex in which the free rotations of the methyl and
vinyl groups have been lost.

The 1,5-hydrogen shift takes place readily in bicyclo-
[n,1,0]olefins (» = 5, 6, or 7), which have a saddle-shaped
conformation,

£\ %
H H —_—
H =

H H

HHHH

The migrating hydrogen atom is in the {vans ~position
relative to the cyclopropane methylene group and this is
why a cis-diolefin is formed. The thermal opening of the
cyclopropane ring in bicyclo[n,1,0]olefins (n = 5, 6, or 7)
proved to be a convenient method for the synthesis of
cis,cis~1,4-diene systems.

Thus at 130—~200°C bicyclo[5,1,0]oct~-2-ene *7°,
bicyclo[6,1,0]non-2-ene **°°, bicyclo[6,1,0jnona-2,5-
diene *, bicyclo[6,1,0lnona-2,4-diene *2*%3 ang
bicyelo[7,1,0]dec-2-ene ' isomerise smoothly to the
corresponding monocyclic compounds.

In system (XLIII), the C(n—C(y hydrogen shift (a
homodienyl shift), comgetes with the C)—C(2) hydrogen
shift (a dienyl shift) 525,53,

. 2 3 2 3
1 ! i ! 4
| 5 = 9 ==
/ 8 8 s
3 L3 76 7 6 .

7
(XLV) (XL
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Above 160°C the equilibrium is displaced towards the
cyclononatriene (XLV). For example, at 170°C we have
the ratios (XLV) : (XLII) : (XLIV) = 93:6:1, %

A mixture of hydrocarbons (XLVII) and (XLVIII) and
benzene was obtained from bicyclo[5,1,0jocta~2,4-diene
(XLVI]) at 225°C in accordance with the following reaction
mechanism*”:

O-O=0=0
£~ -[C] o

(XL

The corresponding heteroanalogue (XLIX) undergoes a

similar isomerisation ®*:
@NCOOC!HS

(XLIX)

The non~planar conformation necessary for the
1,5-hydrogen shift is not achieved in bicyclo[n,1,0]olefins
(n = 3 or 4). Thus bicyclo[3,1,0]hex-2-ene (XVII) isomer-
ises to a mixture of cyclohexa-1,3-diene and cyclohexa-
1,4-diene above 300°C: %%

| ) w4z s E.=502 keamowl;
/

. \ - -1, E.= .1
&V | i} lgA=14.095 s7;  E;=50-2 keal mole™.

The activation energies quoted are much higher than the
values of Eg for reactions proceeding via a 1,5-hydrogen
shift (Table 3). Furthermore, this mechanism does not
explain the preferential formation of a conjugated diene on
isomerisation (cyclohexa-1,3-diene and cyclohexa-1,4-
diene do not undergo thermal isomeric interconversions %),

Data obtained in 1973 in studies on the thermolysis of
deuterated bicyclo[3,1,0]hex-2-ene (XVIIc) support the
biradical mechanism of reactions via a 1,2-hydrogen
shift *":

D D

4
|

S ¢
@‘_\DOD.

(XVile)

Evidently, enormous distortions are needed in system
(XXI) with n = 4 in order that a transition state be formed
for which an electrocyclic reaction involving a 1,5-hydro-
gen shift is possible. The thermal transformations of
bicycloheptene (XXI) take place only via the radical mech-
anism ® (see Section II),

Certain substituted derivatives of bicyclo[4,1,0]hept-2-
ene [(L) and (LI)] *****~™ and bicyclo[3,1,0Jhex-2-ene *° are
partly isomerised via a six-unit electrocyclic transition
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state involving a 1,5-hydrogen shift (which is confirmed
by the stereospecificity of the reactions and the kinetic
parameters):

R=H, OH, CH,0H

CHO
- b
CHO

7 H
5 6 1'7},* r/ OH
({8)] -
O

H\C/O

3 27 ~
A,

Table 3. Thermal isomerisation of cis-1,3-dienes and
cis-1-alkyl-2-vinylcyclopropanes.

Initial Isomerisation | Temp., |iga (1) | Ea | A%, las* en. |References

hydrocarbon product °c Kkeal mole-kcal malell -
—=CD, ~—CD,H
o N 185205 11.93 | 36.3 —~ - &
CH, ==CH,
==CH, Y CH,D
N <___: » 14.86 37.7 l — — >
CDy CDy
Q </; 202—245 10.80 | 32.50 - — 5
166—220| 11.03 | .24 | 303 | —11.6 | e
P _ 170—190| 10.95 [31.10.6| 30.2 | --11.0 7
{/ Zf/ - 1140 | 33.54 - — a3
¥ —_—
- t; - 11.32 33.7 — — 3
~ % - 114.27 33.6 — — 31
\—/
R LR
9 200—240 — — 27.2 —17.2 59
R=H | ~# -

T Reen| » — — 33.0 | —88 50
“Recmon| N — - 28.6 | —6.5 | s
HiCo .-OH H,C, .OH

> — — 28.0 —6.7 59

©> @ 125—150| — . M4 | —6 | e

C 125150 — - 29.3 -7 60
O » — — 32.5 —5 60

However, these reactions bear only a formal analogy
to the isomerisation considered in this Section, since in
the case of hydrocarbon (L) the hydrogen atom of the
C(n—CH3; side chain migrates and in the case of aldehyde
(LI) the hydrogen atom attached to the carbon atom in the
4- or 5-position relative to the carbonyl group migrates.
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IV. ISOMERISATION OF DIVINYLCYCLOPROPANES
(THE COPE REARRANGEMENT)

1. cis-Divinyleyclopropanes

The isomerisation of c¢is -divinylcyclopropanes, which
may be regarded as a special case of the Cope rearrange-
ment of 1,5-dienes, is an interesting example of the [3,3]
sigmatropic rearrangement.

The cis -isomer of divinyleyclopropane (LII) is so
labile that it rearranges to cyclophepta-1,4-diene already
under the conditions of its formation **792™";

Cl=0

(LID

Examination of the geometry of divinylcyclopropane
leads to the conclusion that the only possible transition
state in the rearrangement investigated is the quasi-boat
structure (LIII) in which the vinyl groups overhang the
plane of the three-membered ring:

wm

Any other orientations of the vinyl groups would have led
to the lrans,trvans- or cis,tvans-heptadienes which are
not observed. Since only slight changes in the position of
the vinyl groups are necessary in the cis-isomer in order
to attain such a transition state, the rearrangement takes
place readily. The reversible degenerate rearrange-
ments of a series of bicyclic and tricyclic unsaturated
hydrocarbons belong to the same type of reactions.

The cis- and trans ~isomers of bicyclo[5,1,0]hepta-2,5-
dienes (LIVb) and (LIVa) isomerise at room temperature
via the stage involving the formation of the thermodynam-
ically less favourable cis -form ®*;

it i

(LIVa) (LIVb)

The allyl groups in bullvalene are rigidly fixed in the
cisoid conformation. Rapid reversible isomerisation
leads to the approximate equivalence of all the carbon
atoms of bullvalene %7477

(DD Q Q-

Lv) (LVD (LvIn LV

Bullvalene analogues, namely dihydrobullvalene
(LVD), ™ semibullvalene (LVII), **® and isobullvalene
(LVIID), %% isomerise similarly. Table 4 lists the
kinetic parameters of the isomerisation of cis-divinyl-
cyclopropanes (data for certain 1,5-dienes and cis-
divinyleyclobutane are included for comparison), The
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Cope rearrangement is characterised by comparatively
low activation energies and low negative activation
entropies,

More stable (stable at room temperature) cis-1,2-
divinyleyclopropanes are also known cis-1-(cis -hex-l-
enyl- )Z-Vinylcgclogo opane (LIX) ® and the bicyclic hydro-

)

carbons (LX), *%*" (LXI) % (Table 4), (LXII), and
(LXIII):
(L1X)
Table 4, Thermal isomerisation of 1,5-dienes and

cis -divinylcycloalkanes.

Initial Isomerisation | Temperature, -1 E.. kcal mole-]
hydrocarbon product °C 184 (s) a» kcal mole™ 557 ¢y, Ref.
¢, Z b, — 11,4 35.5 — 8
4D, XDz b—
7
N S 220—300 | 10.50.1 34.2 — 8
N @ 220300 | 10.5:0.4 | 3.7 - .
S P
EC © 65,4—108.5  10.7 24 | —11.7 | w
P
x
_ 5-20 — — —5.3 75
awn
10—83 12.0 11.8+1.0 | —5.0 | 7
25123 129 12.80.4 | —2.3 | 7
wv)
@ 11—30 — - —10 ®
@y
@ C}j 3548 13.2 | 25.0£0.5 | — W
wx)
© 4
) — 1.7 22.9 —7.2 o
LX)

The latter isomerise only at 150—180°C. The rearrange-
ment is difficult owing to the steric hindrance by the
methyl groups in the cis -conformations *

RI
Rl
1
—— N
H Ry
H
H
H

(LX11) R;=H; R,=CHj;
(LXI1I) R, =R,=CHj.

Bicyclo[6,1,0]nonatriene (LXIV) is converted at 90°C
into hydrocarbon (LXVI). However, it has been estab-
lished that the reaction proceeds in succession via a
number of stages, eachof which takes place with conservation
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of orbital symmetry®. The first stage is the Cope
rearrangement to bicyelo[5,2,0]nona-2,5,8-triene (LXV):

O ~O~()~C0

(LXIV) (LXV) (LXVD

Thus the analogy between the transformations of hydro-
carbon (LXIV) and the vinylcyclopropane rearrangement to
cyclopentenes, discussed in certain reviews '"’%?, is purely
formal,

In contrast to unsubstituted divinylcyclopropane, sub-
stituted cis -divinylcyclopropane systems do not change
even under fairly severe conditions.

Hydrocarbons (LXVII) —(LXXI), which are stable at
room temperature, undergo geometrical isomerisation on
heating to 170—180°C, yielding a mixture of trans- and
cis -olefins instead of the expected Cope rearrangement ™"

LXvIin (LXXD
R R
— R I
R =
R N <R
R

The activation energy observed for the transformation
of hydrocarbon (LXX) [Ea = 33 kcal mole™; 1gA (s™) =
12.4; AS = —3.8 e.u.]” is one of the lowest for the
homolytic dissociation of the C—C bonds in cyclopropane
(Table 2), which can be accounted for by the involvement
of two allyl groups in the stabilisation of the transition
state.

The difference in the behaviour of substituted and
unsubstituted cis -divinylcyclopropanes is due to the steric
interactions of the substituents in the transition state,

(LXVID (LXIX) {LXX)

2. trans-Divinylcyclopropanes

Since the discovery of the rearrangement of ivans-1,2-
divinyleyclopropane (LXXII) “* and the determination of its
Arrhenius parameters [lgA = 12.09 (s™') and Ea = 32.10
kcal mole~!},°® studies on this subject have not been con-
tinued. Since the rearrangement hydrocarbon (LXXII) led
to the same product as the Cope rearrangement of cis -
divinyleyclopropane (LII), it has been suggested that the
central linkage dissociates owing to the rigid geometry of
the cyclopropane ring with formation of the trans-allyl
biradical (LXXIII), the two allyl components of which then

assume the cis -positions as in (LXXIV): **

AN A\ s
ey
/ N4 P,

(LX) (LXXI) (LXXIV)

However it remained obscure whether the isomerisation
proceeds only via intermediate biradicals or whether
biradical (LXXIV) cyclises to cis-divinyleyclopropane
(LII) with its subsequent rearrangement via a quasi-boat
six-unit transition state.

Products containing {rans -1,2-dialkenylcyclopropane
fragments have been isolated in recent years from the oil
of Distyopteris and the seaweed Ecltocarpus siliculosees;
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this aroused more interest in the study of the mechanism
of the transformations of {vans -divinylcyclopropanes. It
has been established that at 150—205°C the racemisation
of (—)~-trans-1,2-divinylcyclopropane (LXXII) is accom-
panied by the geometrical isomerisation to the corre-
sponding cis -isomer (LII), which is in its turn rapidly and
quantitatively converted into cyclohepta-1,4-diene; here
the opening of the cyclopropane ring in the {rvans-isomer
is a biradical and not an electrocyclic process *°;

N
(LXXW) —> (LXXHD —> (LXXIV)—> —

[(B]Y]

At 180°C, the trans-isomer (LXXV) underwent only
geometrical isomerisation with formation of an equilib-
rium mixture of the {vans - and cis-isomers; the resis-
tance of the latter to the Cope rearrangement was dis-
cussed previously *:

T -
v \\\—CH3
N CH,

i,
(LXXV)

(LXX1D

The study of the stereochemical specificity of the -
thermolysis of other isomeric trans-1,2-dialkenylcyclo-
propanes yielded additional evidence ruling out the
possibility of the direct formation of cycloheptadienes
from the intermediate cis -allyl biradicals of type
(LXXIV) . 94,100

-==000---

Thus data obtained in kinetic studies on the thermal
transformations of vinylcyclopropanes with formation of
cyclopentenes can be interpreted both on the basis of ideas
involving the synchronous mechanism and on the hypothe-
sis of the intermediate formation of a biradical. However,
the results obtained in recent years in studies on the
stereochemical specificity of the thermolysis and of the
transformations of deutero-derivatives of vinylcyclo-
propanes are more consistent with the biradical mecha-
nism of the vinylcyclopropane rearrangement.

When the specific configuration of the vinyleyclo-
propane systems is favourable (cis-1-alkyl-2-vinylcyclo-
propanes and cis ~divinylcyclopropanes), suitable condi-
tions are created for the occurrence of concerted
sigmatropic reactions proceeding via a six-membered
cyclic transition state.

REFERENCES

1. N.,P.Neureiter, J.Org.Chem., 24, 2044 (1959).
2. A.D.Ketley, Tetrahedron Letters, 1687 (1964).
3. A.D.Ketley, A.I,Berlin, E.Gorman, and
L.P. Fischer, J,0rg.Chem,, 31, 305 (1966).
4, M.,C.Flowers and H, M. Frey, J.Chem, Soc., 3547
(1961).
5. C.A.Wellington, J.Phys.Chem., 66, 1671 (1962).
6. R.J.Ellis and H. M. Frey, J.Chem, Soc., 5578
(1964).
7. W.R.Roth and J.Konig, Annalen, 688, 28 (1965).
8. R.J.Ellis and H. M. Frey, J.Chem, Soc., 4188
(1964).
9. H.M, Frey and D.C. Marshall, J.Chem, Soc., 3981
(1962).
10. R.J.Ellis and H. M, Frey, J.Chem, Soc., 959 (1964).



Russian Chemical Reviews, 45 (5}, 1976

11,

12,

13.

14,

15.

16.

17,

18.
19.

20.

21,

22.

23.

24.

25,

26.

217.

28.

29

(

30.

31,

32,

33.

34,

35.

36.

31.

38.

39,

40.

41,

42,
43.

44,

C.S.Elliot and H. M. Frey, J.Chem. Soc., 4289
(1965).

C.S. Elliot and H. M. Frey, J.Chem, Soc., 345
(1961),

A.1. Berlin, L. P. Fischer, and A.D. Ketley,

Chem, Ind. (London), 509 (1965).

G.R.Branton and H. M. Frey, J.Chem. Soc.A, 1342
(1966).

H.M. Frey and A.Krantz, J.Chem, Soc.A, 1159
(1969).

W.R. Dolbier and J.H. Alonso, J.Amer.Chem, Soc.,
94, 2544 (1972).

W.E.Doering and E.K.G. Schmidt, Tetrahedron,
27, 2005 (1971).

P.N.Neumann, Diss.Abs., 27, 4319-B (1967).
J.S.Swenton and A, Wexler, J.Amer, Chem, Soc.,
93, 3066 (1971).

H. Prinzbach, H.Hagemann, J.H.Hartenstein, and
R.Kitzing, Chem,Ber., 98, 2201 (1965).

W. E.Billups, K.H.Leavell, W,Y. Chow, and
E.S.Lewis, J.Amer.Chem, Soc., 94, 1770 (1972),
N. P. Vinnikova, A.V.Tarakanova, E.M. Mil'vit-
skaya, and A. F. Plate, Zhur.Org.Chem,, 10, 684
(1974).

H.M. Frey, Trans. Faraday Soc., 58, 516

(1962).

K.W.Egger, D.M.Golden, and S.W.Benson,
J.Amer. Chem. Soc., 86, 5420 (1964).

A.D.Ketley, J.L.McClanahan, and L, P, Fischer,
J.Org.Chem., 30, 1659 (1965),

E.W. Schlag and B. S. Rabinovitch, J.Amer,Chem,
Soc., 82, 5996 (1960).

D.W. Setzer and B. S. Rabinovitch, J.Amer,Chem,
Soc., 86, 564 (1964).

M. C. Flowers and H. M. Frey, Proc.Roy. Soc. (A),
257, 122 (1960).

M. C.Flowers and H. M, Frey, J.Chem, Soc., 3953
1959).

H. M., Frey and D. C. Marshall, J.Chem, Soc., 5717
(1963).

H.M. Frey and R. Walsh, Chem, Rev,, 69, 103
(1969).

M. R.Willcott and V.H, Cargle, J.Amer, Chem, Soc.,
89, 723 (1967).

M. R.Willcott and V. H. Cargle, J.Amer, Chem, Soc.,
91, 4310 (1969).

P.H.Mazzocchi and H. J. Tamburin, J.Amer. Chem,
Soc., 92, 7220 (1970).

W. E.Doering and W.R.Roth, Angew.Chem., 75,
27 (1963).

W. E.Doering and I. B. Lambert, Tetrahedron, 19,
1989 (1963).

J.S.Swenton, A.R.Crumrine, and T.J, Walker,
J.Amer. Chem. Soc., 92, 1406 (1970).
P.R.Schleyer, J.E.Williams, and K. R. Blanchard,
J.Amer, Chem, Soc., 92, 2377 (1970),

V. A. Mironov, A.D. Fedorovich, E. M. Mil'vitskaya,
0. Ya. Kovner, and A. A. Akhrem, Dokl.Akad.Nauk
SSSR, 203, 347 (1972).

J.A.Berson and M. R, Willcott, J.Org.Chem,, 30,
3569 (1965).

A.D.Ketley, A.J.Berlin, and L. P, Fischer,
J.Org.Chem., 31 2648 (1966).

E.Vogel, Angew.Chem., 72, 4 (1960).

I.G. Bolesov, Ya.Sein, A.S.Koz'min, and
R.Ya.Levina, Zhur.Org.Khim., 5, 1707 (1969).
A.D.Ketley and J.L.McClanahan, J,Org,Chem.,
30, 940 (1965).

45,
46,
417,
48,
49,
50,
51.
52.
53.

54,

55,
56.
57.
58.

59.
60.

4,
75,
76,
78.
79,

80,

477

A.D.Ketley, US P. 3283022, 1966; Chem.Abs.,
66, 18545 (1967).

M. J. Jorgenson and C. H. Heathcock, J.Amer.
Chem. Soc., 87, 5264 (1965).

G.H. Schmid and A.W.Wolkoff, J.Org.Chem,, 32,
254 (1967).

H.E.O'Neal and S. W, Benson, J.Phys, Chem., 72,
1866 (1968).

W. E.Doering and W.R.Roth, Tetrahedron, 19, 715
(1963).

F.T.Bond and L. Scerbo, Tetrahedron Letters,
2789 (1968).

H.M. Frey, R.G.Hopkins, H. E,O'Neal, and
F.T.Bond, Chem.Comm,, 1069 (1969).

W.R.Roth and A. Friedrich, Tetrahedron Letters,
2607 (1969).

M. Meinwald and D, Schmidt, J.Amer.Chem, Soc.,
91, 5877 (1969).

S.Masamune, S, Takada, N, Nakatsuka, R.Vukov,
and E.N. Cain, J.Amer.Chem, Soc., 91, 4322
(1969).

R.J.Ellis and H, M. Frey, Proc. Chem. Soc., 221
(1964).

R.V.Woodward and R. Hoffmann, “The Conservation
of Orbital Symmetry” (Translated into Russian),
Izd.Mir, Moscow, 1971, p, 126,

W.R.Roth and J.Konig, Annalen, 699, 24 (1966),
H.M. Frey and B. M. Pope, J.Chem, Soc.A, 1701
(1966).

G.Ohloff, Tetrahedron Letters, 3795 (1965),
D.S.Glass, R.S.Boikess, and S.Winstein,
Tetrahedron Letters, 999 (1966).

W.Grimme, Chem, Ber., 98, 756 (1965),
W.R.Roth, Annalen, 671, 10 (1964).

D.S.Glass, J.Zirner, and S.Winstein, Proc.Chem,
Soc., 276 (1963).

W.H.Okamura, Tetrahedron Letters, 4717 (1969).
R.J.Ellis and H. M, Frey, J.Chem, Soc.A, 553
(19686),

V.A.Mironov, T.M, Fadeeva, O.M, Nefedov,

N.N. Novitskaya, and A.A.Akhrem, Izv,Akad.Nauk
SSSR, Ser,Khim,, 916 (1967).

R.S.Cooke and U.H.Andrews, J.Org,Chem., 38,
2725 (1973),

V.A.Mironov and A. A, Akhrem, Izv,Akad. Nauk
SSSR, Ser.Khim., 698 (1967),

K.Gollnick and G. Schade, Tetrahedron, 22, 123
(19686).

I.1, Bardyshev, Zh, F.Loiko, A.L, Pertsovskii, and
L.A. Popova, Dokl.Akad, Nauk SSSR, 194, 325
(1970).

G.Ohloff, Chem, Ber., 93, 2673 (1960).

M. Schakel and G, W, Klumpp, Rec. Trav, chim,, 92,
605 (1973),

G.W.Klumpp and M. Schakel, Tetrahedron Letters,
125 (1972).

E.Vogel, K.H. Ott, and K.Gajek, Annalen, 644,
172 (1961).

I.M. Brown, B.T.Golding, and LI, Stofko, Chem,
Comm,, 319 (1973).

J.B.Lambert, Tetrahedron Letters, 1901 (1963).
M. Saunders, Tetrahedron Letters, 1699 (1963).

A, Allerhand and H. S, Gutowsky, J.Amer.Chem,
Soc., 87, 4092 (1965),

R.Merenyi, J.F.Oth, and G. Schroder, Chem, Ber.,
97, 3150 (1964).

H.E.Zimmerman and G.L.Grunewald, J.Amer,
Chem, Soc., 88, 183 (1966).



478

81,

82,
83.
84,
85,
86.
817,

88.
89,

90.
91.

H.E.Zimmerman, R, W, Binkley, R.S.Givens,
G.L.Grunewald, and M.A. Sherwin, J,Amer, Chem,
Soc., 91, 3316 (1969).

E.Vedejs, R.A.Schepherd, and R. P. Steiner,
J.Amer, Chem, Soc., 92, 2158 (1970).

K. Hojo, R.T.Seidner, and S.Masamune, J.Amer.
Chem, Soc., 92, 6641 (1970).

R.K.Hill and N, V,Gilman, Chem, Tetrahedron,
Suppl., 7, 397 (1966).

H.M. Frey and R.K. Solly, Trans, Faraday Soc.,
64, 1858 (1968).

G.S.Hammond and C.D. DeBoer, J. Amer.Chem,
Soc., 86, 899 (1964).

W.Grimme and K. Seel, Angew.Chem., 85, 514
(1973).

I.M.Brown, Chem,Comm., 266 (1965).

G. Ohloff and W, Pickenhagen, Helv. Chim, Acta,
52, 880 (1969).

M. 8. Baird and C.B.Reese, J.Chem, Soc.D, 1519
(1970).

W.Grimme, J.Amer.Chem. Soc., 95, 2381 (1973).

92.
93.
94,

95.
96.

917.

98,
99,

100.

Russian Chemical Reviews, 45 (B), 1976

J.E,.Baldwin, A,.H.Andrist, and R.K. Pinschmidt,
J.Amer. Chem, Soc., 94, 5845 (1972),

C.D.Gutsche and D, Redmore, Adv, Alicyclic Chem.,,
1, Suppl.1, 163 (1968).

C.Ullenius, P.W.Ford, and J, E, Baldwin, J,Amer.
Chem. Soc., 94, 5910 (1972).

W.R.Roth and P. Peltzer, Annalen, 685, 56 (1965).
T.Sasaki, S.Equchi, M,Ohno, and T, Umemura,
Tetrahedron Letters, 3895 (1970).

T.Sasaki, S.Equchi, and M, Ohno, J.Org.Chem,,
37, 466 (1972).

H.M, Frey, Adv. Phys.Org.Chem., 4, 147 (1966).
M. Arai and R. J.Crawford, Canad.J.Chem,, 50,
2158 (1972),

I.A. Pettus and R. E. Moore, J.Amer, Chem, Soc.,
93, 3087 (1971),

Lomonosov Moscow State
University



