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Prototropic Isomerisation of Olefins with Functional Groups and Its Use
in Organic Synthesis

L.A.Yanovskaya and Kh.Shakhidayatov

The characteristics and mechanism of the prototropic isomerisation of olefins with functional groups in the presence of
bases, acids, metal carbonyls, and other catalysts and also by thermal and photochemical activation have been examined
together with its application in organic synthesis.
The bibliography includes 180 references.
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I. INTRODUCTION

In recent years there has been a considerable growth of
interest in the problem of the migration of double bonds in
olefins with functional groups. A number of new effective
isomerisation catalysts have been proposed and novel
methods of synthesis based on prototropic isomerisation
have been developed. This review gives a general
account of the advances in the study of the mechanism and
use in syntheses of the prototropic shift in olefins with
functional groups achieved in the last 10-15 years.

A brief review of the literature on this problem up to
1960-1961 is given in "The Chemistry of Alkenes",1 but it
does not deal at all with isomerisation in the presence of
metal carbonyls and with thermal and photochemical
isomerisation. Information about base-catalysed iso-
merisation of olefins including some with functional groups
is given in the review by Hubert and Reimlinger2.

II. ISOMERISATION IN THE PRESENCE OF BASES

The prototropic shift under the influence of bases in
olefins with functional groups takes place by a carbanionic
mechanism3'4:

I I I , ·
c=c—c—:n- i ^ X-C=C-C-H

The reaction is reversible. The position of equilibrium
depends on the structure of the olefin and the nature of the
functional group X, as shown already in the classical work
of Kon and Linstead2'3 on the prototropic isomerisation of
unsaturated acids, their esters, and nitriles, and con-
firmed in subsequent investigations.

For the system CHa=CHCH8X=CHsCH=CHX, where X
may be conjugated with an α/3-double bond via an unshared
electron pair (X = OR, SR, NR2, etc.) or ρ electrons (X =
COOH, COOR, CN, CHO, COR, etc.), the equilibrium is
usually displaced towards the conjugated system. For
example, alkyl allyl5, allyl aryl 6, and allyl vinyl7 ethers
are almost completely converted into propenyl ethers on
heating with potassium t-butoxide. Similarly, under the

influence of alkoxides and other bases, alkyl allyl sul-
phides 8 and allyl aryl sulphides9 form equilibrium mix-
tures where the ratio of the propenyl and allyl forms is
99 : 1 . Allyl phenyl selenide isomerises quantitatively to
phenyl propenyl selenide in the presence of potassium
t-butoxide . The isomerisation of JMT-disubstituted
allylamines 11~13 to enamines goes to completion in the
presence of bases and in most cases the equilibrium con-
stants cannot be determined. Under the action of alkalis,
vinylacetic acid is converted into an equilibrium mixture
containing 98% of crotonic acid1 4. The equilibrium in
mixtures of vinylacetonitrile with crotononitrile or of ethyl
vinylacetate with ethyl crotonate is also almost completely
displaced towards the α/Msomer 15.

If the group X is incapable of conjugation with the
α/3-double bond (X = SO, SO2, etc.), then the equilibrium
mixture contains an appreciable amount of the jSy-isomer.
Thus the equilibrium mixture of allyl methyl sulphoxide
and methyl propenyl sulphoxide contains 17-20% of the
£y-isomer x and a mixture of allyl methyl sulphone and
methyl propenyl sulphone contains 44% of the /Sy-isomer17.
The equilibrium position in alkyl cycloalkyl sulphones 18

and in cyclic sulphones 1 8 ' 1 9 is likewise shifted towards the
β^-isomer.

Substitution (in the first place in the y-position) in a
three-carbon system has an enormous influence on the
equilibrium position (Table 1). Table 1 shows that sub-
stituents in the y-position displace the equilibrium towards
the /3y-isomer, which may actually predominate. For
alkyl groups, this can be explained by the competition
between the effect of the conjugation of the functional
groups with the double bond, which stabilises the α/3-form,
and the effect of the hyperconjugation of the alkyl group
with the double bond, which stabilises the /3y-form. If the
latter effect prevails, then the /Sy-isomer predominates
in the equilibrium mixture. The decrease of the hyper-
conjugation effect in the sequence H<(CH3>C2H5>iso-
C3H7M-C4H9) results in a somewhat smaller effect of
higher alkyl groups on the equilibrium position. An alkyl
group in the α-position additionally stabilises the
α/3-isomer owing to hyperconjugation and therefore the
α/3-isomer predominates in the equilibrium mixture even
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in the presence of a substituent in the y-position. In
/3y-disubstituted derivatives the content of the ar/3-form
is also somewhat increased. The presence of a substituent
in the a- or /3-position only has hardly any influence on the
equilibrium. Thus mesityl oxide contains only 1.3% of the
fr-form22'23.

for mixtures of certain unsaturated sulphides, sulphoxides,
and sulphones8 (Table 3).

Table 3 shows that the stability of the αβ -f orm decreases
in a series SQzR > SOR > SR, i.e. in order of increasing
inductive effects. It should be borne in mind that in the
system RCH2-CH=CHX—RCH=CHCH2X the effect of the
substituent X is greater than that of CH2X.

Table 1. Equilibrium positions in certain three-carbon
systems.

00-Isomer

CeH5CH2CH=C(CH3)OCH3
RCH2CH=CHSCH3

3

R=H
R=n-C3H,
RR'CHCR"=CR"'COOH
R = R ' = R " = R " = H
R=CH3, R '=R"=R"'=H
R'=C 2H 5, R'=R"=R"'=H
R=R'=CH,, R"=R'"=H
R=R'"=CH 3, R'=R"=H
R=CH3, R-=R"=H, R"=C2H5

R=C»H,, R'=R'"=H, R"=H=
n-C3H7

RCH.,CH=CHS(O)CH3

R=H
R=CH,
R=n-C,H19

1

90

67
66

98
68
74

6
81
21

34

80
3
4

βγ-Isomer

CeH5CH=CHCH(CH3)OCH3

RCH=CHCH2SCH3

R=H
R=n-C3H7

RR'C=CR"CH R'"COOH
R=R'=R»=R'"=H

R=CH3, R'=R"=R"=H
R=C2H6, R'=R*'=R'"=H
R=R'=CH3, R"=R'"=H
R-R'"=CH3, R'=R"=H
R==CH3, R'=R'"=H, R"=C2H5

R=C,H,, R'=R'"=H, R'=
n-C8H,

RCH=CHCH2S(O)CH3

R=H
R=CH 3
R=n-C e H 1 9

%

10

33
34

2
32
28
94
19
79

66

20
97
96

References

20
17

21

16, 17

The stabilisation of the /Qy-isomer by hyperconjuga-
tion has been confirmed by a number of investigations.
Thus in the system n-C4H9C(R)=CHCH(CH3)COOC2H5—
^n-C4H9CH(R)CH=C(CH3)COOC2H5 the fraction of the
eujS-isomer in the equilibrium mixture increases from 45 to
86% on passing from R = CH3 to R = t-C4H9, in agreement
with the decrease of the hyperconjugation effect . Ana-
logous results were obtained for ethyl irons-2-methyl-4-
/>-R-phenylbutenoates, where the effect of steric factors is
excluded and there is no cis-trans isomerisation during
the attainment of equilibrium 2 4 (Table 2).

Table 2. />-RC6H4CH=CHCH(CH3)COOC2H5— />-RC6H4CH2CH=
C(CH3)COOC2H5.

R

Η
CH3
C2H5

00-Isomer, %

59.2
39.8
45.9

βτ-Isomer, %

40.8
60.2
54.1

R

1S0-C3H7
t-C4H9

θβ-Isomei, %

50
52.4

βγ-Isomer, %

50
47.6

In the equilibrium mixture
^C6H5CH2SO2CH=CH-CH2SO2R the content of the first
isomer also depends on the inductive effect of R, increas-
ing in the series C2H5 (39%) <n-C3H7 (40%) < n-C4H9(53%) <
< t-C4H9 (60%). 2 5 The hyperconjugation effect accounts for
the shift of equilibrium towards the second sulphone in the
system (C2He)2NasCH=CHCH(CH3)SaN(C2H5)2—(C2H5)2N-
O2SCH2CH=C(CH3)SO2N(C2H5)2.

 2 6

Apart from the conjugation and hyperconjugation effects,
the inductive effect of the functional group plays a major
role in the stabilisation of the αβ- and ^-forms. This is
evident from a comparison of the equilibrium constants Κ

Table 3. Equilibrium constants for mixtures of certain
unsaturated sulphides, sulphoxides, and sulphones

^ RCH=CHCH2X.

R

Η
Η
Η
n-C3H7
n-C3H7

X

SCH3
SOCH3
SO.,CH3
SCH3
SOCH3

Κ

0.01
0.2—0.25

0.78
0.51

24.0

R

n-C3H,
n-C9Hi9
n-C9H!9
η-ΟοΗχΒ

X

SO,CH3
SCH3
SOCH3
SO.,CH3

Κ

99.0
0.5

24.0
24.0

Electron-accepting substituents increased the mobility
of the α-hydrogen atom in RCH=CHCH2X and favour the
prototropic shift in accordance with the magnitude of the
- / effect. However, such substituents at the double bond
destabilise the αβ-form, provided that they cannot show a
+M or a -Meffect. Accordingly, the SR group stabilises
the αβ-iorm and the SOR and SO2R groups destabilise it in
accordance with the magnitude of their -/ effects.

The equilibrium relations among nitro-olefins and
phosphorus-containing olefins have been little investigated.
According to the available data 2 7" 3 0, regardless of sub-
stitution, an equilibrium mixture of nitro-olefins contains
appreciable amounts of /3y-isomers (13-19% for the
systems CH2=CHCH(CH3)NO2-CH3CH=C(CH3)NO2

 2 7 or
CH2=C(CH3)CH2NO2^ (CH3)2C=CHSO2). 2 9 ' 3 0 This indicates
a lower stabilisation of the α/3-form by the nitro-group
compared with OR, SR, NR2, COOR, CN, etc., possibly
owing to the greater - / effect.

Diallylphosphine is converted on refluxing with
C2H5ONa into dipropenylphosphine in 90%yield31; similar-
ly, when potassium hydroxide in methanol is employed,
diallylphosphine oxide and allyl phenylphosphinic acid iso-
merise to dipropenylphosphine oxide and phenylpropenyl-
phosphinic acid respectively (yield 90-95%). However,
allylphosphonic acid is stable under these conditions.

Diethyl allylphosphonate isomerises completely to the
propenyl isomer in the presence of sodium ethoxide even
at room temperature, whereas under these conditions
diethyl 3-phenylprop-2-enylphosphonate does not change
and diethyl but-2-enylphosphonate gives an equilibrium
mixture containing only 25% of the α/3-isomer32. Thus
the phenyl and even the methyl group interacts with the
double bond more strongly than the P(O)(OC2H5)2 group.
It is quite possible that in phosphine oxides and phosphinic
acids the prototropic shift is due solely to the inductive
effect of the PO and P(O)OH groups. Nor can one exclude
in phosphines of the type R3P the possible stabilisation of
the propenyl form by the overlapping of the p orbitals of
carbon with the d orbitals of phosphorus.

The capacity of various functional groups for stabilising
the α/3-form may be estimated by comparing the equili-
brium positions in systems with two different functional
groups. Thus in the presence of (C2H5)3N an equilibrium
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mixture of 34%of l-cyano-l-ethoxy-3,3-dichloroprop-2-
ene and 58% of trans- and 8% of «s-l-cyano-l-ethoxy-3,3-

3 3 3 5

dichloroprop-1-ene is formed The equilibrium
mixture of ethyl 4,4-dichlorobutenoate contains different
amounts of the αβ- and /3y-isomerss*.

Under the influence of potassium ethoxide in t-butyl
alcohol at 35 ° C, methyl trans -3 -methoxycrotonate is almost
completely converted into methyl czs-4-methoxybut-3-
enoate 36:

CH3OCH,CH=CHCOOCH3 -> CH sOCH=CHCH 2COOC aH 3 .

The isomer where the double bond is conjugated to the
SR group predominates slightly in an equilibrium system
incorporating the SCH3 and COOC2H5 groups36:

CH 3SCH iCH=CHCOOC 2H s;

42% (trans)

: CH3SCH=CHCH3COOC3H5

24% (cis) + 3 4 % (trans)

Thus the alkoxy and sulphide groups stabilise the con-
jugated isomer to a greater extent than the alkoxycarbonyl
group. It is interesting to note that, when diethylamine
acts upon the trans-isomer of ethyl 3,4-di(ethylthio)but-2-
enoate, the latter is converted quantitatively into ethyl
3,4-di(ethylthio)but-3-enoate (a mixture of 80% of the
iraws-isomer and 20% of the ds-isomer), i.e. the double
bond is fully displaced from conjugation with the COOC2H5
group 37.

On heating with potassium t-butoxide in dimethyl sul-
phoxide, an equilibrium mixture of 1% of cis- and 2% of
irans-4-methoxy-l-methylthioprop-l-ene and of 32% of
cis- and 65% of /rons-4-methoxy-l-methylthioprop-2-ene
is formed36:

CH 3OCH 2CH=CHSCH 3 ^ CH 3 OCH=CHCH,SCH 3 .

Thus in this case too the isomer with the double bond con-
jugated with the OR group is more stable, which is con-
sistent with the relative +M effects of the OR and SR
groups.

In the system
χ

. /

\

the content of the αβ-isomer increases in the sequence of
substituents X = Η ~ Cl < CH3 «OCH3, n-C4H9S and in
the last two cases the α/3-isomer predominates entirely.
This can be accounted for by a donor-acceptor inter-
action between the substituent X, which has a free electron
pair, and the sulphur atom in the SO2 group38.

Prototropic isomerisation is very greatly complicated
by cis-trans isomerisation and this is why there is con-
tradictory information in the literature about the stereo-
chemistry of the prototropic shift. At the present time,
however, it is known that prototropic isomerisation can be
either stereospecific or lead to mixtures of cis- and
trans-isomers depending on the structure of the olefin.
It has been established that allyl ethers, for example,
undergo a rigorously stereospecific isomerisation on
heating with potassium t-butoxide to «s-propenyl
ethers 5 '3 9. Under the reaction conditions, n-prqpyl
iraws-propenyl ether is not converted into the czs-isomer,
i.e. the cis-isomer is indeed the primary isomerisation
product.

It has recently been established40 that the presence of
substituents in the /3-position has an appreciable influence
on the stereochemistry of the isomerisation of allyl ethers
to vinyl ethers. Thus, when potassium t-butoxide in
dimethoxyethane acts at 25°C on the methyl ether of

trans-cinnamyl alcohol, the latter gives predominantly
the «s-isomer of l-methoxy-3-phenylprop-l-ene (the
content of the /raws-isomer does not exceed 10%), while
the methyl ether of as-cinnamyl alcohol gives largely the
trans-isomer (the content of the «s-isomer is about 25%):

.OCH,
C'6H,CH.

Η

H 5C

In the case of the methyl ether of 1-methylcinnamyl
alcohol the isomerisation in the presence of potassium
t-butoxide in dimethyl sulphoxide takes place non-stereo-
specifically, a mixture of different amounts of stereo-
isomeric vinyl ethers being formed40:

CHa

•CH3 .

Allyl aryl selenides also isomerise stereospecifically,
but in this case the iraras-isomers are formed °.

On the other hand, the isomerisation of allyl sulphides
always leads to mixtures of 60-80% of the «s-isomer and
20-40% of the trans-isomer8. The differences in the
stereochemistry of the isomerisation of allyl ethers,
allyl sulphides, and allyl selenides are probably due to
the differences in the geometry of the transition state.
The formation of a stable czs-allyl carbanion incorporating
the cation (K) 3 9

.^CHOR

has been postulated for allyl ethers. It is believed that,
by virtue of the lower electronegativity and greater radius
of the selenium atom, in allyl selenides the formation of a
«s-transition complex is sterically hindered and the
carbanion assumes a transoid configuration, where
delocalisation of the carbanionic charge is facilitated by
conjugation with the electrons in the d orbitals of selen-
ium 1 0:

CA-M'

R

e V
\CH:

The non-stereospecificity of the isomerisation of allyl
sulphides can be explained by the fact that in this case
there is a possibility of both a cis- and a trans-transition
state, since sulphur is intermediate in its characteristics
between oxygen and selenium.

It has been shown that, under the action of a solution of
sodium in liquid ammonia, JV-allyl-A-methylaniline,
JV-allyl-iV-ethyl-/>-toluidine, iViV-diallylamine, etc. iso-
merise stereospecifically to cis-propenylamines. How-
ever, the compounds obtained rapidly isomerise to the
thermodynamically stable iraws-isomers even on storage
in nitrogen; admixtures of alcohols or acids accelerate
this process 1 2 and therefore in the majority of cases the
isomerisation of allylamines leads to mixtures of cis- and
trans-isomers (see also Riviere and Lattes4 1).

The isomerisation of CH2=CHCH(R)X in acetonitrile in
the presence of (C2H5)2NH leads entirely to the formation
of CHsCH=C(R)X; there is no cis-trans isomerisation.
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The data on the stereochemistry of this isomerisation are
presented in Table 4. 1 5

The stereochemistry of the reaction is independent of
bclh the solvent (hexamethylphosphoramide, dimethyl
sulphoxide, dimethylformamide, acetone, tetrahydrofuran,
ether, dioxan, and others) and of the catalyst (piperidine,
diethylamine, n-butylamine, isopropylamine, triethyl-
amine. etc.) and is determined solely by the stereochem-
istry of the intermediate carbanion:

(Cis)

(trans)

Table 4. Stereochemistry of the prototropic isomerisation
CH2=CYCH(R)X~ CH3CY=C (R)X.

R

Η
Η
Η
Η

aCl

χ

CN
COOCH,
COOH
COC.,Hs
CN
COOCH5

Υ

Η
Η
Η
Η
Η
Η

trans-
Form, %

35
85
94

100
90

100

R

Cl
SC 2H 5

Η
Η
Η

χ

COOH
COOC2H5

CN
C O O C J H J

COOH

y

Η
Η

αCl
Cl

trans-
Form, %

100
90

6
0
0

The relative amounts of the cis- and /rans-isomers in
the final product are determined by the ratio of the cis-
and irans-carbanions, i.e. the free energies of the carb-
anions, the thermodynamically more stable carbanion
being formed more rapidly. Evidently the thermodynamic
stability of the carbanion is not necessarily the same as
that of the final product. The stability of the carbanion
depends on the electronic interaction between the substitu-
ents in the a/3- and ay-positions and on steric factors. In
systems of the type CH^CHCHaX—CIfeCH^CHCHX the
stability of the carbanion is controlled by the interaction
of the ary-substituents (i.e. the Η and X groups); when
X = COOC2H5, COR, or COO", a greater stability of the
trans- carbanion is to be expected:

ο

By virtue of the smaller bulk of the CN group, in
nitriies the interaction of the α-CN group and the y-H
atom plays a less important role; moreover, in this case
the «s-form is stabilised by dipole-dipole interaction to a
greater extent than the irans-form and therefore there is
a possibility of the formation of a mixture of cis- and
trans-isomers in proportions corresponding to the stabili-
tier, of the intermediate carbanions:

δ+ δ -

H3C CN

C = C

Η Η
CIS

β+
H,C H

\ι /
C=C

Η CN
trans

For a system of the type CH2=OClCH2X'=iCH3CCl=CHX,
the interaction of the substituents in the α/3-positions
promotes the formation of the «s-carbanion:

These considerations proved to be valid also in the study
of other systems, for example CH2=C(SR)CHC1COOC2H5—
^CH3(SR)=CC1COOC2H5 or CH3=C(SR)CH(SR')COOC2H5-
-CH3C(SR)=C(SR')COOC2H5. 4 2

The carbanionic mechanism of prototropic isomerisa-
tion has been confirmed by a number of experimental
findings. Thus the isomerisation of allyl or propenyl
derivatives in deuteroalcohols always leads to the forma-
tion of a- or y-deutero-derivatives respectively17'43"45.
For example, the following reaction takes place on reflux-
ing in deuterobutanol in the presence of potassium
t-butoxide43:

CH !=CHCH2OR-CH3CH=CHCH2OR+CH2DCH=CHCHiiOR+CHD2CH = CHCHsOR
27.8% 69.7% 2.5%

( R ^ C H w )
Similarly at room temperature we have the reaction44

C,H,,CH2CH=CHS (O) CH3 - C,H19CH=CHCD,S (O)CH3 .

At 175°C deuterium exchange takes place and an equili-
brium is established43:

CH2=CHCH2OR 5tCH3CH=CHOR+CH2DCH=CHCHOR+CHD2CH=CHOR+CD,CH=CHOR.
47% 40% 11% 1.3%

All these data are consistent with a carbanionic mechanism:
* 1 * ?

CH2=CHCH2X : s = * : CH 2^CH—CHX = * = * : CH,CH=CHX
*-i *-i

k\>k2, £_i>fe_2

Kinetic studies on prototropic isomerisation1 5 '4 6 '4 7 also
confirm the carbanionic mechanism. The rate of iso-
merisation depends on the affinity of the catalyst for the
proton47. For the system

C H a = C (R) OH (R') X tt CH3C (R) = C (R')X 1 5

the reaction obeys second-order kinetics. Certain data on
the effect of the nature of the base on the rate of isomerisa-
tion in this system are presented in Table 5, which shows
that the catalytic activity of amines depends on the degree
of substitution at the nitrogen atom (the rate of isomerisa-
tion increases with decreasing steric hindrance at the
nitrogen atom) and on solvation [the more solvated primary
amines are less active than the less solvated (C2H5)2NHj.

The basicity of the catalyst is also of great importance.
Thus l,3-diphenylprop-2-en-l-ol isomerises only under
the action of alcoholic alkali but not pyridine or triethyl-
amine4 8, while the isomerisation of l,3,3-triphenylprop-2-
en-l-ol requires the use of potassium t-butoxide in
dimethyl sulphoxide but not aqueous alkali49.

The rate of reaction depends very markedly on the
nature of the solvent, reaching a maximum in aprotic
polar solvents (hexamethylphosphoramide, dimethylform-
amide, dimethyl sulphoxide, acetonitrile, etc.)15, which is
typical of reactions with a carbanionic mechanism.
Table 6 presents certain data on the effect of solvents on
the rate of isomerisation.

The rate of reaction is determined by the formation of
the carbanion. All factors facilitating the formation f
the carbanion increase the rate of reaction. Thus in the
CH2=CHCH2X system the rate of isomerisation increases
in the following sequence of X: COOH < COOC2H5 < CNT <"
< COU, which is the same as the familiar series ot s-,h-
stituents with increasing -M effects 1 5 and can be a.:; united
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for by the facilitation of the heterolysis of the a-C-H
bond. The introduction of a chlorine atom into the
α-position of the system increases the rate of isomerisa-
tion owing to the -/ effect and the acceleration of the reac-
tion in the presence of chlorine in the /3-position is due to
the additional stabilisation of the carbanion by the involve-
ment of lone-pair electrons of the chlorine atom in
delocalisation15. The systems examined above are char-
acterised by low activation energies (about 10 kcal) and
highly negative activation entropies (about -35 e.u.), which
indicates a high degree of order in the transition state.
It has been suggested15 that in the transition state the
formation of the B-H bond preceeds the heterolysis of the
highly polarised α-C-H bond and the transition state itself
is a highly solvated still incompletely dissociated ion pair.

Table 5. Rate of isomerisation and the nature of the
base CH2=CRCHR'COOC2H5-*CH3CR=CR'COCX:2H5*.

0.90
0.51
0.35
0.12
0.09

R=C1, R'=H*
k, litre

0.092
0.039
0.032
0.0116
0.0123

goes

(C2H6)2NH
n-C4H,NH2

iso-C3H,NH2

iso-C3H7)2NH
(Ο,Η5)3Ν

*The reaction carried out in ether at 24.7°C,
to completion.

**Qnly the /raws-isomer is formed.
***Only the «s-isomer is formed.

Prototropic isomerisation in the presence of bases has
found wide application in organic synthesis. Several
novel methods are based on the isomerisation of unsaturated
alcohols where the alcoholic group is converted into a
carbonyl group as a result of prototropic shift:

RCH=CHCH (OH) R' -» RCH 2 CH=C (OH)R' -» RCH2CH2COR' .

The conversion of allyl alcohols themselves into carb-
onyl compound has found only limited application in the
synthesis of aliphatic-aromatic ketones stable to alkalis
(for example, see Refs. 46-48). However, a prototropic
shift in substituted allyl alcohols constitutes the founda-
tion of several preparative syntheses.

Thus when hot dilute alkalis act upon the cyanohydrin
of /3/3-diphenylacrolein or the amide of 2-hydroxy-4,4-
diphenylbut-3-enoic acid, prototropic isomerisation is
accompanied by the hydrolysis of the nitrile and amide
groups and the formation of a-oxo-yy-diphenylbutyric
acid in high yields 50:

(C 6H 5) 2C=CHCH (R) OH - (C6H5)3CHCH = C(R)OH -* (CeH5)2CHCH2COCOOH ,

where R = CN or CONH2. This method is of general
importance for the synthesis of a-ketoacids.

A prototropic shift is the rate-determining stage in the
synthesis of succinic acid by refluxing /3-formylacrylic
acid with a solution of potassium cyanide, which takes
place according to the following mechanism51:

HOOCCH=CHCHO — - > HOOCCH=CHCH(CN)OH - HOOCCH2CH=C(CN)OH —

->HOOCCH2CH2COCN — — HOOCCH2CHaCOOH .

A similar mechanism constitutes the basis of a simple
method for the synthesis of esters of β-substituted prop-
ionic acids by the action of an excess of acetone cyano-
hydrin and triethylamine on αβ-unsaturated aldehydes with
electron-accepting substituents in the /3-position . The
intermediate cyanohydrin isomerises to a /3-ketonitrile,
which in the presence of an excess of acetone cyanohydrin
or alcohol (as a solvent) gives an ester of propionic acid:

RCH=CHCHO — - > RCH=CHCH (CN)OH - RCH2CH=C(CN)OH -

• RCHoCHXOCN - • RCH0CH.COOR'

Table 6. Effect of solvents on the rate of isomerisation.
CH2=CHCHC1COOC2H5-*CH3CH=CC1COOC2H5*.

Solvent

Hexamethylphosphoramide
Dimethylform amide
Acetonitrile
Acetone

k, litre mole" s

instantaneous reaction
reaction ends after 5 min

2.47
1.99

Solvent

Tetrahydrofuran
Monoglyme
Ether

*' -1litre mole

s"1

0.35
0.084
0.0136

*The base is (C2H5)2NH; temperature 0.2° ± 0.2°C.

The intermediate formation of the cyanohydrin is con-
firmed by the fact that, when acetone cyanohydrin and tri-
ethylamine act on the cyanohydrin of cinnamaldehyde, an
ester of /3-phenylpropionic acid is also formed53.

In the reaction of cinnamaldehyde and a-methylcinnam-
aldehyde with deuteroacetone cyanohydrin in the presence
of triethylamine, 75-80% of the deuterium enters into the
α-position of the ester. Thus the transfer of hydrogen in
this case takes place largely intramolecularly:

CeH5CH=CHCH(CN)OH i=fc C

CeH5CH2CH=C(CN)O- - H * . C6HSCH2CHDCOCN - ^ U - C6H5CH,CHDCOOR .

When polyene aldehydes take part in the reaction, the
process involves only the α/3-double bond54; in this way,
it is possible to synthesise a/3-dihydro-derivatives:

R (CH=CH)nCHO -* R (CH=CH)n_ 1CH2CH2COOR' ,

where R = CHb, C6H5, or COOC2H5, and η = 2 or 3.
The isomerisation of allyl ethers has found fairly wide

application in the synthesis of propenyl ethers (for
examples, see Refs. 5-7 and 55-59). Among the catalysts
proposed, potassium t-butoxide is particularly effective
when dimethyl sulphoxide is used as a solvent5'6'58. The
isomerisation of allyl ethers by heating with potassium
t-butoxide is a convenient preparative method for the
synthesis of propenyl ethers especially those which are
difficult to obtain by other methods—ethers derived from
polyhydric alcohols. For example, tetrapropenylpenta-
erythritol was obtained from tetra-allylpentaerythritol in
about 83% yieldb:

C (CH,OCH 2CH^CH 2) 4 -+ C (CH2OCH=CHCH3)4 .

The easy isomerisation of allyl ethers to propenyl
ethers suggested the use of the allyl group as a protecting
group in carbohydrate chemistry 5. After the neces-
sary operations, the allyl ether isomerises to the propenyl
ether and its protecting group is removed in a suitable way
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(by acid hydrolysis, ozonolysis, oxidation by alkaline
potassium permanganate, and by treatment with HgCh).
The allyl protecting group is particularly convenient in the
synthesis of benzyl and benzylidene derivatives of sugars.
Thus 4,6-O-benzylidene-D-galactose can be obtained from
1-allyl-D-galactopyranoside6S:

OCH,CH=CH.,
j
OCH,CH=CH?

OCH=CHCHa

An interesting method for the synthesis of esters of
/3y-unsaturated sulphonic acids otherwise difficult to
obtain is based on the alcoholysis of α/3-unsaturated
sulphonyl chlorides in the presence of triethylamine66.
The reaction involves a mechanism with prototropic iso-
merisation via sulphenes.

CH3CH=CHSO,C1

r — Λ — q r . Ri
CHj^CHCH^SO, —*- CH,—CHCHSQjO
I _| |_ \ H J

-CH2=CHCH2SO3R

In the presence of triethylamine, allyl aryl sulphones
isomerise smoothly to propenyl sulphones 6 7 '6 8. Thus on
heating allyl /3-naphthyl sulphone in dioxan or alcohol with
triethylamine for 15-17 h, /3-naphthyl propenyl sulphone
was obtained:

3-C10H,SO.2CH2CH=CH2 -^ β-Οκ,Η,εΟΧΗ^ΗΟΗ., .

The isomerisation of allylamines in the presence of
potassium t-butoxide in dimethyl sulphoxide11'12, a dis-
persion of sodamide on alumina in pentane or hexane69, or
a solution of sodium in liquid ammonia70 at room tempera-
ture is a very convenient method for the synthesis of
iViV-disubstituted enamines in high yields (60-100%):

CH,=CHCH2NRR· -» CH3CH=CHNRR' .

A method has been developed for the synthesis of
iV-propenylpyrrolidinone and iV-propenylcaprolactam in
50-80% yield by the isomerisation of the corresponding
allyl derivatives at 165-180°C in the presence of potas-
sium t-butoxide71. iV-Allylthiolactams isomerise in the
presence of potassium t-butoxide in dimethyl sulphoxide
even at room temperature7 2.

The use of the allyl group to protect the amino-group in
purine bases has been suggested73. 1-Methyladenine and
1-methylhypoxanthine have been obtained using such
protection via the 9-allyl derivatives by the mechanism

A prototropic shift constitutes the basis of a new
method for the synthesis of iminoethers by the action of
potassium cyanide and primary amines on α/3-unsaturated
aldehydes in the presence of potassium hydroxide or
sodium methoxide in methanol at room temperature7 4.
The reaction takes place by the mechanism

= CHCH(CN)NHR'—RCH 2CH=C(CN)NHR'-*

—RCH2CH2C(OCH3)=NR' .

α/3-Unsaturated aldehydes react by a similar mechan-
ism with acetone cyanohydrin and primary or secondary
amines with formation of α-cyanoimines or a-cyanoen-
amines respectively75:

RCH=CHCHO- RCH=CHCH(CN)NR' -* RCH
2
CH=C(CN) NHR' - RCH

2
CH

2
C(CN)=NR'

RCH=CHCHO -» RCH=CHCH (CN) NR'R" - RCH
2
CH=C(CN)NR'R" .

The intermediate formation of aminonitriles has been
demonstrated by their synthesis in the reaction of
cinnamaldehyde with acetone cyanohydrin and piperidine,
morpholine, or aniline7 5 '7 6:

CeH6CH=CHCHO-*CeH5CH=CHCH(CN)R ,

where R = NCH6H5 diagrams.
When potassium cyanide in methanol was allowed to

react with cinnamaldehyde cyanohydrin, methyl /3-phenyl-
propionate was obtained77.

1-Cyano- l-piperidino-3-phenylprop-l-ene isomerises
smoothly to an enaminonitrile on being passed through an
alumina column76; a product with the hydrogen atom and
the amino-group in «s-positions is formed.

The product of a prototropic shift was obtained on
refluxing 3-chloro-3-p-nitrophenylprop-l-ene in benzene
with triethylamine 78:

p-O2NC eH4CHClCH=CH2 -^ p-O2NC,H4CCl=CHCH3 .

The formation of small amounts of an ester of but-1-
enylmethylphosphinic acid on methylation of but-2-enyl-
phosphonic ester can also be accounted for by a proto-
tropic shift79:

CH3CH=CHCH2P(O) (OC3H7 - i s o ) ^ 1 - » CH 3CH=CHCH 2P(CH 3) (O) (OC3H, -iso)

CH3CH2CH=CHP(CH3) (O)(OC3H7 -iso)

The formation of methyldiphenyl-(l-phenylprop-l-enyl)-
phosphonium iodide on methylation of diphenyl-(l-phenyl-
allyl)phosphine can be interpreted similarly °.

Isomerisation in the presence of bases is used for the
synthesis of a/3-unsaturated acids, esters, nitriles,
lactones, ketones, etc. from the corresponding /3y-deriva-
tives (for examples, see Refs. 81-86). For instance,
cis-5,8-dihydroxy-l,4,5,8,9,10-hexahydronaphthoic acid is
obtained by refluxing with aqueous alcoholic alkali the
1,8-lactone of ds-5,8-dihydroxy-3,4,5,8,9,10-hexahydro-
naphthoic acid8 6:

XH

t-C4H9OK

CH 2 CH=CH 2

CH3I

CH=CHCH 3 ' O—CO OH COOH

CH3N /yK

CH=CHCH 3

where X = Ο or NH.

When nucleophilic agents act upon CHC1=CHCH2X, 8 7

CH2=CC1CH2X/0'81 or CH2=CHCHC1X,87 other reactions,
apart from prototropic isomerisation, can occur depending
on the reactant, the position of the chlorine atom, and the
reaction conditions. Thus, regardless of the configura-
tion of the initial compound, hydrolysis of CHC1=
CHCH2COOC2H5 by aqueous alkali leads to the formation
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of irans-3-chlorocrotonic acid, i.e. the isomerisation and
hydrolysis take place with retention of the chlorine atom:

CHC1=CHCH 2 COQH 5 ^ CH2C1CH=CHCOOH .

When the reaction is carried out in alcoholic solution,
isomerisation with simultaneous addition of the alcohol
and retention of the chlorine atom takes place:

C H C ^ C H C H J C O O C J H , - CH3C1CH(OC2H5)CH2COOC2H5 .

However, on refluxing with an aqueous solution of sodium
carbonate, the shift of the double bond is accompanied by
the exchange of the chlorine atom for a hydroxy-group:

CHCl =CHCH 2X -> CH2 (OH) CH=CHX ,

where X = CN or COOC2H5.
In the case of CH2 = CCICH2X the isomerisation takes

place with retention of the chlorine atom or its replace-
ment, depending on the nature of X; moreover, in a num-
ber of instances an elimination reaction is observed87'88:

CH2=CClCH2COOCaH5 + C 2 H 5 O" - CH3C(OC2H5) = CHCOOQH, ,

CH2=CC1CH2N + C 2 H 5 Cr - CHSCC1 =CHCN + CH3C (OC2H5)=CHCN .

Isomerisation with or without replacement of the chlo-
rine atom and sometimes the formation of addition prod-
ucts occur with CH2=CHCHC1X:87

CH2=CHCHC1COOC2H5 + (C 2H 5) 2 NH,—

CH2=CHCHC1COOC2H5 + C2H6ONa -» CH3CH=CC1COOH + CH3CH=CCICOOC2H5 +

+ CH3CH (OC2H5) CHC1COOC2H5 .

Base-catalysed isomerisation is used to convert
A5-3-oxosteroids into A4-3-oxosteroids. Thus A5-pregn-
enedione has been converted in high yield into progester-
one 89.

A method has also been developed for the conversion of
A4-3-oxosteroids into A5-3-oxosteroids. For this
purpose, A4-3-oxosteroids are heated with potassium
t-butoxide in t-butyl alcohol and the resulting carbanions
are then protonated by acetic acid, forming Δ5-3-οχο-
steroids i o :

Similarly, on heating (72 h) with a potassium hydroxide
solution, 1,2-diaroylcyclohexene is converted to the
extent of 90% into 1,6-diaroylcyclohexene93:

\ /

-COAr

-COAr

/V —COAr

-COAr

The different reactivities of the a- and /3-positions of
carbanions with functional groups are used in the synthesis
of α-alkylandaa -dialkyl-substituted^y-unsaturatedacids,
esters, ketones, etc. by alkylating the α/3-unsaturated
isomers in an alkaline medium (for examples, see
Refs. 94-109). Thus the alkylation of sorbic acid in liquid
ammonia with CH3I in the presence of potassamide leads to
2,2-dimethylhexa-3,5-dienoic acid94. The alkylation of
ketones with a tetrasubstituted ethylene bond by alkyl
halides in the presence of sodium alkoxides gives
α-monoalkyl derivatives96'97. For example:

C aH sCH.Br

(RONa)

\/\r \

α-Monoalkyl derivatives can also be obtained by main-
taining specially selected reaction conditions 9 8 '9 9. Thus,
a 44% yield of 4-methyltestosterone is obtained by the
gradual addition of 1.2 equivalents of methyl iodide to
testosterone in boiling t-butyl alcohol in the presence of
1.5 equivalents of potassium t-butoxide.

Dialkylation of α/3-unsaturated cyclic ketones has found
extensive application in the chemistry of terpenes and
steroids. Thus bicyclic ketones, which are necessary
for the synthesis of terpenes of the labdanolic acid type1 0 0

or triterpenes of the /3-amyrin type101, were obtained via
the mechanism

/ \

R
1

H3c C H 3

The reaction is based on the fact that in this case pro-
tonation at the C4 atom is faster than at the C6 atom. This
possibility is confirmed by the fact that, on refluxing, for
example, 6,6-dimethylcyclohex-2-enone with deuterium
oxide, the vinyl hydrogen atom is exchanged 170 times
faster than the allyl hydrogen atom9 1. This method has
been used to prepare 17ai-methyl-A5-androst-17/3-en-2-one
from 17-methyl testosterone. Ketones with several con-
jugated bonds remain unchanged when treated in this way90.

It is interesting that on heating (for 24 h) l-acetyl-Δ ' 8-
perhydroindane with potassium methoxide in methanol, an
equilibrium mixture is formed containing 80% of the
A*'9-isomer 92:

COCH3 COCH3

1

where R = Η or OH.
Alkylation of cholestenone with CH3I in t-butyl alcohol

in the presence of potassium t-butoxide leads to 4,4-dimeth-
ylcholest-5-en-3-one l o a ' 1 U 5

; 4,4-dimethylandrost-3-eneiUD

and 4,4-dimethylergosta-5,7,22-trien-3-one 1 0 7 were
obtained in this way from testosterone and ergosterone
respectively; 3-oxo-Δ4-derivatives of androstene and
pregnane are methylated similarly108.

The formation of dialkyl derivatives is explained by the
fact that secondary alkylation and (or) the formation of a
tertiary carbanion are faster than the primary alkylation
and (or) the formation of a secondary carbanion. In fact,
the reaction of CH3I with the carbanion formed from the
ketone (I) by brief treatment with potassium t-butoxide leads
to the ketone (II) in 74% yield, while methylation of the
α-methyl ketone (ΙΠ) under the same conditions gives the
ketone (Π) in a yield of only 6%:110
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( I I )

When alcohols are allowed to react with the chlorides
of aj8-unsaturated acids in the presence of tertiary amines,
the main reaction products are esters of vinylacetic
acid 1 1 1 ' 1 1 2:

RCH2CH=CHCOC1 + R'OH (R3N) - RCH=CHCH2COOR' + RCH2CH=CHCOOR' .

The nature of the amine and the structure of the acid
chloride (Table 7) affect the ratio of the αβ- and /3y-iso-
mers.

Table 7. Effect of the nature of the amine and the struc-
ture of the acid chloride on the ratio of the αβ- and
/3y-isomers CH2=CCR)CH3COOCH2(IV)— CH3C (R)=
CHCOOCHaOO.

Amine

Triethylamine
JV-Ethylpiperidine
Tiiallylamine
W-Ethylmorpholine
Pyridine

PK

10.7
10.4
8.3
7.7
5.2

Mixture composition, %

IV, R=H

87.8
83.5
47.5
65.3

1.6

V, R=H

12.2
16.4
52.5
34.7
98.4

IV, R=CHj

83.1
89.6
44.1
69.1

0.6

V, R=CHS

16.9
10.4
55.9
30.9
99 A

Thus palmitic acid was obtained from oleic or petro-
selinic acid in yields of 80-85% and 78% respectively,
nonanoic acid was obtained from undec-10-enoic acid in
80% yield, and heptanoic acid was obtained from non-2-
enoic acid in 80% yield also.

A detailed study of the Varrentrapp reaction using
oleic acid as an example showed that the prototropic shift
plays the main role and that in the initial stages the
migration of double bonds takes place to an equal extent
on either side. However, when, as a result of a series
of reversible shifts, the double bond reaches the α/3-posi-
tion, a reversible cleavage takes place and the entire
system of equilibria is displaced towards the carboxy-
group. The overall reaction mechanism may be
represented thus:

R(CH3),.,CH=CH(CH2)n + ,COO- 5̂

R ( C H 2 ) n C H — C H — C H < C H 2 ) m _ | C O O -

R(CH 2 ) , + M COOH + CH3COOH + H,

The results show that the ratio of the reaction products
is controlled by the initial abstraction of a proton. It has
been suggested that, when highly basic amines (pK > 10)
are employed, the reaction takes place via the following
mechanism :

RCH2CH=CHCOCI + R3N

RCH—CH=CH—C=O

NR1.

Thus the reaction consists in the prototropic isomerisa-
tion of the intermediate acylammonium salt with elimina-
tion of an NR3 group and the formation of a keten, which
then combines with the alcohol.

It has been shown in recent years 113~116 that prototropic
isomerisation is also the basis of the Varrentrapp reac-
tion, which is carried out by heating cis- or frans-unsatu-
rated acids with central double bonds at 300-360°C with
potassium hydroxide in an inert atmosphere; this results
in the formation of acetic and a saturated acid containing
two carbon atoms less than the initial unsaturated acid:

CH3 (CH2)n CH=CH (CH2)m COOH -* CH, (CH,)n

III. ISOMERISATION IN THE PRESENCE OF ACIDS

It has been known for a long time that the prototropic
shift of the double bond in olefins can be induced by acids.
The reaction involves the intermediate formation of a
carbonium cation and is frequently accompanied by allyl
isomerisation and structural changes. For this reason,
acid-catalysed isomerisation has found much less applica-
tion than base-catalysed isomerisation. The overall
process mechanism can be represented as follows:

The acid-catalysed isomerisation of allyl alcohols to
carbonyl compounds117, which has found industrial applica-
tion for the synthesis of isobutyraldehyde from 2-methyl-
prop-2-en-l-ol1 1 8, has been most thoroughly investigated.
It has been shown that, as in base-catalysed isomerisation,
the reaction depends appreciably on the structure of the
allyl alcohol. The allyl alcohol itself and its linear
homologues of the type RCH=CHCH2OH are hardly iso-
merised on refluxing with 0.44 JV sulphuric acid solu-
tion 1 1 0 ' 1 1 1. On the other hand, /3-alkylallyl alcohols are
smoothly converted in high yields (88-92%) into aldehydes:

CH2=CH(R)CH2OH-*CH3CH(R)CHO ,

where R = CH3, C2H5, iso-C3H7, or t-C4H9.
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βγ-Substituted allyl alcohols undergo simultaneously
a prototropic shift (the formation of aldehydes) and oxo-
tropic isomerisation (formation of ketones), the latter
predominating judging from the yields:

RCH=C (R') CH2OH

R R' Yield of Yield of
aldehyde, % ketone, %

RCHjCH (R') CHO f RCOCH (CH,) R'

R R' Yield of Yield of
aldehyde, % ketone, %

CH 3

C,H5

CH3

CH3

25

15

CH 3 C2H5

n-C3H7 C2H5

Alcohols of the type RR'C=CR"CH2OH are readily
dehydrated. Secondary alcohols of the type CH2=
C(R)CH(R')OH are smoothly converted into ketones:

CH2=C(R)CH(R')OH^CH3OH(R)COR' (yield 86-92%) .

Only traces of aldehydes—products of oxotropic rearrange-
ment with a subsequent prototropic shift—are observed.

The prototropic isomerisation of secondary alcohols of
the type RCH=C(R')CH(R")OH also takes place without
complications:

RCH=C (R')CH(R")OH -, RCH2CH(R')COR" .

The study of the kinetics and the effect of the acidity of
the medium on the rate of conversion of /3-alkylallyl alco-
hols into aldehydes and of the kinetics of the conversion of
the glycols CH3C(R)(OH)CH2OH into the same aldehydes
confirms the carbonium ion mechanism of the acid iso-
merisation of allyl alcohols 1 1 9 ~ 1 2 1 :

f:H v=C(R)CH 2OH •+ ΗηΟ+ *-CH : )C(R)CH2OH

CH3C=CHOH *-CH3CH(R)CHO

R

3 C C
I H

R

Thus the proton adds to the double bond with subsequent
elimination of a proton from the α-position. This mech-
anism is consistent with the results of the isomerisation
of l-[14C]methylallyl alcohol, which leads to the formation
of isobutyraldehyde labelled with carbon-14 at the
carbonyl group * 2 .

The acid-catalysed isomerisation of alcohols has found
limited application in the synthesis of certain cyclo-
alkanones 2 3 and certain complex cyclic ketones 1 2 4 ' 1 2 5 .
For example:

Little is known about the effect of the structure of the
olefin on the equilibrium position in acid-catalysed iso-
merisation in RCHaCI^CHX^RCI^CHCHaX systems. It has
been noted that the αβ-isomer predominates in the equili-
brium mixture of aliphatic ketones 1 2 6 :

(CH3)2 C=CHCOCH=C (CH3)2 ^ (CH3)2 C=CHCOCH2C (CH 3 )=CH 2 ^ t

~ 93o/o ~ 7<>/0

; ± C H 2 = C (CH3) CH2COCH2C (CH 3 )=CH a .

traces

However, in the hydrolysis of «s-/3-chlorocrotononitrile
with sulphuric acid at room temperature, the amide of
«s-/3-chlorovinylacetic acid was obtained in high yield83.

The equilibrium between cycloalk-2-enones and cyclo-
alk-3-enones on refluxing in benzene in the presence of
/)-CH3C6H4SO3H depends on ring size m :

»

3
4
5
6

Time of attainment
of equilibrium, h

fast.
1
2

22

Composition of equilibrium mixture, %

0<3-isomer

99.0
73.0
20.0

0.3

/iy-isomer

1.0
27.0
80.0
99.7

The shift of equilibrium towards the /3y-isomer with
increasing number of units is probably associated with the
fact that the double bond and the carbonyl group become
non-coplanar. This leads to the destabilisation of the
α/3-isomer, which in the absence of conjugation is thermo-
dynamically less stable than the /3y-isomer. An approxi-
mate estimation of the angle of rotation θ between the
planes of the CO group and the double bond on the hypothesis
that the difference between the chemical shifts in the Η
NMR spectrum of cyclonones yB - YA (A = Η at C2 and
Β = Η at C3) is proportional to cosQ, showed that θ
increases progressively with the number of units in the
ring 1 2 7. Possibly this is due to the fact that, on increas-
ing the number of units, the conformations where the CO
group and the double bond are located in the same plane
become hindered, as shown, for example, by the con-
formational analysis of cyclo-oct-2-enone, in which full
coplanarity of the CO group and the double bond is achieved
only in the model where there should be strong trans-
annular interaction between the Η atom at C4 and the cis-H
atom at Ca.

In connection with the problem of the synthesis of biolo-
gically active preparations of the type of vitamin A, a
detailed study was made of the acid-catalysed prototropic
isomerisation in the vitamin A series, which has been
called retroionylidene rearrangement. This rearrange-
ment takes place in the acid-catalysed dehydration of
hydroxy-derivatives and when acidic reagents act upon
compounds where the side chain is fully conjugated with
the ring double bond and consists in the shift of the entire
conjugated bond system from the functional group towards
the ring 1 2 8" 1 3 1 :

where R = CH2OCH3, CHO, COOR, etc.;

:H,OCOCH 3

This results in the fortnation of biologically inactive
species—the so called retroionylidene structures. The
rearrangement is due to the fact that in a molecule of the
vitamin A type there is appreciable steric interaction
between the methyl groups of the ring and the side chain;
when acted upon by acids, such compounds should be con-
verted into the thermodynamically more stable retroionyli-
dene compounds. The transition from such structures to
ionylidene compounds is possible on treatment with
alkaline agents (potassium hydroxide, sodium hydroxide,
alkoxides. etc.) or by chromatography on aluminosilicate
columns 13°>132>133.

Acids with the retroionylidene structure are converted
into straight-chain acid chlorides on treatment with
specially purified phosphorus trichloride1 3 2. For example:
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Acid-catalysed prototropic isomerisation may com-
plicate many processes. Thus the hydration of divinyl-
acetylenes in aqueous solutions in the presence of sulphuric
acid and mercuric sulphate results in the formation of
divinyl ketones instead of the expected allyl vinyl
ketones134:

RCH=CHC=CCH=CHR' - RCH=CHCOCH=CHCH,R' .

A method has been proposed for the synthesis of
a/9-unsaturated tricyclic ketones by refluxing the βγ-iso-
mers with a 3% methanol solution of hydrogen chloride or a
0.1%benzene solution of />-CH3C6H4SaH.liS 4-Oxo-A8a(8)-
decahydro-as-indacene and 9-oxo-A4<8a)-dodecahydro-
phenanthrene were obtained in this way:

(H2C

(H,C

« = 1,2

A method has also been proposed for the synthesis of aryl
propenyl sulphones by heating allyl aryl sulphones with a
solution of boron trifluoride in sulphuric acid1 3 6:

ArSO2CHaCH=CH i ! — ArSOjCH=CHCH3 (43—50%) .

IV. ISOMERISATION IN THE PRESENCE OF METAL
CARBONYLS

It has been established by investigations in recent years
that metal carbonyls [Fe(CO)s, CoH(CO)4,

142 or
Co(CO)e 143] are effective catalysts of the prototropic iso-
merisation of substituted olefins with functional groups;
they may contain functional groups with free electron pairs
(allyl alcohols1 3 7"1 4 0 '1 4 2 and allyl ethers 1 4 0 ' 1 4 1) or they are
esters of unsaturated acids capable of -π-τ conjugation141.
The principal advantage of metal carbonyls is the fact that
in their presence the reaction may be carried out in a neu-
tral medium (although examples are also known where the
reaction was carried out in the presence of alkalis).1 3 7

Thus this method may be used to achieve the shift of double
bonds when the initial or final products are sensitive to
acids and alkalis.

The isomerisation of unsaturated alcohols has been most
thoroughly investigated. Secondary allyl alcohols iso-
merise particularly smoothly on heating with 10-20 mole %
Fe(CO)5 without a solvent at 110-125°C or on refluxing in
octane. The yields of ketones reach 60-80%:140

C H 2 = C (R) CH (OH) R' -+ CH3CH(R)COR' .

Alcohols of the type CH2=CH(CH2)nCH(OH)R enter into the
reaction with equal success1 4 0.

However, primary alcohols and cyclohex-2-enol gives
low yields of products under these conditions. The yield
increases to 29-54% when the reaction is carried out in
pentane at room temperature in the presence of 3-5 mole%
Fe(CO)5 with simultaneous ultraviolet irradiation140. For
example:

RCH=CH (CH2)n CH2OH -» R ( C H 2 ) n + 2 CHO ,

where η = 1 and R = C2H5 («s-isomer) (29%) or η = 7 and
R = Η (54%).

The isomerisation of allyl, crotyl, and other unsatu-
rated alcohols in the presence of CoH(CO)4 is complicated
by hydroformylation and leads to low yields (3-21%) of
carbonyl compounds142.

On heating (to 130-160°C) with Fe(CO) 5, cyclo-oct-3-
enol and cinnamyl alcohol give cyclo-octanone and
3-phenylpropionaldehyde in yields of 90 and 100% respec-
tively.

As regards the reaction mechanism, it is suggested that
initially the allyl system and the metal carbonyl form a
ir-complex 1 3 8 ' 1 4 2 ' 1 4 4 » 1 4 5 , within which a 1,3-hydrogen t r a n s -
fer takes place. This i s confirmed by the fact that, in the
isomerisation of 1,1-dideuteroallyl alcohol in the presence
of Fe(CO)s, only 1,3-dideuteropropionaldehyde is formed 1 4 4 :

CH2=CHD2OH —*- CH2=CHCD2OH —*•
Fc(CO),

.CH

CDOH

D Fe(CO)3

CH2DCH=CHDOH

Fe(CO),

-CHJDCHJCDO

This mechanism is also confirmed by the formation of
3-deuteropropionaldehyde in the isomerisation of allyl
alcohol in the presence of CoD(CO)4:142

CHi.=CIICH2OH + DCo(CO)4-

H

H2C=CH—CHOH

DCo(CO),

HC

DH2C

C

HCo(CO), + CH2DCH=CHOH CH2DCH2CHO

Possibly the π-complex exists in equilibrium with a
δ-complex.

Additional confirmation of the mechanism of the
rearrangement via the formation of a ττ-complex between
the allyl system and the metal carbonyl was obtained in a
study of the isomerisation of e«rfo-a-l-hydroxy-5,6-
dihydrocyclopentadiene to en<i6»-/9-l-hydroxy-5,6-dihydro-
cyclopentadiene. It was found that the first compound does
not isomerise on heating with iron pentacarbonyl even at
160°C, while the second gives the ketone in about 40%
yield on heating to 130°C for 16 h with 10% of iron penta-
carbonyl in an atmosphere of nitrogen145:

This shows that the rearrangement takes place via a
π-complex, since in both cases the attack by the iron
carbonyl can take place from the least screened exo-side,
but only in the second case is there a possibility of the
formation of a transition state in which a hydrogen atom
can be readily transferred.

The isomerisation of allyl ethers takes place quantita-
tively in the presence of 5 mole % Fe(CO)s in pentane under
ultraviolet illumination 140>146. This leads to the formation
of a mixture of approximately equal amounts of the cis-
isomer (44-52%) and the iraws-isomer (48-56%). Under
these conditions, diallyl ether gives a mixture of 26%,
42%, and 31% of cis, cis-; cis, trans-', and trans, trans-
dipropenyl ethers respectively146 and l-methoxybut-3-ene
forms a mixture of products of complete and partial
isomerisation:

CH2=CHCH,CH2OCH3 • CH3CH=CHCHaOCH3

25%
CH3CH2CH=CHOCH3

34% cis + 4 1 % trans
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The stability of the tautomers was estimated by studying
their relative amounts in isomerisation mixtures of differ-
ent types derived from unsaturated ethers (Table 8). x4°
The Table shows that the «jS-isomers of ethers in which
the double bond is conjugated to the ether group are the
most stable. The ratio of the A3-isomer and the £2-iso-
mer is 1.5:1 both for open-chain and cyclic ethers, which
indicates an important role of the inductive destabilisation
of the >CHOCH3 group.

Table 8. Relative amounts of tautomers in isomerisation
mixtures of ethers.

Initial ether

CH3OCH=CH(CH2)2CH3

CHsOfCH^O^CHa

/ \ nru\ , v-'vJn3

< ~ > - O C H 3

Total
yield, %

91
90

93

96

Relative amounts of isomers, %

Δ'

84.0
85.0

93.5

95.0

Δ*

6.0
5.0

3.9

2.0

9.0
9.0

3.6

3.0

1
1

In the isomerisation of ethers of the type CH2=
CH(CH2)nOCH3 (w = 1, 2, 3, 4, 8, 9) there is an increase
of the overall amount of isomers with more remote double
bonds and a decrease of the content of the a/3-isomer in
the equilibrium mixture. The ratio of the vinyl ether to
each non-conjugated isomer (with the exception of the
/3y-isomer) is approximately 10: 1. Calculation shows
that the replacement of the alkyl group by a methoxy-
group at the vinyl carbon atom increases the stability of
the isomer by 1.5 kcal.

Table 9. Relative amounts of tautomers in isomerisation
mixtures of esters.

Ester

C5HUCH=CHCOOCH3

C2H=CH(CH2)6COOCH3

{ ^)-COOCH3

/ = = ^ > - - C O O C H 3

Relative amounts of esters in mixture, %

Δ'

88.8

86.8

Δ !

18.1
17.8

3.6

4.4

Δ3

8.1
7.3

7.6

8.8

Δ« Ι Δ»

20.4
20.8

23,6
24.2

Δ· Ι Δ'

28.5
28,7

1.5
1.2

Table 9 presents certain data on the relative amounts of
tautomers obtained in the isomerisation of esters by
refluxing in octane in the presence of 10-20 mole %
Fe(CO)5.

141 The equilibrium ratio of the αβ- and β γ- iso-
mers of the octenoates is 2.5:1 according to the data
obtained. However, the overall sum of the Δ4-, Δ5-, and
Δ6-isomers exceeds the content of the αβ-isomer,
because the -M and -/ effects of the COOCH3 group do not
affect the stability of the internal isomers stabilised mainly
by hyperconjugation.

Among cyclic isomers, the α/3-isomer stabilised by
the -M affect of the COOCH3 group and hyperconjugation
is the most stable. It has recently been established that
Fe(CO)5 is an effective catalyst of the isomerisation of
N-allylimides to iV-propenylimides 147.

V. ISOMERISATION IN THE PRESENCE OF VARIOUS
CATALYSTS

The catalytic isomerisation of olefins with functional
groups can be of preparative or industrial value, but,
although it was described long ago1 1 7, it has not been
adequately investigated. The literature quotes almost
exclusively examples of isomerisation under conditions of
heterogeneous catalysis. Thus it has been noted that
allyl and crotyl alcohols are converted into propionalde-
hyde and butyraldehyde respectively when the alcohol
vapours are passed over copper or cobalt at 150-400°C. 148~150

Vinyl glycols of the type ArCH(OH)CH(OH)CR=CHR' (Ar =
CeHs or α-furyl) passed in the vapour phase at
200715 mmHg over Cu/Cr2O3 1 5 1 ' 1 5 2 or 5-10%Pd/CaCa 153

give the ketols ArCH(OH)COCHRCH2R' in yields of 30 to
65% in addition to other products. Similarly, when the
vapour of the glycol CH3CH=CHCHOHCHOHCH=CHCH3 is
passed over Cu/Cr2O3 at 130°/15 mmHg, dibutyryl is
formed in 45% yield154.

A promising method has been proposed for the catalytic
isomerisation of iv-alkylallylamines to iV-alkylpropenyl-
amines in 26-50% yield when the vapour is passed at 260 to
270°C over alumina promoted by potassium hydroxide; at
the same time 5-15% of JV-alkylidenealkylamines is
formed155:

CH2=CHCH2NHR - CH3CH=CHNHR + CHaCH2CH=NR .

Vinyl glycols of the type ArCH(OH)CH(OH)CH=CH2 are
also isomerised on simple distillation over Pd/CaCO3 1 5 6

or reduced copper 152, forming the ketols ArCH(OH)COC2H5

(yield 62-75%). The following possible mechanism of the
formation of ketols under the conditions of heterogeneous
catalysis, the first stage of which is adsorption of the
unsaturated molecule on the catalyst metal, has been
proposed:

ArCH<OH)CH(OH)CH=CH2
ArCH(OH)

\
H~C(OH)—CH=C

ArCH(OH)

O-C^CH—CH3

=ί=± ArCH(OH)C(OH)=CHCH3 ArCH(OH)COCH2CH3

The isomerisation of allyl alcohols and glycols takes
place also on distillation over Raney nickel. Thus
n-valeraldehyde was obtained in 80% yield from pent-3-
enol1 5 7 and methyl 12-oxostearate was obtained from
methyl ricinoleate 158. It is suggested that in this case the
alcohol may be dehydrogenated with subsequent hydro-
genation of the double bond.

The conversion of allyl alcohols into aldehydes was
observed in the reduction by zinc treated with alkali1 5 9

or by the Zn/Cu couple In some cases there is a
possibility of isomerisation under conditions of homo-
geneous catalysis. Thus phenylvinylglycol is converted
into l-hydroxy-l-phenylbutan-2-one on heating in solution
with czs-PdCl2[P(C6H5)3]2:

151

C,H5CH (OH) CH (OH) C H = C H 2 -* CeH5CH (OH) COC2H5 .

The yield greatly depends on the nature of the solvent,
reaching 85-100% in dimethylformamide. In benzene,
diglyme, and nitromethane the reaction scarcely occurs,
in chloroform the yield of the ketol is 10-12%, and in
ethylene glycol and hexamethylphosphoramide the yield is
20-30%. Saturated glycols do not change under the
experimental conditions. Probably the isomerisation takes
place via the formation of a π-complex.
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VI. THERMAL ISOMERISATION

The thermal prototropic isomerisation has been little
investigated. For example, citral (a mixture of cis- and
ircms-isomers in proportions of 2 :1) isomerises on heating
(130-175°C) in a vacuum (15-130 mmHg) to isocitral (also

a mixture of the a s - and fraws-isomers) in yields up to
70% and 3-methylene-7-methyloct-6-enal in yields up to
30%. An intramolecular cyclic electron transfer mech-
anism has been proposed for the thermal isomerisation of
citral, isocitral being formed from the ds-form of citral
and 3-methylene-7-methyloct-6-enal from the trans-form
of citral 1 6 2:

Η, Η H, Η

:HO

The thermal isomerisation of nitro-olefins at 110-140°C.
which leads to the formation of equilibrium mixtures1 6 3

(Table 10), was investigated in greater detail. The data in
Table 10 show that in the case of unsubstituted nitro-olefins
or derivatives substituted only in the α-position the equili-
brium is wholly displaced towards the CK/3-isomer. The
effect of substituents in the β- or y-positions results in
the appearance in the equilibrium mixture of appreciable
amounts of the /3y-isomer. The equilibrium position is
also influenced by the nature of the solvent: polar aprotic
solvents promote a shift of equilibrium towards the
/9y-isomer (Table 11).

t!

OHC

However, the y-substituted nitrile does not isomerise when
there is a methyl group in the α-position.

The stereochemistry of the thermal isomerisation of
nitriles is independent of temperature and solvent. In the
initial stages of the process the czs-isomer predominates
and the trans/cis ratio increases only in the course of the
reaction, which can be readily accounted for by the cis-
trans isomerisation occurring simultaneously. As a
result, the ratio of the cis- and /rans-isomers established
is approximately 1.4.

Table 10. Thermal isomerisation of nitro-olefins
RCH2C(R')=C(R")NO2^RCH=C(R')CH(R")NO2.

Η
CH3
Η
Η
Η

Η
Η
CH3

Η
CH.

Η
Η
Η
CH 3

CH,

Content in equilibrium mixture, %

αβ-isomer

100
86
75

100
90

βγ-isomer

0
14
25

0
10

Table 11. Effect of solvents on the position of
equilibrium in the system (CH3)2C=CHNO2;=i

Solvent

Cyclohexane
Benzene
Toluene
Acetonitrile
Dioxan
Dimethyl

sulphoxide
Hexamethyl-

phosphoramide

Temp.,
°n

140
140
140
140
140

25

25

Content in
equilibrium mixture, %

αβ-isomer

83
80
75
75
67

68

52

βγ-isomer

17
20
25
25
33

32

48

The study of the thermal isomerisation of vinylnitriles164

showed that unsubstituted nitriles or derivatives with sub-
stituents in the a- or /3-positions only do not isomerise.
In the presence of two methyl groups or electron-accepting
substituents (CeH5, C6H5O) in the y-positions the equili-
brium is displaced towards the /3y-isomer:

RR'CHC(R')=C(R"') CN-ί: RR'C=C<R')CH (R'") CN .

R

Η
Η
Η
CH,
CH*
C,H6

C,H6O

R'

Η
Η
Η
CHS
CH,
Η
Η

R"

Ή
CH3(C,H5)
Η
Η
Η
Η
Η

R'"

Η
Η
CH3(C,H5)
CH3
Η
Η
Η

θβ-isomer %

100
100
100
100
28
36

5

07-isomer %

0
0
0
0

72
64
95

The rate of reaction increases in the following series
of solvents: toluene < dioxan < acetonitrile < dimethyl
sulphoxide « hexamethylphosphoramide 1 6 \

The stereochemistry of the reaction and the effect of
solvents on the rate of reaction and also the effect of sub-
stituents and solvents on the position of equilibrium are
consistent with a carbanion mechanism of the thermal
isomerisation1 6 3'1 6 4:
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Vn. PHOTOCHEMICAL ISOMERISATION

A fairly large number of examples of the migration of
the double bond in carbonyl compounds under the influence
of ultraviolet light have now been described. The principal
feature of the photochemical isomerisation is that in this
case the shift of the double bond takes place always from a
conjugatedto a non-conjugated position, i.e. the /3y-isomer
is formed from the αβ-isomer. Thus, on irradiation of
4,5,5-trimethylhex-3-en-2-one, the product is pure
4-methylene-5,5-dimethylhexan-2-one, which on standing
is spontaneously partially converted into vinyl ketone,
giving an equilibrium mixture in proportions of 1: 1.1 6 5

The study of the photochemical isomerisation of
aliphatic αβ-unsaturated ketones of the type RR'C=
C(R")COCH3 in ether showed166 that ketones without sub-
stituents or containing substituents in the a- or β-positions
only or simultaneously in the y- and a- or /3-positions do
not isomerise. On the other hand, y-substituted ketones
readily enter into the reaction. Thus 5-methylhex-4-en-
2-one was obtained in 75% yield from 5-methylhex-3-en-2-
one, while hex-3-en-2-one gave a mixture of the ds- and
/rans-isomers of hex-4-enone 1 6 6. When phorone is
irradiated in methanol or hexane, 2.6-dimethylhepta-l,5-
diene-4-one is formed in high yield 6 7 ' 1 6 8 together with
traces of 2,6-dimethylhepta-l,6-diene-4-one.

The results of the photolysis of α/3-unsaturated cyclic
ketones are related to ring size1 6 9. In the case of cyclo-
dec-2-enone 1 7 0 and cyclododec-2-enone m the double bond
migrates from the αβ- to the /3y-position:

\
59% (mixture of cis- and franj-isomers) ,

trans-isomei

Before isomerisation /raws-isomers are converted into
the ds-form. After prolonged irradiation of cts-cyclodec-
2-enone, 2-vinylcyclo-octanone was formed in a yield up
to 35% in addition to the cyclodec-3-enone.

Several examples of the photochemical shift of the
double bond in the a-ionone series have been described 1 7 2>1 7 3.
However, the reaction is frequently complicated by the
formation of bicyclic structures. For example:

/\/v/ COCH 3
\ / COCHj \ /

' - C H 3

CH,

Photochemical isomerisation has been used to convert
7-oxocholesteryl acetate into 3/3-acetoxycholest-4-en-7-
one 174 and 10a?-testosterone into 17a-hydroxy-3-oxo
Δ5- lOar-androstene 1 7 5.

It has been noted that, when crotonaldehyde vapour is
irradiated at 30°C with light at 245-400 nm, vinylacet-
aldehyde is formed176.

Esters of crotonic, pent-2-enoic, 4-methylpent-2-
enoic, and 2-methylcrotonic acids are smoothly isomerised
oil illumination with ultraviolet light, giving quantitative
yields of vinylacetic ester and its substituted derivatives177.

Under the same conditions, ethyl 1,3-dimethylcrotonate
gives ethyl 2,3-dimethylbut-3-enoate with a yield of only
7%. The reaction is promoted by polar solvents, low
concentrations of the reactants, and high temperatures.

An interesting method for synthesising allenic acids of
the type RCH=C=CHCH2COOH is based on the photo-
chemical reaction of dienoic acids (sorbic andpenta-2,4-
dienoic) in ether in the presence of traces of formic acid178.
The yield of the final product is 20-32%:

RCH=CHCH=CHCOOH-RCH=C=CCH2COOH .

Salts of the acids do not isomerise under these condi-
tions, which indicates an important role of the unionised
carboxy-group in the reaction. The following mechanism
has been proposed for the isomerisation:

jcf V C ^ " COOH

Η

Ψ
Ο OH

U,

,C=C=CHX yW

R C H = C = C H C H J C O O H

The isomerisation of a-methyl-/3-aroylacrylic acids
under the influence of sunlight takes place with decon-
jugation of the aroyl group γ 9:

c

H3C COOH

Ar OH

Η Ν /

\ / \
il Ο

H3C

ArCO Η

\ /

I

H.,C COOH

The process proceeds via the lactone, which can be isolated
when the reaction is interrupted at the initial stage.

In accordance with all available data for the mechanism
of photochemical reactions 1 6 9 '1 8 O

J it is believed that the
photochemical isomerisation of α/S-unsaturated carbonyl
compounds to /3y-isomers takes place by the mechanism
(for the trans-isomers)

This mechanism has been confirmed by the fact that the
isomerisation of (CH3)2CHCH=CHCOCH3 in deutero-
methanol (CH3OD) resulted in 90% conversion into
deuterated £y-unsaturated ketone, where 90% of the hydro-
gen in the 3-position was replaced by deuterium, which is
possible only when the process proceeds via the enol
[(CH3)2C=CHCH2COCH3 does not exchange hydrogen in the
3-position for deuterium under identical conditions].166

REFERENCES

1. S. Patai (Editor), "The Chemistry of Alkenes",
Interscience Publ., London, 1964.

2. A. J.Hubert and H. Reimlinger, Synthesis, No. 3, 97
(1969).

3. D. J. Cram, "Organic Chemistry", Vol. IV, "Funda-
mentals of Carbanion Chemistry" (Translated into
Russian), Izd. Mir, Moscow, 1967.

4. C.K.Ingold, "Structure and Mechanism in Organic
Chemistry" (Translated into Russian), Inostr.Lit.,
Moscow, 1959, p. 442.



872 Russian Chemical Reviews, 39 (10), 1970

5. T.J.Prosser, J. Amer. Chem. Soc., 83, 1701(1961). 40.
6. M.Julia and M. Be Marge, Compt.rend., 249, 2793

(1959). 41.
7. R.Paul, J.Roy, M.Fluchaire, and G.Collardeau,

Bull. Soc. chim. France, 121 (1950). 42.
8. C. Price and W.H.Snyder, J.Org.Chem., 27, 4639

(1962). 43.
9. E.N. Karaulova, D.Sh. Meilanova, and G. D. Gal'pern, 44.

Zhur.Obshch.Khim., 27, 3034 (1957).
10. T.G. Kataev, L.M.Kataeva, and G. A.Chmutova, 45.

Zhur.Org.Khim., 2, 2244 (1966).
11. C. Price and W. H. Snyder, Tetrahedron Letters, 46.

69 (1962).
12. J.Sauer and H.Prehl, Tetrahedron Letters, 2863 47.

(1966).
13. Μ. Μ. Riviere and A. Lattec, Bull. Soc. chim. France, 48.

2539 (1967).
14. J. Cason and K. L. Rinchart, J.Org.Chem., 20, 1591 49.

(1955).
15. Y. Mihale and R. Vessiere, Bull. Soc. chim. France, 50.

4181 (1968).
16. D. E. O'Connor and C D . Broaddus, J. Amer. Chem. 51.

Soc, 86, 2267 (1964).
17. D. E. O'Connor and W.I. Lyness, J. Amer. Chem. Soc, 52.

86, 3840 (1964).
18. K. Muzika, M.Prochizka, and M. Palecek, Coll. 53.

Czech. Comm., 34, 635 (1969).
19. H. Zimmermanova" and M. Procha"zka, Coll. Czech.

Comm., 30, 286 (1965). 54.
20. I.Elphimoff-Felkin and J. Hiiet, Tetrahedron Letters,

1933 (1966).
21. K. L.Rinehart and L.J.Dolby, J.Org.Chem., 22, 55.

13 (1957).
22. G.Hesse, R. Hatz, andU.Dutt, Ber., 100, 923(1967). 56.
23. H. C.Volger and W.Brackman, Rec. Trav. chim., 84,

1017 (1965). 57.
24. L.J.Dolby and G.N. Riddle, J.Org.Chem., 32, 3481 58.

(1967).
25. A. H. Paper and E.Rothstein, J. Chem. Soc, 1027 59.

(1963).
26. D. C. Nicholison and E. Rothstein, J. Chem. Soc,

4004 (1953). 60.
27. F. G. Bordwell and E. W. Garbisch, J. Amer. Chem.

Soc, 82, 3588 (1960). 61.
28. Y. V.Baskov, T.Urbansky, M. Witanowski, and

L.Stefaniak, Tetrahedron, 20, 1519(1964). 62.
29. H. Schechter and J.W. Shepherd, J. Amer. Chem. Soc, 63.

76, 3617 (1954).
30. G.Hesse, R.Katz, andH.Konig, Annalen, 709, 79 64.

(1967). 65.
31. H. Davies and P. Kirby, J. Chem. Soc, 3425 (1964).
32. B.I.Ionin and A.A.Petrov, Zhur.Obshch.Khim., 66.

33, 432 (1963).
33. A.A.Nesmeyanov, L.I. Zakharkin, V.N.Kost, and 67.

R. Kh. Freidlina, Ivz. Akad. Nauk SSSR, Otd. Khim.
Nauk, 515 (1954). 68.

34. L.I. Zakharkin, Izv. Akad. Nauk SSSR, Otd.Khim.
Nauk, 313 (1956). 69.

35. J. Ray and R. Vessiere, Bull. Soc chim. France, 269 70.
(1967).

36. J. Hine, L. G. Mahone, and C.L.Liotta, J.Org.Chem., 71.
32, 2600 (1967).

37. M.Verny and R. Vessiere, Compt.rend., 267 (C), 72.
510 (1968).

38. Μ. Ρrochizka and M. Palecek, Coll. Czech. Comm., 73.
31, 3744 (1966).

39. C. Price and W.H.Snyder, J. Amer. Chem. Soc, 83, 74.
1773 (1961).

I. Elphimoff-Felkin and J. Huet, Compt. rend., 268,
2210 (1969).
M. Riviere and A. Lattes, Bull. Soc. chim. France,
4430 (1968).
M.Verny and R. Vessiere, Tetrahedron, 25, 263
(1969).
C D . Broaddus, J. Amer.Chem. Soc, 87, 3706(1965).
D. E. O'Connor and W. I. Lyness, J. Amer. Chem.
Soc, 85, 3044 (1963).
D. C. Tarbell and W. S. Lonett, J. Amer. Chem. Soc,
78, 2250 (1956).
J.W.Lynn, R. L.Roberts, and J. R. Kilsheimer, J.
Org.Chem., 26, 4300 (1961).
W. Davey and G. A. Hearne, J. Chem. Soc, 4978
(1964).
K. Iqbal and W. R. Jackson, J. Chem. Soc. (C), 616
(1968).
B. Cheminat and R. Rambaud, Compt. rend., 267,
1718 (1968).
R. Rambaud and B. Cheminat, Compt. rend., 258,
6182 (1964).
V. Franzen and L. Fikentscher, Annalen, 623, 68
(1959).
L. A. Yanowskaya, Ch. Shachidayatov, and
V.F.Kucherov, Tetrahedron, 23, 1311 (1967).
Kh. Shakhidayatov, L. A. Yanovskaya, and
V. F. Kucherov, Izv. Akad. Nauk SSSR, Ser. Khim.,
581 (1970).
Kh. Shakhidayatov, L. A. Yanovskaya, and
V.F.Kucherov, Izv. Akad. Nauk SSSR, Ser.Khim.,
665 (1970).
D.W. Simons and I.I. Verben, J.Polymer Sci., 44,
303 (1960).
G.I.Gege, R.L.Harris, and J. S. Mackenzie, J. Amer.
Chem. Soc, 81, 3374 (1959).
A. J. Birch, J. Chem. Soc, 1642(1947).
T.J.Prosser, US P. 168 575; Chem.Abs., 62, 16059
(1965).
A. R. Katrizky, M. J. Swell, R. D. Topson,
A.M. Monro, and G.W. H. Potter, Tetrahedron, 22,
931 (1966).
J.Cunningham, R. Gigg, and CD.Warren, Tetra-
hedron Letters, 1191 (1964).
J. Cunningham, R. Gigg, and C D. Warren, J. Chem.
Soc, 2205 (1965).
J. Cunningham and R. Gigg, J. Chem. Soc, 2969 (1965).
R. Gigg and C D . Warren, Tetrahedron Letters,
2415 (1966).
J. Gigg and R. Gigg, J. Chem. Soc. (C), 28 (1966).
R. Gigg and C D. Warren, J. Chem. Soc (C), 1903
(1968)
W. E. Truce and R. N. Campbell, J. Amer. Chem. Soc,
88, 3599 (1960).
V. N. Mikhailova and A. D. Bulat, Zhur. Org. Khim.,
5, 1263 (1969).
V. N. Mikhailova and A. D. Bulat, Zhur. Org. Khim.,
4, 1445 (1968).
A. J. Hubert, J. Chem. Soc. (C), 2048 (1968).
G. T. Martirosyan, M. G. Indzhikyan, E. A. Grigoryan,
and A. G. Babayan, Arm. Khim. Zhur., 20, 273 (1965).
F.I. Sidel'kovskaya and F. L. Kolodkin, Izv. Akad.
NaukSSR, Ser. Khim., 371 (1965).
F. I. Sidel'kovskaya and A. A. Avetisyan, Izv. Akad.
NaukSSR, Ser. Khim., 2064 (1967).
J. A. Montogomery and H. J. Thomas, J. Org. Chem.,
30, 3235 (1965).
J. S. Walia, P. S. Walia, L. Heindl, and H. Lader,
Chem. Comm., 1290(1967).



Russian Chemical Reviews, 39 (10), 1970 873

75. L. A. Yanowskaya, Ch. Shachidayatov, E. P. Prokofiev,
G. M. Andrianova, and V. F. Kucherov, Tetrahedron,
24, 4677 (1968).

76. Kh. Shakhidayatov, L. A. Yanovskaya, and V. F. Kuche-
rov, Izv. Akad. Nauk SSSR, Ser. Khim., 953 (1969).

77. J. S. Walia, D. H. Rao, M. Singh, and G. R. Nath,
Chem. Ind. (London), 583 (1967).

78. G. Cignarella, C. R. Pasqualucchi, G. G. Gullo, and
E. Testa, Tetrahedron, 20, 1057 (1964).

79. B. G. Liorber, Z. M. Khammatova, A.I.Razumov,
T. V. Zykova, and Τ. Β. Borisova, Zhur. Obshch.
Khim.,38, 878 (1968).

80. M. P. Savage and S. Trippett, J. Chem. Soc. (C), 1998
(1967).

81. F.G. Young, J. Amer. Chem. Soc, 71, 1346(1949).
82. J. W. Lynn, R. L. Roberts, and J. R. Kilsheimer, J.

Org.Chem., 26, 4300(1961).
83. P. von der Straeten and A. Bruylants, Bull. Soc. chim.

beiges, 66, 345 (1957).
84. R. Paul and S. Tchelitcheff, Bull. Soc. chim. France,

108 (1948).
85. S. M. Mukherji and Ν. Β. Bhattacharya, J. Amer.

Chem. Soc, 75, 4700(1953).
86. L. Novak, J. O. Jilek, B. Kakic, I. Ernest, and

M. Protiva, Coll. Czech. Comm., 25, 2198(1960).
87. R.Vessidre, Bull. Soc chim. France, 1645 (1959).
88. F.Theron, Bull. Soc. chim. France, 285 (1969).
89. C.Djerassi, R.R. Engle, and A. Bowers, J. Org.

Chem., 21, 1547 (1956).
90. H. J. Ringold and S. K. Malhotra, Tetrahedron Letters,

669 (1962).
91. J. Warkenstein and L. Κ. Μ. Lam, Canad. J. Chem.,

42, 1676 (1966).
92. W. L. Meyer and J. F.Wolfe, J. Org. Chem., 27,

3263 (1962).
93. R.C.Fuson and J. A. Haefner, J. Org.Chem., 27,

1957 (1962).
94. A. J. Birch, J. Chem. Soc, 1551(1950).
95. E. Vargha and I. Mesta, Studia Univ. Babes-Bolyani,

ser. chim., No. 1, 127(1962); Chem.Abs., 61,
2983 (1964).

96. J. M. Conia, Bull. Soc. chim. France, 943 (1954).
97. J. M. Conia and M. A. LeCraz, Bull. Soc. chim.

France, 1327 (1960).
98. N.W.Atwater, J. Amer. Chem. Soc, 79, 5315(1957).
99. N.W.Atwater, J. Amer. Chem. Soc, 82, 2847(1960).

100. J. D. Cocker and T.G. Halsall, Chem. Ind. (London),
1275 (1956).

101. F.E.King, C.F.Ritchie, and C. J. Timmons, Chem.
Ind. (London), 1230 (1956).

102. R. B. Woodward, A. A. Patchett, D. H. R. Barton,
D. A. J. Ives, and R. B.Keley, J. Amer. Chem. Soc,
76, 2852 (1954).

103. G.D.Meakins andO.R.Rodig, J. Chem. Soc, 4679(1956).
104. J. L.Beton, T. G. Halsall, E. R.H.Jones, and

P.V.Phillips, J. Chem. Soc, 753(1957).
105. F. Sondheimer and Y. Mazur, J. Amer. Chem. Soc,

79, 2906 (1957).
106. H. J. Ringold and G. Rosenkranz, J. Org. Chem., 22,

602 (1957).
107. G. Cooley, B.Ellis, and V. Petrov, J. Chem. Soc,

2998 (1955).
108. W.J.Adams, D. K. Patel, V. Petrov, I.A.Stuart-

Webb, and B. Sturgeon, J. Chem. Soc, 4490 (1956).
109. H. J. Ringold and S. K. Malhotra, J. Amer. Chem. Soc,

84, 3402 (1962).
110. T. Ozeki and M. Kusaka, Bull. Chem. Soc. Japan, 39,

1995 (1966).

111. T. Ozeki and M. Kusaka, Bull. Chem. Soc Japan, 40,
1132 (1967).

112. T. Ozeki and M. Kusaka, Bull. Chem. Soc. Japan, 40,
2686 (1967).

113. A. Luttringhaus and W. Rief, Annalen, 618, 221
(1958).

114. R.G. Ackmann, R. P. Linstead, B. L. Wakefield, and
B. C.L.Weedon, Tetrahedron, 8, 221 (1960).

115. R.G. Ackmann, R.A.Dytham, B. L. Wakefield, and
B. C.L.Weedon, Tetrahedron, 8, 239(1960).

116. R. Lukes'and J. Hofman, Chem.Listy, 52, 1747
(1958).

117. J. Mathieu and A. Allais, "Chaiers de Synthese
Organique", Masson et Cie, Paris, 1960, Vol. VI.

118. G. Herne, M. Tamele, and W. Converse, Ind. Eng.
Chem., 33, 805 (1941).

119. M. B. Green and W. J.Hickinbottom, J. Chem. Soc,
3262 (1957).

120. M. B. Green and W. J. Hickinbottom, J. Chem. Soc,
3270 (1957).

121. J. B. Ley and C.A. Vernon, J. Chem. Soc, 3256
(1957).

122. D. Currell and A. Fry, J. Amer. Chem. Soc, 78,
4377 (1956).

123. A. S. Dreiding and J. A. Hartman, J. Amer. Chem.
Soc, 78, 1216 (1956).

124. E. Mosetting and W. R. Nes, J. Org. Chem., 20, 884
(1955).

125. C.Djerassi, C.R. Smith, A. E.Lippman, S. K. Figder,
and J. Herran, J. Amer. Chem. Soc, 77, 4801
(1955).

126. E. C. Craven and W.R. Ward, J. Appl. Chem., 10, 18
(1960).

127. N. Heap and G. H. Whitham, J. Chem. Soc. (B), 164
(1966).

128. W. Oroshnik, G. Karmas, and A. D. Mebane, J. Amer.
Chem. Soc, 74, 295 (1952).

129. W. Oroshnik, G. Karmas, and A. D. Mebane, J. Amer.
Chem. Soc, 74, 3807(1952).

130. H. O. Huisman, A. Smit, S. Vromen, and L. G. Fis-
cher, Rec.Trav. chim., 71, 899(1952).

131. R.H. Beutel, D. F. Hinkley, and R. J. Pollak, J.
Amer. Chem. Soc, 77, 5166(1955).

132. H. O. Huisman, A. Smit, P. H. Van Leeuwen, and
J. H.VanRij, Rec Trav. chim., 75, 977(1956).

133. J. D. Cawley, Ch. D. Robeson, and W. J. Humphlett,
US P. 2 676 988; Chem.Abs., 50, 7125 (1956).

134. I. N. Nazarov and 1.1. Zaretskaya, Zhur. Obshch.
Khim., 27, 624 (1957).

135. M. Levy and Y.Pietrasanta, Compt.rend., 258,
1844 (1964).

136. E.N. Karaulova, D. Sh. Meilanova, and G. D. Gal'-
pern, Zhur. Obshch. Khim., 29, 662(1959).

137. R.T.Olsen, US P. 2 548 171; Chem.Abs., 45, 8548
(1951).

138. G. E.Emerson and R.Pettit, J. Amer. Chem. Soc,
84, 4591 (1962).

139. S. F. Chapell and C. E. Siebert, French P. 1423 128;
Chem.Abs., 65, 10514 (1966).

140. R. Damico and T. J. Logan, J. Org. Chem., 32, 2356
(1967).

141. R. Damico, J. Org.Chem., 33, 1550(1968).
142. R.W. Goetz and M. Orchin, J. Amer. Chem. Soc, 85,

1519 (1963).
143. V. Macho, M. Polievka, andL.Komrod, Chem.

Zvesti, 21, 170 (1967).
144. W. Hendrix, F. Cowherd, and J. von Rosenberg,

Chem. Comm., 97 (1968).



874 Russian Chemical Reviews, 39 (10), 1970

145. F. G. Cowherd and J. L. von Rosenberg, J. Amer.
Chem.Soc, 91, 2157(1969).

146. P. W. Jolly, F. G. Stone, and K.Mackenzie, J.Chem.
Soc, 6416 (1965).

147. P. F. Rossi and P. Barolo, Ann. China. (Italy), 58,
1416 (1968)

148. R. M. Flid and N. S. Prostakov, Trudy Moskov. Inst.
Tonk.Khim. TekhnoL, No. 4, 19(1953).

149. R. M. Flid and N. S. Prostakov, Trudy Moskov. Inst.
Tonk.Khim.TekhnoL, No. 5, 45 (1955).

150. R. M. Flid and M. A. Ryashentseva, Zhur. Prikl.
Khim., 29, 1580 (1956).

151. Y.L.Pascal, Ann.Chim. (France), 3, 67 (1968).
152. Y.L.Pascal, Ann. Chim. (France), 3, 245 (1968).
153. Y.L.Pascal, Ann.Chim. (France), 3, 277 (1968).
154. Y. L. Pascal and F. Vernier, Compt. rend., 268(C),

1177 (1969).
155. G. Ya. Kondrat'eva and Yu. S. Dol'skaya, Izv. Akad.

NaukSSSR, Ser.Khim., 2045 (1967).
156. A. Marbach and Y. L. Pascal, Compt. rend., 268(C),

540, 990 (1969).
157. M. Gouge, Ann. Chim. (France), 6, 648 (1951).
158. J. Colonge and P. Guyot, Bull. Soc. chim. France,

339 (1954).
159. L. Kh. Freidlin, M. F. Abidova, and A. S. Sultanov,

Izv. Akad. NaukSSSR, Otd. Khim. Nauk, 498 (1958).
160. L. Kh. Freidlin and M. F. Abidova, Izd. Akad. Nauk

SSSR, Otd. Khim. Nauk, 840 (1958).
161. A. Marbach and Y.L.Pascal, Compt. rend., 268(C),

1074 (1969).
162. G.Ohloff, Tetrahedron Letters, 10(1960).
163. M. Bourillot, P.Rostanig, and G.Descotes, Compt.

rend., 262, 1080 (1966).
164. G. Descotes and P. Laconche, Bull. Soc. chim.

France, 2149 (1968).

165. R. Ya. Levina, V. N. Kostin, and P. A. Gembitskii,
Zhur.Obshch.Khim., 29, 2459(1959).

166. N. C. Yang and M. J. Jorgenson, Tetrahedron Letters,
1203 (1964).

167. K. J. Crowley, R.A.Schneider, and J. Meinwald, J.
Chem.Soc. (C), 371 (1966).

168. R. A. Schneider and J. Meinland, J. Amer. Chem.
Soc, 89, 2023 (1967).

169. R.O.Kan, "Organic Photochemistry", McGraw-Hill
Book Company, New York, 1966.

170. R. G. Carlson and J. H. Bateman, Tetrahedron
Letters, 4151 (1967).

171. H. Nozaki, T.Mori, andR.Nogori, Tetrahedron,
22, 1207 (1966).

172. P. de Mayo, J. B. Stothers, and R. N. Yip, Canad. J.
Chem., 39, 2135 (1961).

173. M. Mousseron-Canet, M. Mousseron, and
P.Legendre, Bull. Soc. chim. France, 1509(1961).

174. P. D. Gardner and H. F.Hamil, J. Amer. Chem. Soc,
83, 3531 (1961).

175. H.Wehrli, R.Wenger, K. Schaffner, and O. Jeger,
Helv. Chim.Acta, 46, 678 (1963).

176. C. A. McDowell and S. Sifniades, J. Amer. Chem. Soc,
84, 4606 (1962).

177. M.Ito, M.Tokuda, K. Sheguti, K.Tamiguti, and
A. Sudzuki, J. Chem. Soc. Japan, Ind. Chem. Sect.,
72, 219 (1969).

178. K. J,Crowley, J. Amer. Chem.Soc, 85, 1210(1963).
179. R.E.Lutz, P. S. Bailey, C.K. Diek, and J.W.Rinker,

J. Amer. Chem. Soc, 75, 5039(1953).
180. P.de Mayo and S.T.Read, Quart.Rev., 15, 393

(1961).

Zelinskii Institute of Organic Chemistry,
Moscow


