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Some Aspects of the Kinetics of Molecular Reactions

F.B.Moin

Experimental data on the kinetics of elementary gas-phase reactions undergone by molecules are reviewed. The classification
of reactions is discussed on the basis of the structure of activated complexes. Reaction mechanisms of various types are
analysed in detail. The activation energy is shown to be determined additively mainly by activated bonds: the presence of
substituents, which play no direct part in the reaction, has little effect on the activation energy. An analysis is made of the
effect of conjugated and cumulative π-bonds in the activated complex on the activation energy. Conjugation and cumulation
substantially lower the potential barrier to reaction. A list of 206 references is included.
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I. INTRODUCTION

In the present paper the term "molecular reactions" will
imply those elementary reactions where the initial systems
and products contain only molecules—not atoms, radicals,
or biradicals.

Investigations of molecular reactions occupy an impor-
tant place among the numerous papers on the kinetics of
elementary reactions which have been published to date.
Nevertheless, these results have not been summarised and
systematised to the same extent as has been done for the
reactions of atoms and radicals. The reasons for this are
the considerably greater qualitative diversity of elementary
molecular reactions and the far less complete theoretical
study that has been made of them because of their greater
complexity.

Actually, in the commonest and most thoroughly studied
radical substitutions of the type R + R'X —» RX + R' only
one chemical bond is broken, and the transition state has
an extremely simple structure. In thermal decompositions
of molecules into two atoms or radicals, of the type
R—R' —* R + R', too, only one chemical bond is broken,
while the potential barrier to reaction is given by the ener-
gy of rupture of the bond R-R'. Radical reactions of this
type have been the subject of quite full theoretical study.

A characteristic feature of molecular reactions is that
they involve the cleavage of more than one chemical bond,
while the activated complex has a more complicated struc-
ture. Nevertheless, kinetic investigations of molecular
reactions are usually made on a particular restricted class
of reactions, and very little attempt has been made to es-
tablish an interrelationship between and general laws for
the kinetics of molecular reactions belonging to different
classes.

The present Review represents an attempt to summa-
rise, analyse, and systematise published information on
the kinetics of molecular reactions, the starting point being
the additive method for calculating the activation energies
of chemical reactions which I have developed1.

II. CLASSIFICATION OF REACTIONS

A rational classification of elementary reactions is of
paramount importance for the analysis and generalisation

of kinetic data. It is advisable to base such a classification
on the structure of the activated complexes, which reflects
most profoundly all the fundamental kinetic features of the
reactions.

Szabo2 worked out a possible classification based on the
structure of the activated complexes. It contains a total
of 23 different types of reactions and the same number of
empirical coefficients for calculating the activation energy.
A fundamental defect of this classification is that in many
cases forward and reverse reactions are of different types,
in spite of the obvious identity of the corresponding acti-
vated complexes. As a consequence, the difference be-
tween the activation energies of forward and reverse reac-
tions, calculated by Szabo's method, is not in general equal
to the heat of reaction, as it should be in reality.

The classification of chemical reactions which I have
proposed is also based on the most fundamental features of
the structure of the corresponding activated complexes.
As before l an activated complex is regarded as a molecule
whose atoms are combined with one another not by chemi-
cal but by weaker, "activated" bonds. Since each acti-
vated bond corresponds to a definite chemical bond in the
initial system or in the reaction products, the number of
activated bonds is given by the sum of the numbers of
chemical bonds cleaved Nc\ and formed Nf:

N* = Nci + tit.

Table 1 lists the main types of activated complexes. An
activated complex of any type is the same for forward and
reverse reactions. The only difference between the latter
is that formed and cleaved bonds interchange roles. Other
activated complexes are also possible, e.g. seven-mem-
bered, eight-membered, etc. complexes. However, these
are encountered considerably more rarely in the reactions
under investigation. This classification covers not only
molecular but also radical and biradical reactions.

Analysis of numerous experimental data on the mecha-
nisms of reactions whose molecular character has been
established shows that they nearly all involve the formation
of either four-membered or six-membered activated com-
plexes t-

t Except for cis-trans isomerisations involving an
activated complex having N* = 1. For the mechanism
of these reactions see Section IV, 1.
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In cases in which the reaction mechanism cannot be
represented by the above complexes, there are usually
sound reasons for supposing that the reaction is not ele-
mentary, but passes through several stages (not excluding
the intermediate formation of radicals, for example).

Table 1. Classification of activated complexes.
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Table 2. Mean energies of bonds in molecules {Q) and
in activated complexes (Q*) at 0°K (kcal)*.

Bond

H - H
C - H

σ-C—C (inalkanes)
π-C—C (inalkenes)
π-C—C (in acetylene)
σ-C—0
π-C—0 (in aldehydes and ketones)
π-C—Ο (in acids)

O - H
σ-C-N

N - H

C^T-Cl
Ctert - C l

ctert " ~ B r

'"prim '
C sec — !

C t e r t H l a
H—Br
H-I

β, kcal

103
99
79
61
56
80
88

124
105

66
92
76
76
76
63
63
63

47
47
47

102
87
70

Q , kcal

48
45
28
17

9
27
18
45
55
11
25
18
25
32
16
21
26

8
16
24
40
33
23

* Here and subsequently we shall for brevity write "kcal"
instead of "kcal mole"1".
Note. Correction for conjugation Δ(
correction for cumulation AQcu m = 8 kca"i.

= 12 kcal;

An important characteristic of activated bonds is that
their mean energy is about the same in different activated
complexes- Table 2 gives values of mean bond energies
in molecules and activated complexes, from which it is
easy to calculate the activation energy of a chemical reac-
tion by means of the additive principle

where Q and Q* are the mean energies of a bond in a mole-
cule and in an activated complex respectively.

A more detailed account of the method of calculation
will be found in the previous review1. Table 2 has been
somewhat expanded and refined in comparison with the
corresponding previous table1; in particular, the bond
energies for nitrogen have been added, and also a correc-
tion &Qcum f o r t n e effect of the cumulation of three or
more 7r-bonds in a chain.

If a reaction involves cleavage of cyclic bonds, one
energy of rupture of a carbon-carbon bond in the ring (50,
60, and 72 kcal respectively for cyclopropane, cyclobutane,
and cyclopentane) is substituted in Eqn. (1) and also the
corresponding energy of an activated bond (4, 12, and 22
kcal for the same rings).1

Before surveying published information, we must com-
ment on experimental methods for studying the kinetics of
molecular reactions.

ΠΙ. METHODS OF STUDYING THE KINETICS OF MOLECU-
LAR REACTIONS

In principle the determination of the rate constants of
molecular reactions is considerably simpler than of radical
or ionic reactions, since the concentrations of all the
species involved can easily be measured. Nevertheless,
methods for the study of molecular reactions have several
peculiarities, associated not so much with determining the
rate constants as with proving that the measured constants
do relate to the given elementary processes. The reaction
under investigation is sometimes complicated by several
side-reactions, and this makes an unambiguous interpreta-
tion of the results considerably more difficult. The com-
plications met most frequently are due to the occurrence
of heterogeneous and radical-chain processes.

Heterogeneous Reactions

Many molecular decompositions and isomerisations are
extraordinarily sensitive to the condition of the walls of the
reaction vessel. The effect of the walls on reaction veloc-
ity may have several causes. The first possibility to be
borne in mind is heterogeneous catalysis of the reaction by
the walls. Such reactions as hydrogenation and dehydro-
genation, for example, can easily be catalysed by various
surfaces, especially metallic surfaces. Apparently the
wall also catalyses the decomposition of certain alkyl ha-
lides (e.g. ethyl chloride3'5). In several cases the rates
of the homogeneous reaction and of the catalytic reaction on
the wall are comparable. In other cases the reaction takes
place almost solely on the wall (e.g. the decomposition of
ammonia4).

The relative rates of homogeneous and heterogeneous
(catalytic) reactions is determined by several factors, in-
cluding the nature and the state of the surface, the ratio of
the surface area of the vessel to its volume S/V, and the
experimental conditions (temperature and pressure).
Heterogeneous catalytic decompositions usually have lower
activation energies than the homogeneous reactions, so that
the relative contribution of the heterogeneous reaction
diminishes with rise in temperature.

In the kinetic study of molecular reactions the occur-
rence of heterogeneous reactions is usually detected by
making experiments at different S/V ratios, and also by
special treatment of the surface of the reaction vessel.
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The latter effect is often achieved by "aging", i.e. by
making a large number of experiments in the same vessel.
This quite often improves the reproducibility of the results.
"Aging" is explained by the appearance on the walls of a
thin film of carbon deposits, which are inert towards the
given reaction.

Heterogeneous reactions can be entirely eliminated by
a special technique5 for studying the kinetics of first-order
reactions in a stream of an inert gas, which completely
prevents reactant molecules from striking the walls of the
reaction vessel. In this technique the reaction is con-
ducted under streamline flow conditions in the initial (dif-
fusion) portion of the zone in which a current of the reac-
tant mixes with an accompanying coaxial flow of the inert
gas. By this means kinetic measurements are made only
on the homogeneous reaction.

Heterogeneous reactions can be eliminated also by
means of a shock tube, which has recently become widely
used. In this method a detonation wave effects rapid
heating of the initial gaseous mixture, while the walls of
the vessel remain cold.

Radical—Chain Processes

Molecular reactions are often complicated also by radi-
cal-chain processes, and therefore methods for the detec-
tion and suppression of radical reactions are of primary
value. The most convincing evidence for the participation
of free atoms and radicals in a reaction is their direct
detection and measurement of their concentrations. Vari-
ous physical and chemical methods (electron spin reso-
nance, mass spectrometry, the mirror technique, etc.) are
used for this purpose. In the study of molecular reactions,
however, it is not so important to detect radicals as to
prove their absence. This is a more complicated task,
since a failure to detect radicals still does not mean that
there are absolutely none in the system. Nevertheless,
the inhibition method, consisting in adding substances
which can react readily with radicals and thereby remove
them from the system, has become widely used for asses-
sing the possible part played by radical processes. The
most frequently used inhibitors are nitric oxide, propene,
toluene, and cyclohexene. If the rate of a reaction is not
affected by the addition of inhibitors, this is regarded as
an argument in support of its molecular character. Even
when an inhibiting effect is present, it is sometimes con-
sidered that the "residual" inhibited reaction is molecular,
since secondary radical processes are then completely
suppressed.

To ascertain the possible effect of heterogeneous and
radical processes on the kinetics and the mechanism of
molecular reactions it is now standard practice to conduct
experiments at various S/V ratios and also with additions
of inhibitors, and if no appreciable change in reaction
velocity is detected, it can be more or less confidently
stated that the reaction is molecular.

Careful analysis of the reaction products and the use of
isotopes are extremely useful in the detection of radical
processes. When radicals are present, many secondary
products are usually formed. If, however, the reaction
is conducted in a mixture, say of an undeuteriated and a
completely deuteriated reactant, radical reactions will
yield partly deuteriated products. In the absence of free
radicals the products of the reaction should be either un-
deuteriated or completely deuteriated compounds. This
method is applicable, of course, only to decompositions
and isomerisations, and only if no deuterium exchange

takes place either between molecules of the initial reactant
or between molecules of the reaction products.

However, it must be borne in mind that short-lived bi-
radicals can sometimes take part in a reaction, these being
able to isomerise into molecules in a time less than that
between collisions. In this case attempts to detect such
biradicals by means of inhibitors will be unsuccessful, but
this does not prove their absence. Additional difficulties
are thereby created for the experimental investigation of
the reaction mechanism. Determining the stereochemical
structure of the reaction products may prove of some as-
sistance here, since molecular reactions, unlike radical
reactions, are usually stereospecific.

IV. ANALYSIS OF EXPERIMENTAL DATA

1. cis-inms-Isomerisation of Ethylenic Compounds

The cis-trans isomerisation of ethylenic compounds is
the only example of a molecular reaction whose activated
complex contains a single activated bond:

CH=CH
I I

R R '

R'

CH=CH

cis- trans-

The activation energy of reactions of this type, calcu-
lated additively, is

Ε = Qn-c=c - Q?-c=c = 61-17=44 kcal .

Certain existing experimental values would appear to agree
fairly well with this calculation, as can be seen from
Table 3.

Table 3. Experimental values of the activation energy and
of the logarithms of the pre-exponential factor for the cis-
trans isomerisation of alkenes.

Alkene

CHD=CHD
CHC1=CHC1
CHC1=CHC1
CHC1=CHC1

CH8CH=CHCHs
CH,CH=CHCH 3

CH3CH=CHCH3
CH 3 CH=CHCH 8

CF 8 CF=CFCF,
p-CH 8OC eH 4CH=CHC eH 5

p-NO 2 -C e H4CH=CHC e H 6

C,H6CH=CHCOOCH3

C eH 6CH=CHCN
C eH 6CH=CHCN
C H a C H ^ C H C H ,
CHSCH=CHCOOCH3

CH3CH=CHCN

Reaction

cis-* trans
trans-*-cis
trans-*-cis
cis -* trans
cis-* trans
cis-* trans
cis-* trans
cis-* trans
cis -* trans
cis-* trans
cts-t-trans
cis-* trans
cis-* trans
trans-* cis
ds-* trans
cis -* trans
cis -* trans

1*4*

13.00
12.70
12.68
12.76
13.78
11.00
14.54
14.00
13.53
10.23
10.23
10.54
11.60
11.80
12.78
13.20
11.00

E, kcal

65.0
42.0
55.3
56.0
62.8
52.0
65.0
64.2
56.4
35.5
34.0
41.6
46.0
46.0
42.8
57.8
51.3

Ref.

11
6
9
9

15

14
18
16
20
22
22
21
23
23
24
70

71

* Here and subsequently the units of A are s"
mole'1 s"1 for first-order and second-order
respectively.

-1 and cm3

reactions

However, careful analysis shows that the matter is com-
plicated by several secondary factors, which throw doubt
on the reliability of the results. It has recently become
obvious that many cis—trans isomerisations, which have
previously been regarded as unimolecular homogeneous
reactions, are actually initiated by free radicals or are
heterogeneous.
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An example of such a reaction is the isomerisation of
1,2-dichloroethylene. In this case it was discovered6 that,
in order to obtain reproducible results, the reaction vessel
had to be "aged", but even in an "old" vessel the reprodu-
cibility of the rate constant rarely became better than 50%.7

A considerable departure from the first order was found8

during the first 5 min of an experiment. The reaction
velocity depends also on the surface-volume ratio S/V of
the reaction vessel9. Finally, Steel10 showed that the iso-
merisation of 1,2-dichloroethylene is strongly inhibited by
toluene and propene, so that it is a radical-chain reaction.
The isomerisation rate constant has been measured9 in
excess of toluene. This constant, when extrapolated to
S/V = 0, is ascribed to a true unimolecular reaction, the
activation energy then being 56 kcal.

The above complications explain the contradictions in
published experimental results, and prevent an unambigu-
ous conclusion from being drawn on the reaction mecha-
nism.

A similar situation is found in the isomerisation of di-
deuterioethylene. The rate of this reaction depends u on
the surface area of the reaction vessel, and increases on
the addition of oxygen, ethanethiol, azomethane, and nitric
oxide. The first-order rate constant increases with pres-
sure over a wide range (9-312 mmHg). The activation
energy at p = °° is 65 kcal. The isomerisation of dideu-
terioethylene in the presence of nitric oxide is of the first
order with respect to the latter, and the activation energy
is 27.5 kcal1 2.

Many investigators have studied the cis-trans isomeri-
sation of but-2-ene. In 1936 Kistiakowsky and Smith
found13 that the activation energy of this reaction had the
unexpectedly low value of Ε = 18 kcal, which was difficult
to explain. Later measurements by Anderson et al. 1 4,
who used an improved method, gave a value of 52 kcal. In
these experiments (over the pressure range 200-400 mmHg)
some increase in pressure was observed during the reac-
tion, probably caused by secondary reactions. Rabino-
vitch and Michel15 found that, at pressures exceeding 10
mmHg, the reaction was complicated in character (auto-
catalytic) and sensitive to additions of oxygen, azomethane,
and propene. Below this pressure, however, isomerisa-
tion was regarded15 as unimolecular with an activation
energy of 62.8 kcal. Other authors16»17 have reached
similar conclusions. The kinetics of the isomerisation of
but-2-ene has been studied also at considerably higher
temperatures in a shock tube1 8. On extrapolating the
early results1 6 '1 7 to the conditions of their own experi-
ments, these workers found18 the activation energy to be
65 kcal.

Thus at present the mechanism of cis-trans isomerisa-
tions cannot be regarded as finally established. Compli-
cations due to the occurrence of heterogeneous reactions
and the possible influence of free radicals, observed by
several workers, compel a very cautious approach to the
expressions obtained for the isomerisation rate constants.
If recent results are correct, the activation energies of
cis—trans isomerisations will be larger than those assumed
earlier. These quantities are close to the mean energy of
the TT-C=C bond in alkenes, and it may therefore be sup-
posed that isomerisation is accompanied by the formation
of an unstable biradical intermediate:

R

[RCH-CHR] -> HC=CH .

R

This possibility had been pointed out earlier by Kondrat'ev19.
The intermediate biradical is in a singlet state, so that the

reaction takes place without change in the multiplicity, as
is indicated by the "normal" values of the pre-exponential
factors.

With this reaction mechanism cis—trans isomerisation
by definition is not a molecular reaction, and its consider-
ation is in general outside the scope of the present review.
Nevertheless, certain other reactions are discussed,
where the mechanism is also a matter of controversy.

2. Decomposition and Isomerisation of Cyclobutanes

Two types of chemical changes—(1) decomposition into
two alkene molecules and (2) cis-trans isomerisation—are
possible in the case of cyclobutane derivatives.

If the decomposition of cyclobutane is a single-stage
unimolecular reaction, the structure of the corresponding
activated complex can be represented

D C Ο

This involves the cleavage of two a-C=C bonds in the four-
membered ring, with the formation of two 7r-C=C bonds.
The additive activation energy of this reaction is Ε = 60 +
79 - (12 + 28 + 2 x 17) = 65 kcal, which agrees with most
of the experimental results in Table 4.

However, we have tacitly assumed that activated ir-bonds
are not conjugated, and we have not introduced appropriate
corrections. This can be justified by the fact that the de-
crease in energy of the system resulting from conjugation is
to a considerable extent balanced by the increase due to the
high deformation energy for the four-membered ring.
Indeed, the deformation energy in cyclobutadiene, for ex-
ample, is so large that this compound is probably abso-
lutely unstable, and all attempts at its synthesis have
failed.

A single-stage mechanism is supported by the fact that
the rate of this reaction depends neither on the surface-
volume ratio S/V nor on additions of inhibitors of radical
reactions. Nevertheless, several workers assume that
the decomposition of cyclobutanes takes place in two stages,
with the intermediate formation of an unstable biradical:

I I » 2 C 2 H 4 .

HC=CH
I I
R R

If the first stage is rate-determining, the activation energy
should be equal to the energy of rupture of a carbon-carbon
bond in cyclobutane, i.e. 60 kcal. This value is also close
to experimental values of the activation energy.

It is therefore difficult to draw a final conclusion on the
mechanism of the reaction. However, interesting work25»26

on the decomposition and isomerisation of cis- and trans -
1,2-dimethylcyclobutanes shows that, if an intermediate
biradical is formed, its decomposition is more rapid than
rotation about the carbon-carbon bond. Indeed, this work
has revealed firstly that the rate of cis-trans isomerisa-
tion of cyclobutane is far lower than its rate of decomposi-
tion, although the activation energy of isomerisation is also
rather smaller; and secondly that, in the decomposition of
1,2-dimethylcyclobutanes with the formation of but-2-ene
and ethylene, non-equilibrium proportions of the cis- and
ircms-isomers are formed, the butene which corresponds
in configuration to the original cyclobutane always being
produced preferentially. These facts undoubtedly suggest
that the lifetime of the hypothetical biradical is extremely
short, probably shorter than the time of rotation about the
carbon-carbon bond. Experimental data on the kinetics
of the cis—trans isomerisation of cyclobutanes are listed
in Table 5.
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It is interesting also to note the appreciable differences
in decomposition kinetics between cyclobutane and its de-
rivatives containing a double bond in the β-position relative
to the ring: the activation energy of decomposition of the
latter is about 12 kcal smaller than that of cyclobutane.

With a biradical mechanism this decrease in the activation
energy of decomposition is attributed to the resonance (sta-
bilisation) energy of an allylic radical .CH2CHaCHj,CHCH:
CHa· ̂ i 2 8 However, this energy is considerably smaller
than for allyl itself CH2: CH.CH2·, where it is 22 kcalj.

Table 4. Kinetic data on the decomposition of cyclobutane
and its derivatives (I)-(IV).

—A p-^B

(1) (11

Compound

type

|
1
|

cis-l
cis-l
trans-\
trans-l

II
II
II

III
III

«i-III
trans-Ill

cis-Ul
trans-Ill

IV
IV
IV

A

CH2

CH2

CH2

CHCH,
»

CHCH,

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

—
—

CF2

CF2

CFC1
CFC1

reaction
CFCF,
CFCF,

CH
CCH,

CH

Β

CH2

CHCH,
CHCH3
CHCH3
CHCH,
CHCH,
CHCH,

CHC2H5

CHCH (CH,)2

CHC3H7-n
CHC(CH3)=CH2

C=CH 2

C=CH 2

C = O
CHC HO

CHCOCH,
CHCOC2H5
CHCOOCH,

—

OFj
CF2

η

—

—

—

—

—

—

—

—

—

—

—

—

—

—

2
3
3

—
—

(111) (IV

Reaction products

2C,H5

C2H44-C8He

"2C,H.
C2H 4+0H,CH=CHCH s

C 2 H 4 + C H 3 C H = C H C H 3

C2H4-|-CH2=CHC2Hli
C2H4+CH2=CHCH(CH,)2

CjH4+CH2=CHC3H7-n
C2H1+CH2=CHC(CH,)=CH2

C2H4-|~CH2=C=CH2

C2H4-j~CH2=C=GH2
C 2 H 4 +CH 2 =C=O

C U H I + C H ^ C H C H O
C2H4+CH2=CHCOCH,
C2H4-I-C Η$—C HCOC 2H5

C 2 H 4 +CH 2 =CHCOOCH,
CH2=CH(CHj)2CH=CH2

C1H4+ cyclo-CsH,
C H 2 = C H ( C H 2 ) / J H = C H 2

2C2F4

2C2F4

reverse reaction
ditto

CFC1
CFCI

revers
C2F,+C2F4->JI

CFCF,
CFCF,

CH
CGH,

CH

erea

2C2F,C1
2C2F,C1

ction
, A=CF 2 , B=OFCi

0
0
2

2C3F,
2C,F,

CHS=CHCH=CH2

CH2=C(CH),C(CH,)=CHj
CHj=CH(CH2)2CH=CH2

I

1*4

15.60
15.38
15.64
15.48
15.57
15.45
15.46
15.56
15.63
15.53
14.64
15.68
15.09
14.56
14.43
14.53
14.50
14.84
15.40
14.&1
15.40
16.00
15.95
10.40
11.22
11.01
15.50
15.09

10.63
10.93
15.36
15.77
14.02
14.45
15.17

12.81

15.51

E, kcal

62.5
61.2
62.0
60.4
63.0
61.6
63.4
62.0
62.6
61.6
51.0
63.3
61.5
52.0
53.3
54.5
54.2
57.3
36.0
60.7
64.0
73.3
74.1
24.0
26.3
25.4
69.3
65.3

26.6
26.3
64.2
64.2
40.58
43.3
55.0

33-5

55.9

Ref.

31

32

33
25

25
26
26
34
35
36
28

40
41
23
44
45
46
47
37
38
3»
48
49
48
50
51
52
52

52
50
53
53
56
42
51

39

55

3. Isomerisation of Cyclobutenes

The isomerisation of cyclobutene and its derivatives into
dienes has been studied in detail by Frey and Walters5 6"6 5.
These are first-order reactions, and their rate is affected
neither by change in the surface-volume ratio nor by addi-
tions of inhibitors. The view that these are true unimo-
lecular reactions is entirely justified. Isomerisation in-
volves the cleavage of one C-C bond in the four-membered
ring and one π-bond, while three (activated) cumulative
π-bonds and one σ-bond are formed:

The additive activation energy of this reaction is Ε = 60 +
61 - (12 + 3 x Π + 3 x 8) = 34 kcal.

Table 6. Kinetic data on the isomerisation of cyclobu-
tenes (V).

X-n— A
I -» A=CX-CY=B

YJLB
(V)

X

Η
—

CH,
CH,
CH,
CH,

Η
CH,

Η
Η

CH,
—
F

Υ

Η
—
Η

CH,
Η
Η
Η
Η
Η

C 2H 5

CH,
—
F

A

CH2

—
CH2

CH,
CH t

C H 2

S

CH2

CHCH,
CH2

CHCH,
—

CF2

reverse reaction
yf :—

in —\_
/\ f

II 1 -»

IIZ
V

Β

CH2

CH2

CHJ

CHCH,
C H j

C(CH,)2

C(CH,)2
CH2

CH2

CHCH,
—

CF2

\

/

\

/ '

\

//

MA

13.08
13.26
13.79
13.84
13.65
13.52
13.93
13.90
13.53
13.76

13.85 (trans-)
14.10 (CM-)

14.12

12.03

14.31

14.13

14.00

E, kcal

32.5
32.7
35.1
36.04
33.0
33.39
36.09
37.03
31.55
34.83

33.59 (mini-)
37.36 (cis-)

47.08

35.38

45.51

43.18

39.5

Ref.

57
58
59
60
61
61
62
62
63
65
64

64
66

65

67

64

69

Table 5. Kinetic data on the cis-trans isomerisation of
the cyclobutane derivatives (I) and (ΠΙ)*.

Compound

I, A=B=CHCH,
ditto

III, A=B=CFCF,
ditto

HI, A=B=CFCl
ditto

Reaction

cis-* trans
trans -*cis
cis-* trans
trans -*ds
cis -* trans
trans-* cis

14.81
14.57
15.36
15.77
15.10
14.86

f.kcal

60.1
61.3
64.2
64.2
60.1
60.2

Ref.

25
26
53
53
52
52

* See Table 4.

This value shows excellent agreement with available
experimental data (Table 6), except for the reactions of
dicyclic compounds and perfluorocyclobutene, the activa-
tion energies of which are 10-13 kcal higher. In the case
perfluorocyclobutene the presence of fluorine atoms prob-
ably greatly affects the energies of the bonds in the mole-
cule. Such deviation from a simple additive scheme is a

% The stabilisation energy of a radical can be estimated
as the difference between the mean energy and the energy
of rupture of a carbon-hydrogen bond in the molecule 2 9.
For propene this will give30 £ s tab = 99 - 77 = 22 kcal.
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general phenomenon in the reactions of perfluorinated com-
pounds, which requires the introduction of appropriate cor-
rections into the scheme.

Special interest attaches to the isomerisation of dicyclic
compounds, where the departure from additivity is due to
the peculiar stereochemistry of the process. In fact the
isomerisation of substituted cyclobutenes involves rotation
of the terminal groups formed, where "unidirectional"
rotation (the conrotatory process) is energetically more
favourable. Thus, trans-i,2,3,4-tetramethylcyclobutene
yields 3,4-dimethylhexa-fraras-2,ira«s-4-diene:

whereas, cis-1,2,3,4-tetramethylcyclobutene gives 3,4-di-
methylhexa- cis - 2, trans - 4- diene M :

In dicyclic molecules, however, such unidirectional rota-
tion is impossible, and isomerisation is accompanied by
rotation in the opposite direction {disrotatory process)6 4:

Since "opposite" rotation is energetically less favourable,
the activation energy is appreciably higher in these cases.

There is a qualitative quantum-mechanical explanation
of these peculiarities in terms of the symmetry of the mo-
lecular orbitals of the electrons taking part in the reac-
tion6 8. In a conrotatory process two σ-electrons and two
π-electrons of the initial molecule pass into the two lowest
orbitals ψχ and i|/2 of the resulting butadiene:

With a disrotatory process two of these electrons should
pass into a higher level ψ3 in order to maintain the sym-
metry of the orbitals:

Thus the departure from additivity in the isomerisation of
dicyclic molecules finds a simple explanation in the method
of molecular orbitals.

4. Isomerisation of Cyclopropanes

Two types of isomerisation—structural isomerisation
with the formation of alkenes and geometrical cis-trans
isomerisation—occur in cyclopropane and its derivatives,
as also in cyclobutane. A theoretical treatment of and
kinetic data on the structural isomerisation of cyclopro-
panes into alkenes will be found in several papers72"92»202.
Two mechanisms have been suggested for this reaction.
Smith72 suggested that isomerisation involves formation of
a transition state containing five atoms in the same plane:

An alternative mechanism, with intermediate formation of
the short-lived biradical trimethylene, was put forward by
Rabinovitch et al. 7 3:

\ 7 -* [CH»CHiCH2] — CHj—CH=CH,s .

Additive calculation of the activation energy of isomeri-
sation and also several other arguments74»81 tip the balance
in favour of the biradical mechanism of isomerisation. In
fact the calculated activation energy for the first mecha-
nism Ε = 50 + 99 - (4 + 2 x 45 + 17) = 38 kcal differs
markedly from the experimental value of 65 kcal. This
implies that the reaction does not take place by the first
mechanism.

The scheme proposed by Rabinovitch for the alternative
biradical mechanism must be supplemented by reaction 2,
the reverse reaction to formation of the trimethylene radi-
cal7 5:

\ / C 3 H e

V Η c*f_-Η J

The isomerisation rate constant for this extended mecha-
nism is k = k1ki/{k2 + k3), where klf kz, and k3 a re the rate
constants of the corresponding reactions. When ks « k2,
we have k — k3kl/k9 = fes^eq» where /Ceq is the equilibrium
constant for the formation of trimethylene from cyclopro-
pane. According to Benson 7 5

fe1= 10ie0exp(—64200/flT)

k2 = 10130exp(— 8200/RT)

ks = 10ls ·* exp (— 9500 /RT) ·

The expression for kx was obtained on the assumption that
the rate of reaction 1 was equal to the rate of geometrical
isomerisation of cyclopropane.

Rabinovitch and his coworkers found73 that the rate of
geometrical isomerisation of dideuteriocyclopropane ex-
ceeded its rate of structural isomerisation about sixteen-
fold. This is perfectly understandable when it is remem-
bered that the intermediate trimethylene biradical is
common to the two reactions:

cis-\/ :*=*: [CH2CH;CH2] X - trans- \~? .

Comparison of data on the kinetics of the geometrical
isomerisation of cyclopropanes (Table 8) with those on the
structural isomerisation of the same compounds (Table 7)
shows that the activation energy of cis-trans isomerisation
is the lower. This is due to the lower potential barrier
to internal rotation in the biradical than to its isomerisation
into propene. Hence in this case k'3 » k2 and fegeom =

krk'3/(k2 + k3) ^ kif in agreement with Benson's conclu-
sions7 5.

It is interesting that 1,1-dichlorocyclopropane isomer-
ises into 2,3-dichloropropene with migration of a chlorine
atom, not of a hydrogen atom7 6:

CH,CI—CCI=CH,

From the experimental results the authors76 conclude that
this reaction has a single-stage mechanism with an activa-
tion energy of 57.8 kcal, which agrees with the additive
value of 55 kcal.

5. Isomerisation of Vinylcyclopropanes

A peculiar type of isomerisation with expansion of the
ring is observed with compounds containing a C=C double
bond in the β-position to the ring. The simplest compound
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of this type is vinylcyclopropane, which isomerises into
cyclopentene:

Table 7. Kinetic data on the structural isomerisation of
cyclopropanes (VI).

\ /

VI

A

CH 2

CHS

CH 2

Β

CHa

CHCH3

C(CH9)a

Reaction products

C s H e

C 4 H e

C 6 H 1 0

lgA

15-30
15-17
14.84
15-85
15.26

15-45
14.46

£, kcal

65.1
65.0
64.2
67.2
65-9

65.0
63.2

15-051 62.6

Ref.

77
78
79

203
204

80
81

82

CHGH3
(.cis)

CHCH3
(trans-)

CHCH3
(cis)

CHCHj
(trans·)

c/s-CH 3CH=CHC 2H 6 14.05
13.92

61.8
61.4

frans-CH3CH=CHC2H,

(CH 3 ) 2 C=CHCH S

C H 2 = C

c/s-CH sCH=CHC ! !H5
trans-CHtCH=CHCiHt

14.131
13.96

61.8
61.2

13.28
14.08

13.21
13.93

C (CH,)2 I C (CH 3) a
(CH,) 2 CHCH=C (CH,)a

CHC 2 H 5

CH,

CHC2H5

14-40
14.30

I 15.83[

59.7
62.3

59.6
61.9

63.6
62.9

64.4

CH2= :C
C H 8 C H =

C H C H = C (CHS) 2
CH2=CHCH2CH=C (CH,)2

cis· (CH3) 2a=CHCH=CHCH3

frg^(CH)CCHCHCHCH

14.95
14.84

14.61
13.33
13.25

63.8
63.4

56.65
53.0
52.1

CH, CHF C S H 6 F 114.58 [ 6 1 . 0 1 | 88

CHa

CHa

CHD

CH a

CH 2

CHC1

aci2
CHD

CHCF 3

CHCH 2 CF 3

r>

ο
<D

CH2C1CH=CH2 114.8 | 5 6 . 2 92

CH2C1CC1=CH2 | 1 5 . 1 3 | 5 7 . 8 | ™

C 3 H 4 D 2

C 3 H 6 CF 3

C 4 H 7 CF 3

r \

^>

Γ /Λ

-+ [

15.20
15-12

14.60
14.38

1389

13.29

14.28

14.09

14.58

65.5
65.4

65.6
63.6

61.17

57.4

50.2

50.2

46.6

73
204

205
205

89

89

90

90

91

This reaction involves the cleavage of one ττ-bond and one
σ-C-C bond in the three-membered ring. The additive
activation energy of this reaction is Ε = 50 + 61 - (4 + 17 +
17 + 22) = 51 kcal.

Two mechanisms have been suggested for reactions of
this type—via a four-membered activated complex, as in-
dicated above95, and a biradical mechanism involving the
formation and isomerisation of a biradical96

The first mechanism is supported by two arguments:
firstly the pre-exponential factor in these reactions is
smaller by 101·5"2 than in the isomerisation of cyclopro-
panes into alkenes, which involves the intermediate forma-
tion of biradicals (see subsection 4); secondly, the activa-
tion energy of the isomerisation of vinylcyclopropane into
pentadienes, which has a biradical mechanism, exceeds
that for the present reaction by 6-7 kcal (see Table 7).

Table 8. Kinetic data on the geometric isomerisation
of cyclopropanes (VI). cis-VI—* trans -VI

vi

A | Β

CHD
CHCH3
CHC2Hg

CHD
CHCHj
CHCHg

1,2,3-trimethyl-
cyclopropane

\gA

16.00
15.25
15.08

15.78

E, kcal

64.2
59.4
58.9

60.9

Ref.

73
83
93

94

Available experimental data (Table 9) show excellent agree-
ment with the additive activation energy, which suggests
that the reaction takes place by the first mechanism.

It is interesting that the activation energy of the isome-
risation of perfluorovinylcyclopropane is considerably
smaller because of the greater deformation energy of this
compound compared with cyclopropane. It has been esti-
mated103 as &Qdei = 43-50 kcal, compared with ~ 28 kcal
in the case of cyclopropane155.

Table 92 ; Kinetic data on the isomerisation of vinylcyclo-
propanes (VII).

Χ Υ Ζ Χ Υ

(VII) A\/\2

VII

A

CH 2

C(CH,) 2

CH 2

CH 2

CH 2

G HC 2H5
0 H 2

CH 2

1 1

x

Η

Η
CH 8

Η
CH S

Η
Η

cyclo-C3HB

γ

Η

Η
CH 3

CH 3

Η
Η
Η

Η

ζ

Η

Η
Η
Η
Η
Η

CH,
(trans-)

Η

perfluorovinylcyclopropane
CJ?,

lg A

13.61

13.50
14.40
14.14
14.11
13.89
13.79
13.67
14.29

13.895

14.01

Ε, kcal

49.7

49.6
54.6
50.2
49.35
50.9
49.88
48.64
51.06

34.6

51.29

Ref.

97

98

87
99

100
96
95

101
102

103

102

Substituted cyclobutanes undergo analogous isomerisa-
tion with an activation energy of 51 kcal2 8:
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6. Decomposition of Esters

Esters containing a carbon atom in the β-position rela-
tive to the carboxyl decompose into an acid and an alkene:

RCOOR' -» RCOOH + Alkene .

The activated complex of this reaction is either four-
membered or six-membered:

o·
s ι

RC-O-C
—CH-*

I I

o» Η - 4
\ J

RC-O-C-CH-»

I I

ο*

• RC-OH+^)C=(

Ο

acid. The two acids can be distinguished only by careful
mass-spectrometric analysis of the reaction products. As
far as I am aware, no such investigation has been made.
In the literature preference is given to the six-membered
activated complex15·.

According to most measurements (Tables 10 and 11) the
activation energy for the decomposition of esters is close
to 44 kcal. The additive values are 45 and 35 kcal for the
six-membered and four-membered complexes, which is
evidence of a six-membered structure of the activated
complex in the decomposition of most esters.

Available experimental data show that the presence of
substituents in the ester molecule has very little effect on
the activation energy. This fact confirms the additivity
principle, according to which the activation energy is deter-
mined solely by the activated bonds.

Table 10. Kinetic data on the decomposition of esters.

^ -R'-CC +>C = C<
DR N O H

R

C,H.

CH,
CH,

Uo-C,H,
teo-CH,

t-C«H,
t-C«H,

. t-CH.
C 14 C if*XX \
Λ WJ ΛΙΙ/1Μ
^ijfj§lj nVjf* J

C Hj=CHO HjC HCH>

dHjCOC ri«CriC Hj
CiKSSc? i

f t

CjH,*
C , ? ^ (choteitetyl)

R'

Η

CH,

Η
CH,

Η

Ο,Η,
CH,
CH,
CH,

CH,
CH,
CH,

CH,

Alkene

C,H«

C,H«
C,H4
C,H,
C,H|

tao-CH,
iio-CH,

G Η
CHdG H=CHOH,

CH,=CHCH=CHCH,+
+CH,=CHCH,CH=CH,

CH,COGH=«CHCH,
Ο,Η,ΰΗ^Η^ΟΗΰ,Η,

' 'CHT

11.33
11.57
12.49
12.72
12.33
13.00
12.88
11.10
13.34
12.80
13.50
13.12

13.00
11.88
13.05
12.81
11.24
12.71

ff, kcal

44.1
44.03
47.8
48.5
44.2
45.0
44.8
34.0
40.5
39.2
40.1
46.6

44.4
37.4
43.3
43.7
44.0
44.1

Ret

104
105
104
106
104
104
206
107
108
108
109
110

111
111
112
115
114
113

Table 11. Kinetic data197 on the decomposition of ace-
tates.

X - CH«CHCHiG,H4 - Υ

OCOCH,

-» X — C,H«CH = CHC,H4 — Υ + CHjCOOH

X

Η
Η

3-C1
Η

4-CI
Η

4-CH,
Η

4-CHrf)
4-CH,0

4^1

Υ

Η
3-C1

Η
4-CI

Η
4-CH,

Η
4-CH»O

Η
4-CI

4-CH.O

13.05
13.07
12.96
13.06
12.56
12.94
12.67
12.58
12.54
12.56
12.87

£,kcal

43.3
43.3
43.8
43.3
42.1
43,0
41.7
42.1
40.6
40.6
43.2

It is quite difficult to establish experimentally the structure
of the activated complex, since the starting materials and
the products are identical in the two cases. Experiments
using a labelled oxygen atom are necessary for this pur-
pose. In the mechanism involving a six-membered com-
plex this oxygen atom will pass into the Hydroxyl of the

7. Isomerisation of Unsaturated Esters

It has recently been established21" that esters containing
a double bond in the /3-position relative to the RCOO group
are able to undergo intramolecular isomerisation:

I I I
RCOO-C-C=C— Y —

X

•̂••c-

R-C

*Ό· · • CiL
X

I I I
RCOO-C-C=C-X.

(A)

The additive activation energy of this reaction is Ε =
124 + 80 + 61 - (2 x 45 + 2 x 27 + 2 x Π + 4 x 12) = 39 kcal,
in good agreement with the experimental data in Table 12.

Table 12. Kinetic data199 on the isomerisation

Reaction

CFiCOOCD,CH=CH, - CF»COOaHiCH=GD,

mwf-CF,COOGHiCH=CHCF, - CF^OOCH (CF,) OH=CH,

CF^OOCH (CF,) C H = C H , - cn-CF,COOCH^H=CHCF,
«*-CF,COOCHiCH=CHCF, - CF.COOCH.tCF,) CH=CH,

GH^OOCH (CH,) C (CHJ=CH, -» σΗ,ΟΧ>αΗ£ (CH,) QHCH,
CH/30OCH,C (CH,)=CHCH, -* CH,COOCH (CH,) C (CH,)=CH,

<f-CH,COOCH (CH,) CH=CHCH,-» /<;Hrf:OOCH (CH,) CH=GHCH,
V J F | ^ U U V J 1 L̂tflĵ  ^n^Vjilj —* LrgVjUUunfUn^^LnVjn]
C*\S ̂ *iV*V^H r*U i"*I4/ t̂T ^ CT· CCV\C*Vl //^Ϊ4 \ ΛΊ4 Γ·Ι4

V^rijiv^UxA^n ^ r l j ^ v.n=^V-*rit —» Vjrig|UdL'VH/Vjn^iri=^jnV_ins
CH,OCOOCHiCH=CHCH, — CH,OCOOCH (CH,) CH=CH,

CH*COOCH (CH,) CH=CHj - . CH^COCH!1CH=CHCH,

of esters.

\%A

10.9
9.2
9.2

11.6
9.0

13.53
13.2
12.4
13.4
13.2
13.7
H . 8

11.3
10.3

f.kcal

36.5
32.3
35.3
42.0
35.0
45.4
44.0
38.8
38.6
38.1
43.0
38.0
40.0
37.0

The additive activation energies for the two mechanisms
acceptable199 for this reaction, involving the formation of
four-membered complexes Β and C, are respectively 53
and 60 kcal, considerably higher than the experimental val-
ues. This confirms the six-membered structure A of the
activated complex.

o ;
R-C-O

Γ /\ι ι Λ
R-C C-0=C(

(B) (G)
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8. Decomposition of Alkyl Halides

A large number of investigations have been made on the
mechanism and the kinetics of the thermal decomposition
of alkyl halides to form an alkene and a hydrogen halide.
The study of reactions of this type is complicated by the
fact that, depending on their structure, alkyl halides may
decompose either by a molecular or by a chain mechanism.
Summarising a large amount of experimental information,
Semenov29 concluded that a molecular mechanism of de-
composition was undergone only by those alkyl halides
which, having lost a hydrogen atom, were incapable, be-
cause of the peculiar structure of the molecule, of forming
an alkene by elimination of the halogen atom. Further-
more, the decomposition of alkyl halides is extraordinarily
sensitive to the condition of the surface of the reaction
vessel29.

Experimental determination of the rate constants of uni-
molecular decomposition in particular is therefore difficult.
Szwarc116 used a toluene method to determine the unimo-
lecular decomposition constants of an alkyl bromide, on the
assumption that the presence of toluene suppresses radical
side-reactions. To eliminate the effect of heterogeneous
reactions on the kinetics of the unimolecular decomposition
of ethyl chloride, we have studied5 the reaction kinetics in
a stream of an inert gas. Comparison of the rate of de-
composition under these conditions with the rate on the
packing in a column also enabled the rate constant of the
heterogeneous reaction to be determined.

In spite of the above difficulties, a large number of rate
constants have now been determined for the elementary
reactions in the decomposition of alkyl halides. In all
reactions of this type a four-membered activated complex
is formed:

sr r/

Ί fN

Η Χ

Table 13. Activation energy for the decomposition of
alkyl halides (calculated). RX -» HX + Alkene

Alkyl

Primary
Secondary
Tertiary

X

Cl

55
48
41

Br

51
46
41

I

53
45
37

Analysis of existing experimental results shows that the
activation energy of these reactions is appreciably depen-
dent on whether the halogen atom X is attached to a pri-
mary, secondary, or tertiary carbon atom. The activation
energy for the decomposition of primary alkyl halides is
rather higher (5-8 kcal) than for the secondary compounds,
and the values for the latter are higher than for tertiary
alkyl halides.

In the additive calculation of activation energy this is
allowed for by the different mean energies of the activated
bonds Cp rim...X, C s e c...X, and C t e r t...X. The influence
of the immediate environment of the carbon atom on the
energy of the activated bond C...X is exhibited here quite
clearly. This effect is observed only with halogen atoms,
and is probably caused by their great electronegativity, as

a consequence of which the activated bond is strongly polar
in character, approaching an ionic bond in polarity.

The additive activation energy for the decomposition of
alkyl halides can be represented by the formula

Ε = 99 + Qo_x - (45 + 17 + Qf-x+Qt-x)=37+Q^X_ Q*_X _ Q£_X .

Calculated activation energies for the decomposition of
primary, secondary, and tertiary alkyl halides are listed
in Table 13. Comparison with the numerous experimental
values available (Table 14) shows good agreement with the
calculated additive values.

9. Claisen and Cope Rearrangements

Intramolecular rearrangements accompanied by inver-
sion of an allyl group are widely known in organic chemis-
try. In the case of ethers such reactions are termed
Claisen rearrangements. The reaction can be represented
by the scheme

' ~ " ~ (1)

The Cope rearrangement can be represented by a similar
scheme. The only difference is that here we have a carbon
atom instead of the oxygen atom:

(1')

The additive activation energies are—for the Claisen re-
arrangement

£ = 2-61+80-(3-17+18+27+28+4· 12)=30 kcal

and for the Cope rearrangement

£=2- 61+79— (4· 17 + 2- 28+4· 12) = 29 kcal

These values agree excellently with available experimental
data (Table 15).

In the case of these rearrangements the experimental
evidence for the structure of the activated complex, i.e.
for the reaction mechanism, is quite complicated, and
indeed a six-membered structure for the cyclic transition
state has been confirmed only in isolated cases. Some-
times, however, the possibility is admitted74 that a four-
membered activated complex can be formed:

1 £

Ο (2)

for the Cope rearrangement. A completely analogous
scheme applies to the Claisen rearrangement.

To choose between these two mechanisms it is necessary
to use a compound containing substituents attached both to
the extreme carbon atom in the molecule (at position 6) and
at position 3. Only in this case do reactions (1) and (2)
yield products differing in structure:

The additive calculation of activation energy provides
new opportunities for establishing the mechanism of a reac-
tion. In the present case the activation energies calculated
for six-membered and four-membered activated complexes
differ markedly. For reaction (2), for example, the acti-
vation energy is Ε = 79 + 61 - (2 x 17 + 2 x 28) = 50 kcal.
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Table 14. Kinetic data on the decomposition of alkyl
halides. R-X — HX + Alkene

Alkyl halide RX

Ethyl chloride

1-Chloropropane

1 -Chlorobutane

1-Chloropentane

1,6-Dichlorohexane
1-Chloiododecane
1,10-Dichloiodecane

2-Chloropropane

2-Chlotobutane

3-Chlotopentane
4-Chlorododecane
1,2-Dichlorohexane
2,5-Dichloiohexane
2,2-Dichloioheptane
5 ,7-Dichloiododecane
6,7-Dichlorododecane
Chlorocyclopentane
Chloiocyclohexane
2-Chloro-2-methylpropane

2-Chloro-2-methylbutane
2-Chloio-2,3-dimethyIbutane
3-Chloio-3-methylheptane
3-Chloro-3-methylundecane
2-Chlorohept-l-ene
4-Chlorohept-3-ene
4-Chlorohex-2-ene
Ethyl bromide

1-Bromopropane

1-Bromobutane
1-Biomopentane
1-Bromohexane
l-Biomo-2-methylpropane
3-Bromopiopene
2-Bromopropane

2-Bromobutane

3-Bromopentane

Bromocyclopentane

Bromocyclohexane
4-Bromopent-l-ene
2-Bromo-2-methylpiopane

2-Bromo-2-methylbutane

Ethyl iodide

2-Iodopropane

2-Iodobutane
2-Iodo-2-methylpropane

13.16
13.46
13.45
14.03

13.50
13.45

13 63
14.00

13.81
14.61

14.50
14.10
13.35

13.40
13.64

13,62
14.07
13.75

12.29
11.95
13.42
12.63
12.80
14.25
13.60
13.47
13.50
12.40
13.73
13.90

13.82
13.38
12.38
11.30
13.55
14.00
10.75
1 3 1 9
1286
13.25
13.45

12.90

13.00
13.18
13.09
13.13
13.05
12.33
13.62
12.60
12.74
12.63
13.04
13.53
13.51

11.90
12.84
13.51
12.94
13.50
14.00
13.23
13.60

13.36
14.80
14.49
13.20
13.67
14.46
12.96

14.90

12.52
13.73

f.kcal

56.46
56.62
55.00
58.43

55.08
55.00
55.15
57.00

55.33
58.3

58.00
55.7
53.0

50.5
51.1
49.6
50.75
50.1

45.0
43.4
50.0
46.2
45.0
49.5
49.3
48.3
49.2
41.4
45.0
46.2

44.2
42.3
38.0
36.0
55.0
57.0
34.0
53.7
52.3
53.7
53.9

50.7
50.7
50 9
50.5
50.5
50.4
45.5

47 8
47.7
47.0

43.8
45.5
46.5
45.44

41.4
43.7
46.1
44.7
41.5
42.0
41.0

40.5

50.0
53,7
48.0
42.9
45.1
48.2
43.5
47.9

36.4
38.1

Ref.

117

118
119
120

121

119

121

L19

121
122

123

123
123

124

117

126

127
128

123
123
123

123
123

123
123
129
129

130
131
132

131
131
123

Γ23
123
123
123

117
133
150
T35

140

133

140
137
137
138

139

117
133
136

141
142
134

143

125

145

146

135

132
147
142

148

149

150

154

151
117
155
152

154

153

117

The analogous calculation for the Claisen rearrangement
via a four-membered complex gives 51 kcal. These values
differ by more than 20 kcal from the experimental values of
the activation energy. The agreement with experiment of
activation energies calculated for the six-membered com-
plex, and the sharp divergence between the corresponding
values for the four-membered complex, show quite obvi-
ously that the reaction takes place by the first mechanism.

10. Decomposition of Unsaturated Ethers

Several unsaturated ethers decompose with the formation
of alkenes and aldehydes. For example, ethyl vinyl ether
when heated breaks down into acetaldehyde and ethylene.
Two possible mechanisms—

CH,=CH-O-CH 2-CH,-

[CH2=CH "CH-CH,

' Η ' J

[ .CH CH. 1A
- /-«ij ΓΊΛ / I

• CH,CHO + C,H4

have been suggested and discussed161 »1M for this reaction.
Additive calculation of the activation energy for the first
mechanism, involving formation of a four-membered acti-
vated complex, gives Ε = 80 + 99 - (18 + 27 + 2 x 45) =
44 kcal. For the second route, with formation of a six-
membered activated complex, Ε = 90 + 80 + 61 - (2 x 45 +
18 + 27 + 2 x 17 + 2 x 12) = 47 kcal.

Table 15. Kinetic data on allylic rearrangements.

Reaction

CHi=CHCH!1CHjCH=CHCH, - CH2=CHCH2CHCH=CH2

CH,

CH2=CHCH2CHCH=CH, - CHs=CHCHsCHaCH=CHCH,

CH,

CR,=CHCH2C (CN)2C=CHCH, - CH2=CHCH2CHC=C (CN)S

I \I
C 2H5

\\
C H3

CH2=CHCH2C (CO2C2H6) C = C H - C H (CH,)2

CN CH8

-^ CH2=CHCH2CHC (CH,) = CCO2C2HS

CH (CH,)S CN

/
\

^ - 0 (CN)tCH,CH = CH2 - CH2 = C H O H / ^ ( 0 N ) j

CH2=CHCH2CH2CH=C=CH2 -> CH 2=CHCH 2C-CH=CHS

II
CH2

CH2-CHCH2OCH=CH2 - CH2=CHCH2CH2CHO

CH?

1*4

9.09

9.84

10.94

10.36

10.80

9.93

11.70

11.37

E, kcal

32.5

32.5

25.78

28.62

26.16

28.47

30.6

29.3

Ref.

Activation energies calculated for both mechanisms
agree with the experimental values Eexp = 42.3-48.5 kcal
(Table 16). However, analysis of the entropies of activa-
tion shows that the reaction involves formation of a six-
membered complex161. There is also a direct experimen-
tal confirmation of this conclusion: the decomposition of
isopropyl vinyl ether yields acetaldehyde and propene163,
whereas reaction involving a four- membered complex should
have given ethylene and acetone.

A peculiar mechanism is observed in the decomposition
of diallyl ether to form propene and acrylaldehyde165:

•CR,=CHCHO * CH3-CH=CH,

The activated complex in this case differs from the pre-
ceding one only in the relative position of the activated
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bonds: therefore the calculated activation energy is also
47 kcal, which agrees satisfactorily165 with the experimen-
tal value of 42.3 kcal.

in which dicyclic compounds are formed. In this case the
additivity of the mean bond energies in the molecules prob-
ably breaks down.

11. Diels-Alder Reactions

Reactions of this type, which are termed also diene
syntheses, are extremely important in organic chemistry
and are widely used in the synthesis of various organic
compounds. According to present-day ideas Diels-Alder
reactions take place in a single act involving a six-mem-
bered activated complex:

0 0

Table 16. Kinetic data on the decomposition of unsatu-
rated ethers.

Reaction

CH2 = CHOC2H5 -* CH3CHO + C2H4

CH2 = CHO-iso-CsH, - CHsCHO + C,He

CH2 = CHO-n-dH, -> CHSGHO + CiH8

CH2 = GHCH2OGH2CH = CH2 -» CH2 = CHCHO + CSH,

CH2 = CHCH2OC2H6 — GH8CHO + C8H,

igA

11.43
11.60

12.58

11.15

11.95

12.89

E, kcal

43.8
44.4

43.6

42.38

42.3

48.5

Ref.

161
162

163

164.

165

165

Table 17. Kinetic data on Diels-Alder reactions.

/ \

(VIII)

\ /

Initial compounds

2CH2=CHCH=CH2

VIII, A=CHCH=CH 2

CH 2 =CHCH=CH 2 +C 2 H 4

VIII, A=CH 2

2CH2=CaH,GH=CH2 *

2CH2=CHCH=CHCH3

VIII, A=CHCH3

2 cyclo-C6H, **

Reaction products

VIII, A=CHCH=CH 2

2CH2=CHCH=GH2

VIII, A=CH 2

CH2=CHCH=CH2+C2H4

dimer

dimer

CH2=CHGH=CH2+CH2=CHCHS

dimer

1*4

11.14
9.96

15.20
15.70

10.48

15.02
15.16

11.73
10.90

10.19

15.13

5.0—7.1

E.kcal

26.8
23.7
62.0
61.8
27.5
66.7
66.2

28.9
24.9
26.0
66.6

14.7-17.4

Ref.

166
167

168
16»

166

168
17»

171
172

17Ϊ

16S

J74,

* Reaction in the liquid phase.
** Data on the kinetics of the reaction in various solvents.

All six π-electrons of the initial system are involved in the
reaction. The activated complex contains four activated
ir-C=C bonds and two σ-C-C bonds. Three of the acti-
vated jr-bonds form a cumulative chain, while one π-bond
is conjugated.

Additive calculation gives a value for the activation
energy of Ε = 3 x 61 - (4 x Π + 2 x 28 + 3 x 8 + 12) =
23 kcal, which agrees well with experimental data (Table
17). Rather larger deviations are observed with reactions

12. Diene Rearrangements

Dienes undergo an interesting type of reaction, accom-
panied by migration of a hydrogen atom:

U
The additive activation energy of this process is Ε =

2 x 61 + 99 - (2 x 45 + 4 x 17 + 4 x 8) = 31 kcal. Here the
activated complex contains two activated C-H bonds and a
chain of four cumulative π-bonds. Thus the cumulation of
four ir-bonds must be taken into account in this case. The
calculated activation energy agrees excellently with ex-
isting experimental data (Table 18).

Table 18. Kinetic data on diene rearrangements.

V
R

(I)

Reaction

CH2=-CHCH=CHCjH, -> CHSCH=CHCH=CHCH3

CH2=CCHSCH=CHCH3 — CHSCCH3=CHCH=CH2

1, R=D

1, R=CH 3

I, R=OR'

I, R=C,H 5 *

Cyclo-octa-l,3,6-triene-*-cyclc-octa-l,3,5-triene
CHD2CH=CHCH=CHD -> CD2=CHCH=CHCH2D

10.80

11.24

11.2

12.60

10.04

10.08

11.74

11.45

12.5

£•, kcal

32.5

32.76

31.5

33.3

26.4

27.6

28.9

36.3

30.6

Ref.

175

176

177

178

179

180

182

183

181

* Reaction in the liquid phase.

A particular type of diene rearrangement, which, how-
ever, has been most thoroughly studied, is the isomerisa-
tion of substituted cycloheptatrienes:

Although the structure of cycloheptatrienes differs from
that of normal alkadienes, the activation energies of iso-
merisation are similar in the two cases. This fact yet
again supports the concept underlying the additivity prin-
ciple, that the energy of the transition state is determined
solely by the activated bonds, while the presence of other
chemical bonds, not altering in the activated complex and
not involved in the reaction, has no effect on the activation
energy within the limits of accuracy of the additive calcu-
lation.
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13. Dehydrogenation

In most cases the dehydrogenation of molecules takes
place by a chain mechanism. A classic example is the
decomposition of ethane into ethylene and hydrogen. The
mechanism of the dehydrogenation of ethylene with the for-
mation of acetylene is a matter of controversy: some
papers184 assume a molecular mechanism, and others185 a
chain mechanism. The spread of experimental values for
the activation energy of this reaction—from 201 8 6 to 86187

kcal—is extremely wide. For the molecular mechanism

- H C = C H - - : : - Hj + CtHj
L Η Η J

the additive activation energy is Ε = 2 x 99 - (2 x 45 + 48 +
9) = 51 kcal. According to the additive principle the de-
hydrogenation of alkanes to alkenes

Η Ή

should be characterised by a lower activation energy Ε
2 x 99 - (2 x 45 + 48 + Π) = 43 kcal, which agrees e.g.
with data on the dehydrogenation of cyclopentane (£ e X n
44 kcal188). v

hydroxyl is in the y-position relative to the double bond.
The reaction is assumed to involve the formation of a six-
membered activated complex:

The activation energy calculated for this mechanism Ε =
105 + 79 + 61 - (55 + 45 + 2 x 17 + 28 + 18 + 2 x 12) =
41 kcal agrees excellently with existing experimental data
(Table 20).

Table 20. Kinetic data on the decomposition of unsatu-
rated alcohols.

Reaction

CH,=CH (ΟΗ^,ΟΗ- HiCO+CH,
GH,=CHCHiCH (CH,)OH-CH,CHO+Q8H,

0H,=CHCH,a (CH,),OH— CH,COCH,+C,H,
CH,=C (Ο,Ηι) (CH,),OH-» CH,C (C,HJ=GH,+H4CO

C,H,CH=GH (CH0,OH- C,H6CH^H=CHi+HiCO
C,H6CH=CHCHiG (CHJjOH- C,H6CH,CH=CH, + (CjH,)tCO

11.65
11.93
12.14
11.80
11.58
12.04
12.14

E, kcal

41.0
40.8
40.7
38.9
42.8

41.75
41.8

Ref.

195

195

195

195

195

196
195

Table 19.
(Π).

Kinetic data on the dehydrogenations (I) and

i
Reaction

I, R=H

I, R=O
II, R l = R s = H

II, R!=H; R^CH,

1*4

13.34
13.01
12.72
12.36
12.02
12.69
12.47

£·, kcal

59.9
58.8
48.5
43.8
42.7
44.7

42.95

Ref.

189
190

191

192
90

193

194

Several studies have been made of the dehydrogenation
of cycloalkenes, where hydrogen atoms are detached not
from neighbouring carbon atoms but from those in the im-
position with respect to the double bond:

+ H,

Reactions of this type are probably molecular.
Additive calculation gives for the activation energy Ε =

2 x 99 + 61 - (2 x 45 + 48 + 3 x 17 + 3 x 8) = 46 kcal, which
agrees well with existing experimental results (Table 19).
The data on the dehydrogenation of cyclopentene constitute
an exception, and it is possible that in this case the reac-
tion occurs partly by a chain mechanism.

14. Decomposition of Unsaturated Alcohols

In concluding this survey of experimental data let us
consider the decomposition of an unsaturated alcohol into
an alkene and an aldehyde or a ketone. Such decomposi-
tion has been most thoroughly studied with alcohols whose

It is interesting that but-3-enoic acid decomposes by an
analogous mechanism to form propene and carbon dioxide:

-CO., + C.H*

In this case, too, the experimental activation energy £ exp =

39.3 kcal187 is close to the calculated value.

V. EFFECT OF CONJUGATED AND CUMULATIVE BONDS
ON THE KINETICS OF MOLECULAR REACTIONS

Even a cursory analysis of the experimental information
on the kinetics of molecular reactions shows that π-bonds
are involved in the reaction in the vast majority of cases.
It is therefore natural to expect that energy effects due to
the peculiarities of behaviour of jr-electrons would be re-
vealed in the height of the potential barrier to the reaction.
This is in fact so, and here we shall examine the effect of
conjugation and cumulative π-bonding on the kinetics of
molecular reactions. The influence of conjugation is
shown most distinctly by comparing the experimental acti-
vation energy with the additive value calculated without
correcting for conjugation. For the isomerisation of 3,7-
dimethylocta-l,6-diene into l-isopropenyl-2,3-dimethyl-
cyclopentane, the activated complex of which contains two
conjugated ir-bonds,

for example, the experimental activation energy is E e x p =
35.2 kcal198, whereas the additive value calculated without
regard to conjugation is 58 kcal.



Russian Chemical Reviews, 38 (7), 1969 525

Similarly, in the decomposition of cyclopentane into
ethylene and propene, where conjugation of two activated
π-bonds also occurs,

•CjH, + C3Heu-p
the calculated activation energy without correction for con-
jugation is 76 kcal, while the experimental value is 49.6
kcal1 8 8. In both cases the experimental activation energy
is smaller than the calculated value by 23-26 kcal.

The calculated activation energy exceeds the experi-
mental value by the same amount for the decomposition of
unsaturated ethers (subsection 10) and unsaturated alcohols
(subsection 14), where there is conjugation of activated
TI-C=C and JT-C=O bonds.

Attributing the decrease in activation energy to stabili-
sation of activated π-bonds by conjugation, we must con-
clude that the mean energy of a conjugated activated π-
bond is about 12 kcal larger than that of the corresponding
unconjugated bond.

A correction of the same magnitude must be introduced
also into every conjugated π-bond of acetylenic type. For
the isomerisation of hexa-l,5-diyne

for example, £ = 7 9 + 2 X 5 6 - ( 2 x 2 8 + 2 x 9 + 2 x l 7 +
4 x 12) = 35 kcal. This reaction is the first and slowest
stage in the isomerisation of hexa-l,5-diyne into dimethyl -
enecyclobutene (Εθχρ = 3 4 · 4 kcal2 0 0).

The effect of conjugation becomes especially important
when several conjugated π-bonds are present in the acti-
vated complex. In this case the gain in energy may ex-
ceed the potential barrier to the reaction. For the allylic
Claisen and Cope rearrangements (Section IV, 9), for ex-
ample, the conjugation of four π-bonds gives a gain of 48
kcal with a potential barrier of about 30 kcal!

Thus the effect of conjugation in the activated complex
can be allowed for by means of the additive correction
A^conj = 12 kcal for every conjugated activated π-bond.

An analogous effect is observed when a chain of η » 3
cumulative π-bonds is present. The energy of the system
of π-bonds is also diminished in this case, with a corre-
sponding lowering of the potential barrier. An example is
the isomerisation of dienes (Section IV, 12), where there
is a system of four cumulative π-bonds. Here the activa-
tion energy calculated additively without correcting for
cumulation exceeds the experimental value by 32-33 kcal,
about 8 kcal for each cumulative π-bond.

A still stronger effect of cumulation is observed in the
cyclisation of hexatriene:

In this case Ε = 3 x 61 - (5 x Π + 27 + 5 x 8) = 27 kcal and
EeXn — 29.9 kcal2 0 1. Here the activated complex contains
a system of five cumulative π-bonds, and the corresponding
decrease in energy is ~ 40 kcal. Thus the effect of cumu-
lation can be allowed for by means of the additive correc-
tion AQ^u m = 8 kcal for every cumulative activated π-bond
when the number of π-bonds η > 3.

Summarising the above discussion, we can draw the
following conclusions:

1. The activation energy is very greatly affected by the
behaviour of the π-electrons in the activated complex.

2. The conjugation of π-bonds produces a marked de-
crease in the energy of the activated complex, and conse-
quently diminishes the activation energy.

3. The presence of a system of three or more cumula-
tive π-bonds also substantially lowers the potential barrier
to the reaction.

4. The effects of conjugation and cumulation are readily
allowed for in calculations of activation energy by intro-
ducing the appropriate additive corrections.

—oOo—

The immense volume of published experimental work,
the great variety of types of molecular reactions having
activation energies over the range 15-70 kcal, and the
absence of rigorously established mechanisms for many
reactions—all this produces an unfavourable first impres-
sion. The purpose of the present Review was at least
partly to remove this impression, and to show that in the
apparently impenetrable, frequently unconnected experi-
mental results several paths can nevertheless be found.

Summarising the paper as a whole, we can draw several
important conclusions. It must first be noted that the
structure of the activated complex is of decisive importance
for the kinetics. It is extremely useful in ascertaining its
nature to regard the activated complex as a molecule some
of whose atoms are bound together by activated bonds. It
is significant that the activated bonds determine the princi-
pal features of the structure of the activated complex:
other chemical bonds, not directly involved in the reaction,
usually play a very small part. For this reason reactions
involving activated complexes having the same type of
structure, and differing only in the substituents, are char-
acterised in most cases by a similar activation energies.

Activated bonds of the same type, like ordinary chemi-
cal bonds, have roughly the same mean energies in differ-
ent activated complexes: i.e. additivity of the bonds is
maintained not only in molecules but also in activated com-
plexes. This makes it very easy to calculate quite accu-
rately the activation energy of diverse, even extremely
complicated chemical reactions. The additive method of
calculating activation energy proves to be extremely useful
in considering the mechanism of molecular reactions.

The presence of conjugated and cumulative π-bonds in
the activated complex has a marked effect on the activation
energy. Conjugation and cumulation lower the activation
energy. Both effects are easily allowed for in the additive
calculation of activation energy.

The applicability of a simple additive scheme for calcu-
lating activation energy is restricted, of course, to reac-
tions for which the ordinary chemical bonds are additive.
This is evidently not satisfied with perfluorinated com-
pounds and molecules containing fused rings.

REFERENCES

1. F.B.Moin, Uspekhi Khim., 34, 1223 (1967) [Russ.
Chem.Rev., No. 7 (1967)].

2. Z.G. Szabo, "Khimicheskaya Kinetika i Tsepnye
Reaktsii" (Chemical Kinetics and Chain Reactions),
Nauka, Moscow, 1966, p. 46.

3. D. H. R. Barton, J.Chem.Soc, 149(1949).
4. J. Voelter and M. Schoen, Z.anorg. Chem., 322, 212

(1963).
5. O. I. Sypyak, F. B. Moin, and V. U. Shevchuk, Dokl.

Akad. Nauk SSSR, 170, 893 (1966).
6. J. L. Jones and R. L. Taylor, J. Amer. Chem. Soc,

62, 3480 (1940).



526

7. Β. S. Rabinovitch and Μ. J. Hulatt, J. Chem. Phys., 40.
27, 592 (1957). 41.

8. H. J. Molera and E. Ariza, Anales real Soc. espan.
Fis.Quim.,B54, 247 (1958). 42.

9. L. D. Hawton and G. P. Semeluk, Canad. J. Chem., 44, 43.
2143 (1966).

10. C.Steel, J. Phys. Chem., 64, 1588(1960). 44.
11. J.E.Douglas, B.S.Rabinovitch, and F.S. Looney, J.

Chem. Phys., 23, 315 (1955). 45.
12. B. S. Rabinovitch and F. S. Looney, J. Chem. Phys.,

23, 2439 (1955). 46.
13. G. B. Kistiakowsky and W. R. Smith, J. Amer.Chem.

Soc, 58, 766 (1936). 47.
14. W. F. Anderson, J. A. Bell, J. H. Diamond, and K. R.

Wilson, J.Amer.Chem.Soc, 80, 2384(1958). 48.
15. B.S.Rabinovitch and K. W.Michel, J. Amer.Chem. 49.

Soc, 81, 5056 (1959).
16. R. B. Cundall and T. F. Palmer, Trans. Faraday Soc, 50.

57, 1936 (1961).
17. R.B. Cundall and T.F. Palmer, Trans. Faraday Soc, 51.

57, 2226 (1961).
18. A. Lifshitz, S. H. Bauer, and J. L. Resler, J. Chem. 52.

Phys., 38, 2056 (1963).
19. V. N. Kondrat'ev, "Struktura Atomov i Molekul" 53.

(Structure of Atoms and Molecules), Fizmatgiz,
Moscow, 1959, p. 501. 54.

20. E. W.Schlag andE.W.Kaiser, J.Amer.Chem.Soc,
87, 1171 (1965). 55.

21. G. B. Kistiakowsky and W. R. Smith, J. Amer. Chem.
Soc, 57, 269 (1935). 56.

22. M.Calvin and H.W. Alter, J. Chem. Phys., 19, 768
(1951). 57.

23. G. B. Kistiakowsky and W. R. Smith, J. Amer. Chem.
Soc, 58, 2428 (1936). 58.

24. G. B. Kistiakowsky and W. R. Smith, J. Amer. Chem.
Soc, 56, 638 (1934). 59.

25. R. H. Gerberich and W.D.Walters, J. Amer. Chem. 60.
Soc, 83, 3935 (1961). 61.

26. R. H. Gerberich and W. D. Walters, J. Amer. Chem.
Soc, 83, 4884 (1961). 62.

27. M. H. Back and K. J. Laidler, Nature, 204, 1143
(1964). 63.

28. R. J. Ellis and Η. Μ. Frey, Trans. Faraday Soc, 59,
2076 (1963). 64.

29. N. N. Semenov, "O Nekotorykh Problemakh Khimi-
cheskoi Kinetiki i Reaktsionnoi Sposobnosti" (Some 65.
Problems of Chemical Kinetics and Reactivity), Izd.
Akad. Nauk SSSR, Moscow, 1958. 66.

30. V. I. Vedeneev et al., "Energiya Razryva Khimiches-
kikh Svyazei, Spravochnik" (Energy of Rupture of 67.
Chemical Bonds), Izd. Akad. Nauk SSSR, Moscow,
1962. 68.

31. C. T. Genaux and W. D. Walters, J. Amer. Chem. Soc,
73, 4497 (1951). 69.

32. M. N. Das and W. D. Walters, Ζ. phys. Chem.,
(Frankfurt), 15, 22 (1958). 70.

33. A. F. Pataracchia and W. D. Walters, J. Phys. Chem.,
68, 3894 (1964). 71.

34. R. E. Wellman and W. D. Walters, J. Amer. Chem.
Soc, 79, 1542 (1957). 72.

35. M. Zupan and W.D.Walters, J.Phys.Chem., 67, 73.
1845 (1963).

36. S. M. E. Kellner and W. D. Walters, J. Phys. Chem., 74.
65, 466 (1961).

37. C.Steel, R. Zand, P.Hurwitz, and S.G.Cohen, J. 75.
Amer. Chem.Soc, 86, 679 (1964).

38. R. J. Ellis and Η. Μ. Frey, J. Chem. Soc, 4184 (1964). 76.
39. Η. Μ. Frey, J. Chem.Soc, 365 (1964).

Russian Chemical Reviews, 38 (7), 1969

J. P.Chesick, J. Phys. Chem., 65, 2170(1961).
R. L. Brandaur, B. Short, and S. Μ. Ε. Kellner, J.
Phys. Chem., 65, 2269(1961).
J. P.Chesick, J. Phys.Chem., 68, 2033(1964).
M.N.Das, F.Kern, T.D. Coyle, and W.D.Walters,
J.Amer. Chem.Soc, 76, 6271 (1954).
B. C. Rocquitte and W. D. Walters, J. Amer. Chem.
Soc, 84, 4049 (1962).
L. G. Daignault and W. D. Walters, J. Amer. Chem.
Soc, 80, 541 (1958).
B. C. Rocquitte and W. D. Walters, J. Phys. Chem.,
68, 1606 (1964).
M. Zupan and W. D. Walters, J. Amer. Chem. Soc,
86, 173 (1964).
J.M.Butler, J.Amer.Chem.Soc, 84, 1393 (1962).
B. Atkinson and A. B. Trenwith, J. Chem. Phys., 20,
754 (1952).
J. R. Lacher, G. W. Tompkin, and J. D. Park, J.
Amer. Chem.Soc, 74, 1693 (1952).
B. Atkinson and A. Atkinson, J. Chem. Soc, 2086
(1957).
B. Atkinson and M. Steadman, J. Chem. Soc., 512
(1962).
B. Atkinson and P. B. Stockwell, J. Chem.Soc, (B)
984 (1966).
R. Srinavasan and A. A. Levi, J. Amer. Chem. Soc,
85, 3363 (1963).
R. Srinavasan and A. A. Levi, J. Amer. Chem. Soc,
86, 3756 (1964).
H. M. Frey and I. D. R. Stevens, Trans. Faraday Soc,
61, 90(1965).
W. Cooper and W. D. Walters, J. Amer. Chem.Soc,
80, 4220 (1958).
W. P. Hauser and W. D. Walters, J. Phys. Chem., 67,
1328 (1963).
Η. Μ. Frey, Trans. Faraday Soc, 59, 1619(1963).
Η. Μ. Frey, Trans. Faraday Soc, 58, 957(1962).
H. M. Frey, D. C. Marshall, and R. F. Skinner, Trans.
Faraday Soc, 61, 861 (1965).
H.M. Frey, B. M. Pope, and R. F. Skinner, Trans.
Faraday Soc, 63, 1166 (1967).
H. M. Frey and D. C. Marshall, Trans. Faraday Soc,
61, 1175 (1965).
G. R. Branton, H. M. Frey, and R. F. Skinner, Trans.
Faraday Soc, 62, 1546 (1966).
H. M. Frey and R. F. Skinner, Trans. Faraday Soc,
61, 1918 (1965).
E. W. Schlag and W. B. Peatman, J. Amer. Chem. Soc,
86, 1676 (1964).
G. R. Branton, H. M. Frey, D. C. Moutaque, and I.
Stevens, Trans. Faraday Soc, 62, 659(1956).
H. C. Longuet-Higgins and E. W. Abrahamson, J.
Amer. Chem. Soc, 87, 2045(1965).
M. R. Willcott and E. Goerland, Tetrahedron Letters,
6341 (1966).
J. N. Butler and G. J. Small, Canad. J. Chem., 41,
2491 (1963).
J. N. Butler and R. D. McAlpine, Canad. J. Chem., 41,
2487 (1963).
F.T. Smith, J. Chem. Phys., 29, 235(1958).
B.S.Rabinovitch, E.W.Schlag, and Κ.Β.Wiberg,
J. Chem. Phys., 28, 504(1958).
S. W. Benson, "The Foundations of Chemical Kine-
tics" (Translated into Russian), Mir, Moscow, 1964.
S. W. Benson and P. S. Nangia, J. Chem. Phys., 38,
18 (1963).
K. A. W. Parry and P. J. Robinson, Coll. Czech. Chem.
Comm., 1083 (1967).



Russian Chemical Reviews, 38 (7), 1969 527

77. W.E. Falconer, T. F. Hunter, and A. F. Trotman- 114.
Dickenson, J. Chem.Soc, 609(1961).

78. T.C. Chambers and G.B.Kistiakowsky, J.Amer. 115.
Chem.Soc, 56, 399 (1934). 116.

79. G.L.Pratt, J. Chem.Soc, 6050(1963).
80. J. P. Chesick, J. Chem.Soc, 3277 (1960). 117.
81. D. W. Setser and B.S. Rabinovitch, J.Amer. Chem. 118.

Soc, 86, 564 (1964).
82. M. C. Flowers and Η. Μ. Frey, J. Chem.Soc, 3953 119.

(1959).
83. M. C. Flowers and H. M. Frey, Proc Roy. Soc, A257, 120.

122 (1960).
84. M. C. Flowers and H. M. Frey, Proc. Roy. Soc, A260, 121.

424 (1961).
85. H.M. Frey and D.C.Marshall, J. Chem.Soc, 3052 122.

(1962).
86. H. M. Frey and D. C. Marshall, J. Chem.Soc, 191 123.

(1965).
87. H. M. Frey and D. C. Marshall, J. Chem.Soc, 345 124.

(1965).
88. F. Gasar, J. A. Kerr, and A. F. Trotman-Dickenson, 125.

J. Chem.Soc, 3655(1964).
89. H. M. Frey and R. S. Smith, Trans. Faraday Soc, 58, 126.

697 (1962). 127.
90. R. J. Ellis and Η. Μ. Frey, J. Chem. Soc, (A), 553

(1966). 128.
91. M. L. Halberstadt and J. P. Chesick, J. Amer. Chem.

Soc, 74, 2688 (1962). 129.
92. R. C.S. Grant and E.S.Swinbourne, Coll. Czech. Chem. 130

Comm., 620 (1967).
93. C.S.Elliott and H.M. Frey, J.Chem.Soc, 900 (1964). 131.
94. H.M. Frey and D.C.Marshall, J.Chem.Soc, 5717

(1963). 132.
95. R. J. Ellis and Η. Μ. Frey, J. Chem. Soc, 4188 (1964). 133.
96. H. M. Frey and D. C. Marshall, J. Chem. Soc, 3981

(1962). 134.
97. C. A. Wellington, J. Phys.Chem., 66, 1671 (1962).
98. M. C. Flowers and H.M. Frey, J. Chem.Soc, 3547 135

(1961). 136.
99. C.S. Elliott and H.M. Frey, J. Chem. Soc, 4289

(1965). 137.

100. R. J. Ellis and Η. Μ. Frey, J. Chem. Soc, 959 (1964).

101. R.J.Ellis and H.M. Frey, J. Chem.Soc, 5578 (1964).
 1 3 8

102. G. R. Branton and H. M. Frey, J. Chem.Soc, 1342
(1966). 139.

103. R.A. MitschandE.W.Neuver, J. Phys.Chem., 70, 1 4 0

546 (1966).
104. A. T. Blades, Canad. J. Chem., 32, 366 (1966). 1 4 1

105. M. M. Gil'burd and F. B. Moin, Kinetika i Kataliz,
8, 261 (1967). 142.

106. A. T. Blades; see C.H.DePuy and R.W.King, Chem. 1 4 3

Rev., 60, 431 (1960).
107. E. Gordon, S. J. W. Price, and A. F. Trotman-Dicken- 1 4 4

son, J. Chem. Soc, 2813 (1957).
108. E. Warwick and P. Fugassi, J. Phys. Colloid. Chem., 1 4 5

52, 1314 (1948). U6\
109. E.U.Emovon, Ph.D. Thesis, University of London,

1959; see "Investigations of Rates and Mechanisms 1 4 7

of Reactions" (Edited by A. Weissberger), New York,
1961, Chapter 1. 148.

110. E.U.Emovon and A. Maccoll, J. Chem.Soc, 335 1 4 9 '
(1962).

111. E.U.Emovon and A. Maccoll, J. Chem.Soc, 227 1 5 Q

(1964).
112. G.G.Smith, F.D.Bagley and R. Taylor, J .Amer. l 5 1

Chem.Soc, 83, 3647(1967).
113. G.L. O'Connor and H.R.Nace, J .Amer. Chem. S o c , i 5 2

75, 2118 (1953).

J. T. D. Cross and V. R. Stimson, Austral. J. Chem.,
20, 177 (1967).
R. Taylor, J. Chem. S o c , 4881 (1962).
C. H. Leigh and M. Szwarc, J. Chem. Phys., 20, 403
(1952).
WingTsang, J. Chem. Phys., 41, 2487(1964).
N. Capon and R. A. Ross, Trans . Faraday S o c , 62,
1560 (1966).
D. H. R. Barton, A. J. Head, and R.J.Will iams, J.
C h e m . S o c , 2093 (1951).
K. A. Holbrook and A. R. W. Marsh, Trans . Faraday
S o c , 63, 643 (1967).
H. Hartmann, H. G. Bosche, and H. Heydtmann, Z.
phys.Chem., (Frankfurt), 42, 329(1964).
C. S. Grant and E. S. Swinbourne, J. Chem. S o c , 4423
(1965).
F. Erbe, T. Grewer, andK.Wehage, Angew. Chem.,
74, 988 (1962).
D. H. R. Barton and A. J. Head, Trans . Faraday S o c ,
46, 114 (1950).
S. J. W. Price, R. Shaw, and A. F. Trotman-Dickenson,
J. C h e m . S o c , 3855(1965).
A. Maccoll and R.H. Stone, J. C h e m . S o c , 2756(1961).
H. Heydtmann and G. Rinck, Z. phys. Chem., (Frank-
furt), 36, 76 (1963).
R.H.Stone, M . S c Thesis, University of London,
1958.
E.S.Swinbourne, J. Chem.Soc, 4668(1960).
D. R. H. Barton and P. F. Onyan, Trans . Faraday S o c ,
45, 725 (1949).
S. C. Wong, M. S c Thesis, University of London,
1958.
WingTsang, J. Chem. Phys., 49, 1498(1964).
A. T. Blades and G. W. Murphy, J. Amer. Chem. S o c ,
74, 6219 (1952).
M. N. Kale, A. Maccoll, and P. J. Thomas, J. Chem.
S o c , 3016 (1958).
P . J . T h o m a s , J. Chem.Soc, 1192(1959).
N. N. Semenov, G. B. Sergeev, and G. A. Kapralova,
Dokl. Akad. Nauk SSSR, 105, 301 (1955).
J . H . S . Green, A.Maccoll, and P. J .Thomas, J.
C h e m . S o c , 184 (1960).
G. D. Harden and A. Maccoll, J. C h e m . S o c , 1197
(1959).
A. Maccoll, J. Chem. Phys., 17, 1350(1949).
A. Maccoll and P. J. Thomas, J. Chem. S o c , 5033
(1957).
A. Maccoll and P. J. Thomas, J. Chem. S o c , 2455
(1955).
G. B. Sergeev, Dokl. Akad. Nauk SSSR, 106, 299 (1956).
N. Capon, A. Maccoll, and R. A. Ross, Trans . F a r a -
day S o c , 63, 1152 (1967).
A. Amano and M. Uchiyama, J. Phys. Chem., 69,
1278 (1965).
Μ. Ν. Kale and A. Maccoll, J. Chem. S o c , 5020 (1957).
J. H. S. Green and A. Maccoll, J. Chem. S o c , 2449
(1955).
G. D. Harden and A. Maccoll, J. Chem. S o c , 2454
(1955).
G.D. Harden, J. Chem. S o c , 5024(1957).
A. N. Bose and S. W. Benson, J. Chem. Phys., 37,
2935 (1962).
A.E.Shilov and L. D. Sabirova, Kinetika i Kataliz,
5, 40 (1964).
J. L. Jones and R. A. Ogg, J. Amer. Chem. S o c , 59,
1939 (1937).
H. Teranishi and S. W. Benson, J. Chem. Phys., 40,
2946 (1964).



528

153. Α. Ν. Bose and S. W. Benson, J. Chem. Phys., 38, 180.
878 (1963).

154. J. L. Holmes and A. Maccoll, J. Chem. Soc, 5919 181.
(1963).

155. J.D. Dunitz and V. Schomacher, J. Chem. Phys., 20, 182.
1703 (1952). 183.

156. A. Maccoll, in "The Chemistry of Alkenes", (Edited 184.
by S. Patai), Interscience, New York, 1964, pp. 203-
240. 185.

157. E.G.Foster, A.C.Cope, and F.Daniels, J.Amer.
Chem.Soc, 69, 1893 (1947). 186.

158. H. M. Frey and D. H. Lister, J. Chem. Soc, (A), 26
(1967). 187.

159. F. W. Schuler and G. W. Murphy, J. Amer. Chem. Soc,
72, 3155 (1950). 188.

160. L. Stein and G. W. Murphy, J. Amer. Chem.Soc, 74,
1041 (1952). 189.

161. A. T. Blades and G. W. Murphy, J. Amer. Chem. Soc,
74, 1039 (1952).

162. S.Wong and C.A.Winkler, Canad. J.Res., 21B, 97 190.
(1943).

163. A. T. Blades, Canad. J. Chem., 31, 418 (1953). 191.
164. T. O. Bamkole and E. U.Emovon, J. Chem.Soc, (B),

523 (1967). 192.
165. H. J. Molera and E. Ariza, Anales real Soc. espan.

Fis.Quim., B56, 851 (1960). 193.
166. D. Rowley and H. Steiner, Discuss. Faraday Soc, 10,

198 (1951). 194.
167. G. B. Kistiakowsky and W. W. Ransom, J. Chem. Phys.,

7 725 (1939) 195.
168. WingTsang, J. Chem. Phys., 42, 1805(1965).
169. N.E.DunkanandG. J. Jawz, J. Chem. Phys., 20, 196.

1644 (1952). 197.
170. M. Uchiyama, T. Tiokama, andA.Amano, J. Phys.

Chem., 68, 1878 (1964). 198.
171. W.E.Vaughan, J.Amer.Chem.Soc, 55, 4169

(1933). 199.
172. C. Walling and J. Peisach, J.Amer. Chem. Soc, 80,

5819 (1958). 200.
173. J. B.Harkness, G. B. Kistiakowsky, and W.H.Mears,

J. Chem. Phys., 5, 682(1937). 201.
174. H. Kaufmann and A. Wassermann, J. Chem. Soc,

870 (1939). 202.
175. H.M.Frey and P.M. Pope, J.Chem.Soc, (A), 1700 203.

(1966).
176. H. M. Frey and P. J. Ellis, J. Chem. Soc, 4770 (1965)L 204.
177. A. P. Ter Borg, H. Kloosterziel, and N. Van Meurs,

Rec.Trav.chim., 82, 717 (1963). 205.
178. K.W.Egger, J.Amer.Chem.Soc, 89, 3688(1967).
179. T. Nozoe and K. Takahashi, Bull. Chem. Soc Japan, 206.

38, 665 (1965).

Russian Chemical Reviews, 38 (7), 1969

A. P. Ter Borg and H. Kloosterziel, Rec Trav. chim.,
82, 74 (1963).
R. W. Murray and M. L. Kaplan, J. Amer. Chem. Soc,
88, 3527 (1966).
W.R.Roth, Annalen, 671, 25 (1964).
W.R.Roth and J.Konig, Annalen, 699, 24 (1955).
G. I. Kozlov and V. G. Knorre, Kinetika i Kataliz, 6,
189 (1963).
S. W. Benson and G. R. Haugen, J. Phys. Chem., 71,
1735 (1967).
I. F. Miller and S. W. Churchill, Amer. Inst. Chem.
Engineers J., 8, 201 (1962).
Yu. P. Yampol'skii, A. M. Brodskii, R. A. Kalinenko,
and K. P. Lavrovskii, Neftekhimiya, 6, 691 (1964).
H. E. Gunning and R. L. Stock, Canad. J. Chem., 42,
357 (1964).
H. Tanji, M. Uchiyama, A. Amano, and H. Tokuhisa,
J. Chem. Soc Japan, Ind. Chem. Sect., 70, 307, A21
(1967).
T. Vanas and W.D.Walters, J.Amer. Chem.Soc,
70, 4053 (1948).
C. A. Wellington and W. D. Walters, J. Amer. Chem.
Soc, 83, 4888 (1961).
S. W. Benson and R. Shaw, Trans. Faraday Soc, 63,
985 (1967).
H. M. Frey and D. H. Lister, J. Chem. Soc, 509
(1967).
H. M. Frey and D. H. Lister, J. Chem. Soc, 1800
(1967).
G. G. Smith and B. L. Yates, J. Chem.Soc, 7242
(1965).
G. G. Smith and R. Taylor, Chem. and Ind., 949 (1961).
G. G. Smith and S. S. Blau, J. Phys. Chem., 68, 1231
(1964).
W. D. Huntsman and Τ. Η. Curry, J. Amer. Chem.
Soc, 80, 2252 (1958).
E.S.Lewis, J. T.Hill, and E. R. Newman, J.Amer.
Chem.Soc, 90, 662 (1968).
W. D. Huntsman and H. J. Wristers, J. Amer. Chem.
Soc, 89, 342 (1967).
K. E. Lewis and H. Steiner, J. Chem. Soc, 3080
(1964).
N.B. Slater, Proc.Roy.Soc, A218, 334(1953).
J. Langrish and H. O. Pritchard, J. Phys. Chem., 62,
761 (1958).
E. W. Schlag and B. S. Rabinovitch, J. Amer. Chem.
Soc, 82, 5996 (1960).
D. W. Plazek and B. S. Rabinovitch, J. Phys. Chem.,
69, 2141 (1965).
B. S. Lennon and V. R. Stimson, Austral. J. Chem.,
21, 1659 (1968).


