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Correlation Equations in Free-radical Reactions

|.B.Afanas’ev

This review deals with the methods of correlation analysis which have been applied to studies of the kinetics of free-radical
reactions. It discusses the use of the Hammett and the Taft equation, of the Alfrey-Price scheme, of the Bamford equation,
and also the correlations with quantum-mechanical parameters and various additive empirical methods. Polar and resonance
effects in free-radical reactions are quantitatively separated by a two-parameter scheme based on the Taft equation. The
relationship between the structure of the transition state and the reactivity of the free radicals is considered. 265 references.
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I. INTRODUCTION

The basic factors which determine the reactivity of
free radicals towards compounds able to react with them
(substrates) have already been identified. They include
the polar, the resonance, and the steric effect, the disso-~
ciation energy of the bond, the type of hybridisation of the
atom to which the unpaired electron is attached, etc. In
general, these parameters are not mutually independent,
and therefore the problems consist not so much in allow-
ing for all the factors which may affect the reactivity of
the free radical as in choosing the smallest number of
such parameters which are mutually independent or
approximately so.

Unfortunately, there is as yet no way of expressing the
reactivity of a free radical in terms of even the three
basic reaction effects (polar, resonance, and steric).
Existing correlation equations apply to specific cases in
which one or two of the basic effects are predominant. In
the following Sections we shall discuss the correlation
equations proposed by various authors for a quantitative
description of the reactivity of radicals and substrates,
and we shall attempt to apply the two-parameter corre-
lation scheme to free-radical reactions.

II. CORRELATION WITH KINETIC AND THERMO-
DYNAMIC PARAMETERS

1. The Hammett Equation

The Hammett equation ~ the most widely used corre-
lation equation - was originally applied only to heterolytic
reactions. This empirical relationship gives the ratio of
the rate (or equilibrium) constants for the reactions of
unsubstituted or substituted benzene derivatives in terms
of constants?! of the para- and meta-substituents (o):

Esub _

lg =2 = oo (1)

where p is a proportionality constant. The values of o
were obtained by Hammett by comparing the dissociation
constants of substituted benzoic acids. The o constants
are usually believed to characterise the polar effect of
the substituent, transmitted through the g-bond system
(inductive component) and through the 7~bond system
(resonance component). Taft has shown 2 that when
resonance involving the benzene ring can occur between
the substituent and the reactive centre the Hammett op
and 0y, values must be corrected, or alternatively an

equation of the type
ksub
lgT =0+ ¢
must be used, where ¥ is a parameter which characterises
the resonance effect, even though the use of Hammett's o
parameter as a purely polar parameter is no longer justi-
fied.

Unfortunately, in radical reactions such as the abstrac-
tion of hydrogen from ring-substituted toluenes we can
expect the substituents to show an additional resonance
effect, due to delocalisation of the unpaired electron in the
resulting free radical:

R+~ S—X - R+ O~ X, (3)

Brown and Okamoto® have proposed a different set of
constants for the substituents, based on their study of the
rates of hydrolysis of substituted cumyl chlorides (denoted
¢%). Since tertiary carbonium ions are formed as inter-
mediates in these reactions, the contribution of the reson-
ance effect to ¢* is much larger than with the normal (o)
Hammett constants. Therefore the ¢* scale may prove
very useful in studies of free-radical reactions.

a. Application to free-radical substitution reactions

During the 1950's it was shown that the Hammett equa-
tion is applicable (in principle) to free-radical reactions
such as the abstraction of hydrogen from toluenes by
bromine* and chlorines,® atoms, the reactions of peroxide
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radicals with cumene derivatives?, radical copolymerisa-
tion reactions®, etc. (However, most of this work is now
only of historical interest, because our understanding of
reaction mechanisms has become much more precise
since the advent of such analytical techniques as gas-—
liquid chromatography and NMR spectroscopy.) Shortly
after the publication of Brown and Okamoto's paper3,
Russell? proposed a comparison of the correlations ¢ and
¢" in the study of the transition-state structure in free-
radical substitution reactions of the type
R +R'X - RX+R". (4)

According to Russell, the transition state of these reac-

tions can be treated as the sum of two basic structures:

[ o+
[R'X:R’] 2 [R: XR'} .
(D) {an .

If the radical R* has a high reactivity, the structure of
the transition state should be (by Hammond's postulate'°)
similar to that of the reactants, i.e. the contribution of
structure (I) should predominate. Conversely, in the
reactions of low-activity free radicals the transition state
should be similar to structure (II), since the passage of
these systems over the energy barrier corresponds
essentially to a weakening of the R’ —X bond and therefore
the structure of the transition state is similar to that of
the products. Hence the rate constants of active radicals
should show a better correlation with the ¢ parameters
(since the resonance effect of R’ in structure (I) is
negligible), and the rate constants of relatively inactive
radicals should correlate better with ¢* (since R’ in struc-
ture (II) has an unpaired electron, and the resonance in it
should be approximately the same as in the free radical).

Hammett's equation has been used mostly in studies of
free-radical substitution reactions (Table 1). As the
Table shows, most of the publications deal with reactions
in which hydrogen is abstracted from toluene derivatives,
but Hammett's equation has been used also in studies of
hydrogen abstraction from derivatives of ethylbenzene,
cumene, allylbenzene, benzyl ethers, benzaldehyde,
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t-butylbenzene, phenols, neopentylbenzene, anisole,
diphenylmethane, thiophenol and aniline, and also reac-
tions in which iodine and chlorine are abstracted from
derivatives of iodobenzene and benzenesulphonyl chloride.
Russell's hypothesis has been tested on many reactions.
In 1963 Howard and Ingold® concluded, from a critical
analysis of existing data, that for the vast majority of
reactions (including those involving active radicals such as
Cl* and (CH,);CO") a more precise correlation is obtained
with the ¢* constants. However, subsequent work has
produced many examples of reactions in which correlation
with the o constants is better than with ¢* (see Table 1).
The numerical value of the proportionality constant p in
Hammett's equation depends mainly on the structure of the
transition state and on the polarity of the free radical.
The effect of substituents in the substrate molecule can be
expected to be smaller with structure (I) than with struc-
ture (II): in other words, p should decrease on going from
(II) to (I) if all other factors are the same. On the other
hand, any increase in the electronegativity of the free
radical should increase the rate of reaction with compounds
possessing electron-donating substituents. As Table 1
shows, p < 0 for all hydrogen abstraction reactions. Since
in Hammett's scale the constants for electron-donor
subsgtituents are negative and those for electron-acceptor
subgtituents are positive!,?, it follows that all the radicals
examined either show electrophilic properties in these
reactions or (as in the case of CH;) they do not show a
polar effect. However, CuCl and C,H; behave as nucleo-
philes (p > 0) in halogen abstraction reactions®,%2. In
keeping with this point of view, a qualitative dependence of
p on the electronegativity of the free radicals is often
observed. For example, the absolute value of pincreases
in the series CH; < C¢H; < HOOCCH; < CCly, Br’, i.e. in
the same sense as the electronegativity of these radicals.
However, the dependence is not universal, since the value
of p is determined by two factors (see above). Thus,
lpc11<lpgy I, in spite of the fact that chlorine is more

electronegative than bromine.

Table 1. Application of Hammett's equation to free-radical substitution reactions,
Radical Substrate Temp., °C Solvent o8 ~ p+® re References
CHy H—CH,CHX ~110 - 0 - 0 — 1
CHy' ditto 100 — —0.124 £0.062 —0.1392-0.045 12
CCly’ » > 50 — — — —1.46 —_ 13
CgHy" » » [i{1] CCl, 0 — 0 — 14
ditto > » 100 ditto —0.59 — 15
» » > » 60 » » —0.4 — —0.3 — 17
p-CHyCqHy > » 60 > » —0.1 — —0.1 — 17
p-BrCeH," » v 60 > —0.32 — —0.25 — 17
p-O,NCgH, > » 60 > > —0.589 - —0.437 — 17
HOOCCH, » » 130 CH4COOH —_ -_ —0.63 — 18
Ccr » » 40 CCly —0.76 +0.06 — —0.66+0,02 -— 19
ditto > > 60 CeHg —0.977 0.988 — — 20
> » » » 80 CgH;Cl —0,779 0.993 — — 20
» » » » 80 CeH;CN H —0.530 0.986 — — 20
» » » 80 CeH:NO, —0.498 0.998 — — 20
> » > » 60 cCl, —0.480 0.997 — — 20
CISQ, » » 40 ditto —0.56+0.02 0.98 —0.47+0.09 0.81 2t
31 » » 80 » 2 —1.68 0.945 —1,38 0.977 22
ditto > » 80 > » — — —1.23+0.13 0.970 23
» » » » 80 CqHg — —_ —1.39%0.03 — 24
» » » » 19 » » — — —1,78 +0.06 — 24
» » » » 60 » » —0.693 0.996 —_ — 20
» » » » 80 CgH;Cl —1.662 0.989 —_ —_ 20
» » » » 80 CoH;Br —1.639 0,981 — —_ 20
> » » > 60 CeH;CF3 —1.048 0.99% — — 20
> > » 80 CeHNO, —0.334 0.998 — — 20
(\,H;,)CO’<} Ccl » » 40 — —0.821+0.008 —0.695+0.015 — 2
ditto » » 39.5 | CeHy —0.750 0.984 —0.,599 0.953 26
» » » » 40 CCly —0.86 0.972 —0.68 0.999 27
> > » » 40 CCl,, CeH, —0.76 0.991 —0.64 0.974 28
(CHg)3CO > » 45 CFCI,CF,Cl —0.40 0.977 —0.35 0.989 29
ditto > » 45 CgH,Cl! —0.36 0.953 —0.32 0.973 29
> » » » 45 CH,CN —0.43 0.955 —0.39 0.994 29
» > > > 40 CoH,Cl —0.386 0.989 —0.345 0,999 3
(CeH;)sC—0 > » 22 - — — —1.16¢ 0.981 3t
1
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Table 1 (contd. )

Radical Substrate Temp., °c Solvent 5 re ot r¢ References
Indoxy-phenyl H—NHC,H,X 30 CgH, (CHa), —-2.53 — - — 32
(CHy) R ditto 20 | H,S0,—CH,COOH —1,5 - —1.36¢ - »
CCly’ H—CH (CHy)CgH X 80 CCl, — — —0.53¢ 0.98 34
Br ditto 80 ditto — — —0.69+0.03 0.99 35
CISO,’ » 40 » » —0.49+0.02 0.98 —0.40£0.05 0.89 21
CCly H—C (CHg)sCoHeX 70 > » —0.89+0.04 0.988 —0.67+0.04 0.984 36
Br’ ditto 0 » » —0.38+0.02 0.974 —0.20 2:0.04 0.954 35
XCeH,C (CH,),00™® » » 60 CH4COOH, C4H;Cl — — —0.41£0.01° - 1o
CeH;C (CHy), 00" » » 30 CHsCl —0.35:£0.07 — --0.29£0.04 = b
CClg H—CH[C(CHg)s]CeHaX 70 — —1.24+0.05 0,960 --0,94+0.04 0.980 38
Br ditto 70 — —0.96+0,04 | 0.942 | —0.75+0.03 0.986 38
CCly H—CH (CH=CH,)C¢H;X 69.5 | CCl, —0.5820.03% | 0.99 —0.39+0.03 0.9 39
Br ditto 69.5 | ditto — — —0.76+0.03 0.99 39
ditto > 80 > » —_ — —.0.68+0.04° 0.992 40

> > H—CH (CeH;)CeHaX 80 » » —0.930.04 0.991 —0,620.06 0.980 40
> > To xe . 7 » » —0.97 0.990 —0.72 0.973 41
> » H—CH (COCgH;)CeH X 80 » » —0.92+0,02 0.997 —0.,72+0.06 0.980 R
» > H—CHXC,4H; 71 » » — - —0.246° 0.95 42
CCly’ H—CH (OCH;)CsH X 80 » » — — —0.36¢ 0.99 :Z
Br ditto 80 > » — — —0.35¢ 0.99 2
ditto > » 40 » » —0.48+0.04% | 0.988 —0.43+0.03 0.995 3
> > H—C (OCH,),CsH X 40 > > — — _0.38° 0.99 o
CCly ditto 80 » » — - —0.18+0.01¢ 0.99 "
Br H—CH (OCH,C¢H;)CeHyX | 80 » » —0. 0.942 042 0.947 -
GsH;COO" ditto 80—90 — —0.957£0.047 — —0.647+0.016 - 3
Br H—C (C;H;) (OCHy)C;H X | 80 | CCly — — 0.0 — 3
CCly ditto 80 ditto —0.200.02 0.947 —0.1240.02 0.957 %
» > H—COCH, X 80 » > —0.74 0.994 —0.67 0.951 7
CClyS0," ditto 80 » > —0.54+0.04 0.999 —0.46::0.03 0.979 m
CISO, > » 40 > > —0.53:£0.03 | 0.981 —0.30£0.07 0.890 "
e H—-CH,C (CHy);CsHiX 70 | GHCI —0.44+0.01" | 0.995 - - %
(CH3),CO H—CH,0C¢H,X 45 CFCl,CF,Cl —0.41 ) .
ditto H—OCH,X 122 CeH;Cl - - —0.74, - 51
> > ditto 122 cCly - — —1.19% -
x
Qo- » 2% | CH, - - —2.72} - 52
DPPH H—O0CH,X 20 | ccl, —6.420.3 — —4.54+0,064K — 53
DPPH ditto 30 | CyHg —3.22:£0.16 — —2.77+0,09% — 5
ROO » > 65 | CeH;CH=CH, — - —1,585+0.016 - 55
—CH,CH (OCOCHy) » » 50 — — — —1.52: - 56
(CH3)sCO" H—OC,H,(OC,H,); 122 | CCly - — —0.86" — 5l
ditto » » 122 | CsHsCl — — —0.78! — 51
RoOO'! » > 65 — - - —1.360.043 - 57
ROO™™ » > 85 - - - —i2 Z 57
VammN H—SCH,X 110 | CaHsCH, —0.4 — - — 8
N/
N
CN
—CH,C (CH5)COOCH; | ditto 45 — —0.23+0.1K — - — 59
—CH,CH (OCOCHy) H—NHC.H,X 50 — - — —0.6¢ — 60
CeHs™ 1—CeH, X 8 | CClL 0.57 0.946 — — 6l
CuCl Cl—S0,CeH, X 110 cx-é,;cgc.ﬂ,, 0.565 - — 62
3

a) Correlation with 0. b) Correlation with o*. c¢) Correlation coefficient. d) Correlation with

o° 18; p-NO, and p-CN showed large discrepancies and were not used in the calculation. e) Corre-
lation with ¢ worse than with ¢*. f) p-(CH,),CO and p-C4H;O not included in the correlation. In
the determination of the rate constants for hydrogen abstraction these constants had been assumed
independent of the structure of X in X-C.H,C(CH,),00", but this assumption is incorrect *.

g) p-CH,O not included in the correlation. h) m-NO, not included in the correlation. i) These
values are approximate, due to the side reaction XC,H,0" + HOCH,Y — XCH,OH + "OC.H,Y.

j) Correlation satisfactory only for mefa-substituents. k) Recalculated by Harvey et al.#® 1) Oxi-
dation of decalin. m) Oxidation of styrene. Earlier results, which were later disproved or to
which substantial corrections had to be applied, are not considered in Table 1,

An accurate determination of the value of p can help to on the structure of the organic part of the N-bromoimide,

establish the reaction mechanism. In 1953 Kooyman and and furthermore that the same value of p is obtained for
CHZCO\ bromination with an excess of molecular bromine. This

coworkers* suggested that succinimidyl | N° is observation suggests that the chain-propagating radical in
CH,CO bromination reactions with N-bromoimides is a bromine

formed in the reactions between bromosuccinimide and atom:

hydrocarbons, and acts as a chain carrier. They based Br' + RH — HBr +R’, (5)

their suggestion on the fact that the value of p in the R -+ Br, — RBr 4 Br' (6)

Hammett equation for the bromination of substituted tolu- CH,CO CH.CO !

enes by bromosuccinimide was found to be —1.55, i.e. sig- HBr + é >NBr 7 >NH+Br, . )

nificantly different from the value —0.97 which applies to H,CO CH,CO

bromination by molecular bromine. On the other hand, The lower value of p found by Kooyman and coworkers

later work showed 2~2 that the parameter p does not depend for reactions with molecular bromine is ascribed to the
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fact that reaction (5) is reversible in the absence of excess
bromine.

In 1967, the mechanism of the reaction between t-butyl
hypochlorite and aromatic hydrocarbons was re-examined®
in a similar way, because the value of p in reactions
between substituted toluenes and (CH,),CO" radicals formed
by the decomposition of di(t-butyl)peroxyoxalate was much
lower than in reactions with t-butyl hypochlorite -2 (see
Table 1). It follows that the chains are propagated mainly
by chlorine atoms in the reactions with t-butyl hypochlorite.
This conclusion was subsequently confirmed by Walling and
McGuiness %°.

On going to more reactive substrates the absolute value
of p decreases, as is to be expected from an increased
contribution of structure (I) (see p. 218) tothe transition state
of the reactionf. Therefore, the reactions of Br’ and
CCl; with derivatives of cumene, diphenylmethane, and
benzaldehyde show a better correlation with p than with
p* 40,41 46-48

Recently, Japanese workers have used a two-parameter
Hammett equation containing the resonance constant ER
in their studies of various chain carriers—substituted
cumenes in the polymerisation of styrene, p-chlorostyrene,
p-methoxystyrene, methyl methacrylate83765,7° and substit-
uted toluenes, benzaldehydes, and aliphatic —aromatic
ketones in the polymerisation of styrene and methyl metha-
crylate66-%°;

sub

R
lg—k°—=pu -+ 1Eg . (8)

However, Taft himself had shown? that the insertion of
Hammett's o into Eqn.(8) cannot give a correct value of the
resonance constant, because o characterises the resonance
as well as the polar effect of the substituent. Hence, it is
better to use Taft's constants ¢° ¢ ag the polar param-
eters in Eqn.(8), since these constants relate only to the
inductive effect of the substituent.

Also, it was recently shown 2 that the methoxy group
reacts with free radicals at about the same rate as the
methyl group. Therefore, the rate constants of the reac-
tions of m - and p-methoxytoluene cannot be included when
correlation equations are set up for substituted toluenes.

It should be noted that the point for p-methoxytoluene shows
the greatest deviation from the line in plots 83-7° of Ham-
mett's Eqn. (1). Lastly, deviations from Hammett's

Eqn. (1) may arise from solvent effects 2° in concentrated
solutions. Thus, further work is needed before the
resonance constants of Eqn. (8) can be evaluated with con-
fidence.

b. Application to free-radical addition reactions

During the addition of free radicals to benzene deriva-
tives the conjugated aromatic system is converted into a
cyclohexadienyl double-bond system. Therefore,
Hammett's o values (which apply to systems in which the
aromatic character is not disturbed) cannot be used in
this case., Furthermore, any study of reactions of this
type must include, in addition to the usual assessment of
the reactivity of the substrate, the partial rate constants

T Exceptionally, the value of p for the reaction of CCl;
with derivatives of toluene 3* (-0.53) is smaller than the
values for the reactions of the same radical with deriva-
tives of cumene * (-0.67) and neopentylbenzene 3 (—0.94),
According to Totherow and Gleicher %8, this is because
the reaction of CCl; is made more selective by steric
hindrance in the latter two cases.
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for addition at the para-, meta-, and ortho- positions of 7
each benzene derivative, because the isomeric composition
of the products depends on the nature of the substituent.

A full kinetic analysis of this type has been attempted only
for relatively few reactions™-75,

It has been shown that the Hammett equation is obeyed
by the rate constants for the addition of the radicals CSH;,
p-CH,C.H;, p-CH,;OCH,, p-CIC;H,, and p-O,NC.H; to the
meta-position, the sign changing from positive to negative
on going from radicals with electron-donating to radicals
with electron-accepting substituents (see Table 2). The
Hammett equation can be applied also to reactions in which
the radicals cyclo-CH,;, C;H,COO’, p-CH,C,H,COO",
p-O,NC,H,COO’, (CH,),COCOO’, and C;H,C=C" are added
at the para- and mela-positions. However, the rate con-
stants for the addition of aryl radicals at the para-position
do not appear™ to follow Hammett's equation. Ito and
coworkers™ believe that the deviations from Hammett's
equation can be attributed to the resonance effect. They
calculate the resonance parameters by using the fact that
Ppara = Pmeta. The resonance parameters for attack in
the ortho-position were determined in a similar way. The
objections to the use of the ordinary ¢ constants for the
substituents when the Hammett equation has a resonance
term are discussed abovei.

Martin and Gleicher’® showed that the Hammett equation
is applicable to the rate constants for the addition of CCl,
to substituted allyl- and 3-butenylbenzenes, the propor-
tionality constants p taking the values —0.29 and —0.20
respectively (Table 2). They consider these values to be
too high, and they point out that the trichloromethyl radical
can form complexes with aromatic substrates. Cadogan
and Sadler” found a correlation between the rate constants
for the addition of CCl; and HOOCCH,S® radicals to substit-
uted stilbenes and the ¢* constants of the substituents, but
this correlation was limited to a small number of olefins.

In 1948 Walling and coworkers had pointed out® that
the rate constants for the addition of a polystyrenyl radical
to ring-substituted styrenes obey the Hammett equation.
Their calculations were based on the copolymerisation
constants. More recently, the Hammett equation was
shown to be applicable to the rate constants for the poly-
merisation of substituted styrenes’®. An attempt to corre-
late the reactivities of ethyl-(a-substituted benzyl)-acryl-
ates towards copolymerisation with styrene and methyl
methacrylate gave a curved Hammett plot®2. This was
ascribed?®? to the resonance effect of the substituents.

In all the examples of free-radical substitution and
addition reactions considered so far, the substituents are
in the substrate molecules. Reactions between substit-
uted aryl radicals and unsubstituted substrates are difficult
to study. The first demonstration of the possible use of
Hammett's equation for systems of this type was based!’

i Recent work has raised additional doubts about the
correctness of this approach”™. Thus, the rate constants
for the addition of phenyl radicals in both the para- and
the meta-position (p = 0.0) were found’® to satisfy the
Hammett equation. However, Japanese workers 80,8
find that the value of p in the Hammett equation for the
addition of C,H; in the para-position depends on the
method of generating the phenyl radicals. They ascribe
this effect to the influence on the measured addition rate
constants of the rate of the reaction

CoHCsH,Y'+X" — C¢H,C¢H,Y + HX

where the structure of X depends on the method of
generating the phenyl radicals.
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Table 2. Application of Hammett's equation to free-radical addition reactions.

Russian Chemical Reviews, 40 {3), 1971

Radical Substrate Product Temp., °C p Refs.
CsHy® CeHyX m-CeHyCeHsX 20 0.05 n
p-CH3CaHy ditto m-(p-CHsCeH 4)CeHs X 20 0.03 7
p-CH;OCGH, > m-(p-CHOCoH )CsH X 20 0.09 7
p-CICeH, » m-(p-CICgH4)CeHs X 20 —0.27 7t
p-O,NCgH, > > m-(p-0,NCeH,)CeHs X 20 —0.81 71
CoH;CO0 » > p-andm-CgH;COOCH; X 60 —1.61£0.044° 72
p-CH,CeH,COO" > » p-andm-(p-CHyCoHCOO)C,H: X 60 —1.28:£0.0472 7
p-0;NC4H,C00 » » p-andm-(p-0NCoH,COO)CH; X 60 —2.52:£0.058% 7
CeHyC=C" > p-andm-CeH;C=CCeHsX 20 —1.56 73
(CHy),CHOCOO' » > p-andm-(CHg); CHOCOOC,H; X 60 —2.27+0.03* ™
cyclo- CeHyy' » » p-andm-CeHyy CeH X 2 1.4+0.1° 75
cCly CH,=CHCH,C¢H,X CCICH,CHCH,CH, X 69.5 —0.290,02° 7%
ditto CH,=CH (CH,)sCsH,X CCl,CH,CH (CHy);CsHyX 69.5 —0.200.02¢ 7
» » CyHsCH=CHC¢H,X CCI4CH (CgH3)CHCH, X 105 —0.7® 7
HOOCCH,S" ditto HOOCCH,SCH (CgH;)CHCH X 105 —0.42 7
—CH,CHC,H; CH,=CHC:H,X —CH,CH (C4H;5)CH,CHC; H,X 60 0.51 8
—CH,CHCH,X CH,=CHCH,X —CH,CH (C4H, X)CH,CHC H, X 60 0.60 78
XGeHy' CH,=CHC,H, XCgH,CH,CHC,H; 20 0.959 7
ditto CH,=C (CHy)COOCH, XCgH,CH,C (CH;)COOCH, 20 0.46% 1
» » CH,=CHCOOCH, XC4H,CH,CHCOOCH, 20 0.38% ]
» > CH,=C (CH,)CN XCeH,CH,C (CHy)CN 20 0.359 79
s s + . . . + s s 0

a) Correlation with ¢*. b) Correlation with ¢ worse than with ¢*. ¢) Correlation with 0. d) p for

the monomer minus p for acrylonitrile.

on the substitution reactions of p-methyl-, p-bromo, and
p-nitrophenyl radicals with p~methoxytoluene (p = +1) and
p-nitrotoluene (p = +0.4). Dickerman and coworkers”®
have shown that Hammett's equation is obeyed in reactions
involving the addition of substituted phenyl radicals to styr-
ene, methyl methacrylate, methyl acrylate, and acrylo-
nitrile. Similarly, Yamamoto and Otsu’° have applied

the Hammett equation to the rate constants for the abstrac-
tion of hydrogen from cumene-substituted polystyrenyl
radicals with different para-substituents, and Prokof'ev
and coworkers 8 have applied it to the rate constants for
the reactions of 2,6-di~-t-butyl-4(4-X-phenyl)phenoxyls with
t-butyl peroxide.

2. The Taft Equation

The Taft equation, which has been used to study addition
reactions of aliphatic compounds, is formally similar to
the Hammett equation:

lg—’;—z"—b =p'o*. (9)

However, the essential difference between Eqn. (9) and
the Hammett equation is that the o* constants are related
exclusively to the polar effect of the substituents 2.

Until quite recently, the Taft equation had been used
very seldom in studies of free-radical reactions. Taft
himself quotes ® only one example of the application of his
equation to a free-radical reaction (the reaction between
sodium atoms and alkyl chlorides ). In 1962 it was shown
in the writer's laboratory?®® that the chain transfer con-
stants in the telomerisation of ethylene with chloro- and
bromochloromethane are very accurately described by
Eqn. (9). (These constants, when the chain length is
n = 3, are essentially the relative rate constants for the
abstraction of hydrogen and bromine atoms by n-alkyl
radicals, and for the removal of bromine from bromo-
chloromethane by methyl radicals?®’). It is worth pointing
out that the rate constants covered a range of 10%, and the

proportionality constant p* lay within the range 2.33 + 0.04
irrespective of the nature of the functional group.

We then measured the chain transfer constants for a
number of other chloro- and bromochloromethanes, and
refined the values previously obtained®8-?°, All the
results agreed satisfactorily with Eqn. (9). We also
showed that the experimental chain transfer constants for
the telomerisation of ethylene with chloroform (involving
breaking a C —Cl1 bond) and with chlorobromo- and dibro-
momethane (involving breaking a C—H bond) are in good
agreement with the values predicted by the Taft equation.

In 1962 Patmore and Gritter?” applied Eqn. (9) to the
rate constants for the abstraction of hydrogen from deriva-
tives of cyclohexane by the (CH,),CO" radical, but they
amounted some grave difficulties. In recent years the
equation has been applied to many other free-radical
substitution and addition reactions (Table 3).

Gleicher and coworkers report®9,!90 that in reactions
with substituted adamantanes the inductive effect of the
substituent is apparently transmitted to the reaction centre
through space rather than through the carbon—carbon bond
system. They calculated the relative rate constants for
the reactions with CCl; and Br’, using the Kirkwood—
Westheimer model!°2 of the electrostatic effect, and
assuming that the positive charge in the transition state
is unity. The calculated values turned out to be much
larger than the observed rate constants, but their internal
consistency was very good if the charge of the transition
state was assumed to be fractional and equal to 0.12 + 0.03
for the reactions with CCl; and 0.17 + 0.03 for the reactions
with Br’. More recent work from the same laboratory<®
has confirmed that free-space transmission of the inductive
effect plays an important part in the free-radical chlorina-
tion of substituted t-butylbenzenes.

In general, the rate constants of free-radical reactions
should obey an extended form of the Taft equation2:

lg % =p°a" +r'o" -+ 8E; « (10)

0

In this equation ¢T and Eg are constants for the substituents,
characterising their resonance and steric effects, and r*
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Table 3. Application of Taft's equation to free-radical reactions.

Radical Substrate Product Temp., °C o Refs.
R (CH,CHy), 5 H—CH,Cl, . R (CH,CH,),,,—H -+ ‘CH,Cly_, 70—100 2.33£0.03 %
ditto Br—CH, Hal;_, R (CH,CH,)5, y—Br + "CH,Hal_, 100 2.32:+0.03 8890
CHy Br—CH,Cl;_, CH,Br +"CH,Cl,_, 65 2,330.03 %
€,q° Hal—X Hal~ 4 X' 20 c 9
cr H—CH,X HCl + 'CH,X 20 —1.25 92
ditto ditto ditto 40 —0.85 92904
» » » 3 > > 100 —1,00 95
» > H—CHCIX HC! + "CHCIX 20 —0.83 02
» > H—CCl,X HCl + "CCL X 23 —0.49 9
(CHg)sCO" H—CH,X (CHg)sCOH + "CH,X 40 —0.69 %
CHy),COH -+ X —0.43 0
ditto “;O (CHo) *X/O 135 0 o
- C,H;)SiCl 4 'CClLLX 80 0.29 98
(CoHy)sSi Cl--CCLX (CqHs - 3 S o
oL TS it CeHs (CHy);SiCl + "CCl X 80 0.26
X
i eHal, + 40 —0.40£0.04 9
CCly @ . (r==0.980)
i
X
. ; o+ 40 —0.59+0.04 100
Br ditto @ (r=0.992)
cCly CH,=CHX CClsCH,CHX . 69.5 —0.42(r—0.99) 101
—CH,CHC,Hj CH, =CHCOOX —CH,CH (C,H;)CH,CHCOOX 80 0.56 103
ditto CH,=C (CH;)COOX —CH,CH (C4H5)CH,C (CH;)COOX 60 0.30 104
» > CH,=CHCOSH —CH;CH (C¢H;)CH,CHCOSX 60 0.28 105
—CH,C(CH,)CO0X CH,=C (CH,)COOX —CH,C (CH,) (COOX)CH,C (CH,)COOX 30 0.70£0.18 106
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a) Calculated from the results of Evans and Szwarc®,

b) Hydrated electron. c) Published plot

shows unacceptable scatter of experimental points.

and 6 are the appropriate proportionality constants. Two
partial expressions of Eqn. (10) are of practical import-
ance:

sul

k
lg= =g + o, (1)

lg =2 — o + 9, (12)
The first application of Eqgn. (11) to the study of free-
radical reactions was reported in an investigation!?’ of the
distribution of isomers in the products of the liquid-phase
chlorination of aliphatic acids, esters, and nitriles. The
constant p* was found to be —0.212, and the hyperconjuga-

tion parameter 42 was also evaluated (£ = 0.114, where

r* . ol
h=—g ),
fairly precise, the method of calculation is open to critic-
ism, since the authors allowed for the hyperconjugation
with the methyl substituents but ignored the resonance effect
of the COOH, COOCH,, and CN groups. In 1965 the writer
applied Eqn. (11) to the rate constants for the abstraction
of iodine from alkyl iodides by alkyl radicals!%,!%, The
use of the two-parameter Eqn. (11) in studies of free-radical
reactions is discussed below in greater detail.

Martin and Gleicher showed!® that the rate constants
for the addition of the trichloromethyl radical to substituted
olefins obey Taft's equation in its simplest form (Eqgn. (9)).
Similar conclusions were made for the rate constants of
the addition of the polystyrenyl radical to acrylates 108,
methacrylates!®, and thioacrylates!%, and also the
addition of the poly(methyl methacrylate) radical to metha-
crylates!%, the substituents being in the alcoholic part of
the monomer molecule. However, Eqn. (9) could not be
applied to the rate constants of the reactions between free
radicals and silicon-containing olefins of general formula

However, although the correlation was

CH,=CHSiX X, X, 110,)11 because these reactions involve
large steric and resonance effects. Similarly, the rate
of addition of the polystyrenyl radical to a-substituted
methyl acrylates is determined mainly by the steric effect
of the substituents!2,

3. The Alfrey—Price and the Bamford Equations

The Alfrey—Price!!® and the Bamford!!4~!'% equations
were put forward to describe reactivity in radical poly-
merisation and copolymerisation reactions. A detailed
description of these specialised branches of free-radical
chemistry lies beyond the scope of the present review, and
can be found in recent monographs!!’-t?, We shall
therefore confine ourselves to the use of the Alfrey—Price
and the Bamford equation in quantitative descriptions of
the reactivity of small radicals, with gpecial reference to
the recent work of Freidlina and Englin!20-123,

According to Alfrey and Price!!3, the ratio of the rate
constants for the polymeric radical M; in copolymerisation
reactions with the monomers M, and M, can be written in
the form

=t Qe
r kﬂ B le_ ( : (1 3)
where €, and Q, are parameters which characterise the
reactivity of M, and M,, and ¢, and e, characterise the
polar properties of these monomers.

Englin and Freidlina!2° proposed the use of a form of
Eqn. (13), modified for chain transfer constants !*, to study
the reactivity of telomeric radicals formed in the telomer-
isation of ethylene with carbon tetrachloride and chloro-
form. The Alfrey—Price scheme gives

Co— < oMM C,= o enleT—em) (14)
v QA
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where C;, and Crare the partial and the total chain trans-
fer constant of the telogen; @pf and @ are characteristic
parameters for the reactivity of the monomer and the
telogen; eT, ey, and ey are the polar factors for the

telogen, the monomer, and the telomeric radical of chain
length ». Using Eqn. (14), Englin and Freidlina evaluated
the ey, parameters for the radicals CCL,(CH,CH,);, where
n =1-4, They found that whilst the radical CC1,CH,CH,
is electrophilic (e > 0), the radicals with higher molecular
weight acquire nucleophilic properties.
The same authors!2~123 Jater suggested the use of
Bamford's equationti4-iié
Igk, =gk +ac B (15)
to study the reactivity of telomeric radicals and telogens,
where Rg is the rate constant for the reaction between the
radical and any substrate, kT is the rate constant for the
reaction of the same radical with toluene, ¢ is a constant
(analogous to Hammett's o) which characterises the polar
properties of the radical, and lastly « and 8 are constants
characteristic of the substrate molecule.
For the case of chain transfer constants Eqn. (15) can
be rewritten
Ig Cn = 0n(ar — am) + Br—Bar. (16)
These equations were used to calculate op for telomeric
radicals in the telomerisation of ethylene, propylene, and
vinyl chloride with carbon tetrachloride and chloroform.
The o, values obtained varied in the right sense, reflecting
the decrease in electrophilic character of the radicals
both with increase of #» and on going from vinyl chloride
to ethylene and propylene.

III. CORRELATION WITH THE PARAMETERS OF
QUANTUM CHEMISTRY

This review is not concerned with attempts to calculate
the rate constants of free-radical reactions of the param-
eters of their Arrhenius equations by quantum-chemical
methods. However, in addition to attempts at direct
calculation of the kinetic parameters, considerable effort
has been-devoted to the comparison of the rate constants
and activation energies of free-radical reactions with
quantum-mechanical characteristics of the reactivity of
the molecules and radicals. These correlations are
similar in principle to those based on the use of empirical
parameters (such as the constants for the substituents in
the Hammett and Taft equations), but the use of quantum-
mechanical parameters offers some additional advantages
by giving a physical interpretation of the reactivity.

The most widely used among the quantum-mechanical
correlation equations is that of Polanyi, which relates the
activation energy to the enthalpy of free-radical reac-
tions'25:

AEsc=—aAAH . am
In this equation AEgc is the difference between the activa-
tion energies, and AAH is the difference between the
enthalpies of reactions of a given type; a is a proportion-
ality constant. Semenov has stated'? that this expression
can be applied, to a first approximation, to the substitution
reactions of most free radicals, and can be written in the
form

Eac = A—aAH (18)
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As will be shown below (p. 228), the correctness of
Eqn. (18) depends on the fact that the transition states of
many free-radical reactions of the same type have very
similar structures. However, in general, the proportion-
ality constant « is a function of the reactivity of the free
radical., The phenomenon has been discussed quantum-
mechanically by Bagdasar'yan?!?, who showed that o
varies from 0 to 1 as the structure of the transition state
varies from that of the reactants to that of the products.

Eqn. (17) and (18) have been applied to the abstraction
of hydrogen by CH, radicals (@ = 0.49 '#,!®) by Br (@ =
0.86 '#), NF, (a =1 '28) and O (¢ = 0.36 !3°), In Bag-
dasar'yan's calculations!!® for the reactions of CH;, CF;,
and D°, « is found to be 0.38. All these examples apply
to the reactions of radicals with aliphatic hydrocarbons
only, because the Polanyi —Semenov equation is inapprop-
riate!!® when the reactants contain any substituents other
than alkyl groups. However, Eqns. (17) and (18) can be
used in the study of reactions of a different type: for
example, the abstraction of halogen atoms from alkyl
halides by the "SiCl; radical'®, or the reactions of trifluo-
romethyl with halogens 32,

Zavitsas and Ehrenson'3 measured the ratio of the
rate constants and the difference in the activation energies
of the reactions of alkyl and cycloalkyl radicals with
bromotrichloromethane and hypochlorites (R(CH,),COC1l),
and evaluated the parameter « from Polanyi's equation.
They found that for these radicals @ is related to the
stabilisation energy Eg by the expression

a=19-10%ep0.28E;. (19)

However, the experimental method used by these
workers!3® is of doubtful validity, because recent work
has shown #,3° that appreciable amounts of chlorine are
formed in reactions involving hypochlorites. Further-
more, we would have expected a linear relationship
between o and E: the physical significance of the exponen-
tial relationship is not clear.

Eqns. (17) and (18) can be applied also to free-radical
addition reactions!3¢, Walling used!3s Eqn. (17) to deter-
mine the stabilisation energy of radicals formed during
the addition of methyl radicals to vinyl acetate, vinyl
ethyl ether, and methyl methacrylate.

The many “reactivity indices” which have been proposed
for free-radical reactions can be divided into two groups:
the parameters which define the polar (or inductive) effect,
and those which define the resonance effect in reactions.

In 1951 Eyring and coworkers!3 put forward a “semi-
classical” approach to the evaluation of the inductive effect,
based on a calculation by the MO method of the total charge
on covalently bonded atoms %7, It was shown that the free
energy of the reaction between a sodium atom and chloro-
methanes increases in the same sense as the total charge
on the chlorine atom!38, This effect can be explained by
assuming electron transfer from the sodium to the chlorine
in the trangition state of the reaction: increasing the
number of chlorine atoms in the molecule leads to a
decrease in the negative charge on the chlorine atom
involved in the reaction, and hence to an increased rate of
reaction. Thus, the chlorine atoms contribute a purely
inductive effect. It is interesting to note that the same
correlation equation applies to all the methyl halides
investigated (CH,Cl, CH,Cl,, CHCl,, CCl,, CHyBr, CH,l)

if a correction for the different polarisabilities of the

C—-X bonds is applied.

Electron transfer in the transition state of the reaction
between sodium and organic halides is confirmed by Wilson
and Herschbach's observation of a correlation between the



Russian Chemical Reviews, 40 (3), 1971

electron capture coefficients and the rate constants of
these reactiong!®, According to Polanyi!40, it is more
correct to seek a correlation between the activation energy
and the electron affinity for reactions of this type. How-
ever, both relationships point to the same mechanism.

The work of Szwarc and coworkers!4,'42 bears a close
similarity to the above investigations. These workers
found an inverse relationship between the logarithm of the
rate constants for the addition of the trifluoromethyl
radical to methyl-substituted olefins and the ionisation
potentials of the olefins'42. This type of dependence is
ascribed to the electron-donating properties of the methyl
substituents. According to Stefani and coworkers'4® the
logarithm of the rate constant for the addition of the
cyclopropyl radical to olefins varies linearly with the
ionisation potential of the olefins, which suggests that the
cyclopropyl radical behaves nucleophilically.

In 1955 Coulson reported!** a linear relationship
between the logarithm of the rate constants for the addition
of the methyl radical to aromatic compounds and the free

valency index or the localisation energy of these compounds.

This relationship has been widely discussed in the litera-
ture. The quantum-~mechanical significance of these
correlations has been considered in detail in mono-
graphs 19,145 and the work of Szwarc and coworkers up to
1958 is fully reviewed by the authors themselves!'4¢. The
localisation energy of one of the 7-electrons on the reac-
tive centre decreases if the second electron can conjugate
with the substituents of an unsaturated compound. There-
fore, the correlation of the rate constants or activation
energies with the localisation energies is evidence for the
presence of a large resonance effect in these reactions.
Later work has revealed correlations between the
localisation energies and the rate constants (and activation
energies) for the reactions of the trifluoromethyl and the
trichloromethyl radical with aromatic compounds 47,48,
of hydrogen atoms with olefing!*® and hydrocarbons 5°,
and of the ethyl radical with olefins*3:. Chlenov and
Basilevskii!5? gtudied the relationship between the rate con-
stants for the reactions of the methyl, trifluoromethyl,
and trichloromethyl radicals with aromatic compounds and
the stabilisation energy, defined as the difference between
the m-energies of the delocalised transition state and of the
reactants. According to these workers, correlation with
the stabilisation energy is more satisfactory than with the
localisation energy when a large polar effect is present.
Unruh and Gleicher!5® obtained a good correlation (corre-
lation coefficient 0.977) between the rate constants for the
abstraction of hydrogen from methyl-substituted aromatic
compounds by the trichloromethyl radical and the difference
between the 7-bond energies of the resulting radical and
of the reactant, calculated by the SCF LCAO MO method.

IV. ADDITIVE EMPIRICAL METHODS OF CALCULAT-
ING THE ACTIVATION ENERGIES AND THE RATE
CONSTANTS OF FREE-RADICAL REACTIONS

Additive schemes for calculating by empirical methods
the rate constants (and particularly the activation energies)
of free-radical reactions have recently been developed to
a remarkable degree. The activation energies of the
logarithms of the rate constants are treated as empirical
functions of a number of parameters which characterise
the substrates and the radicals. Though similar to the
correlation equations of the Hammett —Taft type, these
methods differ essentially from those equations because
the parameters on which they rely are not determined by
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reaction effects (polar, resonance, or steric), but by
some specifically chosen components of the energy of the
activated complex. The activation energies of radical
reactions are treated as functions of the dissociation
energies of the “activated” forms of the broken bond and
the newly formed bond (i.e. the bonds in the activated
complex54), expressed as sums of energy terms for the
pair interactions of atoms in the activated complex!®”, and
also as functions of the dissociation energies of the real
broken bond and of the newly formed bond!5, §

These methods have been discussed in detail in a num-
ber of review articles, !54-15¢ and therefore we shall not
dwell on them, except for the following observation.

There can be no doubt of the reality of the various empiri-
cal relationships which have been reported. However, it
is exceedingly difficult to define the region over which
such relationships apply. Thus, Moin assumes !5 that in
any free-radical substitution reaction

(20)

the dissociation energy of X...R’ in the activated complex
is independent of the structure of the attacking radical R".
But this assumption is inconsistent with Hammond's
postulate!? that the structure of the activated complex

(i.e. the transition state), and therefore also the dissocia-
tion energy of the X...R’ bond, varies from a structure
close to that of the reactants (for very reactive R radicals)
to a structure close to that of the reaction products (for
relatively inactive R radicals).

Moin!% correctly states that his relationships between
activation energies and the dissociation energies of the
bonds in the activated complex are similar to the Polanyi—
Semenov equation. Hence, the regions of applicability of
the two equations should be the same. However, the
Polanyi—Semenov equation is applicable only to the reac-
tions of radicals with aliphatic hydrocarbons, in which
structurally uniform activated complexes!!? are formed.

R+RX - [R...X...R]— RX+R"

V. SEPARATION OF POLAR AND RESONANCE
EFFECTS IN FREE-RADICAL REACTIONS

In this Section we shall discuss the application of the
two-parameter Taft equation
1g Baub _ 00" +r'or (11)

ky
to the study of the reactions of free radicals with com-
pounds whose substituents show both polar and resonance
effects. Clearly, Eqn. (11) is applicable only if the steric
effect of the substituents is negligible.

In contrast to ordinary substitution reactions, whose
transition state contains a formally quinquevalent carbon
atom (as in the SN2 reactions, for example), free-radical
substitution reactions proceed through a transition state
with little steric hindrance:

RiRe
Y~ 4 CRiR;RsX — Y..‘(!l...X

Ry .
Y 4 CR{RRsX — [Y ... X ...CRR,Rs] — YX —+ "CR;R;R; Free-radical substitution , (22)
mechanism

— YCR;RoRg+ X~ §)2 mechanism, (21)

§ A new method of calculating the activation energy
of free-radical reactions, based on a presentation of
the potential energy of the reacting system in terms of
Morse curves, has recently been suggested?!5?,!58,
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Therefore, the steric effect can often quite correctly
be ignored. However, in the presence of several substit-
uents we must consider a special form of the steric effect,
in which resonance in the transition state is geometrically
precluded. In the following calculations we shall confine
ourselves, as a rule, to the rate constants of monosubstit-
uted compounds, with the exception of methyl and halogen
substituents.

Only the polar constants (0*) of Taft's equation ? were
available in the literature. Therefore, one particular
series of free-radical substitution reactions (the reactions
of primary alkyl radicals in the liquid phase) was used to
calculate the resonance constants oY of the substituents by

Eqn.(11). As stated above (p. 220), the chain transfer and spin densities in the resulting free radicals (pR).
constants C, in the telomerisation of ethylene with halo- Cos .
genomethanes obey the Taft equation in its simplest form R-x 03 o o R
(Eqn. (9)), the proportionality constant p* having the value o
2.33 to a first approximation irrespectively of the nature CHy—1 4‘5“,9 N 0. 00 o7

f the at bet r CHyCH,— 1 14.8 —0.10 0.32 0.919
of the atom abs racted (H, Cl, or Br). Hence, oT was (CHy);CH~-1 48.3109 —0.20 0.64 0.844 167
determined from the chain transfer constants C>, of mono- CHy,—H 1.5-1076% 8 0 0 1.000
substituted derivatives of methane with substituents show- HooCH,—H e e o 0-40 0'9)23'
ing both polar and resonance effects. It was assumed Ho?)—cc;{rBr 37150 1.05 8_31 3;3‘1 168
that for this reaction p* = r* = 2.33. This assumption is NCCH,—H 0.0283 160 1.3 0.54 0,852 169
undoubtedly arbitrary, but it seemed a reasonable one CoHCHy—H 0.0254 0.215 1.605 | 0.6210
because it yields a single scale for the quantities o* and gﬁs(ioccﬂl"é; }_{_H g'?j’:ﬂ 16t “2 3‘;3 3'232 72
of. quever,_ it must be borne in _mind that whereas a HOCH,—H 0.0621° 161 0.553 0.795 0.8%0) 169
change in 7* will produce a change in the absolute value of CH,OCH,—H 0.520 0.97¢ | 0.770 '™
oT, their relative values will remain unchanged. Thus, Ct; OCH,—H 0.8 0.66¢ | 0.848°

CHyCO—H 1.65 1.45 0.728°
R Caub o (23) a) Calculated value. b) Chain transfer constants in the

233 ° G,

The measured chain transfer constants C, for the
telomerisation of ethylene with methyl, ethyl, and isopro-
pyl iodide!,i® 1 1-dichloroethane®, bromoacetic acid?®,
toluene, acetone, acetic acid, and acetonitrile!®® (at 100°)
were inserted into Eqn. (23), and also the chain transfer
constants for the polymerisation of ethylene with methanol
and propylene (at 130° and 1350 atm), obtained by Morti-
mer'®, (Although these latter data were obtained at a
higher temperature, the effects of temperature and pres-
sure increase can be expected to be mutually compensating
to a large extent.)

The results of our calculations are shown in Table 4.

r .
The value of OCH2 COOH adopted is the average of the values

calculated from the chain transfer constants for acetic and
bromoacetic acid. The resonance constants of the alkyl

free radical.

Table 4.
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Thus, the rate of reaction of the methyl
radical at the ortho-position, the para-position, and the
oxygen atom of the phenoxy radical depends on the
distribution of spin density in the latter radical!®4.
Similarly, a relationship has been found between the
unpaired electron density distribution in phenoxy and
aryloxy radicals and the activation energy of their reac-
tions with t-butyl peroxide'65,16s,

Resonance constants of the substituents (o7)

polymerisation of ethylene at 130° and 1350 atm.

c) Obtained by Eqn. (25).

d) Obtained from the rate

constants for the methyl radical reactions (Table 5) by

Eqn. (11).

The delocalisation of the unpaired electron on the
substituents of the substrate molecule in the transition
state of a free-radical reaction can be compared with the
spin-density distribution in the resulting free radical.

These ideas were developed by Dixon!"4,

However, he

points out that direct comparison of spin-density distribu-
tion in the radicals with the reactivity of the reacting
molecules is impossible, because radicals (unlike mole-

cules) have a planar structure.

Therefore, Dixon pre-

substituents were calculated from the chain transfer con-

stants of alkyl iodides. o , found from the chain fers to use the spin—spin interaction constants of vicinal

\ CH,CH, protons to characterise the delocalisation of electron spin
transfer constant of 1,1-dichloroethane (C, = 0.178), is in the transition state. Nevertheless, the transition
practically the same as the value obtained from Csczhs_'l, state for radical substitution reactions involving mono-
The resonance effects of the substituents in the sub- substituted compounds hardly ever presents geometrical
strate molecule which reacts with a free radical are restrictions to the delocalisation of the unpaired electron
probably determined mainly by the delocalisation of the on the substituent. Hence, we believe that the resonance
unpaired electron onto these substituents in the transition effect of substituents can be directly related to the spin
state of the reaction. There is nothing new, essentially, density in the radicals (calculated from ESR spectra).
in this point of view. The interaction of the unpaired We have used spin-density values obtained from the
electron with substituents in free radicals has been demon-  most accurate form of the McConnell equation for the
strated many times. Thus, it has been shown that the hyperfine structure (HFS) constants of the protons in the
stabilisation energy of benzyl radicals is increased by methyl groups of the CH;CHX radicals*®,!%:
the presence of alkyl substituentsi62, Gilbert and Krei- JCHs
lick % have calculated the distribution of the unpaired PR= o o (24)
electron density in substituted phenoxy radicals. They
found that the delocalisation of the unpaired electron
increases when the substituents CH,COOC,H,, C(CH,),,
and CH,CO are introduced in the para-position.
Furthermore, the distribution of unpaired electron
density has a significant effect on the reactivity of the

In this equation, pR is the spin density at the a-carbon
atom of the XCH; radical, aCH; is the HFS constant of the
freely rotating methyl group of the CH,CHX radical, the
factor (1-0.081) allows for the delocalisation of the
unpaired electron on the CH,y group!®”. (The traditional
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symbol p for the spin density has been replaced by pR to
avoid confusion with the proportionality constants p and p*
of the Hammett - Taft equations.) Values of pR are listed
in Table 4.

We have tried to establish a relationship between the
resonance constants o of the substituents, calculated by
Taft's Eqn. (11), and the spin density on the substituents
in the resulting free radicals, in the form of the equa-
tion175-177:

o =b(l—pr). (25)

Eqn. (25) was solved for the o and pR values of the
radicals CH3, CH,CH;, (CH,),CH', HOOCCH;, NCCH;,
CH,=CHCH_,, and HOCH;,. The result, obtained by least
squares, was

of = (4,23 + 0,48)(1 —pr),  correlation coefficient 0.988.  (26)

This expression can be used to calculate new values of

or and pR, and other derived quantities. Thus, we
i r = r =
obtained UCHZCOCHa 0.72, OCHZOCH3 0.97, and
= 0.621. Since the chain transfer constant

r
9CH,CH,
for the telomerisation of ethylene with acetone is known
(CCH,COCH, < 0.0290, Table 4), it follows that

r s
GCHZCOCHs can be found in the same way as the other
resonance constants: from Eqn. (11) and the known polar

% _ .
constant OCHZCOCHS = 0.60.2 However, this method of

; ; i r -
calculation gives the anomalously high value OCHZCOCHS =

1.24. Therefore, we prefer to use a different value of
OEHECOCH;, for free-radical processes. Inserting

Table 5.
and R—H compounds.
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r = : s * =
OCHZCOCHS 0.72 into Eqn. (11) we obtain OCHZCOCH,
1.12. As we shall show below, the new value of

* N N
UCHZCOCHS can be used with advantage in the study of

other free-radical reactions.

The spin-density distribution in the benzyl radical has
been determined theoretically by several workers, but the
value of PCH2C6H5 depends very appreciably on the method

of calculation (see, for example, Ref.178). Inserting into
McConnell's Eqn. (24) the value bCH,CH, = 0.621 found by

Eqn. (26), we can find aCHs for the ESR spectrum of the
C,H,CHCH, radical: aCH; =29.3 (1 - 0.081 )PCH,CH, =
16.8 G. It is interesting to note that in a recent paper!?®
the HFS constants afl = aCH; = 16.5 G are proposed for the
CsH,CHCH, radical.

The Taft equation with polar and resonance terms
(Eqgn. (11)) can be applied to the reactivity of monosubstit-
uted methane derivatives towards free radicals. All the
data available at the time of writing are collected in
Tables 5 and 6. We have included only those radicals for
which more than four rate constants were known. This
gave at least four equations to be solved for evaluating the
results by least squares. Since the chain transfer con-
stants of polymeric radicals are the least accurately
known, only the constants obtained in the polymerisation
of vinyl acetate were considered, because this reaction
has been fully characterised. As the Table shows, three
correlations were obtained for five reaction rate constants
involving the radicals CH,(CH,),CH(CH,),CH,, HO", Na':
one for six values (I'), one for eight values (CH;), one for
nine values (polyvinyl acetate radical), and two for ten
values (CF; and C.H;).

Application of Taft's Eqn. (11) to the rate constants of reactions between free radicals

Rate constants in the gas phase (g.p.) and liquid phase (1.p.)
. & " . . X (CH,CH),"
R—H X (CH,CHa)y CHy CHy(CH2),CH(CH,):CH| CFy _"__C!HS helgn 1‘) k1ot 2. (CHEMa
¢, Lp. R-10-%, gp, 100° s lp k1070, gp, 100° | Fos R AT 3 mote- -1 0COCH,
> 000 cm3 mole! 571 oo em3mole-l 51 o0 cm” mole™ 57 | cm” mole™ s ca -10¢
20° Lp. 60°
CHy—H < 0.0019 1% 3.9.10-s ™1 0,369198—200 g gosh. 1 0.07™1 0.00252!7 k
CICH,—H 0,832 0.07 14
Cl,CH—H 0.251% 5.54 201 0.48! 422
Cl,C—H 9.61% 17,79 199, 200 i3 o1 0074211 1402128
BrCH,—H 481 e 0,70 2%
HOCH,—H (.23 . 18, G202 203 0.3 5364 212—215 0.402'8 622
HOOCCH,—H 0.15¢ 183 0.086 14 0.166 212 215 102!
NCCH, 7;1 0.90 '8¢ ’ 1022
Cl-; C(;CH H 0. g5d 180, 185%, 187 0.125'%7 5'41534 0.17'4 0 649211, 212, 215 18 194, 228
3 c . d, g 182, 185, 189 52.52 14 : 5.82
CH4OCH,~—H 0.62 206 0.28 50218 s
CH:COJH 33.18 190 243 5. 4 208 513 520 420 d 221, 220225
CaH,OCH,—H 0.358 1% 0.14197 0.07% 101%
c;{ .:CH:’JH _H 1,334 185, 192 56219
CHCHy H 1,468 185 186, 13195 | 4 oy 107 135 10,338 17, 210 2520 254 221, 222, 224, 28
px T 2.33 1.51£0.14 2.70+0.53 0.56=0.14 | 1.1120.07 | 0.0120.20 | 1.67£0.32 1.02::0.16
r* 2,33 1.51+0.14 2.22+0.26 1.55+0.05 | 0.90+0.13 | 1.62+0.34 34320.24 1,21+0.12
r 0.962 0.994 0.936 0.950 0.952 0.968

a) Chain transfer constants.

the calculation, because hydroxyl radicals are converted into O° in alkaline media 23!,

values of chain transfer constant were used to calculate oT (see Table 4).
e) Reaction with CH,COOCD;,.

b) Rate constants for the reactions of HO* at pH 7 were chosen for
c) These
d) Mean value.

f) All these rate constants were recalculated using a corrected

value!®® for the rate constant of the recombination of methyl radicals (2.3 X 10'® cm® mole™ s-1).

of,

h) Calculated from Taft's Eqn. (11).

from kCHSCHO/kCH,,OH = 2.25%¢ and kCH,0H = 5.36 X 10* cm® mole™ s-!,
standard compound in Eqgn. (11).

g) The rate constants for the reactions of methyl radicals were used to calculate the corresponding
i) Chloroform taken as standard compound.

j) Obtained

k) Toluene taken as
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All the available data (except a few doubtful ones) were
used to analyse the rate constants of the gas-phase reac-
tions of the methyl radical. For example, the results
of Raal and Steacie for the reactions of CH; with halogeno-
methanes were not included, because hydrogen halides
are formed in these reactiong 2#-2%, Ag Table 5 shows,
the rate constants for the reactions of methyl radicals
are fitted by Eqn. (11) for the special case of p* = v* =
1.51 + 0.14. This is not unexpected, since the constant r*
had been taken to be equal to p* for the reactions of alkyl
radicals in the liquid phase. Calculations by Eqn. (11)
with p* # r* confirmed that these quantities cannot differ
by more than 0.17 of a unit of p* for the reactions of
methyl radicals. From this correlation expression, and
the known rate constants for the reactions of the methyl
radical with anisole!®! and acetaldehyde!®?, we obtain

r = r =
OCH20C6H5 0.66 and OCOCHa 1.15, and also

PCH,OCH, = 0.8481 and PCOCH, = 0.728. These reson-
ance constants have been used to set up correlation
expressions for other free radicals.

Table 6. Application of Taft's Eqn. (11) to the rate con-
stants of the reactions of sodium atoms with R—Cl com-
pounds.

Rate constant (CH,)sCCl | (CHs),CCl, [ CHCCl, | CCl, |CH,=CHCH,CI] [ 24

k1011 (Ref.232)
em3 mole1 51 2.76 42.3 393
at 247°,g.p.

n

34
7

2260 27.3 0.760 0.9996

+0,016

O

+

g

The correlation expressions for the reactions of other
free radicals were obtained in a similar way. The rate
constant for the reaction of the phenyl radical with ace-
tonitrile!4 was not included in the calculation because it
showed a serious discrepancy, probably associated with
the experimental errors inherent in the chosen method?
of measurement of 2. In the study of the reactions of the
hydroxyl radical in aqueous solutions the rate constants
of the reactions with methane and acetonitrile #* were
excluded from the calculation because the measurements
had been made at pH 9, i.e. under conditions where the
radical anion OF is also present #,

It is evident from Tables 5 and 6 that our correlation
expressions have an accuracy of 10—-25% for p* and
10-15% for r*. The only exception is the value of p*
for the reactions of the trifluoromethyl radical, which
lies within the range from —0.20 to +0.20. These errors
are fairly large, but all the correlation coefficients
(except for one value of 0.936 for the reactions of the
phenyl radical) are greater than 0.950, and two of them

9 Hudson and Root 2%° have recently obtained the vqlue
PCH,OCH, = 0.831 by using Eqn. (24) in conjunction with
2
ESR data.
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are greater than 0.990. Thus, we may conclude that the
correlation is entirely satisfactoryy.

We must stress that these calculations were made with
data from different sources and having different precision.
Furthermore, the rate constants of free-radical reactions
can seldom be measured to an accuracy of better than
50%. Also, the number of available data was so small
that it was not always possible to exclude values of
doubtful reliability from the calculation. Hence, the
correlation errors are relatively large at this stage, but
we think it likely that the correlation will improve when a
larger fund of accurate experimental data becomes
available.

A qualitative dependence of p* on the electronegativity
of the free radicals can be observed for reactions of a
given type (ignoring temperature differences and different
reaction media). It is found that p* decreases in the
sequence

X(CH,CH,)a, CHy (CHy)s CH (CH,)y CHy > CHy', I > CoH,” > CFy >HO' |

In this series the electronegativity of the radicals
increases from left to right. The value of * should be
independent of the polar properties of the radicals, and
should be determined only by the structure of the transition
state of the reaction. The dependence of 7* on the struc-
ture of the transition state is discussed again below.

The effect of the statistical factor has been ignored in
all the above calculations. “Intuitively”, the statistical
factor should be equal to the number of equally probable
centres of attack of the reagent (for example, the free
radical) on the substrate molecule. Benson?2¥ has tried to
develop the concept of a statistical factor from the theory
of absolute reaction rates. He has shown that it is not
obvious, in general, that the “intuitive” statistical factor
can be identified with a factor giving the symmetry numbers
in the theoretical rate constant equation. Studies of
reactions involving the hydrogen atom 235,236 have shown
that the real statistical factor, calculated from the ratio
of the pre-exponential terms in the rate constants for the
reactions, is not the same as the factor given by “intuitive”
considerations. It should be noted that a one-sided cal-
culation of the statistical factor is objectionable also from
general considerations, since other, “non-chemical”
contributions to the rate constant must be taken into
account (for example, the effect of moments of inertia 29).

T Migita and coworkers #*® conclude, by comparing
the rate constants for the chlorination of chloroalkanes
and chlorosilanes, that the resonance effect of chlorine
atoms in the ¢-position to the reaction centre is greater
than the hyperconjugation effect of the C—H and C-C
bonds. We observe that these workers' rate constants
for the chlorination of chloroalkanes and nitriles92-94,288,
obey Taft's Eqn. (11) with p* = -3.54 + 0.28 and r* =
1.27 + 0.40 (at 40°) except for compounds with chlorine atoms
in the a-position to the reaction centre. If the rate con-
stants for the chlorination of chloroalkanes with chlorine
atoms in the a-position are inserted into this equation,
the accelerating effect of chlorine as an a-substituent

. r = r =
is found to correspond to oCH,Cl 1.5 and OCH3C1 3.2.

(We note that oT for a classical resonance-inducing substit-
uent such as -CH,CH=CH, is 1.62 (Table 4)). Therefore,
we suggest that the effect of chlorine atoms as a-substit-
uents on the rate of chlorination of chloroalkanes should

be ascribed not to the resonance effect of chlorine, but

to some other effect (for example, the change in hybridi-
sation of the carbon atom).
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Nevertheless, all the correlation expressions obtained
(as well as some published data®) were recalculated to
allow for the statistical factor: the effect on the results
was negligible within the quoted error limits. In four
cases the correlation was more satisfactory without the
statistical factor, in four cases the correlation was
improved by the statistical factor, and in one case the
statistical factor had no effect. None of the effects was
large.

Steric preclusion of resonance

As already pointed out (p. 224), the presence in the
substrate molecule of several substituents exhibiting a
resonance effect can lead to a spatial disturbance of the
conjugation of the unpaired electron with the substituents
in the transition state of the reaction. Steric preclusion
of the resonance was observed in a number of systems,
for example in studies of the addition of a methyl radical
to unsaturated and to aromatic compounds. 48

In our calculations of the resonance constants of the
ethyl and the isopropyl radical from the chain transfer
constants of these radicals in the telomerisation of ethylene
with alkyl iodides we found (Table 4) that the resonance
effect of two methyl groups is equal to twice the effect of
a single methyl group (UEH(CH3)2 = 0.64, oEHzCHs = 0.32).

This was confirmed by measuring the chain transfer con-
stants in the telomerisation of ethylene with ethyl bromide
and isopropyl, and also by inserting the o values obtained
into the correlation equations. Hence, no steric preclu-
sion of resonance occurs in radical substitution reactions
when a second methyl group is introduced into the sub-
strate molecule.

However, a study by the competitive method of the
reactivity of the compounds CH;COOH - C1CH,COOH -
CH(COOH), and BrCH,COOH - BrCICHCOOC,H, -
BrCH(COOC,H,), has shown that the introduction of chlo-
rine or a second carboxyl into a molecule of acetic or
bromoacetic acid increases the chain transfer constant by
a factor of 35—25 and 14—4 respectively!5%,}"7, Using
Taft's equation it is readily shown that the reactivity of
these compounds can be expressed as the overall effect of
the CHCICOOR group (with R = H or C,H;), Zo* =1.86—
2.10, and of the group CH(COOR),, Zo* =1.64-2.06. (By
analogy with other reactions of n-alkyl radicals the pro-
portionality constant is taken to be p* = 2.33). Although
the polar constants o* of these groups are unknown, we
can establish that the observed overall effects of the
CHCICOOR and CH(COOR), groups are almost ;{ully
accounted for by the polar effect, noting that OCHQCOOH =

1.05 2 and allowing for the “saturation effect” in the
simmation of the *inductive consta;nts (for example,
OCH2C1 =1.05, UCHCIZ =1.94, ocel, = 2.65). Thus, in

these cases the preclusion of resonance is almost total.

VI. RELATIONSHIP BETWEEN THE TRANSITION-
STATE STRUCTURE AND THE REACTIVITY OF FREE
RADICALS

In the applications of Taft's two-parameter Eqn. (11) to
studies of the reactions of alkyl radicals with alkyl brom-
ides and iodides'%,'5°) and also of the reactions of sodium
atoms with alkyl chlorides (Table 6), methyl groups were
examined among other substituents. It was found that the
effect of methyl groups, like that of the other substituents,
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can be resolved into a polar and a resonance component.
However, in the more general case the influence of alkyl
groups in free-radical reactions cannot be described in
terms of these two effects alone.

Deviations from Eqn. (11) in the case of methyl
substituents are observed in the reactions of free radicals
with aliphatic hydrocarbons. The effect of methyl groups
on the rate of hydrogen abstraction by radicals from
methane, ethane, and propane could have been expected
to be additive, as is found for example in the reactions of
radicals with methyl-, ethyl-, and isopropyl halides with
C—-X bond breaking!%1!%, However, as Table 7 shows,
the increase in reaction rate for all radicals is much
greater on going from methane to ethane than from ethane
to propane. Thus, the Taft equation (Eqn. (11)) cannot be
applied to these reactions, since the quantities p* and »*
are a function of R’ in the reactions

R'+ H—R’ — RH+-R” [R'=CH;, CH,CHs, CH (CHy)s] . (27)

The writer has shown #*7 that a direct proportionality
exists between lg(kCZHG/kCH4) (see Table 7) and the
dissociation energy of the R—H bond formed in reactions

(27). By least squares, the following relationship was
obtained
lg%{& = — (0.0480.005) D (R—H) + (6.62+0.50), r =0.913. (28)
H,

As stated above (p. 222), the proportionality coef-
ficient @ of Polanyi's Egn. (17) depends on the structure of
the transition state for the reaction. If the ratio of the
pre-exponential factors for the reactions with ethane and
methane is independent (to a first approximation) of the
nature of the attacking free radical, the dependence of «

on D(R—H) can easily be obtained from Eqn. (17). Thus,
for the reactions with methane and ethane, we have
H, __ gC:He
o= Egc Egt s (29)
D (CHs — H) — D (C;H; — H)
o — 23RT ko, 2.3RT,  AcH,
T 8000 & Rcm, | 6000 © Acm, (30)

where D(CH,—H) = 104 kcal mole™, D(C,H,—H) = 98 kcal
mole™.2° For lg(Ac,H,/AcH,) = const ~0, and T =
373°K, we have from Eqns. (28f and (30)

o= %fg [— (0.048+0.005) D (R—H) 4- (6.62:£0.50)] =

= —(0.014£0.001)D (R—H) - (1.894-0.14) (31)

These ideas were tested by calculating @ directly from
formula (29), using published activation energies for the
reactions of the radicals F°*, CI°, Br’, I', ROO’, CD;,
CF,, O, H, HO". (The activation energies, as a rule,
are known less accurately than the rate constants for the
reactions. Hence, the values for the radicals C,F;,
n-CyF;, and CN*, which were found to give an unsatisfac-
tory correlation, were ignored). The result was

a=—0015D (R—H) +2.03 .

It is clear that the agreement with Eqn. (31) is excellent.
The values acq, = 0.44 and agr = 0.66 may be compared
with those reported by Trotman-Dickenson (0.49 27 and
0.86 '® respectively).

Eqn. (31) is a quantitative statement of Hammond's
postulate!®, since & varies from 0 to 1 on going from the
initial to the final state!’®, Thus, in accordance with the
postulate, the transition state for the most active radical
(F-) is indistinguishable from the initial state, i.e. a =0,
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Table 7. Kinetic parameters of the reactions of free radicals (R°) with methane, ethane, and

propane, and dissociation energies of the bonds (D(R—H)).
kcH, | ke, I ke, e _a

Radical g et Eeni . D(R-H)

R cm3 mole! 571 kCH, Keal r::;l;'l keal mole™!
CHy 1.9.108 18 7.0.408% © 238 239 8,0-105 24! 1.57 3.15 0.44 104242
CFy 3.6-108 b 198—200 17.6.108 © 198 243 7.6-407 211 1.69 2.0 0,40 106.3 24
CyFy 2.7-10s 245 12.2.108 215 1.655 1.9? 0,45 103 %4
p-CoF," 2.7-10s 246 7.3.100 246 1.43 0.3? 0.45 103 244
H 1.38.107%47 40.5.107 248 2.1-100 2% 1.47 2.6 0.43 104,224
HO' 5.9.10t0 20 10-401 250 1.23 1.4 0.22 119.22%
ROO’ 3,164 646 25 3,7-100 28 2.31 4.0 0.63 90.0 252
o] 8.51.1072% 4.85.109 253 1.755 3.1 0.46 102,3 249
F 1.9-1018254 3.3.1013 % 1.1-10132%¢ 0.24 0.93 0.0 135,524
cr 4.0-101 © 255, 256 244012 b 255, 280 29.40 b 255, 2% 1.78 2.9 0.45 103,14 249
Br 1,4-108 b 25725 1.2-10° © 258 260 5.8.107 258 2.92 5.1 0.66 87.6249
I 6.3-10-8 27 7,9.10-3 26! 0.43%2 3.11 6.2 0.89 71.32%9
CN 1 7.44263 7,04 283 0.85 3.7? 0.34 111249

a) Difference in activation energies; literature references are given in the previous columns.
b) Mean value. c¢) Value of k¢ . calculated by using a corrected value of the rate constant for
the reaction of the methyl radical with deuteroacetone *°. d) Rate constants relative to the value

for methane, taken as unity.

whereas for I' we have o = 0.89, i.e. the transition state
adopts the structure of the products almost completely.
1t follows that Eqns. (28) and (31) are correct only for the
chosen range of D(R—-H) values, since this range corre-
sponds to a change of the transition state structure from
the structure of the reactants to that of the products. In
particular, when D(R-H) =0, lg(kc g /kcy,) * 6.62
(the value required by Eqn. (28)). © *

In the reactions of CH;, CF,, C1°, C,F;, n-C,F,, H",
and O° the transition state is “symmetrical” as expected,
i.e. it is mid-way between the initial and the final con-
figuration, since the dissociation energies of the bonds
broken and formed in the reactions with methane are
approximately equal for these radicals. Published data
on the structure of the transition state for the reactions
between methyl radicals and hydrocarbons support this
conclusion (~50% of initial state character!8), but earlier
work 2% on the transition state of reactions with chlorine
had detected only 10% of final state character in the trans-
ition state instead of 50% as found in our work. These
results were obtained by comparing the differences in
activation energy for the removal of primary and tertiary
hydrogen atoms in triptane by chlorine atoms with the
dissociation energies of these bonds.

However, the absolute rate constants for the reactions
of chlorine with ethane, propane, and isobutane are
approximately equal: (2-—3) X 108 cm® mole™ s-! at
100°. 255,256 Hence, the small difference in activation
energy of these reactions is explained by the fact that
practically every collision between the reactants leads to
reaction—the upper limit of the rate constant for bimolec-
ular reactions is given as 104 cm?® mole™ s~! by the col-
lision theory—and changes in the structure of the alkane
molecule have practically no effect on the reaction rate.
However, on going from methane to ethane the rate of
reaction of chlorine atoms increases approximately 60-
fold (at 100°), and the activation energy changes by
2.9 kcal mole™, i.e. the reaction rate is very sensitive
to the structure of the alkane. Hence, it is more correct

t(: lése these data to calculate the structure of the transition
state.

It is interesting to note that the transition state has the
same structure (~50% of initial state character) for a large
number of radicals. This explains why the Polanyi-
Semenov equation is so generally applicable.

From the above we may conclude that the increase in
the rate constants of free-radical reactions on going from
methane to ethane is due first of all to the decrease (by
6 kcal mole™) in the dissociation energy of the bond to be
broken. Bond dissociation energies are also the rate
determining factor in the reactions of other alkanes with
free radicals. For each radical, the transition-state
structure is the same in all the reactions, since Eqn. (17)
applies. In the radical reactions of compounds whose
substituents have strong polar and resonance effects
(chloroform, toluene, etc.) the transition-state structure
may differ from that of the same reactionis with alkanes.
Thus, the points for the reactions of the methyl radical
with toluene and propylene!!® fall well away from the plot
of Eqn. (117).

Eqgns. (28) and (30) can be used either to calculate the
kinetic parameters of free-radical reactions or to predict
bond energy values (D(R—H)) and the parameter . Thus,
Pritchard and Perona 25 recently measured the rate con-
stants of reactions (27) with the radical CHF;. They found
1g (kczﬁe/kCHq) = 2.02 at 100°. From Egns. (28) and (31)

we obtain D(CHF,—H) = 95.9 kcal mole™, @ = 0.55. The
experimental value of D(CHF,—H) is 97.4 kcal mole™!.

As was stated above (p. 226), the proportionality constant
r* of Eqn. (11) should depend on the structure of the trans-
ition state and therefore also on the parameter a. Unfort-
unately, the »* values given in Table 5 refer to different
temperatures, which makes it hard to compare them.
However, there can be little doubt that »* increases with a.

(For example, 7{- > rX(CH,CH,)p > *CH; = 7CF;5 the

corresponding values of a from Eqn. (31) are 0.86, 0.52,
0.44, 0.40).
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