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I. INTRODUCTION

Several quantitative relations have recently been dis-
covered between the reactivities of organic compounds and
their structures, and also the nature of the solvent.
Analogous quantitative relations exist also between certain
physical parameters and the structure or the properties of
the solvent. These are not just disconnected, purely
empirical relations, but form a single unified whole such
that it is not unreasonable to discuss whether we are not
dealing here with a basis for an extremely general quanti-
tative theory in this field.

This recalls the idea put forward by a committee report
of the Chemical Sciences Section of the Academy of
Sciences of the USSR!: “The problem of reactivity must be
posed as a problem of the quantitative study of chemical
changes in various systems . ... The whole of the im-
mense accumulation of experimental results in organic
chemistry relating to the problem of reactivity must be
examined critically and analysed carefully from this point
of view”.

This task, of course, cannot be completed in a single
paper. Our objective is more limited — to discuss, as
far as possible systematically, what are in our opinion the
most important successes achieved in developing a quanti-
tative theory of the dependence of the reactivities of organic
compounds on their structures and on the nature of the sol-
vent.
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It then proves possible to consider most of the existing
data from a single point of view, because many of the quantita-
tive relations are based on the rule of the linear relation-
ship between changes in free energy (LFE). This rule,
first employed by Brehsted? and by Hammett®,% on a com-
paratively restricted scale, can now be regarded as a very
general empirical relationship.

The present review does not claim to cover completely
all the results available, this applying in particular to
section XX, written in collaboration with E. S. Rudakov.
We are unable to examine the problems of a quantitative
theory of the influence of the solvent on reactivity and other
properties with the necessary breadth of view. @ We can
only point out the necessity for a separate detailed review
of this problem.

Qualitative aspects of the dependence of reactivity and
other properties of organic compounds on their structure
will not be considered separately here, but the reader
can obtain useful information from the well-known mono-
graphs 5~® and the committee report of the ChemicalSciences
Section of the Academy of Sciences of the USSR!. We need
consider here only a few problems of terminology. The
term “resonance”, adopted in several original papers, is
replaced by “conjugation”. In the present state of our
knowledge it appears useful to distinguish two forms of
conjugation — non-polar and polar. The former refers
to what may be called (from a purely formal point of view,
of course) a “homolytic” mechanism of interaction between
7 electrons. Non-polar conjugation takes place, for
example, in butadiene, benzene, etc. Polar conjugation
represents a ‘“heterolytic” mechanism of interaction be -
tween 7 -electron pairs and atoms, and occurs for example
in aniline, nitrobenzene, the carboxyl group, etc.

Substituents having electron-donor properties when
polar conjugation occurs are said to be substituents of +C
type, the corresponding electron-accepting substituents
representing the -C type. The latter must contain an
atom possessing either complete or partial co-ordination
unsaturation. Examples are the boron atom in the B(CH,),
group (complete co-ordination unsaturation) and atoms
linked by a 7 bond to more electronegative atoms such as
carbon in the carbonyl group, etc. (partial co-ordination
unsaturation).

II. THE LINEAR FREE ENERGY (LFE) RE LATIONSHIP

Let us first examine the concept of the reaction series 4,1°,
This represents a single type of chemical reaction which
a series of compounds X;—Y can undergo, Y being a re-
active centre which is the same for a given series (the part
of the molecule which changes as a result of the given re-
action), and X; being some substituent. It is understood
that the conditions under which the reaction occurs (tem-
perature, solvent, etc.) remain the same.

If the centre, type, and conditions of the reaction are
regarded as variables, a set of reaction series is obtained
which in principle embraces all possible organic reactions.
The substituent X; is the variable in each of these series.

In a particular reaction series, the reagent (b;) and the
solvent (s;) may also serve as variables. In such cases
we obtain the following sets of reaction series

a + b; — reaction products,

S:
starting materials %, reaction products.
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In the case of a given reaction series, a quantitative
measure of reactivity is either the free energy of the re-
action AF; if equilibrium is being considered, or the free
energy of activation AFg; if reaction velocity is being con-
sidered.

From thermodynamics?'! and the theory of the activated
state!? it is known that

AF = -2.303RT logK
and

AFy = -2.303RT logk - 2.303RT loghL

where K is the equilibrium constant and 2 the rate constant.

A measure of change in free energy which is convenient
from a chemical point of view is thus the logarithm of the
equilibrium constant or the rate constant logk.

The LFE is satisfied if a linear relation exists between
values of logk; for the various reaction series in any of
the above three sets:

(logki)m = o + B(log ki)n, (2.1)

where m and z» denote the reaction series, and o and 3 are
constants.

If k, represents the equilibrium or rate constant for
some reaction of a given series chosen as standard (stan-
dard x,, a,, or s,), the following general expression is
obtained for LFE:

(logk:/ko)m = const.(log ki /ky)n. 2.2)

The quantity log%;/k, is a measure of the change in free
energy of the reaction or of activation on passing from the
standard to the ¢-th reaction in a given reaction series.

An example of the application of the LFE rule in the
form (2.1) is Bregnsted's law of catalysis, which can be
written as follows:

logk = const. + B logK,

where & is the catalytic rate constant for some acid (or
base) in a reaction subject to general acid (or base) cata-
lysis, and K is the acid (or basic) dissociation constant of
the given acid (or base).

The LFE rule in the form (2.2) was used extensively by
Hammett3% to correlate the reactivities of meta and
parva derivatives of benzene. Assuming that the constant
p = 1 for the reaction series (dissociation of substituted
benzoic acids in water at 25°) selected as the standard of
comparison, he gave the relation (2.2) in the following form:

logki/k, = poi, (2.3)

where o; = log k;/k,, and k; and k, are the dissociation con-
stants of the substituted and the unsubstituted benzoic acids
respectively.

The relation (2.3) is known as Hammett's equation. Iis
field of application is quite restricted (meta- and para-
-substituted derivatives of benzene). As will be shown
below, the LFE rule in the form (2.1) or (2.2) is only a
particular case of a more general law.

. EFFECT OF STRUCTURAL FACTORS ON
REACTIVITY. FUNDAMENTAL PRINCIPLES

The general problem of the dependence of reactivity on
structure was discussed by Hammett%. The principles
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which he introduced have been further developed and re-
ceived further practical application mainly in the work of
Taft'® and others. These principles are as follows.

Since the magnitude of the equilibrium or rate constant
is determined by the change in free energy during a re-
action or an activation, not all the factors influencing the
free energies of the starting materials and of the final re-
action products or activated complexes will influence the
reactivity as well. Such an effect is observed only if the
changes produced in the free energies of the starting
materials are not equal to those for the final reaction pro-
ducts or the activated complex. If this is not the case,
these changes will cancel out, and will have no effect on
the magnitude of AF or AF,.

If, following the theory of the activated state, activated
complexes are regarded as analogous to ordinary mole-
cules, calculation of the effect of structural factors on
reaction velocity should not differ in principle from the
corresponding calculation in the case of equilibrium.

Another important fact is that changes in AF or AF,
produced by different structural factors are mutually inde -
pendent, and the total change in free energy can be re-
garded as produced by simple addition of the individual
changes!®. The independence and the additivity of these
quantities result from the fact that the changes produced in
the magnitude of AF by the different structural factors may
be treated as small perturbations in the free energies of
the reactants and of the final reaction products or activated
complexes 10,

Consequently the total change in the free energy of reac-
tion or activation may be expanded into a series of terms
representing the different structural factors which affect
the reactivity:

logk/ky =P +H+G+y +8S, 3.1)

where & and k, are equilibrium or rate constants for the
given and the standard compound respectively, and P =

= -AAFp/2.303RT, etc.; the structural factors are de-
noted by P = inductive effect, H = hyperconjugation, G =
= polar conjugation, ¥ = non-polar conjugation, and S =
= steric effects.

Eqn. (3.1) contains no terms corresponding to anchimeric
assistance, the field effect, or the effect of an intramole-
cular hydrogen bond, since few examples are yet available
of a quantitative calculation of the influence of these factors
on reactivity.

Comparison of (3.1) with (2.2) suggests that the LFE
principle really applies, not to the quantity logk;/k,, but to
the individual terms on the right-hand side of (3.1), e.g.
to P. If this is so, the successful application of LFE in
the form of relations of the type (2.1) or (2.2) indicates that
all the remaining terms on the right-hand side of (3.1) are
small, with the exception of one or two, which are linked
together if only by a very roughly linear relationship. It
follows from this that the range of application of the LFE
principle may be wider than the limits of application of re-
lations of the type (2.1) and (2.2).

Iv. INDUCTIVE CONSTANTS OF SUBSTITUENTS

Several attempts have been made at a quantitative
assessment of the influence of the inductive effect of sub-
stituents on the reactivity of organic compounds?-16, Up

to the present the appropriate o* constants, introduced by
Taft?, for the various substituents have had the greatest
practical application.

On the basis of Ingold's conclusioni® that conjugation
and the steric factor for a substituent X; in esters (X;—
COOR) have the same effect on the rates of both alkaline
and acid hydrolysis, Taft!? made a quantitative determina-
tion of the inductive effect:

P; = (logki/koy - (logki/kg)y,

where the subscripts B and A denote alkaline and acid
hydrolysis respectively.

(4.1)

Values of P were employed by Taft to construct a quan-
titative scale of so-called aliphatic polar constants o* for
different substituents. Valuesof o* are obtained by divi-
ding P by 2.48,!° the factor 2.48-! being introducedin order
to bring the scale of o* into line with that of the Hammett
constant 0. The methyl group was selected as standard
substituent, so that ofy = 0.

Since electronegative substituents accelerate the alkaline
hydrolysis of esters, the more electronegative substituents
are characterised by more positive values of o*, and con-
versely. Asthe choice of standard substituents is arbitrary,
the numerical values of o* and even their sign depend on
the standard selected. However, the difference between
the values of o* for any given pair of substituents is inde-
pendent of the choice of standard for comparison.

Two simple laws — those of additivity and of the damp-
ing of the inductive effect — hold for the dependence of o*
on the structure of the substituent!®. The additivity rule
can be written as follows:

0tx1X2XsC) = Oy gy *+ 0lxact) + Olxacny (4.2)

In most cases the additivity rule is obeyed very exactly,
but if X,, X,, and X; are strongly electronegative substi-
tuents, such as chloro or fluoro, departures from additi-
vity occur, especially on introduction of a third substituent.

According to the law of the damping of the inductive
effect, introduction of carbon (the CH, group) between a
substituent X and the reactive centre diminishes the in-
fluence of the inductive effect of the former on the latter
by a factor of 2.8 if X is an electronegative substituent:

ofxcryy = (1/2.78)0%x) + 0.005. (4.3)

However, if X is hydrogen or a saturated hydrocarbon
radical, then

ofxcrg) = -0.100 + (1/4.90)0%x) + 0.01. (4.4)

The factor 2.8 in Eqn. (4.3) is not quite universal. For
example, McGowan!® points out that insertion of a CH,
group between a substituent and the reactive centre de-
creases the influence of the inductive effect on the change
in free energy to only half.

The inductive constants of substituents are complicated
quantities giving a measure of the combined effect of the
following factors — the electronegativity of the first atom
of the substituent X, the hybridisation of the valency orbi-
tals of this atom, the polar conjugation or polarisation of
the 7 bonds within the substituent X, the field effect in the
direction of the o bonds joining the substituent with the re-
active centre (especially if one of the atoms of the substi-
tuent other than the first carries a unit charge), the electron
density onthe first atom (especially if this atom possesses
a complete unit charge), and the electronegativity of atoms
which are more remote from the reactive centre%®, It
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TABLE 1. Taft's polar (inductive) constants o *.

Substituent o* Ref. Substituent a* Ref.
{CHy)yN* igg M CH,—CO—CH, +g.ggo 10
NO, . C.H, +0. 10
CHaSO, +3.1 * HOCH,§ +0.555 | 10
CN +3.6 * CH,OCH, 40,520 | 10
¥ 1525 ; M O,N(CHs e +8‘280 1o
cl . H .

COOH +2.9 * C,H,CH=CH 1_0‘410 10
Br +2.8 * [l CaHacH 40.405 [ 10
ccly +2.65 | 10 [l cicHy, +0.385 | 10
CF, +2.8 * CH,CH=CH 40,360 | 10
CHO +2.38 | 1l crcH, 40,32 [ 1
1 +2.36 | * i NC(CH +0.30 |
F.CH +2.05 | 0 ) chen, +0.215 [ 10
CH,0C0 +2.00 { ® f oy cHoCcH—CH, 40.13 | 1o
CLCH +1.940 | 10 Y cp,cHy, 4+0.12 | 10
(CHul.NCH+ +1.90 1 10N cpcigen 4041 | 1
O,N—CH=CH +1.704 | 10 Hy -
CHyCO +1.65 10 Hye/CH +0.11
HO +1.55 * CHi(CHy)y +4-0.080 | 10
CH,O +1.45 . NC(CHs) ¢ +0.06 26
CH,~C=C +1.35 18 CeHW(CH,)CH +0.04 Lo
R-CuC +}§(Z) 2 || CattucHs +g.% ::
. CH, .
Nee Tidoo| s | Foucnn, *
< ,c-~'cH=CH +1.188 | 1 [led, CH—CH, —0.06 10
FCH, 4140 | w0 || NcH—cH/
HOOCCH, +1.05 . CN(CH,), —0,06 bt
CICH, 41.05 10 Gty —0.100 | 10
HOOC—CH=CH +1.012) =2 u-C,H, ~0.115 1
BrCH, +1.000 [ 10 n=CiH, —0.425 | 1
CF,CH, +0.92 | w© Mﬁ“}. —0.130 | w
C1—CH=CH,{ +0.900 | 2 || Cyclohexyl —015 |
C1,CH—CH=CH, +0.882 | # (CH3)iC—CHa —0.165 | 10
CHy—CHy af —oas | »
GH,CO—-N +0.86 | NCH,—CH, '
e, “CHCH +0.850 | 1 || canch —0490 | 1
ICH, 40.85 10 Cyclopentyl —0.200 | 1t
N=C—(CH,) +0.80 24 C,4H,(CH,)CH —0.210 | 10
C.H,(OH)CH 40,765 10 (C:H-’Cx;‘l-_'»lﬂ —0,225 10
*e 5 21 1 .
CH,=CH +0.653 o, —0.24 -
CH,—CH, NeH,
000y +0.70 | oy _cH, —0.26 | =
\CH,~CH, :
CH, -CH,
CH,—CH, ' (CH,),SICH, —0.26 10
+0.67 22 (CH2,C—(CH4)CH —0.28 10
\CH,—~CH, (CHy)yC —0.300 | 1w

* Calculated from the formula: o*x, = 2.80 %cn, .

** The value +0.653 for the substituent CHy:CH is evidently
rather too high, If ¢* is calculated for this substituent by combin-
ing the rules of damping and additivity of the inductive effect, a
value of +0.40 is obtained.

is the combined effect of these factors which in the classi-
cal electronic theory has been termed the inductive effect
of the substituent.

Values of o* for different substituents are given in
Table 1, from which it can be seen that the sequence of
the substituents according to decreasing values of o* is
the same as that indicated by qualitative ideas about the
inductive effect®,7,°.

V. GENERAL APPLICABILITY OF INDUCTIVE
CONSTANTS OF SUBSTITUENTS
At the end of section III it was noted that the simplest

form of LFE, as represented by the Hammett equation, is
to be expected when all terms on the right-hand side of
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Eqn. (3.1), other than the first, can be neglected. When
only the inductive effect is responsible for the change in
reactivity, the following relation?® holds:

logk/k, = p*o*, (5.1)
or, if the reactive centre is linked with several substi-
tuents,

logk/k, = p*Zo*, (5.2)

where k& and k&, are rate or equilibrium constants for com-
pounds X-Y and X,-Y respectively, o* is the inductive
constant of the substituent X, and p* is a constant repre-
senting sensitivity to the inductive effect in the given re-
action series. The summation in Eqn. (5.2) covers values
of o* for all substituents combined with the reactive centre.

The expression (5.1) can be termed “Taft's special equa-
tion”, since it takes account only of the inductive effect.
With reaction series in which the terms other than P on
the right-hand side of Eqn. (3.1) are not small, Taft's
special equation is written in the form?26

P = p*gx, (5.3)

Taft and his collaborators #-32, as well as several other
workers 18,20-22,33-39 have shown that Eqns. (5.1)—(5.3) are
applicable to a great variety of reaction series. Positive
values of p* are characteristic of reactions facilitated by
electronegative substituents. Negative values of p* are
found when electronegative substituents tend to inhibit the
reaction.

It must be stressed that the same values of o* charac-
terise the effects of substituents on the reactivities of
organic compounds in a very great variety of chemical
processes, and also give a quantitative measure of their
effect on several physical constants of organic compounds.
Among these are the infra-red absorption frequencies
corresponding to the stretching vibrations of several
groups 10,25,26,89,40  the infra-red absorption coefficients of
aliphatic alcohols%, and dipole moments 9,28,

From the above facts Taft concludes that the o* values
are universal parameters characteristic of the corres-
ponding substituents alone, and are independent of the
structure of the rest of the molecule or of the chemical or
physical properties under consideration. The laws of the
dependence of o* on the structure of the substituent indi-
cate that we are dealing with a quantitative expression of
the phenomenon which has been termed the inductive
effect1%,26, The general applicability of relation (5.3), and
especially the validity of Eqns. (5.1) and (5.2), make it
possible to determine values of o* from a great variety of
reaction series. In principle, the actual origin of the o*
determinations is immaterial and does not affect their
magnitude. The values of o* for various substituents
given in Table 1 were obtained from various reaction
series. In the case of substituents whose o* values can
be calculated from several reaction series, mean values
are quoted.

The extremely important problem of the application of
Taft's equation to reactions involving heterogeneous cata-
lysis has not yet been discussed in the literature. If data
for the dehydrogenation of the alcohols X, X,CHOH are
treated%? in the appropriate manner, p*XZo* correlation
is maintained satisfactorily only for five out of eight alco-
hols. The observed deviations cannot be ascribed to the
steric effect.
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It can now be regarded as established that the quantities
o* are only roughly of general applicability. Apparently
this is true especially of compounds in which the reactive
centre is separated from the substituent by an atom not of
carbon but of some other element, silicon for example €.

VI. STERIC CONSTANTS OF SUBSTITUENTS FROM
KINETIC DATA ON THE ACID HYDROLYSIS OF ESTERS

It was pointed out in section IV that, in the acid hydro-
lysis of esters, P =~ 0 or, what is equivalent, p* =~ 0.
Consequently, the quantity (logk/k,) 4 depends on the
steric factor and on conjugation. In the case of esters
of a,Bf-unsaturated carboxylic acids, non-polar conjugation
also is absent, and the reactivity will then depend only on
the steric factor and on hyperconjugation. Neglecting the
latter too, Taft!?»1¢ utilised data on the kinetics of the acid
hydrolysis of esters in order to construct a quantitative
scale of steric constants of substituents, on the assump-
tion that

(logk/ke), = S = Eg. 6.1)

The methyl group was chosen as standard substituent,
so that Egicry,) = 0. Since activation of an ester involves
the conversion of the carbon of the carbonyl group from
the second to the first valency state, it is accompanied by
a “contraction” of the substituents. As a result of this,
bulky radicals retard the reaction, and values of Eg are
negative for all substituents larger than the methyl group.

The laws governing the dependence of Eg on the struc-
ture of the substituents have nothing in common with those
operating in the case of the inductive constants of the sub-
stituents. At the same time, the character of these laws
confirms the steric nature of the E, values.

It is interesting that substituents have a rather greater
effect on Eg when introduced into the 8 than into the a
position. Substitution in the y position has practically no
effect on Eg. It must also be stressed that the additivity
rule, valid in the case of the inductive constants o*, cannot
be applied to the steric constants of substituents. Intro-
duction of a second and a third substituent into the @ or 8
position has a far greater effect on the magnitude of Eg
than has introduction of the first substituent°.

Taft and his coworkers%1:7,31,32 have shown that the
quantities Eg are not only characteristic of the corres-
ponding substituents in the acid hydrolysis of esters. In
the case of some other reaction series, for which p* = 0,
the following relation is observed:

logk/ky = BEg, (6.2)

where 6 is a constant representing sensitivity to the steric
effect of the substituent in the given reaction series.

In some cases in which the inductive effect cannot be
ignored, the following relation holds17,32:
logk/ky = p*o* + BEg.

Eqns. (6.2) and (6.3) are essentially examples of the
application of the LFE rule to the steric term on the right-
~hand side of (3.1):

(6.3)

S = 6Eg. (6.4)

The question of the generality and limits of applicability
of Eqn. (6.4) cannot yet be regarded as solved, because of
the inadequacy of the experimental data available. A
relation of type (6.2) does not hold for the acid hydrolysis

of thiolacetates CH;—CO.S—X.1° In some cases the in-
applicability of Eqn. (6.4) may be due to additional steric
effects, such as steric hindrance to conjugation, as in the
alkaline hydrolysis of anilides .

Steric effects in the hydrolysis of ketals are discussed
by Glasstone et al.!?

Although few quantitative data are yet available on the
steric effects of substituents on reactivity, some impor-
tant conclusions can nevertheless be drawn. On the one
hand, it can be accepted as proved that the LFE rule is
applicable to the steric term of (3.1) if the reaction series
under consideration are analogous with respect to the
steric changes occurring about the reactive centre during
the reaction or activation. On the other hand, there is
apparently no universal scale of steric constants of sub-
stituents analogous to that of the o* values. It is possible
that calculation of the steric effects of substituents in dif-
ferent types of reaction series may require the use of a
definite set of steric constants for each substituent.

The influence of steric factors on reactivity may be
regarded as the net effect of two factors — steric strain
and steric hindrance to movement10%,

Another approach to a quantitative treatment of the
steric effect is given by De la Mare ef al.%®* The values of
Eg are shown to include, besides the steric effect, the
so-called “ponderal” effect (effect of a change in mass of
the substituent on the vibration frequencies and the parti-
tion function).

VI. QUANTITATIVE CALCULATION OF THE HYPER-
CONJUGATION EFFECT

Kreevoy and Taft?® have shown that change in the hyper-
conjugation of the substituents with the reactive centre
during activation or reaction in the acid hydrolysis of
acetals and ketals leads to considerable departures from
a relation of type (5.1) or (5.2). In an actual case of this
reaction, hyperconjugation is absent in the original acetals
and ketals, but arises in the activated state owing to the
appearance of a carbon atom showing partial co-ordination
unsaturation in the carbonyl group which is formedt:

R\ _..SC,H,
N0
H~€ \-5(:: H,

H

The hyperconjugation component in (3.1) was shown?® to
be the sum of quantities representing the hyperconjugation
of the individual C—H bonds with the reactive centre:

H = (An)h, (7.1)

where % is a parameter characteristic of the given reaction
series and An =#n - ng, n being the number of C—H bonds
involved in hyperconjugation in the given substituents, and
ng the corresponding quantity for the standard substituents.
The methyl group, for whichn = 3, was chosen as standard.

t The mechanism of the acid hydrolysis of acetals and ketals is
discussed by Kreevoy and Taft4®,
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The rates of acid hydrolysis of acetals and ketals are
correlated by the equation 23:

logk/ky = p*Zo* + (An)h. (7.2)

The relation (7.1) describes quantitatively the effect of
hyperconjugation on reactivity for several other series
of reactions as well — the hydrogenation of aldehydes
and ketones?®, the hydrogenation of #rans-substituted
ethylenes 2, etc.

Developing these ideas further, Taft and Lewis*’ con-
cluded that more accurate results can be obtained by also
taking into account the part played by C-—C bonds (o -carbon
atoms) in hyperconjugation. The hyperconjugation term
can then be represented by

(7.3)

where ny and nc are the numbers of C~H and C—C bonds
respectively, taking part in the hyperconjugation. In this
case hydrogen was chosen as standard substituent (ny =

=n =0). The ratio au/hc is 1.3 + 0.1 for p-alkyl sub-
stituents in benzene derivatives, and ~ 2.5 in aliphatic com-
pounds, independently of the reaction series.

H =nyhu + nchc,

An attempt has been made 48,49 to calculate 4y and ¢ by
the method of molecular orbitals, hyperconjugation being
regarded, by analogy with anchimeric assistance (see
section XV), as the result of the “overlapping” of an s
orbital of hydrogen by a 7 orbital of the second carbon atom
in H—C!—C?, {.e. as resulting from the presence of an
“a -hydrogen” bond. Semi-quantitative agreement with the
experimental data was obtained.

Consideration of hyperconjugation from this point of
view leads to the conclusion that this phenomenon (the
Baker—Nathan effect) is not to be classed with those com-
bined under the term conjugation.

The problem of steric hindrance to hyperconjugation is
considered by Jaffe and Roberts 3°.

VII. QUANTITATIVE CALCULATION OF CONJUGATION
BETWEEN 7 BONDS

If compounds containing a,3-unsaturated substituents
are included in reaction series in which a correlation of
the type (7.2) is applicable, Eqn. (3.1) becomes 3

AAF (or AAH) = p¥Zo* + (An) + AAE,,. (8.1)

Hence the energy of conjugation AAE, can be calculated
by means of the formula:

AAE, = AAF (or AAH) - p*Zo* - (An)h. (8.2)

If the experimental data relate to reaction velocities
(e.g. in the acid hydrolysis of acetals and ketals), the free
energy of conjugation is calculated from the equation3¢:

AAF, = -2.303RT[logk/k, -~ p*Zo* - (An)k].  (8.3)

Kreevoy and Taft®? calculated values of AAE, for a
series of trans ~substituted ethylenes and unsaturated alde-
hydes starting from the heats and the free energies of
equilibrium respectively. Both these reaction series are
distinguished by the absence from the final reaction product
of the conjugation present in the initial molecule:

H_CH=CH-—
C=C 4 Hy ——+ X—CHy—CHy—CH=CH—CH=CH—CH=0
x” OH

+H, == —CH=CH—CH,0H.
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Kreevoy and Taft®° also give values of AAF, for the acid
hydrolysis of acetals and ketals. Kreevoy?2° calculated
values of AAF; for conjugated substituted acetylenes from
the heats of hydrogenation of these compounds.

In all these cases2%°%° the energy of conjugation of the
7 bond (forming part of a double or a triple bond) with
some system of 7 bonds (in the simplest case with a double
bond) remains constant in a given reaction series, within
the limits of accidental fluctuations, which seldom exceed

+1 kcal. Furthermore, the conjugation of two>C = C<

bonds is energetically equivalent to that between;?C =C<
and >C =0 bonds. Only non-polar conjugation is present

in the former case, but in the latter polar conjugation is
present also, since the carbonyl group is a -C type of sub-
stituent. From the equality of the energies of conjugation
in the two cases it follows that the polar conjugation com-
ponent is small compared with the energy of non-polar
conjugation. It can therefore be stated that the quantities
considered in this section relate to non-polar conjugation.

The conjugation energy is additive in the sense that the
value of AAE, is approximately twice as great for com-
pounds in which a given double or triple bond is conjugated
with two systems of 7 bonds as for singly conjugated systems.

Taft and Kreevoy emphasise3° that the so-called
“experimental resonance energies” quoted by Wheland 5!
were obtained without allowing for the inductive effect.
Neglect of this factor leads to such large errors that the
data obtained in this way are of no practical value.

The good agreement with experimental data of the con-
jugation energies calculated by the molecular-orbital
method must be specially emphasised?3®.

The changes in the energy of conjugation of the carboxyl
group with the benzene nucleus during formationof theacti-
vated complex in the catalytic decomposition of diphenyl-
diazomethane by benzoic acid®? and in the dissociation of
benzoic acid? are ~0.5 kcal. In both cases the change
in conjugation energy is associated with the conversion
of carboxyl into a carboxylate anion. In this process the
valency state of the carbonyl carbon remains unchanged, and
the non-polar conjugation is obviously maintained. How-
ever, the capacity of the carboxyl group for polar conjuga-
tion must be greatly diminished by the appearance of a
negative charge on the group. Thus there are grounds for
ascribing the above 0.5 kcal to a decrease in (or the dis-
appearance of) the polar conjugation of the carbonyl group
with the benzene nucleus. This supports the above con-
clusion that the energy of non-polar conjugation of a polar

double bond of the type>C =0 with a m-electron system is

considerably greater than the energy of the corresponding
polar conjugation.

The general conclusion is that the energy of non-polar
conjugation of a double bond with a system of m bonds varies
between 5 and 7 kcal. A value of 6 kcal can be used for
rough calculations.

The value of the parameter £ for the hydrolysis of esters
was estimated from the empirical rule that the energy of
hyperconjugation is about one-tenth of the energy of con-
jugation®®, The resulting value of % = 0.5 kcal mole™
indicates that the steric constants of substituents contain
an appreciable hyperconjugation term of 0.35An. In the
case of hydrogen, for example, Eg = +1.24, An = -3, and
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0.35An = +1.05. Consequently, the so-called “steric”
constant of hydrogen is mainly of the nature of hypercon-
jugation.

IX. POLAR EFFECTS OF NUCLEAR SUBSTITUENTS
ON THE REACTIVITY OF AROMATIC COMPOUNDS.
HAMMETT'S EQUATION

A detailed review of existing data on the use, accuracy,
and limits of applicability of Hammett's equation was pub-
lished by Jaffe® in 1953. This paper contained valuable
standard data in the shape of values of p and of logK, for
218 reaction series. In the present section only a few of
the main points discussed by this author will be considered,
since many ideas in this field have been considerably im-
proved in the ensuing period of rapid development of the
underlying theory.

As stated above, Hammett's equation served as a model
for many other attempts at applying LFE to organic reac-
tions. This was because this equation, like Eqn. (5.1), is
the most simple form in which LFE is satisfied, when
there is no need to expand AAF into its components. This
is also omitted with Taft's special equation, since this
equation applies only to reaction series in which all factors
other than the inductive effect can be neglected. Such is
not the case with Hammett's equation, however. Right
from the start it was clear that the effect of polar conju-
gation cannot be neglected in this case, at least with para-
-substituted benzene derivatives. Thus Hammett's equa-
tion describes the combined effect of two factors — the
inductive effect and polar conjugation*. The analysis of
problems associated with the application of Hammett's
equation is therefore more complicated.

As already noted in section I, Hammett's equation is
logk/k, = po. 9.1)

Originally only one set of constants o, based on the
dissociation constants of the substituted benzoic acids,
was used for the substituents (standard reaction series,

p =1). Values of the o constants were determined for
many different substituents and were used to calculate
values of p for a large number of reaction series%5. In
some cases Eqn. (9.1) fitted the experimental data with
great accuracy (Fig.1), but there were also examples of
departures from the equation (Fig.2), which were some-
times considerable (Fig.3). Thus values of ¢ for such
substituents as NO,, COOH, CHO, CN, COCH,, etc.,
determined from the dissociation constants of the benzoic
acids, cannot be used to study the acid dissociation of
meta- and parva-substituted phenols or the basic dissocia-
tion constants of meta- and para-substituted anilines4,5¢-56,
Since all these substituents possess considerable negative
polar conjugation effects, the above phenomenon was
explained in terms of direct conjugation between a -C type
of substituent and a +C type of reactive centre*.

(_‘
“\h =~ /O
HN‘—Q@TN\(O

New, so-called “dualistic” values ¢~ of the constants
for para-substituents of -C type were introduced for re-
action series in which this type of conjugation is presenti.

1 The symbol op* was employed formerly 4 4%:% instead of ¢

+20

o

log k/k,

L . 1 . . . ;
-5 -0f -02 a0 a2 a4 a5 08
o= log K/K,

Fig.1l. Linear dependence of values of log k/k,
for the alkaline hydrolysis of meta- and para-
-substituted ethyl benzoates in 60% aqueous
acetone at 25° on Hammett o values determined
from the dissociation constants of the benzoic
acids: 1) mefa-substituents; 2) para-substituents.

+281
+24-
+201
+6 -
log k/kqy
+2 -
+08}-

+0a}-

a0+

I ]
-08 06 -0 Q2 00 +82 +g4 Q5

12 1 I I ! ! I I

Fig.2. Departures from Hammett's equation for
the acid dissociation of meta- and para-substituted
phenols at 25°: 1) meta-substituents; 2) para-sub-
stituents.
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Fig.3. Failure of the Hammett equation for the de-
composition of meta- and para-substituted benzene-
diazonium chlorides in water at 29° 1) meta-sub-
stituents; 2) para-substituents.

A comparable situation arises if a +C type of substituent
enters into direct polar conjugation with a -C type of reac-
tive centre. An example is provided by reactions in which
triarylcarbonium ions either take part or are formed:

H, Nl(\©}‘i;
G774

New constants ¢*, taking account of the ability of a given
substituent to enter into direct polar conjugation with a -C
type of reactive centre, were introduced¥-® for such re-
action series. Since the -C type includes also the car-
boxyl group, which is directly combined with the benzene
nucleus in substituted benzoic acids, and can enter into
direct conjugation with a +C type of substituent, the
“normal” o values for para-substituents of this type have
in fact already made some allowance for their capacity for
direct polar conjugation57-¢,

Since direct polar conjugation always intensifies the
polarisation of the reactive centre produced by the substi-
tuent, 0~ > o and ¢* < 0.

If the reactive centre can undergo direct polar conjuga-
tion with both +C and -C substituents, ¢* constants are
employed with the first type, and o~ with the second ®.

The interrelationships between the quantities ¢ and ¢~
were also analysed by the molecular-orbital method. The
changes in electron density in the meta positions are pro-
portional to the corresponding values of 0. Changes in
the energy of localisation in the meta positions are pro-
portional to the values of 0, and those in the para position
to values of 0. %8
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The values of g, ¢*, and 0~ do not remain constant if
different reaction series are used to determine them.
Consequently the substituent constants in Hammett's equa-
tion are not completely general parameters. For example,
the value of ¢~ calculated for CH;SO, from data for the
dissociation of substituted anilinium ions is +0.98, whereas
the value calculated from data for the dissociation of
phenols® is +1.13, etc. It is for this reason that it has
been necessary to introduce o* constants for some reaction
series. Thus the “normal” ¢ values for substituents of
+C type, determined from the dissociation constants of
benzoic acids, are by definition also constants of ¢* type.
Therefore values of o calculated for +C substituents from
experimental data for reaction series in which the reac-
tive centre is of +C type or is separated from the benzene
nucleus by a saturated side-chain, have considerably
larger positive values than the “normal” ¢ values %.

The values of ¢ can change within wide limits on passing
from one reaction series to another, even in the absence
of direct conjugation of the substituent with the reactive
centre 57,

The dependence of the reaction constant p on the nature
of the reaction, the structure of the reagent, and the sol-
vent is of no less interest. This constant has positive values
for all reactions facilitated by electronegative substituents.
Reactions favoured by electron-donating substituents are
characterised by negative values of p. The numerical
value of p measures the “sensitivity” of a given reaction to
polar effects, and the ability of the atomic grouping linking
the benzene nucleus with the reactive centre to transmit
the polar effects of the nuclear substituents. The inser-
tion of a group of atoms Z between the aromatic nucleus
and the reactive centre results in a diminution in p, which
may be expressed quantitatively by a factor 7’ independent
of the nature of the reactive centre and of the reaction and
the conditions under which it occurs®3,7%™. Values of #’
calculated by the molecular-orbital method 3 agree with
the experimental results, as can be seen from the data
below.

. n P
z expt. cale. Z expt. calc,
—CH, 041070.08| — [-N-N—_ S— | o.45F0.05| 0.3
—CH,—CH, | 0.206%0.009| — [ -CH=CH-CO 0.035 —0.010
—CH=CH— | 0.508%0.038| 0.683 |- S— —~  — | —o.03
S N TN p -
> 0.303F0.060) 0.477 |~ 33| 0.5

In the case of reaction series representing the dissocia-
tion of acids in which the functional acid group is directly
linked to a benzene nucleus, the magnitude of p depends on
the polarisability of the central atom [e.g. in B(OH),] of
the functional group. The value of p increases with the
ionic refraction of the ion obtained by filling the valency
shell of this atom to complete its octet 52,72,

Jaffe, onthebasis of his statistical investigation covering
336 reaction series?, concluded that pn = pp.  This re-
sult is not surprising, since the values of Opmetq and Opara
which he employed had been calculated on the assumption
that pmeta = Ppara- The result obtained by Jaffe therefore
bears no relation to the actual constants representing sen-
sitivity to the polar effects of substituents in the mefa and
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Dbara positions of the benzene nucleus. Hine™ in con-
sidering this problem rules out the postulate that the two
sensitivity constants are equal, and concludes that p, and
pp should differ appreciably. This is quite understandable
in view of the rapid damping of the influence of the inductive
effect as the distance between substituent and reactive
centre increases.

There are several examples of empirical relations link-
ing p for a given reaction with the composition of a mixed
solvent” or with the dielectric constant of the medium 7.

As regards the range of applicability of Hammett's
equation, it covers a great variety of reaction series, both
heterolytic and homolytic 5.

Hammett's equation allows several physical properties
of substituted aromatic and heterocyclic compounds to be
correlated, for example the infra-red absorption frequencies
corresponding to some stretching vibrations53,7-8,

A few additivity rules are important in practice. If
a benzene nucleus contains more than one substituent in
the meta and para positions, or if several benzene nuclei
are linked symmetrically with the reactive centre, the
following relation can be employed:

logk/k, = pZo. (9.2)

If several benzene nuclei are linked unsymmetrically
with the reactive centre,

logk/k, = Zpa. (9.3)
In the case of compounds of the type
A
\
<)
the following formula can be used ®:
logk/ky = py0m + P30p. (9.4)

Since values of 0, measure the combined influence of the
inductive effect and polar conjugation, they canalsobeused
with the corresponding unsaturated aliphatic systems. The
acidity of ¢trans -3 -substituted acrylic acids is represented
by the usual Hammett equation®. The inductive constants

TABLE 2.

Hammett constants for various substituents.

of substituents of the type trans -X—CH= CH- are related
to values of 0, for X by the following relation ®:

o* = 0.60 + 1.600,. (9.5)

Application of Hammett's equation to heterocyclic com-
pounds is of very great interest and has several aspects.
Examples are known of the usual Hammett 0—p correlation
when the heteroatom is the reactive centre, as with the basic
dissociation constants of 3- and 4-substituted pyridines
and the corresponding oxides®. On the other hand, re-
placement of a = CH— group in the benzene nucleus by

=N-, /N -0, and }\TH" groups can be regarded as ana-

logous to the replacement of hydrogen in the meta or para
position, and appropriate values of o; and o, canbe assigned
to these groups® -8, There are indications, however,
that the values of 0, and o, for = N— do not remain constant
on passing from one reaction series to another %.

A Hammett type of equation
(9.6)

where ¢ represents the logarithm of the ratio of the dis-
sociation constants of substituted and unsubstituted car-
boxylic acids of a given series, is applicable to several
substituted derivatives of thiophen, furan, thiazole, and
pyridine. In the case of thiophen and furan derivatives p
has about the same value as with benzene derivatives (with
the exception of one reaction series), but this does not
apply to thiazole and pyridine derivatives®.

logk/k, = po,

In these cases the Hammett equation does not imply pro-
portionality between the quantities logk/k, and o deter-
mined from the dissociation constants of substituted ben-
zoic acids. Therefore the values of o in (9.6) are not
necessarily equal to the Hammett o constant [i.e. not when
p in (9.6) is not equal to p in the Hammett equation for the
benzene series]. Relations like (9.6) and cases of LFE
in general are often combined under the general term
“Hammett equation”. Such a broad interpretation of this
term and the identification of the Hammett equation with
the LFE principle are hardly desirable at the present time.

The Hammett equation, like the Taft equation, can be

successfully employed in the study of reaction mechan-
iSmS4310J53’72’92-95.

Values of the constants o, ¢~, and ¢* for various sub-
stituents are given in Table 2.

Values quoted from Jaffe 53 calculated by statistical averaging of data for all reaction series for which experimental
results were available by 1953; values from McDaniel and Brown % obtained from the dissociation constants of
substituted benzoic acids or from data for reaction series for which p had been determined by the use of values of
o calculated from the dissociation constants of benzoic acids; and individual values quoted by other authors from
data on some reaction series for which the value of p was known.

Um OP . L U+
Substitvent s
ref. 53 ref, 96 other refs. ref. 53 ref. 96 other refs. meta para
i
CH, —0.069 —0.069 —0.170 —0.170 —0, 08088 —0.0668%s l —0.31195
to —0,170
CH, —0.043 —0.07 —0.151 —0.151 —0.0646% —0.29568
CsH, — — —0.126 —
CH(CH,), — — —0.151 —0.151 —0.0608s —0.2808s
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TABLE 2 (contd.)

m % e
Subsituent ref. 53 ref, 96 other refs. ref. 53 ref, 96 other refs. ? meta para
{ i | 1
C.H, —_ - —0.161 -
CH,CH(CHy); — - —0.115 -
CH(CH,4)C,H, — — —0.123
C(CH,)s —0.120 —0,10 —0.197 —0,197 —0.059¢8 —0.25688
{CH,);CH(CH,), ~ - —0.225 —_
C(CH,),CsH, — - —0.190
CFy +0.415 +0.43 +0.551 +0.54 -+0.52062 +0.61282
cCl, — — +0.40721 — — +4-0.454%1 — —
CH,Ct — - - +0.184 i — - +0,148% +-0.0168
CHCI, — — -40.1852t — — +0.212% — —_—
CH,CN ~ - -+0.607 - - —
CH,CH,;COOH —0.027 - —0.066 — - —
OH —0.002 “+0.121 —~0.357 —0.37 — —0, 9208
CCH, +0.115 +0.115 —0.268 —0.268 —0.361%8 40.0476% —0.7780%
OCsH, +0.150 +0.1 —0.250 —0.24 — —
CCyH, — +0.1 —0.268 —0.25 — —
OCH(CH,); - +0.1 —0.286 —0,45 - -
0oC, H, - +0.1 —0.320 —0,32 — —
OCHy - +0.1 —0.340 0,34 — —
O( CH,).CH(CH,)y — - —0.265 - — —
CCH,CH, - — —0,415 — — —
OCH, _ +4.0.252 —0.028 —0.320 - —0.50
o- —0.708 — —0.519 - -
OCOCH, — +0.39 — +0.31 - —
NH, —0.161 —0.16 —0.660 —0.66 —0.16¢8 —1.3%8
NHCH, —0.302 - —0.592 —0.84
NHG;H, —0.240 —_— —
NHC H, —0.344 — —
N(CH,)y —0.211 — —0,600 —0.83 . — —1.788
NHCOCH, — +0.21 —0.015 0.00 —0.60
NHCOCG,H, +0.217 - -+0.078 —0.6e
NHNH, —0.020 — —0.550
NHOH —0,044 - —0.339
NH,+ +0.634 — =
NH,CH,+ +0.958 —_— —_
NH,C,H,+ +40.958 — —_
N(CH,)s* +0.904% +0.88 +O.g;“ +0.859 +0.82 0,66—1,118s — -+0,359¢8 +0,408¢8
+1.
N+ — — H1.799 — — +1.8 40,500
COOH +0,355 (+0.37) +0.265 (+0.45) +0.728% -40.322¢2 -++0.42102
COOCH, +0.315 — — — — +0.436100 +0.636%3 --0,36882 -+0,48962
COOCsH, -+0.398 +0.37 +40.522 +0.45 +0.67868 -+4-0.36662 -+0.48202
COOC,H, — —_ - +0.67453%
COOCH,CH, — bt +0.66753
CONH, +0.280 — — +-0.62758
CHO -0.355 — --0.382101 +0.216 4-0.12688
COCH, -10.306 +0.376 +0.308101 +0.516 +0.502 —+0.87483
COC,H, — — +0.459 —
CN +40.678 +0.56 +0.52101 +4-0.628 40,660 +-0.650 +1.000838 -+0,56262 +0.659¢2
coo~ +0.104 —0.1 40,132 0.0 — — —0.02888 —0.02388
C;H,0COCH, — — - — — —_ -—0,01¢8 —0,16488
NO, +0.710 +0.710 -+0.778 +0.778 — +1.270%% -0,71082 -+-0.790%2
NO — — —+0,123
F -+0.337 -+0.337 -+40.062 -+40.062 +0.352%5 —0,07363%
ct +0.373 +0.373 +0.227 +0.227 -+0.399¢5 —0.114%
Br 40391 I 4039 +0.232 +0.232 -+0.40588 +0,1500%
1 40,352 -0,352 +0.276 +0.18 --0.27102 +4-0.359% +0.13588
10 (+0.70) 40.70 (+0.76) -+0.76
SCH, 240.144 -+0.15 —0.047 0.0 +40.158685 —0.604%
SOCH, -+ 0,551 +0.52 4-0.567 +0,49 —+0.7308
SO,CH, 40,647 40.60 +40.5610 +0.728 +0.72 40.68101 | }1.04988
SCN — - -+0.699 +40.52
SeCN — -+0.664
B(OH); +0.006 +0.454
Si(CHs)y —0.121 —0,072 —0.07 -4+0.0116s +0,0218
Si(C;Hy)e — — — 0.0
CH,Si(CHy)s — —0.16 — —0.21
CeH, +0.218 -+0.06 -+0.009 —0.01 -+4-0.10988 —0,17988
N=N—-CH, — +0.640 —_
CHN=NC,H, — — - +1.08853
CH=CH—C,H, +0.141 — —+-0,61983
150,H— - —0.019 —0,02 —
PO, H- +40.228 +40.2 +0.238 +0.26 —
SO, — +40.381 — —
SO:NH, — -+0.46 -+40.5510t -++-0.621 +0.57 ~+0.62101 -0.94101
SO~ — -+0,05 -+0,34101 — +0.u9 +0.37101 -+0.58101
3,4-(CHy)s — —0,259 —
3,4-(CHy)y — —0.?77 0—0’ )
3,4-(CH)¢ —_ —_— -+0.170 —+0.04 . o
3,4-CHygO, — —0.159 0.135%
Ge(CHyg)g —_ - — —0.0
Ge(C:H,) - - = —0.0
Sn(CHj), — - - —0.0
Sn(C:H,)a —_ -~ - -0.0
ScCH, - +0.4 — +0.0
SCsH, — - — +0.03
SCH(CHa)y - — — +0.067
SH — +0.25 —_ +0.15
SCOCH, — +0.34 _ +0.44
S(CHigt - +1.0 - +0.90
2-CH yC,l 1y — - b - —_ —0.016
2.HOCH, — — - — — +0.003
2.CH,0CH, - — — - — +0.012
2.CIC,H, — — - - — +0.047
HC-C- — — — — — +0.281
CHiC. C— — — — — _ +0‘08“I
CH,CH-.CH-- — — - - — '—0-0:‘,3 .
>N+H — — +2.1487 —_ _ +2.3 4.08
$NO*H — — +2,3% - — — 3.9%7
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X. POLAR AND-STERIC CONSTANTS OF ortho-
-SUBSTITUENTS

The Hammett equation is usually inapplicable to ortho-
-substituted benzene derivatives %, the “anomalous” be-
haviour of these compounds being known as the “ovtho
effect”. The anomaly is ascribed to steric effects, in-
cluding steric hindrance to conjugation between the reactive
centre and the aromatic nucleus, the field effect, and intra-
molecular hydrogen bonding 53,72,

Taft1%17,26 attempted to discuss ortho -substituted ben-
zene derivatives by analogy with aliphatic compounds. He
calculated the polar constants o¥% for oriho-substituents
from data on the rates of alkaline and acid hydrolysis of
ortho -substituted benzoates by means of Eqn.(4.1), hydro-
gen being taken as standard substituent. The “aromatic”
polar constants o% thus obtained for the substituents were
analogous in physical significance to the Hammett o con-
stants, since they represent the combined influence of an
inductive effect and polar conjugation. They will there-
fore be denoted, in what follows, by ¢,. The values of o,
for different substituents are similar in magnitude to the
Hammett o, constants.

Several reaction series are known in which the steric
effect of ortho-substituents on the reactive centre is in-
significant, and the Hammett — Taft equation9,7,26 is appli-
cable:

logk/ky = po0o. (10.1)

The quantity p, is usually close to p in the Hammett
equation for the given reaction series, but this is not al-
ways the casel®, Eqn.(10.1) cannot be applied with ortho-
-substituents which can form an intramolecular hydrogen
bond with the reactive centre©,

Values of the polar constants for ortho-substituents
were determined also by Baker and Shulgin? from a study
of the changes in infra-red absorption frequency of a
hydroxyl group forming an intramolecular hydrogen bond
in Schiff bases of the type

E:CHX ,

produced by substitution in nucleus B, In this case there
is good agreement with the Hammett equation Av = po.
These workers calculated values of o, for the ortho -sub-
stituents by substituting in this equation the value of p ob-
tained from data for meta- and pava-substituents. In
view of the considerable distance of the B ring from the
hydrogen bond, the resulting values of o, should represent
only the combination of inductive effect and polar conjuga-

tion, if the component due to the field effect is disregarded.

Except for the nitro group, values of o, determined in this
way differ little from Taft's o%.

Apparently because of the superimposition of the field
effect, the Taft and Baker —Shulgin o, constants are not so
generally applicable as the Hammett ¢ values. As an
example, although the infra-red absorption frequencies for
the carboxyl group in ortho -substituted benzoic acids,
acetanilides, and several other benzene derivatives vary
in the same direction as the Taft o, values, this variation
is not linear 1%,

With fourteen reaction series involving compounds
of the type 0-X—-CH,—Z~-Y, where Z is an “isolating”

chain consisting of two or more atoms (Z = —-CH=CH-—,
—CH,—-CH,—, —O—-CH,—, etc.), Chartonl% has shown that
the Hammett equation can be applied in the form (10.1), and
Hammett's o, can be used instead of o, values. From this
he concludes that the failure of Hammett's equation to hold
for ortho-substituted benzene derivatives is in general a
consequence of steric interaction between the substituent
and the reactive centre, or else of the formation of a hydro-
gen bond between them.

Introduction of a substituent into the ovtho position does
not disturb the Hammett 0—p correlations for a given
series of meta- and para-substituted compounds 54,10, It
follows that meta- and para-substituents do not affect the
magnitude of the ortho effect.

Values of “aromatic” steric constants have been calcu-
lated for several substituents from data on the kinetics of
the acid hydrolysis of ortho -substituted benzoates 17,10.
One example is known of the application of the LFE prin-
ciple to values of Eg for ortho-substituents *°.

Eg values for ortho -substituents vary in the same sense
as the van der Waals radii of the substituents?0.

XI. PROBLEM OF THE QUANTITATIVE SEPARATION
OF INDUCTIVE AND POLAR CONJUGATIVE EFFECTS

As noted above, the Hammett ¢ values characterise the
combined influence of the inductive effect and the polar
conjugation inherent in a given substituent. This is the
reason for the fundamental inaccuracy of the Hammett
equation. Numerous attempts have therefore been made
to determine quantitatively the several effects of these
factors. Various approaches may be made to this prob-
lem.

Roberts and Moreland!® and later Taft2? tried to
evaluate the inductive term in the Hammett o values. The
former used model compounds in the shape of 4-substituted
bicyclo[2,2,2]octane-1-carboxylic acids and their ethyl
esters. Three reaction series involving these compounds
exhibit LFE behaviour as represented by the Hammett
equation:

logk/ky = p107, (11.1)

where o = [log (k/k,)]/1.464, % and %, being the dissocia-
tion constants of the 4-substituted and the unsubstituted
bicyclo[2,2,2]octane-1-carboxylic acids respectively in
50 vol.% ethanol at 25°, and 1,464 being the value of p in
the Hammett equation for the dissociation of substituted
benzoic acids in 50% ethanol at 25°. Values of p rin
Eqn. (11.1) are similar to those of p in the Hammett equa-
tion for the corresponding reaction series.  The above
workers therefore concluded that values of o; are prac-
tically equal to the inductive component in the Hammett ¢
constants for the appropriate substituents.

Taft!!! has shown that the quantity o7 x)/0{x—cn,) has
a constant value of +0.450 for different substituents. It
follows that the o; and o* scales of inductive effects are
fundamentdlly equivalent, and that values of o; can be ob-
tained from the corresponding values of ¢* by means of the
formula:

(11.2)

The inductive components in the ¢ values can be found
also by determining the Hammett constants for groups
whose conjugation with the benzene nucleus is completely

*
o1 = 0.4500(x~cHy)-
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destroyed by steric hindrance19,1%8-11¢,  The results ob-

tained agree with the o values.

The o7 values have been used to separate the inductive
and resonance (polar conjugation) components in the
Hammett equation. Values of o7 are given in Table 3.

Taft!!! notes that values of o; (and hence 0*), Branch
and Calvin's!* inductive constants I, and Pauling's®
electronegativities agree well with the Periodic Table.

It is further assumed that the effects of meta- and para-
-substituents on the reactivity and other properties of aro-
matic compounds should theoretically be represented by the
following equations 112,114,118;

logkp/k, =p§01 + Cp, (11.3)
logkm/ky = 701+ Coy (11.4)

where Cp, and Cp, represent the effects of polar conjugation
for a given substituent in the meta and para positions
respectively. Although there is no direct conjugation of a
substituent with the meta position of the benzene nucleus,
polar conjugation has nevertheless an indirect influence on
such positions t001%,218, The nature of this effect will be
clear if it is assumed that charges induced in the o7fho and
para positions by polar conjugation cause like charges to
appear in the metfa positions owing to electrostatic repul-
sion or attraction of electrons along o bonds (secondary
inductive effect).

It has been suggested** that Cp, and Cy should be divided
into factors analogous to p; and o7 (application of LFE
principle): Cp =pB0, and Cp=pTo,. Eqns.(11.3) and
(11.4) can then be rewritten as follows:

logkp/ky = P07 + P50, (11.5)

logkn/ko = PT0T + Po0c- (11.6)
I p7 = ph = p, the quantities pT/p and p‘I’/p are constant for
all reaction series, and 0. is a universal constant for a

given substituent, Eqns. (11.5) and (11.6) reduce to the
Hammett equation:

logkp/ky = pop and logkn/kg = pOm,
pIor + pcoc
—

The above restrictions are necessary for the Hammett
equation to be applicable. Clearly, this condition is not
always observed, and consequently the Hammett equation
is in principle not exact.

If p? = p‘é =p, then o; + 0¢ = 0p, and values of o, can
be calculated from the formulal97,112,114

where 0, = 07 + 0c and op =

(11.7)

The quantities o7 and o}, characterising the direct con-
jugation between a reactive centre and a substituent of
type -C and +C respectively, are determined in a similar
manner 114:

O'c=0'p -O'I.

GE = 0-5 - OI’ (11.8)
0‘& = 0'; - 0;. . (11.9)

Values of 0, 03, and o¢ are given in Table 3.

Among examples of the practical application of these
quantities, the chemical shifts in nuclear magnetic reso-
nance for °F in meta- and para-substituted fluorobenzenes
are well represented by the equations:

8lop = P10 + PO, (11.10)
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TABLE 3. Aromatic polar substituent constants: ¢°, oy, o, oc,
~ + +
Ocy Og> AOc.
0% s
Substituent — — gy 6% 113 | g me ae | orom | Aok, 1e
m para
H 0.00) | (0.00) | 0.00) | (0.00) [ (0.00) [0.00) | (.00) | (0.00)
CH, —0.07 | —0.15 —8,85 —0.10 | 013 | —" 1 —0.26 | —0,131
CH. — —  |—0.05 - — — 0 —olia
(CHaCH - - | = — — — — | —0125
(CHyg)sC — — {=0.07 — — — —0.053
(CH,)sS1 — — |—0.12 — +0.11 — | =007
CH - 0,00113 18(1)9 —0.10 | —0.00 | — | —0.22 | —0.200
C,H,CH, -_ —_ 04 —_— — —_— — _
et - — lqoa7 | — — — oy =
CF — — |tolat | —  lgous | - [0 Z
F 4+0.35 | +0.47 {4052 | —0.35 | —0.44 | — | —0.57 | —0.130
a 40.37 | 40.27 14047 | —0.20 [ —024 | — | —0.36 | —0.406
Br 40.38 | +0.26 [10.45 | —0.49 | 022 } — | —0i30 | —0.081
1 4+0.35 | +0.27 [40.30 | —0.12 | —0110 | — | —0.25 | —0.144
OH +0.04°| —0,13¢ |40,25 | —0.37% | —0.50 | — }(—1.07) | —0.56
40138 ~0.122 —0.4° —0.99 | —0.496
OCH, -+0.06P ——g.ig; 40.25 | —0.41b | 050 | — = | =0
CH — —0. — - — — - —0.
OCH, - 4038 | — |—0mt | — | — 2
OCF, — — [4+0.48 — —0.41 | — — -
SH — — |40.25 — — — — —
o, - S - —0.24 | — - —
SCaH, — | —0.0254] — — _ — - -
SCF, — — |+0.43 - —0.05 | — — —
COCH, +0.34 | 40,464 [4-0,28 | +0.18% | 10.25 |io0.60] — —
+0.40° +40.12°
COOH,COOR | +40.36 | 40,469 |4+0.30 | 4+0.169 | +0.20 [4+0.36| —
- +40.08* | +0.08* [ — — —_ _ _ _
o +0.62 | 4+0.699 [4+0.58 | +0.419 | 4+0.07 |40.41] — —
+0.63¢ +0.05¢
NH. —0.44 | —0.38 |4+010 [ —048 [ —076 | — [ —1.3t | —1.00
NHCH, —0.22% | —0.42* | — — — — —_ —
NHC,H, —0.18* — — - — — — -—
NHC,H, —0.24* — — — — — —
N(CHah —0.45 | —0.44 |40.10 | —0.54 — — l(—1.89) | —0.74
NH—NH, +0.02* | —0.40 — — — — — —
NHy{CHy)* ~+1.00* - —_ — — —_ — —
NH,(C;Hy)*+ +1.00* = | = - - — - -
NH(CH,)* — 1.00* | — — — — —_ _
N(CHy)s* — — |+0.86 0.00 — — — —
NH(COCH,) — +0,0313/4+0,28 | —0.25 —_ — — —0.58
NO; 40.70 | +0.824 [40.63 | +0.199) jo.15 |yo.64 — -
+0,73¢ 4+0.10°¢
SOCH, — — [+0.52 —_ — — - —
SOCH, il 40,59 — +0.14 |4+0.48] — —
SO,NH, — . — - — — — -
SOCF, - Z |0t — [ aoaee| — | - -

* Calculated from Eqn. (14.2).
** Taken from ref.117.
2 Values only for pure aqueous solutions.
Values for non-hydroxylic solvents and for most mixtures of
water with organic solvents.
¢ vValues only for non-hydroxylic solvents.
Values for aqueous solutions and most mixtures of water
with organic solvents.

5’ng =pPror, (11.11)

where p; # pc. A similar relation holds also for chemical
shifts in nuclear magnetic resonance for H in substituted
benzenes %, Values of 0~ have been used also to correlate
rates of acid dissociation of substituted methanes in water 11°,
Fortheuse of o7 and o} inthe correlation of dipole moments,
see section XIX. The quantities o7 and o, may perhaps be
related by!?%: o; = 0.570 + 0.6030.



Vol.30 No.9

RUSSIAN CHEMICAL REVIEWS

September 1961

Taft et al.11%,118 tried to determine the inductive com-
ponent by eliminating Cp, and Cy, from Eqns. (11.3) and
(11.4). They assumed at first, following Roberts and
Moreland %, that pf = @ = 0.33. It was also assumed 2
that, in the case of direct conjugation between a para-
-substituent and the reactive centre, « = 0.1. Roberts
and Jaffe!?' then demonstrated that @ is not a universal
constant for all reaction series. This was allowed for by
Taft and Lewis 18, who calculated values of o for 88 reac-

tion series. By eliminating C from the equations
logkp/ko = p1or + C, (11.12)
logkn/ky = pror + aC, (11.13)
they obtained the following relationship
logkn/ky - o logky/ke = (1 - a)p707. (11.14)

In the derivation of (11.14) it is assumed that p5 = p7.
This is not altogether obvious.

In all cases examined a quite good linear dependence of
the left-hand side of (11.14) on or was found*®. This was
regarded as yet a further proof of the general applicability
of the inductive constants of the substituents.

The differences logk/k, - p 707 were used to calculate
values of Cp and Cp, and, on the assumption that p, = p,
also of and ¢f. The values of 0f obtained for the same
substituents from data for different reaction series were
found to fluctuate extremely widely, and in several cases
even changed their signtis,

Moreover, it can be shown that the quantity o is not
even roughly constant in a single reaction series. Divi-
sion of Eqn. (11.14) by o; yields

(1/01) logkn/ke= (1 - a)pr + a(l/0y) logkp/ky.(11.15)

Thus, if @ is constant, the quantity o7* logkn/&, should
vary linearly with o7* logk,/k,. A check carried out here
has shown that in most cases no such linear dependence
exists. Consequently the values of C, and Cy, given by
Taft and Lewis!!® cannot be accepted as correct, although
it is stated there that of values are universal constants.

In principle the problem of determining the magnitude
of the influence of the inductive effect and of polar conjuga-
tion can be approached from two directions!**. If Y is
regarded as the reactive centre in compounds of the type

the interaction of the substituent X.C;H, with Y along the
Ar-Y bond results from superposition of the inductive
effect of this substituent and the conjugation between it and
the reactive centre Y. In such a case CgH; is regarded as
the standard substituent. Consequently the Hammett ¢ con-
stants are parameters characterising the inductive effects
of X.CgH, substituents. Since the o values are determined
from the dissociation constants of substituted benzoic
acids, they already contain, in the case of X substituents
of +C type, some component due to conjugation between
X.C¢H, and Y. As a result, the scale of Hammett ¢ values
is not altogether suitable for quantitative examination of
the problem.

In this case all departures from the Hammett equation
must be ascribed to some quantity ¢ which is a measure
of the polar conjugation between X.CgH, and Y. The task
of making the Hammett equation more exact then reduces

to finding the dependence of ¢ on the structure of the
X.CgH, substituent and on the specific character of the re-
action series.

Another possible approach is to take the
O

group as the reactive centre. We must now consider the
interaction of substituent X with this reaction centre along
the X—Ar bond. This interaction is made up of the fol-
lowing three factors: (1) the inductive effect of the sub-
stituent X, (2) the polar conjugation of substituent X with
the aromatic nucleus, leading to a corresponding charge
distribution at the different positions in the nucleus, and
(3) direct polar conjugation between the substituent X and
the reactive centre Y. The problem is reduced to finding
the dependence of quantities characterising these factors

on the structure of the X substituents and the nature of the
reaction series.

It is easily observed that these two approaches are not
mutually contradictory. The inductive effect of the X.C;H,
substituent can be equated to the overall effect of factors 1
and 2, and the polar conjugation between X.C;H, and Y
should be equivalent to the direct conjugation between X
and Y (factor 3), since conjugation between Y and the ben-
zene nucleus is excluded from consideration by taking
phenyl as the standard substituent.

We have already seen that the second approach to a
solution of the problem involves considerable difficulties.
In addition, the o; values are only an approximate measure
of the inductive effect in the case of the standard reaction
series, since the bicyclo[2,2,2]octane ring is not exactly
equivalent to the benzene ring in its ability to transmit the
inductive effect, and also since the individual deviations
from the relationship (11.2) are quite large?°,

The feasibility of solving the problem by the first method
was examined by Taft et al.11%,118 and also by Wepster
et al.®  Taft's starting point was that, if conjugation
cannot occur between the reactive centre and the benzene
ring or especially the substituent, the constants for the
substituents will definitely contain no component repre -
senting the effect of polar conjugation with the reactive
centre. The corresponding new constants for the substi-
tuents are denoted by ¢° and are normalised in such a way
that the scale of the Hammett o values is maintained. This
is easily done, since with substituents of +C type, especially
in the meta position, 0° = 0. Then for some arbitrary re-
action series the Hammett equation can be modified as fol-
lows:

logkp/ky = pof + AC), (11.16)
logkn/ky = po%. (11.17)

The quantity AC,, in Eqn. (11.16) represents direct polar
conjugation and polarisation interaction between the sub-
stituent and the reactive centre, and can be readily found
by substituting in (11.16) the appropriate experimental data
and the value of p obtained from data for meta -substituted
compounds and those para-substituted compounds in which
there is no direct interaction between the substituent and
the reactive centre111-113,

Values are alsogiven for o = og - 07, itbeing noted 11,113
that 02 = 207, where o, is the mean value of o, - 6;. Owing
to the inaccuracies noted above, produced in bringing the
oy values to the same scale as the o values, the values thus
obtained for o2 cannot be regarded as completely reliable.
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Furthermore, with several substituents the magnitude
of o® depends on the type of solvent®,

In principle, Wepster®® starts from the same premises
as Taft. However, the “normal” values (i.e. free from
any component for polar conjugation with the reactive
centre) which he obtained for ¢" are not equal to Taft's ¢°
values. The calculation of ¢ was also based on such re-
action series as the dissociation of phenols and anilinium
ions (in the case of +C substituents). This leads to dis-
tortions owing to the so-called saturation effect® in com-

pounds of the type
H,N—@—NH,

Here the polar conjugation of both amino groups with the
aromatic nucleus is less intense than, for example, in
aniline. As a consequence, greater positive values of

oP are obtained for +C substituents compared with the cor-
responding ¢° values.

Yukawa and Tsuno!!® made a detailed investigation of
the divergence of the experimental data from the Brown-
Okamoto modification of the Hammett equation:

logk /R, = po*, (11.18)

where ¢* are electrophilic constants of the substituents 5,122,
They concluded that, when the number of series examined
is sufficient, the relation (11.18) often leads to consider-
able differences between calculated and experimental
values of the constants for para-substituents.

Yukawa and Tsuno!16,123 algo showed that the differences
o;) - determined from data for different reaction series
(A ané) B) are proportional to one another:

(0% - 0) = 7(0o} - 0), (11.19)

where o is the Hammett constant for the substituent, deter-
mined from data on the dissociation of substituted benzoic
acids.

Taking the solvolysis of mefa- and para-substituted
a,a -dimethylbenzyl chlorides in 98% aqueous acetone at
25° as the standard reaction series (» = 1), these workers
introduced a new scale of Ac} values measuring the ability
of +C substituents to undergo direct polar conjugation with
a -C type of reactive centre:

Agl = ¢* - g, (11.20)

where the ¢* are the Brown—Okamoto electrophilic con-
stants of the substituents 5,122,

The modified Hammett equation is then obtained in the
following form:

logkp/’k° = plo + rAdg), (11.21)

where p and 7 are parameters characteristic of the reaction
series, and o and Ac}, are characteristic of a given substi-
tuent.

The relations (11.19) and (11.21) are obtained by appli-
cation of the LFE principle to the direct conjugation of sub-
stituents with the reactive centre.

Values of Ac?% for various substituents are given in
Table 3.

Yukawa and Tsuno made a statistical test of Eqn. (11.21)
for 35 reaction series. Good results were obtained in all
cases, and the accuracy of correlation was considerably
greater when the Yukawa—Tsuno equation was used than
with Eqn. (11.18).
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An attempt has also been made to separate the inductive
effect from polar conjugation by calculations based on the
method of molecular orbitals124,

XO. GENERALISATION OF THE CONCEPT OF POLAR
CONSTANTS OF SUBSTITUENTS

Hine "4,%,12¢ demonstrated that when a Hammett type of
equation holds for equilibrium we have

p =1(0y, - oY), (12.1)

where 7 is a universal constant depending on the structure
of the “skeleton” of the molecule, to which the substituent
and the reactive centre are joined, and oy, and oy, are the
polar constants of the substituent with the reactive centre
in its initial and final states respectively.

Hine also showed?* that relation (12.1), as well as the
Hammett and Taft equations, can be derived on the assump-
tion that the free energy of the polar interaction of any pair
of substituents X and Y is proportional to the product of
quantities termed the polar constants of the substituents,
ox and oy:

(12.2)

Hine examined specifically various reaction series
involving meta- or para-substituted benzene derivatives,
including some involving direct polar conjugation between
the reaction centre and the substituent. The free energy
of direct conjugation between the latter is regarded as
analogous to ordinary polar interaction, and the capacity of
substituents for polar conjugation is characterised by appro-
priate constants ¢€. The final equation is

Fx,y = 70x0y.

cc ¢
logk/k, = T[ox(0y, - Ov,) + 0%0Y, - cxogz]. (12.3)

In the derivation it is also assumed that 7 does not
depend on whether “ordinary” polar interaction or direct
conjugation between X and Y is being considered. By
definition, the products 0%0% vanish if ¢§ and 0§ have the
same sign, since there can be no polar conjugation between
two substituents of type +C (or -C).

In the case of an equilibrium, oy, in (12.3) relates to the
reaction centre in the product of the reaction. Ifk/k,is a
ratio of velocity constants, oy, then represents the state of
the reaction centre in the activated complex.  Therefore
the oy, values cannot be defined here in the usual way, since
a reaction centre in an activated state cannot fill the role of
substituent in some other reaction series. Eqn.(12.3) was
therefore modified as follows for application to reaction
velocities:

logk/k, = pox + p€o$, (12.4)

where p = T(0y, - 0y,) and p€ = 7(c§, - of,).

Hine gives values which he has calculated for on, op,
and 0§ for several substituents, T and 7p for aqueous
solutions at 25°, and pm, pp, and pC for some reaction
series. The quantity 7 is normalised on the basis that
T(0coon - 6coo-) = 1 for meta- and para-substituted ben-
zoic acids.

Egns. (12.1) and (12.4) enable oy, to be calculated for a
reaction centre in an activated state, which is important
for the investigation of reaction mechanisms.

The definition of the polar constants of substituents in
Eqn. (12.2) is more general than those given earlier. Both
substituent and reactive centre are regarded from the same
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point of view. In deriving the formulae, Hine notes their
similarity to Kirkwood's formulal® for the free energy of
interaction between two dipoles. This may perhaps pro-
vide a theoretical basis for applying the LFE principle in
cases of polar interaction, which would be of fundamental
importance.

XIM. USE OF THE LFE PRINCIPLE TO OBTAIN
SPECIAL CORRELATION EQUATIONS HAVING A
LIMITED RANGE OF APPLICATION

Section XI has confirmed that the Hammett equation is
a purely empirical relationship in the sense that the induc-
tive effect and the effect of polar conjugation are not sepa-
rated, and only those cases are covered (though, of course,
they are numerous) in which the conditions indicated in-
section XI are satisfied, albeit very roughly. However,
this defect (from the viewpoint of a more rigorous theory)
of the Hammett equation is offset by an important prac-
tical advantage, since it is possible with this equation to
apply the LFE principle to the gross AF values, in spite of
the fact that several factors are influencing the reactivity at
the same time. In general, the existence of the Hammett
equation indicates the possibility of making an overall quan-
titative allowance for the effect of several factors when
either the substituents possess in some sense similar
structural features (meta- and parva-substituted phenyls)
or else similar reaction series are being considered. In
this respect the Hammett equation can be regarded as an
example of the use of the LFE principle to obtain an
approximate correlation equation having a limited range of
application. In this sense the Hammett equation does not
form an exception, and has several analogues. Some
examples will be given below.

Taft's equation? for the hydrolysis of esters
X,.CO0X, or 0-X;.CgH,.COOX, and the esterification of the
corresponding acids by the alcohols X,0H:

logk/kq = fA, (13.1)

where 2 and k, are rate constants for the given ester and
the standard ester (acid or alcohol) respectively (methyl
being the standard substituent), A is a constant for the sub-
stituent X depending on whether it is in positions 1, 2, or

3 and on the type of catalysis (acid or alkaline), and fis a
parameter characteristic of the reaction series (only one

X substituent varies in the given series). The constant A
is an approximate measure of the overall effect of the
inductive and the steric factors of the X substituents.

Kabachnik's equation 127128 for the dissociation
constants of substituted phosphinic acids of the type

N
X~ SoH
where X, and X, are substituents, and Z is an atom of
oxygen or sulphur. This equation is of the form
logk/k = ps Z0g. (13.2)

The 05 values are characteristic of the substituents X,
and X,, and ps of the reaction series§. Hydrogen is
selected as standard substituent, and the standard reaction

§ The symbols ¢ and p in the original have been replaced by o
and p 3 to avoid confusion with Hammett's ¢ and p.

series is the dissociation of X, X,POOH acids in water at
25°,
The 04 values may be a quantitative measure of the

joint influence of the inductive effect and the field effect
(see section XIV).

Hammett equation for quinoline deri-
vatives. Baciocchi et al.2?® have shown that the basic
dissociation constants K, of 6- and 7-substituted 4-chloro-

quinolines
Cl

epi N
X~E }
cata”" N
and the rate constants k, of the nucleophilic replacement of

chlorine in these compotnds by reaction with CH;0~ in
methdnol at 75° are related by the formula:

logk, = 1.02 logK, + 0.12. (13.3)

Since the basic dissociation constants of 8- and v -sub-
stituted pyridines are represented by a Hammett equation
having “normal” ¢ values!3°, the Hammett 0epi and Ocata
were calculated from the known value of p.

Rate constants for the formation of semi-
carbazones Rsmand oximes ko from various
ketones are related as follows13:

logksem=a + b logkox. (13.4)

Zahradnik's correlation scheme 32,!3 estab-
lishes proportionality between values of logk/k, for the
following reaction series: (1) X.NCS + OH — X.NH.CO.S"
in water containing 2% of dioxan; (2) the same reaction in
alcohol and water (50% by volume); (3) X.NCS + n-C,H,NH, —
— X.NH.CS.NH.C_H, in water containing 2% of dioxan; and
(4) CH;.NCS + X.NH, — CH,.NH.CS.NH.X in 50% alcohol.

With these reactions, proportionality between logk/k,
and Taft's o* is observed only with a few substituents!33,
although the steric factor is absent.

‘Salomaa's correlation scheme 3 establishes
proportionality between values of logk /&, for the following
reaction series: (1) rate of the acid hydrolysis of dialkoxy -
methanes CH,(0X), in 0.13 M aqueous HC1; (2) rate of the
ethanolysis of alkoxymethyl chlorides XOCH,Cl in absolute
ethanol; (3) this reaction in 53.5% ethanol; and (4) rate of
the acid hydrolysis of alkoxymethyl acetates CH;COOCH,0X
and alkoxymethyl formates HCOOCH,0X in 0.1-0.15 M
aqueous HCl. The steric factor is also absent from these
reactions. Correlation with the Taft o* values gives a poor
result, since the point for X = C1CH,CH, falls markedly out
of line, this being the only substituent with o* > 0 for
which experimental data exist. Salomaa therefore intro-
duced new polar constants for the substituents: o* =
= logk/ky=(2.76 + 0.36)0*, where & and %, relate to reac-
tion series 3.

These last two correlation schemes are apparently of
the same type. In both cases the substituent X is linked
with the reactive centre via a heteroatom possessing a lone
pair of electrons and therefore capable of polar conjugation
both with the reactive centre and with the substituent X if
the latter has a suitable structure. It is significant that
the reactivity of amines X.NH, in Zahradnik's reactions
correlates not with Taft's inductive constants for the X
substituents but with values of logk/k, for Zahradnik's
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reaction series (1). This suggests that the two nitrogen
atoms in the activated complex occupy analogous posjtions:

Zahradnik's logk/k, and Salomaa's o* values form quan-
titative measures of the inductive effect and the capacity
for polar conjugation, with a -C type of reactive centre, of

X-N<and X-0-— substituents respectively. The intensity

of transmission of the inductive effect through the nitrogen
and oxygen atoms may vary with the nature of the substi-
tuent X. '

Relation between partial rate and selec-
tivity factors. With electrophilic substitution reac-
tions in the benzene nucleus, the following relation has been
shown to exist between the partial rate and the selectivity
factors 135,136

logpf = b log Sf, (13.5)

where Sy = pf /mf is the selectivity factor, pf and mf being
the relative rates of substitution in the para and meta
positions respectively if the reaction velocity with unsub-
stituted benzene is taken as unity:

bf = kp/ky and mf = kn/k,.

The relation (13.5) is a direct consequence of the appli-
cability of the Hammett equation to these reactions377149,
since .

logpf = 0,/0m logmf or logpf = op/on logmf,
and hence
9p -_%
o5 - om or b GEL
A more detailed review of this question will be found in
the monograph by Shatenshtein14!,

Among other correlations having a limited range of
application may be mentioned the linear relationship be-
tween the infra-red absorption frequencies of the carbonyl
group in ketones and the half-wave potentials of the polaro-
graphic reduction of the latter4?, the relation between
conformational equilibrium and dissociation constants in
the case of cyclohexanecarboxylic acids!%, the linear rela-
tion between values of logK for the first and second insta-
bility constants of the chelate complexes of di-isobutyl ketone
and acetylacetone with various metals!#, and the applica-
tion of the LFE principle to the reactivity of frans-4-sub-
stituted -cyclohexanecarboxylic acids and the corresponding
methyl esters1#.

b=

XIV. THE PROBLEM OF CALCULATING THE FIELD
EFFECT

By the field effect is meant electrostatic interaction be-
tween substituent and reactive centre occurring directly
through space. It was pointed out in section IV that Taft's
o* value may contain a term due to the field effect. Appa-
rently partly for this reason, Taft himself terms these
quantities aliphatic polar constants of the substituents, in
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contrast to the Hammett aromatic polar constants 0. How-
ever, he also argues that the orientation of the substituent
X in space has no effect on the corresponding o* value, and
hence that this quantity is not associated to any appreciable
extent with the field effect52.

On the other hand, Roberts and Carboni!4® concluded,
from a study of the reactivity of substituted (with NO, and
C1) phenylpropiolic acids and their ethyl esters, that the
field effect forms a considerable proportion of the Hammett
o values. These workers consider that, with a given sub-
stituent in the meta and para positions, internal compensa-
tion of the overall influence of the inductive effect and the
field effect occurs, since in virtue of the latter effect a
pava -substituent strengthens the inductive effect, while a
meta-substituent weakens it. In the o»tho position the
relative proportion contributed by each of the above factors
varies from one reaction to another (depending, for example,
on the distance between the reactive centre and the ovtho-
-substituent), which is one of the causes of the “ortho
effect”. A similar view is held by Smith and Larson4e,

Since the literature contains few data on the quantitative
separation of the inductive and field effects, Kabachnik's
05 values (see section XIII) are, in the opinion of the
present reviewer, of special interest. In the case of
aromatic substituents X.CH,, the o4 values vary linearly
with Taft's o°® (see Fig. 4):

05 = -0.48 + 0.780°. (14.1)

The linear dependence on the Hammett o value is not
nearly as good owing to positive deviations in the case of
C-substituents. Thus in the case of aromatic substituents
the o values are equivalent to 0° constants and are a mea-
sure of the inductive effects of X.C.H, substituents, hydro-
gen being chosen as the standard substituent. Since values

%P
5
5-NO;
a4
m-COOH_Ip.coon
m-Br m-Cl
m-Br
_dj o
PON(CHQI
A 1
~45 0 +05 a°
Fig.4. Linear relation between Kabachnik's oy

values and Taft's ¢° values for meta- and para-
-substituted phenyl compounds.
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of o4 are known for a greater number of substituents than
are the 0% constants, the former can be used to calculate
the latter by means of the equation:

0% =1.28(c, + 0.48). (14.2)

Conditions are more complicated with non-aromatic
substituents.  Values of o, for hydrogen and all hydro-
carbon radicals are related to Taft's o* values by the for-
mula (see Fig.5):

0g = 0.965 + 1.970*. (14.3)

Consequently the ¢, constants for these substituents
also provide a measure of the inherent inductive effect of
the latter. The points for all the remaining substituents
(OH, CH,0H, OCH;, OC.H;, CH,Cl, CH,Br, CH,I, CHCL,
CCl,, CF;), however, give a poor fit on the straight line
representing Eqn. (14.3) (see Fig.5). The o, values for
these substituents are considerably lower than would be
expected from the corresponding o* values.

With the phenyl radical, and hence with all the remain-
ing aromatic substituents, there is a marked discrepancy
between the aliphatic (c*) and the aromatic (0°) scales of
inductive effects, although the scales have been brought to
a common basis. The slopes of the straight lines (14.1)
and (14.3) also differ, by a factor of about 2.5, although
they should be the same in view of the above identical basis
for the o* and ¢° values.

These deviations are of great interest. The possibility
of direct conjugation with the reactive centre is excluded
because relation (14.1) is obeyed well. Steric effects are
also excluded, for otherwise relation (14.3) would not be
satisfied for hydrocarbon radicals which have very dif-
ferent values of the steric constants Eg. Steric hindrance,
and in most cases the actual nature of the substituents,
also exclude the possibility of an intramolecular bond being
formed. Among factors known to affect reactivity only the
development of a field effect can be invoked to account for
these deviations. It is also noteworthy that all substi-
tuents for which the o, values diverge from the “norm” are
more electronegative than the methyl group.

In view of all the above, there are grounds for suggest-
ing that these ‘“abnormalities” are caused by electrostatic
repulsion of electronegative substituents from negatively
charged atoms of oxygen (or sulphur) in anions of acids of
the class under consideration:

5-X Cxe
1\P/
5y, \9-

Such repulsion should act to decrease the stability of
these anions, leading to a decrease in the dissociation
constant of the acids and in the value of g4. This does in
fact occur.

If this hypothesis is.correct, Kabachnik's o, values are
a measure of the combined inductive and field effects inherent
in the substituents. Since the o4 values for hydrogen and
hydrocarbon radicals obey Eqn. (14.3) very exactly, it fol-
lows that no field effect is present with these substituents.
Thus in these cases the ¢, values are a measure of the
inductive effect alone, and Eqn. (14.3) can be used to cal-
culate the inductive components o in the o, values for all
the remaining substituents. The component o‘;, due to the
field effect, can be found by difference:

05 =0y -0l =04+ 0.965 - 1.970%. (14.4)

0,
P
+7

BCF;
LCHCL, &],

2OCH,

+ +2 o*

Fig.5.
values:

Relation between Kabachnik's og and Taft's g*
o meta- or para-substituted phenyl compounds.

-2+

-3+

L 1 L
4 +/

Fig.6. Variation of the field effect component
a; in Kabachnik's o4 values with Taft's o * values:
e aromatic substituents.

In absolute magnitude o} is comparable with, and in

several cases even greater than, o}.

Fig.6 shows the variation of 0%, with Taft's o* values, the
latter being calculated for aromatic substituents by means
of the formula o* = 0.600 + ¢°. The first point of interest
is the approximate linear relation between o‘; and o*:

0% = (+0.40 - 1.630*) + 0.25. (14.5)
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Although all the o';, values are grouped about this straight
line (the continuous line in Fig.6), it is obvious that the
substituents can be divided into three separate groups —
(1) mono-, di-, and tri-halogenated methyls, (2) oxygen-
—contammg substituents (OH, OCHy, OCzH;, and CH,0H),

and (3) aromatic substituents. Within each of these groups
there is a very exact linear relation between o and o*
(broken lines in Fig.6). The straight lines for the two
groups of aliphatic substituents are parallel and their slope
is 1.63, as in Eqn. (14.5). The slope for the aromatic sub-
stituents has a lower numerical value of 1.18, and also the
line passes through the origin.

To these three groups of substituents should be added a
fourth, comprising hydrogen and hydrocarbon radicals, for
which o} is zero.

On the basis of the above, the following rules can be
formulated as a working hypothesis, and can be usefully
borne in mind in considering the problem of the field effect.

1. The influence of the field effect on reactivity may be
comparable in magnitude with that of the inductive
effect.

2. Hydrogen and hydrocarbon radicals do not interact with
the reactive centre by the mechanism of the field effect.

3. The ability of substituents to interact with the reactive
centre by the field effect mechanism can be measured
quantitatively by Taft's o* or ¢° values, or perhaps by
other polar constants of the substituents. All substi-
tuents can then be divided into several groups each
having its own linear relationship between field effect
and o*, d°, etc.

4. In many cases, therefore, Taft's relations (5.1) and
(5.3) and the Hammett equation can evidently take
account also of the field effect.

5. These rules can yield far reaching conclusions. It
follows from points 2 and 3 that Taft's o* values may be
on different scales for hydrogen and hydrocarbon radi-
cals on the one hand, and for all electronegative substi-
tuents on the other, Different laws are therefore to be
expected for these two groups of substituents, as was
noted in connection with the damping of the inductive
effect (see section IV).

The conclusions reached in this section require to be
checked against more extensive experimental results.
However, the suggestion that the component due to the
field effect can often make a very substantial contribution
to the value of AAF is evidently correct.

XV. ANCHIMERIC ASSISTANCE
The term anchimeric assistancef denotes the effect

exerted on reaction velocity by a substituent X attached to
an o -carbon atom relative to the reactive centre:

2N
< >c—~c< m
sl )
/s ! \\ f( ‘{ +2 >C~(II—Z
>c——§: .Y (1)

91 The term “anchimeric assistance” is used in the American
literature %8> 1% and is translated into Russian as “immediate proxi-
mity effect”.
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Anchimeric assistance is observed if the activated com-
plex has structure (I), but is absent from the activated
complex (II). A qualitative and semi-quantitative theory
of this effect was worked out by Winstein and his collabo-
rators!4’,'4® and by others. The quantity L’ is taken as a
measure of this effect:

L' =RT logk/ke, (15.1)

where k2 and k. are rate constants inthe presence and inthe
absence respectively, of anchimeric assistance. Because
no exact allowance is made for the inductive effect, estimates
of L’ given by Winstein are at best semi- quantltatlve and
will not be considered here.

Streitwieser!% investigated the kinetics of the solvolysis
of a series of esters of p-bromobenzenesulphonic acid of
the type X, X,CH.0.80,.C;H,.Br, #rans-2-X-cyclohexyl-p-
-bromobenzenesulphonates, and tertiary alkyl halides.
Taft's Eqn.(5.2) applies to all these reactions. Streitwieser
was therefore able to determine the magnitude of L’ by
means of the formula:

L’ - logk/k, - p*Zo*, (15.2)

Since anchimeric assistance stabilises the activated
complex, L’ is always greater than zero. - Substituents for
which L’ = 0 do not exhibit anchimeric assistance.

XVI. CORRELATION SCHEMES WITH A VARIABLE
REACTIVE CENTRE

The correlation schemes considered so far have been
characterised by the fact that only the substituent X in
X~-Y varied in a given reaction series, while the reaction
centre P remained constant. The present section will give
correlation equations for reaction series in which the re-
active centre varies, while the structure of the substituent
can also change. These correlation equations have also
been obtained by the use of the LFE.

Formally the Grunwald — Winstein equation!5°,!5!; which
served in some sense as a prototype for relationships of
analogous form, also belongs to this type. Since this
equation represents in essence the dependence of reacti-
vity on the nature of the solvent, it will be considered in
section XX. Only cases of b1molecu1ar interaction between
reactants will be given here.

The Swain — Scott equation?!%? relates to the Sl
type of nucleophilic substitution reactions in the aliphatic
series. A substrate S, capable of undergoing substitution,
is attacked by the nucleophilic reagent N. The LFE
principle is of the form:

logkij/kip =8 logkoJ/koo, (16.1)

where k;; is the rate constant for reaction between S; and
Nj, kio, koj, and ko have an analogous significance, S, and
N, are the standard substrate and standard nucleophilic
reagent respectively, and S; is a censtant characterising
the sensitivity of the substrate to nucleophilic attack.
Denoting logkos/keo by 7;, we can write (16.1) as follows:

logkij/kio = (16.2)
where n; is a constant characterising the nucleophilic
character of reagent N; relative to the standard No.

The Swain—Scott equation is not generally applicable,
and the degree of nucleophilic character of a reagent N
may change on passing from one group of substrates S to
another 52,

si”J )
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Edwards' equation!5® for the SN2 type of reaction
evidently has a considerably wider range of application. It
can also be used to calculate the equilibrium constants of
reactions involving the formation of a new covalent bond.
The equation is

logk;j/kio = 0En+ BH, (16.3)

where k;; and ki are velocity or equilibrium constants for
the given and the standard nucleophilic reagents respectively,
E, and H are the nucleophilic constant and the relative
basic strength respectively of the attacking reagent (elec-
tron donor), and @ and 3 are constants characteristic of
the substrate.

Values of H are obtained from the basic strengths on
the pK, scale (K, being the dissociation constant of the
corresponding conjugate acid in water) by means of the
formula

H =pK, + 1.74,

where 1.74 is the value of pK, for water.

(16.4)

Values of E, are obtained from the oxidation potentials
E, of the reagents N by means of the equation

Ep=E,+ 2.60,
where 2.60 is the electrode potential of the cellf:
2H,0 = H,0%"+ 2e.

Eqns. (16.4) and (16.5) mean that water is regarded as the
standard nucleophilic reagent.

Eqn. (16.3) was used by Edwards 53 to correlate the
rates of Sn2 reactions at a carbon atom, the rates of sub-
stitution reactions at a halogen atom, equilibrium in the
formation of complex ions, solubility product, equilibrium
in complex formation by iodine with various compounds,
and several other reactions. All equilibria are regarded
as the substitution of water, co-ordinated with the sub-
strate, by reaction with the nucleophilic reagent.

The nature of E,, is discussed by Edwards!®¢. The
nucleophilic character of an electron donor depends on the
polarisability of its reactive centre and on its basic
strength:

(16.5)

En=aP + bH, (16.6)

where P = logR,.,/RHzo, R. and Ry,0 being the molar refrac-
tions of the reactive centre of the electron donor and of
water respectively, H is given by Eqn. (16.4), a = 3.60, and
b = 0.0624.

Differences between values of E, calculated by means of
Eqn. (16.6) for anions (F~, C1, Br~, OH", I", and 52~)and
those obtained from electrode potentials do not exceed
0.06 E, unit.

Eqn. (16.3) can therefore be transformed as follows:
logk;j/kio = AP + BH, (16.7)
where A = 3.60 and B = 0.0624 o + 8.

Substantial deviations from the Swain—Scott and Edwards
equations are found in reactions between p -nitrophenyl
acetate and nucleophilic reagents?!55,

Exner — Horak equationi%8,157, These workers
showed that the infra-red absorption frequency of the

1 This quantity was estimated indirectly by Edwards, using
his proposed method of correlation by means of Eqn. (16.3).

carbonyl group vco in derivatives of carboxylic acids of

the type R.CO.Y is given by the formula:
Vco = kx +q, (16.8)

where k£ is a constant characteristic of the substituent R,
and x is constant for a given class of compounds. Change
in the functional group Y in this case corresponds to a
change in the reactive centre.

Exner® showed that, for compounds of types (I) and
()

xé@ >—C06NH—< ( gzx, x,—co—-nn—(i 5 Zx,

(n

the values of k and x vary linearly with the Hammett o and
Taft o* constants of the substituents.

With compounds of type (I) the following relations hold:
(16.9)
(16.10)

In the case of compounds of type (I) x; can be repre-
sented by Eqn. (16.10) and

ki = kg + p*of.

ki=ky+ 9101? ’

Xj=Xo¥ POy,

(16.11)
Hence with compounds of type (I)

Veo = (@ + koXo) + %Py, OF + RopyO; + pyp,0i0;, (16.12)

V:h:-'f"?e (g + koxo) = 1678.2; x0p, = 7.5; kop, = 15; and p,p, =

In the case of compounds of type (II)
vco = (g + k§xo) + xpp*o¥ + kgpzaj + P*pza?vj, (16.13)

where (g + k¥x,) = 1697; x,p* = 39.1; k¥p, = 16.7; and
p*p, = 3.5 (all frequencies in cm™1).

If the quantity q + kyx, is denoted by v2,, it becomes
obvious that Eqns. (16.12) and (16.13) represent a particular
case of the second solution of (16.12) for cross-correlations
having m = 2 (see section XXII).

XVII. CORRELATION OF POLAROGRAPHIC HALF -
-WAVE POTENTIALS

Zuman!%8-16l hag recently shown that, for many series
of organic compounds of the type X—Y (where X is the
substituent and Y the electronically active group), the
dependence of reactivity on structure is the same for
heterogeneous electrode reactions as for homogeneous re-
actions. A measure of reactivity in this case is the half-
-wave potential E; of polarographic reduction or oxidation.
With reversible and irreversible electrode processes E; is
a measure of the free energy of reaction and of activation
respectively.

The general form of the dependence of AE; = E, - E,
(where E, refers to the standard substituent) on structure
is written as follows160

AE,=P+M+S. (17.1)

Eqn. (17.1) is a particular case of the relation (3.1),
where M represents the effect of various forms of conjuga-
tion. The quantity P can be represented by the usual re-
lation po, p;o7, or p*o* according to Hammett or Taft.
This applies also to heterocyclic compounds*39,16t,
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In the case of para-substituted benzene derivatives the
quantity M can be roughly calculated by using the o* or o~
constants of the substituents.

The dependence of S on structure is given by the equa-
tion § = SEg, where Eg represents Taft's steric constants
(see section VI), With meta--and para-substituted ben-
zene derivatives a linear relation is found?!%° to exist be-
tween the values of E, for the unsubstituted benzene deri-
vatives and the corresponding value of p, which enables
values of Ey for the substituted derivatives to be estimated
from the value of E, alone.

These regularities, apart from their great theoretical
importance, may serve as a basis for working out the
least laborious, and yet reliable, methods for determining
new values of constants for substituents.

With NH, and NH} it was necessary to introduce new
‘“polarographic” values of the Hammett ¢ constants!6°,

XVII. USE OF THE LFE PRINCIPLE FOR RADICAL
REACTIONS

A particular case of the LFE principle, known as the
Polanyi—Evans rule6?, can be applied to radical reactions,
thus establishing a linear relation between energy of acti-
vation and heat of reaction in a reaction series of the type

R- + X;Y — reaction products.

Problems of the application of this rule have been
examined in greater detail by Semenov13,

Several aspects of the application of the LFE rule to
reactions involving free radicals were investigated by
Bamford et al.®4, who subdivided all radical reactions into
the following three types:

1. Reactions involving transfer of an atom (or a group) at
the same time as electron transfer:

Re+ XQ ~RX + Q,

where R- is a free radical, and X a hydrogen, halogen,
etc, atom,

2, Reactions involving electron transfer alone (oxidation—
reduction reactions):

R- + M?* - R* + M(Z-l)*"
R: + M°"—R™+ M¥ -1,
where M? are any ions (metallic or otherwise).
3. Addition of a radical to a double bond:

I I
R++ C=C —>R-C-C-.
[ Lo

If XQ is a hydrocarbon in reactions of class 1, only non-
-polar interaction takes place, and it is necessary to take
into account only the non-polar reactivity of the radical R-
and the reagent XQ, including the non-polar conjugation in
R and in Q. In all the remaining cases the polar com-
ponent (induction effect and polar conjugation) also must be
allowed for,

The non-polar reactivity of free radicals is charac-
terised by the rate constant k3 v for their reaction with
toluene at 60° (standard reaction series). The velocity
constant kzlﬂc for reaction of a given radical with any other
hydrocarbon can then be obtained by simple application of
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the LFE principle to the overall value AAF:

logkslﬂc =logy + b logksl-r. (18,1)
Since b = 1 always, Eqn.(18.1) simplifies to
log ks c/ks 7 = logy OF kayc = YR 1- (18.2)

The relationships (18.1) and (18.2) can be regarded as a
particular case of the correlation equation for a scheme
involving a variable reactive centre. Each free radical is
characterised by a kal'r value, and each hydrocarbon by

logy, which is a measure of its non-polar reactivity. In
most cases the accuracy of the correlation does not exceed
+20%, the maximum deviations resulting in an error not
exceeding a factor of 3, whilst the range of variation of
kslﬂc exceeds a factor of 108,

When the polar component in the value of AAF (induction
effect and polar conjugation) must also be taken into account,
the velocity constant k; for reactions of classes 1 and 3 is
given by the formula

(18.3)

where a and B are constants characteristic of the reagent
attacked by the free radical, and o, is the Hammett para
constant for the substituent in the free radical. Eqn. (18.1)
is a particular case of (18.3) when @ = 0. Hence 8 = logy.
Values of logk; v are regarded as a measure of the energy
of dissociation at the R—X bond, and 8 as a measure of the
energy of dissociation at the Q—X bond.

logk, = 10€k31T + aop + B,

Bamford's equation (18.3) confirms that the principle of
the independence and the additivity of the individual com-
ponents in AAF and the LFE rule are valid also in radical
reactions.

Reference must also be made to the equation of Levy
and Szwarc1®: logk;; =n logkoj, where 7 and j relate to
the free radical and the hydrocarbon respectively (for
details see ref. 166).

XIX. CORRELATION OF DIPOLE MOMENTS

The correlation of dipole moments by means of the
various polar constants of substituents is of great theo-
retical value for an understanding of the physical meaning
of these constants. Taft1® managed to correlate the dipole
moments of compounds of the type R-Y, where R is a
hydrocarbon radical or hydrogen, by means of the equation
i - Mo = p*Zo*. Not altogether successful attempts were
also made to correlate the dipole moments of aromatic
compounds with the Hammett ¢ parameters167,188,  As
Exner 1% has shown, simple correlation of dipole moments
with o values is not justified, since the latter take into
account only variation in charge (electron density) on the
atom or group Y, whereas the dipole moment also depends
to a considerable extent on the distance between charges of
opposite sign. By allowing for the distance d between the
charges, Exner!!5 showed the possibility of a satisfactory
linear correlation between the values of p/d and Taft's o*
constants for the substituents X in the series X—Cl, where
X should not possess an appreciable internaldipole moment.
He showed a similar correlation for p/d and the corres-
ponding o7 in the series X—CH; and X—CgH;.

In the case of various aromatic compounds of the type
X—CgH;, where X is any substituent, the component of the
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dipole moment due to polar conjugation, p., is connected
with the constants of the substituents by the relation:

pe/de = poor™. (19.1)

The symbol o~ means that o} values must be used in the
case of +C substituents, and o: values in the case of -C
substituents. Values of pu. are given by the difference
Mc = MAr - Halk, Where the par are the dipole moments of
the X—Cg4H; compounds, and the pak those of the X—CH,
compounds.

Exner suggested the following general formula for the
dependence of dipole moments on the polar constants of
substituents:

(19.2)

where dy is the distance between the charges due to the
inductive effect (usually the length of the X—Y bond) and
d. the distance between those due to polar conjugation.

- _ - — — .
B = pot prdror + pedeoe’,

Since the dipole moments of molecules are solely a
function of the charge distribution in the latter, Exner's
equations given in this chapter indicate that the o*, o,

0%, and o7 values define quantitatively the ability of the
corresponding substituents to acquire a negative or a posi-
tive charge. Hence these parameters have in fact the
physical meaning which is ascribed to them.

XX. SOME QUANTITATIVE ASPECTS OF THE DEPEN-
DENCE OF REACTIVITY ON THE NATURE OF THE
SOLVENT

The preceding sections have discussed the dependence
of the reactivity of organic compounds on their structure.
The problem of the dependence of reactivity on the medium
in which the reaction takes place is of no less importance,
as was pointed out at an early date by Menshutkin 169,170,

The dependence of rates and equilibria on the nature of
the solvent will be examined below only for reactions for
which the mechanism is independent of the solvent. The
problem is then reduced to finding the dependence of the
activity coefficients of the activated complex (or reaction
products) and of the initial compounds on the properties of
the solvent. Only the appropriate activity coefficient
ratios need to be known?!2,

The influence of the solvent on the activity coefficient of
a solute can be of two types. On the one hand, dissolved
species interact with the electrostatic field of the surround-
ing solvent molecules, without preferential interaction with
any of the latter (the field, of course, is produced mainly
by the neighbouring solvent molecules, but this is not what
is meant). Such interaction is termed a non-specific sol-
vation effect, of which polar and non-polar types must be
distinguished. The former is purely electrostatic in
nature, and involves interaction of electric charges exist-
ing on polar solvent and solute molecules (dipole—dipole or
ion—dipole interaction). The latter type is based on inter-
action of dispersion forces between non-polar components
of the solution.

In addition to non-specific solvation there can also be
specific interaction between solvent molecules and solute
species — formation of hydrogen bonds, complex forma-
tion, unbalanced fluctuations in concentration of the com-
ponents of a mixed solvent around solute species, etc.

The problem of the quantitative assessment of non-
-specific polar interaction between solvent and solute will

be discussed below. The main results have been obtained
for nucleophilic substitution reactions of type Snl1, and are
based on the work of Ingold, Hughes, and their collabora-
tors1™ 175 opn the mechanism of this class of reactions.

The Grunwald — Winstein activity postu-
late 150,151,176-178  These workers found that the following
form of the LFE rule can be applied to solvolysis reactions
occurring by an Syl mechanism in different solvents:

logkij/kio =m; logkoj/koo, (20.1)

where k;; is the velocity constant for solvolysis of the Z-th
solute in the j-th solvent, the subscripts 0 denoting the
standard solute (t-butyl chloride) and the standard solvent
(80% ethanol by volume), and m; is a constant depending
solely on the nature of the ¢-th solute. = The value of

log koj/koo for t-butyl chloride is denoted by ¥;. Remem-
bering that k;;/kio = vij/Y4ij, Where y;; and y;; are the
activity coefficients of the ¢-th reactant and the corres-
ponding activated complex respectively in the j-th solvent,
and taking a solution in 80% ethanol as the standard state,
we can write the Grunwald — Winstein equation as follows:

log kij/kio = logvij/vgij = mi¥j. (20.2)

This relationship represents the so-called activity pos-
tulate, since it establishes the form of the dependence of
the activity coefficient ratio on the nature of the solvent.

This last is characterised by the parameter Y, termed the

“jonising power” of the solvent. The reactant is charac-
terised by the parameter m.

It is clear from the standard conditions that in 80%
ethanol Y = 0, and for t-butyl chloride m = 1. The value
of Y for some one solvent other than the standard can be
chosen arbitrarily.

Eqn. (20.2) is satisfied by the alkyl halides. The devia-
tions observed in several cases, especially with alkyl
fluorides and derivatives containing phenyl groups, were
explained by the formation of hydrogen bonds with the sol-
vent molecules and by the effect of “reassociation of ion
pairs”178  Owing to this effect the true rate of ionisation
by the Sn1 mechanism found from formula (20.2) is greater
than the measured “titration” reaction velocity.

The choice of (CH;);CCl as basis for the scale of ¥
values is linked with Winstein and Grunwald's view that the
solvolysis of this compound is truly unimolecular. In this
case the “titration” velocity coincides with the rate of
ionisation172,

There is no definite relation between the Y values and
the dielectric constants of the solventsi%,

Reference must be made to the work of Kosower179-18/
who showed that the quantity Z = ZVmax, where vmax is the
absorption frequency for a solution of a very polar com-
pound (e¢.g. pyridine oxide), varies linearly with the ¥
values for the corresponding solvents.

The activity postulate was used also to obtain the quan-
titative dependence of dissociation constants of acids on
the nature of the solvent!82-184,  “Activity functions” Y,
and Y. were introduced. With the carboxylic type of acids
(charge on conjugate base Z = -1)

S S
pPKxu - pKRu = logfu+ max - Y. (20.3)

With acids of the type of substituted ammonium ions

(charge on conjugate base Z = 0)

pKm - K3 = log fii + mp¥,. (20.4)
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The symbols S and 0 indicate the given solvent and the
standard solvent respectively, f}‘{s is the degenerate acti-
vity coefficient of the proton in the given solvent, - and
mpg are constants characteristic of the given acids, and Y.
and Y, are constants characteristic of the given solvent. It
must be stressed that

log¥a~/Yan = mx Y- and log¥s/Ysu+ = ms¥,. (20.5)

In media to which Hammett's acidity function is appli-
cable, both activity functions vanish:

Y.=Y,=0; (20.6)

since water is selected as standard solvent, condition (20.6)
is assumed for it.

The values of m s~ for meta- and para-substituted ben-
zoic acids, and of ms for meta- and para-substituted
anilines have been shown to be related linearly with the
Hammett o values?®,'8, From this were obtained the fol-
lowing relations between Hammett's p values and Y, and Y_

P=pPot BeYo; P=pot B-Y, (20.7)

where p, is the value of p in the standard solvent (water),
Bo and B. are constants having very similar numerical
values for substituted benzoic acids and substituted anilines
(+0.628 and -0.57 respectively).

Brownstein!8® showed that a somewhat modified Grun-
wald - Winstein equation was of wide application. His
equation is

log kij/kio (or vij - Vi) = SiR 4, (20.8)

where the k& terms are velocity or equilibrium constants,
the v terms are ultra-violet or infra-red absorption fre-
quencies, and ¢ and j denote the compound and the solvent
respectively. Absolute ethanol was selected as standard
solvent (R = 0), the standard compound being 1-methyl-4-
-methoxycarbonylpyridinium iodide (ultra-violet absorp-
tionS = 1).

Swain's equation. In the opinion of Swain and his
collaborators, a definite borderline cannot be drawn be-
tween Syl and Sn2 mechanisms8-1%,  They therefore
regard Eqn. (20.2) as a particular case.  With different
types of reagents it would be necessarytointroduce several
scales of Y values for the same solvents!%2,19t, A more
general equation 32,192 containing four parameters is
therefore proposed:

logk/k, = Sn + S'e (20.9)

or
logk/ky = ¢ d; + Cyd,,

where k is the velocity constant of the reaction in the pre-
sence of the given nucleophilic (N) and electrophilic (E) re-
agents, k, is the rate constant in the presence of the stan-
dard nucleophilic (N,) and electrophilic (E,) reagents, »
and e (d, and d,) are constants measuring the nucleophilic
character of N and the electrophilic character of E res-
pectively, and S and S’ (or ¢, and c,) are constants repre-
senting, according to the authors' treatment, the “sensi-
tivity” of the reagent to the action of nucleophilic and
electrophilic reagents respectively. When S is constant,

logk/k, = S’e, (20.10)

and, assuming that S’ = m and e = Y, Eqn. (20.9) reduces to
(20.2). If S’e is constant (when, for example, water pre-
sent in excess acts as the electrophilic reagent), Eqn.(20.9)
reduces to (16.2).
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Swain and Dittmer® proposed a special equation con-
taining two parameters for the rates of solvolysis of
organic chlorides or bromides:

logkyj/kio - logkej/ke, = aibj, (20.11)

where the subscript ¢ refers to the reagent, j to the sol-
vent, and 0 to the standard reagent (methyl bromide) and
the standard solvent (80% ethanol).

Swain's views on the Sy type of reaction mechanism, in-
cluding the termolecular character of reactions previously
assigned to the Sy class, have been critically analysed by
Hughes and Ingold and their collaborators!®,'% and by
Winstein et al.1" These workers discovered errors in the
experimental data quoted by Swain and in his treatment of
the data, and on the basis of additional experimental results
they showed several of his conclusions to be incorrect.
Eqn. (20.9) is apparently a purely empirical formula, and
no concrete physical meaning can be ascribed to the para-
meters on its right-hand side.

The problem of the interrelationship between the pola-
rity of a solution and its dielectric constant was examined
in greater detail by Rudakovi®, He has shown that the
dielectric constant D is not a universal measure of the
polarity of a solvent. For this purpose he proposes
another empirically defined quantity D,, which is equal to
D only in the case of alcohols and water.

Reference must also be made to correlation equations
obtained in using the theory of regular solutions!®? to cal-
culate activity coefficients.

McGowan's equation!®®, This is
logf,/f, = logc,/c, = kmP, (20.12)

where f, and f; are the activity coefficients of the solute in
the immiscible solvents 2 and 1 respectively, the concen-
tration ratio c,/c, is equal to the partition coefficient of
the solute between these solvents, 2y is a constant charac-
teristic of the given pair of solvents, and P is the parachor
of the solute, taken as a measure of its molecular volume.
Eqn. (20.12) allows for the non-polar non-specific (disper-
sion) interaction between solvent and solute.

Deno and Berkheimer19 tested Eqn. (20.12) with a
number of compounds. The molar concentration of a
given pure substance “in itself” was taken as c¢,, while ¢,
represented the concentration of a saturated solution of
this substance in water. Egqn. (20.12) proved to be appli-
cable to liquid aromatic and aliphatic, solid aromatic, and
gaseous aliphatic hydrocarbons, as well as to halogenated
aliphatic and aromatic hydrocarbons. With all these com-
pounds and water as the second component, 2\ had a value
of ~0.0130 at 25°.

In the presence of some specific interaction between the
solute and water (for example, a hydrogen bond), a term
Es = Ey/2.3RT, where Ey is the energy of the specific inter-
action, must be added to the right-hand side of Eqn.(20.12):

logc,/c, = kmP + Ea. (20.13)

The above value of 2y is retained. It is also found that
Ea has anapproximately constant value for compounds having
the same functional group.

Eqn.(20.13) is applicable to ethers and esters, aldehydes
and ketones (apart from the lower members), nitriles and
nitro compounds !, With all these classes of compounds,
it is apparently no longer possible to neglect the polar non-
-specific interaction: inthis connection, the applicability of
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Eqn.(20.13) with the value of 2y unchanged is not altogether
easy to understand. Perhaps the term Ej roughly takes
into account also the energy of polar interaction.

Rudakov's equation?20,20, This worker gives
fresh proofs that solvolysis of t-butyl chloride is a truly
unimolecular reaction, and that its mechanism does not
undergo substantial changes on passing from such a polar
solvent as water to the gas phase. The influence of sol-
vents on the velocity of this reaction (the change in rate on
passing from water to the gas phase amounts to a factor of
1019+5#2) may be considered a result of polar non-specific
interaction of the reagent and the activated complex with
the solvent.

From the theory of regular solutions, the activity coef-
ficient of a dissolved substance, e.g. (CH;);CCl, can be
expressed as follows 199,200,

RT Iny, = Vf’*’(II1 - TG,
Hl = Ei./zyl—lla; O, = Elc/ngl’s,

where V, is the molar volume of the solute in the pure
state, E, is the molar energy of the pure solvent, and V.

and E ; are the corresponding quantities for the dissolved
substance.

(20.14)

The quantities II, and I, are called polarity factors.

An expression analogous to (20.14) is assumed for the
activated complex:
RT Iny, = V2/3(I, - TLc)3. (20.15)

Eqns.(20.14) and (20.15) give values of v, and v, referred
to the corresponding pure liquidsi as standard states. If
a solution in some solvent is chosen as the standard state,
the activity coefficients relative to this new standard are
given by the following expressions:

2.3RT logv? = V2321, (1l - II;) + 112 - TZ] (20.16)
and

2.3RT logyy = Vi’s[ZH;&(Ho -Ic)+ 2 - n2], (20.17)
where II, is the polarity factor of the standard solvent.

In the case of a unimolecular reaction, the velocity con-
stant 2. inanarbitrary solventis connected with the velocity
constant &, in the standard solvent by the relation!?

ke/ko = v3/7G - (20.18)
On substituting 77 and 73 from (20.16) and (20.17) in
(20.18) and assuming that V, = V., (such equality is approxi-
mately true in the case of t-butyl chloride %), we have
logkc/ky = V3/3/2.3RT(Ix - I,)(IIc - O,)  (20.19)
Eqn. (20.19) represents in essence the Grunwald—
Winstein equation (20.2) deduced theoretically: Y, is given
by the expression (20.19), and
m; = V(I - T )V2P(I, - TI,)

if the subscript 1 refers to t-butyl chloride, and the sub-
script 0 to 80% ethanol.

If the gas phase is taken as the standard medium, the
quantity I, becomes zero. It follows from this that the
polarity factor Il. is the natural absolute measure of the
intensity of polar interaction in a pure liquid.

1 7, =1 in a hypothetical liquid consisting entirely of activated
complexes.

Using experimental rate constants for the solvolysis of
t-butyl chloride, Rudakov calculated values of Il for
various pure liquids and also values of I, and II for t-butyl
chloride 200,21,

Values of Il for water and alcohols of general formula
X—OH show very good linear dependence on Taft's o*
values for the substituents X (see Fig.7):

I = 0.740 + 0.4800*.

{20.20)

Fig.7. Linear relation between Rudakov's polarity
factors Il for alcohols X—OH and Taft's o * values
for the substituents X,

This confirms the physical significance of the Il values
as a measure of the capacity of a substance for polar non-
-specific interaction. It also gives grounds for hoping that
the dependence of Il on the structure of the corresponding
compounds can be considered on the basis of the principles
which have been applied to the dependence of reactivity on
structure, which is of great practical importance.

A universal gcale for the effect of solvents on the elec-
tronic spectra of organic compounds has been given by
Zhmyreva et al.®

XXI. FREE ENERGY AS THE SOLE UNIVERSAL
MEASURE OF REACTIVITY

In the preceding sections the free energy AF of activa-
tion or reaction has been considered in nearly every case
as the measure of reactivity. AF is a complicated quan-
tity depending on the enthalpy AH and the entropy AS of
activation or reaction: AF = AHF -~ TAS. Alternatively,
AF can be regarded as a sum of terms representing the
changes in potential energy (AEp) and in kinetic energy
(R InI1Q) during activation or reaction.

The quantities AH and AS are in principle different in
character, and should depend in different ways on the
structure of the reactants.
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Hammett himself* pointed out that the inductive effect
and the various forms of conjugation should affect reactivity,
producing corresponding changes in the energetic factor
(energy of activation or heat of reaction). The experi-
mental results, however, disproved this§4. Hammett
attempted to find a way out by referring to the frequently
observed empirical rule#,2%2-20¢ of g linear relation between
AH and AS. Recently?% a theoretical basis has also been
given to this rule in the case of condensed systems. Taft®
suggests that this rule is widely applicable also in the ali-
phatic series.

However, data are now available suggesting that in
many cases the changes in reactivity are caused mainly by
changes in the entropy factor, the linear relation between
AS and AH being absent37,2%,207, The correlation equations
of Taft and of Hammett remain applicable.

Ingold? and also Taft'? consider that electronic effects
influence the magnitude of AAEp, which in most cases
cannot be measured. Taft concludes that AAF is a better
measure of AAEp than is AAH.

The fact that the Arrhenius activation energy frequently
has no definite physical meaning was pointed out as early
as 1939 by Selivanova and Syrkin 2%,

The factual material which has accumulated by now sug-
gests strongly that it is to the free energies that the cor-
relation equations examined above are applicable, as is
postulated by the LFE principle, independently of how AH
and AS vary individually, and of the relation existing be-
tween these quantities. It is impossible by considering
AH and AS separately to obtain quantitative relations having
such a wide range of application as has the LFE rule.

From the above it can be concluded that at the present
time the only universal measure of reactivity which can serve
as a basis for a quantitative theory in organic chemistry is
the value of AF (in practice, logk). This statement does
not, of course, mean that determinations of energy of acti-
vation or enthalpy of reaction and entropy of activation or
reaction are not of great importance. It is emphasised
merely that, so far, it is impossible to base a quantitative
theory on independent (or even interdependent) correlation
schemes involving either only energetic or only entropic
terms. In view of this, it must always be remembered that
electronic “effects” are as much “entropic” as they are
“energetic”.

The above principles can evidently be extended to the

theory of the dependence of reactivity on the nature of the
solvent 2%,

XXO. PRACTICAL EFFICIENCY OF LINEAR CORRELA-
TION EQUATIONS

All the main correlation equations examined above can be
written in the form
AI'J. =A°J.+ Za‘]},ﬁu, (22.1)
k
where A;; = logk;; or some physical parameter of the given
compound, Ao is a similar function for the standard com-
pound in a given series, Bix are parameters characteristic

§ The widely held view that the applicability of the Hammett
equation is explained by constancy of the entropy factor is erron-
eous.
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of the ¢-th compound (constants of the substituents), j re-
presents the reaction series, and & the factor influencing
the reactivity (inductive effect, etc.).

An equation of type (22.1) can always be converted to
the form
YAig = ) (Ao + ). (22.2)
& K

Instead of (22.2) we can write a series of independent
equations

Aiin = Aojr + 0 jBik. (22.3)

Study of the properties of Eqn. (22.1) can therefore be
reduced to that of the properties of (22.3). The latter is
similar in form to the Taft equation (5.1) or the Hammett
equation (9.1). Below, therefore, we shall consider only
an equation of the Hammett type

logk;j/koj= pjo;. (22.4)

In this section the properties of an equation of the type
(22.4) will be examined to assess the practical possibility
of including a sufficiently large number of organic reac-
tions with the correlation equations discussed in the pre-
ceding sections.

The chief problem which arises here is the practically
unlimited number of possible organic reactions. Conse-
quently, the number of velocity and equilibrium constants
which must be known for a quantitative characterisation of
these reactions is also unlimited.

In this connection the most relevant property of an
equation of the type (22.4) is that the experimental deter-
mination of a certain number N, of parameters for certain
compounds of a given series (velocity constants, etc.)
makes it possible to calculate an even larger number N of
analogous parameters for other compounds in this series,
providing that the appropriate o values are known. The
greater the ratio N/N, the greater the practical usefulness
of the correlation. The quantity N/N, = ¢ can be termed
the efficiency of the correlation. Clearly, if N is a very
large number, ¢ too must be quite large, so that the task
of the experimental determination of N, parameters should
not go beyond the bounds of practical possibility.

The position will be different in this respect if reaction
series of a different type are considered. In this case
the reaction series is characterised by the number m of
independent substituents X; whose structure can be varied
without leaving the given reaction series. In this sense
the simplest case is provided by reaction series for which
m = 1, of the type

X; - Yi + a — reaction products.

To this belong all unimolecular reactions (a absent) and
those bimolecular processes in which the structure of one
of the reactants remains unchanged, e.g. a = C17, etc. In
this case the number of quantities to be correlated (logk;;)
is equal to the number n of substituents having known o;
constants, which are universal parameters, and for the
present will not be included in the assessment of ¢. Hence
N =n, Ny =2 (p and logko;), and ¢ = in. For correlation
it is necessary to know two specific parameters for each
reaction series and n universal parameters; = should be
sufficiently large to cover all substituents which are in
practice met relatively often.

The problem of cross correlations investigated by

Miller2!° is more complicated. He uses graphical ana-
lysis to solve the general problem of the superposition of
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several correlation equations. The essentials of the final
formulae which he obtained will be given below, but solu-
tions will be obtained analytically, which will make it easier
to understand the physical meaning of the parameters in
these formulae.

With such reaction series, m > 1, for example

- Y, + Xj - Y, —reaction products; m =2
XiCH,
_>Y + a — reaction products; m =2
Xt

CHZ\
Y + XY, — reaction products; m =3
xi”

etc.
If m = 2, we have
logkij/Roj = P(-7)01 5 (22.5)
logkij/Rjo = P(i-)0i - (22.6)

Eqns.(22.5) and (22 6) cover every possible k;; if all ko
and p¢-jy (j =0, 1, ...,7n) or all ;o and p¢s-) (¢ = 0,
1, ..., n)are known In other words, a complicated re-
action series can be divided into » simple reaction series.
It would appear at first sight that 2» specific and # universal
parameters would have to be known for correlation, ¢ re-
taining the same value as in the case of a simple reaction
series in whichm =1, Actually, however, the value of ¢
is considerably larger owing to the overlapping of the two
equations (22.5) and (22.6). On combining these in a dif-
ferent sequence we obtain

logkij/koo = P(=)0i + Po-)Tf = P-0y0i *+ P(i-y05. (22.7)
This equation has two solutions, the first of which is
P(=j) = P(-0y and p(i-y = Po-)-
Hence
logkij/ke = P(-0)9i + P(o-)9> (22.8)

where p¢_oy and p-) are “sensitivity” constants for the
following simple reaction series

X; - Y:+ X, - Y, — reaction products;
X -Y, + X
The second possible solution can be written in the form

- Y, — reaction products.

Pgis) “Po-y =Pesi ~ Peo) | (22.9)
0; 9
whence we obtain
Pei-y = (P(ky = P(-0))0i/Tk* Pro-) (22.10)
and
Pe-fs = (Pek-) = P0-))03/Ok+ P(-0)s (22.11)

where k refers to some arbitrarily chosen substituent.
Keeping k constant, we can calculate all the p¢;-y or Pe-i
values. On substltutmg (22.10) and (22.11) respectively in
(22.7) we obtain

logkij/ke = Pi-0)0i + Pro-yTj+ M—é{-—[ﬂaicj (22.12)
and

P(k-y ~ Py
logkij/keo = P(-00i + Po-y0j* — g 9i0-

If the first solution is adopted, a reaction series having
m = 2 is correlated by three specific parameters (p¢_o),
Pro-y, and logk,) and ¢ =7n2:3. With the second solution a
further specific parameter p(x., (or p(-x)) is added, and
@ =n?:4.

The physical meaning of the two solutions is as follows.
If for some value of B, p¢_ky # P(~0) OF P(k-) # P(o -y, this
inequality must necessarily extend to all the remaining
values of 2, and Eqgn. (22.12) must be used. If in the case
of some one value of &, p(-ky = P(-0) OF P(k-) = P-), Such
equality holds for all other values of 2 as well. In sucha
case (22.12) reduces to (22.8), and the first solution can be
used.

When X; and X; are arranged symmetrically relative to
the reactive centre, solution (22.8) reduces to the additivity
rules considered in sections IV and IX. Jaffe2? used (22.8)
also in the case of two substituents in two benzene nuclei
linked unsymmetrically to the reactive centre, and obtained
a satisfactory result. The first solution proved to be
applicable also in the case of the reaction series involving
interaction of mefa- and para-substituted diphenyldiazo-
methanes with meta- and para-substituted benzoic acids 2,

The problem of the choice between the first and the
second solutions has been discussed by Exner ®#. He gives
an actual example in which it is necessary to use a formula
of the type (20.12) (see section XVI). He shows that the
first solution cannot be applied universally.

The case in which » = 3 can be considered in an ana-
logous manner to the above 20,

XXm. CONCLUSION

Consideration of the information given above indicates
that the LFE rule and the principle of the independence and
the additivity of the individual terms of AAF can be used
for a quantitative investigation of the dependence of the re-
activity of organic compounds on their structure, and also
on the nature of the solvent, for a great variety of types of
compounds and reactions. In several cases the Hammett
and Taft equations (involving the polar and the steric com-
ponents) can be used only when preparative data are avail-
able (percentage yield) 23,

Consequently we are dealing with quite general, although
possibly approximate, laws of Nature, which can be re-
garded as the basis for a very general quantitative theory
of the reactivity of organic compounds. An important
point is that this theory utilises several well-known quali-
tative ideas about the structure and the reactivity of these
compounds, so that in most cases the various constants in
the correlation equations can be given a concrete physical
meaning. Therefore the LFE rule and the additivity prin-
ciple provide not only a means for practical calculations
but also an extremely useful tool for investigating problems
of the detailed structure of organic compounds and of the
mechanisms of reactions.
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