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than on two lines is under 0.59, and it may there-
fore be accepted that the —M and +M groups of
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substituents show distinctive properties in their
ApK. — o4, relationships.
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It is shown that the Hammett equation can be derived by the assumption that substituents add to the free energy content
of a molecule or ion a term, called the free energy of polar interaction of substituents, that is proportional to the product of

their polar substituent constants.

By use of an analogous assumption for the calculation of the extra resonance energy of

interaction between para groups, equations are developed that may be used to calculate 99 log (X/K,) values in four different
reaction series with an average deviation of 0.057. The derivation of equations to correlate equilibrium constants for the
isomerization of m-XCeH,Y to p-XCsH,Y, the disproportionation of CéH;X to CgHs and CsHX,'s and other reactions is also
described, as is an expression for the ratio of the o-constants for two substituents in terms only of the activity coefficients of

certain aromatic compounds.

Introduction

It has been shown previously? that within the
limits of applicability of the Hammett equation® or
even a less restrictive but more general Hammett-
type equation in which the reaction constants for
m- and p-substituted compounds need not be iden-
tical, the reaction constant for an equilibrium proc-
ess is proportional to the difference in the.substit-
uent constants for the two groups being equili-
brated. Thus, for example, in the case of these
equilibria for two related compounds

Km—le
m-X,CHY, T m X CHL Y, (1)
Km.-Xzy
m-X2C°H4Y1 ¢ ﬂZ-X2C3H4&y2 (2)
we may write
K.
log Km le = tm(0mx1 — O )(Omevi — Tm-vs) (3)
m— X2

where K,.—x? and K,_x;* are the respective equi-
librium constants, 7 is a proportionality constant
whose value depends only on the nature of the or-
ganic radical (m-phenylene in this eq.) to which the
substituents are attached, the nature of the reac-
tion medium and temperature, and the ¢'s are polar
substituent constants. A more fundamental but
to date perhaps less useful approach to the problem
of the effect of structure on rate and equilibrium
was initiated by Bjerrum* and culminated in the
work of Kirkwood and Westheimer.? For applica-
tion to reactions 1 and 2 the Kirkwood-Westheimer
equations may be written in the form

log (Kn-x/Km-xs¥) = Clux, — wxa){pyr — #ys) (4)

where the u’s are the dipole moments (or the elec-
trical charges in the case of charged groups) and C
(whose evaluation was the goal of most of the ear-
lier work) is a constant whose value depends only
on the nature of the reaction medium and tem-
perature (which determine the external dielectric

(1) For parts I and II see ref. 2 and J. Hine and W, C. Bailey, Jr.,
THI1s JOURNAL, 81, 2075 (1959).

(2) J. Hine, ibid , 81, 1126 (1959).

(3) L. P. Hammett, “Physical Organic Chemistry,” McGraw-Hill
Book Co., Inc., New York, N. Y., 1940, chap. VII.

(4) N. Bjerrum, Z. physik, Chem., 108, 219 (1923).

(8) J. G. Kirkwood and F, H, Westheimer, J. Chem. Phys., 6, 508,
513 (1938).

constant) and the nature of the organic radical to
which the groups are attached (which determines
the distance and angle between the groups and the
extent and dielectric constant of that part of the
molecule between the groups).

Results and Discussion

Development of Equations.—The similarity in
form between eq. 3 and 4 suggests a similarity in
derivation. Kirkwood and Westheimer have used
the accepted physical laws to calculate the contri-
bution to the free energy content of various species
due to the interactions of the dipoles and/or elec-
trical charges of substituent groups. I shall as-
sume that from the total free energy of a molecule
or ion there may be separated a part to be called the
free emergy of polar interaction, whose magnitude
may be calculated from certain properties of the
substituent groups called their polar substituent
constants. Thus, for m-X,CeH,Y; the free energy
of polar interaction of the substituent groups (Fp.i.)
is assumed to be represented

Foim XiCelli¥t = 2 3RT 7m0 X101 (5)

where the o.’s are polar substituent constants char-
acteristic of the interaction of the substituents
with other substituents meta to them, 7., is a propor-
tionality constant describing the efficiency of such
meta interactions in the solvent and at the tempera-
ture under consideration, and the 2.3R7 has
been inserted for convenience in the subsequent use
of equilibrium constants. It is assumed that most
of the contributions to the total free energy of m-
X,CeH4Y, (the energy of the aromatic ring, the four
C-H bond energies, the energy of the group X; and
of its interaction with the ring) are the same for
m-X;CeH,Y,. Hence the free energy change for
reaction 1 will include only the differences in free
energies of polar interaction

Fp.l.m—-XICgH.Yl — Fpll_m—-chGH_,Yg =
2.3RT 7m0 me x1(0mv, —

and the differences between the free energy of the
Y, and Y, groups and of their interactions with the
ring. Assuming that this latter term will also be
the only contributor, aside from the AF, ;. term, to
the free energy of reaction 2, it follows that

Tm— Yg)



AFs = —23RT log (Kuex¥/Km-x2¥)
= F, n=NiGHY1 . F, | m-XaCH, Yy _
Foym - XiCHSs - F =Xy,
= 23RT7m(0mnexi — O xe W Ome¥2 — O yy)

which leads to eq. 2, or in the case of the unsubsti-
tuted compound (X; = H), to the form

(6)

since hydrogen is the standard substituent, all of
whose ¢’s are defined as zero. Such an equation
also could be derived for p-substituted compounds,
but we have found that such a set of equations, like
the simple Hammett equation with unique o-values
for the substituents, is not capable of satisfactorily
correlating the data on processes in which the reac-
tion center changes its resonance interaction with
the ring sharply during the reaction. Hence, a reso-
nance term will be introduced into the equation for
free energy of polar interaction of p-compounds
thus

FpJ.I‘—X‘C‘:H‘Y‘ = 23RT7{0px10p-v: + oxPoyR) (7)

where the ¢R’s are the resonance substituent con-
stants and ox R oy, is defined as zero unless ox,® and
ov,® are of opposite sign, that is, resonance electron-
donors can interact only with resonance electron-
withdrawers; and the other terms are defined analo-
gously to thosein eq. 5. Fromeq. 7 and assumptions
like those wused previously, the expression (8)
results
log (Kp-x"/Ks¥) =
711[‘71'—X1<‘7P—-Y1 = Opmyy) - oxRov® — ox (8)
where K, is the equilibrium constant for the unsub-
stituted compound and the o®oR terms are defined
as zero if the individual ¢®’s are of like algebraic
sign.®

Correlation of Data.—The linear free energy
relationship consisting of eq. 6 and 8§ was tested by
application to specific organic reactions. Unless
data are used in which the two ‘‘reaction center
groups” Y; and Y, are also, in certain cases, sub-
stituent groups, eq. 6 is simply a dual-p form of the
Hammett equation with the p’s expressed as r(ov,
— ov.). Therefore the acidities of benzoic acids,
phenols and anilinium ions, the only reactions for
which such data exist, have been correlated. In
order to learn whether the treatment of resonance
expressed in eq. 8 was applicable to reactions in-
volving powerful resonance-electron-withdrawal at
the reaction center, data on the solvolysis of ¢-
cumyl chlorides’ also was included in the correla-
tion (Table I). For the ¢{-cumyl chloride hydroly-
sis, the values of 7,,(om—v, Ti—Y,), To(op—v, —
ap—v,) and 7,(oy® — ov,R) were treated as three ad-
justable parameters designated as pm, p, and px,
respectively.®

Data for the -CO.H, -CO.-, -OH, -O-,
-NH;*+ and -NH. substituents and the other

(6) This treatment must be modified for application to groups (like
phenyl) that are capable of resonance electron donation @l with-
drawal,

(7) H. C. Brown and Y. Okamoto, TH1S JOURNAL, 79, 1013 (1937);
80, 4976 (1958); Y. Okamoto, T. Inukai and H. C. Brown, bid., 80,
4069, 4972 (1938).

(8) In this case Yiis the 2-chloro-2-propyl substituent and Y3 is the
same group with the partial carbonium ion character and stretched
C—CI1 bond cliaracteristic of the transition state in its solvolysis.

log {Kom- le//KUy) = 700X (O Y1 — Opeyi)
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eight substituents for which the most data were
available, were used. For obvious reasons many
of the data, such as the acidity constant for the
phenol group in p-hydroxybenzoic acid, are unavail-
able. However, this acidity constant is related to
the likewise unknown acidity constant of p-HO,-
CC¢H,O~ through the two known acidity constants
of p-hydroxybenzoic acid as

Kuovucosm X K opncosr = Kuopnco:z X Kaopuco:™ (9)

where the K’s refer to the acidity of the italicized
hydrogen atom. Thus the correlation of benzoic
acid K’s provides not only a prediction of
K~opnco,n, but also, through eq. 9, a prediction of
Kyopncom. Since the correlation of K’s for phe-
nols also provides predictions of these two K’s, a
comparison of the two predictions serves as an addi-
tional test of eq. 6 and 8. Kpgoepncomn and
K—opnco,z (and other analogous K’s) have there-
fore been treated as parameters that are required to
fit eq. 9 exactly but that are adjusted to give an
optimum fit to the correlation equations. While the
nature of the equilibria involved in the ionizations
of the aminophenols and hydroxybenzoic acids is
clear enough, in the case of the aminobenzoic acids
it was necessary to make the added condition
Kugrncomm = Kudrhcosn + Kmdruconr  (10)

where Ku,xphco.n is the total first acidity constant
of the carboxyanilinium ion.

As in the Hammett equation the functions that
serve as the p-constants for the ionization of ben-
zoic acids, namely, the meta and pare v(ocou —
oco—) values, were defined as 1.000 in aqueous solu-
tion at 25° The initial estimates of the ‘“p”-
values were made from plots of carboxyvlic acid pK’s
vs. phenol and anilinium ion pX’s and cumyl chlo-
ride log k’s, with allowance in the para plots for
resonance effects. Initial values of ’s then were
obtained from the initial p’s and estimates of the
o’s for the -CO.H, -NH,, etc., groups with the as-
sumption that the NH;™ group has no resonance
effect. The various parameters then were ad-
justed by trial and error® to give an optimum fit.
The values of the parameters obtained and those of
certain derived parameters are listed in Table I1.

The average deviation of the calculated values
were: from the 83 experimental values, (.060;
from the 16 log (K/K,) values used as disposable
parameters, 0.030; and from the 20 data on com-
pounds in which the substituent was one that was
also in some cases a reaction center, 0.086. While
these average deviations are probably in the vicin-
ity of the average uncertainty in the experimental
values, the larger deviations range up to 0.26 and
some probably are significant. A number of possi-
ble explanations for these deviations are apparent.
The m-methoxycumyl chloride is more reactive
than calculated, perhaps because there is some ‘“‘ex-
tra” resonance even with m-derivatives. Equa-
tions like 6 and 8 take no account of saturation ef-
fects, although Deno, Jaruzelski and Schriesheim,
for examiple, found that in general the effect that a
given electron-donating substituent has on the sta-
bility of a diphenylmethyl or triphenylmethyl cat-

(3) The use of a least-square method is made inconvenient by the
fact that many of the 45 simultaneous equations that wonld have to be
solved are of higher than the first order.
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TaBLE II
SI1GMA AND DDERIVED PARAMETERS FOR EQ. 6 AxD 8
Substituent om op TR

NO, 0.70 0.7R 0.56
CO.Et .37 46 .31
SO:Me .65 .72 .36
OMe .10 - .17 — .30
Br .39 25 - .05
F 35 .03 — 05
Cl1 .41 .25 - .07
Me — 06 - .13 — .09
o~ — .47 - .81 — .90
OH 165 - .21 — 40
NH. 02 — .20 - .72
NH;* R6 .60 00
CO,~ 02 .114 21
CO.H .30 41 .36
T 3.57 TArNE;+ 3.000
o 3.50 PArNH; +P 3.115
PArCOgHR —0.825 PATNH;* 2.52
paroE™ 2.267 PAICCIMe,™ —4 .50
parou? 2.100 PArCCIMe,” —4.60
PATOH 1.750 PArCCIM e —9.20

ion decreases with increasing stability of the cat-
ion.'” Saturation effects also appear to be impor-
tant in the rates of carbanion-formation of halo-
form,!! and elsewhere.!> The major cause of the
present deviations, however, may be the use of
o-constants for charged groups in the same manner
as those for uncharged groups. While changes
in the extent of solvation of these groups are mini-
mized by our restriction of the o’s for charged
groups to a common solvent,!® the fact that charge—
dipole interactions change with distance and
orientation in a different manner from charge-
charge interactions also is not taken into account by
eq. 6 and 8. While these and other complicating
factors could be taken into account by extended
forms of eq. 6 and 8, the resultant increase in the
number of parameters might make it doubtful
whether the extended correlation could really be
tested on the basis of existing data. The correla-
tion shown in Table I was accomplished with 45 in-
dependent parameters,!s about the same number
that would be required for satisfactory correlation
by standard “modified Hammett equation’ meth-
ods since practically all substituents that did not
require a special ¢ (when para) for anilines and phe-
nols would require one for the cumyl chloride sol-
volysis correlation. Furthermore, without any addi-
tional parameters, eq. 6 and 8 and the parameters

(10) N. R. Deno, J. J. Jaruzelski and A. Schriesheim, THIs JOURNAL,
77, 3044 (1955); N. R. Deno and A. Schriesheim, #bid., 77, 3051
(1955).

(11) J. Hine, N. W. Burske, M. Hine and P, B, Langford, #bid., 79,
1406 (1957).

(12) Cf. G. E. K. Branch and M. Calvin, “The Theory of Organic
Chemistry,”” Prentice--Hall, Ine., New York, N. Y., 1941, sec. 25.

(13) Itis obvious that the ¢'s for charged groups must change with
the solvent if we assume that ¢'s for uncharged groups are solvent-
independent. Thus the observed clianges in pthat accompany changes
in solvent in equilibria involving ionie species!* must be due to changes
either in 7 or in the appropriate (cy; —ovs) term. If all of the changes
were due to 7's, all of the p’s would change in the same manner. Since
they do not at least some of the ¢'s must change.

(14) H. H. Jaffé, Chem. Revs., 83, 191 (1953).

(13) The r-valuesin water at 25° are defined as the reciprocals of the
(o — oCos ) valnes,
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in Table II can be used to predict 1,232 other log
(K/K,) values for such reactions as

ArNO; <__’ ArCl, ete.

in water at 25° (although with an unknown relia-
bility).

The correlation also was attempted with the use
of a smaller number of parameters, an inductive and
a resonance o for each substituent, with the m- and
p-o’s being calculated from these by the method of
Taft.'% While the average deviation in the best
correlation obtained was just under 0.08, individ-
ual deviations were as large as 0.40. The some-
what poorer character of this correlation may not
be inherent in the method of separation of ¢’s into
inductive and resonance contributions but may
stem from the use of ¢’s for charged groups. It
would be valuable to have a large amount of data
on equilibria not involving ions in order to investi-
gate this point.

Other Applications.—The concept in the deri-
vation of eq. 6 and 8 has been used in the deriva-
tion of several interesting new relationships which
permit the prediction of many additional types of
experimental results and which may lead to new
methods of assessing the basic validity of the Ham-
mett and related equations. Equilibria between
m- and p-substituted benzene derivatives may be
treated. Thus for the reaction

Kop

m-XCeH, Y '—>( p-XCeH,Y (11)
relation (12) may be derived
log 2K mp =
TmOmeXOm—y — Tp(Op_x0,_v + oxRoyR) (12)

The 7’s used must refer to the solvent in which K.,
is determined, and the factor ‘2" is made necessary
by the greater statistical degeneracy of the meta
compound.’” For the disproportionation reaction
in solvent A

KgA
2C:H;X :_5_ CsHe + p-CeH (X (13)
log 6Kg* = 7,8(0p-x)? (14)

where 7,4 is the value of 7, in the solvent A and ‘6"
is a statistical correction.’” While the neglect of
extra resonance should be justified for most X’s, it
probably is not for such amphipolar substituents as
phenyl and vinyl.

(16) R. W, Taft, Jr., in M. 8. Newman, Ed., “Steric Effects in
Organic Chemistry,’”’ John Wiley and Sons, Inc., New York, N. Y.,
1956; (a) pp. 594-597, (b) p. 606.

(17) Statistical corrections have been inade by the method of S. W.
Benson, THIs JoUrNaL, 80, 3131 (1938).
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If K44 is determined in sufficiently dilute solution
and if activity coefficients are defined as unity in
the pure solvent A, then K4* becomes the thermo-
dynamic equilibrium constant. In these terms
the equilibrium constant K4® determined in solvent
B is equal to K4q* multiplied by the appropriate
activity coefficient ratio. Expressing Kg¢* in
terms of eq. 14 and K4® in terms of the analogous
expression for solvent B, and subtracting the first
equation from the second

Sena®fp Pux®
(fPhXB)2
where the fB terms are activity coefficients in the
solvent B referred to the standard solvent A.
Since it is assumed that ¢,—x is solvent-independ-
ent, the group X probably could not be electrically
charged. An expression like eq. 15 may be de-
rived for the substituent Y, and the elimination of

7,8 — 7,4 between the two relations gives

Op-X _ ¢log [feue®fo prx,®/(foux®)¥

ooy Tog [fenr®foruv:/(fony®)?

from which the relative values of the polar substit-
uent constants may be found by determination of
the activity coefficients of five species. Relations
analogous to eq. 12, 14 and 16 can be derived for
other cases (some aliphatic) in which steric ef-
fects do not change greatly during the reaction.

In order to contribute to our understanding of
the basic problem in the prediction of rate and
equilibrium, the effect of substituent groups on the
free energy content of a molecule, it is planned to
apply eq. 12, 14 and 16 and analogous expressions
to measurements on suitably chosen compounds in
order to learn the range and degree of applicability
of the equations. Since eq. 14 and 16 can be de-
rived simply by assumption of the general applica-
bility of the Hammett equation (with unique o’s
for every substituent), or a dual-p modification of
the Hammett equation, to all equilibria of - and #-
substituted derivatives, a test of these equations is
a test of the dual-p Hammett equation. To avoid
the intrusion of any more complications than nec-
essary it is planned, in the initial experiments, to
minimize the factors to which deviations from the
Hammett equation are most commonly attributed:
namely, (1) resonance interactions between sub-
stituent groups and reaction centers, (2) solvation
of electrically charged groups, (3) hydrogen bond-
ing and (4) complications peculiar to rate proc-
esses, such as changes in reaction mechanisms.
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log (15)

= (TPA - TZ'B)(”P—X)2

(16)




