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Summary

In this paper the simple and the extended Hammett eguations of linear free energy relationships
were traced, their uses were examined for correlating rates and eguilibria and then theoretical
advances were revivewed by making up of substituent constants and reaction parameters.

To consider the factors upon which the reaction parameters (p, a,8) depend, structural features
of the reaction ; that are, the effects of G, Y constant substituents are remarked.

a as a function of G was also calculated by means of a relationship derived from the Kirkwood-
Westheimer eguation,

The linear fits of a in the from of the equation derived by the make up of Hammett equation and
Kirkwood-Westheimer equation were also examined.

The agreement between calculated and observed value of a is generally very good. Calculation of
a for the alkaline hydrolysis of esters gives some what poorer results.

constants for the substituted and unsubstituted

Introduction benzene derivates, respectively, g is the reaction
parameter and ¢ is the substituent parameter,
Hammett(1) formulated his general relati- The reaction paramzier, p, is specific for

oship for correlating rates and equilibrium each reaction and reflects the effect of reaction
constans of meta-and para substituted benzene condition such as medium, temperature, pressure

derivates with the ionization constants of the , reaction site, reagent, and side chain if any.

corresponding substituted benzoic acids. This The substituent constant is supposed to be indepe-
equation was written as ndent of reaction. In any set of molecules, [,
in which X is varied while Y and Z are heid
-]og-—KKi =po. () constant, the reaction site Y is the group of
H atoms that is responsible for the phenomenon
) being studied, while Z represents'a side chain

where Kx and Kg are the rate or equilibrium that may or may nct be present.
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The data sets studied by Hammett consisted
only of equilibrium and rate constants. Jaffe(2)
surveyed the application of the Hammett equat-
ion. The equation he used conveniently written
in the form

Qx=ﬂa'x+h 2)

where Qy is the quantity to be correlated,

" and h is an intercept equal to Q calculated for
the unsubstituted compound(thecompound for
which X is H)
At this point, consider the problem of multiple
substitution and a molecule with nonequivalent
substituents such as J.

Then, according to Jaffe
Qxn =010, +P30 3+ -+ + a0 ,n+h 3)

For the extended Hammett equation, the
<equivalent relationship is

an=a|0'1x1+ﬂ10nxx +az0ixz+B20xs+
"'aualx"+ﬁnﬂxn+h (4)

when a molecules has two equivalent substitue-
nts, such as 1§

P1=p: and Qxx2=p¥o, (5)
or Qxlxz=a20|x+5zﬂ'nx (6)
X, _@_ CIH-CH,Xz

Y

n

x, <O @ <D xy
Y

)
Y
' .
Xa
(M)

Where X, and X, are in the m and p positions
of the benzene ring, as in ¥, if the m and
P substituent constant are used, is of course the
same and equation 5 applies.

Miller(3) proposed for two nonequivalent
substituents the equation

anxz=P10x|+Pz¢7xz+l’u”x10'xz+h 7

Quxi=a05; +8190x1 + 830152+ §200 5100 xa+

lslNnxl”nn‘f’xualxxﬂnxz+x21"1xzﬂnx1+'h )

Reaciont parameter as a function of
reagent and solvent

To desribe the variation of the reaction

Parameter with change in reagent, consider a
linear free energy relationship that describes

reagent reactivity,

QRl=mell+h [£:)]
in which {Rg is a parameter characteristic of
the reactivity of the reagent Rg. For some data

set for which the substituent is varied and the
Teagent is constant,

anu=0n-“x+hl: (10)
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From Equation 9

has=méz,+h (1)
Then,
Qxire = Pref <+ mEp, +h (12)

Applying the Miller equation to a data set
varing in both substituent and reagent gives

Quire=p0.+mpr+X0,Eae+h (13)

Setting the right side of Equation 12 equal to
the right side of Equation 13,

Pre=XEpe+p (14)

Thus, the reaction parameter is a linear function
of the reagent parameter.

By means of an analalogous derivation,
it can be shown that the reaction parameter as
a function of solvent variation may be presented

as
Psyv=1xsy+p s

where msy is the solvent parameter.

Reaction parameter as a function of
constant substituent.

To treat the problem of the effect of a
constant substituent’s effect on the reaction
parameter, consider a set in which both a
variable substituent X, and a constant substituent
X, are present. It can be correlated by the

equation,

Qxixa=pPx20x1+hxz (16)

The term hy, must represent the calculated value
of Qxix2 for which X,=H. Then

hxa=pi:0x2+h (17)
Combining Equation 16 and 17 gives

Qxix2=pPx20x+p20x2+h (18)

However, Qux: is also given by the Miller
equation(Equation 17).
Setting the right side of Equation 7 equal to the

right side of Equation 18 gives

Px20x1+ 02052+ h=p,0y,+ p05,+
P120x,0x3+h (19)

which simplifies to

Pxa=pL120x2+ P (20)

Thus, the reaction parameter is a linear function
of the substituent constant for the constant sub-

tsituent. Equations analogous to Equation 20 can
be derived for the effect of constant substituents
on a and 8 of the extended Hammett equation.
These relationships are

axa=a1301x3t+ X130 xx2tay @n

Bx2=Xa0ixa+ B1a0rx2t B (22)

Estimation of substituent constants

Consider some skeletal group G that may be
divided into subgroups G, and G; (4). The data
set XG,G,Y may be correlated with the Hammett

equation in either of two ways. In the first case,

the substituent constant represents the effect of

X, and the reaction constant accounts for G,G,Y.
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Then,

Qx=pc2610. + hezen (23)

In this case the unsubstituent compound is
HG.G,Y.

constant represents XGj.

In the second case the substituent
the reaction constant
accounts for G,Y, and.

Qxe1=pPe10 ca+he (24)

Then. the unsubstituted compound is HG,Y.
As the same data set is involved in both equat-
ions, oviously

Qx=Qxe: (25)

Setting Equation 23 equal to Equation 24. and
rearranging gives

Goax= Paz61 ox+ hez61 —hg, (26)
Pe1 (4]

Which is equivalent to

Uczx=ma'x+c 27)

Reaction Parameter ; A function of G

For rigid systems, a as a function of G can
be calculated by means of a relationship derived

kirkwood-westheimer equation (5) ;

Koy C-px-C0Sfs .
og (), = 4 303RT Dyo-r? (28)

Where e is the charge on an electron, 4x 1s the
btond moment of the X-G bond, R is the gas
D the
r is the distance
from the midpoint of the XG bond to the
reacting atom, and 6 is the angle made by r
with the XG bond (Figure 1) .

According to the simple Hammett equation . .

constant, T is the absolute temperature,
effective dielectric constant,

log (§), =per M

Then equating Equations 5 and 28

_ e‘ﬂx'Cosec
Pelx = 2,303 RT-Dggerg? 29

For some reference group G° the analogous
equation may be written

g = — € Hxc006°
Pe'Ox™ 3303 RT-Dyg 1% (30)

Dividing Equation 29 by 30 gives

Po__  €050c176" g0 (31)
05 c0sf¢’2c Dec
Assuming
Dy =Dy (32)
gives
O b ©
as  a=pl
ro = g e
_ %lj:l P (34)

X

Figure 1. Definition of 7 and 4.
The carboxylic acids are used as an example.
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Table 1. Results of calculation of a for carboxylic acids.

C Comment a-calcd. | a obs, A , %error
-C=C- H;0 1.78 1.86 -.08 4.30
T—-CH=CH- S-Trans, H,0 2.36 2.26 +.10 4.42
T—-CH=CH- S-cis, Substituent XCsH,, H;0 1.70 1.64 +.06 3.66
.@@ 50% Butylcellosolve-H;0 0. 482 0.529 —0.47 9.75
@ H;0, S-trans 1.19 1.40 —.21 14,8
o 80% methylcellosolve- H,0, S-trans 2.01 1.90 +.1 5.91
H,0, S-trans 1.09 1.08 —.01  0.92

Resulls and Disscusjon

Value of a calculated and observed for
some carboxylic acids are given in Table 1 (6).
The group G° chosen was the p-phenylene
group.

Value of § and r were calculated from the
molecular geometry of the carboxylic acids or
of analogous compounds (7).

“The agreement between calculated and observed
values of « is generally very good.

Calculation of a for the alkaline hydrolysis

of esters gives some what poorer results. It is

likely that this is due to uncertainities in the
values of a observed.

The use of Equation 34 with the p-phenylene
group as the reference group fails when G is
phCH,, phCH;—CH,, or CH;=Cg

It seems likely that for these groups, the
assumption of Equation 37 is unjusted. Another
assumption must be thought.

The equation @g:x=w0.+C has been succ-
essfully applied to the calculation of . and o,
constants with Gz equal to carbonyl, oxa, thia,
and 0, —m, —and p-phenylene groups (8). It
will make possible the estimation of substituent
constants for groups for which direct experime-
ntal determination is difficult,
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% Hammett HEAY KE stelelelE Jeie E¥e 9 BREEW G ks R#&Eslx
Kirkwood-Weistheimer 77835+ Hammett HER & #4535t FHL HRRA A% GEEZ A o
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