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Modified CNDO/2 calculations were carried out using a modified
CNDO/2 program supplied by H. Bock and described in ref 15. The
geometry of imidazole was taken from ref 16.
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The observations of Johnson, Roberts, and Taylor which were interpreted to indicate that electron acceptor sub-
stituents exert only a localized (field and/or inductive) effect can be accounted for by a constant delocalized (reso-
nance) effect. Contrary to the claim of Johnson et al. and in accord with the observations of Ehrenson, Brownless,
and Taft, the LD (extended Hammett) equation is much more effective in describing substituent effects on pyri-
dine nitrogen reactivity than is the simple Hammett equation. This conclusion is based on correlations obtained
with both equations for 13 sets of 4-substituted pyridine acidity data and 5 sets of rate constants for their reaction

with alky! halides.

In a recent publication, Johnson, Roberts, and Taylor!
have made an important claim. They state that substituents
which are electron acceptors by both the localized (field and/or
inductive) and delocalized (resonance) electrical effects (LaDa
groups) exert only a localized effect upon the reactivity at the
nitrogen atom of substituted pyridines. On the basis of the
evidence they cite in support of this claim, they have come to
two important conclusions. They are:

1. The validity of multiparameter correlation equations
such as the LD (extended Hammett) equation and the Yu-
kawa-Tsuno equation is in doubt. The former equation in the
form

(@x/Qu) = Loyx + Do*gx (1)

was reported by Ehrenson, Brownlee, and Taft? to be the best
choice for the correlation of reactivity of substituted pyri-
dines.

2. The best equation for correlating data for substituted
pyridine reactivities is the Hammett equation

Qx =pox th (2)

When eq 2 is applied, o7 constants are used for LaDa groups
and o, or op constants for all other groups.

The first of these conclusions is of the utmost importance.
An enormous number of correlations of chemical reactivities,
physical properties, and biological reactivities have been
carried out with multiparameter equations. It is therefore of
great importance to determine whether the conclusions of
Johnson et al. are warranted. The arguments cited in favor of
the conclusions are: The equation

log (kx/ku)p _

log (kx/ku)q
where P refers to the ionization of pyridinium ions, § refers
to the ionization of quinuclidinium ions, X may be any LaDa
substituent, H is the hydrogen point, the k’s are ionization
constants, and c is a constant, is obeyed. The equation

(3)

pKax.p) = a1[pKax,@] + ao (4)

is obeyed when only LaDa groups are considered. The only
LaDa groups available for study were NO,, CN, CO;Me, and
Ac. The quantity defined by the equation

log (kaaa/kn) _ o4ae _ N
log (k3aa/kn) 30

(5)

has a value of 0.95 + 0.11. This value was obtained by exami-
nation of a number of reactions. A correlation of pK, data for
4-substituted pyridinium ions with eq 2 using o; for LaDa
groups and op constants for all other groups gave excellent
results with r = 0.998 and sy = 0.12.

Examination of the o+ values3 for all the L.aDa groups we
have studied shows that they have a mean value of 0.104 with
a standard error of 0.0262. The groups considered by Johnson
et al., CN, NOs, Ac, and COsMe, have a oty value of 0.0875
with a standard error of 0.0222. It follows then, that for the
groups studied gtgx is constant, and therefore eq 1 may be
rewritten as

log (kx/ku)p = Lyosx + C* (6)

where

0022-3263/79/1944-2097$01.00/0 © 1979 American Chemical Society



2098 J. Org. Chem., Vol 44, No. 13, 1979

Charton

Table I. Data Used in the Correlations

1. pKa, 4-XCsHyNH* in water at 25 °C¢
H, 5.21; Me, 6.03; Et, 6.03; Pr, 6.05; i-Pr, 6.04; MeO, 6.58; NHa,
9.12: Cl, 3.83; Br, 3.75; Bz, 3.35; CN, 1.86; NOs, 1.39; PhCH,,
5.59; Ph, 5.35; Ac, 3.51; COsMe, 3.49
2. pKg, 4-XCsHNH* in water at 20 °C
H, 5.278;" NH,,0 9.2524; Me,? 6.10; MeO,9 6.62; NOo,£ 1.61;
SMe,3 5.97; SO;Me,/ 1.62
3. pKa, 4-XCsHNH™ in water at 25 °C?
H, 5.229;" NH,,? 9.1141; Me,¢ 6.03; MeO,¢ 6.58; Br,¢ 3.68;
CN,¢ 1.48; NOy,¢ 1.23; Cl,c 3.83; Ac,¢ 3.505
4. pK,, 4-XC;H4NH* in water at 25 °C/
Ac, 3.58; NHs, 9.19; Br, 3.96; Cl, 4.09; CN, 2.14; Me, 5.88; H,
5.35
. pKa, 4-XC4H NH* in water at 25 °C*
H, 5.14; Me, 5.95; Br, 3.74; Cl, 3.79; CONH,, 3.43; COEt, 3.30;
CN, 1.83
6. pKa, 4-XCsH4NH* in 9.0 mol % aqueous MeOH at 25 °C*
H, 4.92; Me, 5.72; Br, 3.55; Cl, 3.58; HOCH,, 5.14; CONH,,
3.24; CO2Et, 3.10; CN, 1.66
7. pK,, 4-XCsH;NH?* in 19.4 mol % aqueous MeOH at 25
oCk
H, 4.59; Me, 5.45; Br, 3.24; Cl, 3.28; HOCH,, 4.87; CONHs,
7.95; COsEt, 2.78; CN, 1.41
8. pKa., 4-XC:H4NH* in 27.2 mol % aqueous MeOH at 25
och
H, 4.37; Me, 5.20; Br, 2.99; Cl, 3.04; HOCH,, 4.63; CONH,,
2.73; CO9Et, 2.55; CN, 1.24
9. pK,, 4-XC;Hy;NH* in 36.0 mol % aqueous MeOH at 25
cck
H, 4.14; Me, 4.96; Br, 2.71; Ci, 2.75; HOCH,, 4.46; CONHa,
2.59; COsEt, 2.32; CN, 1.10

(@2

10. sz, 4-XC4H,NH* in 51.1 mol % aqueous MeOH at 25
°C
H, 3.81; Me, 4.61; Br, 2.40; Cl, 2.44; HOCH,, 4.17; CONH,,
2.31; CO2Et, 2.03; CN, 0.9

11. pK}s, 4-XCsH4NH™ in 69.2 mol % aqueous MeOH at 25
°C
H, 3.63; Me, 4.43; Br, 2.22; Cl, 2.23; HOCH,, 4.04; CONH,,
2.21; CO9Et, 1.96

12. 8AG,;, 4-XCsHyN proton affinity, gas phase’
NMeg, 14.6; OMe, 6.7; Me, 4.0; H, 0; Cl, —=3.1; CF3, —7.8; CN,
-10.5

13. 1073kr, deprotonation of 4-XCsH4NH* in strongly acid
aqueous solution™
NMegy, 0.008156; NHs, 0.0131; ¢-Bu, 3.42; Me, 3.07; H, 32.0;
Cl, 563; Br, 528; CO3H, 1570; CO:Me, 1230; CN, 71900

21. 10%kr, 4-XCsH4N in EtI in PhNO, at 60 °C»
H, 3.15; Me, 6.65; NH,, 50.7; MeO, 8.20; CN, 0.107; Bz, 0.755;
PhCHs, 4.46; i-Pr, 6.02; Ph, 3.45; Ac, 0.740

22, kr, 4-XC4H4N + n-Ci3HosBr in DMF at 50 °Co
NHs, 6.76; Me, 5.05; Et, 4.85; H, 2.94; Bz, 2.17; COyMe, 1.76;
COqEt, 1.52; CN, 1.29

23. 105r, 4-XCsH4N + n-C1oHo5Br in MeOH at 50 °Ce
NH,, 3.03; Me, 0.874; Et, 0.847;, H, 0.500; Bz, 0.339; COsMe,
0.384; COgEt, 0.329; CN, 0.253

24. 105kr, 4-XCsH4N + n-C19Ho5Br in MeOH at 75 °C?
NHo, 27.4; Me, 8.82; Et, 9.02; H, 5.65; Bz, 4.23; COoMe, 4.54;
COqEt, 3.86; CN, 2.72

25. 10%kr, 4-XCsH4N + n-C1oHosBr in MeOH at 100 °C?
NHo, 194; Me, 61.3; Et, 67.4; H, 48.3; Bz, 37.8; COsMe, 35.9;
COqEt, 29.4; CN, 21.9
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C. S. Handloser, and M. W. Mosher, J. Chem. Soc., Perkin Trans. 2, 938 (1973). ® C. Tissier and M. Tissier, C. R. Hebd Seances Acad.
Sci., 281,749 (1975). | E. M. Arnett, B. Chawla, L. Bell, M. Taagepera, W. J. Hehre, and R. W. Taft, J. Am. Chem. Soc., 99,5729 (1977).
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C*=Dpotp (7

For quinuclidinium ionization constants only the localized
electrical effect can occur, thus

log (kx/ku)g = Lgorx (8)

Then

log (k > *

log (kx/kwp _Lp, C )

log (kx/ku)g L¢ Lgorx
We have correlated rate and equilibrium data for a number
of sets of 4-substituted pyridines and pyridinium ions with
the LD equation in the form

QX=L(Tlx+DO’+Rx+h (10)

The data used in the correlations are given in Table I. Values
of 100R? are given in Table II. Complete results are given in
Table I of the supplementary material. From the D value given
in Table I, set 1 in supplementary material, we may calculate
values of C* for each X group. The average value of C*/Lgo;x
can now be obtained. We find a value of 0.212 for this quantity
with a standard error of 0.085. The values range from 0.128
to 0.286. Then, C*/Lqo,x is essentially constant, and as Lp
and Lg are constant, eq 9 reduces to eq 3. Thus, eq 3 can be
accounted for quite nicely by a constant value of o*z. It is
interesting to note that the value for C of 1.19 reported by
Johnson et al. would, if their arguments were correct, imply
that the pyridinium skeletal group is much more effective at
transmitting the localized effect than is the quinuclidinium

skeletal group. This is difficult to account for by either a field
effect mode of transmission or by an inductive mode of
transmission. In the field effect mode, L »/L¢ should be about
1; in the inductive mode, the quinuclidinium skeletal group
has three pathways for transmission compared with two in the
pyridinium group, and the available evidence suggests that
transmission by the inductive mode is not strongly dependent
on the hybridization of the carbon atoms which constitute the
path. From the Lp value in Table I of the supplementary
material for pyridinium ionization (set 1) we find a value of
—5.17 which combined with an Lg value® of —5.28 results in
Lp/Lg = 0.98, in agreement with the above discussion. If we
then substitute in eq 8 a value of 0.98 for Lp/Lg and of 0.21
for C*/Lgorx, we obtain a value of C of 1.19, in agreement
with that reported by Johnson and his group.

If we write for the pK,s of 4-substituted pyridinium and
4-substituted quinuclidinium ions the equations

pKaxpy = Lpoyx + Dpotpx + hp (11)
and

pKax.g) = Lgorx + hq (12)

respectively, and we rearrange eq 12 to obtain

orx = PRax@ = ho (13)
Ly

We obtain on combining eq 7, 11, and 13
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Table II. Values of 100 R2, 100r2, and A

set 100R2 @ 10072 b A
1 99.53 99.56 -0.03
2 99.78 99.22 0.56¢
3 99.61 99.54 0.07
4 99.82 99.17 0.65¢
5 99.66 99.83 —-0.17
6 99.71 97.89 1.87¢
BA 99.67 99.84 -0.17
7 99.78 97.57 2.19¢
7A 99.77 99.83 —-0.06
8 99.85 97.41 2.44c¢
8A 99.87 99.69 0.18
9 99.70 96.36 3.34¢
9A 99.86 99.24 0.46¢
10 99.52 95.58 3.94¢
10A 99.84 98.95 0.89¢
11 98.67 92.32 6.35¢
11A 99.51 98.51 1.00¢
12 98.87 99.70 —0.834
13 97.91 97.94 -0.03
13A 96.79 97.81 -1.02¢
21 98.76 98.15 0.61¢
22 99.21 87.68 11.53¢
23 98.40 95.65 2.75¢
24 97.93 96.63 1.30¢
25 97.42 95.88 1.54¢

@ For correlation with eq 10. ¢ For correlation with eq 2. ¢ Best
correlation with eq 10. ¢ Best correlation with eq 2. The quantities
100R2 and 100r2 are measures of the percent of the variance of the
data accounted for by the regression equation.

Lphg

L
pPKax.p) = (L_:) pPKax,g)+ C+ hp - (14)
which is equivalent to eq 4 witha; = (Lp/Lg) and ay = C* +
hp = (hg/L¢). Thus, once more, we can account for the evi-
dence reported by Johnson et al. in terms of a constant ¢t
term.

The third line of evidence proposed by Johnson is based on
the constancy of « which was defined in eq 5. If we write eq
6 for 3-substituted and 4-substituted pyridinium ions we
obtain, after writing D;;(p) = b()D4(p)

log (Kyx)/Ku) _ LypyolX + C*

log (Kaox/Kn)  Laporx + boC* s
or when X = Ac, for example
o = (Lypyoix + C¥)/(Lypyorx + boC*) (15a)
Then
{aLypy — Lypy)orx = C*(1 — aby) (16)
We may write Lyp, = aL. Then
MF{E%giﬁom+bo (an
or
e =bax + bo (18)
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For any given choice of X, o/x is constant and bo;x + by is
therefore constant. Then, o must be constant. Thus, once
again the conclusion of Johnson and his group can be ac-
counted for in terms of a constant ¢+ value for LaDa groups.
We may now proceed to a test of the Johnson conclusion that
correlation with the simple Hammett equation (eq 2) using
orx constants for LaDa groups and opx constants for all other
groups gives better results than does the use of eq 10. We have
carried out correlations with eq 2 using the substitutent con-
stants as proposed by Johnson. The data used are the sets
given in Table I. Values of 100r2 are presented in Table II.
Complete results are given in Table II of the supplementary
material. In sets 6 to 11 the CH;OH group occurs. In set 13,
the CO.H group is found. As substituent constants for these
groups are suspected of having a large dependence on the
medium, correlations have been carried out both with and
without these groups. The sets from which they were excluded
are designated by the letter A. The best choice of a statistic
for comparison of the correlations with eq 2 and 10 is 10072 (eq
2) and 100R? (eq 10). This statistic represents the percent of
the variance of the data accounted for by the correlation
equation. We regard a difference in 100r?, A, defined by

A = 100R? - 100r? (19)

of less than 0.25 as insignificant. Values of A are given in Table
II. All of the data sets were chosen because they included at
least two LaDa groups. The results show clearly that (whether
the CH,;OH and COsH groups are included or excluded) the
best results are almost always obtained by correlation with
eq 10. Thus, when the suspected groups were included, 13 sets
gave the best results with eq 10, 1 set gave the best results with
eq 2, and 4 sets showed no significant difference. When the
suspected groups were excluded, 10 sets gave the best results
with eq 10, 2 sets gave the best results with eq 2, and 6 sets
showed no difference. A comparison of the L, D, and H values
for sets including the CHyOH group (sets 6-11) with those for
sets excluding the CH5OH group (sets 6A-11A) indicates that
there are no significant differences between them. There may
be some slight effect in sets 9-11, but there is certainly no ef-
fect in sets 6-8. This is reasonable as the o; and ot constants
were obtained from pK, data in water. The o, value for
CH>0H was also calculated from a pK, value determined in
water. [t is somewhat surprising, then, that the correlations
of sets 6-8 with eq 2 are so comparatively poor.

Our results show very clearly that the conclusions of
Johnson, Roberts, and Taylor are unwarranted. In fact,
Ehrenson, Brownlee, and Taft? and Topsom* are quite correct
in their assertion that reactivities of pyridinium ions are best
correlated with some form of eq 10.

Supplementary Material Available: Complete statistics for the
correlation of the data in Table I with eq 2 and 10 (3 pages). Ordering
information is given on any current masthead page.
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