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This paper reports a theoretical approach based on ab initio calculations for the evaluation of intrinsic reaction
constants of resonance, field/inductive and polarizability effects of compounds subject to protonation. Field/
inductive and polarizability constants can be evaluated from direct relationships between SAE, and intrinsic
contributions of the substituent. On the other hand, resonance constants should be estimated from relationships
between the proton charge in the protonated molecular form and the intrinsic contributions of the substituent.
It is also shown that during a protonation process the change in z charge of the carbon atom that is to bear the
substituent should be the most suitable index for determining the r-electron demand of the structure

concerned.

INTRODUCTION

Developing a straightforward model describing the
effect of substituents (X) on the properties of a given
molecular system has been one of the chief goals of
chemists ever since the Hammett equation was
reported.! Acid—base ionization data from compounds
in solution were the starting point for the development
of a model according to which the electronic effect of a
substituent is made up of two essential components,
viz. the resonance component and the field/inductive
component.2 However, the use of solution data often
results in confusing information being obtained on the
substituent as a result of experimental observations
being frequently affected by the solvent effect.** This
has raised highly controversial conclusions on the
electron resonance effect.’* Studies on the field/induc-
tive electron effect have also been hindered by the lack
of availability of any molecular structures capable of
transmitting only this effect.®

JAG® measurements on gas-phase acid—base equili-
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bria of the form

X-M-Hj,, + H-M: ;' =

X-M:{'+ H-M-H},, (v=0,1) (1)

for 38 families of compounds® have led workers to
reconsider the substituent effect. Thus, in addition to
greater support for intrinsic field/inductive and
resonance effects, some workers have pointed out the
need to take into account the substituent polarizability
effect.”® Gas-phase data of this type have also alowed
the main solvent effects, viz. those arising from solva-
tion of the substituent itself,>*® and those which
counteract the resonance and field/inductive effects and
virtually cancel the polarizability effect,®%7*-!" to be
analysed.

On analysing some families of compounds, Taft and
Topsom® concluded that 0AGS,, can be accurately
expressed on the basis of the intrinsic contributions of
the substituent, viz. polarizability (o,), field/inductive
(og) and resonance component (og), by means of the
equation

OAG,)=Ag+ PO, + PrOr + PrOR
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where the products p,0,, pe0r and ppox denote the
polarizability (P), field/inductive (F) and resonance
contributions (R) of the substituent at the éAGi’g) value
concerned. The reaction constants of these contributions
(p) provide information on the molecular skeleton
(M) that bears the substituent and reaction site, and
also on their relative situation in the structure. The results
of this type of analysis are normally highly satisfactory
and open up a new approach for the rationalization and
prediction of SAG?,, values for acid—base equilibria.

Hansch et al.'? evaluated the ¢ intrinsic contributions
of 74 substituents. Many of them were also estimated
theoretically by ab initio methods and were reproduced
to within £0-03.%'* They also reported the ¢ values for
several hundred substituents that were compiled from
different sources. 12

If the 6AGY, values for a family of compounds M
which conform to process (1) and the o,, o and oy
values for different substituents (X) are known, the
reaction constants p corresponding to the molecular
skeleton in question (M) can be readily obtained by
subjecting equation (2) above to a simple multi-linear
regression statistical analysis. The results thus obtained
for processes involving cationic species have revealed®
that the reaction constant pg and, particular, p,, decrease
with increase in the distance between the substituent and
the reaction site. The dependence of inductive effect with
the distance has already been proposed by Bowden and
Grubbs, ' Charton' and Exner and Friedl.'® On the other
hand, py is markedly dependent not only on the molecu-
lar structure, but also on the nature of the reaction site.
Thus, pg is 12-7% for p-X-N,N-dimethylanilines and
35-0% for p-X-methylstyrenes (or 25-7 for p-X-pyridines
and 13-3 for o-X-pyridines®).

This marked dependence of the reaction constants on
the nature of the molecular skeleton made it advisable
to use theoretical models for their estimation inasmuch
as a statistical analysis of experimental data is often
hindered by the lack of a reasonably large number of
derivatives or their instability. Scarcely volatile com-
pounds also obviously hinder the acquisition of JAGS,,
measurements on equilibria such as that depicted in
equilibrium (1). In this respect, mention should be made
of the attempts of Reynolds et al.’’ at establishing
empirical relationships between the s-electron demand
of some systems and the effect of various substituents.
They proposed the use of the m charge on the carbon
atom of the protonated parent molecule which was to
bear a given substituent X as the most suitable index for
quantifying the s-electron demand of a molecular
system, which they denoted ¢! (=1- g"). The likeli-
hood of substituent z-electron interactions should be
governed by the electron density of this carbon atom.
However, the relationships established so far are only
applicable to given families of compounds.®

In this work, we developed a general procedure for
predicting intrinsic p,, pr and p, on the basis of

quantum chemical calculations and studied potential
deviations from the theoretical model on a wide variety
of molecular structures subject to protonation.

DESCRIPTION OF THE CALCULATIONS

Because of the large number of families (18) and the
size of the systems studied and of our present computa-
tional facilities, we fully optimized the molecular
geometries of neutral and protonated forms at the INDO
semi-empirical level by using the GEOMO program
considering the gradient method proposed by Rinaldi and
co-workers.!” Then the optimized C-H, N-H and O-H
bond distances were properly scaled because the INDO
method overestimates them. The scaling factor for the
C-H bond, 0-974, was obtained as the ratio between the
experiment C-H bond distance of naphthalene and its
corresponding INDO value. The scaling factors for the
N-H and O—H bond distances (0-935 and 0-924, respect-
ively) were derived from the experimental values for
pyrrole and phenol, respectively, and their corresponding
INDO values. The scaled molecular geometries were
subjected to ab initio calculations at the STO-3G level®
by using the Gaussian 80 program.'® This mathematical
model provided excellent results for similar systems;?-?!
also, the relative protonation energies obtained at the
STO-3G//INDO level have been shown to be similar to
those provided by the STO-3G//STO-3G level.” The
minimal basis set has been shown® to be suitable for
studying SAE, values even considering standard geome-
tries without optimization. Vibrational, BSSE and
correlation corrections were assumed to be constant
within each family.

The optimization of the geometries of the protonated
styrenes studied in this work warrants some comments.
This family does not allow the optimization process to
be started on the neutral styrene and a proton subse-
quently to be added above the molecular plane in order
to obtain a tetragonal CH,* group. In fact, if this
geometry is used as the starting point, then the added
proton shifts to the C=C conjugate zone in the optim-
ized geometry and forms a bridged structure which is
incompatible with a tetragonal CH;™ group. In order to
avoid this shortcoming, the protonated forms were
optimized from a geometry in which one of the hydro-
gen atoms in the tetragonal CH, * group was fixed on the
molecular plane, the C, molecular symmetry thus being
preserved as a result. Then, the STO-3G computation
was applied to the geometry obtained on turning the
tetragonal CH;" group in the optimal INDO geometry
by 90° In this way, the role of ‘true’ proton was
assigned to that lying furthest from the molecular plane.

RESULTS AND DISCUSSION

Table 1 lists the experimental 0AG¢,, and the theoretical
OAFE [process (1)] data used for the statistical analysis
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Table 1. Comparison of observed (- 0AG) and ab initio calculated (—dAE) values of substituent effects for eighteen families of
gas-phase acidities (in kcal mol™'; 1 kcal = 4-184 kJ), values of —AG calculated by equations (2), (5) and (6) [Calc. (1), Calc. (2)
and Calc. (3), respectively] and values of ~JAE calculated by equation (2) [Calc. (4)]

/OH /0}{
) X—C\ ) X—C\
CEF H

X -0AG  Calc. (1)* Cale. (2) Calc. (3) -OAE Calc. (4) -0AG Calc. (1)* Calc. (2) Calc. 3) -SAE Calc. (4)
NMe, -395 -386 -365 -349 -571 -61.0 -387 -389 -345 -33.1 510 -566
NHMe — — — — — — -32:1 -31-8 — — — —
NH, -234 -242 275 =262 @ -442 -418 -248 -246 -278 -268 -4177 -388
Ph -289 -284 -253 =300 -410 -385 =272 =275 -259  -304 -391 -353
SMe -220 -226 — — — — — — — — - -
OEt -20:0 -192 — — — — -193 -~-190 -202 -183  -311 -313
OMe -160 -162 -197 -185 -329 -301 -155 -161 -186  -168 -289 -275
OH -7-4 -89 -114 -88 -210 -213 -52 — -13.0 -103  -21-1 -189
Et — — — — — — -159 -15.7 -114  -145 -189 -195
Me -119 -126 -76 -108 -156 -173  -125 -127 -92  -115 -159 -165
H 0-0 0-6 32 1-1 00 -06 00 -01 2:2 1-8 00 -13
F 50 6-0 2-6 60 -08 -13 — 6-4) — — 03 02
CcCl, — — — — — — -20 -19 — — — —
CF, — — — — 56 7-4 93 93 86 10-1 89 87
CN — — — — 89 67 — 9:7) — 110 92
n — 10° 8 8 — 10 — 13° 10 10 — 12
S.d. — 11 3.8 34 — 27 — 04 4.1 34 — 2-9
R — 0-998 0972 0981 — 0995 — 1-000 0960 0976 — 0-993
Or — 31529 — — — 349%47 — 355:06 — — —  378+46
Pu — 267+13  — — — 295+34 — 249x04 — — — 265£35
Pr — 479£19 — — — 795+41 -~ 491£04 — — —  741%£39
Ay — 06£09 — — — -06+22 — -01£03 — — —  —13%21

OH’ OH'

@ x—{ @ x—f

CH, OCH,;
X —8AG Calc. (1)® Calc. (2) Calc. (3) ~6AE Calc. (4) -38AG Cale. (1)! Calc. (2) Calc. (3) -0AE Cale. (4)
NMe, -30-8 -313 -279 -268 -492 -534 (-21.0) -215 -21.7 -195 352 -384
NH, -2000 -189 -224 -218 -405 -368 — — — — -283 -264
Ph (-19:5¢ — -181 -219  -337 -322 (-141) -154 -138 -165 -237 -215
OEt -142  -138 — — — — -130 -124 — — —_ -
OMe -113  -113  -136 -119  -265 -258  -105 -101 113 -99  -201 -175
OH -4-0 -4.9 -87 -6-1 -188 -177 — — — — -120 -116
Et -13.0  -133 — — — — -105 -11-0 — — — —
Me -103 -106  -64  -90 -152 -152 -82 -88 -42  -67  -98 -106
H 0-0 03 32 23 00 -14 0-0 08 25 0-6 00 -1t
F — — — — 1-6 06 94 80 35 61 14 25
CCl, 0-0 0-4 — — — — 2:0 1-8 — — — —
CF, 104 103 89 100 9:0 9:5 92 102 84 82 86 102
CN — — — — 15 107 11 11-4 128 13-8 149 125
NO, — — — — 284 (17-4) - — — — — —
n — 10° 8 8 10 — 9¢ 8 8 — 10
S.d. — 0-7 35 28 — 2:6 — 1-0 39 24 — 2:4
R —_ 0-999 0-968 0983 — 0-995 — 0997 0933 0986 — 0-993
Pr — 35113 — — —  379x44 — 322#15 — — — 337241
Ou — 220£11 — - — 234%31 — 188%15 — — — 141130
Or — 39-7+09 — — —  712+38 — 375£21 — — —  540+36
A, — 03£05 — — — -14x20 -0-8£08 — — — -13x19

(Continued)
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Table 1. Continued

/Ot © —OH'
(5 Xx—C
N X
NMe,
X -0AG Calc. (1)° Calc. (2) Cale. (3) -6AE Calc. (4) —-O6AG' Cale. (1) Cale. (2) Cale. (3) -0AE Calc. (4)
NMe, -97 -94 -113 -7-5 -26:2 287 -252 =249 -23-1 -229 -339 -35.3
NH, — —_— — —_ -20-8 -18-8 -17.1 -174 -19-8 -199 -29-1 -26-5
Ph -10-2 -97 -6-7 ~10-6 -180 ~17-6
OMe 1-7 0-7 -4-4 -1-3 -13-8 -11-6 ~-11-44 -114 -12-2 -11-7 -183 -184
OH —_ —_ _ —_ -66 -65 — —_ — —_ -14.0 -144
Me -4-8 -56 -13 -5-1 -84 -87 -52 -54 -3-5 -4-3 -59 -6
H 0-0 -0-4 34 09 00 -06 0-0 0-2 07 0-0 00 -01
F — —_— —_ — 6-8 51 — — — —_ -24 -32
CF, 8-1 9-8 8-1 90 8-4 9.5 — — — —_ 8-8 89
CN 12-8 119 10-1 12:6 12-1 11-5 9-6 9-7 8-6 9.4 11.2 11-6
NO, — — — —_ — — — (12-3) — — 186 (13-7)
n — 14¢ 7 7 —_ 10 —_ 8 6 6 — 9
Sd. —_ 10 4.1 2:0 — 1-8 —_ 0-3 2:0 22 — 1-4
R — 0-995 0-905 0982 — 0-994 _— 1000 0-989 0991 — 0-998
05 —  301£12 — — —  310£31 — 215:06 — — — 231125
Du —_ 12:5+1-0 — —_ —_ 142+22 _ 7-4+0-7 — — — 4-6+2-5
PR — 10-2+1-2 — —_ — 39027 — 37-5+0-4 — —_ —  555+2-1
A, — -04+£07 — —_ — -06x14 — 0-2+0-3 — — — =01zl
/OH
®) P-XPhC\
O] p‘XPhC(CHs)z‘ H
X ~0AG° Calc. (1) Calc. (2) Cale. (3) -0AE Calc. (4) -06AG® Calc. (1) Calc. (2) Calc. (3) ~JAE Caic. (4)
NMe, -230 -224 =217 -21-6 -24.8 =251 -21-1 =209 -19-5 -194 -19-6 -21-0
NH, -152 -16-1 -17:1 -17-1 -197 -187 —_ —_ — — -180 -16-1
OMe -10-5 -10-6 -99 -9-8 -11-6 —126 -102 -100 -104 -10-4 -106 -109
OH — — —_ — -96 -96 -69 -7-1 -84 -83 -86 -86
Me -4-1 -4-2 -39 -4.2 -49 -4.5 -4-5 ~-4.3 -4-4 -4-7 -46 -38
H 0-0 0-2 04 0-2 00 -03 0-0 0-2 02 0-0 00 -08
F 0-1 0-4 ~-0-9 -0-7 -1-5 -1-2 0-6 02 ~13 -1-1 -5 -18
CF, 70 7-4 7-6 7-6 8-0 7-8 59 6-1 65 66 63 63
CN 9-8 94 9.5 9-7 10-2 10-4 7-6 7-6 89 9.1 86 87
NO, 115 11-3 — —_ —_ —_ 8-7 9.5 (13-8) (14-3) 13.5 9-9)
n —_ 12 8 8 — 9 — 13 8 8 — 9
S.d. — 05 1-1 1-2 — 0.7 —_ 0-5 1-3 14 —_ 1-2
R —_ 0-999 0-996 099 — 0-999 — 0-999 0-992 0992 — 0-995
P - 190:06 — — — 200£12 — 166+06 — — —  167x21
0, — 46206 — — —  27£12 — 5006 — — — 09£21
Pr —  350+07 — — —  399£10 — 31607 — — — 335+18
A, — 0-2+0-4 —_ —_ — =03£06 — 0-0+£0-3 —_— —_ —  -0-8+1-0

(Continued)
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/OH IOH
© p-XPhC_ 0 p-XPhC_

CH, OCH,
X ~0AG® Calc. (1) Calc. (2) Cale. (3) —-d0AE Calc. (4) -0AG° Calc. (1) Calc. (2) Calc. (3) ~SAE Calc. (4)
NMe, -181 -179 — —_ -187 -19-0 — — — — ~-149 -156
NH, — -124 -124 -149 -14-1 -80 -82 -93 -94 -13-5 -116
OMe -81 -83 -7-1 -6-8 -86 -92 -4-8 -4.7 -4.0 -3-6 -66 -75
OH -54 -5-8 -55 -53 -68 -69 -31 -2-8 =27 -23 -50 -57
Me -39 -38 -2:9 -35 -37 -34 -23  -28 -1-2 -2.0 -30 -28
H 00 -01 02 -0-3 00 -03 00 -02 1-1 03 00 -04
F 0-6 0-8 -0-2 01 -05 -03 22 23 12 1-7 01 0-0
CF, 58 59 59 57 6-6 6-6 57 57 54 54 55 59
CN 82 7-6 80 80 8-9 89 81 77 7-3 7-6 8-0 8-0
NO, 88 93 (112)  (11-8) 13-0  (10-1) 89 89 (9-9) 10-7) 114 (9:0)
n — 14 8 8 — 9 — 13 8 8 — 9
S.d. — 03 0-8 0-8 — 05 — 03 11 1-0 — 1-0
R — 0999 0994 0995 — 0999  — 0998 0983 0988 — 0-994
OF — 161+05 — —_ — 168+09 — 15305 — —_ — 149=+1-8
Pu —_— 44104 — — — 1-8+£09 — 3-1+0-4 —_ — — 1-1+1-8
Pr —_ 27-4+05 — — —  308t08 — 18605 —_ — —  253+15
Ay — -0-1£02 — — — -03+04 — -02:02 _ _ — -04x08

OH’

an p-XPhC<

NMe, (12) 4-XCHNH'
X -0AG Calc. (1) Cale. (2) Calc. (3) -0AE Calc. (4) -06AG Calc. (1) Calc. (2) Calc. 3) —-0AE Cale. (4)
NMe, — — — — -155 -14-1 -156 -163 -15-8 -154 -193 -19-5
NH, -5-1 -59 -6-1 ~5-8 -96 -10-2 -114 -11-0 ~-11-8 -11-6 -14-8 -14-2
OMe -3-1 -29 -2:6 -2:2 -4.9 -61 -6:5 -6-1 -6-2 -57 -85 -89
OH — — — — -34 41 — — — — -60 —62
Me -1-6 =21 -0-6 -13 =21 =23 -3.5 -36 -2-5 -3.8 -43 -39
H 00 -0-2 10 0-2 0-0 01 00 -01 13 02 00 -05
F 1-9 3.0 13 1.7 0-4 14 4.2 39 2:1 2:9 09 11
CO,Me 2:1 27 — — — —
CF, 62 57 53 52 5-8 6-8 82 83 81 8-1 76 8-0
CN 82 7-6 82 87 9.8 9-1 11-1 107 11-1 11-8 11-1 10-8
NO, 92 8.8 95 (101 115 (10-2) 12:6 12-8 — — — —
n — 12 7 7 — 9 — 15 8 8 — 9
S.d. — 06 1-0 0-8 — 12 — 05 11 0-8 — 0-5
R — 0994 0984 0990 — 0-992 — 0-999 0-994 0998 — 0999
O —_ 14-8+0-8 — — — 161£20 — 21806 — — — 20809
Pe — 19+08 — —_ — 14£20 — 50+ 05 — — — 2-5£09
Pr — 147+1-1  — — — 237x18 — 25706 — — — 31208
A, — -0-1£05 — — — 0109 — 0103 — — — -05+04

(Continued)
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Table 1. Continued

(13) p-XPhNMeH"

(14) 2-XCHNH'

X -8AG Calc. (1) Calc. (2) Cale. (3) —J0AE, Cale. (4) -0AG Calc. (1) Calc. (2) Cale. (3) —6AE Calc. (4)

NMe, -7-8 -80 ~74 -7-5 =75 =77 -88 -92 -83 -73  ~121 -132

NH, -4.6 -54 -50 -50 -51 -58 -4-8 -44 -6:0 -54 -95 -87

OMe -33 -2:5 -2.9 -30 -30 -25 -06 -01 -17 -1-0 -48 -40

OH — — — — ~31 — — — — —_ -08 -14

Me -2-1 -22 -2:6 -24 -27 -16 ~38 -~38 -25 -4.6 -57 -45

H 00 -04 01 02 00 -11 00 -01 26 09 00 -14

F 22 3.0 19 1-8 1-8 25 102 9:6 72 84 51 53

CO,Me 3.1 4-1 35 35 34 37

CF, 69 63 65 6-5 65 66 96 10-1 96 93 77 86

CN 100 85 103 10-2 103 9:6 132 129 14-1 14-6 126 117

NO, — — — — 13-1 100 — — — — — —

n — 14 9 9 — 9 — 13 8 8 — 9

S.d. — 08 04 0-4 — 05 — 04 19 14 — 1-3

R — 0993 0998 0998 — 0999 — 0999 0977 0989 — 0992

P — 144+11 — — — 165x16 — 275x02 — — — 252122

Du —_ 2111 — — — -15%15 — 7605 — — —  42%22

Pr — 127£1:0  — — — 14113 — 13305 — — — 19419

A, — -04+06 — — — -11207 — -01x03 — — — -1-4%10
(15) m-XPhCMe,

X -0AG Calc. (1) Calc. (2) Calc. (3) -0AE Calc. (4)

NMe, — — — — -37 =37

NH, — — — — -2 -19

OMe -2-1 -17 02 -12 10 0-7

OH — — — — 21 20

Me -1-8 -2-1 -25 -20 -17 -13

H 0-0 03 -0-8 01 00 -04

F 51 4.9 4.5 3.7 52 54

CF, 62 68 58 63 65 69

CN 9:0 8.7 9.2 95 9-8 9.5

3,5-(CF;), 124 133 — — — —

NO, 11-1 10-3 — — — —

n — 10 6 6 — 9

S.d. — 07 1.3 1.0 — 04

R — 0-995 0967 098 — 0-997

P — 169+07 — — — 172207

Pu — 38x10 — — —_— 09+£0-7

Pr — 132+17  — — — 7-2+0:6

A, — 03£05 — — — -04x03

(Continued)
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Table 1. Continued
/OH
16) m-XPhC\

H (17) 3-XCH.NH"
X -0AG Calc. (1) Calc. (2) Calc. (3) —O0AE Calc. (4) —0AG Calc. (1) Calc. (2) Cale. (3) -0AE Calc. (4)
NMe, — — — —_ -39 - -97 -101 -89 -9.7 -70 -63
NH, —_ — — — -12  — — — — _ -27 -38
OMe =27 -23 -09 -1-1 -04 -15 -31 =20 -19 -2:5 -1-1 =05
OH -0-5 -0-6 =22 =24 -1.8  -01 — 12 1-4
Me -2-8 -2-4 -2:0 -1-8 -16 -16 -30 =30 -4-1 -32 -30 -24
H 0-0 -0-3 -0-5 -03 00 -02 0-0 -03 -0-6 03 00 -06
F 4.0 3.7 4.1 3.9 4.7 39 69 6-4 64 5-8 6-0 6-2
CO,Me — — — — — — 24 25 — —_ —_— —
COMe —_ — —_ — — —_ 3.8 36 — — — —_
CF, 56 57 4.9 5-0 57 63 85 90 77 80 7-1 79
CN 7-6 74 79 7-9 8-8 85 119 119 13.0 12-8 116 107
NO, 84 8-8 119 (9-5) — — — —_— — —
n — 10 7 7 — 7 — 12 7 7 — 9
S.d. — 04 12 1-4 — 1-3 — 0-5 1-1 08 —_ 09
R — 0998 0962 0963 — 0-974 — 0997 0992 0996 — 0-993
Pr — 153+06 — —_ —  156+25 — 233x08 — —_ —  210%16
Lo — 35+05 — —_ — 1430 — 3.8+0-7 — — — 2716
Or — 126+08 — — —  11.8+33 — 16-:3+0-8 — — —  110%13
A, — -03x03 — — — 02+11 — -03x04 — — — -06x07

OH

(18) m-XPhC{

OMe
X -0AG  Calc. (1)¢ Calc. (2) Calc. (3) —-0AE Calc. (4)
NMe, — — — — -2.8 =32
NH, — — — — -2:0 -19
OMe ~-14 -13 -1-0 0-0 03
OH 02 0-1 -0-1 0-8 12
Me -14 -15 -13 -12  -09
H 0-0 01 0-1 00 -05
F 4.1 3.8 — — 44 4.0
CF, 5.5 57 4.9 50 58
CN 79 75 84 86 81
C-NO, 84 8.7 — - — —
n — 10¢ 7 — 9
S.d. — 03 0-5 — 06
R — 0-999 0994 — 0-992
P — 14-1+04  — — — 14010
Pu — 2:1+£04 — — — -03zx10
Or — 107 +£0-5 — — — 6:6+09
A, — 0102 — — -— =-05x05

*Cl excluded; obs. value 2-8, calc. value —2-8; CF, excluded in accord with evidence of significant OH/CF; chelation.

®Includes Pr, Pr'; excludes OH.

“Excludes Pr’, Bu', SMe and Ph due to steric twisting.
$Excludes NMe,, Ph, Pr' and Bu' due to steric twisting; also excludes Cl, obs. value 7-8, calc. value 0-8.
¢ Includes also CCl,, OC,Hq, Et, Pr, Pr', Bu', c-C,H, ; excludes Cl, obs. value 88, calc. value 6-0.

' Exptl values are for Q=OH?
X

¢ Also includes SMe, Cl.
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Table 2. Non-colinearity of independent parameters used in equation (2)

For —0AGY,, values by equation (2)

For — 0AE, values by equation (2)

Series R(ovcrall) R(Ua vs oF) R(au vs o) R(orvs or) R(ovmll) R(Ua vs OF) R(oa ¥s OR) R(or vs OR
OH"
1. X—Ci 0-998 -0-315 -0-051 -0-004 0-995 0-147 -0-028 0-249
CF,
OH"
2. X—C\ 1-000 0-033 -0-259 -0-009 0-993 0-227 -0-100 0-125
H
OH"
3. X——Ci 0-999 -0-156 -0-223 0-061 0-995 0-147 -0-028 0-249
CH,
OH"
4. X—C 0-997 -0-127 -0-400 0-042 0-992 0-147 -0-028 0-249
OEt
OH"
5. X—Ci 0-995 0-136 -0-193 0-057 0-994 0-147 -0-028 0-249
NMe,
6. Q=OH* 1-000 0-523 -0-106 0-230 0-998 -0-030 0-007 0-268
X/
7. p-XCH,CMe," 0-999 ~0-387 0-171 0-092 0-999 -0-030 0-007 0-268
OH"
8. p—XPhCi 0-999 0-114 -0-005 0-322 0-995 -0-030 0-007 0-268
H
OH"
9. p‘XPhCi 0-999 -0-176 0-149 0-192 0-999 -0-030 0-007 0-268
CH,
OH"
10. p-XPhCi 0:998 -0-123 0253 0-146 0-994 -0-030 0-007 0-268
OCH,
OH'
11, p~XPhCi 0-994 -0-093 0-181 0-194 0-992 -0-030 0007 0-268
NMe,
12, 4-XCH,NH " 0-999 -0-180 0-158 0-196 0999 -0-030 0-007 0-268
13. p-XCH,NMe,H" 0-993 0-479 0-446 0:553 0-992 -0-049 -0-076 0-273
14. 2-XC,HNH" 0-999 -0-229 0-152 0-053 0-992 -0-030 0-007 0-268
15. m-XC(,H‘,CgiPt;2 N 0-995 0-071 0421 0-120 0997 -0-030 0-007 0-268
16. m-XPhC< 0-998 0-139 0-159 0175 0-974 -0-185 -0-448 -0-005
H
17. 3-XC,H,NH~ 0-997 -0-352 0-042 0-109 0-993 -0-030 0-007 0-268
OH"
18. m-XPhC 0-999 0-295 0-235 0-310 0992 -0-030 0-007 0-268

OMe
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Table 3. Summary of reaction constants obtained on the basis of equation (2) for 18 aliphatic and aromatic series if compounds

Series pr(obs) pr(theo) p.lobs) Pq(theo) pr(obs) pr(theo)
OH"
1. CFa—C/ 31:5+29 34.9+4.7 26713 29-5+3-4 479+1.9 79-5+£4-1
\X
OH"
2. H—C/ 35.5+06 37-8+4-6 24.9+0-4 26:5+3-5 491+ 04 74-1£3:€
\H
OH’
3. CH,—C( 35113 379+4.4 220+ 11 234+£31 39-7+09 71-2+3:¢
X
OH*
4. EtO—C< 29-8+0-4 32.5+35 15704 11.9+3.5 24-5+0-4 50-9 + 3+
X
OH"
5. MezN—-C‘: 30-1+1-2 31031 12-5+1-0 142£22 10:2+1-2 39:-0+27
X
6. C>=OH+ 21.5+0:6 23125 7-4+07 46125 37:5+04 55-5+2:1
X/
7. p-XCH,CMe,* 190+£0-6 200+1-2 4.6+£06 27£12 35007 399+ 1€
/OH*
8. p—XCf,H..C\ 16:6+0-6 167+2:1 50£06 09+2:1 31607 33.5+ 1§
H
OH"
9. p-XC, H4C<’ 16105 16:8+09 44104 1.8+09 274 %05 30-8£0-¢
CH,
OH’
10. p—XC,,H4C< 15305 149+1.8 3.1+04 111+1-8 18-6+0-5 25315
OMe
OH "
11. p—XC6H4C< 14-6 +0-8 16:1+2.0 1-9+0-8 1-4+20 147+1-1 23718
NMe,
12. 4XCHNH™ 21-8+0-6 20-8+0:9 5-0+05 2509 25-7+0-6 31-2+£0-¢
13. p-XCH,NMe,H 144 £1-1 165+ 1:6 2111 -15%15 127+1.0 141£1:7
14. 2-X-CH,NH* 27-5+02 252422 7-6+05 4.2+2:2 13305 194+ 1€
15. m-XC,H,CMe,* 16-9+0-7 172+07 3-8+1.0 09+07 132+ 17 7-2+0€
OH"
16. nz-XC6H4C< 15:3+0:6 156+2-5 3.5+05 1-4+3.0 12:6+0-8 11-8+£3.7
17. 3-XC,H,NH *H 233108 210+1-6 3.8+07 2716 163+0-8 110+ 1.7
OH’
18. m-XC(,H,,C\ 14-1 +0-4 140+ 1.0 2:1+04 -03+10 10-7+0-5 6:6+0-<

OMe
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of 18 families of compounds on the basis of equation
(2). The o,, o and oy values corresponding to the
substituents X can be found in Ref. 12. The statistically
determined JAGY, and SAE values are given in the
Calc. (1) and Calc. (4) columns, respectively.

In relation to the aforementioned results it is worth
emphasizing that (a) the JAGY,, and OAE values
obtained by fitting are similar to their experimental and
STO-3G calculated counterparts, respectively, particu-
larly in the former; this is not the result of the need to
make zero-point vibrational corrections on the theoreti-
cal data or any entropic effects,” and (b) as can be seen
from Table 2, the independent parameters used for the
OAGY, and OAE fittings meet the non-colinearity
requirement.

The reaction constants obtained for the 18 families
of compounds from the above analyses are listed in
Table 3. We emphasize the high consistency between
the results from the fit to SAG°and JAE values, which
are denoted by (obs) and (theo), respectively.

Thus,

Probsy = 0-908 Dp ey + 1:42
(n=18, r=0984,sd.=140) (3)

and

Pagobsy = 0'834pa(lheo) +2-81
(n=18, r=0-985,s.d.=1-47) (4)

We can therefore conclude that STO-3G/INDO calcula-
tions are accurately descriptive of the field/inductive
and polarizability effects of the studied substituents,
irrespective of the molecular structure concerned, so
much so that equations (3) and (4) predict the reaction
constants of the field/inductive and polarizability
effects with a degree of uncertainty close to that of
experimental measurements (see Figures 1 and 2).

On comparing the reactions constants P, and
Praneoy listed in Table 3, it is seen that their correlation is
not very good (r=0-891). This is largely a result of
some families of compounds having overestimated
theoretical resonance contributions. This overestimation
in theoretical calculations encountered in considering
interactions between m-electron-releasing and -with-
drawing fragments in a given family of compounds has
been ascribed to constant electron correlation effects
within the family.” However, Aue et al.”® found that
the overestimation of the resonance effect in the
pyridine family can be partly, although never fully,
corrected by including the MP2/6-31G(d, p) correla-
tion, which is a very high theoretical level.

A more detailed analysis of the picture reveals that
the theoretical overestimation of the resonance is more
marked in those families for which pggpe/ Press > 1. In

*3-21G//3-21G calculations show the relative basicities
within a given family of compounds to be affected by less than
2 kcal mol.*

these systems, where the resonance effect is prevalent,
inasmuch as the field/inductive and polarizability effects
are accurately described by the theoretical calculations
(see Figures 1 and 2), a direct relationship of the form

OAG®° = mOAE + b 5)

will not hold. Tables 1 and 4 list the results of the linear
regression analysis of equation (5) as Calc. (2) and
Equation (5), respectively. One way of empirically
correcting the above deviations involves fitting 0AG
against 0AE and 0x(X) (where X denotes the substitu-
ent) according to

OAG® = m,SAE + myo,(X) + b 6)

The results of this fit are given as Calc. (3) and Equa-
tion (6) in Tables 1 and 4, respectively. The
improvement in the theoretical predictions thus achieved
is obvious. On the other hand, the m, term in Table 4
provides a clear idea of the theoretical deviation result-
ing from the evaluation of the STO-3G/INDQ level of
the resonance effect in each family of compounds. We
should note that this type of empirical correction
requires the prior availability of the experimental data,
so it has no predictive value.

For this reason, we examined other procedures for
estimation of the reaction constants corresponding to
the electron resonance effect. In this context, Reynolds
et al.> used the 7 charge on the carbon atom of the
protonated parent molecule which was to bear a given
substituent X as an index for evaluating the m-electron
demands of the system, which they denoted g!. There
is no doubt that this index provides most of the infor-
mation on the m-electron demands of a molecular
system; however, its usage requires the occurrence of a
reference state common to all the systems concerned in
which ¢! = 1. In principle, this is the same as assuming
that all the carbon atoms in a para position in monosub-
stituted benzenes are electronically equivalent. The
index proposed in this work does not require the occur-
rence of this common reference state.

Table 5 gives the Mulliken 7 charge of the carbon
atom that is to bear the substituent, both for the neutral
forms (q~) and for the protonated forms (g% =¢¥, for
Reynolds et al.) corresponding to the optimized geome-
tries. As can be seen, similar family structures have
similar g} values. Thus, the families with a generic
structure of the form Ph~CO-X have ¢ values of ca
0-97, while the Ph—C(Me)CH, and Ph—-N(Me), fam-
ilies have g~ values of ca 0-99 and >1, respectively.
We consider that these small differences in the g%
values are the chief origin of the marked dependence
of the fits between p; and 1-g" on the family
concerned, as stated above.%

On the basis of the above arguments, we put forward
a more universal electron index for measuring the n-
electron demand of molecular systems, viz. the differ-
ence between g’ and ¢, which we shall denote dq (see
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Table 4. Correlation parameters for equations (5) and (6)

J. CATALAN ET AL.

Equation (5)

Equation (6)

Series b m b m, m,
OH'
1. x—¢” 32125 0-695 +0-075 11£19 0-880 + 0-087 -222+83
“CE,
OH"
2. x—<¢’ 22422 0-720+0-074 1-8+1-8 0936+0-118 -20-14£94
“H
OH’
3. x—”’ 32£19 0632 0-067 23%16 0847 £0-116 ~197+£94
“CH,
OH"
4. x—ci 24£13 0-673 £ 0-068 02412 0936 + 0-067 ~19-84-5
OEt
OH'
5. X—C 34+17 0-559+0-118 09+1.0 0967 +0-116 ~265£65
“NMe,
6. C>=0H’ 07£11 0703 + 0-052 0002 0-846 £ 0212 ~9-1£130
&
7. p-XC,H,CMe, " 0404 0-892 +0-034 02+0-8 0931 +0-105 ~20£51
OH'
8. p-XPhc: 02£05 1-008  0-053 0009 1-058 +0-148 -21£57
H
OH'
9. p-xphc” 02:03 0-848 +0-039 -0320-5 0934 £ 0-082 ~36+30
“CH,
OH'
10. p-xPhc” 11£04 0776+ 0-059 0307 0913+0-110 ~50£35
“OCH,
OH'
11. p-XPhC: 10£04 0-740 = 0-060 0206 0-864 £ 0-094 -45£28
NMe,
12. 4-XC,H,NH" 13£04 0-886 = 0-040 0205 1-049 + 0065 ~73£26
13. p-XC.H,NMe,H * 0101 0-992 = 0-026 02403 0967 + 0-044 ~07%10
14. 2-XC,H,NH" 26+07 0-907 = 0-081 09+09 1.086 +0:097 ~77£33
15. m-XC6H4CgI}§2* -0-80-7 1-021 £0-135 0-1£0-7 0964 + 0104 54+26
16. m-XPhC< -0-5£0-5 0953+ 0-121 -0320:9 0928 £0-153 12134
H
17. 3-XC;H,NH* -06+0-4 1-179 £ 0-068 03 0-6 1-079 + 0069 38+ 18
OH'
18. m-XPhC -04£0-3 1-022 £ 0-074 0-1£04 0:973 +0-060 25+12

OMe
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Table 5. 7 Charges of the carbon that will bear the substituent in the
neutral (qY) and protonated forms (g}) and dg=g%-qY for the
different families of compounds calculated at the STO-3G//INDO level

Compound qX q° oq

p-CH;CHO 09723 0-8018 ~0-1705
p-CH,COCH, 09756 08231 ~0-1525
p-C(H,COOCH, 09674 08416 ~0-1258
p-CcH;CONMe, 09717 0-8704 -0-1013
pC4H,COCF, 09626 0-7859 ~0-1767
p-C.H,COF 09619 0-8109 ~0-1510
»-C.H,CONH, 09743 08614 ~0-1129
p-CH,CCH.CH, 09930 0-8000 ~0-1930
p-C;H,NMe, 10421 09326 ~0-1095
p-CHN 09643 08053 ~0-1590
0-C;HN 0-9825 0-8777 -0-1048
m-CsHN 0-9614 0-9844 -0-0230
m-C;HsCHO 1-0090 1-0088 -0-0002
m-CH,COOMe 10113 1.0044 ~0-0069
m-CH,CCH,Me 1.0075 10137 0-0062

Table 5). Figure 3 shows a plot including the available
data for py vs dg for the aromatic compounds studied in
this work. It should be noted that the correlation is
satisfactory for the so-called ‘resonant positions,” even
in bases of such different nature as p-X-Ph—-COY
[where Y denotes H, Me, OMe or N(Me),], p-
Ph—-C(Me)CH,, p-Ph—-N(Me),, p-pyridine and o-
pyridine. However, it does not accurately describe the

picture for a meta substituent. Compounds of the form
X-COY, in which the carbon atom acting as a probe is
adjacent to both the substituent and fragment Y, have
dq values that vary even with the conformation of Y,
so they were not considered in this treatment.

One other probe to be considered to describe the
charge variations involved in a protonation process is
the electron charge of the proton on uptake by the

s
0 -
~~ ;
b i
L0
O 25—
(a4
20
15 o)
=4
10 L 1 A I} i i i 1 1 i 1
0.09 0.1 0.11 0.12 0.13

0.14 é 0.15 0.16 0.17 0.18 0.19 0.2 021

Figure 3. Available data for pg(obs) vs 8¢ for the aromatic compounds studied
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Figure 4. pg(obs) vs pr(gqy+) for the 18 families studied
Table 7. Calculated p constants from equations 3, 4 and 8*
Compound Y pr [equation (3)] 0. [equation (4)] pr [equation (8)]
O
e
Y CF, 17-6 5-1 30-1
H 16:6 35 288
Me 167 43 253
OMe 150 37 20-0
NH, 14-6 31 19-1
NMe, 16:0 39 174
O
4
X-—C\
Y CF, 329 27-1 48-2
H 355 247 49.5
Me 356 22:1 394
OMe 318 14-4 227
OEt 30:6 12:6 222
NH, 269 144 203
NMe, 294 145 156

* X denotes the substituents and Y the group in each family of compounds. X substituents considered here are the same as those included in Table 6.
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base.” Table 6 gives the Mulliken g,- (STO-3G//
INDQO) values for the different families compounds
dealt with in this work. In order to estimate the
resonance reactions constants, we analysed the charge
of the proton in the derivatives of a given family with
respect to the electronic parameters of the substituent
by using an expression of the form

qQu+ =Ag+ PO, + PeOg+ PrOg O]

Figure 4 shows a plot of the pg s values against the
pr values obtained in the aforementioned analysis,
which are denoted by pg(,, ) The consistency is fairly
high:

pR(obs) = _4'33PR(4H+) X 102 +9-88
(n=18,r=0981,sd.=2-6) (8)

One should take into account that the fit includes all
18 families studied, which encompass oxygen-, carbon-
and nitrogen-containing bases bearing substituents not
only in para but also in ortho and meta positions.

If STO-3G//INDO calculations provide accurate
values for the reaction constants pg, p, and pp of a
given family of compounds by using equations (3), (4)
and (8), then the proposed methodology should also be
tested on a wider series of compounds. Therefore, we
studied carbonyl compounds of the form X—COY and
p-X-Ph~COY. Table 7 lists the p values calculated for
these two series. As can be seen, the field/inductive
reaction constants are virtually the same for each
compound in each series (-32 for X—COY and —16 for
p-X-Ph—-COY); the fact that the latter series features a
larger constant than the former arises from the shorter
distance between the substituent and the basic site. The
effect of the distance is much more marked on the
polarizability component, which gives rise to a much
smaller contribution in the p-X—Ph—COY series. As far
as the resonance effect is concerned, inasmuch as it is
transmittedthroughout the molecular skeleton M, the
resonance reaction constant is larger® for the X-COY
family than for the p-X—Ph—COY family as a result of
a closer 7 interaction.
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