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Prediction of Proton Affinities and Preferred Protonation Sites in Benzene
Derivatives, from 1s Orbital Energies

By Javier Catalan and Manuel Yaitez, Departamento de Quimica Fisica y Quimica Cuéntica, Centro Coordinado
CSIC-UAM, Facultad de Ciencias C—XIV, Universidad Auténoma de Madrid, Cantoblanco—Madrid-34, Spain

We have found a good linear correlation between the experimental-proton affinity and the * ab /nitio * highest C,,
orbital energy, obtained using an STO-3G minimal basis set, for a wide set of benzene derivatives that are protonated
onthering. Similar relationships were found with the O,, or the N, orbital energies for those compounds that are
oxygen- or nitrogen-bases, respectively. This provides a simple method for the calculation of proton affinities and
the classification of different centres according to their intrinsic basicity. A possible extension of this treatment to

non-aromatic compounds is also discussed.

GAS-PHASE proton affinities can be measured with high
accuracy by high-pressure mass spectroscopy,? ion
cyclotron resonance,® and flowing-afterglow experi-
ments.? The absence of solvation effects permits direct
comparison of measured and calculated proton affinities.
However, experimental determination of the preferred
protonation site of a given molecule is seldom possible
(some exceptions are some benzene derivatives where
protonation sites can be determined by means of sequen-
tial deuterium exchange reactions %) and in most cases one
must obtain this kind of information from theoretical
calculations. In fact, considerable effort has been
devoted to determine the preferred protonation site of
some benzene derivatives from energy changes in the
‘isodesmic’ proton transfer reactions®? or from
molecular electrostatic potentials.10:11

Recently, we have presented 1! a very simple way to
evaluate proton affinities of monosubstituted benzene
derivatives from the linear correlation we have found
between experimental proton affinities and calculated 1s
orbital energies of the para-carbon atom. The equation
obtained can be used to predict proton affinities of the
other positions (from the corresponding Cj, orbital
energies).!? This cquation can also be used to decide on
the preferred protonation sites of monosubstituted
benzenes.

In this paper we test the application of this correlation
to polysubstituted benzene derivatives. We have also
found similar corrclations between calculated O;; and
N, orbital energies and experimental proton affinities
for those benzene derivatives that are oxygen- or
nitrogen-bases.

Ring Proton Affinities.—We have sclected the following
benzene derivatives: o- (1), m- (2), and p-xylene (3),
mesitylene (4), m-difluorobenzene (5), and 1,3,5-trifluoro-
benzene (6) because there is experimental evidence that
they are protonated on the ring and data are available
on their experimental proton affinities.”1314 We have
also included the results for benzene (7), toluene (8), and
fluorobenzene 1! to show that just one equation can be
used for any (mono- or poly-substituted) benzene
derivatives.

To avoid time-consuming geometry optimizations we
have used experimental geometries® and an STO-3G
minimal basis set.16

We have found a good linear correlation between the
experimental proton affinity of these compounds and
the highest Cy, orbital energy (lowest 1s binding energy),
which corresponds to the para-carbon atom in all mono-
substituted benzene derivatives [(8), (9)], to position 3
in o-xylene (1), 2 in m-xylene (2), 4 in m-difluorobenzene
(6), and to a non-substituted position in the other three
compounds [(3), (4), (6)].

R1 RZ R3 R‘ R5
(1) Me Me H H H

(2) Me H Me H H
(3) Me H H Me H
(4) Me H H H Me
(5) F H F H H
(6) F H F H F
(7) H H H H H
(8) Me H H H H
(9) F H H H H

The linear relationship obtained (IFigure 1) is given by
equation (1), where the experimental proton affinity

P.A. = 846.34 E(Cy,) + 9518.64
(r = 0.998 and op 4. = 0.4 kcal mol™!) (1)

(P.A.) is in kcal/mol and the Cy, orbital energy [E(Cy,)] in
atomic units.}

The difference between equation (1) and that reported
in ref. 11 is greatly reduced when one does not include
phenol and equation (2) is obtained; it is not clear that

t 1cal = 4.184 J; 1 a.u. of energy (hartree) = 4.3598 x 10718
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Ficure 1 Correlation of experimental proton affinities and the
highest C, orbital energies for benzene derivatives that are
protonated on the ring

this compound is protonated on the ring. We shall
discuss this problem later in more detail.

P.A. = 829.29 E(Cy,) + 9 330.72
(r = 0.987) * 2)

It is also interesting that, according to our results,
m-xylene (2) should undergo protonation on position 2,
in agreement with the conclusion reached by Freiser,
Woodin, and Beauchamp ® that m-xylene interchanges
only a single proton in sequential deuterium exchange
reactions. However, using equation (1), we have found a
very small difference (0.8 kcal mol~1) between the proton
affinities of positions 2 and 4 and therefore to predict a
protonation site one must take into account other factors,
such as steric hindrance, that can influence the basicity
of a given position.

We have also used equation (1) to predict ring proton
affinities of benzene derivatives for which ring proton-
ation is not well established or does not occur, using their
experimental geometries the results obtained are in the
Table. The first column corresponds to the highest Cis
orbital energy (z.e. to the most basic position of the ring).
In all cases the theoretically predicted proton affinity is
much smaller than the experimental one, indicating that
protonation must take place on the substituents. These
results include phenol, which was an ambiguous case in
the previous study.'! With equation (1), a ring proton
affinity about 3 kcal mol~! lower than the experimental
one is predicted, confirming that phenol is not a ring-base.

As most of these compounds are oxygen- and nitrogen-
containing molecules, it is reasonable to assume that they
must be either oxygen- and nitrogen-bases, and this
aspect is considered in the next section.

Oxygen- and Nitrogen-bases.—From the previous
discussion we expect that oxygen- and nitrogen-contain-
ing benzene derivatives, which undergo protonation on

* Relationship for monosubstituted benzenes without including
phenol.
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Theoretically predicted ring proton affinities (P.A.) of
some benzene derivatives

Ring P.A. P.A.
(theor.) (exp.)
Molecule E(Cy)/aus kcal mol-1 # kcal mol—1 @

PhCHO (10) —11.044 34 171.4 199.1%
PhCN (11) —11.059 00 159.0 195.1°
PhNO, (12) —11.064 56 154.3 192.6
PhOH (13) —11.020 08 191.9 195.0%
PhOMe (14) —11.021 89 190.4 199.4
PhCOMe (15) —11.036 01 178.4 203.1¢
PhNH, (16) —11.011 15 199.5 208.8 4
p-MeC,H,NH, (17) —11.019 45 192.5 211.6°
m-FCgH,NH, (18) —11.016 68 194.8 205.5 ¢
p-FC,H,NH, (19) —11.027 81 185.4 206.4 7
PhCH=CH, (20) —11.026 53 184.6 200.0 ¢

4] cal = 4.184 J; 1. au. of energy (hartree) = 4.3598

x 10718 J. ? Ref. 14. ¢B. S. Freiser and J. L. Beauchamp,

J. Amer. Chem. Soc., 1970, 98, 265. ¢ Ref. 8. ¢Ref. 9.

fR. W. Taft, in ‘ Proton Transfer Reactions,” eds. E. F.

Caldin and V. Gold, Wiley—Halstead, New York, 1975, ch. 2

p- 31. ¢ Ref. 21.
the substituent, will show a linear relationship between
their experimental proton affinities and the Oy, or Ny, or-
bital energies, respectively.

To ensure that a reliable correlation is obtained for the
oxygen-containing compounds, we have included three
oxygen-bases that are not neutral molecules: the
phenolate (21), m-hydroxyphenolate (22), and m-fluoro-
phenolate (23) 17 anions. Nitrobenzene was not taken
into account for reasons discussed elsewhere.l!

PhO- m-HOC,H,0- m-FCH,0-
(21) (22) (23)

A least-squares fitting of the data (Figure 2) yields
equation (3).

P.A. — 310.11 E(Oy,) -+ 6 488.68.
(r = 0.999 and op.s. = 0.7 kcal mol™) (3)

For nitrogen-bases (of the aniline type) experimental
data are available for only four compounds [(16)—(19)],
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FiGure 2 Experimental proton affinities vs. O,, orbital
energies for benzene derivatives that are oxygen-bases
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which makes the linear correlation found [equation (4);
Figure 3] less reliable than in the previous cases. How-
ever, when equation (4) is used to predict the proton
affinity of other nitrogen-bases the results obtained are
very reasonable, as we shall show in the next paragraph.

Equations (1), {3), and (4) can be used to evaluate in

a very simple way the proton affinity associated with any

P.A. = 311.72 E(Ny,) -+ 4 987.48
(r = 0.982 and op 4. = 0.4 kcal mol™1) 4)

ring-carbon, oxygen, or nitrogen atom in benzene deriva-
tives. The results predicted for some of them, using
once more their experimental geometries,!> are given in
Figure 4.

o0- and p-Difluorobenzene are less basic than the meta-
derivative (corresponding to the experimental findings
in the case of the xylenes). Catechol is predicted to be
oxygen-base, but resorcinol and phloroglucinol (similar
to mesitylene) should be protonated on the ring. m- and
p-Aminophenol are predicted to be nitrogen-bases (the
latter being the stronger). It is interesting to note the
difference in deactivation undergone by the positions of
the aromatic ring for these two compounds, since in the
latter all positions are always meta (and therefore of low
activity) with respect to one of the substituents.

Qualitative Predictions.—As shown in the Table,
styrene is not protonated on the ring and, in consequence,
protonation must occur on a non-aromatic carbon atom.
The question thus arises as to whether equation (1)
applies to non-aromatic carbon atoms or to non-benzene
rings. The correlation between proton affinities and 1s
orbital energies, based on the assumption that the
relaxation energy %19 (as a consequence of the removal of
a core electron) is almost the same for the different ring
positions,!? seems to be quantitatively valid for com-
pounds that belong to the same family. Of course, it is
not obvious that the relaxation energy will be the same
for non-aromatic carbon atoms, but if the change is not
too significant, equation (1) could be used to estimate
proton affinities at least qualitatively when protonation

3
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Ficure 3 Experimental proton affinities vs. N, orbital

energies for aniline derivatives
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FI1GURE 4 Proton affinities calculated using equations (1),
(3), and (4), all values in kcal mol-1

takes place on these carbon atoms and to predict the
most basic one.

Application of equation (1) to styrene (20) (see
Figure 5) indicates that this assumption is acceptable.
Our results predict the CH, group as the most basic site
of the molecule, in agreement with other theoretical
calculations ® and experimental evidence,? and the
value of the theoretically estimated proton affinity is
quite close to the experimental value 2! (200.0 kcal mol~2).

We have also performed calculations on naphthalene,
azulene, phenylacetylene, keten, formamide, N-methyl-
and NN-dimethyl-formamide, and pyrrole, using experi-
mental geometries. The last five compounds were
included to test the predictive value of equations (3) and
(4) for non-aromatic compounds containing oxygen and
nitrogen atoms. Some of the results obtained are in
Figure 5.

A similar basicity is predicted for both (« and B)
positions of naphthalene. In the case of azulene,
position 1 is the most basic one, in agreement with
experimental results, and the proton affinity wvalue
estimated using equation (1) is, once more, very close to
the experimental value 2 (223.2 kcal mol™?).

For phenylacetylene the most basic position is the CH
group (as in styrene) but, surprisingly, the estimated
proton affinity is the highest of all compounds studied
here (except azulene). It would be very interesting to
investigate this experimentally.

Keten is predicted to undergo protonation on the CH,
group, in agreement with experimental evidence 2 and
other theoretical calculations.?® Formamide, N-methyl-
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and NN-dimethyl-formamide, and pyrrole were re-
ported by Cavell and Allison #* to deviate significantly
from the correlation between experimental proton
affinities and experimental Nj, binding energies. Ac-
cording to our results, formamide and its N-methyl- and
NN-dimethyl-derivatives are oxygen- and not nitrogen-
bases, in agreement with the conclusions of these authors.
For pyrrole, our equations predict the ring carbon
atom B to nitrogen (see Figure 5) to be more basic than
the nitrogen atom, which agrees with the assumptions of
Cavell and Allison # and with other theoretical cal-
culations.?

1960
H_ ~CH2
1827
1850
1827 1864 184°5
184°5 184°6
1850
2230 CH
21047
1740
2021
1770
1762

1773
~NIN2202

183-6 N
—

F1Gure 5 Proton affinities estimated using equations (1)
and (4). All values in kcal mol—?

NN-Dimethylaniline also deviates from the indicated
correlation.? Since its experimental geometry is not
known, we have adopted the ring structure of aniline,
and for the substituent, the geometrical parameters of
the NN-dimethylpyridine. Using this geometrical
model, we have found that the deviation shown by this
compound is due to the fact that protonation on the
para carbon atom is much more favoured than nitrogen-
protonation. Although this is a qualitative result, the
difference between the estimated proton affinities is quite
high (10 kcal mol™!) and it is hard to believe that an
improvement of the geometry would invert the basicities
of these positions.

Conclusions.—We conclude from our results that the
linear relationship between Cj, orbital energies and
experimental proton affinities is applicable not only to
monosubstituted benzene derivatives which are pro-
tonated on the ring, but to any kind of benzene deriva-
tive. Similar correlations between Oy, (and Ny) orbital
energies and experimental proton affinities of oxygen-

J.C.S. Perkin I1

(and nitrogen-) aromatic bases permit the calculation, in
a very simple way, of proton affinities for this kind of
compound, and the classification of the different centres
according to their intrinsic basicity. As the differences
in relaxation energy seem to be very small, these rela-
tionships can be used to estimate proton affinities and
the most basic position of non-aromatic compounds.

All calculations were performed on the I.B.M. 360/65
computer at the U AM./I.B.M. Center (Madrid).

[8/1760 Received, 9th October, 1978]
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