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The results of an energy decomposition analysis of ortho-, meta-, and para-substituted benzylic cations
and para-substituted benzylic anions H2C-C6H4Rq (R ) H, F, CN, Me, OH, NH2, NO2, CHO, CO2H; q
) +, -) are presented and discussed. The calculated values for theπ bonding between CH2q and C6H4R
show for substituents which haveπ orbitals a linear correlation with the Hammettσp, σ+

p, andσm constants.

In 1935, Hammett1 postulated that the effect of substituents
on the ionization of benzoic acids could be used as a model
system to estimate the electronic effects of substituents on
similar reaction systems. This fact has turned out to be an
enormous contribution to elucidate organic and biochemical
reaction mechanisms. Hammettσm and σp values reflect the
extent to which substituents in a meta or para position at a
phenyl ring interact with a reaction site through a combination
of resonance and field/inductive effects. Although much effort
has been made to develop more sophisticated multiparameter
approaches for the correlation between substituent effects and
molecular properties of aromatic compounds which are aimed
at separating resonance and field effects,2 the original Hammett
σ values are still widely used in textbooks of organic chemistry
for discussing substituent effects.3 It has become clear that steric
and field effects have to be considered besides the direct
electronic effect of the substituents to obtain a good correlation
between theoretical quantities and experimentally derived values
such as the Hammettσ constants.2 Another issue is the fact
that experimentally derived reaction rates are influenced by
solvent effects and it can rightfully be questioned if a single
electronic property of isolated molecules can lead to a useful
correlation with experimental data. The pivotal question is if
electronic factors such as resonance after appropriate definition
appear dominant enough to yield a reasonable correlation with
experimental values.

Despite much work being undertaken to find a theoretical
basis for the Hammett equation, it remains an empirical
relationship. Numerous attempts have been made to theoretically
estimateσ constants.4 Most studies focused on recognizing
appropriate theoretical quantities which can be successfully
correlated with experimentalσ constants. It can reasonably be
assumed that the effect of substituents in ortho- and para-
substituted benzyl cations is significantly influenced by the
strength of theirπ conjugation while substituents in the meta
position should have a much smaller influence. This becomes
obvious by drawing resonance structures for phenyl compounds.
It would be helpful if a direct estimate of theπ conjugation
could be made for the purpose of establishing such a correlation.
We recently reported5 an energy decomposition analysis (EDA)6

of the C-C interactions in 1,3-butadiene, 1,3-butadiyne, and
related systems which allows a direct estimate of the intrinsic
conjugative and hyperconjugative stabilization that arises from
the mixing between the occupied and vacant orbitals of the
conjugating fragments. It had been suggested that the strength
of π conjugation in 1,3-butadiyne is zero because the traditional
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estimate using the hydrogenation energies of the two triple bonds
showed no difference, unlike the hydrogenation of 1,3-butadiene
where the second step needs more energy than the first.7 The
EDA showed that theπ conjugation in 1,3-butadiyne is twice
as strong as that in 1,3-butadiene.5 This result comes only to
the fore whenπ hyperconjugation8 is considered, which is
quantitatively estimated by the EDA.

The EDA has proven to give important information about
the nature of the bonding in main-group9 and transition-metal
compounds.10 Since the method has been described in detail
previously6,9,10we shall outline the concept only briefly. In the
EDA, bond formation between the interacting fragments is
divided into three steps, which can be interpreted in a plausible

way. In the first step the fragments, which are calculated with
the frozen geometry of the entire molecule, are superimposed
without electronic relaxation; this yields the quasiclassical
electrostatic attraction∆Eelstat. In the second step the product
wave function becomes antisymmetrized and renormalized,
which gives the repulsive term∆EPauli, termed Pauli repulsion.
In the third step the molecular orbitals relax to their final form
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TABLE 1. EDA Results of the Benzyl Cations at BP86/TZ2P (Energy Values in kcal/mol)

a The percentages in parentheses give the contribution to the total attractive∆Eelstat+ ∆Eorb. b The percentages in parentheses give the contribution to the
orbital interactions∆Eorb.

FIGURE 1. Plot of the values of∆Eπ for ortho, meta, and para
substituents.
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to yield the stabilizing orbital interaction∆Eorb. The latter term
can be divided into contributions of orbitals having different
symmetry which is crucial for this study. The sum of the three
terms∆Eelstat+ ∆EPauli+ ∆Eorb gives the total interaction energy
∆Eint.

Note that the latter is not the same as the bond dissociation
energy, because the relaxation of the fragments is not considered
in ∆Eint.

We wish to clarify the goal of this work to avoid misunder-
standings. In this paper, we want to show that the intrinsicπ
conjugation of the free molecules in the gas phase which is
estimated through the EDA correlates well with the experimen-
tally derived Hammettσ constants1 as well as with theσ+ and
σ - scales introduced by Brown and co-workers.11 The cor-
relation is surprising because the theoretical data consider only
a minor part of the electronic effects, i.e., the mixing and the
relaxation of theπ andπ* orbitals of the interacting fragments.
Other electronic factors such as Pauli repulsion, quasiclassical
electrostatic interaction, and influence ofσ electrons are not
considered. Steric and inductive effects are completely ignored
and also solvent effects are not considered. Our work does not
intend to engage in the development of more sophisticated
multiparameter approaches for the correlation between substitu-
ent effects and molecular properties of aromatic compounds.
The focus of this study is to show that the calculated∆Eπ values
of the EDA are physically meaningful quantities which are
useful for the interpretation of experimental results.12

Table 1 summarizes the EDA results13 of ortho-, meta-, and
para-substituted benzylic cations. In all cases a C-C single bond
connects the interacting fragments (CH2

+ and C6H4R), which
are calculated in the electronic doublet state with the unpaired
electron in a formally sp2-hybridizedσ orbital. The EDA results
suggest that the C-C bonds of benzylic cations with ortho or
paraπ electron-donating groups (EDGs) have larger interaction
energies than benzylic cations withπ electron-withdrawing
groups (EWGs). The largest overall contribution to the C-C

attraction comes from the orbital term∆Eorb (ca. 67%). The
partitioning of the orbital interactions inσ andπ bonding shows
that σ bonding is stronger thanπ bonding, which contributes
about one-third of the attractive orbital interactions. The most
important results of our analysis are the calculated values for
∆Eπ (bold in Table 1), which are a direct predicition of theπ
conjugation in the studied benzylic cations. Figure 1 shows the
∆Eπ values for the different substituents.

It becomes obvious that EDGs placed in the ortho or para
positions have higher values of∆Eπ than EWG while in the
meta position EDGs and EWGs have similar∆Eπ values. The
predicted trends are reasonable because of the direct resonance
interaction of the positively charged methylene fragment with
the para EDG, via quinonoidal resonance forms II (Figure 2),
or with the ortho groups. Since these interactions are not possible
when the substituent is an EWD or when the EDG is in the
meta position, the∆Eπ values are much lower in the latter cases.
The data in Table 1 show that the substituents OH and
particularly NH2 significantly enhance theπ conjugation when
they are in the ortho and para position but not in the meta
position.

Figures 3 and 4 show the correlation between the calculated
strength of theπ conjugation in the meta- and para-substituted
benzylic cations with the Hammett constants. The∆Eπ values
for para substituents correlate quite well (linear correlation
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FIGURE 2. Resonance forms of benzylic cations with para EDG
substituents.

∆Eint ) ∆Eelstat+ ∆EPauli+ ∆Eorb

FIGURE 3. Plot of the∆Eπ values versus Hammett constants for para
substituents: top, Hammettσp constants; bottom, Hammett-Brownσ+

p

substituent constants.
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coefficient of 0.95 and a standard error of 2.60) withσp (Figure
3a).14 An even better correlation is found between the∆Eπ
values andσ+ (correlation coefficient 0.97 and standard error
2.15; Figure 3b). Theσ+ scale, by Brown and co-workers,11

modifies and improves the originalσ values considering that
someπ-substituents could resonate directly with a positively
charged reactive center linked to the aromatic ring. This
effect is known asthrough resonance(conjugation of the para
group and the positively charged methylene via structures II,
Figure 2).

For the meta-substituted system a good correlation between
theσm values of Hammett and∆Eπ should not be expected since
the resonance forms suggest thatπ conjugation should play a
minor role compared with the ortho and para systems. Figure 1
indeed exhibits a different shape for the curve of the∆Eπ(meta)
values. However, the correlation that is shown in Figure 4 is
surprisingly good (correlation coefficient 0.97 and standard error
0.61). Note that the energy scale of the latter extending over a

range of only 7 kcal/mol is much smaller than that for the para-
substituted systems which have a range of 30 kcal/mol. An
interesting observation was made for the substituents CHO and
COOH. There are two conformations for the molecules. One
has the CdO group of the substituents in a syn position (1) to
CH2 while the other has it in the anti position (2). The two
conformations are energetically very close (energy difference
e0.2 kcal/mol) but the∆Eπ values differ by>1 kcal/mol. Figure
4 shows that the∆Eπ values of the syn conformation (filled
squares) have a much better correlation with the other∆Eπ data.
A correlation coefficient of 0.97 and a standard error of 0.66
are obtained when the∆Eπ values of the syn conformation are
used. The latter values have been calculated without considering
the parent system R) H from the correlation analysis. Figure
4 shows that the Eπ value for the reference system R) H is
∼7 kcal/mol too large compared with the expectation value
predicted by the smoothing function. This means thatπ
conjugating substituents including groups such as CH3 which
interact through hyperconjugation correlate quite well with the
Hammett constants but that there is a shift of∼7 kcal/mol with
respect to the parent system. This is discussed below.

(14) σ values taken from: Hansch, C.; Leo, A.Exploring QSAR.
Fundamentals and Applications in Chemistry and Biology; ACS Professional
Reference Book; American Chemical Society: Washington, DC, 1995.

TABLE 2. EDA Results of the Benzyl Anions at BP86/TZ2P (Energy Values in kcal/mol)

a The percentages in parentheses give the contribution to the total attractive∆Eelstat+ ∆Eorb. b The percentages in parentheses give the contribution to the
orbital interactions∆Eorb.

FIGURE 4. Plot of the∆Eπ values versus Hammettσm substituent
constants.

FIGURE 5. Plot of the ∆Eπ values versus Hammett-Brown σ-
p

constants for para substituents.
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Table 2 gives the EDA results for theπ conjugation in the
benzyl anions between CH2

- and para-substituted fragments
C6H4R. The absolute∆Eπ values are smaller than in the benzyl
cations (Table 1). As expected, the strongestπ conjugation in
the anions is calculated for R) NO2, which exhibits the weakest
π conjugation in the cations. The opposite trend is found for R
) NH2, which weakens theπ conjugation in the anions most
while it strengthens the conjugation in the cations. Figure 5
shows that the calculated∆Eπ values for the anions also have
a very good correlation with the Hammett-Brown σp

- con-
stants.14 The correlation coefficient has the value 0.98 and the
standard deviation is 2.92.

What about the correlation of the other energy terms of the
EDA, i.e., the electrostatic interactions∆Eelstat and the total
orbital interactions∆Eorb, with the Hammett constants? Figure
6a-d shows the smoothing functions of the total interaction
energies∆Eint and the energy terms∆Eelstat, ∆Eorb, and ∆Eπ

versus the Hammett constantsσp, σ+
p, σ-

p, andσm. Note that
the meta systems include the parent system R) H in the
correlation coefficients. For the benzyl cations the best correla-
tion of the σp values is calculated for the electrostatic term
∆Eelstat (r ) 0.97, SD) 2.18) but the correlation with theπ
conjugation is only slightly worse (r ) 0.95, SD) 2.69). Of
the four energy terms the∆Eπ values exhibit the best correlation,
however, with the Hammett-Brown coefficientsσ+

p (Figure

6b). The same holds true for the correlation between∆Eπ and
the Hammett coefficients for the para-substituted benzyl anions
(Figure 6d).

For the meta-substituted systems the correlation coefficient
betweenσm and∆Eπ (r ) 0.77, SD) 2.39), which includes R
) H, is significantly worse than that without the parent system
(see above). However, the correlation between the other energy
terms which contribute to∆Eint and σm is still poorer. We
analyzed the EDA data to explain the peculiar shift of∼7 kcal/
mol of the π-substituted systems with regard to the parent
compound. One referee pointed out that the∆Eσ values (kcal/
mol) of the systems withπ substituents are very similar (para
-227.3( 0.7, ortho-231.9( 1.9, meta-230.7( 2.8) while
the compound with R) H has∆Eσ ) 219.8 kcal/mol. It is
obvious that the change from the C-H to the C-R σ bond
where R has a spn hybridized atom bonded to the phenyl ring
has a uniformly strong influence on the C-R σ bond in all
compounds. This effect is clouded by the strongπ interactions
in the para-substituted systems (see Figure 2) but not in the
meta-substituted compounds which exhibit much weakerπ
conjugation.

In summary, the linear correlation between the∆Eπ values
for meta- and para-substituted benzylic cations and anions with
the Hammettσ constants which exhibits a surprisingly high

FIGURE 6. Plot of the energy terms∆Eint, ∆Eelstat, ∆Eorb, and∆Eπ versus Hammett constants.
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correlation coefficient suggests thatπ conjugation may be used
to explain the influence of substituents which haveπ orbitals
on the relative reaction rate. It also shows that the calculated
values for the intrinsicπ conjugation given by the EDA are
reasonable for interpreting the chemical properties of the
molecule. They may even be used to semiquantitatively predict
Hammett constants for hitherto unknown substituents.
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