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approach employing density functional theory
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ABSTRACT: Relative gas-phase acidities of para-substituted phenols (1, Sub—C¢H,—OH) and their w-substituted
para-alkylphenol analogs [2, Sub—(CH,),—C¢H,—OH] were calculated at the B3LYP/6-314+-G* and AM1 levels
of theory. The acidity of a substituted molecule of 2 is compared with that of the unsubstituted molecule of 2 to
determine the field/inductive effect of the substituent on the acidity of 2. This field/inductive effect was extrapolated to
n =0, yielding the field/inductive effect of the substituent on the acidity of 1. The derived field/inductive effect in 1
was subtracted from the difference in acidity between 1 and phenol in order to determine the resonance effect of the
substituent on the acidity of 1. Our results are compared with the field/inductive and resonance substituent parameters
empirically derived from previous experimental solution studies. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Resonance and field/inductive substituent effects on the
thermodynamics and kinetics of chemical reactions have
long been of interest to chemists." These substituent
effects continue to be a topic of lively discussion, largely
because it is non-trivial to separate resonance effects
from field/inductive effects.” Recent studies have there-
fore turned to quantum theoretical calculations, examin-
ing those effects by taking into account quantities that are
parametric with each effect. Those parametric quantities
have included the Mulliken population at the reaction
center, in which the reaction center is adjacent to a para-
substituted phenyl ring (both delocalized and localized
rings),’ charge density redistribution in model sys-
tems>*> and charge flux in substituted benzene.® How-
ever, each of those parametric quantities is an indirect
measure of the resonance and field/inductive effects on
the thermodynamics of chemical reactions. Furthermore,
there is no guarantee that effects on charge density can be
directly correlated with effects on thermochemistry. To
our knowledge, there has been no systematic computa-
tional study in which resonance and field/inductive
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effects on thermochemistry have been obtained in a direct
fashion. In this paper, we present a methodology to do so.

Traditionally, resonance and field/inductive parameters
are obtained by employing what are effectively extensions
of the Hammett equation,’ illustrated in the equation

log(k/k) = por (1)

where k is either a rate or equilibrium constant involving
a substituted reactant, k is for the unsubstituted reactant,
o is an intrinsic substituent parameter describing the
ability of that substituent to effect a change in k and p
is a reaction’s sensitivity to that substituent effect.

In one extension of the Hammett equation, Taft and
co-workers proposed™ the relationship

log(k/ko) = pror + pror (2)

where the first term on the right-hand side describes the
field/inductive effect and the second term describes the
resonance effect. They proposed that one of four types of
oRr parameters is necessary [og, Ul‘{, ag or or(BA)],
depending on the demand for electrons within the parti-
cular reaction.

Swain and Lupton,10 however, suggested that the
different resonance parameters were unnecessary, and
that o itself could be taken as a sum of the field/inductive
and resonance effects, according to the equations

o=fF+ R (3a)
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log(k/ko) = p(fF + rR) (3b)

where F and R are constants for a given substituent,
regardless of the reaction in which they are involved or
of the reaction conditions. The weighting factors, f and r,
are constant with regard to a specific reaction and reaction
conditions, and are independent of the substituent involved.

Over the years, such extensions of the Hammett
equation have been met with substantial scrutiny. One
of the main reasons is that, as with the Hammett equation
itself, these models are purely empirical, having no
theoretical basis.">® Instead, the field/inductive and
resonance parameters have been derived by fitting ex-
perimental thermodynamic and kinetic values (and later,
other experimental values, such as NMR chemical
shifts'' and IR band intensities'?) to their respective
equations [e.g. Eqns (2) and (3)]. Furthermore, there
has been disagreement as to the appropriate model. The
Swain—Lupton model, specifically, was heavily criticized
by a number of workers,”’15 who cast doubt on critical
assumptions and also the statistical methods that were
used. Swain wrote a paper in rebuttal.'®

In this work, we studied resonance and field/inductive
effects on the gas-phase acidities of para-substituted
phenols (1) [note: oy is therefore the resonance para-
meter used in Eqn (2)]. This was accomplished by
calculating gas-phase acidities of w-substituted para-
alkyl phenols (2), which enabled us to obtain each effect
in a direct fashion (i.e. in units of energy), without the
need for an intermediate parameter, as described below.
We compared our calculated field/inductive effects with
both F and oy, and compared our calculated resonance
effects wtih both R and oy.

OH OH

s supF e

1 2
METHODOLOGY

Relative gas-phase acidities are calculated for 1, as well
as their counterparts 2, up to n = 6. Any acidity difference
between 1 and phenol (Sub = H) is expected to be a result
of both field/inductive and resonance effects of the
substituent. Any acidity difference between 2 and the
corresponding (same n) unsubstituted (Sub=H) para-
alkylphenol, however, is expected to be a result of only
the field/inductive effect of the substituent. This is be-
cause the sp® hybridization of the center(s) separating the
substituent from the phenyl ring largely destroys the

Copyright © 2004 John Wiley & Sons, Ltd.

substituent’s resonance effects on the acidity of the
phenolic proton.' Therefore, extrapolation of the field/
inductive effects to n =0 should provide the field/induc-
tive effects on the acidity difference between 1 and
phenol. Resonance effects should account for the remain-
der of the acidity difference.'”'®

This methodology is similar to that employed by
Siggel er al.'® to obtain a measure of the resonance and
inductive effects on the acidity enhancement of car-
boxylic acids over alcohols. Their study took advantage
of the fact that for alcohols of the form YOH, where Yis a
substituent only capable of field/inductive effects, the
insertion of a CH, group attenuates the field/inductive
effects by a factor of about 2.6."” Therefore, Siggel et al.
multiplied the field/inductive contribution of the CH;C=—
O group in hydroxyacetone [CH;C(=—0O)CH,0OH] by 2.6
to determine the field/inductive contribution by the
CH3;C=0 group in acetic acid.

Our methodology presented here is also related to that
employed previously by our group to determine the
contribution by resonance and field/inductive effects
toward the acidity enhancement of formic acid over
methanol,'” and toward the enhanced acidity and hydride
abstraction enthalpy of propene over propane.20 In those
studies, we calculated the appropriate thermochemical
values of hypothetical vinylogs®' (where 1-3 vinyl units
were inserted between the substituent and the reaction
center) of the respective parent molecules—that is, of
formic acid and methanol in the first study and of propene
and propane in the second (we define the nth vinylog as
the species in which n vinyl groups have been inserted
between the reaction center and the substituent, with the
E-configuration at all double bonds). We also calculated
the appropriate thermochemical values of vinylogs of
formic acid and propene under conformational con-
straints that essentially remove contribution by resonance
effects. Comparisons among the calculated thermoche-
mistries of those vinylogs allowed us, directly and in-
dependently, to arrive at the contributions by resonance
and field/inductive effects in the vinylogs of formic acid
and propene. Both effects were extrapolated to zero
inserted vinyl units to obtain the resonance and field/
inductive effects in formic acid and propene. The inde-
pendent extrapolations were consistent with one another,
which helped to substantiate our methodology. Further-
more, the results from that study were in excellent
quantitative agreement with those of a number of other
workers, %2122

EXPERIMENTAL

AMI calculations were performed using PC Spartan Pro
(Wavefunction), and density functional theory (DFT)
calculations were performed at the B3LYP/6-31+G*
level, using Gaussian 98W.?* The AM1 acidity of each
molecule of 1 and 2 was computed by subtracting the

J. Phys. Org. Chem. 2005; 18: 210-216



212 J. B. BARBOUR AND J. M. KARTY
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Figure 1. Plot of calculated relative acidities at the AM1
level against experimental relative acidities. Linear regression
yields a slope of 0.9517+0.0796, a y-intercept of
—2.103+0.966 and R* =0.9471
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Figure 2. Plot of calculated relative acidities at the B3LYP/
6-314+G* level of theory against experimental relative acid-
ities. Linear regression yields a slope of 1.131540.0382, a
y-intercept of 0.552 +0.464 and R* = 0.991

N
o
»

N
D

an

calculated inductive effect
{kcal/mol)
P

Swain F parameter

Figure 3. Plot of DFT-calculated inductive effects on para-
substituted phenols versus the Swain F parameter. Linear
regression yields a slope of 17.8+2.0, a y-intercept of
~1.54+1.3,and R*=0.9121

acidity between a substituted (Sub # H) molecule of 2
and the corresponding (same n) unsubstituted (Sub =H)
molecule of 2. This field/inductive effect was then extra-
polated to n =0 to determine the field/inductive effect in
the parent molecule, 1. In our extrapolations, data were fit
to a decaying exponential function, following observa-
tions made by Bianchi et al.®

For each extrapolation, the inclusion of all data points
(all values of n > 0) yielded correlation coefficients that
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Figure 4. Plot of DFT-calculated field/inductive effects on
the acidity of para-substituted phenols against the Taft o
parameter. Linear regression yields a slope of 24.94+2.7, a
y-intercept of —0.2+ 1.1 and R*=0.9169
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Figure 5. Plot of DFT-calculated resonance effects on the
acidity of para-substituted phenols against the Swain R
parameter. Linear regression Xields a slope of 4.8+1.0, a
y-intercept of 1.4+ 1.2 and R“=0.7393
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Figure 6. Plot of DFT-calculated resonance effects on the
acidity of para-substituted phenols against the Taft oy
parameter. Linear regression yields a slope of 33.84+4.0, a
y-intercept of 1.4+0.7 and R“=0.911

were not acceptable. This is because for odd values of 7,
the C—Sub single bond is at a significant angle relative
to the plane of the benzene ring (Fig. 7), whereas in 1, the
C—Sub bond is parallel to the plane of the ring. There-
fore, in our extrapolations, the field/inductive effects in 2,
where n=odd, are not expected to map smoothly into
those in 1. On the other hand, for even values of n, the
C—Sub bond is parallel with the plane of the benzene
ring. As a consequence, there is expected to be a smooth

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 7. (a) Molecule of 1, explicitly showing the C—Sub
bond in the plane of the benzene ring. (b) A representative
molecule of 2 with n=odd (in this case, n=1). The C—Sub
bond is at a significant angle with respect to the plane of
the benzene ring. (c) A representative molecule of 2 with
n=-even (in this case, n=2). The C—Sub bond is parallel to
the plane of the benzene ring

transition from the field/inductive effects in 2 to those in
1. In support of this, for all extrapolations using only even
values of n, it is noted that the smallest correlation
coefficient is 0.996, at both the DFT and the AM1 levels
of theory. Therefore, each of our extrapolated field/
inductive effects to n=0 (Table 1) are those obtained
using only even values of n.

The resonance effects in 1 were computed once the
extrapolated field/inductive effects were obtained. The
difference in acidity between a substituted molecule of 1
and the unsubstituted molecule of 1 is taken to be the sum
of the field/inductive and resonance effects in 1 [Eqns (2)
and (3)]. Polarizability effects were assumed to be
negligible, given the large distance between the substi-
tuent and the reaction center and given the significant
polarizability already present in the unsubstituted
ring.“’26 Therefore, the field/inductive effect was sub-
tracted from the acidity difference to yield the resonance
effect on the acidity.

Although there are very few experimental gas-phase
acidities with which to compare our calculated acidities
of 2, we believe that our DFT results are reliable, for a
number of reasons. First, there is excellent agreement
between the DFT-calculated and experimental gas-phase
absolute acidities of the parent acids (Table 1, Fig. 2).
This suggests that our DFT calculations are sufficiently
sensitive to both resonance and field/inductive effects.

Second, it appears that any errors introduced in the
calculated acidities of 2 are largely canceled out in our
extrapolation methods. The reason for this is that we
extrapolate differences in acidity, rather than absolute
acidity, and the reference acid, unsubstituted phenol, is
structurally very similar to the substituted acids. The
significant cancellation of errors is evidenced by the
very good agreement between our DFT results and our
AMI1 results (Table 1). The AMI-calculated absolute
acidities are in significant disagreement with experiment,
but the extrapolations using the AM1 calculated acidities
of 2 yield similar resonance and inductive effects to our
extrapolations using the DFT calculated acidities.

J. Phys. Org. Chem. 2005; 18: 210-216
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A third reason why we believe our DFT results are
reliable is that in our previous study on formic acid,'” we
showed that our DFT calculations were in excellent
agreement with those from the G2 level of theory.

Finally, our results are in general in qualitative agree-
ment with resonance and inductive parameters from solu-
tion, and are consistent with intuition. For example, our
results indicate that field/inductive effects increase in the
order CH; < NH, < OH < F, which is the same as the
order of electronegativity of the atom directly bonded to
the phenyl ring (i.e. C, N, O and F). Furthermore, the NO,
group has the greatest contribution from both field/induc-
tive and resonance effects. In addition, the F, OH, NH, and
Cl substituents appear to decrease the acidity via reso-
nance, consistent with resonance structures that can be
drawn involving the lone pairs of electrons on the het-
eroatoms. Notably, our methodology suggests that the CF;
group enhances the acidity of phenol via resonance by
4.2 kcalmol ' (1 kcal = 4.184 kJ), in qualitative agreement
with calculations by Janesko ef al.® Swain et al. argue that
this is a reflection of fluoride hyperconjugation.?’

There are, however, some discrepancies between our
results and the parameters derived from solution. Our
results suggest that the field/inductive effect of CI is
greater than that of F (13.4 and 8.9 kcal mol ™!, respec-
tively), whereas both the Taft and the Swain—Lupton
parameters suggest the reverse order (Table 1). Further-
more, one would expect F to have a greater field/inductive
effect than Cl, given the greater electronegativity of F
than of Cl. Although we do not fully understand the
nature of this disagreement, we believe that it may be
due, in part, to the fact that our numbers are derived from
gas phase acidities, whereas both the Taft and the Swain
parameters were obtained from solution values. Support
for this assertion comes from Janesko ef al.,> who argue
that in solution, the field/inductive effect is strongly
attenuated by the solvent. They suggest that this is the
reason for the anomalously large field/inductive effects in
the gas phase for fully charged substituents such as
NH;*. Furthermore, such a reversal on going from gas
phase to solution phase is not surprising. Early work by
Brauman and Blair?® showed that the order of gas-phase
acidities of small aliphatic alcohols is reversed from that
in solution.

We attempted to test this hypothesis by carrying out the
same calculations on 2, with F and Cl as substituents,
using a polarized continuum model within the Gaussian
software package to account for solvent effects from
water. However, the difference between the experimental
aqueous acidity of p-fluorophenol and p-chlorophenol is
only 0.57 pK units,” or about 0.8 kcalmol '. As argued
in our previous paper on the acidity of formic acid, our
methodology is reliable to within about 1-2 kcal mol ™"
Therefore, our methodology is not sufficiently precise for
solution studies.

Another discrepancy between our results and those
from solution is the prediction that the resonance effect

Copyright © 2004 John Wiley & Sons, Ltd.

by the NH, substituent is less than that by the OH
substituent (6.6 and 7.6kcalmol ', respectively). Both
of the solution resonance parameters, on the other hand,
suggest that the NH, substituent should have a greater
effect via resonance. This is in agreement with intuition,
since the less electronegative nitrogen atom is expected to
be a better electron donor via resonance.

This apparent anomaly can be explained, at least in
part, by examining the geometries of both the NH, and
OH substituents in the phenoxide anions. In the opti-
mized geometry of the anion of p-aminophenol, the
conformation of the NH, group is such that the H—
N—H angle is bisected by the plane of the ring. There-
fore, the lone pair of electrons on the nitrogen atom is
confined to the plane of the ring, which should preclude
its involvement in resonance with the extended 7-system.
On the other hand, the energy-minimized structure of the
p-hydroxyphenol anion is entirely planar. As a result, the
two lone pairs of electrons should retain the appropriate
symmetry that allows it to interact with the 7-system of
the ring.

In order to compare our results quantitatively with the
empirical results from solution, we plotted our DFT-
calculated resonance and field/inductive effects against
the resonance and field/inductive parameters from both
Swain and Taft (Figs 3-6). Our calculated field/inductive
effects scaled fairly linearly (Figs 3 and 4) with both the
Swain and the Taft field/inductive parameters: R*=0.912
and 0.917, respectively. Our calculated resonance effects
also appear to scale linearly (Fig. 6) with the Taft
resonance parameters, as the value for R® is 0.911.
However, there is substantial scatter in the plot of our
calculated resonance effects against the Swain resonance
parameters (Fig. 5); the value of R is 0.739.

In order to evaluate the slopes in Figs 3—6, linear least-
squares fits of the experimental gas-phase acidities (this is
similar to the linear regression performed by Taft ez al.?®)
were performed using the Swain-Lupton substituent
parameters and also the Taft parameters [Eqns (2) and
(3)]. The slope in Fig. 3 is pfcac = 17.8 2.0, and a linear
least-squares fit of the experimental acidities to Eqn (3)
yields pfexpe=12.34+2.5. The slope in Fig. 4 is
Pleale =249+ 2.7, and a linear least-squares fit of ex-
perimental acidities to Eqn (2) yields pyexpe=22.4 £ 1.8.
The slope in Fig. 5 is prey.=4.8+ 1.0, and the linear
least-squares fit of experimental acidities to Eqn (3)
yields preyp=4.4£0.6. Finally, the slope in Fig. 6 is
PRcalc =33.8£4.0, and the linear least-squares fit of
experimental acidities to Eqn (2) yields pgexpe=
31.7+£2.2.

The linear least-squares fit of experimental acidities is
in agreement with the slopes in Figs 4-6. However, it is in
significant disagreement with Fig. 3. This, in combination
with the substantially smaller R* value in Fig. 5 than in
Fig. 6, may suggest that the Taft parameters are more
appropriate than the Swain parameters. However, it is
difficult to use our gas-phase results to comment, with
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certainty, on the appropriateness of each set of solution
parameters. This is especially true given the apparent
reversal of trends between solution and the gas phase, as
seen with the field/inductive effects of F versus Cl and the
resonance effects of NH, versus OH.

As a final note, it is worth discussing our AM1 results.
As mentioned earlier, they are in very good agreement
with our results from DFT calculations. The average
difference between field/inductive effects derived from
the two different levels of theory is 2.0 kcal mol ', the
largest difference being 3.8 kcalmol '. The respective
values for resonance effects are 2.3 and 4.1 kcal mol .
This is particularly noteworthy, given the computational
time required for some of the larger molecules of 2, using
moderately high-level DFT calculations. Whereas, for
example, calculating the substituent effects of NO, con-
sumed about 2 weeks of CPU time with our DFT
calculations, the same calculations at the AM1 level of
theory required only minutes. Therefore, employing the
AMI level of theory may be attractive towards obtaining
reasonably accurate field/inductive and resonance effects
of additional substituents on the acidity of phenol, and
also on other reactions.

CONCLUSIONS

Resonance and field/inductive effects on the acidity of
para-substituted phenols were determined for a variety of
substituents. These effects were obtained for each sub-
stituent by extrapolating the field/inductive effect on the
acidity of w-substituted p-alkylphenols to n=0, and
assuming that the total substituent effect is the sum of
the field/inductive and resonance effects. Our calculated
field/inductive effects agree somewhat better with the
Taft oy and o parameters than with the Swain F and R
parameters.
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