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Quantum mechanical and quantum mechanical/molecular mechanical calculations in conjunction
with continuum solvation models have been used to analyze CH-x interactions in model systems
of aryl- and alkyl-aromatic interactions, as well as in a model folding system designed to study
those interactions. High level calculations reproduced accurately the interaction of CH-z interactions
in both alkyl- and aryl-based model systems. Dispersion effects dominate the interaction, but the
electrostatics term is also relevant for aryl CH-x interactions. Theoretical calculations were also
used to examine the influence of CH-xr interactions in determining the conformational flexibilitty
of folding models. Finally, a critical comparison of the results obtained from high level calculations
on model systems and the experimental data derived for folding models in apolar solvents was
carried out, which allowed us to reconcile the apparent discrepancy found between both data.

Introduction

The weak interactions involving aromatic groups are
key factors in determining many fundamental chemical
and biochemical properties, such as the stabilization of
the structure of proteins,’~” the conformational prefer-
ences of organic molecules,> > and molecular recognition
processes.>%16723 For instance, in a recent study Weiss
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and co-workers* found 3 x 105 CH-aromatic contacts in
a database of 1000 proteins, which means that about
three-quarters of all Trp and one-half of all Tyr and Phe
residues participate in these interactions in the interior
of proteins. This finding supports previous suggestions
about the relevant contribution of CH-aromatic interac-
tions to the folding of proteins® and reinforces their
significant structural and functional role in biological
macromolecules and supramolecular chemistry.

The m-electron distribution of aromatic rings can
interact with charged species, yielding strong cation-
interactions, which are important in several biological
and chemical processes.?*~2° This interaction is domi-
nated by electrostatic and polarization effects,6242530
while dispersion generally plays, at least for small
cations, a secondary role.’°® Complexes of s-electron
systems with standard hydrogen-bond (HB) donors have
also been examined®—3> and identified as a particular
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type of HB interaction. The stabilization energy in these
complexes is weak (from —2 to —3 kcal/mol) and stems
from both electrostatic (50—70% of the interaction energy
depending on the donor) and dispersion forces.36:37

The CH group is described as a weak HB donor in
complexes between alkyl or aryl groups with aromatic
rings.”33% On the basis of theoretical calculations, some
of these interactions have been identified as improper
HBs.*°~%2 The interaction is weak (interaction energies
of 1—-3 kcal/mol) for benzene complexes®43-52 and slightly
stronger for larger aromatic rings.** Thus, for the CHy-
benzene dimer interaction energies of —1.2° and —1.4
kcal/mol*® have been predicted from very high-level ab
initio calculations. For the T-shaped benzene dimer
interaction energies ranging from —2.1 to —3.2 kcal/mol
have been determined from MP2 and CCSD(T) calcula-
tions performed with extended basis sets.**~#47 These
values agree with empirical estimates determined from
experimental properties of liquid benzene (—2.3 kcal/
mol)*8 and from accurate ionization measurements for the
benzene dimer (—2.4 4+ 0.4 kcal/mol).*°

Though the CH,-benzene interaction is dominated by
dispersion forces,36:43:44:48.52 electrostatic effects still ac-
count for more than 20% of the interaction energy.*®52
The importance of electrostatics is expected to be larger
for the benzene dimer 846545 as well as for complexes
involving unsaturated hydrocarbons as CH donors*® or
alkyl CH groups having electron-withdrawing substitu-
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X =NO,, CN, H, CH3, OH, NH,

FIGURE 1. Schematic representation of the conformational
equilibrium in Wilcox’s folding models.®* Top: derivatives of
compound I. Bottom: derivatives of compound II. Left: trans
conformation. Right: cis conformation.

ents.363° In summary, the bulk of theoretical data sug-
gests that the CH,-benzene interaction is weaker than
the benzene-benzene interaction, and that, at least for
the latter complex, electrostratic effects are not negligible.
This picture, obtained mostly from high level quantum
mechanical calculations, has been recently challenged by
Wilcox and co-workers from®1%14 NMR data collected on
folding models (see Figure 1). Their experimental results
showed (i) no difference in the stability of alkyl-benzene
and T-shaped benzene-benzene interactions and (ii) no
change in benzene-benzene interaction when electron-
donating or -withdrawing groups were added, suggesting
that the electrostatic was irrelevant to the aryl-benzene
interaction.

In this paper we present a high-level ab initio study
of the alkyl- and aryl-7 dimerization, which compares
theoretical results derived for small model systems in the
gas phase with the experimental data determined for
model folding systems in apolar solvents. The apparent
discrepancy between both sets of data is reconciled.

Methods

The quantum chemical description of aryl- and alkyl-z
interactions is difficult as a result of the magnitude of the
dispersion energy, which makes it necessary to combine large
basis sets with electron correlation effects,36:43746.47.56-59 pre-
cluding the use of density functional methods for determining
interaction energies.%8% Fortunately, lower level correlated
methods can give reliable interaction energies, since differ-
ences between MP2 and CCSD(T) results are generally
small.4346-4852 For instance, such a difference amounts to 0.3
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kcal/mol for the methane-benzene dimer with the cc-pvdZ basis
set*® and 0.7—0.8 kcal/mol for the benzene dimer with the aug-
cc-pvdZ and cc-pVTZ basis sets.*6:47

Calculations for model systems were carried out at the MP2/
6-311+G(2d,p) level. The CH group was oriented pointing
toward the center of the ring, along the axis normal to the
benzene ring. The rest of geometrical parameters were fully
optimized. Single-point calculations at the MP2/aug-cc-pVDZ,
MP2/6-311G(2d,2pd), and CCSD(T)/aug-cc-pVDZ levels were
performed using those optimized geometries. Basis set super-
position error (BSSE) was corrected in all the cases using the
counterpoise method,® which was also considered in determin-
ing the optimum geometries.

The study of Wilcox’s compounds is more difficult as a result
of (i) its large size, which limits the size of the basis sets, and
(ii) the problems derived from the correction of BSSE effects
in intramolecular interactions.®! Fortunately, test calculations
showed that all of these problems can be solved simultaneously
because of a fortuitous cancellation of errors. Thus, medium-
size basis sets (at the MP2 level) typically underestimate the
interaction energy as the result of an incorrect representation
of dispersion effects,364374756-59 gnd in fact, Kim and co-workers
have suggested that BSSE does not have to be corrected
completely?”52 in these calculations. When we compared MP2/
6-31G(d) and MP2/6-311+G(2d,p) profiles we found that in all
cases BSSE-uncorrected MP2/6-31G(d) results reproduce al-
most perfectly BSSE-corrected MP2/6-311+G(2d,p) values, as
well as single-point calculations at even higher levels of theory.
This led us to completely ignore BSSE in calculations per-
formed with Wilcox’s compounds.

The impossibility to perform MP2/6-31G(d) optimizations
on Wilcox’s compounds introduces a priori some uncertainties
in the calculations. To reduce errors, geometries in both cis
and trans conformations were optimized using two different
strategies: first, B3LYP/6-31G(d) optimizations® and, second,
ONIOM optimizations® where the two interacting groups (two
benzenes or one benzene and one isopropyl groups) were
represented at the MP2/6-31G(d) level and the rest of the
system at the HF/6-31G(d) level. Both geometries were in
general similar (see below) and agree well with available
crystal data. Once the geometries were optimized at either
ONIOM or B3LYP levels molecular energies were computed
using MP2/6-31G(d) calculations. Thermal and entropic effects
on the conformational equilibrium were corrected using B3LYP
frequencies and the standard harmonic procedure. Because of
the mixed character of ONIOM frequencies, these were not
used to obtain thermal or entropic corrections.

To complement the high-level ab initio calculations, the
interactions in complexes of model compounds were analyzed
by means of the Generalized Molecular Interaction Potential
including polarization correction (GMIPp).3%84-66 This simple
QM/MM method is based on a perturbational treatment of the
interaction between quantum and classical systems and allows
a fast partition of the interaction energy into electrostatic,
polarization, and dispersion components.3%%4-% Besides its
simplicity, the method provides a reliable representation of
several z-based interactions.30:66

Finally, solvation effects were introduced by means of
continuum solvation models. The AM1-optimized version of
the Miertus—Scroco—Tomasi (MST) method®":8 for chloro-
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form8%70 and the SM5.4A version of the continuum method
developed by Cramer and Truhlar® were used to include
solvent effects in the conformational equilibrium of Wilcox's
compounds. Geometry optimization in chloroform was tried for
both cis and trans conformers, but the semiempirical optimized
geometries (both in gas phase and solution) were unreliable.”
This forced us to use DFT gas-phase optimized geometries for
all the continuum calculations. The small magnitude of the
solvent effects revealed by experimental techniques®® was
confirmed by continuum calculations (see below), suggesting
that no important geometrical changes can be expected due
to solvation in chloroform.

Ab initio calculations were performed using Gaussian-9872
and Jaguar’ computer programs. GMIPp calculations were
carried out using our MOPETE code;”® AM1-MST calculations
were carried out with a modified version of MOPAC.7677
Finally, SM5.4A calculations were performed using the Cram-
er and Truhlar's AMSOL computer program.’®

Results and Discussion

Model Systems. Figure 2 shows the MP2/6-311+G-
(2d,p)//IMP2/6-311+G(2d,p) interaction energy profiles for
the CH-z complexes of methane (Figure 2, top) and
benzene (Figure 2, bottom) interacting with the x distri-
bution of a benzene molecule. Both uncorrected and
BSSE-corrected profiles are shown. As expected, the
BSSE correction reduces importantly the interaction
energy and slightly increases the optimum interaction
distance (0.1 and 0.2 A for the methane-benzene and the
T-shaped benzene-benzene dimers). The interaction pro-
files are smooth near the minimum, and displacements
of up to £0.3 A from equilibrium positions change the
interaction energy less than 0.3 (methane-benzene) and
0.4 (benzene-benzene) kcal/mol, suggesting a large flex-
ibility in both types of interactions. This suggests that
small errors in the optimized geometry of the dimer (like
those expected in BSLYP and ONIOM optimizations)
should not introduce important errors in the interaction
energies.
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FIGURE 2. Interaction profiles for the methane-benzene and
T-shaped benzene-benzene dimers computed at the MP2/6-
311+G(2d,p)//IMP2/6-311+G(2d,p) levels with and without
BSSE correction. Values obtained using BSSE-uncorrected
MP2/6-31G(d) calculations are also displayed.

Table S1 (see Supporting Information) displays the
interaction energies at the optimum MP2/6-311+G(2d,p)
geometries for the methane-benzene and (T-shape) ben-
zene-benzene dimers computed at different levels of
theory and compared with values reported in the liter-
ature. For the methane-benzene dimer, the MP2/
6-311+G(2d,p) result (—1.3 kcal/mol) matches the values
determined at higher levels of theory (—1.2 kcal/mol at
the MP2/aug-cc-pVDZ level;*° —1.4 kcal/mol at the MP2/
complete basis level combined with CCSD(T)/ccpvVDZ
calculations).®® The ability of the MP2/6-311+G(2d,p)
method to reproduce higher level calculations is also
very good for the benzene-benzene dimer. The value of
—2.8 kcal/mol (MP2/6-311+G(2d,p)) agrees with previous
values of —3.0 (MP2/aug-cc-pVDZ),*¢ —3.0 (CCSD(T)/
cc-pVTZ),* —3.2 (MP2/aug(df,p)-6-311G(d,p)),** and —2.5
(MP2/aug(df,p)-6-311G(d,p) combined with CCSD(T)/
6-311G(d,p) corrections)** kcal/mol. There is also good
agreement with our estimates at the MP2/6-31+G(2d,p)//
MP2/aug-cc-pVDZ, MP2/6-31+G(2d,p)//MP2/6-311G(2d,-
2pd), and MP2/6-31+G(2d,p)//CCSD(T)/aug-cc-pVDZ lev-
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els of theory (Table S1). It also agrees with the experi-
mental value reported for the T-shaped interaction of
benzene (2.4 + 0.4 kcal/mol*®). Finally, the optimum
geometry found here at the MP2/6-311+G(2d,p) level also
agrees with the experimental one (the optimum distance
between the centers of mass of the benzene rings is 5.0
A, as experimentally found).”®

In summary, MP2/6-311+G(2d,p) calculations provide
reliable interaction energies for the methane-benzene and
benzene-benzene dimers. Unfortunately, this level of
calculation is still too expensive for the study of large
folding models. Therefore, we checked the behavior of
several lower-level methods, and the best agreement was
found with BSSE-uncorrected MP2/6-31G(d) values. The
differences in the interaction energy profiles obtained
between BSSE-free MP2/6-311G(2d,p) and BSSE-uncor-
rected MP2/6-31G(d) calculations are small (Figure 2).
Using the optimized geometries the difference between
the interaction energies determined at the two preceding
levels of theory amounts to 0.0 and 0.3 kcal/mol for
methane-benzene and benzene-benzene, respectively. The
optimum distance for the benzene-benzene dimer from
MP2/6-31G(d) calculations is 4.9 A, which closely agrees
with higher QM and experimental data.” In summary,
BSSE-uncorrected MP2/6-31G(d) calculations give a very
accurate description of the CH-x interaction.

Comparison of MP2 and HF interactions profiles (see
Figure 3) clearly shows the importance of dispersion
effects in CH-benzene interactions.36:43444853 According
to GMIPp calculations (Table 1), dispersion-repulsion
interactions accounts for 60% (benzene) and 80% (meth-
ane) of the interaction energy at the optimum geometries.
In turn, electrostatics account for 15% (methane) and
32% (benzene) of the interaction energy. It is worth
noting the excellent quality of GMIPp calculations to
reproduce both interaction geometries and energies
(Tables S1 and 1). Furthermore, the GMIPp partition of
the total interaction energy provides results very similar
to those derived from other partitioning schemes,*352
confirming the goodness of the simple and computation-
ally efficient GMIPp scheme.

Effect of Substituents. To analyze the influence of
substituents attached to the (acceptor) benzene on the
CH-x interaction, we computed the interaction energies
at both MP2/6-31G(d) and GMIPp levels for the dimers
CH, or CgHg (donor) and tetrafluorinated and NO,-, CN-,
CHjs-, OH-, and NH,-substituted benzenes (acceptor). The
optimum geometries found at the MP2/6-31+G(2d,p) level
for the isolated CH4-benzene and T-shaped benzene-
benzene dimers were used (see above).

The interaction energy of methane with benzene is
mostly unaffected by the presence of substituents on the
aromatic ring (see Table S2; Supporting Information).
Thus, the interaction energies vary from —1.1 to —1.4
kcal/mol, and the electrostatic component varies from
+0.1 and —0.2 kcal/mol. These findings support the small
relevance of electrostatic effects in alkyl-benzene interac-
tions, even in cases where polar groups are introduced
in the benzene core. It is worth noting the extreme
quality of GMIPp calculations for the representation of
this series of dimers, since in general GMIPp and MP2
calculations are identical (see Table S2).

(79) Arunan, E.; Gutowsky, H. S. J. Chem. Phys. 1993, 98, 4294.
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FIGURE 3. Interaction profiles for the methane-benzene and
T-shaped benzene-benzene dimers computed at the HF and
MP2 levels using the 6-31G(d) basis set.

TABLE 1. GMIPp Total Interaction Energy and Its
Electrostatic, Polarization, and Dispersion-Repulsion
Contributions; GMIPp Results Are Compared with
MP2/6-31G(d) and MP2/6-311+G(2d,p) Estimates?

Etot Etot Etot
donor Eele Epol Edisp-rep  (GMIPpP) (M P2)e  (MP2)°
CHg4 -0.2 -01 —-1.0 -1.3 -1.3 -1.3
CeHs —0.8 —-0.2 -1.5 -25 -3.1 —-2.8

aAll  values are in  kcal/mol. ® MP2/6-31G(d). ¢ MP2/

6-311+G(2d,p).

The situation when the CH donor is benzene is quite
different (Table S3; Supporting Information). The pres-
ence of substituents changes the interaction energies up
to 1.1 (MP2) or 1.2 (GMIPp) kcal/mol, which can be
related to changes in the electrostatic term (see Table
S3). For some compounds, like the amino derivative, the
electrostatic term contributes more than half of the
dispersion-repulsion term. In contrast, for the tetraflu-
orinated compound it destabilizes the dimer by about
—17% of the magnitude of dispersion-repulsion term. In
summary, polar substituents in the acceptor benzene
modifies the strength of T-shaped benzene-benzene in-
teractions by modulating the electrostatic interaction (see
Figure 4), which is the key parameter to explain the
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FIGURE 4. Representation of MP2 interaction ernergies for
compound 11 series versus GMIPp total, electrostatic, and
dispersion ernergies. All values are in kcal/mol.

change in binding energy along the series. Finally, it is
worth noting again the ability of the GMIPp to reproduce
the MP2 values.

The benzene-benzene interaction is stronger than the
methane-benzene one for all the substituents owing to
both dispersion and repulsion (see Tables S2 and S3). The
dispersion-repulsion preference for the benzene-benzene
series is always around 0.6 kcal/mol irrespective of the
substituents attached to the acceptor benzene ring (see
Tables S2 and S3). On the contrary, the electrostatic
component is responsible for the change in the interaction
energies along the series of compounds. In fact, more than
95% of the differences between the MP2 dimerization
energies of the difference benzene-benzene and methane-
benzene dimers (AMP2) is explained by the change in
GMIPp electrostatic energy (AGMIPp) (r = 0.98 in Figure
5, see ref 80).

In summary, all the results reported above confirm the
previously accepted picture (see Introduction) of CH-x
interactions: (i) the T-shaped benzene-benzene dimer is
more stable than the methane-benzene dimer, (ii) alkyl-z
and aryl-w interactions are dominated by dispersion
effects, (iii) electrostatic effects are not negligible for the
benzene-benzene dimer, and (iv) substituents changing
the z-electron population of the acceptor benzene strongly
modify the strength of T-shaped benzene-benzene dimers.

Folding Models. Wilcox's structures®*® provide unique
systems to study both aryl-z and alkyl- interactions. The
molecules can be in the trans conformation or in the cis
conformation, this latter being stabilized by CH-x inter-
actions between a benzene acceptor and either an iso-
propyl (compound I) or a benzene (compound I1) ring (see
Figure 1). Wilcox and co-workers determined folding free
energies, i.e., free energy differences between trans and
cis conformers in CDClI; with high accuracy (10% error)

(80) Relative energies are computed for each substituent (X in Figure
1) as AE = Egnogn — Eempar- Interaction energies are displayed in
Tables S2 and S3.
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FIGURE 5. Representation of MP2 and electrostatic energy
differences between benzene-benzene and methane-benzene
interaction, when the acceptor benzene is substituted by
chemical groups in Figure 1. All values are in kcal/mol.

by NMR techniques. They claim, supported by over-
whelming evidence,?° that the effect of solvation is small,
and the conclusions of their study can then be of general
validity for gas phase or any apolar solvent.

Wilcox’s group found that (i) the folding free energy of
compound I (alkyl-benzene interaction) was slightly more
negative than that of compound Il (benzene-benzene
interaction), and (ii) the folding energy of the two
compounds was not largely affected by monosubstitutions
in the acceptor benzene ring.%!° These results suggest
that (i) alkyl-r and aryl-7 interactions have similar
interaction energies, and (ii) electrostatic effects are
negligible for CHj-benzene and (T-shape) benzene-
benzene interactions, even in the presence of substituted
acceptor benzenes. These conclusions apparently disagree
with all the theoretical calculations in the gas phase
summarized above.

To verify that current methods were able to reproduce
model folding systems in solution and not only small
isolated molecules in the gas phase, we built models of
Wilcox's compounds in both cis and trans conformations
and optimized them using B3LYP/6-31G(d) or ONION-
(MP2:HF/6-31G(d)) calculations. The optimized struc-
tures of compounds | and Il obtained by ONIOM and
B3LYP calculations were almost identical (maximum
RMSd 0.1 A for the cis conformers and 0.3 A for the trans
conformer). The CH-x interactions are evident in both
cis conformers (see Figure 6) and agree well with sug-
gestions by Wilcox and co-workers. The optimized struc-
tures of the cis conformer of compound Il are similar (see
Figure 7, RMSd 0.5—0.6 A) to the crystal structure of a
nitro-methyl derivative.® Considering the smoothness of
the potential energy surface of CH-z interactions these
small geometrical uncertainties are expected to introduce
very small energy changes.

Folding energies and free energies were determined
from MP2/6-31G(d) calculations (see Methods) for several
modified compounds (X = H, NO,, CN, CH3, OH, and
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FIGURE 6. B3LYP optimized geometries for compound I (top)
and compound Il (bottom) in the trans (left) and cis (right)
conformations. ONIOM optimized geometries (not shown) are
very close to the B3YLP ones.

NH, in Figure 1) as well as the tetrafluorinated deriva-
tive. The effect of solvation was introduced by using
continuum methods (see Methods). The results are sum-
marized in Tables 2 and 3 for derivatives of compounds
I and I1, respectively.

For compound | folding energies lie in a range of 0.8
kcal/mol (0.3 kcal/mol if the amino derivative is ex-
cluded;® see Table 2). As expected, entropic effects
disfavor folding, but to a similar extent for all of the
derivatives. There are no major changes in the folding
free energies due to the presence of substituents in the
acceptor benzene, in agreement with previous calcula-
tions on model compounds (see above). The solvent effect
in the folding free energy is small (especially at the AM1-
MST level) as suggested by Wilcox and co-workers (see
above). Folding free energies in chloroform are in reason-
able agreement with Wilcox’s experimental values (RMSd
between 0.4 and 1.3 kcal/mol depending on the theoretical
models used to compute the gas phase and solvation
terms). The systematic overestimation of the cis stability
detected by all the theoretical methods can be justified
considering that entropic effects cannot be well intro-
duced by the two states harmonic model when one of the
conformers (trans) have many more accessible mi-
crostates than the other (cis). Finally, MP2/B3LYP and
MP2/ONIOM results agree very well (RMSd 0.2 kcal/
mol), suggesting that for all derivatives of compound Il
both ONIOM and B3LYP geometries are almost identical.

The folding of the derivatives of compound 11 is also
dominated by the gas-phase energy term, since entropic
and solvation contributions do not introduce large changes
in the conformational equilibrium (see Table 3). Folding
free energies for derivatives of compound Il are not very

(81) There is a systematic (and unexplained) tendency of theoretical
calculations to slightly overestimate the stability of the cis conformer
of the amino derivatives of compounds | and Il according to experi-
mental results.
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FIGURE 7. Representation of B3LYP (middle) and ONIOM (right) optimized geometries of compound II. The crystal structure®
corresponding to the nitro(donor)-methy(acceptor) derivative of compound Il is shown for comparison (left).

TABLE 2. Folding Energies and Free Energies in Gas Phase for Different Derivatives of Compound | Computed from

MP2/6-31G(d) Calculations?

derivatives cmpd | AEfol1d AGfo1g928 AAGsoly AGfo|dCHCI3 AGfo1g®*P

tetrafluorinated —2.0, -2.0 —-16,-16 0.0,0.7 -1.6, -1.6,-0.9, —0.9 —0.56
X =NO; —2.1,-2.2 —-18,-19 0.1,0.9 -1.7,-1.8,-0.9, -1.0 —0.51
X=CN —2.1,-23 —-19, -21 0.1,0.6 —-1.8,-2.0,-13,-15 —0.64
X=H —2.1,-22 -1.7,-1.8 0.1,1.1 -1.6, -1.7, 0.6, —0.7

X =CHgs —2.2,-25 —-1.8,—2.1 0.1,1.3 -1.7,-2.0,-0.5, —0.8 —0.44
X =0H —2.3,-2.6 —-1.9,-22 0.2,1.4 -1.7,—2.0, —0.5, —0.8 —0.47
X = NH; —-2.8,-29 —2.4,-25 0.3,0.8 —-2.1,-22,-16,-1.7 —0.34

aValues in the gas phase are determined using both B3LYP (plain) and ONIOM (bold) optimized geometries. Differences in solvation
free energies AAGsoy in chloroform were computed using AM1-MST (italics) and AMSOL-SM5.4A (plain) methods. The resulting folding
free energies in chloroform were computed by adding gas-phase free energies to differential solvation free energies. Four values are then
obtained by combination of B3LYP/ONIOM and MST/SM5.4A values. Experimental results from refs 9 and 10 are presented for comparison.

All values are in kcal/mol.

TABLE 3. Folding Energies and Free Energies in the Gas Phase for Different Derivatives of Compound 1l Computed

from MP2/6-31G(d) Calculations®

derivatives cmpd 11 AEfold AGro1g92 AAGsoly AG#o1¢CHC AGo1¢®P

tetrafluorinated —3.10—4.7° —2.7,-4.3 0.0,0.1 —2.6, -4.3, —2.6, 4.2 —0.43
X =NO2 —2.4°—-4.9b —2.2,-4.7 0.1,0.7 —2.1,-4.6,-15,-4.0 —-0.21
X=CN —1.4,-2.8° —-1.3,-27 —0.4,-0.2 -17,-3.1,-15,-29 —0.30
X=H -1.7,-1.9 —-13,-15 0.0,0.8 -1.3,-15,-05, -0.7

X =CHz3 —2.0,-25 —1.4,-1.9 0.1,0.7 -1.3,-19,-0.7,-1.2 —0.27
X=0H —2.1,-2.8 —1.8,-25 0.1,0.9 -16,-23,-0.9,-1.6 —0.23
X =NH; —2.6,-3.1 —25,-3.0 0.0,0.7 —25,-3.0,-18,-23 —0.18

aValues in the gas phase are determined using both B3LYP (plain) and ONIOM (bold) optimized geometries. Differences in solvation
free energies AAGsoly in chloroform were computed using AM1-MST (italics) and AMSOL-SM5.4A (plain) methods. The resulting folding
free energies in chloroform were computed by adding gas-phase free energies to differential solvation free energies. Four values are then
obtained by combination of BSLYP/ONIOM and MST/SM5.4A values. Experimental results from refs 9 and 10 are presented for comparison.
All values are in kcal/mol. ® Optimization yield to parallel stackings. Interaction energies obtained by fixing the cis conformation in the
T-shaped orientation detected for the unmodified compound Il (X = H) are X = 4F, —1.3 kcal/mol; X = NO,, —1.5 kcal/mol; X =CN, —1.4

kcal/mol.

different from those found for compound I, in agreement
with Wilcox’s findings.®° The inclusion of substituents
into the acceptor benzene does not greatly affect the
folding free energies, in agreement also with Wilcox’s
findings.®% Interestingly (see Table 3), when electron-
widthdrawing groups are introduced the folding free
energy increases (in absolute value) despite the depletion
in m-electrons. This seems to suggest that electrostatic
interactions do not have any role in T-shaped benzene-
benzene interactions. However, analysis of the optimized
geometries show that, in fact, when the acceptor benzene
is very depleted in mz-electrons the optimum geometry
corresponds to a parallel or quasiparallel z-stacking and
not to a T-shaped interaction (see Figure 8). For instance,
if the T-shaped orientation is forced® the MP2/6-31G(d)

(82) This is done by “chemical mutation” of the optimum conforma-
tion of compound Il (with X = H) to the 4F, NO,, or CN (ONIOM)
derivative.

folding energies for the tetrafluoro and nitro derivatives
are —1.3 and —1.5 kcal/mol respectively, values similar
to those found for the corresponding derivatives of
compound | and to experimental measures (see Table 3).
Caution is then necessary before assuming that all the
optimum cis geometries correspond to the T-shaped
interactions. Otherwise the relative stability of the cis
conformer can be underestimated.

B3LYP/MP2 and ONIOM/MP2 results agree reason-
ably well (see Table 3), except for the tetrafluorinated,
nitro, and cyano derivatives. For instance, for the cyano
derivative ONIOM predicts a quasiparallel stacking,
while B3LYP suggests a T-shaped interaction. For the
tetrafluorinated and nitro derivatives both methods
predict z-stacking, but a more parallel arrangement is
found in ONIOM optimizations (see Figure 8). The
greater ability of the ONIOM procedure to introduce
dispersion effects, which are not accounted for in B3LYP

J. Org. Chem, Vol. 67, No. 20, 2002 7063
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FIGURE 8. B3LYP optimized struture of compound Il (left), BSLYP optimized geometry of the tetrafluorinated derivative (middle),
and ONIOM optimized geometry of the tetrafluorinated derivative (right).

calculations, explains the difference between both types
of optimizations for these compounds.

In summary, QM calculations are able to provide a
reasonable description of Wilcox's experimental data, as
they point out that (i) CH4-benzene and T-shaped
benzene-benzene interactions are equally stable, (ii) the
introduction of substituents (even the polar ones) in the
acceptor benzene does not change the magnitude of the
T-shaped benzene-benzene dimerization free energy.
That is to say, current theoretical methods are able to
provide a reasonably accurate representation of the
folding process of Wilcox’s compounds in solution. The
surprising issue is, however, that these theoretical find-
ings for Wilcox’s molecules seem to disagree with our own
previous analysis of model systems in the gas phase,
which suggest that (i) T-shaped benzene-benzene interac-
tions are stronger than CH4-benzene interactions, and
(i) the introduction of polar groups changes the magni-
tude of T-shaped interactions. Therefore, since the same
methodology is used in both cases the apparent discrep-
ancy might arise from the use of very different systems,
thus precluding the extrapolation of results obtained for
model systems in the gas phase to folding models in
solution (and vice versa).

To analyze this effect in detail we recomputed the
interaction energies at both MP2 and GMIPp levels for
model systems consisting of the acceptor benzene and
donor isopropyl (compound I) or benzene (compound I1)
groups placed at the same geometries found in Wilcox’s
compounds.® Results shown in Tables S4 and S5 (see
Supporting Information) have to be compared with those
obtained for the optimum gas phase conformations
(Tables S2 and S3), as well as with gas-phase folding
energies for the Wilcox's compounds (see Tables 2 and 3;
B3LYP geometries)

The alkyl-z interaction is around 0.5 kcal/mol stronger
when the CH, group is replaced by an isopropyl (see
Table S4) as a result of the greater magnitude of
dispersion forces. However, the changes in interaction
energy due to the geometrical distortion of the interacting
groups due to the covalent linkage of the folding model’s
backbone is negligible, as noted by comparing Tables S2
and S4. Interestingly, the folding energies in Table S2
are always more negative (from 0.5 to 1.4 kcal/mol) than
values in Table S4. This suggests that the folding model’s
backbone is well designed for the alkyl-z interaction: it

(83) This is done by “removing all the backbone” of Wilcox’s
compounds, maintaining the relative orientation found in B3LYP
optimizations. For the tetrafluoro and nitro derivatives also the perfect
T-shaped orientation is considered.
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not only places the alkyl group at an optimum position
for interaction but also provides additional interactions
that stabilize the cis conformation with respect to the
trans.

The effect of the folding model's backbone is less
favorable for T-shaped benzene-benzene interaction.
Thus, comparison of Tables S3 and S5 demonstrates that
the optimum gas-phase T-shaped benzene-benzene in-
teractions are 0.3—0.8 kcal/mol more stable than the
corresponding interactions when the folding model ge-
ometries are used, mostly because of the electrostatic
component (see Tables 3 and S5). These findings agree
with the larger dependence of electrostatic interactions
on orientation factors compared to dispersion interac-
tions. Interestingly, the folding energies of derivatives
of compound Il (Table 3) are always less favorable than
the corresponding dimerization energies (Table S5),
which implies that the backbone’s secondary interactions
disfavor folding when the donor was benzene.

In summary, our results suggest that the backbone
plays a nonnegligible effect in modulating the cis < trans
conformational equilibrium of Wilcox’s compounds. Such
an effect is favorable for the derivatives with isopropyl
as donor but disfavorable for the derivatives with benzene
owing to a 2-fold reason: (i) the benzene-benzene interac-
tion has a stronger electrostatic component and is then
more dependent on small backbone-related orientational
changes, and (ii) the backbone’s secondary interactions
are favorable for the folding when isopropyl is the donor
but destabilizing when the donor is benzene.

Conclusions

(i) High level ab initio calculations including correlation
effects and simple QM/MM GMIPp computations are able
to reproduce alkyl-r and aryl-z interactions not only in
small model systems in the gas phase but also in large
folding models in apolar solvents.

(ii) Dispersion effects dominate both alkyl-7 and aryl-z
interactions. However, electrostatic interactions are im-
portant at least for T-shaped benzene-benzene interac-
tions. In all the cases alkyl-7 are weaker than aryl-7
interactions.

(ifi) The introduction of polar substituents at the
acceptor benzene introduces small changes in the meth-
ane-benzene dimerization energy but important alter-
ations in the T-shaped benzene-benzene one. Such changes
are clearly correlated with the differences in electrostatic
interactions.

(iv) The effect of the backbone in the determination of
the relative geometry of interacting groups and in the
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formation of secondary interactions is not negligible and
can change qualitatively the results. Extreme caution is
then necessary before extrapolating conclusions derived
from gas-phase studies to folding models and viceversa.
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