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ABSTRACT: The influence of multiple substituents (F, CH;, NO,, CN, Cl, OH and
NH,) on the C—H---x interaction in benzene—ethylene complex was investigated using the
estimated CCSD(T) method and complete basis set limit. The results were compared with
our earlier reported complexes of benzene—acetylene and benzene—methane, thus
completing the sp, sp> and sp® series of C—H donors. The stabilization energy values for
multiple fluoro-substituted benzene—ethylene complexes are found to be very close to
those of the multiple fluoro-substituted benzene—methane complexes. Expectedly, the
stabilization energies for the multiple methyl-substituted benzene—ethylene complexes lie
between those of the multiple methyl-substituted benzene—methane and benzene—
acetylene complexes. Energy decomposition analysis using the DFT-SAPT method
predicts the dispersion energy to be dominant, similar to the benzene—methane
complexes. For the symmetrically disubstituted complexes (-OH, -Cl, -NH,, -CN and
-NO,), additional C—H--X interaction was observed, possibly due to the angular

p/sp?/sp?

AE~ (1, 0, MR)

X=CH, F

orientation of the ethylene molecule. Multidimensional correlation analysis between the electrostatic, dispersion and exchange-
repulsion with the C—H:--7 interaction distance (r), Hammett constant (6) and the molar refractivity (MR) revealed strong
correlation between dispersion energy and the C—H---7 interaction distance (r) as well as molar refractivity (MR).

B INTRODUCTION

Weak interactions, particularly the C—H:--7 interactions, have
been an area of interest given their widespread role in chemistry
and biology. A typical C—H--w complex consists of an
aliphatic/aromatic C—H donor and a z-face of aromatic
moieties as an acceptor. The role of such weak yet vital
interactions in stabilizing crystal packings' * and molecular
clusters,”™” in influencing three-dimensional structure of
biomolecules® ' and in the area of rational drug design is
well recognized."'™"® For example, Plevin et al. analyzed a
database of 183 protein X-ray structures and nearly 3% of the
methyl groups and 15% of the aromatic residues were found to
be involved in C—H---7 interactions.'"* The database search
results were validated using the high-resolution NMR spec-
troscopy. Nishio and co-workers made a noteworthy
contribution'®'® and have made an exhaustive database
pertaining to various roles of the C—H--z interactions."”
Their crystal structure database study revealed that nearly 40%
of the organic crystals possess C—H:+-7r contacts.'® Recently,
Berg et al. reported the thermodynamic profiles for
acetylcholinesterase (also known as AChE) and its two
enantiomers, wherein the difference in enthalpy—entropy
contribution was attributed to the C—H:--7 interactions
between an activated C—H group and a s-face of the tyrosine
residue.'” The hydrogen bond nature of the C—H--x
interaction in the halothane—ethene was suggested by the
atoms-in-molecules (AIM) study, and it was reported that the
highly electronegative groups adjacent to the C—H bond
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“activates” the C—H.---7 interactions.”® Thus, generally, the C—
H--7m interactions are categorized as the weakest class of
hydrogen bonds.”'

Tsuzuki and co-workers made significant contribution by
studying the C—H--7z interactions in small model systems
employing both theoretical and experimental techniques. The
binding energy for the C—H---x interaction in the benzene—
methane complexes was reported to be Dy = 1.03—1.13 kcal/
mol using mass-analyzed threshold ionization (MATI) spec-
troscopy.” Later, the C—H---7 interaction for the benzene—
ethylene and benzene—acetylene was measured to be 1.4 + 0.2
and 2.7 + 0.2 kcal/mol, respectively, by two-color multiphoton
ionization spectroscopy.”® Clearly, the interaction energy
increases with the acidity of the C—H bonds involved in the
C—H---7 contacts. Fujii et al. measured the C—H- -7 interaction
in benzene—ethane (D, = 1.6 kcal/mol), benzene—propane (D,
= 2.2 kcal/mol), benzene—n-butane (D, = 2.7 kcal/mol),
benzene—isobutane (D, = 2.7 kcal/mol) and benzene—
cyclohexane (D, = 2.7 kcal/mol) using two-color resonant
two-photon ionization spectroscopy.** The D, values com-
puted at the CCSD(T) level were found to be in good
agreement with the corresponding experimental values in gas
phase, which clearly shows the strength of the CCSD(T)
method.”””** Energy decomposition analysis revealed that the
correlation energy (which was assumed to be mainly the
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Figure 1. Optimized geometries of all 1:1 multiple fluoro- and methyl-substituted benzene with ethylene calculated at the MP2/aug-cc-pVDZ level

of theory.

dispersion term) ranges from ~2.0 to ~6.0 kcal/mol, while the
electrostatic energy term ranges from —0.2 to —0.5 kcal/mol,
except for the case of benzene—acetylene, for which the
electrostatic energy component was determined to be —1.7
kcal/mol.?® Therefore, it was understood that the correlation
energy or the dispersion energy is the primary source of
attraction in the C—H:--7 clusters.

The interaction strength between a C—H-donor and -
acceptor depends on the substituents present in their local
environment. Recently, we showed that the C—H--x
interaction energy in the benzene—acetylene complex could
be tuned up to ~5.0 kcal/mol by replacing the h drogen atoms
of benzene by multiple fluoro/methyl groups.”® The trend in
the interaction energy was rationalized successfully in terms of
electron-donating (resonance) and electron-withdrawing (in-
duction) effect of the substituent. Also, based on the results
obtained using the DFT-SAPT /aug-cc-pVDZ, we showed that
in some cases the electrostatic energy could be comparable to
the dispersion energy, which is contrary to the general
understanding that the dlspersmn energy is the dominant
force in the C—H-+-z complexes.”® However, the readers should
keep in mind that the aug-cc-pVDZ basis set could under-
estimate the dispersion energy term as large as by ~15%.> In
the case of a benzene—methane complex, we showed that the
multiple fluoro-substitution does not influence the interaction
energy, while for multiple methyl-substitutions the interaction
energy i 1ncreases systematically with an increase in the methyl
groups.”® Recently, Bloom et al. extensively investigated the
influence of various monosubstituents on the X-H:- -7 clusters,
where X = B, C, N, O, F.* In the case of X = F, NH,, OH, the
electrostatic energy was found to be dominant contribution,
while the dispersion energy was found to be more significant
for the case of X = BH, and CH;.*® The study for mono-, di-
and trisubstituted halomethane with benzene revealed that the
interaction energy increases with an increase in halogen atoms
and the interaction energy for benzene-- CHCI3 is comparable
to that of a conventional hydrogen bond.** Some other relevant
studies include the interaction energy for benzene---methane,
toluene---methane, p-xylene---methane, mesitylene---methane
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and naphthalene---methane reported by Morita et al,>" the
1nteract10n energy for C¢F4---methane cluster reported by Raju
et al,*® the experimental study of the benzene—acetylene
complex usin§ Fourier-transform microwave spectroscopy by
Ulrich et al,* the computational study of the C—X-+7 type of
interaction in substituted benzene---chloroacetylene complexes
by Karthikeyan and Lee** and combined experimental—
theoretical study of phenylacetylene dimer by Hobza and co-
workers.*

Recently, we reported the influence of multiple substituents
on the CH:-7 interaction in the benzene—acetylene (bz---ac)
and benzene—methane (bz---me) complex.”**® The next logical
candidate is benzene—ethane (bz--et) complex. While the
carbon atom involved in the C—H:--7 interaction in the cases of
benzene—acetylene and benzene—methane are of sp and sp®
nature, respectively, the ethane molecule has sp® hybridized
carbon atom. Thus, it serves as an intermediate between the
two and thus gives a complete comparative analysis of the C—
H---7 interaction. Similarly to our previous works, fluorine and
methyl groups were selected as primary substituents. The
following aromatic moieties were chosen: symmetrically
substituted difluorobenzene (2F-bz), symmetrically substituted
trifluorobenzene (3F-bz) and hexafluorobenzene (6F-bz).
Similarly the methyl-substituted complexes were also chosen.
In addition to these, the influence of some other key
substituents (NO,, CN, Cl, OH and NH,) was also studied.
A comparison on the multiple substituents’ effect on the C—
H---7z interaction in benzene—acetylene, benzene—ethylene and
benzene—methane was examined.

B METHODOLOGY

The methodology adopted in this work follows the one used by us in
our earlier studies involving acetylene and methane complexes. 2628
Briefly, the MP2/aug-cc-pVDZ, MP2/aug-cc-pVTZ and CCSD(T)/
aug—cc—pVDZ computations were performed using Gaussian 09 suite of
programs.*® The geometries of all the complexes were optimized using
the MP2/aug-cc-pVDZ level of theory. The single-point MP2/aug-cc-

pVTZ and CCSD(T)/aug-cc-pVDZ energy calculations were
performed with frozen geometries obtained at the MP2/aug-cc-
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pVDZ level. The core electrons were kept frozen in all the calculations.
All energies were corrected for the basis set superposition error
(BSSE), using the counterpoise-correction (CP) method.>” The MP2/
CBS energy values were determined by extrapolating the MP2/aug-cc-
pVDZ and MP2/aug-cc-pVTZ energy values, with the two-point
extrapolation scheme proposed by Helgaker et al,*® the estimated
CCSD(T)/CBS energy was calculated using the following formula:

est. AEccop(ty/cps = AEmpa/cps T+ (AECCSD(T)/aug—cc-pVDZ
- AEMPZ/aug-cc-pVDZ,)

For the energy decomposition, the DFT-SAPT method has been
used frequently due to the trade-off between accuracy and computa-
tional power required.**”** The DFT-SAPT(PBEO)/aug-cc-pVDZ
calculations for each of the complexes were carried out using the
MOLPRO suite.** The E, ,q and Eexeh-disp interaction terms were
summed in the energy terms E;4 and Eg, respectively. For a few
complexes, an efficient density fitting approximation to DFT-SAPT
(DF-DFT-SAPT) in conjunction with aug-cc-pVDZ and aug-cc-pVIZ
basis set was also employed. These calculations enable us to estimate
the error associated due to size of the basis set. It was reported that
with suitable auxiliary basis set the errors due to the approximation is
insignificant; a detailed description regarding the DF-DFT-SAPT
method can be found in ref 44.

B RESULTS AND DISCUSSION

Geometries of Substituted Benzene--Ethylene Com-
plexes. The optimized geometries of all the 1:1 multiple
fluoro- and methyl-substituted benzene with ethylene com-
plexes were calculated at the MP2/aug-cc-pVDZ level of theory
and are depicted in Figure 1. We have carried out vibrational
frequency calculations at the same level of theory and basis set.
We found that most of the geometries indeed represent true
minimum energy geometry. Some of the geometries have small
imaginary frequency (less than 50 cm™'); therefore, these
geometries could be safely considered as near-equilibrium
geometries. The details of the frequency calculations are
summarized in Table S1 (Supporting Information, SI). The
effect of different substituents is reflected on the corresponding
C—H:--r distances and angles. For instance, upon going from
the fluoro-substituted benzene to methyl-substituted benzene
through the unsubstituted benzene, the C—H--r distance
gradually decreases. On the other hand, the corresponding C—
H---7 angle increases when going from fluoro substitution to
methyl substitution on benzene. It should be noted that the C—
H---7 angles suggest directionality of the interaction. Within the
given substitution type (fluoro or methyl), the geometrical
changes are small but significantly different from that of
unsubstituted benzene---ethylene complex. These geometrical
parameters indicate that the C—H---7 interactions in methyl-
substituted complexes would be much stronger than those in
the fluoro-substituted ones. The trend observed in the C—H--x
distances in all the complexes involving the substituted
benzenes with ethylene is not very different from the trends
seen earlier in the case of complexes with acetylene and
methane as listed in Table S1A (SI). It should be noted (in
Table S1A (SI)) that while moving from acetylene (sp
hybridized) to ethylene (sp® hybridized) to methane (sp*
hybridized) complexes, the C—H:---z distance increases; this
increase is consistent in all the substituted and unsubstituted
complexes, leading to the expectation that the strength of the
C—H:7 interaction decreases when we move from sp to sp” to
sp® carbon atom. In Table S1B (SI) we list the interaction
energies calculated at the MP2/aug-cc-pVDZ, MP2-cc-pVTZ
and CCSD(T)/aug-cc-pVDZ levels, for the purpose of judging
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the accuracy of the estimation of the basis set and under-
standing the effects of electron correlation beyond the MP2
method. It is to be noted that our interaction energy for the
benzene—ethylene complex (—1.75 kcal/mol) is different than
the one reported by Shibasaki et al.** (—2.17 kcal/mol) at the
est. CCSD(T)/CBS. The difference may arises mainly because
the geometry used in ref 22 was optimized using the cc-pVTZ
basis set, which gave r = 2.52 A, while we have used the aug-cc-
pVDZ basis set, which yielded r = 2.41 A.

C—H--z Interaction Energy in the Substituted
Benzene--Ethylene Complexes. In our earlier work, we
have reported C—H--7 interaction energies in similarly
substituted benzenes by taking acetylene and methane as C—
H donors. These two C—H donors contain sp and sp’
hybridized carbon atoms, respectively. In this study we have
considered ethylene to cover the third possibility, where the
donor has sp® hybridized carbon atom. In Figure 2 we have
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Figure 2. Interaction energy (at the est. CCSD(T)/CBS) in kcal/mol
for multiple fluoro- and methylsubstituted benzene with acetylene,*®
ethylene and methane.*®

depicted the interaction energy of all the complexes of fluoro-
and methyl-substituted benzenes with acetylene, ethylene and
methane. The interaction energy for the benzene—ethylene
complex was computed to be —1.75 kcal/mol at the est.
CCSD(T)/CBS method. It is to be noted that Tsuzuki et al.
reported the experimental interaction energy (D,) for the
benzene—ethylene complex to be 1.4 + 0.2 kcal/mol.** For
comparing computed interaction energies with the experimen-
tal interaction energies, one has to account for correction due
to vibrational zero-point energy (ZPE). The change in zero-
point energy (AZPE) upon complex formation was determined
to be in the range of 0.60—0.90 kcal/mol for substituted
benzenes---ethylene complexes (Table S1C (SI)). The
interaction energies (predicted using est. CCSD(T)/CBS
method; Table S1A (SI)) corresponding to the ethylene
complexes lie approximately between the interaction energies
of acetylene and methane complexes. Clearly, the electron
withdrawing group (fluoro-substituents) weakens the ben-
zene—ethylene complex while the electron donating group
(methyl) strengthens the complex. Interestingly, from both
Figure 2 and Table S1A (SI), we see that the interaction energy
for the fluoro-substituted complex does not change as
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appreciably as the interaction energy for the methyl-substituted
complexes. For example, the interaction energy for hexamethyl-
substituted benzene—ethylene complex becomes nearly double
of that of the benzene—ethylene complex, while hexafluor-
obenzene---ethylene is only slightly less stable (~0.4 kcal/mol)
than the benzene---ethylene complex. Unlike the group of
complexes with acetylene and methane, where we could
estimate the increase in the interaction energy per methyl
substituent as approximately —0.3 and —1.5 kcal/mol,
respectively, we are unable to estimate similar interaction
energy per methyl substituent in the case of ethylene
complexes. We suspect steric hindrance to be the major
cause for such a trend in the ethylene complexes.

C—H-z Interaction Energy Decomposition: DFT-SAPT
Results. Decomposing the interaction energy into its various
contributing constituents, namely electrostatic (E,.), disper-
sion (Edisp), exchange-repulsion (E.q) and induction (Ej,),
helps to better characterize the C—H:--7 interaction. The result
of this decomposition analysis is shown in Figure 3. In our
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Figure 3. Energy decomposition results obtained using the DFT-
SAPT method for multiple fluoro- and methyl-substituted benzene-:-
ethylene complexes.

earlier work we had reported similar energy decomposition
values for the groups of complexes with acetylene and methane
and they are shown in Table 1 along with the energy
decomposition values for the complexes with ethylene.

As seen from Table 1, the dispersion energy (Egy,) is the
major contributor to the stabilization for the ethylene
complexes and is highest when these values are compared
across the complexes of acetylene and methane. The next major
contributor to the stabilization is the electrostatic component

(Eciec)- The Eg. values are highest for the ethylene complexes
vis-a-vis methane and acetylene complexes for fluoro-
substituted complexes. However, for methyl-substituted com-
plexes the E.. values for ethylene complexes fall between those
of methane and acetylene complexes. The other components,
namely the induction (E,4) and higher order contribution
(dyg) values are relatively small and they lie between those of
acetylene and methane complexes. In order to compare and
visualize the relative proportion of the E.. and Eg,, we plotted
the ratio Egg,/E,.. for various substitutions for all the three
groups of complexes, as depicted Figure 4. It is apparent from
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Figure 4. Relative proportion of Eg.. and Egg,. Two dominant
components in the interaction energy.

Figure 4 that the Ey,, component is 2 to 3 times larger than the
E,.. component in the case of substituted benzene—ethylene
complex, and 3 to 4 times more dominant in the case of
methane complexes. In the case of substituted benzene—
acetylene complex, we observe a dramatic trend, where Eg, is 2
to 15 times more dominant than E,, for the fluoro
substitution, whereas both Eg,, and E,. components are
almost equally dominant for the methyl substitutions.

It is generally observed that the aug-cc-pVDZ basis set
underestimates the dispersion interaction energy term. We have
attempted to quantify this underestimation by performing
density-fitting approximation to the DFT-SAPT calculations
using the aug-cc-pVTZ basis set for 4 complexes. The results
are listed in Supporting Information (Table S2). Here we wish
to emphasize that the error due to density-fitting approximation
is found to be negligible. We found that the dispersion energy
term is underestimated by nearly 10% at the aug-cc-pVDZ basis

Table 1. Energy Decomposition Results Obtained Using the DFT-SAPT Method for Multiple Fluoro- and Methyl- Substituted

Benzene*Ethylene Complexes

—Eec —Eina —Egisp Eexen —dyr —Eiot
sp sp> sp> sp sp*  sp>  sp sp  sp®  sp sp”  sp®  sp sp®  sp’ sposptspd

6F 023 1.58 0.64 0.52 0.22 0.10 3.46 4.28 2.31 4.53 5.61 2.02 0.36 0.33 0.09 0.03 0.80 1.13
3F 1.44 1.85 0.71 0.47 0.12 0.05 3.69 4.18 2.30 5.23 5.49 2.03 0.53 0.38 0.12 091 1.04 1.15
2F 1.92 2.03 0.75 0.48 0.12 0.05 3.70 4.15 2.32 5.28 5.48 2.08 0.94 0.41 0.13 1.76 122 1.17
6H 2.89 2.20 0.86 0.55 022 0.10 3.75 4.04 2.40 5.46 5.50 223 0.72 0.48 0.16 2.54 1.44 1.27
2Me 3.59 3.15 1.09 0.66 0.28 0.12 4.43 5.52 2.88 6.57 7.33 2.71 091 0.64 0.20 3.01 2.27 1.58
3Me 3.97 3.61 1.19 0.72 0.33 0.14 4.79 6.29 3.06 7.18 8.28 2.89 1.01 0.76 0.22 3.32 2.71 1.71
6Me 5.08 341 1.56 0.90 0.37 0.18 5.75 6.77 3.67 9.04 7.95 3.56 1.34 0.70 0.29 4.04 329 2.10
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Figure S. Optimized geometries of all 1:1 symmetrical disubstituted benzenes with ethylene calculated at the MP2/aug-cc-pVDZ level of theory.

Table 2. Interaction Energies (in kcal/mol) and C—H-z Distance in A within Parentheses Obtained Using the est. CCSD(T)/
CBS Method for Various Disubstituted Benzene+-*Acetylene, Ethylene and Methane Complexes

X-benzene:--acetylene

X-benzene:--ethylene X-benzene:--methane

X C*P—H--7" CP—H---z CP—H---7?
2NO, —0.99 (2.474) —1.47 (2.500) —1.48 (2.654)
2CN —1.15 (2.472) —1.59 (2.500) —145 (2.652)
2Cl1 —1.98 (2.422) —2.60 (2.510) —1.55 (2.637)
20H —2.77 (2.375) —2.66 (2.490) —1.56 (2.654)
2NH, —3.08 (2.366) —3.18 (2.440) —1.79 (2.609)

“ref 26. Pref 28.
2Cl-bz et 20H-bz et 20H-bz et(rot)
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Figure 6. Geometry of 2Cl-bz---et, 2Cl-bz---et(rot), 20H-bz---et and 20H-bz---et(rot) and their interaction energies at est. CCSD(T)/CBS method.

set, when compared to that at the aug-cc-pVTZ basis set. Thus,
for the purpose of quantitative analysis the reader should be
aware of this caveat.

We have also studied the ethylene complex with various
other (di)substituents like NO,, Cl, NH,, CN and OH that are
representatives of both electron-withdrawing and -donating
natures. The optimized geometry for these disubstituted
benzenes with ethylene is shown in Figure 5 wherein we see
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that the interaction distance remains almost unchanged for the
NO,, Cl, CN, and OH substituents (~2.5 A) and is slightly
reduced to 244 A in the case of NH, substituent. The
interaction energies for all these disubstituted benzenes are
summarized in Table 2 wherein the interaction energies for the
acetylene and methane complexes are also listed in order to get
a comparative understanding for the three types of carbons.
Interestingly, we observed that the interaction energies for the
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ethylene complexes do not lie in between those of the acetylene
and methane. Although the acidic nature of the hydrogen atom
in ethylene is lesser that that of the hydrogen atom in acetylene,
we see that ethylene has the most stable complexes with CN,
Cl, OH and NH,. It appears that due to the angular orientation
of the ethylene molecule there is a possibility of another C—
H--X (X = N, Cl, O) interaction in addition to the C—H---x
interaction, which could be attributed to the enhanced stability.
To verify this, the ethylene molecule was rotated by 90° while
keeping the C—H:--x distance fixed as depicted in Figure 6. The
interaction energies for the two newly constructed geometries
2Cl-bz---et(rot) and 20H-bz---et(rot) were computed to be
—0.97 kcal/mol and —1.44 kcal/mol, respectively, which is
significantly lower than their counterparts. We have also carried
out similar computations for the benzene—ethylene complex by
rotating the ethylene molecule over the benzene moiety. The
results are listed in Supporting Information, Table S3. From the
results, it is clear that in the unsubstituted benzene—ethylene
complex, the interaction energy is almost invariant to the
orientation of the ethylene molecule. These additional data
clearly indicate the presence of weak stabilizing interaction of
type C—H---X between the two moieties. Therefore, it can be
safely deduced that the orientation of ethylene plays a
significant role in stabilizing substituted benzene---ethylene
complexes.

Multidimensional Correlation Analysis. The effect of
various substituents on the reactivity of aromatic moieties has
been of considerable interest for having the molecular level
insights about formation of weak complexes. Suresh et al. made
one such early attempt by using molecular electrostatic
potential (MESP) topography.*~** It was reported that the
substituent effects are nicely reflected in terms of MESP values
at the (3, +3) minimum (V,,;,) over the aromatic ring. Further
the position of the MESP (3, +3) minimum determines the
interaction site. Recently, they used the V_; values to gauge the
strength of the cation-7 interactions.*”~>" In the present work,
we too analyzed the effect of various multiple substituents on
the reactivity of the aromatic ring in terms of V,;, and the
corresponding Hammett constant (o). For the calculation of
the MESP topography, a program developed by Gadre and co-
workers was used; for details, see refs 52 and 53. We also found
a good correlation between ¢ and V;;, over the aromatic ring,
as depicted in Figure 7. This suggests that V,;, indeed reflects
the substituent’s effect on the reactivity of the aromatic ring.
For instance, electron-donating substituents, such as methyl
and NH,, would activate the aromatic ring, which is reflected in
a more negative V,, value for these cases (see Supporting
Information Table S4). To the contrary, electron-withdrawing

substituents deactivate the aromatic ring, and the V;, value
-0.04 -0.03 ] -0.02 -0.01 0.0
Vmin (a.u)
Figure 7. Correlation between ¢ and V.
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becomes less negative with respect to that of the benzene (cf.
Table S4 (SI)). Furthermore, very strong electron withdrawing
substituents completely deactivate the aromatic ring, which is
evident from the absence of (3, +3) MESP minimum over the
aromatic ring in these cases.

Recently, Wheeler and co-workers carried out multidimen-
sional correlation analysis between the different components of
energy with Hammett constant (o), molar refractivity (MR),
the C—H:--x interaction distance (r) and various combinations
of these parameters.”® These authors reported that the
electrostatic component strongly correlates with ¢ and r, the
dispersion component correlates with a combination of r and
MR and the exchange repulsion term correlates well only with
r. Similarly, Deshmukh et al. found a linear correlation between
the z-component of polarizability and the dispersion energy for
the Com4plexes of small molecules with the pyrazine dimer
system.>* We have also carried out similar multidimension
correlation analysis for the methane complexes in our earlier
work.>® In the present work, we also carried out a similar
correlation analysis for substituted benzenes with ethylene/
acetylene complexes and the results are summarized in Table 3.

Table 3. Correlation Coefficients for the Exchange-
Repulsion, Dispersion and Electrostatic Components for
Various Disubstituted Benzene*-*Methane Complexes with
Hammett Constants (6), Molar Refractivity (MR),
Interaction Distance (r) and Combination of These
Constants

X-bz---ac
c r MR (6,r) (6, MR) (r, MR) (o, r, MR)
E4. 091 081 075 100 100 0.84 1.00
Eg, 056 098 099 098 100 0.99 1.00
Eon 0.62 0.96 0.97 0.97 1.00 0.97 1.00
X-bz---et
c r MR (6,r) (6, MR) (r, MR) (o, r, MR)
Ewe 073 082 073 090 090 0.87 0.93
Egp 045 095 092 095 095 0.92 0.96
Eech 0.48 0.85 0.78 0.85 0.89 0.79 0.90
X-bz---me
o r MR (6,r) (6, MR) (r, MR) (o, r, MR)
Eg. 067 098 095 100  1.00 0.98 1.00
Edlsp 0.52 1.00 0.99 1.00 1.00 1.00 1.00
Eia 0.57 1.00 0.98 1.00 0.99 1.00 1.00

In the case of complexes with ethylene, the MR, a measure of
polarizability and r are seen to correlate well with the Egq,
component. Contrary, the parameter o, which is assumed to
capture well the substituent’s electrostatic property, does not
correlate with E,j.., whereas the correlation with E.. improves
when o and r are considered together. On the other hand, in
the case of complexes with acetylene, the E,.. correlates well
with o, and this correlation improves further when o is
combined with r and/or MR. The dispersion component
correlates excellently with r and MR. Interestingly, the
correlation between E,.. and ¢ depends on the nature of the
carbon atom involved, with largest value for the most acidic
acetylene carbon atom and lowest in the case of the methane.
Both the Eg, and E,,y, components correlate consistently well
with r for all the types of carbon atoms involved in the
complexes.
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B CONCLUDING REMARKS

In this work we have successfully compared the C—H--x
interaction in substituted benzene with methane/ethylene/
acetylene complexes, which span all the hybridization sp®, sp?,
sp in the donor carbon atom. The motivation for this work has
been to complete our investigation of the C—H:--7 interaction
for all the different hybridizations of the donor carbon atom.
Our analysis is based on the highly accurate energies obtained
at the est. CCSD(T)/CBS level of theory. For fluoro-
substitution the trend in the interaction energy for ethylene
and methane complexes is very similar, while in the case of
methyl substitution, the interaction energy lies between those
of the methane and acetylene complexes. Upon the
decomposition of the total interaction energy into various
components, we see that the dispersion component is the most
dominating and it is 2 to 3 times larger than the second
dominating component (the electrostatic component). Multi-
dimensional correlation analysis reveals that the E..
component does not correlate with any of the three parameters
for ethylene complexes, while Egq, correlates with r and MR
significantly. In the case of other key substituents, we
established that there exists an additional C—H--X type of
interaction, which enhances the stability of the ethylene
complexes compared to acetylene and methane complexes.
This study would be particularly relevant in the area of rational
drug design where by introducing various substituents in
aromatic side-chains in proteins one would want to tune the
binding affinity between aromatic side-chain and a small ligand.
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