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The interaction energies of the catiardomplexes (catior Li*, Na', and K, & system= benzene, toluene,
ethylbenzene, antrt-butylbenzene) were calculated at the MP2/6-311G** level. The electrosifcahd
induction Ei.q) energies were calculated with distributed multipoles and distributed polarizabilities model.
Induction and electrostatic interactions are the major source of the attractiorE,jvalues of the Li/x
complexes are 2:52.8 times larger than thie.s TheEjnq values of the N&/z complexes are 4080% larger

than theEes The induction energy is approximately proportional to*RThe thin structure of the benzene,

which enables the cation to have the short contact with carbon atoms of benzene, is essential for the large

Eina. More polarizable cyclohexane is not a better cation binder than benzenéjhalue of the Li/
cyclohexane complex is considerably smaller than that of thébehzene complex. The ticyclohexane
complex has larger intermolecular separation, and therefore has the dEall€he smallE,q and negligible

Ees of the Lit/cyclohexane complex are the

complex. Thetert-butylbenzene complexes have larger binding energies than the benzene complexes. The

causes of the smaller binding energy of theydlohexane

largerEing in the tert-butylbenzene complexes are the cause of the larger binding energy.

Introduction

The cationfr interaction, the strong attractive non covalent
interaction between the cation andsystem, is an important
driving force in molecular recognitioh? During these two
decades the catiom/interaction has been observed in many
biological systems such as the binding site of acetylcholine
esterase® and alkylamine dehydrogena%é.The cationf
interaction is important for the selectivity offkchannel® and
for the helix stability’® The cation interaction is also important
for the supramolecular recognitibrby artificial host molecules
such as cyclophang¥ and for the structure control of cat-
enaneg3

A detailed understanding of the origin of the cation/
interactions is significantly important for many fields of
chemistry and biology? A lot of experimentaf-25> and
theoretical studi€g5-37 have been reported about the geometries
and the binding energies of the catisrdomplexes, while only
a few studies were reported about the origin of the cation/
interaction?7-29-32.36 Dougherty and co-workers stated that a
complete quantitative description of the catioiriteraction can
be obtained only by considering a number of fundamental

attraction in the catiow/ complexes, since the electric field
produced by the cation is very strong. They also suggested the
importance of polarizability of the aromatig¢¢Jnfortunately it

is still not clear how largely the induction contributes to the
attraction. Recently, Cubero et al. carried out intermolecular
perturbation theory calculations to evaluate the magnitude of
the induction energies in several Na complexes? They
reported that the electrostatic energy was larger (more negative)
than the induction energy in the Nibenzene complex. They
also reported that the induction energy was larger than the
electrostatic energy in some Na complexes, in which the
electrostatic energy was small due to the electron withdrawing
substituents attached to the aromatic ring. Although their
calculations were impressive, unfortunately they used a small
6-31G** basis set, which is too small to quantitatively evaluate
molecular polarizabilies and the induction energies. A large basis
set is necessary to accurately evaluate molecular polarizability
by ab initio molecular orbital metho®#° In this paper we have
calculated the interaction energies of somé/kj Na‘/z, and
K*/z complexes using a large basis set and evaluated the
electrostatic and induction energies of the complexes. We have
shown that the induction energy is the major source of the

intermolecular forces. They also reported that the electrostatic attraction in the Li/z and Na/z complexes and the induction
interaction plays a prominent role and that the magnitude of jg 5 commonly important interaction in catiantomplexes. In

the electrostatic energy explains the variation in catidnnding
energies?31 Their calculations suggested that the electrostatic

addition we have demonstrated that large substituents lead to
increase the induction energy and the binding energy of cation/

energy is roughly 50% of the total interaction energy of the complex.
Na'/benzene complex. The electrostatic energy changes greatly _
by the substituents of the benzene ring. The electrostatic energyComputational Method

is only about 10% in some Nacomplexes?31

The Gaussian 98 progrdtwas used for the ab initio

Ma and Dougherty stated that non electrostatic terms were molecular orbital calculations. The 6-311G** basis*3etas

always important for the catiom/interactior? It is likely that
the induction (polarization) is also an important source of the

* Corresponding author. E-mail: tsuzuki@nimc.go.jp.

used. Electron correlation was corrected by the MP2 methtid.
Basis set superposition error (BS$Evas corrected for all
calculations using the counterpoise methdd@he geometries
of the complexes were optimized at the MP2/6-311G** level.
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The complex formation slightly deformed the geometries of the TABLE 1: Calculated Interaction Energies of Li t/Benzene
7 systems. The distributed multipofé48of thez systems were ~ and Na'/Benzene Complexe’s

obtained from the MP2/6-311G** wave functions of monomers basis set L Na*
using CADPAC version 62 The geometries of monomers in HF/6-31G* _395 262
the complexes were used for the calculations of the distributed HF/6-311G* ~39.7 —24.3
multipoles. The electrostatic and induction energies of the HF/6-311G** —39.4 —24.0
complexes were calculated by ORIENT version 8.Zhe HF/6-311+G** —38.8 —235
electrostatic energy was calculated as the interaction between HF/6-311G(2d,2p) —411 —25.4
the cation and the distributed multipoles of thesystem. The HF/6-311G(3d,3p) —40.7 —253
induction energy was calculated as the interaction between the ~ MP2/6-31G* —374 248
distributed polarizable sitéd of the 7 system and the electric mggg:gﬂg** :g;'é :gi'g
field produced by the cation. The anisotropic polarizabilities MP/6-31 H+G** 348 —21.0
Oxx = Oyy = 14 andoz, = 7 au were put on the carbon atoms MP/6-311G(2d,2p) —-36.9 -22.8
of benzene rings (The-axis is parallel to the 6-fold axisS¥. MP/6-311G(3d,3p) —36.4 —22.7
The oxx = ayy = 13 anda;; = 10 au were put on the carbon 2Energy in kcal/mol. The geometries optimized at the MP2/6-
atoms of cyclohexane (Theaxis is parallel to the 3-fold axis®§. 311G** level were used.
The isotropic polarizabilitye. = 17 au was put on the other
carbon atom&? TABLE 2: Calculated Interaction Energies of Cation/x

The multipole expansion of electrostatic interaction converges Complexes
only if the charge distributions are far enough apart. The complex En® Ewp” Edef Eot Eef  Eind Eref
multipole approximation can be unreliable if the separation Li+/benzene -394 -356 03 —-354 —187 —-46.9 30.1
between the two interacting molecules is very small. To avoid Li*/toluene —42.2 —38.3 0.3 —38.0 —20.3 —50.7 32.7

this problem we have used distributed multipoles model instead t!i;fg‘yt'blgnze”e —121-2 —ig-; 8-3 —gg-‘; —;g-g —gg-g gg-g

; i i ; ; ; i*/t-butylbenzene —44.2 —40.2 0.4 —39.7 —20.0 —56.0 35.
of Iat' c<|)nvent|orjal smglti site tmult:cpoles.tmofdel, |r|1 W|‘|1IC? Natbensene 240 —216 03 —213 —148 —210 141
multipoies are given on the center ot gravity of a moOIeCUle 10 4+ oyene —259 —23.4 0.3 —23.1 —-16.0 —23.3 1538
rgpr(_esent the ch_arge distribution of the whole_molt_aqule. I_nthe Nat/ethylbenzene —26.1 —23.8 0.3 —23.4 —154 —259 17.5
distributed multipoles model the molecule is divided into Naf/t-butylbenzene —27.2 —24.8 0.4 —24.4 —15.6 —27.4 18.2
regions, each enclosing a single atom. The charges in eachK*/benzene —155 —-17.2 03 -17.0 —119 -128 74
region are represented by the multipoles given on the atom in 2 Energy in kcal/mol. Geometries were optimized at the MP2/6-
the region. The distributed multipoles model decreases the 311G** level." Basis set superposition error (BSSE) corrected interac-
convergence sphere significantly, which enables us to obtaintion energies of complexes calculated with the 6-311G** basis set.

accurate electrostatic interaction even in short intermolecular BSSE was corrected by the counterpoise methéucreases of the
separatiod/48 energies of monomer aromatic molecules by the deformation of

geometries in complex formatiofTotal interaction energy of complex.
. . Sum ofEwpz andEger. © Electrostatic energyEeswas calculated as the
Results and Discussion interaction between the cation and the distributed multipoles ofrthe

. . system obtained from MP2/6-311G** wave functidimduction energy.
Basis .Sett and Electrqn Correlation.The MP2/6-311G** Eina Was calculated as the interaction between the distributed polarizable
level optimized geometries of the complexes were used for the sjtes of ther system and the electric field produced by the cation. The
calculations of the interaction energies. The calculated-Ka Oxx = Oyy = 14 anda,, = 7 au are used for carbon atoms of benzene

distances in the Mbenzene complexes (M= Li*, Na", and ring anda. = 17 au is used for other carbon atorfi&re, = Eiotal —
K+) were 2.340, 2.803, and 3.137 A, respectively. These values(Ees + Eind). Erep is mainly exchange-repulsion energy.
are close to the M—C distances obtained from the MP2/6-
311+G* calculations (2.337, 2.804, and 3.217 A, respectively) absolute value o corresponds to the binding energy. The
reported by Nicholas et &f. They have reported that the basis Ees and Einq are the electrostatic and induction energies,
set and electron correlation effects on the optimized geometriesrespectively.
are not large. The Eqtal vValues of the M/benzene complexes (M= LiT,
The interaction energie€fr andEypy) of the Lit/benzene  Na', and K) are —35.4,—21.3, and—17.0 kcal/mol, respec-
and Na/benzene complexes were calculated using several basigively. TheEa value of the L complex is 14.1 kcal/mol larger
sets as summarized in Table 1. The effects of basis set on thelmore negative) than that of the Naomplex. TheE value
calculated interaction energies are small. Nicholas et al. alsoof the K* complex is 4.3 kcal/mol smaller than the Na
reported that the basis set effects on the calculated bindingcomplex. On the other hand thi&s values of the M/benzene
energy of the Li/benzene complex are very sm#lThey have complexes are-18.7,—14.8, and—11.9 kcal/mol, respectively.
also reported that the effects of the electron correlation beyond The Eesvalue of the Li complexes is only 3.9 kcal/mol larger
MP2 are very small. The difference between the MP2 and than the N& complex. The difference of thEes values (3.9
CCSD(T) interaction energies of the'llbenzene complex with  kcal/mol) is considerably smaller than the difference offthgy
the 6-311-G* basis set is only 0.22 kcal/mét. values (14.1 kcal/mol), which indicates that the larger interaction
Electrostatic, Induction, and Total Interaction Energies. energy Eroa) Of the Li* complex has its origin not only in the
The calculated interaction energies of the complexes are €lectrostatic interaction.
summarized in Table 2. The complex formation deformed the  The Ejng values of the Lt and N& complexes are larger
geometries of ther systems. Th&ur andEyp, are the HF and (more negative) than thie.s values. Especially thE,q values
MP2 level intermolecular interaction energies between the cation of Li*™ complexes are considerably larger than Eaevalues.
and the deformed system, respectively. THeyeris the MP2/ The Eing values of the LT complexes are 2:52.8 times larger
6-311G** level deformation energy of tha system. The than theEes values. TheEjg values of the Na complexes are
deformation energies of the complexes are not large (less than40—80% larger than th&.svalues. These results indicate that
0.4 kcal/mol). TheEta is the sum of theEyp, and Eger. The the induction energy is the major source of the attraction in the
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TABLE 3: Calculated Geometries and Energies of Cation/
Benzene Complexes

caton M—C  MT—centroid Etota® Ecd Eind®

Li+f 2.340 1.869 —35.4 —18.7 —46.9
Na'f 2.803 2.425 —21.3 -14.8 —-21.0
K*f 3.137 2.805 —-17.0 -11.9 -12.8
Rb™9 3.461 3.165 —13.9 —-9.2 —8.4
Cs'9 3.690 3.414 —12.1 —-7.9 —6.4

aDistance in A. Energy in kcal/moP. Distance between the cation
and the center of benzene carbon atoffi®tal interaction energy of
the complex calculated at the MP2/6-311G** lev&Electrostatic
energy. See footnote (e) of Table®Anduction energy. See footnote
(f) of Table 2.f Geometries of the complexes were optimized at the
MP2/6-311G** level.9 Monomer benzene geometry optimized at the
MP2/6-311G** level was used for the calculations of tgandEjq.
h The M™—centroid distances were taken from ref 3Ref 34.

Li™ and Na complexes. Th&,q values of the Lt/z complexes
(—47 to —56 kcal/mol) are very large. The induction energy
has its origin in the induced polarization of thesystem by
the electric field produced by the cation. The amount of the
induction energy is proportional to the polarizability and the
square of the electric fieltf The magnitude of the electric field
produced by a cation is approximately proportionaR@ (R

is the distance from the cation.). Therefore tBgy is ap-
proximately proportional tdR=4. Apparently the short inter-
molecular distances in the ticomplexes are the cause of the
large Eing values. The M—C distance of the Lilbenzene
complex is only 2.340 A. Thé&q value of the K/benzene
complex is comparable to ti&svalue. TheE,g decreases more
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Figure 1. The MP2/6-311G** level interaction energy and electrostatic
and induction energies of thei/lbenzene complex. The Lis on the
6-fold axis of the benzene.

it.38740 The 6-31G** basis set is too small to evaluate the
molecular polarizability of benzene and the induction energy.
The calculatedy,, of benzene { axis is parallel to the 6-fold
axis) with the 6-31G** basis set (21.24 au) is about the half of
the experimental value (42.85 a&d)Apparently their calcula-
tions underestimated the induction energies.

Other Intermolecular Forces. We have discussed the

rap|d|y by the increase of the intermolecular distance Compared electrostatic and catiorr benzene induction terms, while there

to the Ees The Eing values of the Rb and C$ complexes are
still not negligible, while theEj,y values of these complexes
are smaller than thEgs values as shown in Table 3.

To confirm the reliability of theEes andEj,g values derived
from distributed multipoles and induced-dipole thedgys and

exist some other terms, such as repulsion, dispersion, charge-
transfer, and benzene cation induction terms. Dispersion,
well-known as the attraction between rare gas atoms, has its
origin in electron correlation and molecular polarizatféThe
molecular polarizabilities of i, Na", and K" are very small.

Eind values obtained by our methods were Compared with the The calculated polarizabilities of these cations at the HF/6-
Eesvalue derived from molecular electrostatic potential and the 311G(3d) level are only 0.14, 0.87, and 5.31 au, respectively.

perturbationalEing reported by Cubero et &.They reported
that theEes and Ej,q values of the N&benzene complex (Na

is 2.47 A above the benzene ring) derived from the HF/6-31G**
wave functions are-15.0 and—9.9 kcal/mol, respectively. The

The polarizabilities of these cations are considerably smaller
than that of methane (17.28 a)lt has been reported that the
estimated dispersion energy in the benzemethane complex

is —2.3 kcal/mol when the intermolecular distarRes 3.8 A5®

Eesvalue obtained by our method using the same geometry and!f we assume that the dispersion energy is proportional to the

the same wave functions 1s15.2 kcal/mol, which is very close
to the value from molecular electrostatic potential. Eagvalue
obtained from induced-dipole theory using the anisotropic
polarizabilities of carbon atomsux = oy = 11.4 anda,, =

3.5 au, respectively) from the HF/6-31G** wave functions is
—12.4 kcal/mol. TheEj,g value from induced-dipole theory is
not largely different (about 25% larger) from the perturbational
Eing Value.

R6, we can estimate that the dispersion energy in thé K
benzene complexR = 2.805 A) is —4.4 kcal/mol from the
polarizabilities of methane and*Kand the dispersion energy
in the benzenemethane complex. The estimated dispersion
energies of Li/benzene and Ni#benzene complexes are smaller
than the K'/benzene complex, and therefore the contribution
of the dispersion is negligible in the Liand Na complexes.
The dispersion energy will be larger in more polarizable" Rb

Cubero et al. reported that inclusion of the induction energy and Cs complexes. The dispersion energy will be comparable

is important to predict the binding energi@sThey evaluated

to the electrostatic and induction energies in these complexes.

the electrostatic and induction energies using the 6-31G** basis ~ The calculated intermolecular interaction potential of thef Li

set. The calculatedss and Ej,q values of the N&benzene
complex were—-15.0 and—9.9 kcal/mol, respectively. Theg
was not negligible, while thE;,q was substantially smaller than
the Ees They reported that thé&gs depend strongly on the
substituent of the aromatic ring. Th&sis very small, if the

benzene complex (Figure 1) indicates that substantial attraction
still exists, even if the intermolecular distance is larger than
4.0 A, which suggests that the major source of the attraction is
not a short-range interactio{e “R) such as charge-transfer,
but a long-range interactioe-R™") such as electrostatic and

aromatic ring has electron withdrawing substituents such as induction. Short-range interactions arise at distances where the

fluorine, chlorine, and cyano group. They reported thatBhe

is larger than theEes only in such complexes. However, our
calculations showed that thi,q values of the Li/benzene and
Na*/benzene complexes are larger thanBhgralues. It is well-

molecular wave functions overlap significantly. The energies
of short-range interactions decrease exponentially with dis-
tance?’®

The small polarizabilities of the cations suggest that the

known that a large basis set is necessary to evaluate moleculabenzene— cation induction energies are negligible. The benzene
polarizability and small basis sets considerably underestimate— K* induction energy was calculated as the interaction
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10 hydrogen atoms of the cyclohexane leads to the considerably
larger separation. More polarizable cyclohexane has a larger
induction energy than benzene at the same intermolecular
distance. TheEjy values of the Li/cyclohexane and [t
benzene complexeR(= 2.6 A) are—21.0 and—16.6 kcal/
mol, respectively. The induction energy is approximately
proportional toR™. The larger separation in the cyclohexane
complex leads to the considerably smaller induction energy. The
Eing values of the Lf/cyclohexaneR = 2.6 A) and Lit/benzene
(R = 2.0 A) complexes are-21.0 and —38.7 kcal/mol,
respectively. The Li/benzene complex has 17.7 kcal/mol larger
(more negativeFEing than the Li/cyclohexane complex. Ap-
parently the larger intermolecular distance in the cyclohexane
complex is one of the causes of the smaller binding energy of
the Lit/cyclohexane complex. The thin structure of benzene,
70 . . ' ' ' " v which enables the cation to have the short contact with carbon
1620 24 28 32 86 40 44 48 atoms, is essential for the larggq. Although induction is often
Distance (A) the most important source of the attraction in the cation/
Figu_re 2. The MP2/§-311G** Ie\_/el interaction energy and elegtrostatic Comp|exe3, the induction energy depends Significant]y on the
;”ed é”%?gtg’xri‘segftrﬁ"eei ofltl;]eﬂcyclohexane complex. The Lis on intermolecular separation and therefore it is not possible to
) yclohexane. predict the amount of the induction energy only from molecular

- olarizability. TheEes values of the Li/cyclohexaneR = 2.6
between the K (o = 5.3 au) and the electric field produced by 2) and Li+/t¥enzen%lsk =20A) comple;/es are 1.2 5nd17.5

the distributed multipoles of the benzene. The calculated benzenekcal/mol respectively. The ibenzene complex has 18.7 kcal/
— Kt i i i ’ : :

K mdugtlon energy 1 only 0.07 kcal/mol. ) mol larger (more negativeFes than the Li/cyclohexane
~ The Erp in Table 2 includes a number of intermolecular complex. The Li/benzene complex has larger attracgand
interaction terms such as dispersion, charge-transfer and benzenEind values than the Li/cyclohexane complex, which indicates
— cation induction. However, these terms are not large in these at poth electrostatic and induction are important for the larger
cationfr complexes as we have discussed. Thereforé&thas binding energy of the benzene complex.
mainly the exchange-repulsion energy. The order oftthg Effects of Alkyl Substituents. It is interesting to note that

e | - + it

value s Li" > Na - K N The.L| complexes have large the methyl-, ethyl-, antert-butyl substituents lead to substantial
attractive electrostatic and induction forces. The complexes MUS . rease of the calculated interaction energy. Especiallfet

have the same gmounts of repulsive force at_the equilibrium butyl group leads to increase the calculated interaction energies
distances. The Li complexes have very short intermolecular of the Li* and Na complexes as much as 4.3 and 3.1 kcal/

distance where the complexes have large repulsive force, an%ol, respectively. Deakyne and Meot-Ner (Mautner) reported

th%retforte_ ltheyt_ hav]rcetr:argfrept_ThE I_arge EreP cagc?ls tOUtt i that the methyl groups lead to increase the interaction energy
substantial portion ot the attraction by induction and lectrostatic ¢ y,q NH; ™/ complex!” They reported that the experimental

interactions. Therefore the sum of tBgq andEesis larger than interaction energies of the Nf¥benzene and NF/1,3,5-

the _total Interaction energ)E_{ow). ) o trimethylbenzene complexes arel9.3 and—21.8 kcal/mol,

Li */Cyclohexane Interaction.Our calculations indicate that respectively. TheEes values of toluene complexes are larger
induction is always significantly important for the catian/ (4, those of the benzene complexes as shown in Table 2, which
interaction. It has been a controversial issue whether polariz- explains the larger interaction energies of the toluene and
ability is the defining feature of the cationfinteraction. Ma&  yimethylbenzene complexes than the benzene complex. On the
and Dougherty stated that electrostatic was playing a prominent jihor hand theEes values of toluene andert-butylbenzene
role in the cationt interaction and that the polarizability was  complexes are nearly equal, while the interaction energies of
not the defining feature of the cationinteraction? If polar- the tert-butylbenzene complexes are substantially larger than
izability was the only defining feature of the catiarihteraction the toluene complexes. Tl values of theert-butylbenzene
substantially more polarizable cyclohexane was a better Cationcomplexes are larger than the benzene and toluene complexes.
bi_nder than benzene. However, _cyclohexane is not a better Catio”ApparentIy the larger induction energies are the cause of the
binder than _benzen_e. Meccozi et al. reported that the HF/6- larger interaction energies of thert-butylbenzene complexes.
31G** level interaction energy of Nécyclohexane complex  Thege results indicate that the bultert-butyl group substan-
(—8.4 keal/mol) is considerably smaller (less negative) than that ia|ly increases the induction energy and that the larger induction
of the Na/benzene complex(27.1 kcal/mol)* energy is a cause of the larger interaction energy.

Our MP2/6-311G** level calculations also indicate that the
interaction energy of the tticyclohexane complex<15 kcal/
mol) is considerably smaller than that of thetlbenzene
complex (35 kcal/mol) as shown in Figures 1 and 2. The MP2/  Induction (polarization) and electrostatic interactions are the
6-311G** level optimized geometries of isolated cyclohexane major source of the attraction in the™& (M™ = Li*, Na',
and benzene were used for the calculations of the intermolecularand K+) complexes. Induction is significantly important for the
interaction potentials. The calculated intermolecular potentials Li*/z and Na/z complexes. The calculated induction energies
of the Li*/cyclohexane and Lfibenzene complexes have their of the Lit/mr complexes are 2:52.8 times larger than the
minima at intermolecular distances of 2.6 and 2.0 A, respec- electrostatic energies. The induction energies of/Nacom-
tively. The intermolecular distance of the *flityclohexane plexes are 4680% larger than the electrostatic energies. The
complex is considerably larger than that of the'/benzene induction and electrostatic energies are comparable in the K
complex. The steric repulsion between the cation and the axialbenzene complex.
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The calculated potential suggests that the major source of

the attraction in the cation/finteraction is long-range interactions

such as induction and electrostatic. The contributions of

dispersion and benzenre cation inductions are negligible in
the Lit, Na*, and Kt complexes. The comparison between the
Li*/benzene and ticyclohexane complexes indicates that both

induction and electrostatic interactions are essential for the larger

binding energy of the Li/benzene complex. The ticyclo-
hexane complex has larger induction energy than the Li

benzene complex at the same intermolecular separation. How-
ever, the cation cannot have short contact with cyclohexane,
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(19) Taft, R. W.; Anvia, F.; Gal, J.-F.; Walsh, S.; Capon, M.; Holmes,
M. C.; Hosn, K.; Oloumi, G.; Vasanwala, R.; YazdaniFsire Appl. Chem.
199Q 62,17.

(20) Kearney, P. C.; Mizoue, L. S.; Kumpf, A.; Forman, J. E.; McCurdy,
A.; Dougherty, D. A.J. Am. Chem. S0d.993 115, 9907.

(21) Cabarcos, O. M.; Wenheimer, C. J.; Lisy, J. M.Chem. Phys.
1998 108,5151.

(22) Roelens, S.; Torriti, RI. Am. Chem. S0d.998 120, 12443.

(23) Cabarcos, O. M.; Wenheimer, C. J.; Lisy, J. M.Chem. Phys.
1999 110, 8429.

(24) Bartoli, S.; Roelens, S. Am. Chem. S0d.999 121,11908.
(25) Gaberscek, M.; Mavri, 1999 308,421.
(26) Duffy, E. M.; Kowalczyk, P. J.; Jorgensen, W. .. Am. Chem.

since the axial hydrogen atoms of cyclohexane have steric Soc.1993 115,9271.

repulsion with the cation. The calculated intermolecular interac-

tion potentials of the Li/cyclohexane and Libenzene com-

plexes have their minima at the intermolecular distances of 2.6
and 2.0 A, respectively. The amount of the induction energy

depends greatly on the intermolecular distari®e The induc-
tion energy is approximately proportional R4 Therefore the

Li*/benzene complex has considerably large induction energy

(27) Luhmer, M.; Bartik, K.; Dejaegere, A.; Bovy, P.; ReisseBull.
Soc. Chim Fr.1994 131, 603.

(28) Lee, J.Y.; Lee, S.J.; Choi, H. S.; Ho, S. J.; Kim, K. S.; Ha, T.-K.
Chem. Phys. Lettl995 232,67.

(29) Caldwell, J. W.; Kollman, P. Al. Am. Chem. So&995 117,4177.

(30) Mecozzi, S.; West, P., Jr.; Dougherty, D. A.Am. Chem. Soc.
1996 118,2307.

(31) Mecozzi, S.; West, A. P., Jr.; Dougherty, D. Proc. Natl. Acad.

than the Li/cyclohexane complex. The thin structure of SCi- U.S-A1996 93, 10566.

benzene, which enables the cation to have the short contact witl
carbon atoms of benzene, is essential for the large induction

energy. In addition the tf¥benzene complex has larger attractive

electrostatic interaction, while the electrostatic interaction in the

Lif/cyclohexane complex is negligible. The attractive electro-

static interaction is also one of the causes of the larger binding

energy of the benzene complex.
The cationtert-butylbenzene complexes have larger binding
energies than the benzene complexes. The hslityutyl group

increases the attractive induction energy. The larger induction

energy is a cause of the larger binding energies ofténe
butylbenzene complexes.
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