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The present report details the results of a high-level theoretical investigation of befd&neand ethene

AlX 3 (X = H, F, Cl) interactions. The binding energies, preferred modes of interaction gfwitK benzene

and ethene, and vibrational frequencies for these complexes have been evaluated at the MP2 level using basis
sets ranging from the 6-31G* to the much larger (6-3t+G(2df,p) + diffuse(d,p)). In the lowest energy
conformers of the benzene complexes, the Al atom is directly placed over one of the benzene carbons, while
in the ethene complexes, the Al atom lies above the center of thend. The binding energies of both the
benzene and ethene complexes of AlXe dominated by electrostatic contributions, which is in contrast to

the dominance of the electron correlation energy in the berzBXg complexes. A very sharp increase in

the negative charge of the benzene carbon closest to the Al atom in the lowest energy conformers of the
benzene complexes from0.2 to —0.4 au points to an important role of activation of the aromatic ring by

the Lewis acid in electrophilic aromatic substitution reactions.

Introduction experimental investigations on AfHalso include theoretical

Several theoretical and experimental studies in the recent pastcalculatmns at the MP2 and CCSD levélShere has also been

have focused their attention on the role of the aromatsgstem lir(;ick'ienm a'\:gzcos-wg%(eor;‘ X?Eoﬁzsa&gnﬁg f&%gogfagdhﬁshl?y
in governing the structure and reactivity of complexes containing 9 s Y

aromatic systems:® In nearly all these complexes, the elec- level theoretical study which included dens_ity fu_nctional th(_aory
tropositive groups which normally interact with theelectron (DFT), MP2, gnd CC.SD methodé.The major differences in
cloud are either hydrogen or cations (organic or mét&lWhile the monomeric and dimeric forms of AJFAIBrs, and Alls has
interactions involving the former result in weak van der Waals _been f[he _focus of a very recent experimental and theoretical
complexes, the latter are characterized by high binding energies'nves“g‘m'On by Aarset et &
dominated by electrostatic contributions. In continuation of a  Therefore, the focus of the present theoretical investigation
previous study® wherein we focused our attention on the is a&comparison of the geometries, binding energies, vibrational
interactions of ther-electron cloud of the aromatic ring with ~ frequencies, and electronic properties of the minimal energy
systems containing neither a hydrogen nor a cation (boron- conformers of the gHs—AlIX3 and the corresponding.84—
containing systems), the present study details the nature ofAlX3systems. The preferred modes of interaction of Ath
interaction prevailing in the complexes of aromatic systems with benzene have also been analyzed. In addition to a detailed
AlX3 (X = H, F, CI). comparison of the olefinic and benzene complexes of;Alxe
Even though Lewis acids like AIX(X = H, F, Cl) are also highlight the major differences with respect to the corre-
extensively employed as catalysts in reactions involving aro- sponding complexes of B¢° We illustrate these differences
matic systems! neither experimental nor theoretical investiga- using the charge-decomposition analysis (CBAgnd natural
tions have focused their attention on complexes of ARith bond orbital (NBO) partitioning schemé&and the Laplacian
7 systems of any kind. Except for the complexes of Alxith of the electron density distributio.
ammonia.213there have been relatively few investigations either
experimental or theoretical of other complexes formed by Computational Methods
AlX 31417 However, complexes formed by an aluminum atom
with various organic molecules including benzene have attracted Complete geometry optimizations at the MP2 level using the
a lot of attentiort81° In this connection, a recent high-level 6-31+G* basis set were carried out on different conformations
theoretical investigation of the interaction of aluminum cation of CgHs—AlH 3, CsHes—AlF3, and GHg—AICI 3 shown in Figure
(AIT) with benzene, pyridine, cyclopentadiene, pyrrole, and 1. The corresponding ££l4 complexes are shown in Figure 2.
furan also merits mentio#?. Vibrational frequencies were then evaluated at the MP2/
On the other hand, the Apmonomers have been the focus 6-31+G* level on each of the above conformers to identify the
of a number of experimental and theoretical studie® These real minimal energy structures. Each of these conformations
experimental studies include the infrared spectra of:Alldnd was then subject to further geometry optimizations at the MP2
the matrix infrared spectra of AfFand AlCk.2223 Theoretical level using the 6-31t+G** basis set. Single-point calculations
calculations at the second-order No—Plesset (MP2) and  were then carried out on all the MP2/6-31+G** optimized
single and double excitation coupled cluster (CCSD) levels have geometries using a very large basis set, MP2/6+3#tG(2df,p)
been carried out by Schaefer and co-workers ongalirtl AICk + diffuse(d,p) (abbreviated as MP2/6-321+G(3df,2p)). The
in its monomeric and complexed states with ammaaiahe exponents of the diffuse d basis functions for Al, C, F, and ClI
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of our results, we show that both the NBO and CDA schemes
“‘d “{ O\O: give similar results (6Hs—AlIF3 being an exception) as regards
the extent of charge transfer.
% % The CDA scheme, which closely espouses the Dewar
1 (AlH;) 3 (AlF;) 5 (AICLy) Chatt-Duncanson (DCB) model of orbital mixing in donot
acceptor complexes, evaluates three terms: (i) the charge
,;éq G—&-@ - donationgy given by the mixing of the occupied orbitals of the

donor and the unoccupied orbitals of the acceptor; (ii) the back-

% % donationgy given by the mixing of the occupied orbitals of the
acceptor and the unoccupied orbitals of the donor; (iii) the

2 (AlHy) 4 (AlF3) 6 (AICLy) charge depletion from the overlapping area (charge polarization)
Figure 1. MP2/6-311+G** optimized structures of gHs—AlH 3 (1, gr given by the mixing of the occupied orbitals of donor and
2), CeHs—AIF3 (3, 4), and GHe—AICl; (5, 6). acceptor. These terms are evaluated for each LCFO (linear

combination of donor and acceptor fragment orbitals). Thus the

CDA scheme is very useful for highlighting the most important
4 orbitals which are responsible for the doa@cceptor interac-
¢ _ tions. In the case of the ¢Hg—AIX3 complexes, we have

benzene as the donor and AlAs the acceptor. The CDA 2.1

prograni® was used in conjunction with the standard output of
H H H the MP2/6-31G* calculation to analyze the charge transfer in
7 (AlH) 8 (AIFy) 9 (AICL) the GHes—AIX 3 complexes within the CDA sche(;j?%.
. - i _ The Laplacian of the electron density distributiar(r) was
(F;L%r_eAZ{F:A (2)2 /g}?dl 1(;:4(3 Aféﬁ)gr(g; ed structures of H;—AlHa (7), evaluated using the AIMPAC program of Bad@iThe Lapla-

’ cian of the electronic charge density?p(r)) determines the
are 0.0406, 0.0783, 0.2188, and 0.0938 respectively, and that Ctivity of a molecular system because it determines where
of the diffuse p function for H is 0.188. electronic charge is locally concentrated (wh&?g(r) < 0) or

locally depleted (wher&?2p(r) > 0).

All the AIM calculations were done on the MP2/6-8G*
optimized geometries with the AIMPAC series of programs
using the MP2/6-31G* wave functions as input. Contour plots
gwere obtained using the MORPHY program of Popéefier.

2

The zero-point vibrational energy (ZPVE) corrections were
carried out using the zero-point vibrational energies evaluated
at the MP2/6-31G* level. Basis set superposition error (BSSE)
corrections were carried out using the counterpoise method.
Since in case of benzene-containing complexes a 100% BSS
correction often underestimates the binding energies as com-
pared to the experimentally evaluated quantities, we have often
found it useful to employ a 50% BSSE correctinn the case In our earlier theoretical study ongBs—BX3 systems, we
of the Al and AICk complexes, we believe that BSSE had carried out an elaborate conformational search at the MP2/
corrections would not be very useful because of (i) the very 6-31+G* level and obtained two low energy conformers
short Al=CgHs or Al—C;H, distances and (ii) the amount of  possessing either@; or C, symmetryl® While theCs symmetry
charge transfer due to the near chemical bond-like situation. conformer was the lowest energy structure (all positive vibra-
Such an argument of ours is in consonance with that of tional frequencies), th€s, conformer was a second-order saddle
Schwenke and Truhl&?2and Eggenberger et & All calcula- point structure (two imaginary frequencies). However, both these
tions were carried out using a Gaussian-94 stfite. conformers exhibit a type of interaction with benzene. In order

NBO analysis was carried out for all the uncomplexed to facilitate comparison with our earlier theoretical study on
monomers AlH, AlF3, and AICk and for all the benzene and CgHg—BX3 complexes? we carried out calculations on both
ethene conformers to highlight the shifts in electron density upon the Cs and Cs, conformers of the gHg—AIX3 complexes.
complexation and also to evaluate the stabilization energies Interestingly all theCs conformers of the gHs—AIX 3 complexes

Results and Discussion

resulting due to such shifts in the electron densiti]NBO’s turn out to be the lowest energy structures (all positive
are the localized set of easily recognizable Lewis-like(dz vibrational frequencies). Since ti&, conformers are all higher
bond, lone pair, and core) and non-Lewis @ndx* antibond in energy (second-order saddle point structures) when compared

and Rydberg) orbitals which are optimal in the sense of to the correspondin@sconformers, all subsequent discussions
orthonormality and maximum occupancy of the Lewis set. Itis of the GHg—AIX 3 complexes are limited to the features of the
important to point out one of the stellar features of the NBO Cs conformers.
method. Unlike most other charge-partitioning schemes, the In case of the gH;—AIX3 complexes, the choice of the
NBO method is unaffected by the presence of diffuse functions conformations on which the calculations were carried out, was
in the basis set® governed by our earlier study onpldy—BX3 complexes? The
Though several schemes are available to evaluate chargevibrational frequencies (all positive) confirm that the staggered
transfer in donoracceptor complexes and the resulting energetic Cs conformers wherein one of the AX bond is orthogonal to
contributions, viz. Morokuma analysi4, constrained space the C-C double bond are minimal energy structures of these
orbital variation (CSOV) technique developed by Bagus efal., complexes.
and the natural energy decomposition analysis (NEDA) scheme Geometries.In the absence of an experimental investigation
of Glendening and Streitwieser which is based on the NBO of either the etheneAlX 3 or the benzeneAlX ; complexes,
procedure’® we have found the CDA scheme of Dapprich and we compare the MP2/6-33H-G** optimized geometries of
Frenking to be an extremely versatile, simple, and innovative the monomers to the experimentally determined bond lengths
approach to analyze charge transfer in terms of the easy toand then we discuss the changes in the monomer geometries in
recognize molecular orbitaf3.In the course of the discussion their complexed states. The experimentally determinedCC
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TABLE 1: Binding Energies and Selected Distances of Benzeré\IX 3 Complexe$

MP2/6-31-G* MP2/6-311F+G** MP2/6-311++G(3df,2py
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6
(C) (Ca) (C) (Ca) (C) (Ca) (C) (Ca) (C) (Ca) (C) (Ca) (G (Ca) (G (Ca) (G (Ca)
_AEY 925 543 1827 1052 17.22 10.63 1005 6.24 1753 10.67 19.00 1244 1164 695 1966 1259 2046 1242
~AE® 587 200 1191 541 7.90 335 692 365 1136 493 848 368 906 515 1424 807 1316 6.90
—~AE. 756 421 1509 7.96 1256 6.99 849 495 1445 7.80 13.74 806 1035 6.05 1695 1033 1681 9.66
—AE, 5.20 13.10 10.82 6.13 12.46 12.00 7.99 14.96 15.07
~AEcor 724 440 835 7.22 1311 1094 869 597 623 648 1496 13.01 1005 655 9.26 849 1754 13.44
—~AE, 7.81 674 31.19 2507 20.64 14.02 673 6.45 2493 2068 1623 1223 6.87 6.65 2583 2142 17.04 12.96
—AHaes 5.64 13.09 10.67 6.57 12.45 11.85 8.43 14.95 14.92
Ra_o 2.562 3.285 2.314 2.808 2.347 3.227 2.571 3.172 2.324 2.782 2.352 3.139 (2.571) (3.172) (2.324) (2.782) (2.352) (3.139)
Ra-x 1592 1.590 1.677 1.669 2.095 2.078 1.580 1.578 1.673 1.666 2.091 2.075 (1.580) (1.578) (1.673) (1.666) (2.091) (2.075)
1.597 1.682 2.105 1.584 1.677 2.100 (1.584) (1.677) (2.100)

a All energies are in kcal/mol; distances are in—AAEQ and—AES represent the binding energies without and with basis set superposition error
(BSSE) correction, respectivelAE. is chosen to represent the mid valueﬁdig and AES as upper and lower bounds, respectivelyf, is the

ZPVE-correctedAE.. AH,gs is the enthalpy at 298.15 K and 1.0 atm.

The frequencies for ZPE and thermal corrections were evaluated at the

MP2/6-31G* level. The electron correlation enerdyE. is the value of thése (MP2) subtracted fronk. (HF) at the MP2-optimized geometry.
AEesis the electrostatic (chargeharge) interaction energy evaluated using NBO chaii@ess andRa—x are the distances from aluminum to the
benzene plane and the X (X H, F, Cl), respectively. In the cases bf3, and5, one X lies on the benzene plane while the other two equivalent

X’s are outside? MP2/6-31H-+G(3df,2p)//MP2/6-313+G**.

and C-H bond lengths of 1.390 and 1.086 A compare well
with the calculated bond lengths of 1.399 and 1.086 A for
benzend? On a similar note, the calculated-ACI bond length

of 2.065 A is well within the experimentally obtained distance
of 2.06=+ 0.01 AZ2However, the calculated AlF bond length

of 1.655 A is slightly higher than the experimentally determined
bond length of 1.631 &20In the case of ethene, the theoretically
predicted G-C and C-H bond lengths of 1.338 and 1.085 A

that in conformerdl, 3, and5, the Al atom is directly placed
over one of the carbon atoms and is extremely close to the
benzener plane (2.571, 2.324, and 2.352 A far 3, and5,
respectively). Therefore, one can expect a near chemical-bond
situation. However, we subsequently show that such a situation,
without endangering the aromaticity of the benzene, has a
profound influence on the charge distributions of the carbons
of benzene. The close approach of ABhd GHe in conformers

are in good agreement with the experimentally determined bond1, 3, and5, together with the concomitant charge transfer (to

lengths of 1.339 and 1.085 &.

Upon complexation, there are significant changes in the
geometries of the various monomers. Thus the-iAlbond
length of 1.575 A in the monomeric state increases to 1.578 A
in conformer and 1.580/1.584 A in the conformer of the
benzene-AlH3; complex. A similar increase in the AF and
Al—CI bond lengths upon complexation is observed in conform-

be discussed in detail later on), results in the pyramidalization
of AIX3 (OX—AL..C = 98°—106°). A similar situation is
observed in the ether@\IX s interaction with the AFC=C
distances ranging from 2.373 A in conformerkG—AIFs) to
2.482 A in conformer? (CH4—AIH3). A comparison of the
location of the Al atom in the lowest energy conformers of both
the ethene and benzene complexes indicates that Al is more

ers 3—6 of the benzene complexes. It can be seen that this closer to the benzene ring than to the ethene double bond.

increase is more in case of conformdrs3, and 5 than in
conformers2, 4 and®6. Interestingly in conformerg, 3, and5,
the Al—X bond lying over the benzene cloud is shorter than
the other two A-X bonds. The increase in the monomer bond

These short A+C distances in the Elg—AIX 3 and GHs—AIX 3
complexes should be visualized in the context of the extremely
short AI=-N distances which exist in AIg-NH3 and AlHs—

NH3 adducts? In AICI;—NHs, the experimental A+N distance

lengths of the benzene complexes is dwarfed by the large of 1.996 + 0.019 A is close to the theoretically predicted
increases observed in case of the ethene complexes. Thus, thidistance of 2.027 A, obtained at the MP2 level using the

increase is more pronounced in case of the ethéild;
complex {), with the Al—H bond length being 1.594/1.596 A.

double£ polarization (DZP) basis séf¢
Conformer 4 exhibits a curious trend with regard to the

The benzene bond lengths show interesting variations in theintermolecular AlX to distance. This is in sharp contrast to

various conformations. While there is no change in theCC
and C-H bond lengths in conformation® and 6, there is a
small increase in the €C bond length and a small decrease in
the C-H bond length in conforme4. Though the magnitude
of this variation is extremely small, the binding energies (which
would be discussed later) of conform@reveal an interesting
trend. In the case of conformets3, and5, there is substantial
lengthening (1.405, 1.409, 1.410 A1n3, and5, respectively)

our expectation of a gradual increase in this distance as one
proceeds from2) to (4). Such a contrast was also observed in
the interaction of BEwith CeHe the BR—CgHg intermolecular
distance (3.250 A) being shorter than those insBBsHs (3.250

A) and BCk—C¢Hs (3.470 A)1° We believe that this contrast
could be due to an increased orbital overlap betweer2#tie
orbital of AlF; (which is entirely composed of the fluorinesg(
orbitals) and the2b,, orbital of benzene. Such an optimum

of the C-C bond of benzene closest to the Al atom, as compared overlap is not feasible in case of AJHH does not have p

to the other G-C bonds (1.3961.399 A in case of all the three
conformers). Similarly, there is a concomitant increase in the
length of the G-H bond closest to Al atom. However, the
magnitude of this increase, which is maximum in confor@er
is only 0.003 A. The ethene-€C bond lengths show a gradual
increase as one progresses from the ethdtid ; (7) to ethene-
AlICl 3 (9) complexes.

One of the notable geometrical features of the benzéih 3
interaction is the location of the AXmoiety. It can be seen

orbitals) and AIC4 (Cl has 3p orbitals which are lower in energy
as compared to the fluorine 2p orbitals).

Binding Energies. The binding energies of both theslds
and GH,4 complexes of AlX, shown in Tables 1 and 2, display
interesting binding characteristics. In the case of th#lC
complexes, th&Cs conformers are invariably more stable than
the correspondings, conformers by about 3 kcal/mol (ABH
and about 67 kcal/mol (AlF; and AICE). The BSSE and ZPVE
corrected MP2/6-31t+G(3df,2p) binding energies of the
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TABLE 2: Binding Energies and Selected Distances of EthereAlX ; Complexe$

MP2/6-31HG* MP2/6-31 1+ +G** MP2/6-311-++G(3df,2py
7 8 9 7 8 9 7 8 9

(&) (Cy (e8] (C9 (€9 (e8] (e8] (Cy (G
_AEg 10.42 17.86 14.63 10.38 16.51 14.97 12.50 18.67 17.35
N 7.63 13.51 8.40 7.98 12.56 8.19 10.74 15.25 12.79
—AE, 9.02 15.68 11.51 0.18 14.53 11.58 11.62 16.96 15.07
—AE, 6.47 13.90 9.69 6.63 12.75 9.76 9.07 15.18 13.25
—AEcor 5.07 4.39 6.50 5.73 2.44 7.14 7.08 4.96 9.87
—AEe 7.10 20.28 12.83 5.66 14.52 8.82 5.82 15.20 9.33
—AHags 7.15 14.00 9.80 7.31 12.85 9.87 9.75 15.28 13.36
Ral_c—c 2.485 2.364 2.440 2.482 2.373 2.432 (2.482) (2.373) (2.432)
RS, 1.594 1.678 2.099 1.581 1.674 2.093 (1.581) (1.674) (2.093)

1.596 1.678 2.097 1.583 1.673 2.092 (1.583) (1.673) (2.092)

aAll energies are in kcal/mol; distances are in AAEY and —AES
respectively AE¢ is chosen to represent the mid vaIueAEZ and AES as

represent the binding energies without and with BSSE correction,
upper and lower bounds, respectivélf, is the ZPE-corrected Ee.

AHagg is the enthalpy at 298.15 K and 1.0 atm. The frequencies for ZPE and thermal corrections were evaluated at the-MFP2lév8IL The
electron correlation energkE. is the value of theE. (MP2) subtracted by, (HF) at the MP2 optimized geometrAEs is the electrostatic
(charge-charge) interaction energy evaluated using NBO chai@esc—c andRa—x are the distances from aluminum to the midpoint of treGC
bond of ethene and the X (% H, F, Cl), respectively? MP2/6-31H-+G(3df,2p)//IMP2/6-313+G**. ¢ First distance occurs twice, second occurs

once.

CeHs—AIX 3 complexes indicate that conform&({CgsHg—AICl 3)
exhibits the largest binding energiy, = 15.07 kcal/mol) as
compared to either conforménCeHe—AlIH 3) or, (CsHs—AIF3).
However, it can be seen that the relative binding energies of
conformers3 and 5 are very much dependent on the kind of

greater than that of ls—BHs. This implies that purely on the
basis of Lewis acidity and basicity, one cannot explain the
binding energies of gHs or C;Hy4 with BH3 and AlHs.
Vibrational Frequencies. The relative trends and shifts in
vibrational frequencies are important in understanding the

(14.96 kcal/mol) contrasts sharply with our earlier study on
CsHs—BX3,1® wherein it was observed that theghz—BF3
complex is the most weakly bound as compared to eithels€

BH3 or CgHg—BCl3.13 The BSSE and ZPVE corrected binding
energies of GHg—BH3, CsHg—BF3, and GHs—BCl; at the
MP2/6-31H+G(3df,2p) level were 4.76, 3.29, and 5.89 kcal/
mol, respectively® The binding energies of the,B,—AIX 3
complexes indicate that the.@,—AlF3; conformer has the
highest binding energy (15.18 kcal/mol) as compared to either
C2H4_A|H3 or CzH4_A|C|3.

A major difference in the binding of benzene or ethene with
BX3 and AlX3 is that in the AlX complexes, electrostatic
interactions have a dominant contribution to the binding energy,
while in the BX; complexes, the correlation energiHco) is
dominant. Thus the &ls—AIX 3 complexes conform to the
general behavior of doneiacceptor complexes (i.e., electrostatic
interactions dominate the binding energy) with some notable
exceptions.

Earlier theoretical studies on the binding of to NHave
obtained a CCSD/DZP ZPVE corrected binding energy of 26.5
kcal/mol12° However, the study of the interaction of with NH

interesting to examine whether these vibrational frequencies are
useful aids in understanding the intricacies of these denor
acceptor complexes. Though experimental vibrational frequen-
cies are not available for the benzerX ; and ethene AlX 3
complexes, the vibrational frequency shifts of all tkdg
conformers of the gHg—AIX 3 and GH4—AIX 3 complexes with
respect to the frequencies in their monomeric states are shown
in Tables 3 and 4.

The six vibrational frequencies in AgXevolve from three
stretching and three bending modes. It can be seen from Table
3 that the red shifts of the stretching modes are more pronounced
in the case of the Alf-complexes. However, in the case of the
symmetric stretching moded), there is a continuous decrease
in the red shift as one progresses from Atdl AICI3. A similar
trend is observed for the antisymmetric stretching modgig
the case of the BXcomplexeg?

It can be seen from Table 4 that all the modes of benzene
exhibit significant blue shifts when compared to the monomeric
benzene. However, it can be seen that one of thelGtretching
modes {5) exhibits marked red shifts in cases ofHg—AIF3

has not been reported at the same level of theory. Neverthelessand GHs—AICl 3. This red shift can be readily understood when

comparisons made at lower levels of theory seem to indicate
that the B-N bond in BHs—NHj3 is stronger than the AIN
bond in AlH;—NH3 by 10 kcal/mol*213 On the other hand,
comparisons using the local spin density (LSD) and nonlocal
spin density (NLSD) approximations in the density functional
methods indicate that the-B\ bond is 5.1 kcal/mol stronger
than the AN bond!32The higher strength of the-BN bond

one takes into account the increase in theHCbond length
closest to the Al moiety. We believe that this red shift could

be used as an important experimental aid to examine the effects
of complexation with AD¢ compounds on benzene. It is of
interest to note that a similar red shift is observed in theHC
frequencies of the £,—AlF; and GH4—AICl3 complexes
given in Table 4. The out-of-plane bending modes, on the other

has been attributed to the increased Lewis acid strength of B ashand, reveal important similarities with the correspondingsBX

compared to Af*which governs the formation of a dative bond
between the empty p orbital of B or Al and the lone pair of
nitrogen. In light of the above, it is interesting to compare the
binding energies of Algland BH; with CgHg or C;Hs. The MP2/
6-311++G(3df,2p) binding energy (corrected for BSSE and
ZPVE) of GHs—BHg3 is 4.76 kcal/mol. On the other hand, a
similarly corrected MP2/6-31t+G(3df,2p) binding energy of
CeHe—AIH 3 is 7.99 kcal/mol which is not smaller but much

complexes. Thus the complexes exhibit more pronounced blue
shifts than either the Alglor AICI; complexes, which is similar

to what is observed in the case of the B2%mplexes. However,
while CsHg—BF3 is the most weakly bound of thesBs—BX3
complexes, GHg—AlIF3 is the most strongly bound among the
CeHs—AIX 3 complexes. Thus, bending modes cannot be said
to be reliable indicators of the binding energies. However our
recent studies ondElg—H>O and GHs—H,O complexes seem
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TABLE 3: Comparison of the Frequencies of the Stretching and Bending Modes of Allsl AlF3, and AICI; and Their Frequency
Shifts in the Complexed States along with the van der Waals Modes at the MP2/6-3G* Level?

mode A|H3 C2H4_A|H 3 C6H6_A|H 3 A|F3 C2H4_A|F3 CaHe_A|F3 AICI 3 CzH4_A|C| 3 CGHG—AICI 3

stretching

v 2003[288] —42[218]  —35[176] 949[207] —50[186] —62[93]  646[206] —41[179]  —45[149]

V2 2003[288] —47[128]  —54[128]  949[207] —56[150] —69[123] 646[206] —46[154]  —62[148]

Vs 1993[0] —30[276]  —49[291] 681[0] = —18[44]  —22[65]  399[0] —5[20] —8[56]
bending

V4 731[400]  20[593] 7[498] 301[156]  20[239] 2[287] 210[45]  23[87] 3[143]

Vs 818[244]  —22[182]  —8[212]  244[40]  —8[17] 2[20] 154[10] = 8[5] 4[6]

Ve 818[244]  —24[182]  —34[162] 244[40]  —9[25] —9[3] 154[10]  3[3] 1[5]
van der Waalks

7, 101[0] 64[0] 34[0] 91[0] 60[1] 98[0]

bip 234[1] 95[0] 120[3] 88[1] 111[3] 86[0]

Top 328]6] 135(0] 133[1] 47[0] 1182] 45[0]

s, 196[9] 156[37] 226[6] 207[3] 188[10] 177[1]

i 446[1] 411[1] 223[5] 132[1] 229[3] 109[1]

dop 483[15] 417[1] 125[0] 400[20] 104[0]

aAll frequencies are in cnt. IR intensities (km/mol) are enclosed in brackets adjacent to the frequency %fiifts.van der Waals mode

definitions are given in ref 45.

TABLE 4: Calculated MP2/6-31+G* Vibrational Frequency Shifts
Ethene in Their Complexed State3

of the Stretching and Bending Modes of Benzene and

mode CeHe CeHs—AIH 3 (1) CsHs—AIF3 (3) CsHs—AICI 5 (5)
stretching
V1 3242.7 8.2 14.6 14.6
V12 3233.7 125 20.9 21.4
V12 3233.7 6.4 13.1 12.7
V1s 3218.6 13.7 22.2 21.9
V15 3218.6 51 11.4 10.2
Vs 3208.9 1.8 —10.1 —15.9
out-of-plane ring bending
1) 882.4 56.4 95.1 89.4
V19 882.4 29.4 62.7 42.0
vz 862.5 425 81.3 61.1
V11 831.2 38.2 73.9 62.8
Vi1 831.2 16.1 25.5 18.9
Va 673.8 21.4 38.0 35.5
mode CoHa CoHs—AlH3 (1) CoH,—AIF3 (3) C:H4—AICI; (5)
stretching
Vs 3315.3 11.0 8.6 10.3
Vg 3291.0 13.3 11.6 141
V1 3221.2 0.1 —5.2 —3.4
V11 3204.3 7.0 3.0 5.1
v 1704.8 —24.9 —26.3 —28.1
out-of-plane ring bending
V7 982.6 58.0 101.0 94.4

a All frequencies are in cmi. P The fundamental modes are numbered according to Herzberg (ref 52).

to indicate that these bending modes are more reliable indicatorson Al in AlX 3 (monomeric and complexed states) follows the

of the exchange repulsion energfés.

Theoretically evaluated frequencies of the van der Waal
modes cannot be directly compared with the experimentally

trend (AlR; > AICI3 > AlH3), the positive charge on B in BX
follows the trend (BE > BH3 > BCl3) in the monomeric state
and (B > BCl; > BHgj) in the complexed state. More

determined frequencies. But the relative trends are more reliableinterestingly, though BFand AlF; exhibit similar trends in terms

and informative. Therefore, the theoretically evaluated frequen-

of the positive charge on B and Al, electrostatic energies are

cies of the van der Waals modes of these complexes are showrtlominant only in case of thesHe—AlF3 complex. The bonding

in Table 3. One of the interesting van der Waals modes, which
reflects the ease with which the van der Waals complex
dissociates, is the stretching modelscan be seen that it in a
way reflects the binding energies exhibited by th#lg-AlX 3
complexes.

Charges and Electronic Structure.The Weinhold’s natural
population analysis (NPA&J charges work extremely well, even
when diffuse functions are employed in the basis sets. The NPA
charges of all the atoms of the monomers in their uncomplexed
and complexed states are listed in Table 5.

The partial charge on Al is more positive in the case of AlF
as compared to both A-and AICk. While the positive charge

of Al and X (F, Cl) in AlF; and AICk monomers merits special
mention because it has a bearing on the charge profiles of their
complexes with benzene or ethene. We illustrate this aspect by
showing the NBO occupancies of the Al 3s and 3p orbitals in
Table 6. It can be seen that in the monomeric states, thebjal
is partially filled. Second, it can be seen that the electron
occupancies on the other orbitals are also quite low, which can
be easily understood, given the high electronegativity of both
F and Cl.

Though the charges on Al exhibit small changes upon
complexation in conformerg, 4, and5, the changes in the
charges in conformerk 3, and5 indicate that there is a charge
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transfer from benzene to AXThus, the order of decrease in
the positive charge on Al in these conformers is nearly the same
(0.14 e in GHs—AIF3z and 0.10 e in gHs—AICI3 and GHg—
AlF3). It can easily be seen from Table 6 that the total charge
gained by the Al valence orbitals in conformers3, and5 is
nearly equal to the decrease in the positive charge in Al. It can
also be correlated to the charge transfer from benzene to both
(0.10 e) and (0.13 e) in these conformers.

Given this charge transfer, it is of interest to gain a deeper
understanding of the role of each benzene molecular orbital
(MO). However, in the case of complex interactions, it is an
extremely difficult task to identify the contributions of individual
molecular orbitals. Even though orbital mixing itself is not the
origin of binding interactions, the mixing of the fragment
molecular orbitals in a way reflects the electronic interactions
of the fragments. To obtain a qualitative interpretation of the
results of these high-level ab initio calculations, we have used
the CDA approach of Frenking and co-workers. The results of
the CDA scheme which has been employed to highlight the
contributions of each individual molecular orbital in the charge
transfer observed in conformets3, and5 of the GHe—AIX 3
complexes are listed in Table 6. It can be seen that there is a
general consonance of the results of the CDA and NBO analysis
as regards the charge transfer. The absolute values, however,
do not match because of the different partitioning schemes
employed in these methods. In particular, the NBO analysis and
CDA scheme seem to differ on the amount of charge transfer
(qq) observed in the case ofsBs—AlF3. This is because CDA
distinguishes between charge donatiagp) (and repulsive
polarization §r), while the NBO analysis gives the cumulative
charge donation. This point can be understood when one
observes the value of the repulsive polarizatphtérm in Table
6. It can be seen that it is lowest in case gHg—AlF3. The
utility of the CDA scheme, however, lies in distinguishing the
individual orbital contributions. In all the cases, the major charge
donation from benzene to Apemerges from a single orbital.
This orbital is incidentally the HOMO-1 orbital of these
complexes, whose contribution to the total charge donatjgn (
can be seen in Table 6. This orbital is obtained as a result of an
interaction of the occupied benzenegerbital and one of the
unoccupied orbitals of AlX(e" in the case of AlG). The 1gq
orbital of benzene is incidentally one of the degenerate HOMQO's
of the benzene monomer.

It is interesting to examine the effects of complexation with
AlX 3 on the charges of benzene. The fact that significant but
profound changes occur in the charges of benzene is reflected
in Table 5. The benzene carbon closest to the aluminum atom
has more negative charge when compared to the remaining five
carbon atoms in conformets 3, and5. A simultaneous increase
in the positive charge on the hydrogen atom attached to this
carbon can also be seen.

Though a number of theoretical studies have delved into the
electronic structure of donefacceptor van der Waals com-
plexes}’ the exact nature of donelacceptor bonds is still
ambigious. In our earlier study on thels—BX3 complexes,
we found that the interaction of aromaticsystem with the
empty p orbital of boron significantly contributes to the
interaction energy in the case ofs—BH3 from an analysis
of the energetic contributions of various terms using the second-
order perturbation theory. A similar analysis carried out on the
CeHs—AIX 3 complexes reveals that the energetic contribution
of the-p, orbital interaction in @Hg—AlF 3 is far less than the
other two complexes and moreover contrasts with the binding
energy. Second, the charge transfer observedghis€AIF3

1.34
—0.49,-0.50

—0.37
0.29

C,Hs—AICI3
0.22
0.14

1.48

—0.50
—0.21
0.23

0.21
0.02

CsHs—AICI 3
5
1.36
—0.49,—-0.50
-0.39

0.26
0.21-0.23
0.13

—0.16 to—0.17

1.46
—0.49
0.23

AlCl3

CoHs-AlF3
8
2.16
—0.76,—0.75
—0.39
0.22
0.16
0.11

2.25
—0.76
—0.21
0.22

0.13

0.03

CeHs—AlF3

2.17
—0.75,-0.76
—0.41

0.25
0.21+-0.23
0.10

—0.16to—0.18

AlF3
2.27
—0.76
0.12

CoHa—AlH 3
0.13
0.11

7
1.04
—0.39,—-0.38

-0.37
0.21

2
1.24
—0.42
—0.21

0.02
0.02

0.21

CsHs—AlH 3

1.11

—0.39,—-0.40

-0.3P

—0.18t0—0.19
0.28

0.21-0.22
0.08

0.09

—0.42
0.01

AlH3
1.25

CsHe/CoH4
—0.20/-0.36
0.20/0.18

CgsHe/CoH4 to AlX 3
aFirst charge occurs once, second occurs twicgharge of carbon closest to the aluminum atom. The charges of the remaining carbon atoms are within the range giver ®blngetof hydrogen

closest to the aluminum atom. The charges of the remaining hydrogen atoms are around the range given below it.

p{z} population at Al
charge transfer from

partial charges

Qal
Ox
Jc
QH

TABLE 5: MP2/6-311++G(3df,2p)-NBO Charges for All Complexes
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TABLE 6: MP2/6-311++G(3df,2p)-NBO Occupancies of the Al V.
along with the Results of the CDA Analysis

Tarakeshwar and Kim

alence Orbitals in the Monomeric and Complexed States

NBO orbital A|H3 CGHG—AlH 3 (l) A|F3 CGHG—A|F3 (3) A|C|3 C6H6_A|C| 3 (5)
3s 0.83 0.82 0.25 0.27 0.53 0.54
3 0.44 0.48 0.16 0.17 0.34 0.34
3p, 0.44 0.48 0.16 0.17 0.34 0.36
3p; 0.01 0.08 0.12 0.17 0.23 0.29
total 1.72 1.87 0.69 0.78 1.44 1.53
qa (total) 0.14 0.06 0.26
qb (total) —0.01 0.02 —0.01
o (total) -0.14 -0.13 —0.22
e (HOMO-1) 0.08 0.11 0.14

a2 The descriptions of the various charge components are listed in the text.

o

©

©

Figure 3. Contour plots of the LaplaciarMo(r)) of the GH,—BX3
and GH,—AIX 3 complexes. The solid lines indicate regions of charge
concentration V?oe(r) < 0). (@) GH4—BHj3, (b) GH4,—BF;, (c) GHs—
BC|3, (7) CZH4_A|H 3, (8) C2H4—A|F3, (9) CzH4_A|C|3.

(which is less than that observed ingH—AICl3) is not
commensurate with its binding energy which is dominated by
electrostatic interactions. Jonas et al. in their theoretical study
on the interactions of with M@l made similar observatior?4?
What they found was that even in the absence of covalen
contributions, MeN was very strongly bound to (binding energy
of 49.3 kcal/mol). They concluded that M¢—AICI; was
mainly held by electrostatic interactions.

In order to visualize and analyze the major differences of
the nature of bonding in the BXand AlX; complexes, we
calculated the Laplacian of the electron density distribufige:

(r) of the GHs—BX3 and GH4—AIX 3 complexes. Figure 3
shows the contours of the Laplacian in the plane containing

t

the (Al or B atom) and the two carbon atoms of ethene. The
deformation of the charge concentration at the ethene carbon
atoms is most pronounced in case of th#1¢-BH3 complex

with the area of charge concentratio??f(r) < 0, solid lines)
being shifted toward the boron atom. A similar observation was
made by Fau and Frenking recentfdowever, in the GHs—

BF; and GH4—BCl; complexes, the charge is more concentrated
in the immediate vicinity of the ethene molecule. Such a
situation also prevails in the AlXcomplexes, with the charge
being more localized over the ethene carbon atoms. These results
seem to indicate that the strong binding energies observed in
case of the gH,—AIX 3 complexes are entirely dominated by
electrostatic interactions with charge transfer having a minor
role. This aspect is confirmed by the dominant contributions of
the electrostatic energieaF.y to the binding energy. On the
other hand, gH,—BFz; and GH,—BClI3; emerge as weak van
der Waals complexes in contrast to the covalent nature of the
C,H4—BH3 complex.

Implications. Given these results on the geometries, energies,
and charges of the complexes of benzene with Lewis acids like
AlH 3, AlF3, and AICE, it would be of interest to understand
the chemical implications of this theoretical study. It can be
seen from the charges given in Table 5 that there is a significant
increase in the negative charge of one of the benzene carbons
as compared to the other carbons. We believe that this increase
in the negative charge (or nucleophilicity) would ease an elec-
trophilic attack on this particular benzene carbon as a result of
a significant lowering in the activation energy. Furthermore,
the increase in the positive charge on the hydrogen attached to
this carbon would facilitate its departure after an attack by an
electrophile. In an earlier paper of odfswe had evaluated
the binding energies of a Lewis acid (Alwith a proelec-
trophile like CHCI and GHg to be about 3.33 and 19.00
kcal/mol, respectively. Moreover the AL distance in
CHsCI—AICI3 and GHg—AICI3 are 3.300 and 2.352 A. Thus,
in the absence of any external source of energy, the Lewis-acid
aromatic ring interactions are very strong. Additionally, the free
energy of association of benzene in the liquid state is only about
5 kcal/mol®® This implies that these interactions have a
significant role of activation of the aromatic ring in electrophilic
aromatic substitution reactions (in particular Fried€raft's
reactionj! and can also be expected to prevail in the condensed
phase.

It is of interest to note that these charge effects are not
limited to these Lewis acids. Thus, in an experimental and
theoretical study of Sriniwas et al. on the interaction of Si
with CgHe, the Sit cation is directly placed over one of the
benzene carborf8. They also report a large increase in the
negative charge of the benzene carbon, which lies directly under
the SiF cation.



Benzene-AlX 3 and Ethene AlX 3 (X = H, F, Cl) Interactions J. Phys. Chem. A, Vol. 103, No. 45, 1999123

Conclusions (h) Chipot, C.; Jaffe, R.; Maigret, B.; Peariman, D. A.; Kollman, P.JA.

) ) o ] o ) Am. Chem. Sod 996 118 11217. (i) Kim, K. S.; Lee, J. Y.; Lee, S. J;
Using high-level ab initio calculations, the binding energies, Ha, T. K.; Kim, D. H.J. Am. Chem. Sod.994 116, 7399. (j) Lee, J. Y.;

i i i i ~ Lee, S. J.; Choi, H. S.; Cho, S. J.; Kim, K. S.; Ha, T.®em. Phys. Lett.
geﬂmgmgls’ V|brat||onal Eequel;mes, Ch?rgfzmﬁﬁlxﬁéél | 1995 232 67. (k) Choi, H. S.; Suh, S. B.; Cho, S. J.; Kim, K. Broc.
= H, F, Cl) complexes have been evaluated at the €Vel Natl. Acad. Sci. USA998 95, 12094. (I) Choi, H. S.; Kim, K. SAngew.

using fairly large basis sets. The ZPVE and BSSE corrected Chem.1999 111, 2400;Angew. Chem. Int. Ed. Engl999 38, 2556.

binding energies of benzerdlX ; (X = H, F, Cl) complexes (3) (a) Sriniwas, R.; Hruda J.; Sizle, Bothme, D. K.; Schwarz, HJ.

_ ianifi ; ; Am. Chem. Socl992 114, 2802. (c) Gross, J.; Harder, G.;"¥ite, F.;
(8—15 kcal/mol) are significantly higher than the corresponding Stephan. H.: Gloe, Kangew. Chen., Int. Ed. Englogs 34, 481, (d) Crist,

binding energies of benzendXs complexes (36 kcal/mol). b R Hsieh, Z.-H.; Quicksall, C. O.; Sun, M. K. Org. Chem1984 49,
This tight binding is also reflected in the very short Al¥ 2478.
benzene distances exhibited by the lowest energy conformers (4) (a) Atwood, J. L.; Hamada, H.; Robinson, K. D.; Orr, G. W.;

g ; symifi_Vincent, R. L. Nature 1991 349 683. (b) Suzuki, S.; Green, P. G,;
of these complexes. Though these binding energies are signifi Bumgarner, R. E.. Dasgupta, S.- Goddard Ill, W. A Biake, GSaience

cantly lower than those involving the binding of a metal cation 1992 257, 942. (c) Gotch, A. J.; Zwier, T. SI. Chem. Phys1992, 96,
or an organic cation with benzene, we believe that they are the3388. (d) Rodham, D. A.; Suzuki, S.; Suenram, R. D.; Lovas, F. J;

highest for a neutral compound (uncharged species) binding toPasgupta, S.; Goddard Ill, W. ANature 1993 362, 735. (e) Pribble, R.
b 9 Theref h'rlj th (b 'é( P | ) 9 N.; Zwier, T. S.Sciencel994 265 75. (f) Cheng, B. M.; Grover, J. R;
enzene. erefore, whnile the benzemXs complexes are Walters, E. A.Chem. Phys. Lett1995 232 364. (g) Meot-Ner, M.;

predominantly bound by weak van der Waals forces, the Deakyne, C. AJ. Am. Chem. Sod985 107, 469. (h) Deakyne, C. A.;
benzene-AlX 3 complexes can be said to be bound by weak Meo(t-;\‘?h)'\/'-l Am. Chem. 306385 107, 474. A A
; inati indi ; 5) (a) Augspurger, J. D.; Dykstra, C. E.; Zwier, T.BPhys. Chem.
chemical bonds. The dom_lnatlon of the_bln_dlng energies of these1992 96, 7252, (b) Fredericks, 8. Y- Jordan. K. D.. Zwier, T.J5Phys.
complexes by electrostatic forces, which is in sharp contrast to chem 1996 100 7810. (c) Kim, K. S.: Lee, J. Y. Choi, H. S.; Kim, J. S.;
that observed in benzer®X3; complexes, gives credence to Jang, J. HChem. Phys. Lett1997, 265, 497.
our point. (6) (a) Burley, S. K.; Petsko, G. ASciencel985 229 23. (b)
: : Kiermeier, A.; Ernstberger, H. J.; Neusser, H. J.; Schlag, EJWPhys.
Though very smgll changes are observed in the geometrles:chem.1988 92, 3785. (c) Paliwal, S.. Geib, S.; Wildox, C. 3. Am. Chen.
of the monomers in the lowest energy conformers of these soc.1994 116 4497. (d) Adams, H.; Carver, . J.; Hunter, C. A.; Morales,
complexes, it is interesting to note that the Alioiety lies J. C.,; Seward, E. MAngew. Chem., Int. Ed. Engl996 35, 1542. (e)

i isig simi Boyd. D. R.; Evans, T. A,; Jennings, B.; Malone, J. F.; O’'Sullivan, W.;
directly over one of the benzene carbons. This is similar to that Smith, A.J. Chem. Commun996 229, (f) Hunter, G. AChem. Soc. Re
observed in the case of benzeri&X; complexes. These low- 1994 101.
energy conformers of the benzer@X3; complexes are char- (7) (a) Hobza, P.; Selzle, H. L.; Schlag, E. W.Phys. Chem1996
acterized by a significant charge transfer which is reflected in éfr)]Q 18;%% Eg(ti)olzca%za Iz’) apgko, E)/.; S'S¢3_Izkle,\ll-|. BL.; ﬁcmaE,J%PhyS-

. H H . H em. . (C) AODbza, P.; SpIrko, V.; buchola, K.; Reimann,
the HOMO-1 orbitals .of these complexes. Thls.HO.l\/IO 1 orbital B. Barth, H.-D.: Brutschy, BChem. Phys, Lett.994 209 180. (d) Hobza,
of these complexes is formed from the_comb|r_1at|on of one of p selzle, H. L.: Schlag, E. WChem. Re. 1994 94, 1767. (e) Jaffe, R.
the benzene HOMO's and an unoccupied orbital of AlIX L.; Smith, G. D.J. Chem. Phys1996 105, 2780.

The most interesting facet of the interaction of AIX 99%8)1 2(3)1’\811@;23’ (T)') CR.; Dltcgﬂe‘l\d,T R.;.SEenF;:e_r, T. ﬁl, ﬁ\/lm.CChem. SbOCL
. ) . : ) . aos, G.; Aslorr, L.; Raimondl, M.; Cooper, D. L.;
compounds with benzene is the charge reorganlzatlor_l induce erratt, J.. Karadakov, P. B. Phys. Chem. A997, 101, 2886.
on 'ghe benzene a@oms as a.result of complexation. The (9) (a) Gallivan, J. P.; Dougherty, D. Arg. Lett. 1999 1, 103. (b)
significant increase in the negative charge on the carbon atombanten, Y.; Tassaing,; T. Besnard.Phys. Chem. A999 103 3530.
closest to Al and a concomitant increase in the positive charge  (10) Tarakeshwar, P.; Lee, S. J.; Lee, J. Y.; Kim, KJSPhys. Chem.

; i A. 1999 103 184.
of the hydrogen atom attached to this carbon have significant (11) (a) Friedel-Crafts and Related Reactin®lah, G. A. Ed.

implicatio.n.s on the. role of' Al?g compolunds as.catalysts in Wiley: New York, 1963-1965; Vol. 1-4. (b) Olah, G. AFriedel-Crafts
electrophilic aromatic substitution reactions. While an increase Chemistry Wiley: New York, 1973. (c) Olah, G. Adcc. Chem. Re4971,

in the negative charge on the carbon facilitates an attack by an4 240. (d) Effenberger, FAngew. Chem., Int. Ed. Engl98Q 19, 151.

NI ; ; i iti (12) (a) Shen, M.; Schaefer, H. B. Chem. Phys1992 96, 2868. (b)
incipient elegtrophllg, an increase in the positive charge on the Marsh, C. M. B.. Hamilton, T. P.: Xie. Y. Schaefer, H. F.Chem. Phys.
hydrogen facilitates its exit after the electrophile is bound. Thus, 1992 96, 5310. (c) Timoshkin, A. Y.: Bettinger, H. F.; Schaefer, H.JF.

it would be interesting to experimentally examine this unusual Am. Chem. Sod 997, 119, 5668.

but vital role of Lewis acids (Al¥ compounds in this case) in Ph(131)9(9615) ig?gﬁ:&‘ﬂ(g )R:nsio,é\l.j Sflaélan'tD'FRF'e; Tiozlscang"&him'

i 3 £ 3 : yS. . 000, J. L.; bennet, . R.; EIMS, . M.; JOnes,
electrophilic aromatic substitution reactions. C.. Raston, C. L. Robinson, K. D. Am. Chem. Sod991 113 8183. ()
. Chey, J.; Choe, H. S.; Chook, Y. M.; Jensen, E.; Scida, P. R.; Franci, M.
Acknowledgment. This work was supported by MOST/ M. Organometallics199Q 9, 2309. (d) Edwards, A. H.; Jones, K. 4.

STEPI under the creative research initiatives program. We are Chem. Phys1991 94, 2894. (e) Cramer, C. J.; Gladfelter, W. Inorg.

extremely grateful to Professor Gernot Frenking for providing Ch(eﬂjl?szcsheérﬁifsj H. B.- Howard. J. A- Tse. J. S Mile.JBAM

the CDA program and for his helpful comments, which were chem. Soc1985 107, 7290. (b) Chenier, J. H. B.; Howard, J. A ; Mile, B.
very useful in the analysis of these results. We also thank J. Am. Chem. S0d987, 109, 4109. (c) Histed, M.; Howard, J. A.; Morris,

Prof rR. F. W. B r for providin f the H- Mile, B.J. Am. Chem. So¢988§ 110, 5290. (d) Mitchell, S. A.; Simard,
A"‘\’/ISSASCO g F‘;"d? 0 8?_ 2 F? usl'a fCOpy O.d. € B Rayner, D. M.. Hackett, P. AJ. Phys. Chem1988 92, 1655. (e
program and Frotessor . L. A. Fopelier ior providing - yoyward, J. A.; Joly, H. A.; Mile, BJ. Am. Chem. S0d.989 111, 8094.

us a copy of the MORPHY program. (f) Manceron, L.; Andrews, LJ. Phys. Chen989 93, 2964. (g) Sriniwas,
R.; Sulzle, D.; Schwarz, Hl. Am. Chem. S0d.99Q 112 8334.
References and Notes (15) (a) Trenary, M.; Casida, M. E.; Brooks, B. R.; Schaefer, HJ.F.

Am. Chem. Sod979 101, 163. (b) Scheiner, A. C.; Schaefer, H.J-Am.
(1) (a) Dougherty, D. ASciencel996 271, 163. (b) Dougherty, D. Chem. Soc1985 107, 445. (c) Xie, Y.; Yates, B. F.; Schaefer, H. ¥.

A.; Stauffer, D. A.Sciencel99Q 250, 1558. Am. Chem. Socl99Q 112, 517. (d) Tse, J. SJ. Am. Chem. Sod.99Q
(2) (a) Kumpf, R. A.; Dougherty, D. ASciencel993 261, 1708. (b) 112, 5060. _
Mecozzi, S.; West, A. P.; Dougherty, D. 8. Am. Chem. S0d.996 118 (16) (a) Trenary, M.; Casida, M. E.; Brooks, B. R.; Schaefer, H].F.

2307. (c) Dhaenens, M.; Lehn, J.-M.; Fernandez, M.-J.; Vigneron, J.-P. Am. Chem. Socd 979 101, 1638. (b) Schevier, A. C.; Schaefer, H. F.
New J. Chem1991, 15, 873. (d) Dhaenens, M.; Vigneron, J.-P.; Lehn, Am. Chem. Soc1985 107, 4451. (c) Miralles-Sabater, J.; Merchan, M.;
J.-M. J. Chem. Soc., Chem. Commui993 129. (e) Jorgensen, W. L.; Nebot-Gil, I. Chem. Phys. Lettl987 142 136.

Severance, D. LJ. Am. Chem. S0d.99Q 112 4768. (f) Caldwell, J. W.; (17) (a) Xie, Y.; Yates, B. F.; Yamaguchi, Y.; Schaefer, HIJFAm.
Kollman, P. A.J. Am. Chem. So&995 117, 4177. (g) Chipot, C.; Maigret, Chem. Soc1989 111, 6163. (b) Tse, J. S.; Morris, H. Chem. Soc., Chem.
B.; Pearlman, D. A.; Kollman, P. Al. Am. Chem. Sod.996 118 2998. Communl1989 78. (c) Gao, J.; Karplus, MChem. Phys. Lettl99Q 169,



9124 J. Phys. Chem. A, Vol. 103, No. 45, 1999

410. (d) Jarret-Sprague, S.; Hillier, I. H. Chem. Soc., Faraday Trans.
1990 86, 1399.

(18) (a) Flores, J. R.; Largo, Al. Phys. Chem1992 96, 3015. (b)
Kasai, P. H.; McLeod, Jr., DI. Am. Chem. Sod.975 97, 5609. (c) Kasai,
P. H.; McLeod, Jr., D.; Watanabe, J. Am. Chem. Sod.977, 99, 3521.
(d) Kasai, P. HJ. Am. Chem. Socl982 104, 1165. (e) Kasai, P. H.;
McLeod, Jr.J. Am. Chem. S0d.979 101, 5860.

(19) Silva, S. J.; Head, J. D. Am. Chem. Sod.992 114, 6479.

(20) stxkigt, D. J. Phys. Chem. A997, 101, 3800.

(21) (a) Parnis, J. M.; Ozin, G. Al. Phys. Chem1989 93, 1215. (b)
Kurth, F. A.; Eberlein, R. A.; Schnockel, H. G.; Downs, A. J.; Pulham, C.
R. J. Chem. Soc., Chem. Commui293 1302. (c) Chertihin, G. V,;
Andrews, L.J. Phys. Chem1993 97, 10295. (d) Pullumbi, P.; Mijoule,
C.; Manceron, L.; Bouteiller, YChem. Phys1994 185 25.

(22) (a) Snelson, AJ. Phys. Cheml967, 71, 3202. (b) Utkin, A. N.;
Girichev, G. V.; Giricheva, N. I.; Khaustov, S. \. Struct. Chem1986
27,212. (c) Samsonov, E. D.; Osin, S. B.; Shevel'’kov. VRESss. J. Inorg.
Chem.1988 33, 1598.

(23) (a) Zasorin, E. Z.; Rambidi, N. @h. Struct. Khim1967, 8, 391.
(b) Lesiecki, M. L.; Shirk, J. SJ. Chem. Phys1972 56, 4171. (c)
Schnockel, HZ. Anorg. Allg. Chem1976 424, 203. (d) Beattie, I. R.;
Blayden, H. E.; Ogden, J. 8. Chem. Physl976 64, 909. (e) Shirk, J. S.;
Shirk, A. E.J. Chem. Physl976 64, 910. (f) Tomita, T.; Sjogren, C. E.;
Klaeboe, P.; Papatheodorou, G. N.; RytterJERaman Spectros¢983
14, 4515. (g) Hassanzadeh, P.; Citra, A.; Andrews, L.; Neurock].NPhys.
Chem.1996 100, 7317.

(24) (a) Frenking, G.; Fau, S.; Marchand, C. M.;"@macher, HJ.
Am. Chem. S0d.997, 119 6648. (b) Jonas, V.; Frenking, G.; Reetz, M. T.
J. Am. Chem. S0d.994 116, 8741.

(25) (a) Gutsev, G. L.; Jena, P.; Bartlett, RChem. Phys. Lettl998
292 289. (b) Gutsev, G.; LgsA.; Adamowicz, L.J. Chem. Phys1994
100, 8925.

(26) Aarset, K.; Shen, Q.; Thomassen, H.; Richardson, A. D.; Hedberg,
K. J. Phys. Chem. A999 103 1644.

(27) Dapprich, S.; Frenking, Q. Phys. Chem1995 99, 9352.

(28) Reed, A. E,; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899.

(29) (a) Bader, R. F. WAtoms in Molecules: A Quantum Thepry
Oxford University Press: New York, 1990. (b) Bader, R. F. @hem.
Rev. 1991, 91, 893.

(30) Boys, S. F.; Bernardi, Aviol. Phys.197Q 19, 553.

(31) (a) Kim, K. S.; Mhin, B. J.; Choi, U. S.; Lee, K. Chem. Phys.
1992 97, 6649. (b) Kim, J.; Lee, S.; Cho, S. J.; Mhin, B. J.; Kim, K.JS.
Chem. Phys1995 102 839. (c) Lee, S.; Kim, J.; Park, J. K. Kim. K. $.
Phys. Chem1996 100, 14329. (d) Kim, J.; Kim, K. SJ. Chem. Phys.
1998 109, 5886. (e) Tarakeshwar, P.; Kim, K. S.; Brutschy,B.Chem.
Phys.1999 110, 8501.

(32) (a) Schwenke, D. W.; Truhlar, D. G. Chem. Phys1988 82,
2418. (b) Eggenberger, R.; Gerber, S.; Huber, H.; Searle€hBm. Phys.
Lett. 1991, 183 223.

(33) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,
G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B,
Nanayakkara, A.; Chalcombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W,;

Tarakeshwar and Kim

Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Reésion A Gaussian
Inc., Pittsburgh, PA 1995.

(34) (a) Morokuma, KJ. Chem. Physl971, 55, 1236. (b) Kitaura, K.;
Morokuma, K.Int. J. Quantum. Chenl976 10, 325. (c) Morokuma, K.
Acc. Chem. Red.977, 10 249.

(35) (a) Bagus, P. S.; Hermann, K.; Bauschlicher, CIWChem. Phys.
1984 80, 4378. (b) Bagus, P. S.; Hermann, K.; Bauschlicher, C.JW.
Chem. Physl1984 81, 1966. (c) Bagus, P. S.; lllas, §.Chem. Phys1992
81, 1966.

(36) Glendening, E. D.; Streitwieser, A&.Chem. Physl994 100, 2900.

(37) (a) Dewar, J. SBull. Soc. Chim. Fr1951, 18, c79. (b) Chatt, J.;
Duncanson, L. AJ. Chem. Socl1953 2939.

(38) CDA 2.1 Dapprich, S.; Frenking, G., Marburg, 1995. (Internet:
ftp.chemie.uni-marburg.de, login: anonymous, directory: pub/cda.)

(39) Since the CDA scheme seems to fail when larger basis sets or
diffuse functions are used (Decker, S. A.; Klobukowski, MAm. Chem.
Soc. 1998 120, 9342), we have carried out the charge decomposition
analysis on the MP2/6-3#1+G** optimized geometries using the 6-31G*
basis set at the MP2 level. As a result, the CDA analysis is restricted to
investigation of the benzene complexes.

(40) Biegler-Koning, F. W.; Bader, R. F. W.; Tang, T. 8i. Comput.
Chem.1982 3, 317.

(41) Popelier, P. L. AComput. Phys. Commut996 93, 212.

(42) Pliva, J.; John, J. W. C.; Goodman, L. Mol. Spectrosc1991,
148 427.

(43) Harmony, M. D.; Laurie, V. W.; Kuczkowski, R. L.; Schwender-
man, R. H.; Ramsay, D. A,; Lovas, F. J.; Laferty, W. J.; Maki, A.J1G.
Phys. Chem. Ref. Datk979 8, 619.

(44) Brown, I. D.; Skowron, AJ. Am. Chem. S0od.99Q 112 3401.

(45) Tarakeshwar, P.; Lee, S. J.; Lee, J. Y.; Kim, KJSChem. Phys.
1998 108 7217.

(46) Tarakeshwar, P.; Choi, H. S.; Lee, S. J.; Lee, J. Y.; Kim, K. S.;
Ha, T. K.; Jang, J. H.; Lee, J. G.; Lee, H.Chem. Phys1999 111, 5838.

(47) (a) Gutman, V.The Donor Acceptor Approach to Molecular
Interactions Plenum Press: New York, 1988. (b) Jensen, WTBe Lewis
Acid—Base Concept-An @rview; John Wiley and Sons: New York, 1980.
(c) Shambayati, S.; Crowe, W. E.; Schreiber, SAhgew. Chem., Int. Ed.
Engl. 199Q 29, 256. (d) Haaland, AAngew. Chem., Int. Ed. Endl989
28,992. (e) Gulyanova, E. N.; Gdtishtein, I. P.; Romm, |. Plhe Donor-
Acceptor BondWiley: New York, 1975. (f) Drago, R. SApplications of
Electrostatic-Cealent Models in ChemistnySurfside Scientific: Gaines-
ville, 1994. (g) Stone, F. G. AChem. Re. 1958 58, 101. (g) Satchell, D.
P. N.; Satchell, R. SChem. Re. 1969 69, 251.

(48) Fau, S.; Frenking, GViol. Phys, 1999 96, 519.

(49) Tarakeshwar, P.; Lee, J. Y.; Kim, K. $. Phys. Chem. A998
102 2253.

(50) Ren, T.; Jin, Y.; Kim, K. S.; Kim, D. HJ. Biomol. Struct. Dyn.
1997, 15, 401.

(51) Olah, G. A.Friedel-Crafts ChemistryWiley: New York, 1973;
pp 251+-253.

(52) Herzberg, GMolecular Spectra and Molecular Structure Vol. II:
Infrared and Raman Spectr&an Nostrand: New York, 1945.



