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Electronic and molecular structure has been investigated in the diethylaluminum cation-like system Et,Al(CB11HgXs)
(1, X =CI; 2, X = Br) and neutral compounds AlXs (X = CI, Br, Me, Cg¢Hs) with DFT B3LYP and BP86 levels of
theory. The calculated geometries of EtAl(CB11HeXs) (1, X = ClI; 2, X = Br) are in excellent agreement with those
determined experimentally by X-ray crystallography. The Al-X bond distances 2.442, 2.445 A in 1 and 2.579,
2.589 A in 2 are longer than those expected for single bonds based on covalent radius predictions (AlI-Cl = 2.15
A and AI-Br = 2.32 A) and those observed for bridged Al-X—Al bonds (2.21 A in Al,Cls, 2.33 A in Al,Brg) and are
close to sum of ionic radii of AR* and X~ (AI-Cl = 2.35 A and Al-Br = 2.50 A). The optimized geometries of the
neutral compounds AlXz (X = Cl, Br, Mes, C¢Hs) at BP86/TZ2P show Al-Cl = 2.088 A in AICI;, Al-Br = 2.234
A'in AIBrs, A-C = 1.973 A in AlMe;, AI-C = 2.255 A in Al(C4Fs)s. These bond distances are similar to those
expected for single bonds based on covalent radius predictions. The calculated charge distribution indicates that
the aluminum atom carries a significant positive charge while the ethyl and carborane groups are negatively charged.
The Cl and Br atoms in compounds 1 and 2 are slightly positive while, in neutral compounds AlX; (X = Cl, Br,
Mes, CeHs), X is negatively charged. Energy decomposition analysis of Et,Al**(carborane)®~ shows that the bonding
between the fragments is more than half electrostatic. The ionic character of the Al---Cl bonds in compound 1
(59.8%) is greater than the Al-++Br bonds in the compound 2 (57.9%). This quantifies and gives legitimacy to the
designation of these types of compounds as “ion-like”. The Al=X bonding in AlX3 is mainly covalent with percentage
ionic character 28.2% in AlCls, 31.5% in AlBrs, 25.6% in AlMes, 18.4% in Al(CeFs)s.

Introduction to as “ion-like” and are written ESi**(carborane) and
o+ _
In recent times, the chemistry of reactive cations and Cp.RM’" (perfluoro-tetraphenylborate) to reflect these

catalysts has evolved from simplistic descriptions of “free” reilmes. | ¢ d ith tv simil
cations toward the concept of tight ion pairs or “ion-like” New class ol compounds with apparently -simiar
species. Even with the least coordinating counterions characteristics has recently been reported by Reed, Sen, and
available to modern chemistry (e.g., carborahdkio- co-workers! These are the products of pairing dialkylalu-

A PN S
rinated tetraphenylboratéstc.)? coordinatively unsaturated ~ MenMum gni(EA,I ) yvrl]thstalél?/ %Oordénat;]n? ::art_)orane
cations such as trialkylsilylium ions ¢Bi") or group 4 anions (CBiHeXs™ wit = Cl, Br). Diethylaluminum

alkyl metallocenes (GRRM*) have proved structurally species of the type BAI(CB1iHeXe) (X = CI, 1, X = Br,
elusive. Species such as;carborane) and GRM- 2) were characterized by X-ray crystallography and shown

(perfluoro-tetraphenylborate) show long bonds between the© be actlvedln catpn-hke catalys‘fs‘:’hel m?jln ggals of t he |
cationic moiety and the weakly coordinating anion indicative present study are (i) to compare calculated and experimenta

of considerable ionicity. They are not free ions but can structures and (i) to analyze bonding interactions and ionicity

behave like free ions. So, increasingly, they are referred " the Al--X bonds of “ion-like” compounds BAl-
gy y (CB11HsXg) and neutral compounds AP{X = CI, Br, Me,

* E-mail: k_k_pandey@postmark.net. CeHs).
(1) Reed, C. AAcc. Chem. Red998 31, 133
(2) Chen, E. Y.-X.; Marks, T. Chem. Re. 200Q 100, 1391. (4) Kim, K.-C.; Reed, C. A;; Long, G. S.; Sen, A&. Am. Chem. Soc.
(3) Strauss, S. HChem. Re. 1993 93, 927. 2002 124, 7662.
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Structure and Bonding in EtAI(CB11HXe)

Methods Here,AEyepis the energy that is necessary to promote the fragments
_ A and B from their equilibrium geometry and electronic ground
The calculations were performed at the nonlocal DFT level of gtate to the geometry and electronic state that they have in the

theory using the exchange functional of Bethad the correlation compound AB.AE;, is the interaction energy between the two
functional of Perde®(BP86). Scalar relativistic effects have been fragments in the molecule. The interaction enemyi, can be

considered using the ZORA formalishtncontracted Slater-type  gjvided into three main components:

orbitals (STOs) were used as basis functions for the SCF calcula-

tions® Triple-¢ basis sets augmented by one set of polarization AE,; = AE g+ AEpq+ AEy, )
function have been used for all the elements. The?(tsye

electrons of the boron and carbon, (1s2$2gpre electrons of
aluminum and chlorine, and (1s2s2p3s3p8dpre electrons of
bromine were treated by the frozen-core approximatiodn
auxiliary set of s, p, d, fand g STOs was used to fit the molecular
densities and to present the coulomb and exchange potential

AEgsiat gives the electrostatic interaction energy between the
fragments that is calculated using the frozen electron density
distribution of A and B in the geometry of the complex AB. The
second term in eq 2 Epayi, gives the repulsive interactions between

. . . Sthe fragments that are due to the fact that two electrons with the
accurately in each SCF cycleThe calculations were carried out same spin cannot occupy the same region in space. The term
using the program package ADF'ZOOZ']M_' ) comprises the four-electron destabilizing interactions between

Calculations were also performed using the hybrid B3LYP ,ccpied orbitalsAEpayi is calculated by enforcing the Kohkn

density functional method, which uses Becke’s 3-parameter nonlocal sham determinant of AB, which results from superimposing
exchange functiond# mixed with the exact (HartreeFock) fragments A and B, to obey the Pauli principle through antisym-
exchange functional and Le&’ang—Parr's nonlocal correlation  metrization and renormalization. The stabilizing orbital interaction
functional’® The geometries of all complexes were optimized o AE,, is calculated in the final step of the energy analysis
without any symmetry restrictions with standard 6-31G(d) basis | hen the Koha-Sham orbitals relax to their optimal form. The
sets* for all elements. Frequency calculations were performed 0 |ater term can be further partitioned into contributions by the
determine whether the optimized geometries were minima on the g pitals that belong to different irreducible representations of the

potential energy surface. The electronic structures of the complexesygint group of the system. The covalent and electrostatic character
were examined by NBO analy$tsusing 6-311G(d) basis sets for ¢ the bond is given by the rati EeisalAEom. 10

all elements. These calculations were carried out with the Gaussian

98 program® Geometries
The bonding interactions between the fragmentsAEt and . . .

[CB11HeXe]~ have been analyzed using the energy decomposition Figure 1 shows the optimized geometrle§ Qf theAEt

scheme of ADF which is based on the methods of Morokdma (CBuiHeXs) (1, X = Cl; 2, X = Br). The optimized bond

and Ziegler and Rauk The bond dissociation energyE between  1€ngths and angles at B3LYP and BP86 are presented in

two fragments A and B is partitioned into several contributions Table 1. The structures of the Bt(CB11HsCls) and EAI-

that can be identified as physically meaningful entities. Fitg, (CB11H¢Brg) closely resemble those found by X-ray diffrac-
is separated into two major componeit&yep and AE: tion.* The B3LYP and BP86 values are very similar to each
other. The A-X bond distances 2.442, 2.445 A inand
AE = AE, ¢+ AE, 1) 2.579, 2.589 A ir2 are longer than those expected for single
bonds based on covalent radius predictions<@l = 2.15
(5) Becke, A. D.Phys. Re. A 1988 38, 3098. A and Al-Br = 2.32 AY° and those observed for bridged
(6) Perdew, J. PPhys. Re. B 1986 33, 8822, Al—X—Al bonds (2.21 A in A}Cls, 2.33 A in ALBre) and

(7) (a) Chang, C.; Pelissier, M.; Durand, APhys. Scr.1986 34, 394.
(b) Heully, J.-L.; Lindgren, I.; Lindroth, E.; Lundquist, S.; Martensson-
Pendrill, A.-M.J. Phys. BL986 19, 2799. (c) van Lenthe, E.; Baerends, (15) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899.

E. J.; Snijders, J. Gl. Chem. Physl993 99, 4597. (d) van Lenthe, (16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

E.; Baerends, E. J.; Snijders, J. &.Chem. Phys1996 105, 6505. M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, Jr., J. A.;
(e) van Lenthe, E.; van Leeuwen, R.; Baerends, E. J.; Snijders, J. G. Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
Int. J. Quantum Chen1996 57, 281. (f) van Lenthe, E.; Ehlers, A. A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
E.; Baerends, E. J. Chem. Phys1999 110, 8943. V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
(8) Snijders, J. G.; Baerends, E. J.; Vernooijs A®R. Data Nucl. Data Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q,;
Tables1982 26, 483. Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck,
(9) Baerends, E. J.; Ellis, D. E.; Ros, €hem. Phys1973 2, 41. A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
(10) Krijn, J.; Baerends, E. J. “Fit Functions in the HFS-Method”; internal V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
report (in Dutch); Vrije Universiteit Amsterdam, The Netherlands, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T;
1984. Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.;
(11) Baerends, E. J.; Autschbach, J. A.; Berces, A.; Bo, C.; Boerrigter, P. Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
M.; Cavallo, L.; Chong, D. P.; Deng, L.; Dickson, R. M.; Ellis, D. E.; Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, Gaussian
Fan, L.; Fischer, T. H.; Fonseca Guerra, C.; van Gisbergen, S. J. A;; 98, revision A.11; Gaussian, Inc.: Pittsburgh, PA, 2001.

Groeneveld, J. A.; Gritsenko, O. V.; Gring, M.; Harris, F. E.; van (17) (a) Morokuma, KJ. Chem. Physl1971, 55, 1236. (b) Morokuma, K.
den Hoek, P.; Jacobsen, H.; van Kessel, G.; Kootstra, F.; van Lenthe, Acc. Chem. Red.977, 10, 294.
E.; Osinga, V. P.; Patchkovskii, S. Philipsen, P. H. T.; Post, D. Pye, (18) (a) Ziegler, T.; Rauk, ATheor. Chim. Actd 977, 46, 1. (b) Ziegler,

C. C.; Ravenek, W.; Ros, P.; Schipper, P. R. T.; Schreckenbach, G.; T.; Rauk, A.lnorg. Chem.1979 18, 1558. (c) Ziegler, T.; Rauk, A.
Snijders, J. G.; Sola, M.; Swart, M.; Swerhone, D.; te Velde, G.; Inorg. Chem.1979 18, 1755.
Vernooijs, P.; Versluis, L.; Visser, O.; Wezenbeek, E.; Wiesenekker, (19) (a) Diefenbach, A.; Bickelhaupt, F. M.; Frenking, &.Am. Chem.
G.; Wolff, S. K.; Woo, T. K.; Ziegler T ADF 2002.01 Scientific So0c.200Q 122 6449. (b) Uddin, J.; Frenking, G. Am. Chem. Soc.
Computing & Modelling NV: Amsterdam, The Netherlands. 2001, 123 1683. (c) Pandey, K. K.; Lein, M.; Frenking, G. Am.
(12) Becke, A. D.J. Chem. Phys1993 98, 5648. Chem. Soc2003 125, 1660.
(13) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 17, 785. (20) Wells, A. F. Structural Inorganic Chemistry5th ed.; Clarendon:
(14) (a) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Oxford, 1984; pp 1279 and 1288. Pauling, The Nature of the
Phys.198Q 72, 650. (b) McClean, A. D.; Chandler, G. $. Chem. Chemical Bond3rd ed.; Cornell University Press: Ithaca, NY, 1960;
Phys.198Q 72, 5639. p 256.
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Figure 1. Optimized geometries of the #I(CB11HeXs) (1, X = CI;
2, X = Br). The most important bond lengths and angles are given in
Table 1.

Table 1. Selected Optimized Geometrical Parameters for
ELAI(CB11HeXe) (1, X = CI; 2, X = Br) and X-ray Data forl and 2?2

1 2
B3LYP BP86 X-ray B3LYP BP86 X-ray
Bond Distances
Al—X1 2438 2.442 2.4295(10) 2.580 2.579 2.5408(17)
Al—X2 2441 2.445 2.4400(9) 2.591 2589 2.5807(17)
B1-X1 1.866 1.865 1.831(2) 2.027 2.019 1.931(5)
B2—-X2 1.866 1.864 1.828(2) 2.028 2.020 1.943(5)
Al—-C1 1.961 1964 1.921(5) 1.965 1.969 1.929(6)
Al—-C3 1967 1.970 1.934(2) 1.970 1.974 1.944(6)
Ccl1-C2 1541 1.540 1.460(7) 1538 1535 1.462(11)
C3-C4 1543 1542 1.502(3) 1.540 1.537 1.494(8)
Bond Angles
X1—-Al—X2 93.03 93.43 92.29(3) 93.71 94.03 93.36(5)
C1-Al-C3 130.41 129.92 133.8(4) 124.79 124.06 130.1(3)
C1-Al—-X1 106.73 106.79 104.18(9) 107.86 108.05 106.71(19)
C3—AI—-X2 106.91 106.96 105.0(3) 108.37 108.44 108.3(2)
Al—X1-B1 104.76 104.17 104.07(8) 101.88 101.17 101.99(16)
Al—X2—-B2 104.83 104.23 104.27(8) 102.05 101.33 102.19(16)
Al-C1-C2 119.11 119.00 123.2(6) 121.58 121.24 122.3(6)
Al—C3-C4 114.46 114.66 118.7(5) 119.40 119.42 120.3(4)

aSee Figure 1 for labeling of atoms. Distances are in angstroms and
angles in degrees.

are close to the sums of ionic radii of 3land X~ (Al—ClI
= 2.35 A and AFBr = 2.50 A). Using the relationship

400 -
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5 100 4 Fak
E g
g o A% g
100 AE,,
-200 - AE,
-300
-400
1 2 AICl, AlBr, AlMe; AKCF;)
Figure 2. Trend of the energy contributions to the -AX bonding

interactions in BEAAI(CB11HeXe) (1, X = CI; 2, X = Br), AlX3 (X = Cl,
Br, Me, GsFs).

calculated C-Al—C bond angles are 129.92nd 124.06
at BP86 for compound& and 2. The NBO analysis o
shows sp% and sp hybridization of Al along the A+C
bonds.

The optimized geometries of the neutral compoundszAIX
(X = Cl, Br, Me, GHs) at BP86/TZ2P show AtCl = 2.088
A'in AICI3, AI—Br = 2.234 A in AIBr;, AI-C = 1.973 A
in AlMes, AI-C = 2.255 A in Al(CsFs)s. These bond
distances are similar to those expected for single bonds based
on covalent radius predictions. The-AC bonds in Al(GFs)3
are relatively longer than the AIC bond in AlMes.

Bonding Analysis of Al-CI, Al—Br, and Al—C Bonds

We begin the analysis of the bonding with a discussion
of the conventional indices, which are frequently used in
order to characterize the bonding situation in molecules, i.e.,
bond orders and atomic charges. Table 2 gives the Wiberg
bond indices (WBP? and the natural bond orbital (NBO)
charge distribution.

Table 2 shows that the WBI values of the-AX bonds of
the compoundd4 and 2 are significantly smaller (0.34 and
0.41 respectively) than the WBI values of the-R bonds
(0.93 and 0.96), A+CI (0.84) in AICL, AlI—Br (0.92) in
AlBr3, AI—C (0.63) in AlMg, Al—C (0.59) in Al(GFs)s.
This is a first indication that the AtX bonds in1 and2
have a substantial degree of ionic character. The ionic
character of the A+Cl bonds is greater than that of the-Al
Br bonds. The bond indices of the AC bonds of the
compoundsl and2 as well as of the AIMgand Al(GsFs)s3
are not very different from each other.

The calculated charge distribution indicates that the
aluminum atom carries a significant positive charge while
the ethyl and carborane groups are negatively charged. The
Cl and Br atoms in compoundsand?2 are slightly positive

between covalent bond order and bond distance suggestedhiie in neutral compounds AK(X = CI, Br, Me, GHs)

by Pauling we find that the calculated -AX distances
correspond to a covalent bond order of 0.33 for-&l bonds
and 0.37 for A-Br bonds?! These results reveal the ionic
character of A-X bonds in compoundd and 2. The

(21) Pauling, L.The Nature of the Chemical Bon@rd ed.; Cornell
University Press: Ithaca, NY, 1960; p 239: The relationship of bond
order to bond distance is given by = d; — 0.6 logh) wheren is the
bond order andl; andd, are the bond distances with bond order 1
andn, respectively. The value of is 0.33 for the A-CI bonds inl
and 0.37 for the AtBr bonds in2.
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X is negatively charged. The £ moiety in the compound
1is more positively charged than in compoudn order

to quantify this information and to get a more detailed insight
into the nature of the AtX interactions we carried out an
energy partitioning analysis. The results are given in
Table 3. The trend of the different energy terms is shown
in Figure 2.

(22) Wiberg, K. A.Tetrahedron1968 24, 1083.
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Figure 3. Plot of some relevant orbitals of £t(CB11HsClg) showing visualization of the €lAI—CI and C-B—B—CI bonding.

Table 2. Wiberg Bond Indices (WBI) and NBO Charges,in
EtAI(CB11HeXe) (1, X = CI; 2, X = Br) and AlXz (X = CI, Br, Me,
CeFs)

1 2 A|C|3 AlBI’3 AIMe3 Al(Cer)s
WBI
Al—X1/X2 0.34 0.41 0.84 0.92 0.63 0.59
B—X1/X2  0.93 0.96
Al-C1 0.57 0.58
Al—C3 0.58 0.59
Cl-C2 1.04 0.91
C3-C4 1.04 0.91
NBO Charges

gal 1.73 1.62 1.43 1.19 1.75 1.66
Okt -0.58 —0.58
Ox 0.07 0.06 —0.48 -0.40 -0.58 -0.55
OEtAN 0.57 0.47
Q[CB11HeXq) —-0.57 -0.47

aWa—c values.

The data in Table 3 show that the interaction energies of

compound 1l (—61.09 kcal/mol per ARCl bond) and
compound? (—61.60 kcal/mol per At-Br bond) are nearly
the same, but significantly smaller than the interaction
energies of the A+Cl bond (-137.80 kcal/mol) in AIC,
Al—Br bond (—118.80 kcal/mol) in AIBg, AlI—CH; bond
(—138.12 kcal/mol) in AIMg, and AF-CgFs bond (—-114.71
kcal/mol) in Al(CsFs)s. We note that, for A+-Cl and Al-Br
bonds in “ion-like” compound4 and?2, the contribution of
the electrostatic attractionsEsiatiS greater than the orbital
interactions, while for neutral compounds AlIXX = ClI,
Br, Me, GHs), the orbital interaction\E,r, are significantly
greater than the electrostatic interactiomsEesias The
contribution of the electrostatic attractidYEqsiatiS greater
for AI—CI bonds in1 than Al-Br bonds in2, and the
covalent bonding\E,, is smaller for A-Cl bonds than At
Br bonds. The [BAI] *—[CB11HeXg] ™ bonding in1 and 2
is more than half electrostatic. The-ACI bonds in1 have
a slightly lower degree of covalent bonding (40.2%) than
the Al=Br bonds (42.1%) ir2. The Al—=X bonding in AlX3
is mainly covalent with percentage ionic character 28.2% in
AICl3, 31.5% in AlBr, 25.6% in AIMe;, 18.4% in Al(GFs)s.

In order to visualize the XxAl—X2 and X1-B1—-B2—

Table 3. Energy Decomposition Analysis of (CB11HeXs) (1, X =
Cl; 2, X = Br) at BP86/TZ2P

1P 20 A|C|3 AlBI’3 AIMe3 A|(C6F5)3
AEint —122.18 —123.21 —137.50 —118.80 —138.12 —114.71
AEpauing 82.41 79.44 27582 266.83 284.84 153.05
AEeistaa —122.37 —117.33 —116.50 —121.47 —108.09 —49.14
AEor° —82.22 —85.31 —296.83 —264.16 —314.87 —218.61
(40.2%) (42.1%) (71.8%) (68.5%) (74.4%) (81.6%)
AEpep 1066 1362  0.75 157 1137  27.69
AE(—De) —112.52 —109.59 —136.75 —117.57 —126.75 —87.02

aEnergy contributions in kcal/mof.Energy contributions forwo Al —X
bonds ¢ The values in parentheses are the percentage contribution to the
total attractive interactions reflecting the covalent character of the bond.

1 are shown in Figure 3. Figure 3a gives a pictorial
description of the C+AI—CI o bonding orbital. Figure 3b
and Figure 3c show mainly the €B—B—CIl bonding and
antibonding orbitals.

Summary and Conclusion

The first theoretical study has been presented where the
bonding situations in diethylaluminum cation-like systems
ELAI(CB11HseX6) (1, X = ClI; 2, X = Br) are investigated at
DFT B3LYP and BP86 levels. In order to compare the results
between “ion-like” compound& and2 and related neutral
compounds such as AX(X = CI, Br, Me, GHs), the
calculations have been performed on ARbmpounds. The
calculated geometries of A(CB11HsXe) (1, X =CI; 2, X
= Br) are in excellent agreement with experimental values.
Energy decomposition analysis shows that bonding between
the [EbAI] * moiety and the CBHgXs~ anions is more than
half electrostatic. The AtCI bonds in1 have a slightly
higher degree of ionic bonding (59.8%) than the—ABIr
bonds (57.9%) irR. This provides support for designating
their structures as “ion-like”. It should prove interesting to
carry out comparable calculations with other chemically
related alkyl cations. The AIX bonding in AlXs is mainly
covalent with percentage ionic character 28.2% in AICI
31.5% in AlBr, 25.6% in AlMe, 18.4% in Al(GFs)s.

X2 bonding, envelope plots of some relevant orbitals of the 1C034399E
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