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Sandwich-Like Complexes Based on “All-Metal” (Al 427) Aromatic Compounds
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Designing new chemical compounds is one of the most ambitious
goals of every chemist. Nonetheless, efforts made to understand
the chemistry of new chemical compounds often yield new
paradigms which open unexpected research areas. All-metal
aromatic molecules, recently synthesized by Li et aonstitute
one such example. Indeed, rationalizing the unexpected large
resonance energy of & has yielded the concept of multiple-
fold aromaticity?=> present in molecules that possess more than
one independent delocalized bonding system, eithéype or
m-type, each of them satisfying th@4- 2 electron counting rule
of aromaticity. This new concept should help one to understand
the simultaneous contributions to aromaticity within the same Taple 1. The Properties of the Molecules (Calculated at the
molecular structure as arising from various delocalized bonding B3LYP/6-311G Level of Theory) Described in the Text*

Figure 1. Al4TiAl ,£3~ molecule.

systems of the molecule, and it should be of general applicability, Al TiAI,(3™ (Dag) Al2™ (Dan)
irrespective of whether the molecule is organic or inorganic. Re_ri 1.900

The all-metal aromatic A}~ molecule, therefore, is the first of Rai-c 1.977 1.881
the series of recently synthesized compounds that constitute a new BE —607.13

L . 5 . NICS (0) —39.02 —28.48

paradigm in chemistr§.6 These compounds present properties NICS (1) _16.93 9415
similar to those of Af2~, high magnetic shielding,large ring EDE> —0.558 EDE>» —1.739
current® similar derived antiaromatic structurgsnd large reso- EDE> —0.633 ED —1.948
nance energies? EDEy, —1.001 (1.00) ED%ZVQQ —1.250 (0.88)

These molecules are normally prepared as singly charged anions 2 The bond lendth o . Bindi ] ed
: € bond lengtns are given In angstroms. binding energies are reporte
because doubly charged species are expected to be rather unstab|ﬁ kcal/mol and EDEs are in eV, with the pole strengths in parentheses.

in the gas phase due to large intramolecular Coulomb repulsion. The v, a, and ovg subscripts describe how the EDE was evaluated: vertical,
Thus, complexation with counterions is required to produce more adiabatic, and outer valence green functions EDEs, respectively, and the
stable species and is also convenient for mass analysis anoﬁl‘fg‘gsv‘;rl'ﬁég?rgrgsz;r}ﬁ g;)brﬁ‘."" from where the electron is detached. The
photodetachment experiments. However, as recently stated by
Kuznetsov et all® “...the question remains if the ;,X aromatic The electron detachment energy (EDE) gives an indication of
rings can be incorporated into sandwich-type complexes...”, but, the stability of the dianion. The vertic8I(EDE,) and adiabati'
as far as we know, no sandwich-type complexes of these molecules(EDEs) detachment energies, along with those calculated using the
have been reported to date. OVGF (EDE,) (outer valence green functions unrestricted imple-
We have focused on this idea and have been able to calculateMmentation of Gaussian 98),are given in Table 1. All of these
stable sandwich-type structures which have a structure similar to Methods report negative values of the EDEs, indicating that the
that of metallocenes. The AliAl 3~ has two aromatie-2 charged monoanion is more stable than the dianion. Note that the same was
squares (analogous to the cyclopentadienyls in the metallocenesfound for the ALE~ square’ where the monoanion is more stable
and a+2 charged titanium on the center of the system (see Figure 2Y ~1.52 V. The electron detachment process occurs from the
1: note that all of the figures were made using the MOLDEN ~ HOMO—2, b, orbital (see Supporting Information), yielding a
program). “nondegenerate” doublet monoanion.

The B3LYP functional, as implemented in Gaussiart@@jth Fragmentation of the molecule is another possibility in which

a selected standard 6-311G basis set was employed for theON€ may spatially separate the charges. To check this possibility,

calculations. The results with larger basis sets are available as"'® have calculated the fragmentation energy in the following way:
Supporting Information. ; - - i2+

The minima has a staggered form, widls sSymmetry. We have Al TIAl ‘ﬁ ZAI‘ﬁ T @
also found the eclipsed isomer, which turns out to be the transition where the titanium(ll) cation results in thB state.
state for the staggered isomer’s interconversion, only 5 kcal/mol  The fragmentation of this molecule will not occur easily, because
higher in energy. The main geometrical parameters of the minimum the binding energy is large, around 610 kcal/mol. This value is
energy structure are collected in Table 1. Inspection of th&" Al similar to metallocene binding energies. The ferrocene experimental
moiety reveals that the AlAl bond lengths elongate 0.14 A upon  binding energy is 63% 6 kcal/mol, and the calculated values are

complexation. around 656 kcal/mol at a similar theory levél.
This molecule has two-fold degenerate HOM@) @d LUMO The nucleus-independent chemical shift (NICS) is a feasible
(e1) orbitals (shown in the Supporting Information). index of the aromaticity of a moleculé.We have calculated the

3380 = J. AM. CHEM. SOC. 2004, 126, 3380—3381 10.1021/ja039074b CCC: $27.50 © 2004 American Chemical Society



COMMUNICATIONS

Figure 2. NaAlsTiAl 4,8~ and NaALTiAlsNa structures.

Table 2. Properties of the Sodium-Containing Complexes?

NaAl,TiAL - (Cy) NaAl,TiALNa (C;)

Re-ti/(Na) 1.920(1.890) 1.80

BE —578.02 —487.32
NICS (0)(Na) —38.5(—39.27) —37.0-14.9
NICS (1)(Na) —17.93(—16.98) —16.50
EDE, 1.997

EDE, 1.849

EDERG"™ 1.891 (1.00)

aSee the footnote of Table 1. The values in italics correspond to the
square interacting with the sodium atom.

NICS of the aromatic squares at different points around the Al

squares before and after the metallocene-like molecule was formed.
Thus, the NICS has been calculated in the center of the square

(NICS (0)), and in the normal of the square (NICS (1)). The?Al
square has NICS (0) and NICS (1) values—##8 and—24 ppm,
respectively. Once in the complex, the new values-a89 and

—17 ppm. The signs of the NICSs remain negative, indicating that
the aromatic character of the squares remains upon complex
formation. Thus, it is fair to say that the complex has an aromatic
metat-aromatic structure.

Al has been experimentally detected interacting with another
metal cation; therefore, we have calculated a similar sandwich
complex in the presence of a sodium atom (a molecule with charge
—1, as the experimentally detected spebiesnd with two sodium
atoms, using the experimentally detected NaAlmolecule as the
building block (see Figure 2). The properties of these complexes
are sumarized in Table 2.

The NaAL2~ unit found in the NaATiAl ;03 differs from those
described by Li et al.They characterized one planar and another
pyramidal structure for NaAl}~ and suggested that the global
minimum corresponds to the pyramidal form. In the NAAAI 43~
anion, the Na is out of the Aplane, and it is not forming a pyramid.
The distance between Na and the closest two Al is similar to that

found in the isolated NaA}~, and also similar to the dianion sand-
wich. The NICSs and the EDEs have also been calculated. The
NICS values are similar to the AlIAI4[3~ values (see Table 2).

Finally, in the NaATiAl ;Na neutral molecule, the sodium atoms
(as in the NaAJTiAl ;8- anion) are out of the Alsquare planes,
and the deformation of the rings is slightly larger than that in the
monoanion. All of the properties of these compounds support the
idea that Al>~ aromatic squares are present.

The structures predicted here await experimental verification.

Supporting Information Available: Summary of the coordinates
and properties of the compounds obtained with larger basis sets (PDF).
This material is available free of charge via the Internet at http://
pubs.acs.org.

References

(1) Li, X.; Kuznetsov, A. E.; Zhang, H. F.; Boldyrev, A. I.; Wang, L.-S.
Science2001, 291, 859.
(2) Zhan, C.-G.; Zheng, F.; Dixon, D. A. Am. Chem. So2002 124, 14795.
(3) Kuznetsov, A. E.; Boldyrev, A. IStruct. Chem2002 13, 141.
(4) Kuznetsov, A. E.; Boldyrev, A. |.; Li, X.; Wang, L.-S. Am. Chem. Soc.
2001, 123 8825.
(5) Boldyrev, A. I.; Kuznetsov, A. Elnorg. Chem.2001, 41, 532.
(6) Li, X.; Zhang, H.-F.; Wang, L.-S.; Kuznetsov, A. E.; Cannon, N. A;;
Boldyrev, A. I. Angew. Chem., Int. E®2001, 40, 1847.
(7) Juséus, J.; Straka, M.; Sundholm, D. Phys. Chem. 2001, 105, 9939.
(8) Fowler, P. W.; Havenith, R. W. A.; Steiner, Ehem. Phys. Let2002
359 530.
(9) Kuznetsov, A. E.; Birch, K. A.; Boldyrev, A. |.; Li, X.; Zhai, H.-J.; Wang,
L.-S. Science2003 300, 622.
(10) Kuznetsov, A. E.; Boldyrev, A. I.; Zhai, H.-J.; Li, X.; Wang, L.-5.Am.
Chem. Soc2002 124, 11791.
(11) Schaftenaar, G.; Noordik, J. H. Comput.-Aided Mol. De00Q 14,
1

(12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P.
M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98revision a.11;
Gaussian, Inc.: Pittsburgh, PA, 2001.

(13) The vertical EDE is calculated by taking the difference of the dianion
energy and the monoanion at the dianion geometry.

(14) The adiabatic EDE is calculated by taking the difference of the dianion
energy and the monoanion at their optimal geometries.

(15) Niessen, W. v.; Schirmer, J.; Cederbaum, LC8mput. Phys. Rei984
1, 57.

(16) Irigoras, A.; Mercero, J. M.; Silanes, I.; Ugalde, J. MAm. Chem. Soc.
2001, 123 5040.

(17) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Eikema-Hommes,
N. J. R. v.J. Am. Chem. S0d.996 118 6317.

JA039074B

J. AM. CHEM. SOC. = VOL. 126, NO. 11, 2004 3381



