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Heteroles of electron-deficient group 13 elements are
expected to have low-lying LUMOs owing to the orbital
interactions between the empty p orbital of group 13 elements
and the p* orbitals. For instance, boroles (boracyclopenta-
dienes) exhibit various fascinating properties and reactivity,[1]

including extremely high electrophilicity of the boron center;
this electrophilicity has been exemplified by the generation of
the corresponding 5p-radical anions[2] and 6p-dianions.[3]

Such intriguing properties of boroles invoke the question of
whether the aluminum analogues of boroles, that is, alumoles,
would also possess peculiar characteristics derived from the
conjugation involving the empty 3p(Al) orbital.[4,5] To date,
only a few examples of alumole/Lewis base complexes have
been structurally characterized.[6, 7] The coordination of Lewis
bases to the aluminum center may substantially affect the
electronic structures, therefore the synthesis of Lewis base
free alumoles has been desired to provide a basis for the
elucidation of the intrinsic nature of alumoles.

Herein, we report the synthesis of stable alumole 1, which
is not coordinated to a Lewis base. Reduction of alumole
1 afforded the lithium salt of the alumole dianion [Li+(thf)]2-
[12�]. Structures of these alumole derivatives have been
elucidated.

On the basis of the successful application of 2,4,6-
(tBu)3C6H2 (Mes*) group in the syntheses of stable galloles[8]

and dibenzoboroles,[9] this bulky group was chosen as a sub-
stituent on the aluminum atom to protect the alumole from
Lewis base attack. Treatment of Mes*AlCl2 (2)[10] with 1,4-
dilithiobutadiene (3)[11] in toluene afforded alumole 1 as
a colorless solid (48 %),[12] which is stable under an inert
atmosphere (Scheme 1). Alumole 1 is readily hydrolyzed to
give 4,5-diethyl-3,5-octadiene and Mes*H on exposure to air
and moisture. Addition of THF or Et2O to a C6D6 solution of
1 did not affect its 1H NMR spectrum, thus suggesting that the
aluminum center of 1 maintains a tri-coordinated structure in
solution even in the presence of such coordinative solvents.

X-ray crystallographic analysis of 1 revealed its molecular
structure.[13] In the unit cell two crystallographically inde-
pendent molecules were found; the structure for one of the
two molecules is shown in Figure 1a. The AlC4 ring is
completely planar as shown by the sum of the internal bond
angles of 5608 with the tri-coordinated aluminum atom

showing planar geometry (S(ffAl) = 3608). The butadiene
moiety of the AlC4 ring exhibits apparent bond alternation.
The Al�C bond lengths in the AlC4 ring are comparable to
those of alkenylaluminum compounds (e.g., (E)-
[(Me3Si)2HC]2Al�CH=CH�SiMe3: Al�C(alkene) =

1.951(5) �).[14]

Treatment of 1 with an excess amount of lithium in THF
afforded the lithium salt of the alumole dianion,
[Li+(thf)]2[1

2�], as air- and moisture-sensitive orange crystals
in 41 % yield (Scheme 1).[15] The choice of reductant is crucial;
treatment of 1 with Na, K, or KC8 gave a complicated mixture
and there was no evidence for the generation of the
corresponding metal salts.

X-ray crystallographic analysis of [Li+(thf)]2[1
2�] revealed

a C2 symmetric structure with a C2 axis passing through the

Scheme 1. Syntheses of alumole 1 and the lithium salt [Li+(thf)]2[1
2�]

(Mes* = 2,4,6-(tBu)3C6H2).

Figure 1. Molecular structures and selected bond lengths (�) of a) 1
and b) [Li+(thf)]2[1

2�] (thermal ellipsoids are set at 50 % probability
level). Hydrogen atoms are omitted for clarity.
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Al(1)�CMes* bond and the center of the AlC4 ring.[13] The two
lithium cations are located above and below the planar AlC4

ring and bound to the AlC4 ring in a h5 fashion. The C�C bond
lengths in the AlC4 ring are nearly equal, and the Al�C bond
lengths in the AlC4 ring are slightly shortened compared with
those in 1.

In the 13C NMR spectrum of [Li+(thf)]2[1
2�] in C6D6, the

AlC4-ring carbon atom resonances (d(Ca) = 102.6 ppm,
d(Cb) = 112.6 ppm) were shifted upfield to those of
1 (d(Ca) = 144.0 ppm, d(Cb) = 156.4 ppm). The 7Li NMR
chemical shift of [Li+(thf)]2[1

2�] (d =�6.0 ppm) is in accord-
ance with the calculated value (d =�5.5 ppm), thus indicating
that the contact ion-pair structure of [Li+(thf)]2[1

2�] is
retained in solution.

To elucidate the electronic structure of 1, the molecular
orbitals of parent alumole 4, butadiene 5, and dimethylalane 6
were computed (Figure 2). The structural parameters of the

AlC4 ring in 4 are in good agreement with those of 1. The
frontier orbitals of 4 can be explained by the interactions
between the p/p* orbitals of 5 and the 3p(Al) orbital of 6. The
HOMO of 4 is seemingly similar to that of 5. The p* orbital of
5 and the 3p(Al) orbital of 6 can be favorably overlapped,
thus making the LUMO level of 4 lower than those of 5 and 6.
Such a lowered LUMO level should explain the high electron
acceptability of 1.

Structures of the dianions of parent alumole 4 were
optimized (Figure 3). The planar form of Li-free dianion 42�,
having C2v symmetry, was the transition state with one

imaginary vibrational frequency. Alternatively, the pyramidal
form (S(ffAl) = 3328), having Cs symmetry, was the energy
minimum. Even in the case of structural optimization of Li-
free dianion 12�, not the planar form but the pyramidal form
(S(ffAl) = 3328) was obtained as the equilibrium structure,
thus indicating that the bulky substituent would not enforce
the planar geometry of the alumole dianion. The pyramidal
structures of Li-free alumole dianions 12� and 42� suggest that
the negative charges are localized on the aluminum atoms.[16]

On the other hand, the energy-minimum structure of the
lithium salt of 42� exhibited a planar AlC4 ring without C�C
bond length alternation, as in the case of the experimentally
observed structure of [Li+(thf)]2[1

2�] . The distances between
the lithium cations and the AlC4 ring atoms in Li+

2[4
2�] are

comparable to those observed in the crystal structure of
[Li+(thf)]2[1

2�]. It can be concluded that coordination of two
lithium cations on the alumole dianion with inverse sandwich
geometry makes the alumole dianion planar.

The small negative nucleus-independent chemical shift
(NICS(0)) values of the Li-free dianion 42� (planar form: d =

�5.10 ppm, pyramidal form: d =�3.10 ppm) suggest that the
AlC4 ring in 42� is nearly nonaromatic. In contrast, lithium salt
Li+

2[4
2�] has a considerably negative NICS value (d =

�15.48 ppm) at the center of the AlC4 ring. Almost the
same NICS value (d =�15.01 ppm) was calculated at the
center of the AlC4 ring in [Li+(thf)]2[1

2�]. Therefore, the
coordination of the lithium cations should significantly
influence not only the geometry but also the electronic
states of the alumole dianions, thus indicating a closo-cluster
description for the bonding of the lithium salt
[Li+(thf)]2[1

2�].[17] This bonding picture is of interest from
the viewpoint of spherical aromaticity.

In summary, we have synthesized a Lewis base free
alumole and its dianion. The AlC4 ring of the alumole exhibits
bond alternation. Reduction of the alumole with lithium
afforded the lithium salt of the alumole dianion. DFT
calculations revealed that the 3p(Al)-p* conjugation effec-
tively lowers the LUMO energy level of the alumole.
Coordination of two lithium cations to the alumole dianion
is a key factor to keep the planar AlC4 ring structure. Further
investigation of the bonding situation and properties of the
lithium salt of the alumole dianion is currently underway.

Experimental Section
General experimental: Solvents were purified by the Ultimate
Solvent System, Glass Contour Company (n-hexane and toluene)[18]

and by distillation from a potassium mirror (THF and C6D6). NMR
spectra were measured on a Bruker Avance-600 or a JEOL AL-300
spectrometer. Chemical shifts (d) are reported in ppm and are
referenced against solvent signals (1H, 13C) or external standards
(Al(NO3)3/D2O (27Al) or LiBr/D2O (7Li)). Mass spectra were
recorded on a Bruker micrOTOF mass spectrometer equipped with
an AMR DART-SVP ion source using He as an ionization gas.
Melting points were determined on a Yanaco micro melting point
apparatus and uncorrected. Elemental analyses were performed at
the microanalytical Laboratory of the Institute for Chemical
Research, Kyoto University.

Synthesis of alumole 1: Mes*AlCl2 (2) (0.46 g, 1.3 mmol) was
added to a toluene solution (5 mL) of 1,4-dilithiobutadiene 3 (0.40 g,
1.3 mmol) at room temperature. The solution was stirred for 4 h. The

Figure 2. Frontier orbitals of parent alumole 4 and the corresponding
orbital energies.

Figure 3. Optimized geometries and the selected bond lengths (�) of
the dianions of parent alumole 4.

.Angewandte
Communications

10032 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 10031 –10034

http://www.angewandte.org


solvent was removed under reduced pressure, and the residue was
dissolved in n-hexane and filtered. The filtrate was concentrated and
stored at �30 8C to afford 1 as colorless crystals (0.28 g, 0.64 mmol,
48%). m.p. 113–1158C. 1H NMR (600 MHz, C6D6): d = 1.09 (t, J =
7.5 Hz, 6H, a-CH2CH3), 1.12 (t, J = 7.5 Hz, 6H, b-CH2CH3), 1.30 (s,
9H, p-C(CH3)3), 1.55 (s, 18H, o-C(CH3)3), 2.46 (q, J = 7.5 Hz, 4H, b-
CH2CH3), 2.48 (q, J = 7.5 Hz, 4H, a-CH2CH3), 7.48 ppm (s, 2H,
ArH); 13C NMR (151 MHz, C6D6): d = 15.16 (b-CH2CH3), 17.54 (a-
CH2CH3), 21.99 (b-CH2CH3), 24.81 (a-CH2CH3), 31.47 (o-C(CH3)3),
31.47 (p-C(CH3)3), 34.83 (p-C(CH3)3), 38.22 (o-C(CH3)3), 121.12 (m-
Ar(C)), 131.68 (ipso-Ar(C)), 144.03 (Al�C=C), 150.66 (p-Ar(C)),
156.42 (Al�C=C), 158.81 ppm (o-Ar(C)); No signal was observed in
the 27Al NMR spectrum even after a long-time measurement for a few
days; HRMS (DART-TOF, positive-mode) m/z calcd for C30H50Al
([M + H]+): 437.3722, found: 437.3691. Elemental analysis calcd (%)
for C30H49Al (1): C, 82.51; H, 11.31; found: C, 82.25; H, 11.57.

Synthesis of [Li+(thf)]2[1
2�]: Lithium (0.015 g, 2.1 mmol) was

added to a THF solution (1.5 mL) of alumole 1 (0.16 g, 0.37 mmol) at
room temperature, and the mixture was stirred for 12 h. Excess
lithium was removed by filtration, and the filtrate was concentrated
and stored at �30 8C to afford [Li+(thf)]2[1

2�] as orange crystals
(0.089 g, 0.15 mmol, 41%). m.p. 149 8C (dec.). 1H NMR (600 MHz,
C6D6): d = 1.17–1.20 (m, 8H, OCH2CH2), 1.33 (t, J = 7.5 Hz, 6H, b-
CH2CH3), 1.41 (t, J = 7.5 Hz, 6H, a-CH2CH3), 1.51 (s, 9H, p-
C(CH3)3), 2.11 (s, 18H, o-C(CH3)3), 2.85 (q, J = 7.5 Hz, 4H, b-
CH2CH3), 2.89 (q, J = 7.5 Hz, 4H, a-CH2CH3), 3.30–3.32 (m, 8H,
OCH2CH2), 7.76 ppm (s, 2H, ArH); 13C NMR (151 MHz, C6D6): d =
19.84 (b-CH2CH3), 21.43 (b-CH2CH3), 21.99 (a-CH2CH3), 25.26
(OCH2CH2), 26.27 (a-CH2CH3), 31.88 (p-C(CH3)3), 34.86 (o-
C(CH3)3), 35.13 (p-C(CH3)3), 38.65 (o-C(CH3)3), 68.63 (OCH2CH2),
102.62 (Al�C=C), 112.56 (Al�C=C), 119.23 (m-Ar(C)), 142.02 (ipso-
Ar(C)), 147.93 (p-Ar(C)), 159.72 ppm (o-Ar(C)); 7Li NMR
(117 MHz, C6D6): d =�5.96 ppm; 7Li NMR (117 MHz, THF): d =
�5.84 ppm; 27Al NMR (156 MHz, C6D6): d = 198 ppm (s, broad,
Dw1/2 = ca. 7000 Hz); MS (DART-TOF, positive-mode) m/z 437 ([M-
[Li(thf)]2]

+). Elemental analysis calcd (%) for [Li+(thf)]2[1
2�]: C,

76.73; H, 11.02; found: C, 75.96; H, 11.20 (Because [Li+(thf)]2[1
2�] is

highly air and moisture sensitive, the elemental analysis was unsat-
isfactory.)

Computational details: Geometry optimization and frequency
calculations were carried out using the B3PW91 functional with 6-
31G(d) (1, 12�, and [Li+(thf)]2[1

2�]) or 6-311 + G(2df) (4, 5, 6, 42�, and
Li+

2[4
2�]) basis sets. The optimized geometries of 1 and

[Li+(thf)]2[1
2�] agree well with those found in the crystal structures.

Single point energies and NICS values were calculated at the
B3PW91/6-311 + G(2df) level using the optimized geometries. The
Gaussian 09 program package was used for all the calculations.[19]
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