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An Authentic Al=Si Double Bond
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Abstract: Aluminatasilenes are the elusive heavier
counterparts of the well-known borataalkenes in which
the B=C double bond is formally replaced by an Al=Si
moiety. We report the isolation of a four-membered
anionic AlSi3 cycle with a bona fide Al=Si double bond,
which is obtained by the reaction of 2 eq. of disilenide
Tip2Si=SiTipLi with H2AlCl (Tip=2,4,6-triisopropyl-
phenyl). X-ray crystallography, UV/Vis spectroscopy
and computational analysis confirm the double bond
character with a very short Al� Si bond of 2.283(1) Å
and high Wiberg bond index (WBI) of 1.31. Intra-
molecular C� H activation by the Al=Si bond and the
reactions with sulfur sources confirm typical double
bond reactivity.

Introduction

Molecules with multiple bonds between heavier p-block
elements continue to attract considerable interest in recent
years due to their peculiar geometric and electronic
structures and the ensuing high reactivity.[1] The pioneering
work by West (Si=Si), Yoshifuji (P=P), Brook (Si=C), and
Becker (P�C) refuted the classical “double-bond” rule
about the inability of p-block elements beyond the 2nd row
of the periodic table to engage in multiple bonding.[2] Since
then, various compounds with homo- and heteronuclear
multiple bonds between heavier elements from Group 13 to
15 have been isolated taking advantage of kinetic stabiliza-
tion by sterically encumbering substituents.[1,3] Such alkene
and alkyne analogues can mimic the behavior of transition
metals in activating unreactive small molecules and poten-
tially catalyzing their conversion to value-added products
due to the energetically accessible frontier orbitals of
suitable symmetry.[4]

Of particular interest in this regard, the inherent
electron-deficiency of Group 13 elements accounts for lower
LUMO energies opening additional pathways for substrate
interaction and general reactivity. In contrast to the
extensively studied disilenes with Si=Si bond I[3,5] (including
functionalized derivatives as, for instance, disilenides[5c,d,6]),
however, dialumenes II have only been reported as Lewis
acid-base adducts with electron-donors.[7] Alternatively, the
injection of electrons by reduction can diminish the inherent
electron deficit of aluminum as shown by the isolation of
dialumane radical monoanions III[8] and a dialumene
dianion IV.[9] The latter concept has recently been employed
by Inoue et al. for the synthesis of an alleged aluminatasi-
lene, a compound with anticipated Al=Si bond, but all
empirical and computational data rather supported the
description as alumanyl silanide V (Scheme 1) with only
very little double bond character.[10] This was attributed by
the authors to the more metallic and hence electropositive
nature of aluminum as compared to silicon. We reasoned
that the considerable π-backdonation from an N-hetero-
cyclic imine substituent in Inoue’s alumanyl silanide of type
V may also be detrimental to a substantial Al� Si π-
interaction and therefore turned our attention to an aryl-
substituted system. Previous reports by the Sekiguchi group
and ourselves demonstrated the Si=Si bond of disilenides
such as 1 can be converted into heteronuclear double bonds
Si=E by treatment with suitable electrophiles and without
an explicit reduction step (E=C, Ge, P).[11]

Herein, expanding this approach to an aluminum-
centered electrophile, we disclose the synthesis and isolation
of an aluminatasilene with an authentic Al=Si bond.
Structural, spectroscopic, and computational data suggest a
pronounced double bond character due to its incorporation
into an AlSi3 four-membered ring, which is further sup-
ported by the characteristic intramolecular reactivity toward
C� H bonds and the chalcogenation with sulfur or a sulfur
transfer reagent.
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Scheme 1. Reported Al/Si multiple bond motifs I to IV (R=aryl, silyl,
etc.) and Inoue’s alumanyl silanide V.
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Results and Discussion

H2AlCl is known as a convenient electrophilic precursor for
the synthesis of novel aluminum compounds[12] and easily
prepared from the 1 :1 reaction of AlCl3 and LiAlH4.

[12a] The
reaction of disilenide 1·[Li(dme)2]

[13] with 1.1 equivalents of
freshly prepared H2AlCl, however, led to an intractable
mixture of products, which we speculated to be due to
secondary reactions of initial products with the aluminum
reagent.

We therefore sought to test the early phases of the
reaction by applying a 2 :1 stoichiometry of 1·[Li(dme)2] and
H2AlCl. Indeed, the presence of a second equivalent of
1·[Li(dme)2] allowed for the trapping of the unidentified
initial product and furnished a mixture containing an anionic
Si3Al cycle with a suspected Si=Al bond according to a
preliminary X-ray diffraction study that, however, suffered
from severe disorder problems.

In order to improve the quality of crystals, we resorted
to the preparation of solvent-separated ion pairs. Indeed,
the addition of 2 eq. of 12-crown-4 to the reaction mixture
afforded dark red crystals of 2a·[Li(12-c-4)2] (40%) as the
first fraction (Scheme 2A). As second fraction, orange-
colored 2b·[Li(12-c-4)2] (10%) is obtained alongside a small
amount of residual 2a·[Li(12-c-4)2]. In the absence of air and
moisture, both products are stable at room temperature in
the solid state and in solution. Alternatively, compounds
2a·[Li(12-c-4)2] and 2b·[Li(12-c-4)2] can also be prepared by
treatment of isolated 1·[Li(12-c-4)2] with 0.5 eq. of H2AlCl at
� 80 °C (see Supporting Information for details).

The 29Si{1H} NMR spectrum of 2a·[Li(12-c-4)2] shows
four signals at � 26.0, � 39.0, � 56.5, and � 57.1 ppm

confirming that both equivalents of disilenide are incorpo-
rated in the product. All resonances are strongly upfield-
shifted compared to 1·[Li(dme)2]

[13] and 1·[Li(12-c-4)2]. The
resonances at � 56.5 and � 57.1 ppm are assigned to the
tertiary Si� H moieties by 2D 1H/29Si correlation NMR
spectroscopy. Two corresponding 1H NMR singlets with 29Si
satellites are observed at 5.60 (1JSi-H= 160.3 Hz) and 6.08
(1JSi-H= 175.4 Hz) ppm. The 29Si resonance at � 39.0 ppm
corresponds to a Si atom without directly bonded Tip group
based on the absence of a crosspeak in the 2D 1H/29Si
correlation NMR spectrum, which served as a first indication
for the migration of one of the Tip groups to aluminum. For
2b·[Li(12-c-4)2], four rather similar

29Si resonances are found
at � 26.4, � 30.2, � 55.1, and � 60.3 ppm.

Single crystals of 2a·[Li(12-c-4)2] were grown from a
THF-hexane mixture (1 :3).[14] The compound crystallizes in
the triclinic space group P1 with the solvent-separated
[Li(12-c-4)2]

+ and one molecule of hexane. The molecular
structure in the solid state (Scheme 2B) confirms the
presence of a nearly planar four-membered AlSi3 ring
system (sum of internal bond angles 356.2°). In line with the
conclusions drawn from the NMR data, the comparison of
the bond lengths revealed that the Tip group of one of the
former SiTip moieties had shifted to the newly introduced
aluminum center. Hirshfeld tests confirm the assignment of
Al1 and Si2.

The difference electron density map of an alternative
refinement as position isomer 2a’·[Li(12-c-4)2] (Scheme 3)
indeed reveals pronounced mismatches between Fo and Fc

(see Supporting Information). Reflecting the difference in
covalent radii of Si and Al,[15] the relatively unencumbered
Al1 bonds to Si4 with an Al� Si distance of 2.424(2) Å, while

Scheme 2. Synthesis and molecular structure of aluminatasilene. A. Synthesis of aluminatasilenes 2a·[Li(12-c-4)2] and 2b·[Li(12-c-4)2] from
1·[Li(dme)2] (Tip=2,4,6-iPr3C6H2, dme=1,2-dimethoxyethane; 12-c-4=12-crown-4). B. Molecular structure of the anionic part of 2a·[Li(12-c-4)2] in
the solid state. Hydrogen atoms and co-crystallized solvent molecules (hexane) are omitted for clarity. Thermal ellipsoids at 50% probability.
Selected bond lengths (Å) and bond angles (°) of 2a·[Li(12-c-4)2]: Al1-Si2 2.283(1), Al1-Si4 2.424(1), Si1-Si2 2.344(1), Si2-Si3 2.351(1), Si3-Si4
2.425(1); Si2-Al1-Si4 86.65(5), Al1-Si2-Si3 94.91(4), Al1-Si4-Si3 89.53(4), Si2-Si3-Si4 85.13(4), Al1-Si2-Si1 131.49(6).
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the single bond lengths of Si2 are 2.344(1) and 2.351(2) Å to
Si1 and Si3, respectively. The bond length of Al1 to the
ipso-carbon atom (C16) is 1.965(5) Å; the carbon atoms
attached to silicon (C1, C31, C46, C61, C76) show somewhat
smaller distances between 1.922(3) and 1.952(2) Å, despite
evidently higher steric encumbrance. Cui at al. reported an
Al-CTip bond length of 1.955(2) Å for a R2Si2AlTip ring with
R being N-heterocyclic boryl substituents.[16] The few
reported cases of Tip group transfer in main group
chemistry occurred to electron-deficient moieties.[17]

Notably, the Al1-Si2 bond length in 2a·[Li(12-c-4)2] of
2.283(1) Å is much shorter than that in Inoue’s recently
reported alumanyl silanide V (2.387(1) to 2.417(1) Å).10 The
Al� Si bond length is closer to the sum of covalent radii for
Al=Si (2.20 Å) than to that of Al� Si single bonds (2.42 Å),
which clearly suggests a strongly polarized Al=Si double
bond. It is also significantly shorter than the partially
delocalized Al–Si bond lengths of Cui’s cyclically delocalized
Si2Al three-membered rings (2.319(6) to 2.351(1) Å)[16] and
thus represents the shortest experimentally determined
Al� Si bond reported to date. The double bond adopts a
considerably trans-bent and twisted geometry with θ=

40.3(1)° at Al1, θ=21.7(6)° at Si2 and a twist angle of τ=

23.0°. The bond from aluminum to the adjacent saturated
silicon atom is considerably longer (Al1-Si4 2.424(2) Å) and
in the range of reported sp2 Al� Si single bond lengths.[10,15]

The Si� Si distances (Si2-Si3 2.351(2) Å, Si3-Si4 2.425(2) Å,
Si1-Si2 2.344(1) Å) are in the range of Si� Si single bond
lengths as well.[15] The transannular distances of Al1···Si3 and
Si2···Si4 are 3.414(1) and 3.231(1) Å, respectively, suggesting
little if any interactions across the ring. The Al center in
2a·[Li(12-c-4)2] is well-separated by 12.474(7) Å from the
lithium cation due to coordination of two molecules of 12-
crown-4. Since the Al=Si bond of 2b·[Li(12-c-4)2] and
consequently also the endocyclic Si� H moiety are disor-
dered over two positions in the solid state, we refrain from a
discussion of bonding parameters.

To get deeper insight into the electronic structure of
anionic 2a, we performed density functional theory (DFT)
calculations at the B3LYP� D3BJ/def2SVP level of theory,
including the isomeric 2a’ for comparison (Scheme 3). In
order to minimize the use of computational resources, the
para-isopropyl groups of the Tip substituents were replaced
by methyl groups resulting in the simplified models 2a-mod
and 2a’-mod, respectively. The optimized geometry of 2a-
mod reproduces the experimental solid-state structure much
better than its position isomer 2a’-mod with excellent
agreement of bond lengths and bond angles of the AlSi3 ring

(Supporting Information, Figure S36). Additionally, the
Gibbs enthalpy of 2a-mod is 5.72 kcalmol � 1 lower than that
of 2a’-mod. The highest occupied molecular orbital
(HOMO) of 2a-mod clearly corresponds to the Al� Si π-
bond, whereas the HOMO � 1 represents the σ-bond system
of the AlSi3 ring with some contribution from the π-system
of the Tip groups attached to the silicon centers (Figure 1).
The LUMO shows only an approximate correspondence to
the π*-orbital of Al=Si bond, possibly due to severe
admixture of π orbitals of the Tip groups (Figure 1) and/or
the polarization of the Al� Si bond apparent from the
HOMO. Natural bond orbital (NBO) analysis indeed
reveals that the π-bond is polarized toward the Si center
involving 23.0% Al and 77.0% Si as expected on grounds of
silicon’s higher electronegativity. The electron occupancies
of the Al� Si σ- and π-bonds are 1.94 and 1.73, respectively
(see Supporting Information for details, Table S9). The
natural population analysis (NPA) charges for the Al and Si
centers are 0.90 and � 0.72, respectively, suggesting a slightly
less electropositive nature of aluminum than in V (Al: 1.03
and 1.25). The Wiberg bond index (WBI) of 2a-mod is 1.31
(see Supporting Information for details, Table S9) and thus
significantly higher than reported alumanyl silanide V (0.95
to 1.06) and a good match with theoretically calculated
aluminatasilene ([H2Al=SiH2]

� = 1.40) and alumasilene
(HAl=SiH2: 1.41),

10 which provides further strong support
for the presence of an authentic Al=Si double bond in
2a·[Li(12-c-4)2] rather than an alumanyl silanide as in V.

The UV/Vis spectrum of compound 2a·[Li(12-c-4)2]
exhibits the longest wavelength absorption at λmax = 456 nm
(ɛ = 7939 Lmol � 1 cm � 1) in THF. TD-DFT calculations of
2a-mod give a slightly more red-shifted absorption at λmax =

488 nm, which is attributed almost exclusively (94%) to the
HOMO–LUMO transition (Supporting Information, Ta-
ble S10 and S11). The admixture of several other absorp-
tions at smaller wavelengths, however, shifts the resulting
peak to the blue, closer to the experimental value (Support-
ing Information, Figure S38). The opposite applies to the
second intense absorption band at λmax,exp=408 nm (λmax,cal=
377 nm) (ɛ=6976 Lmol� 1 cm� 1), which mainly corresponds

Scheme 3. Two possible isomers with Al=Si bond, 2a and 2a’
(Tip=2,4,6-iPr3C6H2).

Figure 1. Selected frontier orbitals of 2a-mod (energy in eV, contour
value=0.04; para-isopropyl groups of the Tip substituents are replaced
by methyl groups).
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to the HOMO to LUMO+11 and HOMO to LUMO+12
transition but is red-shifted by other contributing transitions.

Due to the complexity of the system, we can only
speculate about the formation mechanism of 2a and 2b, but
the occurrence of the two regioisomers strongly suggests a [2
+2] cycloaddition or similar as the final step. On this basis,
we propose an initial nucleophilic substitution at H2AlCl by
the first equivalent of disilenide 1 (Scheme 4). In view of the

previously reported formation of three-membered rings
from functionalize disilenes,[18] the resulting alumanyl dis-
ilene [3] can reasonably be expected to cyclize to a strained
alumadisilirane [4]. According to recent computations by
Plannels and Espinosa Ferao,[19] the combination of alumi-
num and silicon is expected to afford three-membered rings
figuring among the most strained. Cleavage of the sterically
more encumbered Al� Si bond would then lead to a highly
reactive 1,3-diradical [5], which could plausibly stabilize by a
consecutive 1,2-hydrogen and aryl shifts to give alumanyl
silylene [6]. The second equivalent of disilenide 1 may then
deprotonate at the aluminum center to give aluminatasilyne
[7], which would afford 2a and 2b by the aforementioned [2
+2] cycloaddition.

Compound 2a·[Li(12-c-4)2] is thermally unstable and it
starts to degrade at 80 °C. To investigate the thermally
decomposed product, a THF solution of 2a·[Li(12-c-4)2] was
heated at 100 °C for 8 h and an intramolecular C� H
activation product is observed by 1H and 29Si NMR.
Evaporation of THF afforded 8 as a yellow solid in 73%
yield (Scheme 5A). The 29Si{1H} NMR spectrum shows four
signals at � 24.2, � 56.9, � 71.4 and � 91.3 ppm, which are
slightly upfield-shifted compared to those of 2a·[Li(12-c-4)2].
The 2D 1H/29Si correlation NMR spectrum suggests the
presence of three Si� H bonds. In the 1H NMR spectrum,Scheme 4. Proposed mechanism for the formation of 2a and 2b

(Tip=2,4,6-iPr3C6H2).

Scheme 5. Reactivity of 2a·[Li(12-c-4)2] and molecular structure of the reaction products. A. Reactivity of 2a·[Li(12-c-4)2] by heating and with S8 and
propylene sulfide to synthesize 8, 9 and 10, respectively; Tip=2,4,6-iPr3C6H2. B. Molecular structure of the anionic part of 8, 9 and 10 in the solid
state. Hydrogen atoms and co-crystallized solvent molecules (THF and hexane for 8, hexane for 9 and 10) are omitted for clarity. Thermal ellipsoids
at 50% probability. Selected bond lengths (Å) and bond angles (°) of 8: Al1-Si2 2.505(9), Al1-Si4 2.519(8), Si1-Si2 2.376(8), Si2-Si3 2.395(8), Si3-Si4
2.434(8), Al1-C11 1.998(2), Al1-C1 2.009(2); Si2-Al1-Si4 80.32(3), Al1-Si2-Si3 95.29(3), Si2-Si3-Si4 84.29(3), Al1-Si4-Si3 93.94(3), Al1-Si2-Si1
129.67(3). Selected bond lengths (Å) and bond angles (°) of 9: Si1-Si2 2.387(3), Si2-Si3 2.394(2), Si3-Si4 2.501(4), Si4-S1 2.128(4), S1-Al1 2.267(3),
Al1-S2 2.273(3), Al1-S3 2.280(3), Si2-S2 2.124(2), Si2-S3 2.134(2); Si2-Si3-Si4 101.84(1), Si3-Si4-S1 120.6(2), Si4-S1-Al1 107.05(1), S1-Al1-S2
110.24(1), S1-Al1-S3 103.40(1), Al1-S2-Si2 80.32(9), Al1-S3-Si2 79.95(9). Selected bond lengths (Å) and bond angles (°) of 10: Si1-Si2 2.377(9), Si2-
Si3 2.422(9), Si3-Si4 2.448(9), Al1-Si4 2.468(1), Si2-S1 2.143(9), Si2-S2 2.151(9), Al1-S1 2.333(1), Al1-S2 2.272(1); Si2-Si3-Si4 88.47(3), Si4-Al1-S1
90.15(3), Si4-Al1-S2 101.71(4), Al1-S1-Si2 77.19(3), Al1-S2-Si2 78.33(3).
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two doublets with 29Si satellites at 3.75 (1JSi,H= 129.6 Hz,
3JH,H= 6.5 Hz) and 5.72 ppm (1JSi,H= 174.7 Hz, 3JH,H=

6.5 Hz) correspond to two adjacent Si� H moieties. Another
Si� H signal is observed at 5.32 ppm as a singlet with the
obligatory satellites (1JSi,H= 146.0 Hz; see Supporting In-
formation for details).

Single crystals of 8 suitable for X-ray analysis were
obtained from a 1 :1 THF-hexane mixture.[14] The C� H
activation product 8 crystallizes in the monoclinic space
group P21/c together with one molecule each of THF and
hexane. The molecular structure of 8 in the solid state
revealed the presence of a spirocyclic entity composed of a
four-membered AlSi3 ring, slightly distorted from planarity
(sum of inner angles 353.8°), and a five-membered ring
resulting from the addition of a methyl C� H bond of the Tip
group at the Al center across the Al� Si double bond
(Scheme 5B). Hence, the Al1-Si2 distance (2.505(9) Å) in 8
is much elongated compared to 2a·[Li(12-c-4)2] and similar
to the Al1-Si4 bond length (2.519(8) Å) indicating the
consumption of the Al=Si double bond. This type of
intramolecular methyl C� H bond activation is commonly
observed for multiply bonded and low-valent main group
systems.[20]

The presence of Al=Si double bond in 2a·[Li(12-c-4)2] is
also reflected in its intermolecular reactivity. Treatment of
2a·[Li(12-c-4)2] with S8 (0.38 eq.) in THF furnished an
inseparable mixture of 9 (major) and 10 (minor) (Sche-
me 5A). The Iwamoto and Sekiguchi groups independently
reported similar reactivity patterns with S8 for B=Si double
bonds.[21] In order to increase the selectivity of the reaction,
we employed propylene sulfide as a reagent, which is known
for the stoichiometric transfer of sulfur to multiple bonds
between heavier main group elements.[17a,22] Indeed, the
reaction of 2a·[Li(12-c-4)2] with 2 eq. of propylene sulfide in
THF affords 10 exclusively. Notably, unlike elemental
sulfur, the excess addition of propylene sulfide fails to
generate 9. The presence of two Si� H moieties in 10 is
confirmed by corresponding signals in the 1H (5.22 ppm,
1JSi,H= 156.1 Hz; 5.74 ppm, 1JSi,H= 175.4 Hz) and 29Si NMR
spectra (� 55.8 and � 69.9 ppm). In case of 9, two Si� H
peaks are observed as singlets with 29Si satellites at 7.01 (1JSi-
H= 206.7 Hz) and 5.72 (1JSi-H= 178.0 Hz) ppm and the
corresponding 29Si peaks at � 25.2 and � 51.3 ppm.

Colorless and pale yellow crystals of 9 and 10, respec-
tively, were grown as a mixture from the reaction of
2a·[Li(12-c-4)2] with S8 in 1 :1 THF-hexane solution,[14] but
the structure of 10 could not be refined satisfactorily due to
the heavy disorder. Better single crystals of 10 were
obtained from the reaction of 2a·[Li(12-c-4)2] with
propylene sulfide, grown from a 1 :1 THF-hexane mixture.
The products 9 and 10 crystallize in monoclinic space groups
Cc (9) and P21/n (10). The X-ray diffraction studies confirm
the formation of four-membered AlS2Si dithiacycles in both
cases, resulting from the addition of two sulfur atoms to the
Al=Si bond (Scheme 5B). While in case of 10, a bicyclo-
[2.1.1]hexane derivative is formed, an additional sulfur atom
is inserted into the adjacent Al1-Si4 single bond to generate
the unique AlSi3S3 bicyclo[3.1.1]heptane structure of 9. Al
and Si atoms of 9 and 10 are four-coordinate and adopt

distorted tetrahedral coordination environments. As ex-
pected, the Al� S (between 2.267(3) and 2.333(1) Å) and
Si� S distances (between 2.124(3) and 2.151(9) Å) are in the
range of single bonds.

Conclusion

In conclusion, we prepared the first bona fide example of a
Al=Si double bond taking advantage of its incorporation
into a strained small cyclic system and the presence of bulky
substituents. X-ray diffraction on single crystals of 2a·[Li(12-
c-4)2] confirms the shortest Al� Si bond length reported to
date and computational studies further support the Al� Si π-
bond character. Thermally unstable 2a·[Li(12-c-4)2] rear-
ranges upon heating as the Al=Si double bond activates the
relatively inert C(sp3)-H bond of the adjacent Tip group.
Further support for the presence of an Al=Si bond is
garnered from the reactions of 2a·[Li(12-c-4)2] with elemen-
tal sulfur and propylene sulfide resulting in 1,3-dithiacycles.
Clearly, 2a·[Li(12-c-4)2] offers significant potential to ex-
plore the Al=Si reactivity towards small molecules and
corresponding investigations are currently underway in our
laboratory.
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