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Tetrakis(trimethylsilyl)cyclobutadiene Dianion Alkaline Earth Metal Salts:
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The magnesium and calcium salts of the tetrakis(trimethyl-
silyl)cyclobutadiene dianion, [Mg(thf);]**[(Me3Si),C4]?" (2a)
and [Ca(thf),]?*[(Me3Si)4sC4]*>" (2b), were synthesized by the
reduction of tetrakis(trimethylsilyl)cyclobutadiene [(Me3Si),-
C,4, 1] with metallic magnesium or calcium, respectively. X-
ray analysis of 2a showed a planar four-membered ring, fea-
turing a diagnostic n*-coordination to the magnesium atom

and skeletal C-C bond lengths intermediate between those
of typical C-C single and C=C double bonds. The structural
and spectral features of the cyclobutadiene dianion magne-
sium salt 2a give evidence for its appreciable aromaticity.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

The overall behavior of small doubly charged cyclic sys-
tems, such as the 6m-electron cyclobutadiene dianion, is
greatly determined by the severe Coulomb repulsive interac-
tion between the two negative charges, which might out-
weigh the advantage gained through cyclic n-delocalization
and aromatic stabilization.[!l Such a tendency is strikingly
different from the situation with the isoelectronic singly
charged cyclopentadienide ion, which can benefit from the
aromatic 6mn-electron cyclic delocalization.”! In sharp con-
trast, the delocalization in the cyclobutadiene dianion is, in
effect, a destabilizing trend because of the unavoidable mix-
ing of the two extra electrons, resulting in a strong Cou-
lomb repulsion.['l Another important reason, responsible
for the overall destabilization of the cyclobutadiene di-
anion, is the fact that in the planar Dy, structure, four -
electrons are forced to occupy the nonbonding orbitals to
form a pair of doubly degenerate HOMOs, thus giving rise
to strongly repulsive 1,3-antibonding interactions. Such un-
favorable trends result in appreciable electron localization
and, consequently, in a significant departure of the cyclobu-
tadiene dianion ring from Dy, planarity. Accordingly, the
early calculations by Schaad et al. reported the structure of
the [C4H4> dianion as a puckered four-membered ring
with one localized and one allylic-type delocalized negative
charge and possessing a small degree of cyclic 6m-electron
delocalization (Scheme 1, A).1%!
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Scheme 1. Cyclobutadiene dianion structures.

More elaborate calculations by van Zandwijk et al.
showed that the above conformation was actually a saddle
point on the potential energy surface, whereas the true
minimum structure of the cyclobutadiene dianion has a
C=C double bond and the two negative charges located on
the two adjacent carbon atoms, thus giving a trapezoid
shape to the four-membered ring (Scheme 1, B).[l However,
Schleyer and co-workers demonstrated that the introduc-
tion of positive lithium ions greatly counteracts the unfa-
vorable Coulomb repulsion, resulting in a much greater ex-
tent of cyclic delocalization and aromaticity of the system.!
According to their calculations, the dilithium cyclobutadi-
ene dianion [Li*],[C,H4* is a planar Dy, “inverse sandwich”
(Scheme 1, C, R = H).’1 Such a delocalized 6n-electron aro-
matic structure was experimentally realized by the synthesis
of the dilithium derivative of the tetrakis(trimethylsilyl)-
cyclobutadiene dianion [Li*],[(Me;Si)4C4]* stabilized by
the four m-accepting trimethylsilyl groups (Scheme 1, C, R
= SiMe;).[% A computational study on the three-dimen-
sional aromaticity of C was recently reported.l”? We also
prepared alkali metal derivatives of the heavy analogs of
the cyclobutadiene dianion, namely [M™*],[(rBu,MeSi),-
Si,** and [M*],[(Bu,MeSi)4Si>-Ge,]> (M = Li, Na, K),
which were found to be nonaromatic species, in contrast to
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their organic counterparts.®! Surprisingly, the alkaline earth
metal salts of the same derivative, [M?>*][(rBu,MeSi),Si,-
Ge,]> (M = Mg, Ca, Sr), possess totally different struc-
tures, namely bicyclo[1.1.0]butane skeletons.[! In this paper
we report the reduction of tetrakis(trimethylsilyl)cyclobuta-
diene (1) with alkaline earth metals (Mg, Ca), resulting in
the formation of 6m-electron aromatic derivatives, both fea-
turing a half-sandwich as a novel structural motif among
the (cyclobutadiene)metal complexes. One should note that
the sandwich complexes of the main group elements, includ-
ing alkaline earth metals, are still rare, while those having
cyclobutadiene as a ligand are unknown.!'%!

Results and Discussion

The target alkaline earth metal derivative of the tetrakis-
(trimethylsilyl)cyclobutadiene  dianion, [Mg]**[(Me;Si),-
C4)* (2a), was prepared by treatment of tetrakis(trimethyl-
silyl)cyclobutadiene (1)[!! with excess magnesium metal in
THF for 2d and isolated as pale yellow crystals in 60%
yield (Scheme 2).[17]

MesSi SiMes Mg I THF MesSi SiMe;
B =\
Me3si . SiMe3
Me3Si SiMes3 ’\I/|92+(thf)3
1 2a

Scheme 2. Synthesis of the magnesium salt 2a of the tetrakis(tri-
methylsilyl)cyclobutadiene dianion.

Because of its highly symmetrical structure, 2a shows
only one signal in both '"H and ?°Si NMR spectra. Thus,
the resonance of the substituent silicon atoms in 2a are ob-
served at 0 = —-24.7 ppm, a value similar to that of the dilith-
ium derivative C (R = SiMes) (6 = —23.7 ppm).[°d Such no-
ticeable shielding could be rationalized in terms of the sig-
nificant transfer of the extra negative charges from the four-
membered ring to the electropositive silyl substituents
through m—c* orbital mixing, thus providing an overall sta-
bilization of the system.[°d The signal of the skeletal carbon
atoms in 2a is observed at 6 = 109.2 ppm, demonstrating
a marked shielding compared with the value for 1 of § =
172.1 ppm.l'"l Overall, the NMR spectroscopic data pro-
vide solid evidence for the presence of a delocalized half-
sandwich cyclobutadiene dianion magnesium salt 2a, in
which the cyclobutadiene dianion moiety is isostructural to
that of the aromatic dilithium salt C (R = SiMej).

The crystal structure of the magnesium salt 2a was deter-
mined by X-ray crystallographic analysis. Two independent
structurally very similar molecules were found in the unit
cell, of which only one is shown in Figure 1, and for which
the structural parameters are listed in Table 1. The four-
membered C, ring of 2a features a diagnostic n*-coordina-
tion to the magnesium ion, which in turn is bonded to the
three thf molecules. The Mg-C bonds of 2.23503)-
2.345(4) A (av. 2.295 A) are similar to those in bis(cyclopen-
tadienyl)magnesium [Mg(HsCs),] of 2.283(3)-2.324(7) A
(av. 2.304 A).13
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Figure 1. ORTEP drawing of 2a (hydrogen atoms are not shown).
Selected bond lengths [A]: C1-C2 1.513(5), C2-C3 1.511(4), C3-
C4 1.474(5), C1-C4 1.482(4), C1-Mgl 2.289(4), C2-Mgl 2.235(3),
C3-Mgl 2.311(4), C4-Mgl 2.345(4), C1-Sil 1.833(3), C2-Si2
1.828(3), C3-Si3 1.827(4), C4-Si4 1.833(3). Selected bond angles
[°]: C2-C1-C4 89.4(2), C1-C2-C3 89.1(2), C2-C3-C4 89.7(3), C1-
C4-C3 91.8(3). Dihedral angle [°]: C1-C2-C3/C1-C3-C4 0.55(2).

Table 1. Geometrical parameters of the experimental {[Mg(thf);]**-

[(Me;Si)4,Cs]> (2a)} and calculated {2a and [Mg(Me,O);]**-
[(H5S1),C4]* (2a’)} structures.
2a 2a 2a’
experimental calculated calculated
Bond lengths [A] C1-C2 1.513(5) 1.513 1.502
C2-C3 1.511(4) 1.500 1.478
C3-C4 1.474(5) 1.484 1.469
C1-C4 1.482(4) 1.492 1.488
Cl1-Mgl 2.289(4) 2.272 2.219
C2-Mgl 2.235(3) 2.244 2.250
C3-Mgl 2.311(4) 2.300 2.322
C4-Mgl 2.345(4) 2.329 2.291
Distances of Sil-C4 plane  0.6414(10) 0.654 0.586
Si substituents Si2-C4 plane  0.7116(10) 0.668 0.524
above the Si3-Cy4 plane  0.6323(10) 0.603 0.348
C, plane [A] Si4-C, plane  0.4237(10)  0.471 0.261
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The cyclic n-delocalization was further manifested in the
planarity (negligible folding of 0.55°) of the four-membered
ring with the sum of the interior bond angles being 360°.
The lengths of all endocyclic C-C bonds in 2a well fit the
range between typical C—C single (1.54 A) and C=C double
(1.34 A) bonds: C1-C2 1.513(5), C2-C3 1.511(4), C3-C4
1.474(5), C1-C4 1.482(4) A. Interestingly, the distances be-
tween the skeletal C atoms and the Si atoms of the substitu-
ents [C1-Sil 1.833(3), C2-Si2 1.828(3), C3-Si3 1.827(4),
C4-Si4 1.833(3) A] in 2a are shorter than the Si-CHj; (sub-
stituent) bonds (av. 1.886 A) in the same compound, which
could be taken as further evidence for the above-mentioned
n—-c* hyperconjugation. Structural parameters such as the
planarity of the C4 ring and the lengths of the skeletal C—-
C bonds, are similar to those in the dilithium salt C (R =
SiMes): folding angle 0.89°, cyclic C-C bond lengths
1.485(10), 1.493(4), 1.496(3), 1.507(9) A1 In contrast, the
direction of the silyl substituents is different in the magne-
sium salt 2a and the dilithium salt C (R = SiMes). Thus,
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whereas the Me;Si substituents in C (R = SiMes) occupy
alternating up (0.275 and 0.252 A) and down (0.297 and
0.267 A) positions,'®! the silicon atoms of all four silyl sub-
stituents in 2a are located at 0.4237(10)-0.7116(10) A above
the four-membered carbon ring.

To obtain a deeper insight into the bonding situation of
2a, we have performed a DFT computational study on the
real molecule [Mg(thf);]**[(Me;Si)4C4)*> at the B3LYP/6-
31G(d) level of theory.l'* For comparison, the geometrical
parameters of the experimental and calculated structures of
2a are summarized in Table 1. The experimental structural
features of 2a were well reproduced computationally: C-C
bond lengths of 1.484-1.513 A, C-Mg bond lengths of
2.244-2.329 A, the silicon atoms of all four silyl substitu-
ents at 0.471-0.668 A above the four-membered ring. Be-
cause both 2a and C (R = SiMes) bear the same Me;Si
substituents, the steric repulsion between the substituents
and Mg(thf); unit in 2a seems to play a minor role in de-
termining the overall orientation of the silyl groups. In-
stead, this should rather be attributed to the difference in
the bonding modes of the magnesium and lithium salts of
2a and C caused by the difference in the 3p(Mg) and 2p(Li)
orbital sizes, which forces the silyl substituents in 2a to be
bent outwards in order to achieve the optimum overlap of
the n(Cy)-3p(Mg) orbitals as depicted in Figure 2. Indeed,
the optimized structure of the model [Mg(OMe,)s]**-
[(H3Si),C4]> (2a’) bearing less bulky SiH; groups shows
structural features similar to both experimental and calcu-
lated data for 2a, namely, the location of all four SiH; sub-
stituents at 0.261-0.586 A above the C, ring.

Li
Me38i\ (Z.\QC/SiMe3
VG Mes&—a\/&—SIMea
OMO 3p-orbital OO 2p-orbital
9
2a ¢

Figure 2. Molecular orbital interaction in the magnesium salt 2a
and the lithium salt C (R = SiMej).

Inspection of the frontier molecular orbitals of 2a shows
a pair of nearly degenerate HOMO (-4.61¢V) and
HOMO-1 (-4.75 eV),I'] a situation that is expected for the
aromatic cyclobutadiene dianion in its delocalized Dy,
form. The NICSI'® values were calculated to be negative at
1 A above and below the center of the ring: NICS(1) = —4.5
(on the side of the Mg center) and NICS(1) = -3.0 (on the
opposite side from the Mg center) for 2a, similar to
NICS(1) = -4.5 for C.

Conclusions

New representatives of the family of 6m-electron aromatic
compounds featuring a persilyl-substituted cyclobutadiene
dianion fragment n*-coordinated to the alkaline earth metal
ions, namely the magnesium and calcium salts of the tetra-
kis(trimethylsilyl)cyclobutadiene  dianion  [Mg(thf);]>*-
1754
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[(Me;Si)4Cq* (2a) and [Ca(thf),]**[(Me;Si)yCs]* (2b),
were synthesized by the reduction of tetrakis(trimethylsilyl)-
cyclobutadiene [(MesSi),Cy, 1] with metallic magnesium or
calcium, respectively. The diagnostic structural features
(ring planarity, lengths of the cyclic C-C bonds) and spec-
troscopic data, as well as theoretical calculations, of the cy-
clobutadiene dianion magnesium salt 2a definitely indicate
its 6m-electron cyclic delocalization, and consequently ap-
preciable aromaticity.

Experimental Section

Magnesium Salt of Tetrakis(trimethylsilyl)cyclobutadiene Dianion
{IMg(thf);]>*[(Me;Si),C4)* (2a)}: Tetrakis(trimethylsilyl)cyclobuta-
diene (1) (80 mg, 0.24 mmol) and excess Mg (21 mg, 0.86 mmol)
were placed in a reaction tube with a magnetic stirring bar. Oxygen-
free dry thf (2 mL) was introduced into the reaction tube by vac-
uum transfer, and the reaction mixture was stirred at room tem-
perature to produce a yellow solution over a period of 2 d. The
reaction mixture was filtered to remove metallic magnesium, and
the solution was cooled to 5 °C to produce pale yellow crystals of
2a (72 mg, 60%); m.p. 92-94 °C. 'H NMR (400 MHz, [Dg]thf): &
= 0.10 (s, 36 H) ppm. *C NMR (100.6 MHz, [Dg]thf): 6 = 5.4,
109.2 (skeletal C) ppm. 2°Si NMR (79.5 MHz, [Dg]thf): § =
-24.7 ppm. UV/Vis (thf): 1 (¢) = 252 (4200), 323 (4700) nm.

X-ray Diffraction Study and Crystal Data for 2a: A single crystal
of 2a suitable for X-ray diffraction was grown from a thf solution.
The diffraction data were collected with a MacScience DIP2030
image plate diffractometer equipped with a rotation anode using
graphite-monochromatized Mo-K,, radiation (. = 0.71070 A) at
150 K. The structure was solved by direct methods and refined by
full-matrix least-squares methods using the SHELX-97 program.[!”]
CosHeoMgO;Siy, M = 581.43, triclinic, PI, a = 11.0120(7), b =
18.8020(11), ¢ = 20.0050(6) A, a = 116.643(3), f = 102.323(3), y =
95.203(3)°, V = 3533.5(3) A3, Z = 4, Deyea. = 1.093 glem?, R =
0.0655 (wR = 0.1930 for all data) for 9164 reflections with 7> 2c(/),
GOF = 1.023. CCDC-673965 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif
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