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’ INTRODUCTION

During the study of the reactivity between triamine and
chlorosilane, we recently found a straightforward preparation
of Si6H12.

1 A key intermediate in the preparation of Si6H12 is
a salt comprising a tetradecachlorocyclohexasilane dianion
[Si6Cl14]

2� that forms during disproportionation and redistribu-
tion of trichlorosilane with an amine-promoting reagent, pen-
taethyldiethylenetriamine (PEDETA).1 The dianion exhibits an
interesting “inverse sandwich” structure in the solid state where
the six silicon atoms form a planar hexagon with the two apical
chlorides located on the 6-fold axis equally disposed above
and below the plane of the Si6 ring, and each chloride equally
coordinated to six silicon atoms. The density functional theory
(DFT) simulation has demonstrated that Si6Cl12 coodination
with chloride anions leads to occupation of the orbitals respon-
sible for a Jahn�Teller effect, and the stabilization of such orbitals
leads to suppression of the Jahn�Teller effect, which may explain
why the planar configuration of [Si6Cl14]

2� is more stable.2

Compared to carbon, silicon offers a wider variety of coordi-
nation schemes and hypercoordinate silicon chemistry is well
established.3 A small number of hypercoordinate silicon com-
plexes that feature two ormore neutral silicon atoms anchored by
another donor ligand feature unusual structures and stereody-
namic behavior. Tamao et al. reported a pentacoordinate anionic
silicate [o-C6H4(SiPhF2)2F]

� that contains a bent fluoride
bridge between two silicon atoms (Scheme 1A).4 Similar μ2

bridging has been reported for other atoms such as the oxygen
atom of carbonyl (Scheme 1B)5 and chloride (Scheme 1C).6

Jung and Xia reported that three silicon atoms in 12-silacrown-3
could complex with either one chloride or one bromide anion
(Scheme 1D),7 and Brondani et al. found that a fluoride anion
quickly exchanges between three silicon atoms in trisilacyclohex-
ane (Scheme 1E).7 In all examples, none of the donors was
shared by more than three silicon atoms of the host molecule.

The [Si6Cl14]
2� dianion exhibits novel μ6 coordination of

the X0 atoms where each of the apical chloride bridges all six
silicon atoms of the ring. Even though the formation of the
[(PEDETA)(H2SiCl)]2[Si6Cl14] salt is not yet fully understood,
the unique structure of the dianion represents an interesting area
of hypercoordinate silicon chemistry. Given recent synthetic
advances,8 we are now able to prepare gram quantities of
Si6X12 (X = Cl or Br) by molecular halogenation of Si6H12 and
use these perhalocyclosilanes to further investigate the coordina-
tion chemistry. We recently determined that organic donor
organocyanides coordinate to the Si6X12 or Si5Cl10 ring to give
adducts (Scheme 1F,G).8 Herein we report additional details
on the synthesis, structure, and reactivity of Si6X12 and
[Si6X12X0

2]
2� adducts (X = Cl or Br; X0 = Cl�, Br�, or I�).

’EXPERIMENTAL SECTION

General Considerations. All experiments were carried out in a
dry nitrogen atmosphere using a glovebox and standard Schlenk-line
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NMR spectra was noted upon coordination, and structural determination
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2]
2� is

not affected much by the size or electronegativity of the halogen atoms.
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techniques as necessary. Methylene chloride and hexane were passed
through solvent purification columns and then dried over activated 4 Å
molecular sieves (240 �C/8 h dynamic vacuum). All deuterated solvents
were sparged with nitrogen, dried over 4 Å molecular sieves, and
stored under nitrogen. 1H, 13C, and 29Si NMR spectra were recorded
on a JEOL ECA 400 MHz NMR spectrometer at 400 and 100.5 MHz,
respectively, and at 25 �C unless otherwise noted. The spectra were
indirectly referenced to tetramethylsilane using residual solvent signals
as internal standards. UV�vis spectra were collected using a Cary 5000
UV�vis�near-IR spectrophotometer. Elemental analyses were per-
formed on a LECO CHNs-932 elemental combustion analyzer and a
VTF-900 oxygen analyzer. Si6Cl12 and Si6Br12 were synthesized accord-
ing to the literature8a with tetrabutylammonium chloride, tetrabutylam-
monium bromide, and tetrabutylammonium iodide purchased from
Sigma-Aldrich and used as received.
Synthesis of [n-Bu4N]2[Si6Cl14] (3). A solution of Si6Cl12 (300 mg,

0.500 mmol) in 3.0 mL of CH2Cl2 was treated with n-Bu4NCl (278 mg,
1.00 mmol), and the resulting mixture was stirred for 2 h to give a cloudy
mixture. Hexane (0.5 mL) was added to the reaction mixture and stirred
for 2 min. A colorless solid was formed and collected by filtration to give
357 mg of a crude product (yield 61.8%). The isolated solid was
recrystallized from CH2Cl2 at �30 �C to give analytically pure 3. 1H
NMR (CD2Cl2): δ 3.12 (t, 2H, NCH2CH2CH2CH3), 1.58 (m, 2H,
NCH2CH2CH2CH3), 1.44 (m, 2H, NCH2CH2CH2CH3), 0.98 (t, 3H,
NCH2CH2CH2CH3).

13C NMR (CD2Cl2): δ 59.20, 24.22, 19.87,
13.59. 29SiNMR(CD2Cl2):δ21.52. Elemanal.Calcd forC32H72Cl14N2Si6:
C, 33.43; H, 6.31; N, 2.44. Found: C, 33.16; H, 6.37; N, 2.47.
Synthesis of [n-Bu4N]2[Si6Cl12Br2] (4). This synthesis followed

the same procedure as that described for 3 by using Si6Cl12 (300 mg,
0.500 mmol) and n-Bu4NBr (322 mg, 1.00 mmol). The colorless crude
product (410 mg; yield 65.9%) was recrystallized from CH2Cl2
at �30 �C to give analytically pure 4. 1H NMR (CD2Cl2): δ 3.11
(t, 2H, NCH2CH2CH2CH3), 1.58 (m, 2H, NCH2CH2CH2CH3), 1.43
(m, 2H, NCH2CH2CH2CH3), 0.99 (t, 3H, NCH2CH2CH2CH3).

13C
NMR (CD2Cl2): δ 59.00, 24.10, 19.77, 13.55. 29Si NMR (CD2Cl2): δ
22.23. Elem anal. Calcd for C32H72Br2Cl12N2Si6: C, 31.03; H, 5.86;
N, 2.26. Found: C, 31.03; H, 5.80; N, 2.33.

Synthesis of [n-Bu4N]2[Si6Cl12I2] (5). This synthesis followed the
same procedure as that described for 3 using Si6Cl12 (300 mg, 0.500
mmol) and n-Bu4NI (370 mg, 1.00 mmol). Colorless crystals precipi-
tated without the addition of hexane, giving 340 mg (yield 50.7%) of
analytically pure 5. Single crystals for X-ray diffraction were obtained
by recrystallization from CH2Cl2 at 0 �C. 1H NMR (CD2Cl2): δ 3.11
(t, 2H, NCH2CH2CH2CH3), 1.59 (m, 2H, NCH2CH2CH2CH3), 1.43
(m, 2H, NCH2CH2CH2CH3), 0.99 (t, 3H, NCH2CH2CH2CH3).

13C
NMR (CD2Cl2): δ 59.04, 24.10, 19.78, 13.54. 29Si NMR (CD2Cl2):
δ 21.88. Elem anal. Calcd for C32H72Cl12I2N2Si6: C, 28.84; H, 5.45;
N, 2.10. Found: C, 28.57; H, 5.26; N, 2.19.

Synthesis of [n-Bu4N]2[Si6Br12Cl2] (6). A solution of Si6Br12 (285 mg,
0.250 mmol) in 3.0 mL of CH2Cl2 was treated with n-Bu4NCl (140 mg,
0.500 mmol), giving a cloudy solution immediately. After stirring
for 1 h, the colorless solid was collected by filtration to give 245 mg
(yield 57.6%) of product. 1H NMR (CD2Cl2): δ 3.12 (t, 2H,
NCH2CH2CH2CH3), 1.58 (m, 2H, NCH2CH2CH2CH3), 1.45 (m,
2H, NCH2CH2CH2CH3), 0.99 (t, 3H,NCH2CH2CH2CH3).

13CNMR
(CD2Cl2): δ 59.07, 24.16, 19.86, 13.60. 29Si NMR (CD2Cl2): δ 37.44.
Elem anal. Calcd for C32H72Br12Cl2N2Si6: C, 22.83; H, 4.31; N, 1.66.
Found: C, 21.90; H, 4.16; N, 1.60.

Synthesis of [n-Bu4N]2[Si6Br14] (7). This synthesis followed the same
procedure as that described for 6 using Si6Br12 (290 mg, 0.260 mmol)
and n-Bu4NBr (163 mg, 0.510 mmol). The colorless solid was collected
by filtration to give 350 mg (yield 77.3%) of analytically pure 7. Single
crystals suitable for structural determination by X-ray analysis were
obtained by recrystallization from CH2Cl2 at 0 �C. 1H NMR (CD2Cl2):
δ 3.13 (t, 2H, NCH2CH2CH2CH3), 1.60 (m, 2H, NCH2CH2CH2CH3),
1.46 (m, 2H, NCH2CH2CH2CH3), 1.00 (t, 3H, NCH2CH2CH2CH3).
13C NMR (CD2Cl2): δ 59.01, 24.18, 19.89, 13.62. 29Si NMR (CD2Cl2):
δ 37.40. Elem anal. Calcd for C32H72Br14N2Si6: C, 21.69; H, 4.10; N,
1.58. Found: C, 21.53; H, 4.09; N, 1.63.

Synthesis of [n-Bu4N]2[Si6Br12I2] (8). This synthesis followed the
same procedure as that described for 6 using Si6Br12 (280 mg, 0.250
mmol) and n-Bu4NI (185 mg, 0.500 mmol). The colorless solid was
collected by filtration to give 340mg (yield 73.1%) of analytically pure 8.
Single crystals suitable for structural determination by X-ray analysis

Scheme 1. Examples of Hypercoordinated Silicon Complexes
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were obtained by recrystallization from CH2Cl2 at 0 �C. 1H NMR
(CD2Cl2): δ 3.13 (t, 2H, NCH2CH2CH2CH3), 1.60 (m, 2H,
NCH2CH2CH2CH3), 1.45 (m, 2H, NCH2CH2CH2CH3), 1.00 (t,
3H, NCH2CH2CH2CH3).

13C NMR (CD2Cl2): δ 59.11, 24.17,
19.88, 13.60. 29Si NMR (CD2Cl2): δ 37.92. Elem anal. Calcd for
C32H72Br12I2N2Si6: C, 20.60; H, 3.89; N, 1.50. Found: C, 20.61; H,
3.85; N, 1.59.
X-ray Structural Determination. Single crystals of 1, 5, 7, and 8

were mounted under mineral oil on glass fibers and immediately placed
in a cold nitrogen stream (T < �15 �C) on a Siemens diffractometer
with a 1K CCD area detector [graphite-monochromated Mo KR
radiation (crystals protected with Paratone N)]. The structures were
solved by direct methods and refined on F2 using the SHELXTL V6.14
package (after absorption corrections with SADABS). Non-hydrogen
atoms were refined with anisotropic thermal parameters, and hydrogen
atoms were included in idealized positions. Crystallographic data for 1,
5, 7, and 8 are given in Table 1.

’RESULTS AND DISCUSSION

Synthesis and Characterization of Si6X12 (X = Cl or Br).We
recently reported the synthesis of perhalogenated cyclohexasi-
lanes Si6X12 [X = Cl (1) or Br (2)] via molecular halogenation
of Si6H12 with Cl2 and Br2, respectively.

8a The reactions proceed
rapidly in high yield (>85%), and the 29Si NMR spectra of
the products are consistent with a previous report.9 Crystals of
Si6Cl12 suitable for structural determination by X-ray analysis
were prepared by recrystallization from CH2Cl2 at �30 �C.
Similar to the solid-state structure of Si6Br12,

8a Si6Cl12 adopts
a chair conformation with an inversion center in the
middle of the Si6 ring. The Si�Si bond distances are ∼2.34 Å,
the Si�Cl bond distances are∼2.03 Å, and the Si�Si�Si angles
vary from 112 to 114� (Figure 1). It is worthwhile mentioning

that no intermolecular halide�halide interaction is observed
for Si6Cl12 in the solid state, which stands in contrast to
Si6Br12.

8a

Reaction of Si6X12 (X = Cl or Br) with n-Bu4NX
0 (X0 = Cl�,

Br�, or I�) and Adduct Characterization. The addition of n-
Bu4NX0 (X0 = Cl�, Br�, or I�) to a stirred solution of Si6Br12 in
CH2Cl2 led to the immediate formation of colorless precipitates.
By way of comparison, the reaction of n-Bu4NX0 with Si6Cl12 was
not immediate but colorless crystal precipitation was noted for
n-Bu4N

þI� and n-Bu4N
þBr� after stirring for 15 and 20 min,

respectively. No precipitate was observed in the reaction of
n-Bu4N

þCl� with Si6Cl12, with the mixture becoming turbid
after stirring (1 h), with the colorless powder isolated after the
addition of hexane. In all cases, products are colorless solids that
form in good yield (55�78%). Elemental analysis indicates that
all of these complexes consist of one Si6X12 (X = Cl or Br) and

Table 1. Crystallographic Data for Compounds 1, 5, 7, and 8

1 5 7 8

formula Cl12Si6 C33H74Cl14I2N2Si6 C32H72Br14N2Si6 C32H72Br12I2N2Si6
fw 593.95 1417.58 1448.95 1866.18

cryst syst monoclinic monoclinic triclinic triclinic

space group C2/c P2(1)/n P1 P1

a, Å 17.624(12) 18.115(7) 11.106(4) 11.083(3)

b, Å 9.765(7) 19.081(7) 12.084(4) 12.203(4)

c, Å 13.506(9) 18.331(7) 12.741(4) 12.885(4)

R, deg 90.00 90.00 107.503(6) 107.899(5)

β, deg 109.914(9) 97.360(8) 91.912(6) 91.885(5)

γ, deg 90.00 90.00 115.239(6) 115.169(5)

V, Å3 2185.38 6284(4) 1449.0(9) 1473.5(8)

Z 4 4 1 1

Dcalcd, g/mL 1.805 1.498 2.031 2.103

cryst size, mm3 0.60 � 0.55 � 0.22 0.60 � 0.42 � 0.30 0.34 � 0.32 � 0.06 0.74 � 0.40 � 0.24

μ, cm�1 1.83 1.736 9.821 9.350

F(000) 1152 2856 852 888

reflns collected 8800 51 767 13 955 14 088

unique reflns 2145 12 371 6882 7000

reflns obsd 1878 6595 4381 5750

R indices [I > 2σ(I)]* R1 = 0.032, wR2 = 0.0801 R1 = 0.0759, wR2 = 0.2380 R1 = 0.0509, wR2 = 0.1371 R1 = 0.0547, wR2 = 0.1788

R indices (all data) R1 = 0.0371, wR2 = 0.0835 R1 = 0.1376, wR2 = 0.2947 R1 = 0.0972, wR2 = 0.1710 R1 = 0.0671, wR2 = 0.1922
*R1 = ∑ )Fo| � |Fc )/∑|Fo|, wR2 = {[∑[(Fo)

2 � (Fc)
2]2]/[∑w(Fo

2)2]}1/2 for Fo
2 > 2σ(Fo

2), w = [σ2(Fo)
2 þ (AP)2 þ BP]�1, where P = [(Fo)

2 þ
2(Fc)

2]/3; A (B) = 0.0359 (3.1345) for 1, A (B) = 0.1736 (2.0412) for 5, A (B) = 0.1027 (0.0000) for 7, and A (B) = 0.0967 (14.1034) for 8.

Figure 1. Molecular structure of 1. Thermal ellipsoids are shown at the
50% probability level. Selected bond lengths (Å) and angles (deg):
Si1�Si2 2.346(2), Si2�Si3 2.337(2), Si3�Si1 2.344(2), Si1�Cl1
2.030(2), Si1�Cl2 2.022(1), Si2�Cl3 2.029(2), Si2�Cl4 2.033(2),
Si3�Cl5 2.029(2), Si3�Cl6 2.031(1); Si1�Si2�Si2 111.85(4),
Si2�Si3�Si1 114.34(4), Si3�Si1�Si2 112.36(4).
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two n-Bu4NX0 (X0 =Cl�, Br�, or I�) molecules, suggestive of the
“inverse sandwich” geometry (Scheme 2).
All products have very low solubility in common organic

solvents with NMR spectra collected in CD2Cl2 requiring long
scanning times. 1H and 13C NMR spectra exhibit the anticipated
resonances for tetra-n-butylammonium group with little variance
in the chemical shifts among the different compounds. All 29Si
NMR spectra show a single sharp singlet that is shifted upfield
compared to the uncoordinated perhalocyclohexasilanes 1 and 2
(Table 2). For Si6Cl12 adducts (3�5), the 29Si NMR signals
shift from �0.54 to about �22.0 ppm, while for Si6Br12 adducts
(6�8), they are less shifted, from �25.92 to about �37.0 ppm.
The silicon shifts for complexes 3�8 are comparable to that
observed for the trisilacyclohexane complex (Scheme 1E), where
the silicon ring atoms shift from �2.38 to �25.56 ppm when
coordinated by fluoride, F�.10 It is also of note that almost no
chemical shift was observed for the silicon ring atoms when
Si6Br12 was μ

6-coordinated by the nitrogen atom of p-tolunitrile
(i.e., 29Si = �25.77 ppm),8a which indicates the extent of the
electrostatic interactions (Scheme 1F). It is interesting to note, in
spite of the marked variance in the size and polarizability of the
halogen atoms, that there is very little difference in the chemical
shift of the silicon atoms that comprise the Si6 ring. One might
speculate that it is the geometry change of the Si6 ring upon
coordination [i.e., chair (D3d) to planar (D6h)] that leads to this
observation. To further probe the nature of this adduct chem-
istry, preliminary DFT calculations were performed for chair
(D3d) and planar (D6h) isomers of Si6X12 (X =Cl or Br) as well as
the Cl�-, Br�-, and I�-coordinated Si6X12X0

2
2� species (D6h).

The following trend is well-illustrated in the chemical shift
calculations (see the Supporting Information): δ Si6X12

(planar) > Si6X12 (chair) > Si6X12X0
2
2�. These theoretical data

support the notion that halide coordination is the most impor-
tant factor contributing to the upfield changes noted in Table 2.
Complexes 3�8 were characterized by UV�vis spectroscopy

and compared to the parent perhalogenated cyclohexasilanes
(Figure 2). For free Si6Cl12, three absorbances were observed
[λmax = 241 nm (ε = 5500), 285 nm (ε = 900), and 325 nm
(ε = 300)], in agreement with Hengge’s results for a cyclohexane
solution.11 Interestingly, all three of these Si6Cl12 peaks disap-
pear in compounds 3�5. A similar relationship was observed for

compounds 6�8, with the absorbance of Si6Br12 [λmax = 255 nm
(ε = 5800), 282 nm (ε = 1200), 315 nm (ε = 700), and 345 nm
(ε = 300)] disappearing upon halide coordination. Hengge
pointed out that these weak absorptions are at low energy and
are possibly due to intramolecular charge transfer. Our results
suggested that such intramolecular interactions are minimized
for cyclohexasilane complexes that maintain a planar Si6 ring.
X-ray Structures of 5, 7, and8. Crystals of 5, 7, and 8 were

grown from methylene chloride at 0 �C, and single-crystal X-ray
diffraction analysis indicates that all contain a [Si6X12X0

2]
2�

dianion adopting the “inverse sandwich” structure and two tetra-
n-butylammonium groups as the countercations (Figures 3�5).
The “inverse sandwich” complexes in this work contain planar
Lewis acids coordinated by Lewis bases. By way of compar-
ison, most literature reports for “inverse sandwich” complexes
have planar Lewis base rings (e.g., benzene, cyclopentadienyl,
etc.) coordinated by Lewis acids both above and below
the ring.12

Both complexes 7 and 8 have an inversion center in the middle
of the Si6 ring. For 5, 7, and 8, the Si�Si distances in the Si6 ring
were 2.33�2.36 Å with very small deviations in the locations of
the various halides for either equatorial or apical positions. The
Si�Si�Si angles for 5, 7, and 8 are nearly 120�, giving a Si6 planar
hexagonal ring. These Si�Si distances are similar to those of
a number of compounds: Si6Br12 (2.34 Å),8 [PEDETA(SiH2-
Cl)]2[Si6Cl14] (2.32 Å),

1 neutral permethylated cyclohexasilane
[SiMe2]6 (2.34 Å),

13 [Si(Me)Ph]6 (2.35�2.36 Å),14 and [Si(H)-
CH2Ph]6 (2.33 Å).15 The Si�Br(equatorial) distances in 7

Scheme 2. Reaction of Si6X12 (X = Cl or Br) with Halides

Table 2. 29Si NMR Chemical Shifts for 3�8 and Si6X12 (X =
Cl or Br)

n-Bu4NCl n-Bu4NBr n-Bu4NI uncoordinated

Si6Cl12 �21.52 (3) �22.23 (4) �21.88 (5) �0.54 (1)

Si6Br12 �37.44 (6) �37.40 (7) �37.92 (8) �25.92 (2)

Figure 2. UV�vis spectra of 1 and 3�5 (above) and 2 and 6�8
(below) in CH2Cl2.
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(2.23�2.26 Å) and 8 (2.27�2.28 Å) are slightly longer than that
in free Si6Br12 (2.20 Å),

8 indicating a possible weakening of the
Si�Br bonds when the chair conformation of the cyclosilane
Si6Br12 is forced into planarity.
One of the most interesting features of these dianions is the

strong interaction between silicon and apical halides. The con-
tacts between the silicon and apical iodine atoms in both 5
([Si6Cl12I2]

2�) and 8 ([Si6Br12I2]
2�) are very similar

(∼3.2�3.3 Å). These distances are significantly shorter than a
typical Si�I van der Waals bond [rvdw(Si�I) = 4.08 Å]16 but
longer than the sum of the covalent radii [rcov(Si�I) = 2.50 Å].17

For 7 ([Si6Br14]
2�), the contacts between the silicon and apical

bromine atoms (∼3.1�3.2 Å) are significantly shorter than a

typical Si�Br van der Waals bond [rvdw(Si�Br) = 3.95 Å]16 but
longer than the sum of the covalent radii [rcov(Si�Br) = 2.31 Å].17

The Si�X0(apical) interactions could be even more significant if
the ionic radii were considered (i.e., Cl�, Br�, and I� = 1.81, 1.96,
and 2.20 Å, respectively).18

While the Si�X0(apical) interactions are important in the
formation of these complexes, the equatorial halides must also
play a key role in the adduct formation as Si6Me12 does react with
n-Bu4NX0 halides. The average X(equatorial)�X0(apical) dis-
tances in [Si6Cl12I2]

2�, [Si6Br14]
2�, and [Si6Br12I2]

2� are 3.752,
3.787, and 3.837 Å, respectively. These distances are all very close
to the sum of the van der Waals radii of two halogen atoms
[rvdw(Cl) = 1.75 Å, rvdw(Br) = 1.85 Å, and rvdw(I) = 1.98 Å]

16 and
slightly shorter than the sum of the van derWaals radius and ionic
halide radius of halide. These results suggest that intramolecular
halogen�halogen interactions are minimal. However, the elec-
tron-withdrawing nature of the 12 halogen atoms around the Si6
ring likely leads to strong Lewis acid sites above and below the
hexagonal ring. Spacefill models of the anions (Table 3) show

Figure 5. Molecular structure of 8. Thermal ellipsoids are shown at the
50% probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths (Å) and angles (deg): Si1�Si2 2.356(3), Si1�Si3
2.352(2), Si2�Si3 2.360(4), Si3�Br6 2.276(2), Si3�Br5 2.245(2),
Si1�Br4 2.273(2), Si1�Br3 2.293(2), Si2�Br2 2.269(2), Si2�Br1
2.272(2); Si1�Si2�Si3 121.5(1), Si1�Si3�Si2 118.5(1), Si2�Si1�
Si3 119.9(1). Contacts for Si�I1 (Å): 3.254, 3.251, 3.239, 3.238,
3.159, 3.219.

Figure 4. Molecular structure of 7. Thermal ellipsoids are shown at the
50% probability level with hydrogen atoms omitted for clarity. Selected
bond lengths (Å) and angles (deg): Si8�Si10 2.339(3), Si8�Si9
2.350(3), Si9�Si10 2.341(2), Si9�Br1 2.2433(19), Si10�Br2
2.2487(19), Si8�Br3 2.253(2), Si9�Br5 2.256(2), Si8�Br6
2.2535(19), Si10�Br7 2.229(2); Si8�Si9�Si10 119.7(1),
Si9�Si8�Si10 121.7(1), Si8�Si10�Si9 118.3(1). Contacts for Si�Br4
(Å): 3.061, 3.115, 3.153, 3.140, 3.139, 3.141.

Figure 3. Molecular structure of 5. Thermal ellipsoids are shown at the
50% probability level. Hydrogen atoms and a solvent molecule CH2Cl2
are omitted for clarity. Selected bond lengths (Å) and angles (deg):
Si1�Si2 2.322(4), Si1�Si4 2.338(4), Si2�Si3 2.351(4), Si3�Si5
2.338(5), Si4�Si6 2.337(5), Si5�Si6 2.334(5), Si1�Cl1 2.079(4),
Si1�Cl3 2.079(4), Si2�Cl5 2.078(4), Si2�Cl4 2.090(4), Si3�Cl7
2.084(4), Si3�Cl10 2.095(4), Si4�Cl8 2.078(4), Si4�Cl9 2.087(4),
Si5�Cl2 2.087(4), Si5�Cl6 2.089(4), Si6�Cl12 2.066(5), Si6�Cl11
2.089(5); Si1�Si2�Si3 119.9(2), Si1�Si4�Si6 119.9(2),
Si2�Si3�Si5 120.3(2), Si2�Si1�Si4 120.6(2), Si3�Si5�Si6
119.9(2), Si4�Si6�Si5 119.9(2). Contacts for Si�I1 (Å): 3.297,
3.268, 3.301, 3.334, 3.296, 3.291. Contacts for Si�I2 (Å): 3.286,
3.302, 3.229, 3.280, 3.272, 3.318. Table 3. Spacefill Model of the Dianions in X-ray Structuresa

aAtom color legend: chlorine, green; bromine, brown; iodine, purple;
silicon, gray.
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that the apical halides sit just above and below the Si6 rings and
are nearly contained inside the pocket formed by the Si6X12 rings
without noticeable X(equatorial)�X0(apical) interactions.
Weak hydrogen-bonding interactions between alkyl hydrogen

atoms and halides (C�H 3 3 3X) were observed, with 5 exhibiting
two types of C�H 3 3 3X contacts as follows: one interaction with
a solvent molecule C(CH2Cl2)�H 3 3 3Cl(equatorial) and one
interaction with an ammonium alkyl group C�H 3 3 3 I(apical),
with H 3 3 3Cl and H 3 3 3 I distances of 2.790 and 3.173 Å,
respectively. Compound 7 exhibits more complicated interac-
tions between ammonium alkyl groups and the halides because
each [Si6Br14]

2� anion symmetrically bonds to six adjacent tetra-
n-butylammonium groups through C�H 3 3 3Br(equatorial) in-
teractions (H 3 3 3Br distances = 2.984, 3.014, and 3.035 Å).
Compound 8 stands in contrast with only two symmetric
C�H 3 3 3Br(equatorial) interactions (H 3 3 3Br distance =
3.031 Å). All of these H 3 3 3X distances are slightly shorter than
the corresponding sum of the van derWaals radii [rvdw(H) = 1.20
Å, rvdw(Cl) = 1.75 Å, rvdw(Cl) = 1.85 Å, and rvdw(I) = 1.98 Å].16

Stereochemistry of the Six-Coordinated Silicon Atoms.
Each silicon atom in 3�8 adopts a distorted octahedral geome-
try. The stereochemistry for each silicon atom was approximated
using the [M(bidentate)(unidentate)4]

X( system because all
complexes contain two mirror planes (XXX0X0 and SiSiSi in X
where equatorial halide and X0 apical halide; see Figure 6).19

Therefore, the stereochemistry was defined by normalized bite b
[b = 2 sin(R/2), where R = (XSiX þ X0SiX0 þ SiSiSi)/3] and
the angular parameters ΦA and ΦB, where the coordinate Φ is
defined as the angle between the silicon�halide (or silicon�
silicon) bond and the axis (Si�Y) passing through the silicon
atom and bisecting the X�X edge. Because of the symmetry of
the dianion structure, the SiSiSi plane is perpendicular to the
XXX0X0 plane and the Si�Y axis represents the line that
intersects these two planes.
The stereochemical parameters of the dianion silicon atoms

for 5, 7, and 8 and [PEDETA(SiH2Cl)]2[Si6Cl14]
1 are shown in

Table 4, with each reported value representing the average of the
six silicon atoms. The normalized bite b for all four complexes is
around 1.54�1.56, which is increased from the regular octahe-
dral value (i.e., 21/2 = 1.414). The b value is larger than those of
most of the six-coordinated metal complexes because Si�X0 is
not a typical covalent bond, with longer Si�X0 distances giving
larger b values.ΦA is about 120� instead of the 90� observed for
regular octahedral geometry, with ΦB increased only slightly
from 135�. In general, the stereochemistries of the silicon
atoms in each dianion are very similar irrespective of the size
or electronegativity of the halides, either at equatorial or apical
positions.

’CONCLUSION

“Inverse sandwich” complexes were prepared by the coordina-
tion of halide X0 (Cl�, Br�, or I�) to perhalocyclohexasilanes
Si6X12 (X = Cl or Br). X-ray structures show that these halides
coordinate to silicon atoms above and below the Si6 ring. Both
29Si NMR shift and X-ray structure data indicate strong interac-
tions between coordinated halides and silicon atoms.
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