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Silicon—Phosphorus and Silicon—Arsenic Cage Compounds with
Bicyclo[2.2.1]heptane, Bicyclo[3.2.1]octane and Tricyclo[3.3.3.1.0%7|nonane
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The reaction of tris(chlorodimethylsilyl)methylsilane (1) and
1,1,2,2-tetrakis(chlorodimethylsilyl)-1,2-dimethyldisilane (2)
with sodium/potassium arsenide NazAs/K3As afforded deca-
methyl-2,3,5,6,7-pentasila-1,4-diarsabicyclo[2.2.1]heptane (3)
and dodecamethyl-2,3,4,6,7,8,9-heptasila-1,5-diarsatricyclo-
[3.3.1.0>7Inonane (4). Compounds 3 and 4 were isolated from
the reaction mixture by fractional crystallization and structur-
ally characterized by single-crystal X-ray crystallography.
The reaction of 1 with an excess amount of sodium/potassium
phosphide (Na3zP/K3P) afforded the cage-shaped anion
sodium hexamethyl-2,4,6,7-tetrasila-1-phosphanido-3,5-di-
phosphabicyclo[3.2.1]octane (5), which reacts with chlorotri-
methylsilane to form trimethylsilyl-substituted derivative 6.
The molecular structures of 5 and 6 were established by X-

ray crystallography. Cages 3-6 were also characterized by
29Si- and 3!P NMR spectroscopy. Owing to indirect spin-spin
coupling between the 2°Si and *'P nuclei, the resonances of
the 29Si nuclei in the spectra of 5 and 6 are only of first order
approximately. To account for the observed preferences of
the cage structures in these reactions, extensive B3LYP/6-
31G* quantum chemical calculations of relative energies of
bicyclo[2.2.2] and bicyclo[3.2.1] isomers of SigH4, PSizH;g,
P,SigH;, and P3SisH;; were conducted. On the basis of the
computed charge distributions, the concept of topological
charge stabilization was used to predict the relative stabili-
ties.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The exceptional tendency of the elements silicon (group
14) and phosphorus (group 15) to form rings and cages is
well-known and has been reviewed extensively in the past.[!]
Much less experimental and theoretical material is available
for the heavier elements of these two groups, which are Ge,
Sn and Pb and As, Sb and Bi, respectively. As the metallic
character of the elements increases with increasing atomic
number, the thermal stability of E,R,, (where R is an or-
ganic substituent, for example) decreases considerably. They
easily decompose into the metal, thereby forming R-R
bonds, as shown in Equation (1). Flasks with metallic-black
coatings are a common sight with this type of chemistry.

Ean_) Emetal + m/2 (RZ) (1)

It is clear that rings and cages composed of elements of
both group 14 and 15 (for instance Si and P, As, Sb or Bi)
will behave similarly in this respect. An important differ-
ence, however, is in the polar bonds that are present in these
cage compounds as a result of the electronegativity differ-
ence between the two elements. Not only does this lead to
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increased chemical reactivity, but also to interesting elec-
tronic effects. For instance, in small ring systems such as
1,3-disiladiphosphabicyclobutanes, the ring-strain energy is
considerably increased by the electropositive Si atoms,
which is reflected in a unusually large P-P distance of
238 pm.[?l Moreover, cage compounds that are composed
of elements from group 15 and silicon that also possess
Si—Si bonds show unusual electronic interactions between
the lone pairs of electrons of the group 15 element and the
Si-Si ¢ electrons. A n—c* interaction was shown by NBO
ab initio calculations and photoelectron spectra of dodeca-
methyl-2,3,5,6,7,8-hexasila-1,4-diphosphabicyclo[2.2.2]-
octane to be responsible for these interactions. X-ray analy-
sis of the molecular structure confirmed the increased Si—
Si bond length in the cage, which is reported as 235.9 and
236.3 pm.1*4 Normal Si-Si bond lengths are 232-234 pm.
Previously, we have reported on the synthesis and molec-
ular structure of decamethyl-2,3,5,6,7-pentasila-1,4-dibis-
muthabicyclo[2.2.1]heptane from Nas;Bi/K;Bi and dichloro-
dimethylsilane,l®! which decomposes quickly at room tem-
perature forming metallic bismuth. We also reported the
synthesis and structure of decamethyl-2,3,5,6,7-pentasila-
1,4-diphosphabicyclo[2.2.1]Theptane from Na;P/K;P and
1,2-dichlorotetramethyldisilane.) These syntheses show
that in the reactions between sodium/potassium pnictides
and halogenated mono- and oligosilanes, Si-Si bonds are
not only cleaved, but new bonds are formed depending on
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Figure 1. Cage compounds prepared in this work.

the reaction conditions. This was also reported for the reac-
tion of rBuSi(SiMe,Cl); with LiPH,, which resulted in
the formation of a hexasila-1,5-diphosphabicyclo[3.2.1]oc-
tane.[]

These findings prompted us to not only use halogenated
isotetrasilanes but larger oligosilanes as well to form novel
cage compounds. Moreover, by varying the stoichiometric
ratio between the halosilane and the sodium/potassium
pnictide, we expected the formation of novel anionic species
with cage-like structures. We were pleased to learn that this
is indeed possible. Herein we report the synthesis of hith-
erto unknown silicon—arsenic cages 3 and 4 as well as an-
ionic silicon—phosphorus cage 5 and its trimethylsilyl deriv-
ative 6 as shown in Figure 1 starting from the oligosilanes
MeSi(SiMe,Cl); (1) and (SiMe,Cl),MeSiSiMe(SiMe,Cl),
(2) and Na, P/K,P or Na,As/K As.

Results and Discussion

Synthesis

As mentioned in the introduction, the products formed
in the reactions between sodium/potassium pnictides and
multiply halogenated oligosilanes depend strongly on the
reaction conditions, and the largest influence comes from
the solvent that is used. In polar solvents such as dimeth-
oxyethane (dme), Si—Si bonds of the oligosilane are broken
and reformed to a certain extent to give -ESiMe,E- and
even -EMe,SiSiMe,E atom arrangements when MeSi(Si-
Me,Cl); is used. Even traces of (SiMe,)s can be detected in
the reaction mixtures with 2°Si NMR spectroscopy. Of
course, considerable quantities of polymers are also formed
in these reactions. Whereas insoluble polymers are removed
in the workup process, the soluble fraction may severely
hamper successful crystallization of the cage compounds.
We also found that the quantities of polymers that are
formed are much larger for arsenic compounds than for
phosphorus compounds, which we attribute to the much
greater reducing power of sodium/potassium arsenide. So
far, no systematic experimental studies on the influence of
the solvent and the pnictogen/alkali metal ratio on the
product distribution of these reactions have been described.

The mechanisms of these reactions are not known. The
formation of silylenoide species Me,SiNaCl or dimethylsil-
ylene, SiMe,, as intermediates through Si—Si bond cleavage
seems plausible. For instance, the formation of such species
is thought to play a major role during the reduction of
dichlorodimethylsilane with alkali metals.[”)
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The silylenes can then insert into Si-Si, Si-P, Si-As or
Si-Cl bonds to give a plethora of compounds. When
NasAs/K;As reacts with 1 at r.t., cage 3 can be isolated in
about 5% yield. We did not attempt to optimize the reac-
tion conditions. Cage 3 is not the only cage that forms un-
der these conditions, because in the 2°Si NMR spectrum
of the reaction mixture we observed, besides the signal of
hexasila-1,4-diarsabicyclo[2.2.2]octane, three resonances at
—70.0, —17.1 and 5.0 ppm, which we attribute to an ada-
mantane-like structure, as shown in Figure 2. So far, we
were unable to purify this compound by crystallization. In
this molecule, the Si; atom arrangement of 1 is still present.

Figure 2. Proposed structure for adamantane As;Si;Mes.

When NazAs/K;As reacts with 2, tricyclononane 4 forms
in about 5% yield and can be separated by crystallization.
Here again we performed no optimization of the reaction
conditions. From the 2°Si NMR spectra it can be concluded
that there are other cage compounds present in the reaction
mixture, such as bicycloheptane 3, which can be identified
unambiguously. So far, all attempts to isolate other cage
compounds by fractional crystallization have failed.

Noteworthy is that the tricyclononane structure estab-
lished for 5 by X-ray diffraction can also be found as Py
groups (alternating with Pg groups) in Hittorf’s violet mo-
noclinic phosphorus allotrope, as shown in Figure 3.1 Re-
cently, the crystal structure of a fibrous variation of violet
phosphorus, which also contains the Pg and Py units, was
reported.”” For us, the P,Si; cage (analogous to 4) and the

Figure 3. Py and Pg substructures in violet phosphorus and in its
fibrous variation.
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tricyclooctanes E-Sig (E = As, P) analogous to Py are
tempting synthetic targets that we are currently pursuing by
reaction of 2 with Nas;E/KsE under various conditions.

When a suspension of an excess amount of Na;P/K;P in
dme is added to a solution of 1 in dme heated at reflux,
anionic cage 5 can be separated by crystallization from pen-
tane/dme. As a byproduct, decamethyl-2,3,5,6,7-pentasila-
1,4-diphosphabicyclo[2.2.1]Theptane is formed in consider-
able quantities.

X-ray Crystallography

Crystals of cages 3, 4, 5 and 6 in a quality suitable for
X-ray experiments could be obtained as described in the
Experimental Section. Figure4 presents the molecular
structures of these compounds, and Table 1 summarizes se-
lected bond lengths and bond angles by employing the
numbering scheme of Figure 4. The molecular symmetry of
all four molecules is C,, characterized by a mirror plane
bisecting the cages.

The Si—-As and Si—P bond lengths are all within the ex-
pected range found in acyclic silylphosphanes and their ar-
senic analogues. Si—Si distances are longer than the normal
232-234 pm by about 30 pm for P cages 5 and 6, and by
about 10 pm for arsenic cage 3, which reflects the decreas-
ing n—c* interaction of arsenic relative to phosphorus. The
Si(2)-Si(3) bond length in 4 is in the normal range because

Table 1. Selected bond lengths [pm] and bond angles [°] for 3, 4, 5
and 6.

3 4 5 6
Si(1)-E(1) 236.73(9)  237.19(16)  224.83(30)  226.25(11)
Si(2)-E(1) 236.46(9)  236.24(18)  225.0030)  227.09(11)
Si(3)-P(1) 228.45(30)  226.03(13)
Si(3)-P(2) 218.70(20)  226.05(13)
Si(4) P(2) 226.57(13)
Si(2)-Si(2") 235.53(10) 236.35(20)  237.50(11)
Si(2)-Si(3) 233.80(20)

Si(3)-Si(3") 235.20(20)

E(1)-Si(1)-E(1)  111.07(3)  126.74(7)  114.59(10) 114.11(4)
E(1)-Si(2)-Si2")  109.10(3) 108.39(9)  108.24(4)
As(1)-Si(2)-Si(3) 105.38(7)

Si(2)-Si(3)-Si(3") 103.80(8)

Si(1)-E(1)-Si(2)  92.12(3) 102.336)  93.93(9)  95.17(4)
Si(1)-P(1)-Si(3) 103.39(9)  104.13(4)
Si(2)-As(1)-Si(2’) 101.38(3)  94.46(6)

Si(2)-P(1)-Si(3) 103.16(9)  103.40(4)
Si(4)-P(2)-Si(3) 106.35(4)
Si(3)-P(2)-Si(3") 105.78(4)
C-Si(1)-C 106.86(14)  106.40(30)  104.42(4)  105.81(13)

just one As atom is available for this interaction. The cen-
tral Si-Si bond in 4 is somewhat longer (235.2 pm), which
certainly is due to steric reasons.

NMR Spectra

Because of the quadrupole moment of the >As nucleus,
the 2°Si NMR spectra of 3 and 4 are simple and consist of

Figure 4. ORTEP plots (30% probabilities) of the molecular structures for 3 (top, left), 4 (top, right), 5 (bottom, left) and 6 (bottom,

right).
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Table 2. Chemical shifts [ppm, 6(>°Si) against TMS, 6(3'P) against 85% H;PO,] and coupling constants [Hz] for cages 3, 4, 5 and 6.

3 4 5 6
5 P P J P J
Pl Pl' P2 Pl Pl' P2

Si(1) 26.6 17 17.1 50.9 50.9 0 13.9 479 479 0
Si(2) 1.2 32 42 39.5 6.2 0 4.7 40.5 48 3.0
Si(3) 738 49 39.7 81.4 1.3 46.4 0 49.5
Si(4) 2.4 0 0 39.8
P(1) ~247.1 2.1 2389 8.3
P(2) -261.9 -231.0

just two signals for 3 and three signals for 4. Table 2 sum-
marizes the §(*°Si) values with reference to the atom num-
bers that are used in Figure 4.

The spectra of phosphorus cages 5 and 6 are different,
as not all signals are necessarily of first order as a result of
indirect spin-spin coupling between the >°Si and *'P nuclei.
For instance, Si(2) is part of an ABX system with J(A) =
J(B) because the shift differences between P(1) and P(1') is
due to isotopic effects only. The ABX system itself is weakly
coupled to phosphorus atom P(2). From spectra simula-
tions with various fixed values for 2Jp, p;- it is quickly de-
duced that this coupling constant must be quite small (<2-
4 Hz), and that the spectra can be evaluated by using first-
order rules to a very good accuracy. The g NMR software
package was used for this purpose.

Figure 5 presents the measured 2°Si NMR spectra of 5
(top left) and 6 (top right), as well as the simulated spectra.
The spectrum of 5 consists of a triplet of doublets for Si(1)
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Figure 5. Proton decoupled >*Si NMR spectra of 5 (top left) and 6
(top right), including simulated spectra shown with negative inten-
sities. An expanded spectrum of 6 is presented at the bottom and
illustrates the splitting due to two- and three-bond 2°Si,>'P coup-
lings.
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at +17ppm, a doublet of doublets for Si(3) at +5 ppm and
doublet of doublets of doublets for Si(3) at -4 ppm. The
spectrum for 6 is very similar except that the resonance for
Si(4) (the SiMe; group) overlaps the multiplet of Si(3). A
view of the expanded spectrum for 6 is given at the bottom
of Figure 5 and illustrates the effects of two- or three-bond
couplings. All chemical shifts and coupling constants, treat-
ing all spectra as first order, are presented in Table 2.

The Si,P coupling constants of 5 and 6 are very similar,
except between Si(3) and P(2). In anionic cage 5, a J value
of 81.4 Hz was measured, but this value was only 49.5 Hz
in cage 6 where the negative charge is replaced by the tri-
methylsilyl group. Bond lengths P(2)-Si(3), which are 218.7
and 226.1 pm, respectively (Table 1), are also quite dif-
ferent. A shortening of the Si—P bonds by 6-10 pm upon
substitution of a SiMe; group with a negative charge is also
observed for P(SiMes); and the phosphanides MP(SiMes),,
M = K, Rb and Cs.[!0-11]

Ab Initio Calculations

The number of different anionic species that are present
in the “Zintl phases” prepared from the elements P or As
and sodium/potassium alloy in a solvent such as dme is
unknown. Most certainly, not all P-P or As—As bonds are
broken in this reaction, and an equilibrium between the
various anions is established depending on the stoichiomet-
ric ratio of phosphorus/alkaline metals used. For instance,
(Me;Si),PP(SiMes), and P,(SiMes); are just two minor by-
products in the synthesis of P(SiMes); from “NasP/K;P”
and Me;SiCl. An even larger variety of Si,,P, frameworks
can be formed when Si-Si bonds in reagents 1 and 2 are
broken under the attack by “NasP/K;P”. Because only a
few of the potential species are observed, the question arises
whether the obtained product distribution can be deduced
from simple considerations. Cages such as diphosphabicy-
clo[2.2.1]heptanes and diphosphabicyclo[2.2.2]octanes are
prevalent in the reaction mixtures, whereas triphosphabicy-
clo[2.2.2]octanes A or B shown in Scheme 1 do not form at
all in the reaction with Me,SiCISiClMe, or Me,SiCl,.

P, P N
(( Me,SiCl, ( D
P

A

Scheme 1. Cages that are not formed.
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Because the major products obtained experimentally
comprise eight second-row atoms, the computational study
focuses on bicyclic Sig, PSi;, P,Sig and P;Sis structures. Our
approach to rationalize the observations is the concept of
topological charge stabilization advocated by Gimarc 20
years ago.'?! It predicts that by replacing a silicon atom in
one of the Si,P,, cages by an atom of higher electronegativ-
ity, P, at the site with the highest electron density leads to
the most stable isomer.

We first calculated minimum structures, energies and
Mulliken charges for the isomeric SigH,4 structures. The
five lowest-energy isomers are shown in Figure 6 together
with the Mulliken charge of the Si atom possessing the
highest electron density. Replacing it by P should result in
the best PSi;H 3 structure. Only the two best homonuclear
frameworks, the bicyclo[2.2.2] and bicyclo[3.2.1] cages that
differ by just 0.9 kJmol™!, are considered in the further re-
placement study.['3] With a value of about 40 kJmol !, the
relative energies of the bicyclo[4.2.0] and bicyclo[4.1.1]
structures are large. The bicyclo[5.1.0] cage has an even
higher energy of 117 kJmol'. These large values can be
used to rationalize why we never observed their formation.

[222] [321] [3.3.0] [4.2.0] [4.1.1]
E,e1=0.0 422
e =SiH, SiH,

Figure 6. Relative energies [kJ mol!] of bicyclic SigH 4 isomers and
the position of the Si atom possessing the smallest Mulliken charge.
Relative energies are given for the most favourable stereoisomer or
conformer. A dot represents a SiH, or SiH group.

As shown in Figure 7 (1st row), the relative energies of
the two bicyclo[2.2.2] and the three bicyclo[3.2.1] topomers
of PSisH,5; demonstrate the validity of the Gimarc rule. The
Mulliken charges (the position with the smallest value is
indicated in Figure 7) predict that the diphospha[2.2.2] and
diphospha[3.2.1] cages with P atoms in 1,4- and 1,5-posi-
tions will be preferred, which is just what we observed in
numerous experiments. In the second row of Figure 7, the
relative energies of the two sets of P,SigH;, topomers are
presented, again confirming the predictions of the Gimarc
rules.

Although the bicyclo[2.2.2] structure is higher in energy
than bicyclo[3.2.1] by 6.7 kIJmol !, both are considered in
the final replacement for obtaining the energies of the tri-
phospha cages. The results are summarized in the third row
of Figure 7. The charge distribution in bicyclo[2.2.2]
P,SigH, clearly suggests that the 1,2,4-triphospha isomer
will be preferred. Consequently, its energy relative to the
1,2,3- and 1,2,6-triphospha isomer is predicted to be lower
by more than 45 kJmol . The situation is less clear for the
bicyclo[3.2.1] framework, because in the lowest energy iso-
mer the two smallest atomic charges differ by merely 0.01
units. According to Gimarc’s rule, the 1,3,5- and the 1,5,8-

Eur. J. Inorg. Chem. 2007, 4071-4077
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Figure 7. Relative energies [kJmol '] of the bicyclic PSi;H;s,
P,SigH;, and P;SisH;; isomers, and the position of the Si atom
possessing the smallest Mulliken charge. Relative energies are given
for the most favourable stereoisomer or conformer.

isomer are predicted to possess very similar energies, and
both should be present in the reaction mixture. Neverthe-
less, the charges in the second best structure indicate that
the 1,3,5-P5Sis backbone is preferred. The calculated rela-
tive energy of 72.9 kJmol™! for the 1,5,8-structure provides
clear preference for 1,3,5-isomer, which is what we found in
the experiment.

Our ab initio calculations indicate that isomers with P-P
bonds generally have higher energies. This agrees with the
lack of observation of these isomers in the synthesis. Owing

o 3'P3'P one bond coupling, their presence would have
been detected very easily by using NMR spectroscopy.

The general conclusion that the polar Si-P bond is fav-
oured over the nonpolar Si-Si as well as the P-P bond was
quantified by the comparative calculation of two saturated
P,Si,Hg isomers. H3Si—SiH,—~PH-PH, has a relative energy
of 32.8 kJmol™! with respect to H3Si-PH-SiH,-PH,, which
both have the same number of Si-H and P-H bonds. In
conclusion, the Si—P bond is favoured by about 16 kI mol!-
over a Si-Si or a P-P bond in phosphasilanes. Analysis of
all investigated cage isomers deposited at nmr-sharc.tugra-
z.at shows that the relative energies are positively related to
the (ng;s; + npp)/ng;p ratio, where ng;s;, npp and ng;p are the
number of Si-Si, P-P and Si-P bonds, respectively. There-
fore, it can be generalized that cage isomers with a maxi-
mum number of Si-P bonds will be energetically preferred.

Conclusions

In the present publication we showed that by reaction of
sodium/potassium phosphide and arsenide with chlorooli-
gosilanes containing SiMe,Cl end groups, anionic and neu-
tral cage compounds containing E-SiMe,~E and E-SiMe,—
SiMe,—E atom arrangements can be obtained. A plausible
reaction mechanism explaining Si—Si bond cleavage involves
dimethylsilylene as a reaction intermediate. In that case, a
donor interaction with a P atom on the surface of the solid
4075
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must be assumed. Noteworthy, chlorodisilanes dispropor-
tionate by such a donor mechanism in the presence of
amines, even in heterogeneous phase.['

=Si—SiMe,Cl =si—Cl + SiMe;

P

The preferred formation of 1,4-diphosphahexasilabicy-
clo[2.2.2]octanes and 1,3,5-triphosphapentasilabicyclo-
[3.2.1]octanes over other topological isomers could be
rationalized by using the concept of topological charge sta-
bilization.

Experimental Section

General: All experiments were performed under anaerobic condi-
tions by using standard Schlenk techniques. Solvents were dried
with sodium or potassium and distilled under an atmosphere of N,
prior to use. Starting materials 1 and 2 were prepared as described
in the literature. >'P and 2°Si NMR spectra were recorded with a
BRUKER MSL 300 spectrometer (59.627 MHz for 2°Si,
121.451 MHz for 3'P). Chemical shifts are given in ppm relative to
85% aq. H3PO, for 3P and SiMe, for 2°Si (external). Elemental
analyses were performed with a HERAEUS VARIO EL. As com-
pounds 3-5 are extremely sensitive towards traces of oxygen and
moisture, the quality of the elemental analyses is not as good as
usually achieved.

Decamethyl-2,3,5,6,7-pentasila-1,4-diarsabicyclo|2.2.1]heptane (3):
To a suspension of “Na,As/K.As” [prepared from Na (1.10 g,
48.22 mmol), K (1.50 g, 38.58 mmol) and As (5.0 g, 74.92 mmol)
by a modified procedure described by Becker!’)] in dme (300 mL)
was added dropwise a solution of 1 (9.37 g, 28.9 mmol) in dme
(70 mL) over a period of 60 min. During the reaction, which is
exothermic, the black colour of the suspension changed to yellow-
green. The reaction mixture was then heated at reflux for 8 h, and
the precipitated salts were separated by filtration. The solvent was
then removed by evaporation in vacuo and replaced by heptane.
Subsequently, the solution was decanted from the remaining salts,
and 3 (1.7 g, 5%) was obtained by fractional crystallization at
30 °C. C;oH;30As;Sis (440.62): caled. C 27.26, H 6.86; found C
28.57, H 7.28.

Dodecamethyl-2,3,4,6,7,8,9-heptasila-1,5-diarsatricyclo[3.3.1.037]-
nonane (4): To a suspension of “Na,As/K As” [prepared from Na
(1.71 g, 74.4mmol), K (2.18 g, 558 mmol) and As (9.76 g,
130.25 mmol)] in dme (500 mL) was added a solution of 2 (15.0 g,
32.56 mmol) in dme (70 mL) over a period of 1 h. The reaction
mixture was then submitted to the same procedure as described
above. Crystallization from heptane at —30 °C gave 4 (1.7 g, 5%) as
colourless crystals. C;;H35As,S17 (526.88): caled. C 27.36, H 6.89;
found C 28.05, H 7.08.

Sodium Hexamethyl-2,4,6,7-tetrasila-1-phosphanido-3,5-diphospha-
bicyclo[3.2.1]octane (5): To a solution of 1 (12.69 g, 39.2 mmol) in
dme (150 mL) was added dropwise a suspension of “Na P/K ,P”
[prepared from Na (1.53 g, 66.73 mmol), K (3.48 g, 88.97 mmol)
and white phosphorus P, (3.30 g, 106.5 mmol] in dme (300 mL)

Table 3. Crystal data and structure refinement for compounds 3, 4, 5 and 6.

3 4 5 6
Formula C]0H30ASQSi5 C12H36ASZSi7 C18H50N304P3Si5 C|3H39P3Si6
Formula weight 440.62 526.88 586.93 456.89
T [K] 293(2) 98(2) 223(2) 100(2)
Wavelength [A] 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic tetragonal orthorhombic monoclinic
Space group P2y/n 14(1)/a Pca2(1) P2,/c
a[A] 12.906(3) 33.100(6) 21.554(4) 9.6779(19)
b [A] 22.413(5) 33.100(6) 10.747(2) 26.177(5)
c[A] 14.551(3) 9.379(2) 30.410(6) 11.028(2)
a[°] 90 90 90 90
BI°] 96.39(3) 90 90 108.02(3)
7 [°] 90 90 90 90
V [A7] 4183.0(15) 10276(3) 7044(2) 2656.9(9)
V4 4 16 4 4
Pealed. [gem ] 1.399 1.362 1.106 1.142
Absorption coefficient [mm™'] 3.466 2.923 0.371 0.491
F(000) 1808 4352 2524 984
0 range [°] 1.68 <0<26.30 2.57<0<25.00 1.89<0<24.71 2.09<0<26.34
h, k, [ indices range —-16<h<16 0<h<39 25<h<15 —12<h<12
27<k<27 2<k<39 -12<k<12 32<k<32
-17<1<18 2<I<11 —35<1<33 -13<1<13
Reflections collected/unique 32221/8449 6461/4525 33203/11690 20473/5392
Completeness to ¢ = 28.35° [%] 99.7 99.9 99.9 99.7
Absorption correction SADABS None SADABS SADABS

Refinement method

Full-matrix least-
squares on F>

Full-matrix least-
squares on F”

Full-matrix least-
squares on F>

Full-matrix least-
squares on F>

Data/restraints/parameters 8449/0/327 4525/0/202 11690/1/587 5392/0/212

Goodness-of-fit on F? 1.052 1.020 0.968 1.138

Final R indices R, =0.0295 R, = 0.0524 R, = 0.0584 R, = 0.0550

[1>20(D)] wR, = 0.0702 wR, = 0.1170 WRy = 0.1045 wRy = 0.1360

R indices (all data) R, =0.0372 R, = 0.0746 R, =0.1091 R, = 0.0644
wR, = 0.0730 wR, = 0.1285 wR, = 0.1218 wR, = 0.1416

Largest diff. peak/hole [e A3 0.956/-0.313 0.928/-0.493 0.289/-0.176 0.809/-0.536
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heated at reflux. After heating for 24 h, a considerable quantity of
unreacted 1 was detected by 2°Si NMR spectroscopy, even after
treatment in an ultrasonic bath. Therefore, the suspension of
“Na,P/K.P” and the salts were removed by decantation, and a
suspension of freshly prepared “Na P/K P” (from 3.3 g of white
phosphorus) was added dropwise to the solution heated at reflux.
The reaction mixture was heated at reflux for another 40 h and
separated from the salts by filtration. The solvent was removed by
evaporation in vacuo and replaced by pentane. The insoluble resi-
due was dissolved in hexane/dme (1:1). At =30 °C, 5 (4.9 g, 23%)
was obtained as colourless crystals. C;gHsoNaO4P5Sis (586.93):
caled. C 36.83, H 8.59; found C 35.74, H 7.92.

Decamethyl-3-trimethylsilyl-1,3,5-triphospha-2,4,6,7-tetrasilabi-
cyclo[3.2.1]octane (6): To a solution of 5 (2.70 g, 4.6 mmol) in pen-
tane/dme (1:1) at —80 °C was added dropwise chlorotrimethylsilane
(0.5 g, 4.6 mmol). The reaction mixture was allowed to reach r.t.,
and the solvents are removed completely by evaporation in vacuo.
n-Pentane was added, and the solid precipitates were separated by
decantation. At —-30 °C, 6 (1.2 g, 57%) was obtained as colourless
crystals. C3H39P5Sig (456.89): caled. C 34.17, H 8.60; found C
33.52, H 8.41.

X-Ray Crystal Structure Analysis: Crystals were mounted onto the
tip of a glass fibre, and the data collection was performed with a
BRUKER-AXS SMART APEX CCD diffractometer for com-
pounds 3, 5 and 6, and a STOE four-circle diffractometer for 4.
Graphite-monochromated Mo-K, radiation (71.073 pm) was used
for the measurements. Crystal data and details of the structure re-
finement are summarized in Table 3. The data were reduced to F2,
and corrected for absorption effects with SAINT!I® and SAD-
ABS.['] The structures were solved by direct methods and refined
by full-matrix least-squares method (SHELXL97).['81 All non-hy-
drogen atoms were refined with anisotropic displacement param-
eters. All hydrogen atoms were located in calculated positions to
correspond to standard bond lengths and angles.

CCDC-637289 (for 3), -637287 (for 4), -637288 (for 5) and -637290
(for 6) contain the supplementary crystallographic data for this pa-
per. These data can be obtained free of charge from The Cambridge
Crystallographic  Data  Centre  via  www.ccdc.cam.ac.uk/
data_request/cif.

Quantum Chemical Calculations: All considered geometries were
optimized at the B3LYP/6-31G* level by using the Gaussian 03
software package.'’! The conformers with the lowest energy were
considered in the discussion with their atomic charges as defined
by Mullican.["!
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