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Synthesis and Characterisation of Novel Main Group Element Clusters with
Tin-Phosphorus, Tin-Arsenic, and Germanium-Phosphorus Skeletons
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The reaction of iPr;SiPLi, with SnCl, in the mol ratio 1:1
leads to the formation of [Sn;(PSiiPrj);] (1). The cluster
[Sng(PSiiPr3)6Cl;] (3) is obtained, if the same reaction is car-
ried out with a slight excess of the metal salt. Similar lithium
chloride elimination reactions between SnCl, and iPr3SiAsLi,
in the mol ratio 1:1 and 2:3, however, yield [Sny(AsSiiPr3);]
(2) and [Sn4(AsSiiPr3)sLis(Et,0),] (4), respectively. The metal
salt GeCl,(diox), (diox = 1,4-dioxane) reacts with iPr;SiPLi,
to give [Geg(PSiiPr3)g] (5). Compounds 1-5 were charac-

terised by NMR and IR spectroscopic techniques as well as
elemental analysis. The crystal structures were identified by
X-ray diffraction analysis, which confirmed that the heptam-
eric skeletons of 1 and 2 are structurally analogous. The Sn/
P cluster 3 contains subvalent tin atoms, while 4 forms a
Sn,Asgliy thombododecahedron and 5 a slightly distorted
hexagonal prism.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

A survey of coordination chemistry literature reveals that
besides investigations into the formation of polynuclear
complexes with the participation of transition metals,!' =3I
an increasing number of studies are currently devoted to
problems of synthesis and characterisation of cluster com-
pounds containing elements from the main groups.i! For a
better understanding of the correlation between size, struc-
ture and properties of binary semiconductor compounds,
the availability of clusters of different size and structure is
of considerable interest. However, the knowledge on 14/15
cluster compounds is still relatively scarce. For the systems
Sn/P and Sn/As there are only a few cyclic and cage com-
pounds reported to date.>-®) Even fewer examples are
known for Ge/P compounds.[”)

Different types of starting materials and synthetic meth-
ods have been described for the synthesis of tin phosphorus
and germanium phosphorus compounds. A convenient
method for the formation of Sn—P bonds is the metalation
of primary phosphanes RPH, (R = iPr3Si, rBu;Si) with
Sn[N(SiMes)-]», leading to [Sny(PSizBus),] and [Sne(PSi-
iPr3)¢] species.P>> Salt elimination reactions between
NaAsH, and Sn'Y compounds such as tBu,SnCl, have been
used for the synthesis of Sn/As compounds.[64<] Recently
Fenske and co-workers reported the catalytic transform-
ation of P(SnMe;); into the Sn/P-cage compound
[P4(SnMey)e].>
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Herein we report on the successful synthesis of new 14/15
compounds with unknown structural motifs. Simple lithium
chloride elimination reaction of iPr3;SiELi, (E = P, As) with
the metal salts SnCl, and GeCly(diox), (diox = 1,4-di-
oxane) was used in these reactions.®!

Results and Discussion

The reaction of iPr3SiPLi, with SnCl, in the mol ratio
1:1 in Et,O yields [Sn;(PSiiPr3);] (1) which can be obtained
as red crystals by cooling the reaction mixture to 0 °C. The
X-ray analysis revealed that the compound consists of seven
Sn atoms and seven PSiiPr; fragments. 1 crystallises in the
trigonal space group R3.

The cluster can be described as follows: The tin and
phosphorus atoms Snl, Snl’, Snl’’ and P1, P2, P2’, P2"’
form a heterocubane, however, the fourth Sn atom is miss-
ing. Instead of it the three P atoms P2, P2’, P2"’ are connec-
ted to the corresponding Sn atoms (Sn2, Sn2’, Sn2") which
also form an incomplete heterocubane together with P3,
P3’, P3’" and Sn3. The Sn—P bonds in 1 are 264.5 pm on
average. This value is within the range of lengths typically
observed for most of the already known Sn''/P com-
pounds.>! All of the P centres are coordinated to three tin
atoms and one triisopropylsilyl group, forming a very dis-
torted tetrahedral environment. The tin atoms possess no
exocyclic ligands and consequently only have a coordi-
nation number of three.

The compound [Sn,(AsSiiPr3);] (2) is formed by the reac-
tion of iPr;SiAsLi, with SnCl, (1:1) in diethyl ether as a
solvent. The compound crystallises isotypically into 1 (see
Figure 1). Therefore its structure will not be discussed in
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detail. The average Sn—As bond lengths are 272.8 pm. The
As—Si bond lengths are in the range of 234.5 to 238.7 pm.

All values are in the usual range for single bonds between
[6.10]

these elements.

Figure 1. Molecular structure of 1, selected bond lengths (pm) and
angles (°): Sn—P 262.3(3)—265.8(3), Si—P 225.2(6)—228.1(4);
Sn—P(1)-Sn  96.2(1), Sn(1)-P(2)—Sn(1’) 96.3(1), Sn(1)/
Sn(1)=P(2)-Sn(2)  123.3(1)-223.9(1),  Sn(2)—P(3)—Sn(2')
133.5(1), Sn(2)/Sn(2")—P(3)—Sn(3) 90.4(1)—90.6(1), P(1)—Sn(1)—
P(2)/P(2") 83.6(1)—83.8(1), P(2)—Sn(1)—-P(2") 100.6(1),
P(2)—Sn(2)—P(3)/P(3") 101.0(1)—101.3(1), P(3)—Sn(2)—P(3")
84.5(1), P—Sn(3)—P 83.4(1)

Similar heptameric structures have been found for the re-
lated imidoalanes, imidogallanes and phosphinidene-alanes
[RMER']; (M = AL: E = N, P; M = Ga: E = N).V

Surprisingly, when the corresponding reaction between
Li,PSiiPr; and SnCl, is carried out with a slight excess of
the metal salt, the compound [Sng(PSiiPr3)sCl,] (3) is ob-
tained.

In contrast to 1, 3 contains an excess of Sn relative to
PSiiPr; groups and possesses two chloride ligands. 3 crys-
tallizes in the monoclinic space group P2i/c. A formal
charge of —2 can be assigned to each of the six PSiiPr3
fragments, the two Cl ions contribute one negative charge
each. Therefore the total formal negative charge to be com-
pensated amounts to —14. Consequently, the molecule must
consist of two types of Sn atoms due to the neutrality of
the molecule. The outer Sn atoms (Snl, Sn2, Sn3, Sn4) are
in the +2 oxidation state and account for +8 of the total
formal positive charge. The remaining four tin centres (Sn5,
Sn6, Sn7, Sn8) compensate with a formal charge of +6,
indicating that a reduction process must have taken place.
These tin atoms form the structural core and exhibit three
Sn—Sn bonds. The middle bond between Sn5 and Sn6
(283.4 pm) is slightly shorter than the adjacent two Sn—Sn
bonds (Sn5—Sn7 288.8 pm, Sn6—Sn8 288.0 pm). However
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they are still in the range of normal tin-tin bonds as found
in grey tin (280 pm) or in the tin-phosphorus compound
[P5(Sn,Mey)s] (279 pm).B8l Two of the tin atoms (SnS and
Sn6) of this four-membered tin fragment are tetrahedrally
surrounded by two P and two Sn atoms. Two phosphorus
and one tin atom coordinate the other two Sn atoms (Sn7
and Sn8). The outer Sn centres (Snl, Sn2, Sn3, Sn4) are
also three-coordinate due to the coordination of either three
phosphorus atoms (Sn3 and Sn4) or two phosphorus atoms
and one chloride ligand (Snl and Sn2). These Cl ligands
are most likely oriented in this asymmetric manner as a
result of the sterically demanding /Pr;Si moieties and weak
bonding interactions between Cl1 and Sn2 (Cl1-+Sn2 dis-
tance: 303.0 pm). Assuming that the tetrahedrally sur-
rounded Sn atoms (Sn5 and Sn6) contribute four electrons
to the cluster framework, the core structure possesses 42
valence electrons for 21 bonds (dark lines in Figure 2) and
therefore the cluster is electron precise.

Figure 2. Molecular structure of 3, selected bond lengths (pm) and
angles  (°):  Sn(5)—Sn(6) 283.4(1), Sn(5)—Sn(7) 288.8(2),
Sn(6)—Sn(8) 288.0(2), Sn(1)—ClI(1) 257.2(6), Sn(2)—CI(2) 255.3(6),
Sn—P 253.8(5)—272.8(5), Si—P 226.7(5)—228.3(5); Sn(5)—Sn(6)—
Sn(8) 100.10(4), Sn(6)—Sn(5)—Sn(7) 99.05(4)

The rhombododecahedron [Sny(AsSiiPr3)sLis(Et,0),] (4,
Figure 3) can be isolated if the reaction of SnCl, with
iPr3SiAsLi, is carried out in the ratio 2:3.

Two four-membered Sn,As, rings are observed in the
molecule. The Sn atoms are three-coordinate. The As atoms
reveal a coordination number of five. These rings are
bridged by the As centres As3 and As3’. The resulting
SnyAse skeleton carries a formal charge of —4, which is
compensated by four Li counterions. Each Li ion binds to
one As atom of the two Sn,As, rings and to one of the
bridging As centres. Lil and Lil’ are further coordinated
by one diethyl ether molecule each. The Sn''—As bonds in
4 are 274.1 pm on average and are therefore longer than the
representative Sn'V—As bonds (263.1—261.5 pm) in the
ring compounds (tBu,SnAsH), and (tBu,SnAsSi-
Me;),.[086<1 A Sn—As bond length of 270—277 pm, how-
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Figure 3. Molecular structure of 4, selected bond lengths (pm) and
angles (°): Sn—As 272.0(4)—278.8(2), As—Si 234.6(3)—236.7(4),

As—Li ~ 257(2)-279(2);  Sn(l)-As(1)-Sn(2)  85.37(4).
Sn(1)~As(2)—Sn(2) 85.44(4) Sn(1')—As(3)-Sn(2) 137.49(4),
As(1)-Sn(1)—As(2) 91.34(4), As(1)—Sn(1)—As(3") 90.64(5).
As(2)-Sn(1)—As(3’) 98.25(4), As(1)-Sn(2)—As(2) 91.86(4),

As(1)—Sn(2)—As(3) 99.41(4), As(2)—Sn(2)—As(3) 91.87(4)

ever, can be observed in the cyclic arsanylstannylene
[Sn{As(SiMes),},]» and [Sn(AstBu,)Cl], (4] as well as in
2. A similar rhombododecahedral structure is observed
for the related tin-phosphorus compound [Sny(PCy)s-
{Li(THF)},4] and the aluminium-arsenic compound [(HAI)4-
(AsSiiPr3)¢Lis(Et,0),].11

Figure 4. Molecular structure of 5, selected bond lengths (pm) and
angles (°): Ge—P 241.6(2)—248.7(2), P—Si 226.6(3)—227.9(2);
Ge—P—Ge(four-membered ring): 90.78(5)—92.69(4), Ge—P—
Ge(six-membered ring): 135.14(7)—137.67(9), P—Ge—P(four-
membered ring): 85.84(6)—88.83(7), P—Ge—P(six-membered
ring): 10071(6)—103.48(6)
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[Ges(PSiiPr3)e] (5, Figure 4) is obtained from the reaction
of iPr;SiPLi, with GeCl,(diox),. The compound crystallises
in the triclinic space group P1 with two independent inver-
sion symmetric molecules in the elementary cell. They differ
insignificantly; therefore only one of them will be discussed.

The Ge and P atoms form a distorted hexagonal prism,
in which all of the Ge centres are coordinated trigonal-pyr-
amidally by three P atoms. The P atoms are surrounded by
one triisopropylsilyl group and three Ge atoms. The average
Ge—P distances within each Ge;P; plane (242.5 pm) are
slightly shorter than the corresponding Ge—P distances be-
tween the Ge;P; rings (247.7 pm). These values are larger
than the corresponding GeV—P distances in [tBuMes-
GePH], (234.6 pm) but shorter than the Ge''—P bonds in
[Ge(PtBu,)Cl], (248.8—249.3 pm).l"l The molecular struc-
ture of 5 is analogous to the tin compounds [Sne(ESiiPr3)g]
(E = P, As) and the lead arsenic compound [Pbg(AsSi-
iPr3)6].[5°“6b*12]

Experimental Section

All manipulations were carried out under rigorous exclusion of
oxygen and moisture, using a Schlenk line and nitrogen atmos-
phere. All solvents were dried and freshly distilled before usage.
The starting materials iPr;SiPH,, iPr;SiAsH,, GeCl,(diox), were
prepared according to the relevant instructions found in the litera-
ture.['3 SnCl, was obtained from Aldrich and used as received. The
'H and 3'P NMR spectra were recorded with a Bruker AC 250
spectrometer. All isolated compounds gave C,H analyses consistent
with their formulas. In the IR spectra the typical peaks of the iPr;Si
groups are observed.

1: A butyllithium solution (1.25 mL, 1.6 m; 2 mmol) was added to
a solution of iPr3SiPH, (0.19 g, 1 mmol) in Et,O (10 mL) at 0 °C.
After stirring for 10 min, this solution was added to a suspension
of SnCl, (0.19 g, 1 mmol) in Et,O (15mL) at 0 °C. The reaction
mixture was allowed to warm up to ambient temperature and then
stirred for an additional 16 hours. The resulting red solution was
filtered to remove the precipitated LiCl and cooled to 0 °C. Red
crystals of 1 formed over a period of 5 days. Yield: 0.1 g (32%).
Cg3H 47P7S178n; (2149.11): caled. C 35.21, H 6.89; found C 34.63,
H 6.60. "H NMR ([Dg]toluene): & = 1.0—1.5 (m, iPr) ppm. 3'P{'H}
NMR ([Dg]toluene): 6 = —243.9 (s), —294.9 (s), —373.0 (s) ppm.

2: BuLi (1.63 mL, 1.6) was added at 0 °C to a solution of iPr;Si-
AsH, (0.31 g, 1.3 mmol) in Et,O (10 mL). This solution was added
at 0 °C to a suspension of SnCl, (0.25¢g, 1.3 mmol) in Et,O
(10 mL). The purple red mixture was stirred for an additional 18 .
The resulting red solution was filtered to remove the precipitated
LiCl and cooled to 0 °C. Red crystals of 2 formed over a period of
S days. Yield: 0.13 g (28.5%). C¢3H47A87S1,Sn, (2457.74): caled. C
30.80, H 6.03; found C 30.11, H 5.99. 'H NMR (C¢D¢): & =
1.0—1.5 (m, iPr) ppm.

3: A butyllithium solution (1.19 mL, 1.6 M) was added to a solution
of iPr3SiPH, (0.18 g, 0.95 mmol) in Et,O (S5mL) at 0 °C. After
warming to room temperature, the solution of iPr;SiPLi, was ad-
ded to a suspension of SnCl, (0.22 g, 1.16 mmol) in Et,O (20 mL)
at 0 °C. Subsequently, the red mixture was warmed to ambient
temperature while stirring and then agitated overnight. The re-
sulting red solution was filtered to remove the precipitated LiCl
and cooled to 0 °C. Red crystals of 3 formed over a period of 5
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Table 1. Crystallographic data of 1—5[%

Compound 1 2 3 4 5

Formula Cy3H,47P-Si;Sn, Cy3H,47A5,Si,Sn, Cs4H26C1,P4SisSng CyrH46A86Li140,SisSny Cs4H26GegPeSig
Space group R3 R3 P2,/c P2,/n Pl

V4 6 6 4 2 2

Temperature 200 K 200 K 200 K 200 K 200 K

Lattice constants a = 2058.3(3) pm
b = 2058.3(3) pm

¢ = 4000.0(8) pm

a = 2068.9(3) pm
b = 2068.9(3) pm
¢ = 4067.6(8) pm

o = 90° a = 90°

B = 90° B =90°

v = 120° v = 120°
Volume 14676(4) A3 15078(4) A3
Density 1.459 g/cm? 1.623 g/cm?
20 range 2.5-50° 2.5—-44°
Reflections measured 13564 15285
Independent reflections 5676 (R;,; = 0.0423) 4082 (R, = 0.0313)
Ind. reflections with 3993 3490
F, > 4o(F,)
Parameter 253 244
w(Mo-K,) 1.988 mm~! 4.107 mm~!
R1 0.0593 0.0460
wR2 (all data) 0.1975 0.1557
Residual electron density 2.164 /A3 1.357 /A3

a = 2258.9(5) pm
b = 1376.4(3) pm
¢ = 2782.4(6) pm

a = 1440.9(3) pm
b = 2296.7(5) pm
¢ = 1453.0(3) pm

a = 1402.8(3) pm
b = 1497.1(3) pm
¢ = 1927.9(4) pm

o = 90° o = 90° a = 80.02(3)°
B = 100.56(3)° B = 109.53(3)° B = 80.74(3)°
y = 90° y = 90° y = 76.80(3)°
8504(3) A3 4532(2) A3 3851(1) A3
1.679 g/cm? 1.498 g/cm? 1.350 g/cm?
3-48° 3.5-45° 3-48°

23804 16732 17306

12372 (Rin = 0.0695) 5743 (Rin, = 0.1451) 11709 (Rin = 0.0551)
6210 4176 7019

685 354 649

2.599 mm~! 3.375 mm~! 2.560 mm~!
0.0556 0.0630 0.0458
0.1349 0.1699 0.1081

2.201 e/A? 0.952 /A3 0.953 /A3

days. Yield: 0.1 g (30%). Cs4H26ClP6SigSng (2150.4): caled. C
30.16, H 5.92; found C 30.89, H 6.43. '"H NMR ([Dgltoluene): & =
1.2—1.4 (m, iPr) ppm. 3'P{'H} NMR ([Dg]toluene): § = —372.3
(s) ppm.

4: BuLi (1.23 mL, 1.6 M) was added dropwise to a solution of
iPr3SiAsH, (0.23 g, 0.98 mmol) in Et,O (10 mL) at 0 °C. The re-
sulting yellow solution was added at 0 °C to a suspension of SnCl,
(0.12 g, 0.65 mmol) in Et,O (15 mL).The purple red mixture was
stirred for an additional 16 h and then filtered. After cooling of the
solution to 0 °C 4 was obtained as violet crystals. Yield: 0.09 g
(27%). Elemental analysis after drying in vacuo. CsyH;,6As¢Li4S-
i¢Sny (1896.16): caled. C 34.21, H 6.70; found C 34.17, H 6.853. 'H
NMR (C¢Dg): 6 = 0.8—1.4 (m, iPr) ppm.

5: BuLi (0.99 mL 1.6 m) was added at 0 °C to a solution of
iPr3SiPH, (0.15 g, 0.79 mmol)in Et,O (5 mL). This solution was
added at 0 °C to a suspension of GeCl,(diox), (0.25 g, 0.79 mmol)
in Et,O (20 mL). The orange mixture was stirred overnight and
than filtered. After cooling of the solution to 0 °C 5 was obtained
as orange crystals. Yield: 0.05 g (24%). Cs4H 56GePsSig (1565.49):
caled. C 41.43, H 8.11; found C 40.56, H 7.81. 3'P("H) (C¢Dy): 6 =
—323.3 (s) ppm. 'H(C¢Dy): & = 142 [d, 3Jyuy = 7.5Hz,
CH(CHs),], 1.82 [sept, *Jyu = 7.5 Hz, CH(CHs),] ppm.
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