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Abstract

The trimeric diphenyltin chalcogenides (Ph2SnE)3 (E�/S (1), Se (2), Te(3)) have been synthesized by reaction of Ph2SnCl2 with

Li2E and characterized by multinuclear NMR spectroscopy (1H, 13C, 119Sn, 77Se and 125Te) as well as crystal structure analyses. The

three compounds crystallize in the monoclinic space group P21/n and show central six-membered rings Sn3E3 in twisted boat

conformations. For 1 density functional theory (DFT) calculations at the B3LYP/6-31G* level of theory have revealed the twisted

boat conformation as the global minimum. Additionally a boat conformation (�/3.4 kJ mol�1) and a chair conformation (�/7.9 kJ

mol�1) have been calculated. The mutual repulsion of the phenyl rings in the chair conformation is also evident from the increased

bond angles of the Sn3S3 ring in 1. # 2002 Published by Elsevier Science B.V.
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1. Introduction

There is a considerable interest in the chemistry of

organotin chalcogenides which arises, in part, from their

possible application as precursors in the formation of tin

chalcogenides [1], which are semiconductors with band

gaps of 1.2 eV (SnS), 0.9 eV (SnSe) and 0.2 eV (SnTe)

[2]. Trimeric dimethyl tin chalcogenides have been

prepared by reaction of Me2SnCl2 with Na2S [3], H2Se

[4] or NaHTe [5], respectively. In the case of the bulky
tBu substituents, i.e. tBu2SnCl2, the reactions with Na2E

(E�/S, Se, Te) yield the dimeric compounds (tBu2SnE)2

revealing planar four-membered ring Sn2E2 [6].

Five-membered ring compounds Me4Sn2(E)2SnMe2

have been obtained in the reaction of Me2SnH2 with

elemental E in the presence of dimethylformamide [7].

The molecular structure analysis of the selenium com-

pound has revealed an envelope conformation with the

distannane unit and the two selenium atoms in one

plane [8].

In contrast, the molecular structure analyses of the

six-membered ring compounds (Me2SnE)3 have shown

that the Sn3E3 rings have twisted boat conformations.

Two modifications of (Me2SnS)3 have been described, a

monoclinic form which is observed by sublimation at

80 8C/14 torr [3] and a tetragonal modification (space

group P41212, obtained by crystallization from solution)

with C2 symmetry of the molecule [9]. The latter

modification has also been observed for the selenium

compound [4] while (Me2SnTe)3 shows almost C2

symmetry and crystallizes in Pnma [5].

(Ph2SnS)3 (1) crystallizes in P21/n [10�/12], also

revealing a central six-membered ring Sn3S3 in a twisted

boat conformation. Analogous conformations have also

been found for the homologous (Ph2PbS)3 [12] and for

trans -(PhMeSiS)3 [13], so far the only known crystal

structure with an unfused Si3S3-ring. The crystal struc-

tures of the selenium and tellurium derivatives

(Ph2SnSe)3 (2) and (Ph2SnTe)3 (3) have been unknown

so far, however the formation of 2 has been described in

Ref. [1]. In this work we want to report on the syntheses,

NMR data and molecular structures of 1�/3. The

molecular structure of 1, determined by X-ray analysis,

will be compared with results of density functional
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theory (DFT) calculations of different conformations of

the central Sn3S3 ring.

2. Results and discussion

The trimeric diphenyltin chalcogenides 1�/3 have been

prepared according to Eq. (1):

ð1Þ
It had been stated previously that reactions of

chlorosilanes and stannanes with commercially available

alkali chalcogenides frequently gave very poor yields [1].

Therefore, the applied Li2E has been prepared in situ

from Li[BEt3H] and the corresponding chalcogen:

ð2Þ
The three compounds have been identified by NMR

spectroscopy, the observed NMR data including cou-

pling constants are summarized in Tables 1 and 2.

Compared with the NMR data of the corresponding

methyl compounds (Me2SnE)3 [14,15] the 119Sn as well

as the 77Se- and 125Te-NMR resonances are shifted to

higher field while the coupling constants 1JSnE and
2JSnSn remain almost unchanged (increase by 3�/5%),

see Fig. 1.

As discussed in Ref. [15] dTe and 1JSnTe parallel dSe

and 1JSnSe by factors between 2.2 and 2.6. Due to the

change from sp30/sp2 carbon atoms the s bond order

and hence the value of the 1JSnC coupling constant

increases by a factor of 1.6 from (Me2SnE)3 to 1�/3 for

the same E, see Table 2 and Ref. [15].
Compounds 1�/3 could be crystallized from toluene/

hexane solutions, and crystal structure analyses were

performed from all three compounds, see Figs. 2�/4.

The obtained structure of 1 was identical with the one

published in Refs. [11,12], but the data were taken at

�/100 8C like for 2 and 3 exhibiting slightly different

cell constants and hence different bond lengths and

angles for 1. All three compounds crystallize in the space

group P21/n , but while 1 and 2 are isomorphous, the
orientation of the molecules in the unit cell is different in

the tellurium compound 3, see Figs. 5 and 6. This causes

the different orientations of the phenyl rings in 3 in

comparison with 1 and 2 (see Figs. 2�/4).

All three compounds reveal a central six-membered

ring Sn3E3 adopting a twisted boat conformation.

Selected bond lengths, angles and dihedral angles are

summarized in Tables 3�/5.
The Sn�/E bond lengths are in good agreement with

the values found for the corresponding methyl deriva-

tives and close to the calculated bond lengths for Sn�/E

single bonds, Sn�/S: 2.39 Å, Sn�/Se: 2.53 Å and Sn�/Te:

2.73 Å [16]. The angles Sn�/E�/Sn are all smaller than the

ideal tetrahedral angle and decrease in the order S�/

Se�/Te (average of 104.74, 101.98 and 97.428). The

dihedral angles within the central Sn3E3 rings are close
to the sequence �/81, �/82, �/(81�/82), �/81, �/82,

�/(81�/82) which would be an ideal twisted boat

conformation with C2 symmetry.

DFT calculations at the B3LYP/6-31G* level of

theory have been carried out for 1. As expected, a

twisted boat conformation of the central six-membered

ring Sn3S3, see Fig. 7, is obtained as the global

minimum, similar to the geometry found in the crystal
structure of 1. Only the orientation of the phenyl rings

differs slightly as a result of crystal packing effects.

Additionally a chair conformation, also depicted in Fig.

7, could be localized. The vibrational analysis yielded

one negative vibration of �/7.9i cm�1. This vibration

corresponds to a rotation of one of the phenyl rings and

may be related to the limited accuracy of the calculation

at this level. Furthermore an only slightly twisted boat
conformation has been calculated which is only by 3.4

kJ mol�1 higher in its total energy than the global

minimum. However, this conformer slowly turns into

the twisted boat conformation during optimization and

cannot be regarded as a minimum. But this structure

gives an idea of the energy differences caused by the

three possible conformations of the central six-mem-

bered ring.
The geometry (bond lengths, bond angles, dihedral

angles) of the Sn3S3 ring in the three calculated

conformations of 1 are summarized in Tables 6�/8.

The calculated geometry of twist-boat-1 is in good

agreement with the data of the crystal structure analysis

however the calculated Sn�/S bonds are in average 0.02 8

Å longer and the angles Sn�/S�/Sn are 2�/48 larger. The

dihedral angles of a six-membered ring follow the
sequence 0, �/8, �/8, 0, �/8, �/8 in a boat conforma-

tion and the sequence �/8, �/8, �/8, �/8, �/8, �/8 in a

chair conformation, which can be approximated from

the values in Table 8.

Table 1
77Se-, 125Te- and 119Sn-NMR chemical shifts (ppm) and coupling

constants (Hz) of (Ph2SnE)3 (1�/3)

E dE dSn
1JSnE

2J119Sn117Sn

1 S �/ 18 �/ 215

2 Se �436 �43 1324 238

3 Te �991 �201 3369 252
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3. Experimental

3.1. NMR spectroscopy

All NMR spectra were recorded on a Bruker DPX

400 in CDCl3 solution and TMS as internal standard for
1H and 13C. 77Se, 125Te and 119Sn spectra were recorded

using an igated pulse program. External Me4Sn, Ph2Se2

(dSe: 460 ppm) Ph2Te2 (dTe: 422 ppm) in CDCl3 were

used as standards for 119Sn 77Se and 125Te.

3.2. Crystal structure analyses

X-ray structure analyses measurements were per-

formed on a Bruker SMART CCD. Crystal data of

1�/3 as well as data collection and refinement details are
given in Table 9.

The unit cells were determined with the program

smart [17]. For data integration and refinement of the

Table 2
13C- and 1H-NMR chemical shifts (ppm) and Sn�/C coupling constants (Hz) of 1�/3

E dC dH

ipso 1JSnC ortho 2JSnC meta 3JSnC para 4JSnC ortho meta�para

1 S 140.6 632 135.4 53 128.7 71 129.8 15 7.51 7.26

2 Se 140.0 580 135.5 53 128.6 67 129.7 14 7.48 7.28

3 Te 137.5 486 135.6 51 128.5 62 129.4 15 7.46 7.15

Fig. 1. 119Sn-NMR chemical shift in (R2SnE)3 as a function of the

element E (S, Se, Te) for R�/Me [15] and Ph (1�/3).

Fig. 2. ORTEP plot of the molecular structure of 1.

Fig. 3. ORTEP plot of the molecular structure of 2.
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unit cells the program saint [17] was used. The space

groups were determined using the programs xprep [17].

All data were corrected for absorption using sadabs [18].

The structures were solved using direct methods (sir-97

[19]), refined using least-squares-methods (shelx-97 [20])

and drawn using diamond [21]. The ellipsoides at the

nonhydrogen atoms are shown at the 50% probability
level.

3.3. DFT calculations

The ab initio molecular orbital calculations of 1 were
carried out using the GAUSSIAN-98 series of programs

[22]. Geometries were fully optimized at the density

functional theory level (DFT), using Becke’s three-

parameter hybrid exchange functional and the correla-

tion functional of Lee, Yang and Parr (B3LYP) [23,24].

Fig. 4. ORTEP plot of the molecular structure of 3.

Fig. 5. Orientation of the four molecules of 2 in the unit cell. The

carbon and hydrogen atoms are omitted for clarity. Compound 1

crystallizes isomorphously yielding an almost identical picture.

Fig. 6. Orientation of the molecules of 3 in the unit cell. Dashed bonds

connect atoms outside the drawn unit cell. The carbon and hydrogen

atoms are omitted for clarity.

Table 3

Selected bond distances (Å) of 1�/3

Atoms 1 (E�S) 2 (E�Se) 3 (E�Te)

Sn(1)�/E(1) 2.402(1) 2.520(1) 2.725(1)

Sn(1)�/E(3) 2.408(1) 2.538(1) 2.734(1)

Sn(2)�/E(1) 2.401(1) 2.521(1) 2.738(1)

Sn(2)�/E(2) 2.425(1) 2.546(1) 2.740(1)

Sn(3)�/E(2) 2.400(1) 2.521(1) 2.720(1)

Sn(3)�/E(3) 2.399(1) 2.521(1) 2.730(1)

Sn(1)�/C(1) 2.128(3) 2.132(5) 2.143(8)

Sn(1)�/C(7) 2.130(3) 2.137(5) 2.118(7)

Sn(2)�/C(13) 2.118(3) 2.121(5) 2.148(8)

Sn(2)�/C(19) 2.131(3) 2.139(5) 2.127(8)

Sn(3)�/C(25) 2.136(3) 2.133(5) 2.150(8)

Sn(3)�/C(31) 2.134(3) 2.149(5) 2.146(8)

Table 4

Bond angles (8) of the central six-membered ring of 1�/3

Atoms 1 (E�S) 2 (E�Se) 3 (E�Te)

E(1)�/Sn(1)�/E(3) 109.67(3) 111.74(3) 115.93(3)

E(1)�/Sn(2)�/E(2) 111.90(3) 113.71(2) 115.48(3)

E(2)�/Sn(3)�/E(3) 111.91(8) 112.95(2) 113.14(3)

Sn(1)�/E(1)�/Sn(2) 103.56(3) 101.15(3) 98.69(3)

Sn(2)�/E(2)�/Sn(3) 105.69(3) 103.11(3) 97.74(4)

Sn(1)�/E(3)�/Sn(3) 104.96(3) 101.68(2) 95.82(3)

H. Lange et al. / Journal of Organometallic Chemistry 660 (2002) 43�/4946



Geometry optimizations, harmonic frequencies, and
zero-point vibrational energies were calculated with

the polarized 6-31G* basis set for C, H and S [25,26]

and with effective core potentials for Sn [27]. Twist-boat

1 has a total energy of �/2594.717999 H and a zero-

point vibrational energy of 0.549297 H, for the chair

conformation of 1 we found a total energy of

�/2594.714964 H and a zero-point vibrational energy

of 0.549170 H. For the boat conformation we stopped
the optimization at a total energy of �/2594.716718 H.

Further optimization led to the twist-boat conformer of

1.

3.4. Starting materials

S, Se, 1 M Li[BEt3H] in THF (super hydride) and

Ph2SnCl2 were commercially available. THF was dis-

tilled from sodium potassium alloy prior to use. The

other solvents were dried over KOH or sodium wire. All

reactions were carried out under argon applying stan-

dard Schlenk techniques.

3.5. Preparation of (Ph2SnE)3 (1�/3)

E (S, Se, Te, 2 mmol) was dissolved in 4 ml of a 1 M

solution of Li[BEt3H] in THF forming a Li2E solution.

Table 5

Dihedral angles (8) of 1�/3

Atoms 1 (E�S) 2 (E�Se) 3 (E�Te)

Sn(1)�/E(1)�/Sn(2)�/E(2) 36.99(4) 35.39(3) 34.88(4)

E(1)�/Sn(2)�/E(2)�/Sn(3) 29.56(4) 30.35(3) 29.64(4)

Sn(2)�/E(2)�/Sn(3)�/E(3) �71.26(4) �74.09(3) �83.18(4)

E(2)�/Sn(3)�/E(3)�/Sn(1) 33.73(4) 36.24(3) 48.06(3)

Sn(3)�/E(3)�/Sn(1)�/E(1) 39.39(4) 40.48(4) 35.02(3)

E(3)�/Sn(1)�/E(1)�/Sn(2) �78.13(4) �79.02(4) �77.93(4)

Fig. 7. Geometries and relative total energies of the three calculated conformations of 1. The hydrogen atoms are omitted for clarity.

Table 6

Calculated bond distances (Å) of the three conformers of 1

Atoms Twisted boat Boat Chair

Sn(1)�/S(1) 2.434 2.429 2.428

Sn(1)�/S(3) 2.432 2.430 2.437

Sn(2)�/S(1) 2.437 2.438 2.436

Sn(2)�/S(2) 2.438 2.431 2.428

Sn(3)�/S(2) 2.433 2.432 2.434

Sn(3)�/S(3) 2.433 2.436 2.427

Average 2.434 2.433 2.432

Table 7

Calculated bond angles (8) of the three conformers of 1

Atoms Twisted boat Boat Chair

S(1)�/Sn(1)�/S(3) 111.4 112.7 113.1

S(1)�/Sn(2)�/S(2) 110.7 111.6 112.6

S(2)�/Sn(3)�/S(3) 110.9 111.9 113.6

Sn(1)�/S(1)�/Sn(2) 107.8 108.2 111.5

Sn(2)�/S(2)�/Sn(3) 108.0 109.7 111.8

Sn(1)�/S(3)�/Sn(3) 107.2 108.7 112.0

Table 8

Calculated dihedral angles (8) of the three conformers of 1

Atoms Twisted boat Boat Chair

Sn(1)�/S(1)�/Sn(2)�/S(2) �33.8 �9.0 �53.4

S(1)�/Sn(2)�/S(2)�/Sn(3) �31.1 �61.8 �52.5

Sn(2)�/S(2)�/Sn(3)�/S(3) �71.5 �51.8 �51.2

S(2)�/Sn(3)�/S(3)�/Sn(1) �36.0 �7.7 �50.3

Sn(3)�/S(3)�/Sn(1)�/S(1) �32.3 �62.5 �51.1

S(3)�/Sn(1)�/S(1)�/Sn(2) �70.8 �52.9 �52.7
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Ph2SnCl2 (2 mmol, 0.69 g) was dissolved in 1 ml toluene

and added to the Li2E solution. After stirring overnight
the solvents were removed in vacuo and replaced by 10

ml toluene. After filtration from precipitated lithium

salts the solvent was removed in vacuo yielding 1�/3 as

crystalline residues in approximately 70% yield which

then were recrystallized from toluene/hexane mixtures to

give single crystal suitable for X-ray analysis.

4. Supplementary material

Crystallographic data (excluding structural factors)
for the structural analysis have been deposited with the

Cambridge Crystallographic Data Centre, CCDC nos.

185227 (1), 185228 (2) and 185229 (3). Copies of this

information may be obtained free of charge from The

Director, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (Fax: �/44-1223-336033; e-mail: deposit@

ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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Table 9

Crystal data of 1�/3 as well as data collection and refinement details

1 2 3

Empirical formula C36H30S3Sn3 C36H30Se3Sn3 C36H30Sn3Te3

Crystal shape Block Block Flat rod

Crystal color Colorless Colorless Yellow

Crystal size (mm) 0.40�0.30�0.20 0.40�0.30�0.20 0.30�0.08�0.04

Formula weight 914.85 1055.55 1201.47

Crystal system Monoclinic Monoclinic Monoclinic

Space group P21/n P21/n P21/n

Unit cell dimensions

a (Å) 12.104(3) 12.133(4) 10.182(4)

b (Å) 21.611(4) 22.066(7) 16.423(6)

c (Å) 13.542(3) 13.649(4) 21.939(8)

b (8) 94.940(5) 95.63(1) 93.819(8)

V (Å3) 3529.3(12) 3637(2) 3660(2)

Z 4 4 4

Dcalc (g cm�3) 1.722 1.928 2.180

Linear absorption coefficient

(mm�1)

2.307 5.070 4.398

T (K) 173(2) 173(2) 173(2)

Scan method v scans v scans v scans

Absorption correction Empirical Empirical Empirical

Max./min. transmission 0.6554/0.4588 0.4304/0.2363 0.8437/0.3521

Measured reflections 17549 18012 18164

Independent reflections 8917 8342 10352

Observed reflections 7014 5463 5631

Rint 0.0257 0.0492 0.0575

u Range for collection (8) 1.78�/30.92 1.76�/31.02 1.55�/30.93

Index ranges �125h 517, �145k 530,

�185 l 515

�155h 516, �55k 531,

�155 l 513

�45h 514, �105k 523,

�315 l 531

Completeness to umax (%) 79.7 71.8 89.3

Final R1/wR2 a (I �2s (I )) 0.0297/0.0610 0.0381/0.0669 0.0469/0.0873

Final R1/wR2 a (all data) 0.0443/0.0652 0.0777/0.0764 0.1187/0.1065

Goodness-of-fit (S ) b on F2 0.977 0.936 0.919

H-locating and refining Geom./constr. Geom./constr. Geom./constr.

Max./min. electron density

(e Å�3)

0.438/�0.783 0.656/�0.600 1.243/�1.136

a R1�a(jjFoj�jFcjj)/ajFoj, wR2� [a(w (Fo
2�Fc

2)2)/a(wFo
2)]1/2), w�1/[s2(Fo

2)�(aP )2�bP ] where P� (Fo
2�2Fc

2)/3.
b S� [a w (Fo

2�Fc
2)2]/(n�p )1/2, n�used reflections, p�used parameters.
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[4] M. Dräger, A. Blecher, J. Organomet. Chem. 161 (1978) 319.

[5] A. Blecher, M. Dräger, Angew. Chem. 91 (1979) 740.

[6] H. Puff, R. Gattermayer, R. Hundt, R. Zimmer, Angew. Chem.

89 (1977) 556.

[7] B. Mathiasch, Z. Anorg. Allg. Chem. 432 (1977) 269.
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