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A series of germanium(I1) thiolato and selenolato complexes were prepared by metathesis reactions of germanium 
dibromide with the sodium salts of benzenethiol, benzeneselenol, and ethanedithiol in mixed diethyl ether-methanol 
solutions. Thecrystalline products [Et4N] [Ge(SPh)3] (l) ,  [ P W ]  [Ge(SePh)3] (2), and [ P ~ ~ P ] ~ [ G ~ z ( S C H Z C H Z S ) ~ ]  
(3) contain the first anionic germanium(I1) complexes featuring trigonal pyramidal Ge%3 or Ge%e3 cores, and 
all were structurally characterized by X-ray crystallography. Both 1 and 2 crystallize from hot methanol or acetonitrile 
in the monoclinic space group P21/c with unit cell dimensions a = 18.374(4) A, b = 9.052(2) A, c = 17.595(4) A, 
j3= 113,04(3)O, V=2693A3,andZ=4for lands= 10.665(3)A,b= 17.204(4)A,c= 20.345(6)A,@= 105.34(2)', 
Z = 4, and V = 3616 A3 for 2. The dinuclear complex 3 crystallizes from hot methanol in the triclinic space group 
Pi with u = 9.593(2) A, b = 10.232(2) A, c = 13.880(3) A, a = 105.78(2)O, j3 = 91.90(2)O, 7 = 106.62(2)O, Z 
= 1, and V = 1247 A3. The molecular anions of 1-3 contain stereochemically active Ge lone pairs, and bond angles 
at germanium are 87.6(1)-102.2(1)' (for 1 and 2) and 90.1(1)-100.9(1)0 (for 3). The tetrahedrally coordinated 
germanium(1V) derivatives Ge(S-4-MeCaHd)d (4) and Ge(Se-2,4,6-Me3CsH~)~ (5) were also synthesized and 
structurally characterized: Orthorhombic4crystallizes in thespacegroupPbcu with a = 16.660(2) A, b = 16.325(3) 
A, c = 19.962(3) A, V =  5429 A3, and 2 = 8. 5 forms monoclinic crystals (space group PZl/n) with a = 12.627(4) 
A, b = 21.803(6) A, c = 13.1 19(4) A, j3 = 106.16(2)', V =  3469 A3, and Z = 4. The mononuclear complexes with 
tetrahedrally coordinated germanium(1V) show slight distortions from ideal T d  symmetry. The germanium(I1) and 
germanium( IV) complexes are characterized by infrared and Raman spectroscopy. 

Introduction 

Some recent work in this laboratory has focused on the synthesis 
and characterization of novel thiolate and selenolate complexes 
that involve heavier group 13 (Tl) and group 14 elements (Pb, 
Sn) of lower Our interest in thechemistry of heavier 
main group metal thiolates and selenolates has arisen largely 
from their utility as potential "single-source" precursors to binary 
111-VI or IV-VI semiconductor materials.4-6 While there is an 
intensesearch for alternative precursors for 11-IV semiconductor 
materials: new sources for 111-VI or IV-VI materials are only 
now beginning to be developed.8 Moreover, the use of complexes 
of subvalent group 13 or group 14 elements is of further interest 
because they contain a site of latent reactivity, the lone pair, 
which may react with other organometallic moieties to form 
heterobimetallic species of fixed stoichiometry.9 In the course 

of this work, we have now concentrated our attention on the 
development of low molecular mass anionic thiolate and selenolate 
complexes of divalent germanium that might serve as possible 
precursors for the production of small band gap chalcogenide 
surface films. 

While germanium(1V) chalcogenide and chalcogenolate com- 
pounds have come under increased investigation in the past several 
years,"J it is somewhat surprising that there have been relatively 
few studies of the analogous chemistry of divalent germanium. 
However, some compounds of the type Ge(SR)2 (SR = thiolate 
ligand)11J20r Ge(S2P(Me)2)13 have been reported. Very recently 
a monomeric selenogermylene has been reported which is 
stabilized by coordination of the 4s lone pair of germanium by 
a transition metal acceptor.14 In contrast, trigonal pyramidal 
thiolate or selenolate complexes of the type [Ge(SR)3]- or 
[Ge(SeR)& have not been characterized yet. 
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Ge(I1) and Ge(1V) Thiolates and Selenolates 

In attempts toward the synthesis of novel germanium(I1) 
complexes with thiolate and selenolate ligands, we were successful 
in obtaining three such complexes employing germanium dibro- 
mide as a starting agent. We report here the syntheses and the 
structures of the first germanium(I1) thiolate and selenolate 
complexes with trigonal pyramidal Ge11S3 and GeWe3 cores. We 
further present the crystal structures of two germanium(1V) 
complexes with thiolate and selenolate ligands as well as their 
infrared and Raman spectra. 

Experimental Section 
GeBr2,lS GeBr4,I5 benzeneselenol,16 and 2,4,6-trimethylbenzenesele- 

no116 (mesityleneselenol) were prepared according to published procedures. 
Germanium was a gift from Preussag AG. All other reagents were 
obtained commercially. All manipulations were carried out under a dry 
atmosphere of nitrogen employing standard Schlenk techniques or a 
glovebox. The solvents MeOH, EtzO, and MeCN (Merck) were predried 
over molecular sieves and freshly distilled from appropriate drying agents. 

Preparation of Germanium(I1) Compounds. Complexes 1-3 were 
prepared by metathesis reactions of the sodium salts of benzenethiol, 
benzeneselenol, or ethanedithiol with germanium dibromide at room 
temperature. In a typical reaction, solutions containing 9 mmol of the 
deprotonated ligands in 10 mL of methanol were added dropwise to a 
stirred solution of germanium dibromide (0.700 g, 3 mmol (for 1 and 2); 
1.39 g, 6 mmol (for 3)) in 15 mL of diethyl ether. The resulting solutions 
were stirred for 5 min and then were filtered. After addition of solutions 
of Et4NBr (0.63 g, 3 mmol (for 1)) or Ph4PBr (1.260 g, 3 mmol (for 2); 
and 2.520 g, 6 mmol (for 3)) in 5 mL of methanol, 1-3 deposited as 
microcrystalline products. Crystals suitable for single-crystal X-ray 
structure determination were obtained by recrystallization from methanol 
(1, 3) or acetonitrile (2). 

[EtNIGe(SPh)j] (1). The crude product was purified by recrystal- 
lization from methanol: colorless plates; yield 1.24 g (78%); mp 82 OC 
dec. Anal. Calcd for C26H&GeS3: C, 58.88; H, 6.65; N, 2.64. 
Found: C, 58.79; H, 6.83; N, 2.74. 

[pb,pIGe(SePh)~] (2). The crude product was purified by recrys- 
tallization from acetonitrile: yellow cubes; yield 1.72 g (65%); mp 173- 
174 "C dec. Anal. Calcd for C42HjsGePSe3: C, 57.31; H, 4.01. Found: 
C, 57.20; H, 4.12. 

[P I I .@]~G~~(SCH~CH~~) , ]  (3). During the addition of the ligand, a 
yellow precipitate formed as an intermediate which disappeared when 
addition was complete. The light yellow solution was stirred for 5 min 
and then was filtered. Thecrude product was purified by recrystallization 
from methanol: yellow cubes; yield 2.24 g (68%); mp 148-150 "C dec. 
Anal. Calcd for C S ~ H J ~ P ~ G ~ ~ S ~ :  C, 58.39; H, 4.76. Found: C, 58.81; 
H, 4.64. 

Preparation of Germanium(1V) Compounds. Ge(S-4-MeCd4)d (4). 
This compound was prepared according to the procedure described in ref 
17. The crude solid was recrystallized from toluene to give 4 as white 
needles in 88% yield (1 .OO g); mp 110 OC. Anal. Calcd for C28HzgGeS4: 
C, 59.48; H, 4.99. Found: C, 59.30; H, 4.92. MS: m/e 566 (M+, 18) 
443 (M+ - (SR), 20), 320 (M+ - (SR)2, 15), 197 (M+ - (SR)3,46) (R 
= C6H4-4-Me). 

Ge(Se-2,4,6-Me3C&)d (5). A solution containing 8 mmol of NaSe- 
2,4,6-Mesc& in 20 mL of methanol was added dropwise to tetrabro- 
mogermane (0.780 g, 2 mmol) at 0 "C. After evaporation of the solvent 
under reduced pressure, the yellow powder 5 was extracted in 20 mL of 
toluene, and the extract was filtered. Orange-yellow needles deposited 
from the solution upon standing for 2-3 days at  0 "C: yield 1.49 g (86%); 
mp 21 1 OC. Anal. Calcd for C36H~GeSe4: C, 49.98; H, 5.13. Found: 
C, 50.30; H, 5.02. MS: m/e 870 (M+, lo), 671 (M+ - (SR), lo), 472 
(M+ - (SR)z, 8), 273 (M+ - (SR)3, 36) (R = C&-2,4,6-Me3). 

Physical Measurements. Melting points wereobtained using a Mettler 
melting point apparatus (FP 51) and are uncorrected. All elemental 
analyses were performed on a Hewlett Packard Scientific Model 185. 
The infrared spectra were recorded on a Bruker IF  113v spectrometer 
as polyethylene pellets. The Raman spectra were recorded on a Bruker 
IFS 66 spectrometer using the 1064-nm exciting line of a Neodym YAG 
laser with samples sealed in capillary tubes. Mass spectra were obtained 
by means of a Finnigan MAT CH5 mass Spectrometer at 70 eV and are 

Inorganic Chemistry, Vol. 33, No. 18. 1994 3887 

Table 1. Crystallographic Data for [ E t N ]  [Ge(SPh)3] (l), 
[Ph4Pl [Ge(SePh)3l (2), and [ P ~ ~ P I z [ G ~ z ( S C H Z C H ~ S ) ~ I  (3) 

1 2 3 

(15) Curtis, M. D.; Wolber, P. Inorg. Chem. 1972, 11, 431. 
(16) Chisholm, M. H.; Huffman, J. C.; Parkin, I .  P.; Streib, W. E. Polyhedron 

(17) Backer, H. J.; Stienstra, F. Recl. Trau. Chim. Pays-Bas 1933.52, 1033. 
1990, 9, 2941. 

formula CZ~HISNG& C4zH35GePSe3 C S ~ H S Z G ~ Z P ~ S ~  
fw 530.32 880.14 1100.44 
cryst dimens, mm3 0.35 X 0.35 X 0.20 X 0.15 X 0.22 X 0.17 X 

0.08 
T, K 253 

a, A 18.374(4) 
b, A 9.052(2) 
C, A 17.595(4) 

6, deg 113.04(3) 

v, A3 2693 
Z 4 
&M, g cm4 1.31 
p(Mo Ka), mm-I 1.38 
transm factors 0.92-0.68 

26 range, deg 4-52 
reflcns *h,k,l 
tot. no. of reflcns 5819 
tot. no. of unique data 5279 
no. of data, I > 2 4 4  3100 
no. of params refined 272 
Ra (Rw),b % 5.42 (5.24) 
goodness of fit 1.903 

space group P&/C 

a, deg 

7,  deg 

scan type w-26 

0.12 
170 

10.665(3) 
17.204(4) 
20.345(6) 

105.34(2) 

3616 
4 
1.62 
3.94 
0.53-0.39 

5-54 
h,k,&l 
8678 
7780 
3971 
43 1 
4.31 (3.73) 
1.186 

P21/c 

0 

0.25 
150 

9.593(2) 
10.232(2) 
13.880( 3) 
105.78(2) 
91.90(2) 
106.62(2) 
1247 
I 
1.47 
1.56 
0.75-0.61 
w-26 
4-54 
h,hk ,h l  
5865 
5777 
4925 
325 
3.18 (3.64) 
1.69 

Pi 

' R = ( ~ I I F o I - I F ~ I I ) / ~ I F o I .  * Rw [ ( ~ W ( I F O I - I ~ ~ ~ ) ~ ) / ( ~ W F ~ ~ ) ~ ~ / ~ ;  l / w  
= 'J2(Fh&l) + O.OOO1lFhkdz; U(Fhk/) = U(4/(2(Fhkd&). 

reported as m/e (ion percent relative intensity). In the case of isotope 
patterns, the value given is for the most intense peak. 

X-ray Structure Determination Procedures. Crystal data together with 
data collection and refinement parameters for the structures reported are 
summarized in Tables 1 and 6. Single crystals of suitable dimensions 
were epoxied to glass fibers and were mounted on an Enraf-Nonius CAD 
4 (for 1) or Siemens R3 diffractometer (for 2-5). Graphite-monochro- 
mated Mo Ka X-radiation (A = 0.710 73 A) was used throughout. Cell 
constants and orientation matrices were determined by least-squares 
refinements to the setting parameters of 25 (for 1 and 3), 18 (for 2 and 
4), and 23 (for 5) reflections. Intensity data were collected using the 
w-26 scan (for 1 and 3) or w-scan technique (for 2,4, and 5). Two (for 
2-5) or three (for 1) standard reflections were measured every 98 
reflections, and thedata werescaled accordingly and corrected for Lorentz 
and polarization effects. Thecorrections for absorption (+-scan technique) 
were applied to the intensity data for all complexes, which resulted in 
transmission factors in the ranges 0.92-0.68 (for l) ,  0.53-0.39 (for 2), 
0.75-0.61 (for 3), 0.77-0.59 (for 4), and 0.42-0.31 (for 5). 

Each crystal structure was solved using direct methods with full-matrix 
least-squares refinement, employing the SHELXTL PLUS18 a program 
package (Siemens Analytical X-ray Instruments Inc., 1992). The 
remaining non-hydrogen atoms were located by subsequent difference 
Fourier maps and least-squares refinements. Neutral-atom scattering 
factors were taken from ref 18b. The methylene carbon atoms (C(41), 
C(51), C(61), and C(71)) of the [Et4N]+ cation of I and the methylene 
carbon atom C(3) of 3 are disordered. The multiplicities of these carbon 
atomswererefinedasfollows: C(41), C(51), C(61), C(71) 0.748(7) and 
C(41a), C(Sla),C(6la),C(71a) 0.252(7), for 1; C(3a) 0.67(1)andC(3b) 
0.33( l ) ,  for 3. Anisotropic temperature factors were used for all refined 
atoms except for methyl and methylene carbon atoms of the [EbN]+ 
cation of 1. After anisotropic refinement, the positions of hydrogen atoms 
were calculated (d(C-H) = 0.96 A) and were refined using a riding 
model with isotropic thermal parameters fixed at 0.08 A2 (for 1) or fixed 
at 1.2 times the equivalent isotropic U of the atom to which they were 
bonded (for 3-5). The isotropic thermal parameters of the hydrogen 
atoms, for 2, were refined. No hydrogen atoms were added to the carbon 
atoms C(41A), C(51A), C(61A), and C(71A) for 1. 

The final atomic coordinates and equivalent isotropic thermal 
parameters for the non-hydrogen atoms are given in Tables 2 4 ,  7, and 
8. Additional crystallographic data are available as supplementary 
material. 

(18) (a) G. M. Sheldrick, SHELXTL PLUS 92: A Program for Crystal 
Structure Determination. (b) International Tables for X-Ray Crysfal- 
logruphy; Kynoch Press: Birmingham, England, 1974; Vol. IV. 
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Table 2. Final Positional and Isotropic Thermal Parameters (AZ) 
for the Anions in [Et,N][Ge(SPh)3] (1) 

atom X Y z UUl" 

Kersting and Krebs 

Ge 0.31843(4) 0.08203(7) 0.29088(4) 0.0463(3) 
S( 1) 0.42539(9) 0.17474(22) 0.40214(10) 0.0662(9) 
S(2) 0.26086(10) 0.01853(18) 0.38556(9) 0.0571(9) 
S(3) 0.26554(9) 0.32113(17) 0.24692(10) 0.0543(7) 
C(11) 0.4982(3) 0.1664(7) 0.3600(3) 0.045(3) 
C(12) 0.5586(3) 0.0656(6) 0.3903(4) 0.053(3) 
C(13) 0.6165(4) 0.0573(7) 0.3595(4) 0.065(4) 
C(14) 0.6153(4) 0.1504(9) 0.2980(4) 0.072(4) 
C(15) 0.5569(4) 0.2532(9) 0.2678(4) 0.073(4) 
C(16) 0.4975(4) 0.2628(7) 0.2988(4) 0.062(3) 
C(21) 0.1808(3) -0.0943(6) 0.3258(3) 0.046(3) 
C(22) 0.1 11 l(4) -0).0861(8) 0.3380(4) 0.071(4) 
C(23) 0.0485(5) -0.175(1) 0.2954(6) 0.102(5) 
C(24) 0.0534(6) -0.2757(10) 0.2387(6) 0.104(5) 
C(25) 0.1217(5) -0.2854(8) 0.2261(4) 0.082(4) 
C(26) 0.1857(4) -0.1961(7) 0.2688(4) 0.058(3) 
C(31) 0.1772(3) 0.2872(6) 0.1610(3) 0.044(3) 
C(32) 0.1531(4) 0.3831(7) 0.0943(4) 0.067(4) 
C(33) 0.0826(4) 0.3620(9) 0.0275(4) 0.081(4) 
C(34) 0.0353(4) 0.2438(9) 0.0241(4) 0.080(4) 
C(35) 0.0588(4) 0.1463(8) 0.0892(4) 0.067(3) 
C(36) 0.1279(3) 0.1695(7) 0.1570(4) 0.053(3) 

"Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized U,j tensor. 

Table 3. Final Positional and Isotropic Thermal Parameters (A2) 
for the Anions in [ P W ]  [Ge(SePh),] (2) 

atom X Y z U," 
Ge 0.16141(7) 0.22395(5) -0.09169(3) 0.0255(3) 
Se(1) 0.12085(7) 0.28353(5) 0.01 117(3) 0.0327(3) 
Se(2) 0.31723(7) 0.33140(4) -0.09552(3) 0.0284(3) 
Se(3) 0.3 1 196(8) 0.12937(4) -0.0193 l(4) 0.03 17(3) 
C( 11) -0.0624(6) 0.2660(4) -0.0052(3) 0.023(3) 
C(12) -0.1424(6) 0.3268(4) 0.0009(3) 0.025(3) 
C(13) -0.2741(7) 0.3150(5) -0.0079(3) 0.035(3) 
C(14) -0.3274(7) 0.2422(5) -0.0228(4) 0.041(4) 
C(15) -0.2480(8) 0.1813(5) -0.0299(4) 0.044(4) 
C(16) -0.1187(7) 0.1925(4) -0.0227(3) 0.032(3) 
C(21) 0.3303(7) 0.3154(4) -0.1866(3) 0.022(3) 
C(22) 0.4506(7) 0.3036(4) -0.1983(3) 0.031(3) 
C(23) 0.4605(7) 0.2943(4) -0.2649(3) 0.035(3) 
C(24) 0.3477(8) 0.2945(4) -0.3189(4) 0.037(3) 
C(25) 0.2295(8) 0.3073(4) -0.3066(3) 0.037(3) 
C(26) 0.2197(7) 0.3175(4) -0).2409(3) 0.033(3) 
C(31) 0.3583(6) 0.0707(4) -0).0901(3) 0.029(3) 
C(32) 0.3831(7) -0.0082(4) -0.0821(4) 0.034(3) 
C(33) 0.4148(7) -0.0497(4) -0.1330(4) 0.039(3) 
C(34) 0.4216(6) -0.0149(5) -0.1921(4) 0.033(3) 
C(35) 0.3997(7) 0.0635(5) -0.2003(4) 0.042(4) 
C(36) 0.3688(6) 0.107 l(4) -0.1494(3) 0.03 l(3) 

a Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized Ut, tensor. 

Table 4. Final Positional and Isotropic Thermal Parameters (A2) 
for the Anions in ~ P ~ A P ~ ~ I G ~ ~ ( S C H Z C H Z S ) I ~  (3) 

atom X Y z U," 
Ge 0.1 1301(3) 0.39262(3) 0.77889(2) 0.0237(1) 
S(1) 0.04807(7) 0.16418(6) 0.66305(5) 0.0260(3) 
S(2) 0.07733(7) 0.48804(6) 0.64954(5) 0.0269(3) 
S(3) -0.1 1212(6) 0.36977(7) 0.84493(4) 0.0254(2) 
C(1) 0.0218(4) 0.2049(3) 0.5451(2) 0.039(1) 
C(2) -0.0394(3) 0.3277(3) 0.5579(2) 0.035(1) 
C(3a) -0.0465(4) 0.5146(4) 0.9625(3) 0.028(2)b 
C(3b) -0.0410(7) 0.4206(7) 0.9798(5) 0.017(3)b 

a Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized Ut, tensor. Site occupancies: C(3a), 0.67 (1); C(3b), 
0.33( 1). 

Results 
Syntheses. Complexes 1 and 2 were synthesized according to 

reaction 1. The neutral compounds Ge(SPh)2 or Ge(SePh)z which 
were formed during the reaction appeared to be soluble in mixed 

SI21 

Figure 1. Structure and atomic numbering of the anion in [EhN][Ge- 
(SPh)o] (1; 50% probability thermal ellipsoids). 

diethyl ether-methanol solutions. This is in contrast to the 
properties of neutral thiolates or selenolates of divalent tin or 
lead, which are insoluble in all common solvents due to the 
formation of coordination polymers.19.20 

GeBr, + 3NaEPh - NaGe[EPh], + 2NaBr (E = SI Se) 
(1) 

ZGeBr, + 3NaSCH2CH2SNa - 
Na2[Ge2(SCH2CH2S),] + 4NaBr (2) 

The yellow precipitate which was formed as an intermediate 
in the preparation of 3 (reaction 2) was identified as Ge(SCH2- 
CH2S) by elemental analysis. However, attempts to crystallize 
this neutral germanium(I1) thiolate complex were unsuccessful. 
As was expected, Ge(SCH2CH2S) reacts readily with further 
ethanedithiolate to form the anion of 3. All anions were isolated 
as their [Et4N]+ or [Ph,P]+ salts. 

StructuralDescnptions. (a) [Et&JIGe(SPh)3] (1) and[PW]- 
[Ge(SePb)j] (2). The crystal structures of 1 and 2 consist of 
well-separated cations and anions. The structures of the cations 
are unexceptional and are not further considered. 2 is isomorphous 
and isostructural with [AsPhd] [M(EPh)3] (M = Sn(II), Pb(I1); 
E = S, Se).19v20 

The molecular structure of the anion of 1 with the atomic 
numbering scheme is shown in Figure 1, with pertinent bond 
lengths and angles given in Table 5 .  A stereoview of 2 with the 
atomic numbering scheme is shown in Figure 2. Both [GeE3] 
units (E = S, Se) are distorted trigonal pyramidal with 
stereochemically active Ge lone pairs. There are two sets of 
individual E-Ge-E angles. The angles E( 1)-Ge-E(2) and E( 1)- 
Ge-E(3) are nearly equal and close to 90°, while the third one, 
E(2)-Ge-E(3), is close to looo. These deviations in E-Ge-E 
angles result from the steric interactions between the phenyl 
substituents in the solid state. The large angle correlates with 
short intramolecular nonbonded distances between hydrogen 
(H(36)) and carbon atoms (C(21) and C(26), for 1; C(21) and 
C(22), for 2): 2.67 and 2.93 A, respectively, in 1; 2.71 and 2.87 
A, respectively, in 2. The average Ge-S and Ge-Se bond lengths 
are 2.355 and 2.486 A, respectively. In essence, the molecular 
structures of both anions show only slight differences; the most 
notable deviation being in the conformations of the SPh and SePh 
ligands. 

(b) Structure of [PWh[Ge&3CH,CHfi)3] (3). 3 crystallizes 
in the triclinic space group Pi. The unit cell contains one 
centrosymmetrically related dinuclear anion and a pair of 
centrosymmetrically related [Ph4P]+ cations, with all atoms 
occupying general positions (Table 4). A view of the anion of 

(19) Dean, P. A. W.; Vittal, J. J.; Payne, N. C. Con. J.  Chem. 1985.63.394. 
(20) Dean, P. A. W.; Vittal, J. J.; Payne, N. C. Inorg. Chem. 1984,23,4232. 
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Table 5. Selected Bond Lengths (A) and Angles (deg) for 1-3 

G e S (  1) 
G e S ( 2 )  
G e S (  3) 

GeSe(1)  
GeSe(2)  
Ge-Se(3) 

GeS(1 )  
GeS(2 )  
G e S (  3) 
S(1 )-C(1) 

S( 1)-GeS(2) 

S(2)-GeS(3) 
s (1 ) -~&(3)  

Se(l)-G&e(2) 
Se( l)-GeSe(3) 
Se(Z)-GeSe( 3) 

S( 1 ) - G e S (  2) 
S( l ) -GeS(3)  
S(2)-GeS(3) 
G e S (  1)-C( 1) 
GeS(2)-C(2) 
GeS(3)-C(3a) 

Bond Lengths for 1 
2.321 (2) S( 1)-C( 11) 
2.367(2) S(2)-C( 2 1) 
2.375(2) S(3)-C(3 1) 

Bond Lengths for 2 
2.477(1) Se(1)-C(l1) 
2.501(1) Se(2)-C( 2 1) 
2.481(1) Se(3)-C(3 1) 

Bond Lengths for 3 
2.344( 1) S(21-W) 
2.323( 1) S( 3)-C( 3a) 
2.349(1) S(3)-C(3b) 
1.823(3) 

Bond Angles for 1 
87.6(1) G&(l)-C(11) 

102.2(1) GeS(3)-C(31) 
92.8(1) GeS(2)-C(21) 

Bond Angles for 2 
89.3(1) GeSe( l ) -C( l l )  
89.8(1) Ge-Se(2)-C(21) 

100.0(1) GeSe(3)-C(31) 

90.1 (1) GeS(3)-C(3b) 
Bond Angles for 3 

97.1( 1) S( 1)-C( 1)-C(2) 
100.9(1) S(2)-C(2)-C(l) 
101.0(1) S(3)-C(3a)-C(3aa) 
99.2(1) S(3)-C(3b)-C(3ba) 
97.8(1) 

1.768(7) 
1.761 ( 5 )  
1.758(5) 

1.917(7) 
1.922(7) 
1.932(7) 

1.8 12(2) 
1.828(3) 
1.850(6) 

99.3(2) 
102.7(2) 
104.1 (2) 

100.7 (2) 
98.3(2) 
98.6(2) 

97.8(2) 
112.5(2) 
11 1.7(2) 
114.6(4) 
11 1.5(7) 

3 is shown in Figure 3. Selected bond lengths and angles for the 
anion are presented in Table 5. 

As can be seen in Figure 3a, two five-membered Ge(SCH2- 
CH2S) chelate rings are linked via one ethanedithiolate bridge 
at  the respectiveGe(I1) sites, with formation of a distorted trigonal 
pyramidal environment around each germanium atom. The 
bridging ethanedithiolate ligand has a trans configuration in the 
solid state. The alternate orientation of the central bridging ligand 
within the disordered crystal structure is depicted in Figure 3b. 
The Ge...Ge distance within the dinuclear anion is 6.593 A. The 
distorted environment around germanium is most likely due to 
the fact that one of the ligands is a chelate with a smaller bite 
angle at  germanium (90.1(1)O) as compared to the exocyclic 
S-GeS angles (97.1(1) and 100.9(1)0). TheGe-S bond lengths 
observed for 3 range from 2.323( 1 )  to 2.349(1) A. However, the 
mean Ge-S distance of 2.338(1) A appears slightly shorter than 
the corresponding one in 1 (2.355(2) A). 

In the five-membered chelate rings, C(2) is displaced by 0.70 
A from the least-squares plane determined for Ge, S( l ) ,  S(2), 
and C( l )  (mean deviation 0.03 A), giving rise to an envelope 
conformation. 

(c) Ge(S-4-MeCa& (4) and Ge(Se-2,4,6-Me&Hz)4 (5). 
The unit cells of 4 and 5 contain neutral monomeric molecules 
of Ge(S-4-MeC&)4 and Ge(Se-2,4,6-Me3CsH2)4. Perspective 
drawings of the structures are shown in Figures 4 and 5. Positional 
parameters of the non-hydrogen atoms and the equivalent values 
of the anisotropic temperature factors for 4 and 5 are given in 
Tables 7 and 8, while selected bond lengths and angles are 
summarized in Table 9. 

Both compounds, 4 and 5, contain four-coordinated Ge(1V) 
atoms in distorted tetrahedral environments. In 4, the bond angles 
atgermaniumvaryfrom 105.0(1) to 117.4(1)O and thoseat sulfur 
from 99.3(1) to 103.7(1)'. The corresponding variations in 5 
are from 103.6( 1) to 11 5.4( 1)' for germanium and from 99.4(3) 
to 102.8(1)Ofor selenium. TheaverageGeSandGeSedistances 
are 2.217 and 2.374 A. The S-C and Se-C distances in 4 and 
5 average 1.784 and 1.93 h;. We note that there are short 
intermolecular Se-Se distances between neighboring molecules 
of 5 (3.885(2) A for Se(l)-Se(2a) and Se(la)-Se(2)), while in 
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4 the closest nonbonding intermolecular S-S distance is observed 
at  5.039(2) A. We attribute these close distances to crsytal 
packing forces of the more flattened molecules of 5 as compared 
to 4. The flattening itself may arise from steric interactions 
between the o,o'-methyl groups of the mesityleneselenol ligands 
within each molecule of 5. The most interesting features of 
compounds 4 and 5 are their monomeric nature and their low 
molecularity. From their mass spectra it is clearly evident that 
both compounds contain sufficient volatility and are therefore 
possible single-source precursors for low-pressure CVD applica- 
tions. 

Infrared and Raman Spectra. Selected frequencies and their 
assignments for 1-5 are listed in Table 10. For 4 and 5, infrared 
and Raman bands (in parentheses) associated with modes of the 
ligands were located by comparison with the infrared and Raman 
spectra of Pb(S-4-MecsH4)~ and Pb(S-2,4,6-MesCsH2)2.8c.21 The 
bands associated with G e S  and G e S e  stretching vibrations for 
4 and 5, respectively, are close to Ge-E (E = S, Se) stretching 
modes observed for other Ge(SR)422 or Ge(SeR)423 derivatives. 
The splitting of v3( F2) is probably caused by an intrinsic distortion 
of the GeE4 core from Tdsymmetry rather than by intermolecular 
interactions in the solid state. 

In contrast, Ge-S or Ge-Se stretching vibrations for 1-3 occur 
below thesevalues. For 1, two bands at  345 (339) and 237 (237) 
cm-l can be readily assigned to the symmetric and antisymmetric 
stretching vibrations which should be both infrared and Raman 
active while the bands at 276 (276) and 184 (185) cm-l are 
associated with vibrations of the ligand.24 For comparison, Ge- 
C1 stretching vibrations have been reported to occur at  320 and 
253 cm-l for GeC13- anions in aqueous hydrochloric solution.2s 
For 2, various bands in the region 310-250 cm-l are associated 
with vibrations of the cation and the coordinated ligand SePh-. 
The Ge-Se stretching vibrations are shifted to 220 and 180 cm-I, 
reflectinga substantial decreasein the Ge-Se stretchingfrequency. 
Tchakirian and Volkringer gave the positions of Ge-Br stretching 
vibrations for GeBr3-as 232 and 200 cm-*.Z6 A further comparison 
of the infrared and Raman spectra of the isoelectronic pairs AsC13 
and AsBr3 provides strong support for this a~signment.2~ For 
each pair, the spectra of the anions of 1 and 2 and the isoelectronic 
molecules are analogous, each of the frequencies of As% being 
higher than the corresponding one in [Ge(SR)3]-or [Ge(SeR)3]-. 
This is in accordance with expectation, since passage from GeE3 
to AsE3 is associated with an increase of the nuclear charge of 
the metal atom, causing a tightening of the respective bonds. 

The three bands to be expected for the Ge-S vibrations of 3 
are observed in both the infrared and the Raman spectra at 331 
(331), 295 (297), and 241 (236) cm-1. The pattern of bands is 
much like that of isoelectronic [ ( C H ~ S ) ~ A S C ~ ] ~ ~  or isostructural 
[Ph4P]2[Sn2(SCH2CH2)3].29 Compared to that of [ (CH~S)Z- 
ASCI], the pattern is shifted by ca. 60 cm-I to lower frequencies, 
and compared to that of [ P ~ ~ P ] ~ [ S ~ ~ ( S C H ~ C H Z ) ~ ] ,  a shift of ca. 
20 cm-I to higher frequencies is observed, while two of the three 
significant features are only slightly shifted when compared to 
the Ge-S stretching vibrations of 1. 

(21) Kersting, B. Ph.D. Thesis, University of Miinster, 1994 
(22) Drake, J. E.; Mislankar, A. G.; Yang, J. Inorg. Chem. 1992,31, 5543. 
(23) Anderson, J. W.; Barker,G. K.;Drake, J. E.;Rodger, M.J. Chem. Soc., 

Dalton Trans. 1973, 1716. 
(24) Scott, D. W.; McCullough, J. P.; Hubbard, W. N.; Messerly, J. F.; 

Hossenlopp, F. R. Frow, F. R.; Waddington, G. J .  Am. Chem. Soc. 
1956, 78,- 5463. 

(25) Delwaulle, M.-L. J.  Phys. Chem. 1952, 56, 355. 
(26) Tchakirian, A,; Volkringer, H. C. R. Hebd. Seances Acad. Sci. 1935, 

200, 1758. 
(27) Manley, T. R.; Williams, D. A. Spectrochim. Acta 1965, 21, 1773. 
(28) Gates, P. N.; Powell, P.; Steele, D. J .  Mol. Struct. 1971, 8, 477. 
(29) Lindner, T. Ph.D. Thesis, University of Miinster, 1987. 
(30) (a) Bjorgvinsson, M.; Mercier, H. P. A,; Mitchell, K. M.; Schrobilgen, 

G. J.; Strohe, G. Inorg. Chem. 1993, 32, 6046. (b) Bjdrgvinsson, M.; 
Sawyer, J. F.; Schrobilgen, G. J. Inorg. Chem. 1987, 26, 741. (c) 
Bjargvinsson, M.; Sawyer, J. F.; Schrobilgen, G. J. Inorg. Chem. 1991, 
30, 2231. 
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Figure 2. Stereo drawing of the anion in [Ph4P][Ge(SePh)3] ( 2  50% probability thermal ellipsoids). 

b) R a) 

c12 
Sllal 

SI11 

Figure 3. (a) Structure and atomic numbering of the anion in 
[ P ~ ~ P ] z [ G ~ z ( S C H Z C H ~ S ) ~ ]  (3; 50% probability thermal ellipsoids). (b) 
Alternate orientation of the central structural unit within the disordered 
crystal structure. 

Table 6. Crystallographic Data for Ge(S-4-MeC6&)4 (4) and 
Ge(Se-2,4,6-Me~CsH~)o (5) 

4 5 
formula 
fw 
cryst dimens, mm3 
T, K 
space group 
a ,  A 
b, 8, 
C ,  A 
& deg v, A3 
Z 
Dalod, g cm4 
p(Mo Ka), mm-l 
transm factors 
scan type 
28 range, deg 
reflcns 
tot. no. of reflcns 
tot. no. of unique data 
no. of data, I > 2u(l) 
no. of params refined 

goodness of fit 
R' !% 

Cz~H28GeS4 
530.32 
0.18 X 0.50 X 0.25 
150 
Pbca 
16.660(2) 
16.325(3) 
19.962(3) 

5429 
8 
1.39 
1.45 
0.77-0.59 

4-54 
h.k.1 

w 

C36H&eSe4 
880.14 
0.18 X 0.21 X 0.25 
150 

12.627(4) 
21.803(6) 
13.119(4) 
106.16(2) 
3469 
4 
1.66 
5.10 
0.42-0.31 

4-50 
h.k.*l 

P21/n 

w 

6570 6620 
5879 6090 
3182 2890 
318 390 
3.67 (3.44) 3.94 (3.63) 
1.063 0.939 

Discussion 

According to the VSEPR model, 1-3 are AX3E type coordi- 
nation compounds and are  thus expected to  have a trigonal 
pyramidal environment around each metal atom. Distorted 
trigonal arrangements similar to  those in 1 and 2 have been 

Figure 4. Molecular structure and atomic labeling scheme for 4. Thermal 
ellipsoids are plotted at the 50% probability level. 

Figure 5. Molecular structure and atomic labeling scheme for 5. Thermal 
ellipsoids are plotted at the 50% probability level. 

observed in the analogous complexes of tin(I1) and lead(I1) 
([AsPh,][M(EPh)3]: M = Sn, E = S (la); E = Se (h); M = 
Pb, E = S (lb), E = Se (2b)).19920 While two of the E-M-E 
angles a re  nearly equal and close to 90°, the third one (E(2)- 
M-E(3)) has increased from 96.14(5)' in lb, 96.57(4)O in Zb, 
96.73(3)' in la, and 97.27(3)' i n %  to 102.2(1)0 in 1 and 100.0- 
(1 )O in 2. More recently, examples featuring trigonal pyramidal 
chalcogenide environments were observed for trichalcogeno- 
diplumbate(I1) and -distannate(II) anions of the type [MzE~IZ- 
( M  = Pb, Sn; E = Se,  Te).3O 
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Table 8. Final Positional and Isotropic Thermal Parameters (A2) 
for Ge(Se-2,4,6-Me$sH2)4 (5) 

atom X Y 2 &a 

Table 7. Final Positional and Isotropic Thermal Parameters (A2) 
for Ge(S-4-MeC6H& (4) 

atom X Y 2 &aa 

0.46555(3) 
0.50052(7) 
0.56542(7) 
0.37726(8) 
0.42476(7) 
0.5769(3) 
0.6555(3) 
0.7152(3) 
0.6978(3) 
0.6193(3) 
0.5595(3) 
0.7628(3) 
0.5811(3) 
0.5910(3) 
0.6123(3) 
0.621 5(3) 
0.6086(3) 
0.5893(3) 
0.6455(3) 
0.2968(2) 
0.2359(3) 
0.1699(3) 
0.1624(3) 
0.2236(3) 
0.2904( 3) 
0.0879(3) 
0.401 7(3) 
0.3221 (3) 
0.3034(3) 
0.3619(3) 
0.4415(3) 
0.4605(3) 
0.3411(3) 

-0).04493(3) 
0.06047(7) 

-0.12907(7) 
-0.11792(7) 

0.01054(7) 
0.1034(3) 
0.0758(3) 
0.1105(3) 
0.1741 (3) 
0.2015(3) 
0.167 l(3) 
0.2100(3) 

4.1855(3) 
-0.2698(3) 
-0.3 150(3) 
-0.2788(3) 
4.1952( 3) 
-0.1484( 3) 
-0.3279(3) 
-0.0467(3) 
-0).0437(3) 
0.0062(3) 
0.0536(3) 
0.0505(3) 
0.0012(3) 
0.1054(3) 

-0.0758(3) 
4.1006(3) 
-0.1640(3) 
-0.2045(3) 
-0.1790(3) 
-0.1151(3) 
-0.2722(3) 

0.18011(2) 
0.11611(6) 
0.20642(6) 
0.12287(6) 
0.27552(6) 
0.1675(2) 
0.1633(2) 
0.2023(2) 
0.2474(2) 
0.2506(3) 
0.2119(2) 
0.2912(3) 
0.1309(2) 
0.1358(3) 
0.0804(3) 
0.0180(2) 
0.0128(2) 
0.0686(2) 

-0.043 l(3) 
0.1138(2) 
0.1 6 1 2( 2) 
0.1515(2) 
0.0943 (2) 
0.0468(2) 
0.0565(2) 
0.0834(3) 
0.3269(2) 
0.3349(2) 
0.3776(2) 
0.4145(2) 
0.4061(2) 
0.363 l(2) 
0.4626(2) 

0.0192(2) 
0.0272(4) 
0.0252(4) 
0.0292(4) 
0.0261 (4) 
0.021(2) 
0.027(2) 
0.029(2) 
0.027(2) 
0.032(2) 
0.028(2) 
0.047(2) 

0.028(2) 
0.033(2) 
0.029(2) 
0.029(2) 
0.026(2) 
0.046(2) 
0.022(2) 
0.025(2) 
0.025(2) 
0.029(2) 
0.035(2) 
0.032(2) 
0.045(2) 

0.025(2) 
0.026(2) 
0.024( 2) 
0.028(2) 
0.027(2) 
0.034(2) 

0.020(2) 

0.022(2) 

OEquivalent isotropic U defined as one-third of the trace of the 
orthogonalized Uij tensor. 

The ability of germanium(I1) complexes to form a highly stable 
VSEPR type AXJE coordination is further demonstrated by the 
synthesis and structural characterization of the dinuclear anion 
of 3. All attempts to isolate the hypothetical [Ge(SCH2CH2S)2I2- 
anion were unsuccessful. However, VSEPR type AX4E coor- 
dination has been found in a few germanium(I1) compounds, 
including, for example, Ge(S2CNEt2)2 and G ~ ( S Z P ( C H ~ ) ~ ) . ~ ~  
As is expected, the Ge(I1)S or Ge(I1)Se distances observed in 
1 (2.355 A), 2 (2.486 A), and 3 (2.338 A) are longer than those 
observed in the Ge(1V) derivatives 4 (2.217 A) and 5 (2.374 A), 
which compare well with those found for a series of measured 
Ge(1V)S and Ge(1V)Se bond lengths.10931J2 The average G e S  
bond length in 1 is only marginally shorter than that in 3; both 
may be compared with the average Ge-S bond length of 2.375 
Ain [ G ~ ( S C ( C H ~ ) & ] Z , ~ ~  although there is considerablevariation 
in the individual Ge-S distances (2.268(3)-2.467(3) A). The 
GeS,  bond lengths of G ~ ( S Z P ( C H ~ ) ~ ) ~  were reported to be 2.421- 
(1) and 2.408(1) A. 

A few available structures involving bonds between bivalent 
germanium and selenium are those of (CO)5WGe(Se-2,4,6- 
‘ B U J C ~ H ~ ) ~  (2.314(2) and 2.346(2) A)14 and Ge[C(SePMeZ)- 
(PMez)(SiMe3)]2 (2.769(1) and 2.712(1) A).34 In the selenium 
compound examined here, G e S e  distances are in the range 2.477- 
(1)-2.501(1) A. 

Concluding Remarks 

Stable three-coordinate anionic germanium(I1) thiolate and 
selenolate complexes were prepared for the first time and were 

Ge 0.19856(9) 
Se( 1) 0.06628(10) 
Se(2) 0.31515(10) 
Se(3) 0.12534(10) 
Se(4) 0.30734( 10) 
C(11) 0.0431(8) 
C(12) O.lOOO(9) 
C(13) 0.0761(9) 
C(14) -0.0042(9) 
C(15) -0.0587(9) 
C(16) -0.0350(8) 
C(17) 0.1875(9) 
C(18) -0.0354(9) 
C(19) -0).0968(9) 
C(21) 0.2927(9) 
C(22) 0.2199(8) 
C(23) 0.2125(9) 
C(24) 0.2711(10) 
C(25) 0.3448(10) 
C(26) 0.3574(9) 
C(27) 0.1533(9) 
C(28) 0.2567( 10) 
C(29) 0.4342(9) 
C(31) 0.0774(9) 
C(32) -0.0304(9) 
C(33) -0.0627(9) 
C(34) 0.0089(10) 
C(35) 0.1151(9) 
C(36) 0.1482(9) 
C(37) -0.1150(8) 
C(38) -0).0267(10) 
C(39) 0.2642(9) 
C(41) 0.2476(9) 
C(42) 0.1582(8) 
C(43) 0.1206(9) 
C(44) 0.1653(9) 
C(45) 0.2506(9) 
C(46) 0.2941(9) 
C(47) 0.1085(9) 
C(48) 0.1230(10) 
C(49) 0.3872(9) 

0.29766(5) 
0.22435(5) 
0.26120(5) 
0.39204(5) 
0.31381(5) 
0.1767(5) 
0.1 199(4) 
0.0812(5) 
0.0958(5) 
0.1519(5) 
0.1934(5) 
0.101 3(5) 
0.0525(5) 
0.2527(4) 
0.3240(5) 
0.3135(5) 
0.3591 (5) 
0.41 27(5) 
0.4215(5) 
0.3782(4) 
0.2560(4) 
0.4610(5) 
0.3914(5) 
0.4272(4) 
0.418 l(4) 
0.4460(5) 
0.4813(4) 
0.4914(4) 
0.4645(5) 
0.3782(4) 
0.5091 ( 5 )  
0.4798(4) 
0.2527(5) 
0.2670(5) 
0.2244(5) 
0.1659(5) 
0.1513(5) 
0.1938(5) 
0.3305(5) 
0.1 192(5) 
0.1751 (5) 

0.093 1 l(8) 
0.00504(8) 
0.25552(8) 
0.134 1 5(8) 

-0.02685(8) 
0.1 208(8) 
0.1446( 8) 
0.2193(8) 
0.2688(8) 
0.245 l(8) 
0.17 18(8) 
0.0906( 8) 
0.3462(8) 
0.1474(8) 
0.3505(7) 
0.4132(7) 
0.4851 (8) 
0.4989(8) 
0.4380(8) 
0.3632(8) 
0.4037(8) 
0.5767(8) 
0.2991 (8) 

-0).OO70( 8) 
-0.0706(8) 
4.1714(8) 
-0.2090(8) 
-0.14 14(8) 
-0,0421 (8) 
-0.0349(8) 
-0).3172(8) 

0.0265(8) 
-0.1352(8) 
-0.2244(8) 
-0.3005(8) 
-0.2937(8) 
-0.2048(8) 
4.1236(8) 
-0.2334(8) 
-0.3804(9) 
-0.0285(8) 

0.021 l(4) 
0.0147(4) 
0.0184(5) 
0.0158(4) 
0.0194(5) 
0.018(4) 
0.021 (5) 
0.023(5) 
0.020(4) 
0.023(5) 
0.019(4) 
0.029( 5) 
0.029(5) 
0.026(5) 
0.020(4) 
0.019(4) 
0.024(5) 
0.023(5) 
0.028(5) 
0.022(5) 
0.028(5) 
0.036(5) 
0.028(5) 
0.015(4) 
0.021 (5) 
0.023(4) 
0.023(5) 
0.022(5) 
0.021(5) 
0.025(5) 
0.036(5) 
0.025(5) 
0.020(4) 
0.019(4) 
0.019(4) 
0.022(5) 
0.027(5) 
0.020(4) 
0.033(5) 
0.035(5) 
0.035(5) 

Equivalent isotropic U defined as one-third of the trace of the 
orthogonalized Ui, tensor. 

Table 9. Selected Bond Lengths (A) and Angles (deg) for 4 and 5 

Bond Lengths for 4 
GeS(1)  2.221(1) S(l)-C(ll)  1.779(4) 
Ge-S(2) 2.221 (1) S(2)-C(21) 1.787(4) 
Ge-S(3) 2.21 l(1) S(3)-C(31) 1.783(4) 
Ge-S(4) 2.216(1) S(4)-C(41) 1.786(4) 

Bond Lengths for 5 
GeSe(1) 2.367(2) Se( l ) -C(l l )  1.93(1) 
Ge-Se(2) 2.365(2) Se(2)-C(2 1 ) 1.92( 1) 
GeSe(3) 2.378(2) Se( 3)-C( 3 1) 1.939(9) 
GeSe(4) 2.386( 2) Se(4)-C(41) 1.94( 1) 

S( l ) -GeS(2)  
S ( l ) -GeS(3 )  
S (  1 )-GeS(4)  
S(2)-GeS(3) 
S(2)-GeS(4) 

Se( l ) -GeSe(2)  
Se( l ) -GeSe(3)  
Se( l ) -GeSe(4)  
Se( 2)-GeSe(3) 
Se(2)-GeSe(4) 

Bond Angles for 4 
114.8(1) S(3)-Ge-S(4) 
107.1 (1) G e S (  1)-C( 1 1) 

106.7(1) GeS(3)-C(31) 
106.2(1) GeS(4)-C(41) 

113.0(1) Se(3)-GeSe(4) 
115.4(1) GeSe( l ) -C( l l )  
103.6(1) GeSe(2 )4 (21)  
105.7(1) GeSe(3)-C(31) 
108.4(1) GeSe(4)-C(41) 

105.0(1) GeS(2)-C(21) 

Bond Angles for 5 

117.4( 1) 
99.3(1) 

103.2( 1) 
101.6( 1) 
103.7(1) 

110.7(1) 
102.8(3) 
100.2(3) 

10 1.8( 4) 
99.4(3) 

(31) Chadha, R. K.; Drake, J. E.;Sarkar, A. B.Inorg. Chem. 1987,26,2885. 
(32) Gysling, H. J.; Luss, H. R. Organometallics 1989, 8, 363. 
(33) Veith, M.; Hobein, P.; RBsler, R. 2. Narurforsch. 1989, 44B, 1067. 
(34) Karsch, H. H.; Baumgartner, G.; Gamper, S.; Lachmann, J.; Miller, 

G .  Chem. Ber. 1992, 125, 1333. 

shown to be stable under ambient conditions. All examples were 
characterized in the solid state by single-crystal X-ray diffraction. 
As compared to four-coordinate Ge(SR)4 and Ge(SeR)a, 
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Table 10. Selected Features and Their Assignments in the Vibrational Spectra of Compounds 1-50 

Kersting and Krebs 

1 3 2 4 5 

IR Raman assgnt IR Raman assgnt IR Raman assgnt IR Raman assgnt IR Raman assgnt 
366m 367 w K 426s 427m u(Ge-Quym 341 w 341 w L 
345s 339w v(Ge-S), 331 m 331 m v(Ge-S) 412m 411 w Y ( G ~ - S ) ~  291 s 295w u(Ge-Se),, 

323 m 383m 385s L 271 s 270 w u(Ge-Se),, 
312 s 373w 374s L 250m 251 w L 
295s 297s u(Ge-S) 307vw 307w L 354w 355m V ( G ~ - S ) ~  225w 225w v(Ge-Se),, 

265w K 260m 260sh K,L 288m L 191 m 196vs L 
259 m K 254m 2531x1 K,L 249vw 249vw 103w 100s 

276vw 276vw L 278w 281 w K 302m 303w 205 sh 

237s 237s U ( G ~ - S ) ~ ~  241 m 236w u(Ge-S) 230vw 230w 
220vw 220w u(Ge-Se), 171 w 173w 

204w K 202vs 205 m K 118w 119w 
195m 195s 194w 194sh 185 s 
184m 185s L 175s 180m v(Ge-Se),, 

132 s 145w 135s 
101 vs 116vw 105vs 105 vs 

(I s = strong, m = medium, w = weak, v = very, sh = shoulder; L = vibration of the ligand; K = vibration of the cation. 

[Ge(SR)3]- and [Ge(SeR)3]- are much more reactive, making 
them powerful sources for the preparation of new thiolates or 
selenolates as possible single-source CVD precursors. Further 
experiments are in Progress to modify these anionic germanium- 
(11) compounds by (a) preparing volatile heterobimetallic 
compounds in which the germanium s2 electronic configuration 
participates in bonding to transition metals, (b) oxidation with 
elemental Sulfur, selenium, and tellurium to Prepare neutral mixed 
chalcogenide/chalcogenolate complexes, and (c) the isolation of 

neutral [Ge(ER)*] compounds upon protonation of anionic 
[Ge(ER)3]- derivatives. 
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