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The Dianion of Tetraphenylgermole is 
Aromatic* * 
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2:  ' H N M R  (200MHz. C,D,. 295 K. TMS e x t ) .  
d = 0.20-4.0 (hr., 8 H, basal and apical BH), 0.17 (hr s. 
36H.  SiMe,); "B NMR (64.2 MHz. C,D,, 295 K. 
BF, OEt, ext.): 6 = - 30.18 (d. ' J (5 .H)  = 162.1 HL. 
cage-BH): I3CNMR(50.3 MHz.C6D,,.295 K.TMSext.):  
b = - l . l  (q. 1J(C.H)=119.5Hz.  SiMe,), -33.32 (s. 
cage-C); IR (C,H,). i.= 2581 (s) .  2541 (m)crn- '  (B-H): 
M S : m  :(%):435(rMt. 100).73(Me,Si.60).3. ' H N M R  
(200 MHI. C,D,. 295 K. TMS ext.): d = 0.20- 4 0 (hr.. 
8 H. basal and apical BH). 0.16 (br. s. 36 H. SiMe,): "B 
NMR (64.2 MHL. C,D,.  295 K. BF, . OEt? ext.): 
6 = - 5 57 (d. ' J ( 9 . H )  =146.5 Hz. cage-BH): "C NMR 
(SO 3 MHr,  C,D,, 295 K, TMS ext.). d = -1.4 (q. 
' J (C,H)=120.3Hz.  SiMe,). -11.41 (s. cage C ) .  IR 
(C,H,,).? = 25XD(s),2539(m)cm-'(B-H),MS.r7i z ( % ) .  
435 ( M + .  100). 73 (Me&. 58). 

Robert West,* Honglae Sohn, Douglas R. Powell, 
Thomas Miiller, and Yitzhak Apeloig 

The anions of siloles and germoles have stimulated a great 
deal of interest lately.[* - 51 Tetraphenylgermole dianions have 
been studied in T H F  by Hong and Boudjouk,L61 who proposed 
a delocalized structure on the basis of the I3C N M R  spectrum. 
On the other hand, Tilley and co-workers have recently reported 
the X-ray structure of the germole anion, [(MeC),GeSi- 
(SiMeJJ, as its lithium salt l."] The structure is highly local- 
ized; the C-C bond lengths within the five-membered ring vary 
significantly. 
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Crystal data for 2 (C,,H,,B,Si,. M ,  = 435.4): monoclinic. 
Y2, n ,  ~ = 9 . 6 2 8 ( 2 ) ,  h=7.332(2) .  ~ = 1 9 9 2 4 ( 5 ) 8 , .  p =  
93.36(2) . V = 1404.0(6) A'. Z = 2. prdlid = 1.030 Mgrn-'. 
11 = 0.21 4 rnm ~ : Data were collected on a Siemens R3m 
V diffrdctoineter at -43 C (Mu,,: 2 8  =3.5-44.0 and Li(C&Oz)z \~(C~H&)Z Li(thf), 

1841 reflections) and corrected for Lorentz and polariza- 

and subsequent difference Fourier synthesis using 
SHELXTL-Plus (G. M Sheldrick. Strrrccurr Dererri71nu- Ph j Ph Ph Ph \Li(C4H80& 
tin17 Sofmurc, Priigrurn Pui,kup. Siemens Analytical X-ray 
Instruments Inc.. Madison. W1 (USA) 1990). 2 has acenter 

refined o n  F with all non-H atoms anisotropically and H 
atoms isotropically. The final refinement convei-ged at 
R = 0.029. IT-R = 0.040 and GOF = 1.1 2 for 1431 observed 
reflections Further details of the crystal structure investi- 

3c 

ph* - - - -  - --Li(thT)3 

Ph 

tion effects. The structure was solved by direct methods ph+Ge p h + G :  

L1(CeHeO2fz 

of symmetry at the geometric center of the cage and was 2a 2b 4 

Scheme 1. Synthesis of 2 and 3a ~ c. 

cation may he obtained from the Fachinformationszentrum Karlsruhe. We now reoort on the structure of the dilithium salt of the 
D-76344 Eggenstein-Leopoldshafen (Germany), on quoting the depository 
number CSD-59274. 
In Fieure 1 the interatomic connectlvities are drawn such that atomS seDarated 

tetraphenylgermole dianion (21, which was fro,,, 1 , I  - 
dichloro-2,3.4.5-tetraphenylgermole (Scheme 1 ) .  The dilithium 

hy less than 2.00 8, are connected, while atoms at distances greater than 2.15 A 
are considered not to iiiteritct and are not connected. 
According to MO calculatmns. this isomer is an interinediate 40.0 kJ mo1-I 
higher in energy than 2. 
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compound 2 crystallized from dioxane in two structurally dis- 
tinct forms. depending upon the crystallization temperature. 
The crystals obtained from dioxane at  - 20 "C had the compo- 
sition Li,[(PhC),Ge].Sdioxane (2a) and had a reverse-sandwich 
structure. The two lithium atoms, each coordinated to two 
dioxane molecules. lie above and below the C,Ge ring within 
bonding distance of all five ring atoms (Fig. l).[8J Crystals 
of 2 obtained at 25 -C had the composition Li,[(PhC),Ge]. 
5.5dioxane (2b). In 2b one lithium atom is $-coordinated to the 
ring atoms and  the other is ql-coordinated to the germanium 
atom (Fig. 2).1y1 In both structures the electrons within the ring 
are highly delocalized, which leads to nearly equal C - C  bond 
lengths. Derivatization of solutions of 2 led to the products 
3a-3c (Scheme 1 ); thus, clearly showing the dianionic character 
of 2. 
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Fig. 1 .  C ' ryda l  strticture of2a. Selected bond lengths [pm] and angles [ 1, Gel -Li1 
?73.0(5). Gel Li2 268.1(5). Lil -C1 238.0(6). Li1 -C2 227.9(6), LilLC3 228.8(6). 
Li1 --C4 243.36). LI? C1 240.8(6). LG-C?. 229.7(6), Li2-C3 227.8(6). Li2-C4 
234.5(6). Gel CI 195.7(3), Gel -C4 195.6(3). C1 -C2 142.9(4), C2-C3 144.9(4). 
C3 C4 143.1(4). Cl-Gel-Lil 58 28(14). CI-Gel-Li2 60.17(14). C4-Gel-Lil 
59.93(14). C4-Gel-Li2 58.29(34), Gel-Cl-C2 114.5(2), Gel-C4-C3 114.3(2). C1- 
C 2 - U  113.7(3). ('2-C3-C4 114.0(3). Cl-Gel-C4 83.44(12) 

-m 

Fig. ?. C'ryst'il \ti-iicture of'2b. Selected bond lengths [pm] and angles [ 1: Gel -Li1 
?61.3(?). Gel Li2 265.4(3), Li2-CI 235.9(4). Li2-C2 226.3(3). Li2-C3 230.8(3). 
Li2 C4 24?.3(3). (;el .- Cl 193.0(2). Gel -C4 193.0(2). C1 -C2 142.3(2). C2-  C3 
143.5(2). ('7 ('4 142 l(2): C1-Gel-Lil. 85.62(7). CI-Gel-Li2 59.47(8). C4-Gel- 
Lil  114.31(Y). C'I-Gel-Li2 61.44(8). Li1-Gel-Li2. 174.48(10). Gel-Cl-C2 
112 40112). Gcl-('4-C3 112.5Y(l2). Cl-CZ-C3 114.77(14). C1-C3-C4 114.62(14). 
C I - G C I - C ~  8 5  0217).  
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The structure of 2b is related to that recently i)iiblished for 
Li,[(PhC),Si].STHF (4). which also contains 1 1 ' -  and ry'-coor- 
dinated lithium centers.[5J A significant differencc between the 
structures is that in 4 the arrangement a t  the silicon center is 
nearly planar, whereas in 2b the qi-coordinated lithium center is 
shifted to the hemisphere anti to the rr'-coordinated lithium 
center. The angle between the Li-Ge vector and the C-Ge-C 
plane is 42.9'. Intraring C-C distances for I ,  2a. 2b. and 4 are 
given in Table 1. 

Zible 1 lntraring C-C distances for germole and silole a n i o n \  
~ ~ ~~~~~ 

CI --C2 C3- C4 C 2  - c 3  Ref. 

1 136(6) 135(5) 146(6) 171 

4 144.8 (4) 142.6 (4) 143.0(4) [51 

2a 142.9 (4) 143.1 (4) 144.9(4) this work 
2 b  142.3 (2)  142.1 ( 2 )  143.5 ( 2 )  this hark 

Theoretical calculations provide some insight into the sharp 
differences between 1 and 2. MO calculations reported by Tilley 
et al. for the anion (H,C,GeSiH,)- gave a small aromatic stabi- 
lization energy (ASE) of 5.3 kcalmol-I, and large differences 
between C-C intraring bond lengths. leading to a low Julg 
parameter A[1o1 of 0.53. Our MO calculations["] for the 
(H,C,Ge)'- ion (Table 2) indicate that the C-C distances with- 
in the ring should be nearly identical; the Julg parameter is near 
1. An ASE of 13.0 kcal mol- is predicted from the isodesmic 
reaction shown in Equation (a).["] The MO calculations reveal 

Table 2 Calculated bond lengths [pm] and Julp's parameter 1 for germole anions 
and dianions. 

Cl--C2 C2-C3 Cl-Ge  Li Ge LI c'1 Li-CZ A 

H,C,Ge'- 139.0 143.5 199.2 0.957 
Li,(H,C,Ge) 142.5 143.6 200.5 250.7 217 0 210.4 0.997 
Li,(H,C,Ge) 4 H,O 142.5 142.2 198.4 273.9 23X 6 225 3 1.000 
H,C,GeSiH; [a] 136.1 148.4 0.532 

[a] Data from ref. [7] 

that the Li,(H,C,Ge) structure in which both lithium centers 
are yf5 coordinated is theenergy minimum; it is 25 kcalmol-' (at 
MP2/LANL2DZ) more stable than the isomer in which one 
lithium center is '1'- and the other q5-coordinated (see Table 2). 
Complexation of the dianion by lithium ions further increases 
the delocalization. as shown by the even larger values of the Julg 
parameter A predicted for the q5.~5-dilithium derivative of the 
(H,C,Ge)'- ion, and likewise for Li,(H,C,Ge).4H20, in 
which each lithium center is coordinated by two H,O moleules. 
Thus both the structure for 1 (localized electrons) and that for 
2 (delocalized electrons) are consistent with theory. 

We note the good agreement between the experimentally de- 
termined geometry for 2a (Fig. I )  and the calculated geometry 
for the model compound LiZ(H,C,Ge).4H,0 (Table 2). includ- 
ing the distances between the plane of the germole ring and the 
Li centers. Comparison with the calculated geometry of 
H,C,GeLi, reveals the important role of solvation in con- 
trolling the Li-germole ring distance. Thus. c/(Ge- Li) and 
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d(CI-- Li) distances in Li,(H,C,Ge) increase by 23.2 pm and 
21.6 pm, respectively, upon coordination of two water mole- 
cules to each of the q’-coordinated lithium ions. In contrast, 
solvation has practically n o  effect on the intraring distances. 

I n  summary, it appears that anions of Group 14 metalloles 
(C,E rings) may have either localized nonaromatic, or delocal- 
ized aromatic structures, depending on the nature of the metal 
E and the substituents. Further structural studies of metallole 
anions and dianions of this kind with different substituents will 
be of value in determining the factors leading to “aromaticity” 
in these substances. 

E.uperirnmta1 Procedure 
1 , l  -Dichloro-2.3,4.5-tetraphenylgermolc: Diphenylacetylene (26.7 g. 150 mmol) 
and lithium (1.38 g. 200 mmolj were stirred in diethyl ether (150 mL) at room 
temperature for 3.5 h. The reaction gave a brown solution and a yellow precipitate. 
The solution was frozen with a bath of liquid nitrogen, after removal of lithium 
metal GeCI, (25.7 mL, 300 mmol) was added by a syringe in one portion. The 
mixture was kept at - 196-C for 5 min before the cooling bath was removed. and 
the solution was allowed to warm up slowly to room temperature. and stirred for 
4 h lo give a yellow solution. The reaction product was extracted with diethyl ether 
and obtained as yellow crystals (30 g, 80%) at - 10 C. M.p. 197- 199 C. Selected 
data; ‘HNMR(300.133 MHz, CDCI,). 6 = 6.83-6.88 and 7.04-7.21 (br. m, 2OH: 
Ph); 13C[HJ NMR (75.403 MHz, CDCI, (6  =77 00)): 6 =149 96. 136 57. 134.66, 
132.72. 129.54. 329.50, 128.36, 128.06. 127.68, 127.47, MS(EI): mi: (%): 500 (23) 
[ M  ‘1, 356 (78) [M’ - GeCI,]. High-resolution MS. calcd. for C,,H,,GeCI, 
500.0155, found 500.0116. 
2 :  A solution of Ph,C,GeCI, (10.00 g, 20 mmolj in T H F  (130 mL) was stirred with 
4 equiv Li (0.555 g. 80 mmol) for 12 h at room temperature under an  argon atmo- 
sphere. The color of the solution rapidly changed to a dark maroon. After removal 
of solvent. the residue, 2. was extracted with dioxane and filtered. Orange crystals 
of 2b were obtained at room temperature. Cooling of the saturated solution to 

-20 C produced instead yellow crystals of Za. ”C(H) NMR (75 403 MHz. diox- 
iine(6 = 66.40)):b =165.17, 150.07. 143 83, 131.93, 129.19. 128.04. 125.89, 122.03, 
119.45. 
3a: An excess of trimethylchlorosilane was added slowly to a solution of 2 
(20 mmolj in T H F  (130 mL) at 0 C. The solution was allowed to warm to room 
temperature and stirred for 2 h. Then the volatiles were removed under reduced 
pressure. The residue was extracted with pentane (100 mL) and filtered. Yellow 
crystals of 3a (quantiiative yield) were obrained after the solution was concentrated 
and cooled to - 10 C. M.p. 114 C. Selected data for 3a. ‘H NMR (300.133 MHz. 
CDCl,): 6 = 6.76 -6 89 and 6.94-7.10 (br. m, 20H. Ph), 0.16 (s, 18H. SiCH,); 
I3C(HJ NMR (75.403 MHz. CDCI, ( b  =77.00 j): d =151.55, 149.34. 142.40, 
140.34. 130.61. 129.53. 127.55. 127.19. 125.54. 124.90, 0.26 (SiMe,); MS(EI). IW/: 

( I % ) :  576 (74) [M’]. 503 (22) [M’ - SiMe,]. High-resolution MS: calcd. for 
C,,H,,GeSi, 576 1742, found 576.1720. 
3b: Yellow crystals, quantitative yield, M.p. 78-80 C; ‘H NMR (300.133 MHz. 
CDCI,):b=675~7.10(br.m.20H,Ph).1.45-1.52(br.m.4H,CH,).1.30(t .4H. 
Ge-CH,). 0.95 (t, 6H, -CH,). I3C(HJ NMR (75.403 MHz, CDCI,): 6 =152.28. 
143.30. 140.98. 139.65, 130.14, 128.91. 127.80. 127.35. 125.90, 125 31. 18.80. 17.58. 
17.37; MS(EI): iii’: (%): 516 (100) [ M + ] ,  473 (10) [ M +  -nPr].  429 (69) [M’ 
-2nPrI. High-resolution MS : calcd. for C,,H,,Ge 516.1882. found 516.1883. 
3c: Yellow crystals, quantitativc yield, M.p 148-150 C, ‘ H  NMR (300.133 MHz. 
CDCI,):6=6.78-7.23(br.m.20H.Ph).1.15-1.39(br.m,4H,~CH,-).1.00-1 15 
(br. m. 4H, -CH,-). 0.88 and 0.80 (t. 6H. -CH,), 0.64 (t- 4H. Ge-CH2); 13C(H) 
NMR (75.403 MHz. CDCI,): 6 =151.84, 145.40, 140.74. 139.50. 130.38, 129.46, 
127.80. 127.39. 126.01, 125.54.28.04.25.01.15.94, 13 44;MS(EI):riii:(%): 544(59) 
[M’],  429(28) [ M i  -2nBuI High-resolution MS: calcd. for C,,H,,Ge 544.2197. 
found 544.2188. 
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[6] J:H. Hong and P. Boudjouk. Bull. Chem So<. Fr. 1995. 132. 495 
171 W. P Freeman. T. D.  Tilley, F. P. Arnold, A. L. Rheingold, P. K. Gantzel, 

Angrii~ Chrm. 1995. 107. 2029; A r i g w ’ .  Cliwii. lilt. Ed Engl. 1995, 34, 1887. 
181 X-ray structure analysis of2a.  C,,H,,GeLi,-5C,H,O,. M, =795.33. triclinic, 

Pi. u = 9 9864(13). h =13.573(2). c =15.881(2) A, 1 = 98.190(9), B = 
95.827(10). ~=109.280(9)‘,  V=1985.6(4)A3, Z =  2,  pcd,cd =1.330Mgm-’. 
F(000) = 836. i. = 0.71073 A, 8 = 113(2) K. A yellow single crystal (dimen- 
sions 0.40 x 0.40 x 0.10 mm) was mounted under a coating of Paratone-N. 
Data were collected by thew scan method in the range of 1 .SO I H < 22 5 0  on 
a Siemens P4diffractometer. O f a  total of 5533 reflections, 5177(Rj,, = 0.0310) 
were independent. The structure was solved by direct methods with the 
SHELXS-86 program and relined by the full-matrix least-squares method on 
using the SHELXL-93 program. R ( F )  = 0.0370, R,(F2-all) = 0.0887. There is 
one lithium cation on each face of the five-membered Ge ring. Each Li is 
coordinated to two dioxane molecules, both of which are in chair conforma- 
tions One of the dioxane molecules that is coordinated to one lithium ion is 
also coordinated through its other oxygen atoni to the lithium ion in another 
molecule. Thus these groups form infinite chains in the u direction of the 
crystal. There is also one dioxane molecule in a chair conformation that is not 
coordinated to any other group. Crystallographic data (excluding structure 
factors) for the structure(s) reported in this paper have been deposited with the 
Cambridge Crystallographic Data Centre as supplementary publication no. 
CCDC-179.16 and CCDC-179.17. Copies of the data can be obtained free of 
charge on application to The Director. CCDC. 12 Union Road, Cambridge 
CB2 IEZ, UK (fax: int. code +(1223) 336-033; e-mail: teched(0chemcrys. 
cam ac.uk). 

[9] X-ray structure analysis of 2b: C,,H,,GeLi,-5.5C,Hs02, M, = 927.48. tri- 
clinic. Pi, ( I  =12.7118 ( 2 ) ,  h =13.2702(2). t. =17.2801(3)A. x = 68.293(2). 
11 =72 413(2). : = 62.830(2) . V = 2377.88(7) A3, Z = 2, pGd,cd = 
129.5 Mgm-’, F(OO0j = 980, i = 0.71073 A. (9 = 133(2) K. An orange single 
crystal (0.5 x 0.4 x 0.4 mm) was mounted under a coating of Krytox oil. Inten- 
sity data were collected by the $J scan method (1.50“<(1<22.50 on a Siemens 
P4 diffractometer equipped with a C C D  area detector. From a total of 14703 
measured data. 8263 were independent (R,,, = 0.0291). The structure was 
solved by direct methods and refined by a full-matrix least squares method on 
F 2  using the SHELXTL + program. R(F-obs) = 0.0312. R,(F2-all) = 0.0822, 
S = 1.068 for 8261 data and 596 variables. One lithium ion bonds to a face of 
the five-membered ring nnd the other Li ion bonds to the Ge center directly. 
Dioxanes join the lithium atoms to form an infinite bonded chain [XI. 

1101 Julg‘s parameter A is a measure of the deviation o f C  C bond lengths from the 
mean C-C bond lengths in cyclic compounds, A =1.00 for benzene, 0 for 
“KekuE benzene” A. Julg, P. Francois. T/ioor. Cliini Actu 1967, 7,249; S. M. 
van den Kerk. J. Orgunoiiier. Chefn. 1981, 315. 315 

Ill] Values in Table 2 were calculared by using density functional theory (B3LYP) 
with the polarized. triply split 6-311G* basis set augmented by diffuse func- 
tions (B3LYP/6-311 + G*). All structures were restricted to C,, symmetry, 
Gaussian 94 was employed [13]. For comparison we calculated the structure of 
H4C4Gez- at several other levels of theory using different basis sets. The 
predicted intraring distances and Julg parameters are: HFi6-31 + G* (C.H). 
ecp28mwb +diffuse(Ge):Cl-C2 =136.7pm.C2- C3 =144 7 pm,Ge-CI = 
201 5 pm, A = 0.835; HF/6-311 + G I :  C1 -C2 = 136.8 pm, C2-C3 = 144.3. 
Ge-C1 =199.0, A = 0.856: MP2(fc)!6-31 + G* (C.H), ecp28mwb (Ge): 
C1-C2 =142.3pni, C2--C3 =141.9 pm, Ge-Cl =197.8pm. A =1.000. We 
note that R H F  theory predicts a more localized structure for the dianion than 
does DFT theory. However, even at the H F  level the structure of the dianion 
is predicted to be more delocalized than that of the monoanion H,C,GeSiH,-. 
as shown by the A values. MP2 calculations predict a fully delocalized structurc 
for H,C,Ge’-. 

[12] This value is somewhat smaller than the ASE for the corresponding silole 
dianion (17.9 kcalmol-’ at MP2(fc)/6 + 31G*). 

(131 Gaussian 94. Revision B. 3. B. G. Johnson. M. A. Robb. J. R. Cheeseman. T. 
Keith. G.  A Peterson, J. A. Montgomery, K Raghavachari. M. A. AI-La- 
ham, V. G .  Zakrzewski, J. V. Ortiz, J. B. Foresman. C. Y. Peng, P. Y. Ayala, W. 
Chen, M. W Wong, J. L. Andres, E. S. Replogle, R. Gomperts. R. L. Martin. 
D. J. Fox, J. S. Binkley, D. J. Defrees. J Baker. J. P. Stewart. M Head-Gordon. 
C. Gonzalez, J. A. Pople. Gaussian, Inc.. Pittsburgh, PA, 1995. 

[l]  W X .  Joo. JLH. Hong. S:B. Choi. H.-E Son. J. Orgununlrf. Chenr. 1990. 391. 

[2] J.-H. Hong. P. Boudjouk. J Ani. Cliem. Sot.. 1993. /15 .  5883. 
[3] J.-H. Hong, P. Boudjouk, S. Castellino. 0,;~unomrtullic.s 1994. f 3 ,  3387 
[4] a) B Goldfuss, P. von R .  Schleyer, Orgunoineru1li~:r 1995. 14. 1553; b) 
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