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Dianion, Its Protonated Form, Silylated Isomers of a 

Substituted Fulvalene Ligand, and a Novel Dimeric Lithium 
Complex 

Dennis M a l a b a , l a  Abdellah D j e b l i , l b  Lee C h e n , l a  Eugene A. Zarate,lb 
Claire A. T e s s i e r , * J a  and Wiley J. Y o u n g s * J a  

Departments of Chemistry, The University of Akron, Akron, Ohio 44325-3601, 
and Cuse Western Reserve University, Cleveland, Ohio 44106 

Received November 18, 1992 

A novel lithium-induced cyclization reaction of tribenzocyclotriyne (TBC) (1) leads to the 
formation of a helical fulvalene dianion derivative Liz($,$-C24H14) (2) in high yield. The helical 
nature of the dianion is observed in the crystal structure of the 1:2 adduct with TMEDA (2a), 
which crystallizes in the triclinic space group Pi with a = 12.379 (3) A, b = 16.043 (3) A, c = 
16.902 (4) A, CY = 95.42 (2)O, /3 = 96.64 (2)O, r = 90.27 (2)", V =  3318.6 (13) A3, a n d 2  = 4. Reaction 
of the fulvalene dianion 2 with methanol gives a protonated neutral compound Cz4H16 (3) which 
crystallizes in the orthorhombic space group P212121 with a = 5.460 (9) A, b = 13.675 (2) A, c 
= 20.552 (3) A, V = 1534.74 (4) A3, and 2 = 4. Reaction of the fulvalene dianion 2 with 
trimethylchlorosilane leads to the formation of bis(trimethylsily1) trans and cis isomers of 
(SiMe3)z. The structures of the two isomers have been determined by single crystal X-ray 
diffraction. The trans isomer (4a) crystallizes in the monoclinic space group P21/a with a = 
12.066 (4) A, b = 18.129 (4) A, c = 13.253 (4) A, /3 = 116.41 (2)O, V = 2596.6 (13) A3, and 2 = 
4. The cis isomer (4b) crystallizes in the triclinic space group PI with a = 8.3694 (13) A, b = 
11.446 (2) A, c 14.807 (3) A, CY = 110.058 (13)') /3 = 96.901 (13)", y = 99.810 (13)O, V = 1288.0 
(4) A3, and 2 = 2. The trans-bis(trimethylsily1) compound 4a has the most pronounced helical 
character. Dimetalation of the disilylated isomers 4a and 4b with 2 equiv of n-butyllithium 
resulta in the formation of a new dimeric organolithium compound ~Li~(THF)~[rl~:tl~,a~-C~rH121- 
(SiMe3)zjz (6) which shows unusual modes of coordination for lithium atoms. Compound 6 
crystallizes in the monoclinic space group P21/n with a = 13.663 (3) A, b = 14.509 (3) A, c = 
18.494 (4) A, /3 = 107.50 (3)") V = 3496.5 (13) A3, and 2 = 4. This is the first example of a crystal 
structure of an organolithium having lithium atoms bound in an $,$fashion to cyclopentadienyl 
(Cp) moieties forming a sandwich system and is the only inverse sandwich structure with Li- 

. Cp-Li-Cp interactions. 

Introduction 

Reactions of alkynes with transition metal complexes 
can lead to a variety of products. Metal complexes of 
alkynes are important as intermediates for catalytic 
proceseea in the cyclodiierization, cyclotrimerization, and 
cyclotetramerization of alkynes to benzenes and cyclooc- 
tatetraenese2 A number of research groups have inves- 
tigated alkyne cyclization reactions with most of these 
being transition metal ~atalyzed.~ For the last few years 
our reeearch group has been studying the synthesis of cyclic 
polyalkynes (cyclynes) and metallocyclynes and the re- 
action chemistry of these unique compounds with the 
primary interest being the synthesis of conducting ma- 
terials based on these new  compound^.^ In our studies of 
the interaction of transition metal complexes with 
cyclynes,q" we have isolated transition metal cyclyne 
complexes but, consistent with the results of other 

(1) (a) The Univereityof Akron. (b) Case WestemReverseUniversity. 
(2) (a) Jolly, P. W. In Compreheneiue Organometallic Chemistry; 

Wilkineon, G.; Ed.; Pergamon Press: New York, 1982; Vol. 8,649-668. 
(b) Keim, W.; Behr, A,; Roper, M. In Compreheneiue Organometallic 
Chemistry; Wilkinson, G.; Ed.; Pergamon Press: New York, 1982; Vol. 
8, 371-462. 

(3) For a review 8ee: Schore, N. E. Chem. Reu. 1988,88, 1081. 
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researched we have not observed transition metal-induced 
[2 + 2 + 21 alkyne cyclization of the cyclynes. Recently 
in our investigation of the interaction of lithium metal 
with a cyclyne ligand we have discovered an unprecedented 
lithium-induced cyclization reaction of tribenzocyclo- 
t r ipe6 (TBC) (1) to form the novel helicene dianion 2.' 
This is the first example of a helicene dianion based on 
a fulvalene fragment. The synthesis, structural charac- 
terization of the helical dicyclopentadienyl dianion, its 
reaction chemistry, and the characterization of the reaction 
products are presented here. 

(4) (a) Ferrara, J. D.; Teesier-Youngs, C.; Youngs, W. J. J. Am. Chem. 
SOC. 1985,107,6719. (b) Ferrara, J. D.; Tessier-Youngs, C.; Youngs, W. 
J. Organometallics 1987,6,676. (c) Ferrara, J. D.; Teseier-Youngs, C.; 
Youngs, W. J. Znorg. Chem. 1988,27,2201. (d) Djebli, A.; Ferrara, J. D.; 
Teasier-Youngs, C.; Youngs, W. J. J.  Chem. SOC., Chem. Commun. 1988, 
548. (e) Ferrara, J. D.; Djebli, A.; Tessier-Youngs, C.; Youngs, W. J. J.  
Am. Chem. SOC. 1988,110,647. (0 Ferrara, J. D.;Tanaka,A.A.;Fierro, 
C.; Tessier-Youngs, C.; Youngs, W. J. Organometallics 1989,8,2089. (g) 
Solooki, D.; Kennedy, V. 0.; Teesier-Youngs, C.; Youngs, W. J. Synlett 
1990, 427. 

(5) Diercks, R.; Vollhardt, K. P. C. J.  Am. Chem. SOC. 1986,108,3150. 
(6) (a) Staab, H. A.; Graf, F. Chem. Ber. 1970,103, 1107. (b) Staab, 

H. A.; Graf, F. TetrahedronLett. 1966,751. (c) Campbell, I. D.; Eglington, 
G.; Henderson, W.; Raphael, R. A. J. Chem. Soc., Chem. Commun. 1966, 
87. 

(7) Youngs, W. J.; Djebli, A.; Tessier, C. A. Organometallics 1991,10, 
2089. 
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Lithium-Induced Cyclization of Tribenzocyclyne 

Experimental Section 

General Procedures. Unless otherwise stated, all manipu- 
lations were performed under argon or vacuum by using standard 
inert atmosphere techniques?~~ Tetrahydrofuran (Aldrich) was 
distilled from sodium/benzophenone ketyl under argon. Tet- 
ramethylethylenediamine (TMEDA) (Aldrich) was purified by 
vacuum distillation from barium oxide. Trimethylchlorosilane 
(Aldrich) was degassed and distilled from calcium carbonate 
under vacuum. Methanol (Aldrich) was degassed with argon 
prior to use. Lithium sand (Aldrich) contained a 1% sodium 
impurity. n-Butyllithium (Aldrich) was standardized with 
diphenylacetic acid prior to use.l0 Flash chromatographyll was 
carried out using silica gel (40 Mm, Baker). 

Infrared spectra were recorded on either a Matson Cygnus 25 
FT-IR or Bomem-Michelson FT-IR spectrometer. Nuclear 
magnetic resonance spectra were recorded on either a Varian 
Gemini-300 or a Brucker MSL-400 FT-NMR spectrometer.12 
X-ray intensity data were collected at  ambient temperatures with 
the use of graphite-monochromated Mo Ka radiation (A = 0.71073 
A) on a Nicolet R3m/v diffractometer except complex 5 whose 
data were collected on a Syntex P21 diffractometer. Microana- 
lytical determinations were performed at  the Schwarzkopf 
Microanalytical Laboratory, Woodside, NY. Melting points were 
obtained using a Thomas-Hoover Unimelt apparatus and are 
uncorrected. 

Synthesis of TBC (1). TBC was prepared via the Stephens- 
Castro coupling13 of copper(1) o-iodophenylacetylide.6e 0-10- 
dophenylacetylene was synthesized from phenylacetylene by a 
modification of a literature p r ~ c e d u r e . ~ ~  

Reduction of TBC with Lithium. Synthesis of [Li- 
(TMEDA)]2(s5,q5-C24HII) (2a). TBC (1) (0.10 g, 0.33 "01) 
was dissolved in THF (40 mL) to give a pale yellow solution. 
Lithium metal (0.010 g, 1.44 mmol) and TMEDA (1 mL) were 
added to the solution. The color turned pale blue upon stirring, 
deepened over a period of 1 h and turned purple in 2 h. After 
4 h the solution started turning red and turned completely red 
after approximately 6 h. No further color change was noted after 
20 h. The reaction mixture was filtered using a medium frit. 
THF and excess TMEDA were removed in vacuo. The red solid 
was washed with hexane to give an extremely air-sensitive orange 
solid: yield 0.17 g [Li(TMEDA)Iz(q5,q5-C~4Hd (2a), 92% based 
on TBC; IR (Nujol, KBr, cm-') 1612 m, 1462 m, 1321 s, 734 m; 

TMEDA),7.30-7.33 (m, 6 H),7.55 (dd,Jl = 3.3 Hz,J2 = 6 Hz, 
2 H), 8.05-8.11 (m, 2 H), 8.69 (dd, J1 = 3.3 Hz, JZ = 6 Hz, 2 H), 
9.40-9.46 (m,2 H);13C NMR(THF-d8,6) 45.91(TMEDA,CH3), 

123.83, 124.06, 124.44, 130.34, 132.18, 159.14. 
Reduction of TBC with Lithium without TMEDA. Syn- 

thesis of [L~(THF)]z(~~,~~-CZ~HI~) (2b). The same procedure 
as above was followed without TMEDA. No more color changes 
were observed after approximately 18 h, the solution was filtered 
using a medium frit, and THF was removed in vacuo to give an 
air-sensitive red solid which was then washed with toluene and 
hexane. Attempts to obtain crystals of this compound were 
unsuccessful: yield 0.17 g, [L~(THF)IZ(~~,~~~-CZ~H~~) (2b), 92% 
based on TBC; IR (Nujol, KBr, cm-') 1591 m, 1377 8,728 m; IH 
NMR (THF-da, 6): 1.72-1.76 (m, 4 H, THF), 3.16 (d, J = 1.01 
Hz, 4 H, THF), 3.52-3.60 (m, 4 H, THF), 6.47-6.64 (m, 4 H), 6.74 

'H NMR (CsDs, 6) 0.9 ( ~ , 8  H, CH2 TMEDA), 1.10 ( ~ , 2 4  H, CH3 

58.57 (TMEDA, CHz), 110.56, 112.31, 115.79, 119.05, 123.46, 

~ 

(8) Shriver, D. F.; Drezdon, M. A. The Manipulation of Air-Sensitive 
Compounds; Wiley: New York, 1986. 

(9) Wadya, A. L.; Daresbourg, N. Y. Experimental Organometallic 
Chemistry: A Practicum in Synthesis and Characterization; ACS 
Symposium Series 357; American Chemical Society: Washington, DC, 
1987. 

(IO) Kofron, W. G.; Baclawski, L. M. J. Org. Chem. 1976,41, 1879. 
(11) Still, W. C.; Kahn, M.; Mitra, A. J.  Org. Chem. 1978, 43, 2923. 
(12) NMR were referenced as follows: benzene-&, d = 7.15 ppm ( I H ) ,  

b = 128.6 ppm ( I  'C), chloroform-d, b = 7.24 ppm ('H), b = 77.0 ppm (W); 
THF-dn b = 1.73 ppm (IH), b = 25.3 ppm (IT). 

(13) Stephens, R. D.; Castro, C. E. J. Org. Chem. 1963,28, 3313. 
(14) Brandsma, L.; Hommes, H . ;  Verkruijase, H. D.; de Jong, R. L. P. 

R e d .  Trau. Chim. Pays-Bas; 1985,104, 226. 
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(~,2H),7.07(dd,J1=3.3H~,J2=6.0H~,2H),7.45(d,J=2.13, 
2 H), 8.28 (dd, J1 = 3.4 Hz, 52 = 6.0 Hz, 2 H), 8.81 (d, J = 7.5 
Hz, 2 H). 

Reduction of TBC with Lithium in THF-de. The same 
reaction procedure was followed using deuterated THF with 
TMEDA. The resulting orange solid was washed with hexane 
to give [L~(TMEDA)IZ(~~~,~~-C~~HIZDZ), 92% based on TBC: 1H 

TMEDA), 6.52-6.66 (m, 4 H), 7.09 (dd, JI = 3.3 Hz, J2 = 6.0 Hz, 

Hz, 2 H), 8.82 (d, J = 7.6 Hz, 2 H). 
Protonation of the  Dianion 2. Synthesis of the Neutral 

Compound C24H16 (3). Compound 1 (0.10 g, 0.33 mmol) was 
dissolved in THF (40 mL) under argon. Lithium metal (0.01 g, 
1.44 mmol) was added to the pale yellow solution. After 18 h the 
color of the solution was bright red. The reaction mixture was 
filtered using a frit and 1 mL of degassed methanol was added 
to the solution via a syringe. The solution turned brown-yellow 
immediately. The solvents were removed in vacuo. The solid 
residue was dissolved in toluene and passed through a plug of 
Celite to give a yellow solution. Removal of the solvent in vacuo 
afforded a yellow solid of the neutral compound 3: yield 0.06 g, 
C24H16,60% based on TBC; lH NMR (CDCl3 6) 4.22 (8, 4 H), 
7.26-7.54 (m, 6 HI, 7.68 (d, J = 7.30 Hz, 2 H), 8.03 (dd, J1 = 3.30 

(CDC13,6) 36.91 (methylene C on C, ring), 123.89,125.5,126.58, 
127.09, 129.85, 141.71,143.44, 144.56, 142.83. Anal. Calcd: C, 
94.70%; H, 5.30% Found: C, 94.48%; H, 5.00%. 

Silylation of the  Dianion 2. Synthesis of 4a and 4b. 
Compound 1 (0.5 g, 1.66 mmol) and lithium metal (0.06 g, 8.64 
mmol) were dissolved in THF (120 mL) and stirred at  room 
temperature for 18 h. The solution was filtered through a frit 
and trimethylchlorosilane (1 mL) was then added to the solution 
viasyringe. The reaction mixture was stirred at  room temperature 
for 3 h resulting in a yellow-brown solution. The solvent was 
removed in vacuo giving a yellow solid. At this point all further 
operations were conducted in air. Hexane (100 mL) was added 
to dissolve the product and then filtered over a plug of Celite to 
remove lithium chloride. The volume of the solution was reduced 
to ca. 20 mL on a rotary evaporator. Thin-layer chromatography 
(TLC) showed the presence of two compounds. The solution 
was subjected to flash chromatography on silicagel (elution with 
chloroform/hexanes mixture 1:9 ratio). 

The first compound to elute was the trans isomer, t r a n ~ - C ~ ~ H ~ ~ -  
(SiMe3)~ (4a), a pale yellow solid (mp 201-202 "C): yield 0.56 g, 
75% based on TBC; lH NMR (CDC13,6) -0.13 (s, SiMe3,18 H), 

(m, 4 HI, 7.63 (d, J = 7.57 Hz, 2 HI, 8.01 (m, 2 H), 8.55 (d, 7.48 
Hz, 2 H); I3C NMR (CDCl3,6) -1.85 (CH3 on Si) 43.88 (methylene 
ConC,ring), 122.80,123.66,124.34,124.79,126.38,128.23,132.62, 
141.65,143.58,147.21 (aromaticc). Anal. Calcd C,80.30%;H, 
7.19%. Found: C, 80.30%; H, 7.06%. 

The second compound to elute was the cis isomer, cis-C24H14- 
(SiMe& (4b) also apale yellow solid (mp 180-181 "C) yield 0.14 
g, 19 % yield baaed on TBC; lH NMR (CDCl3,6) -0.24 (8, SiMe3), 

(m, 4 H), 7.63 (d, J = 7.48 Hz, 2 H), 8.02 (m, 2 H), 8.69 (d, J = 
7.9 Hz, 2 H); I3C NMR (CDC4,6) -1.91 (CH3), 43.37 (methylene 
ConC,ring), 123.41,123.86,124.47,124.78,126.73,128.21,132.90, 
141.21,142.83 (aromaticc). Anal. Calcd: C,80.30%;H,7.19%. 
Found: C, 80.47%; H, 7.15%. 

Conversion of the Silylated Compounds 4a and 4b to the  
Diketone (C24H1202) 6. Compound 4a or 4b was left to stand 
in air at  room temperature in the solid state for several weeks. 
The compounds changed color from yellow to orange-red during 
that period. Addition of a minimum amount of chloroform 
resultedin a dark orange-red solution. TLC showed the presence 
of at least two compounds. The solution was subjected t o  column 
chromatography on silica gel. Elution with a 1:9 mixture of 
chloroform/hexane gave the originalcompound 4a or 4b. Further 
elution with a 1:l mixture of chloroform/hexane produced a red 
compound, the diketone 6, in low yields (ca. 10%): IR (Nujol, 
KBr, cm-') 1701 m (C=O); 1H NMR (CDCls, 6) 7.35 (dt, J = 7.4 

NMR (THF-ds, 6) 2.06 (8,8H, CH2, TMEDA), 2.08 ( ~ , 2 4  H, CH3, 

2 H), 7.47 (d, J = 7.7 Hz, 2 H), 8.27 (dd, J1 = 3.4 Hz, J 2  = 6.0 

Hz, J 2  = 4.80 Hz, 2 H), 8.52 (d, J = 7.30 Hz, 2 H); I3C NMR 

4.55 ( ~ , 2  H), 7.31 (dt, 51 = 1.1 Hz, J 2  7.41 Hz, 2 H), 7.38-7.47 

4.65 ( ~ , 2  H), 7.34 (M, J1 = 1.1 Hz, J z  = 7.40 Hz, 2 H), 7.37-7.48 
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Table I. Summary of Crystallographic Data for Compounds 
h a n d 3  

Malaba et al. 

Table II. Summary of Crystallographic Data for Compounds 
for 4a, 4b, and 5 

2a 3 4s 4b 5 

form u 1 a 
formula wt 
space group 
crystal system 
cell constants 
a, A 
b, A 
c, A 
a, deg 
8, deg 
7,  deg v, A3 
Z 
D(ca1cd) g cm-3 
absorp coeff mm-I 
F(000) 
temp, K 
28 range, deg 
scan type 
scan speed, deg/min in w 
scan range ( w ) ,  deg 
no. of reflns collcd 
no. of indep reflns 
Rint 9% 
no. of obsd reflns, F > 6 4 F )  
R(F) % 
R4F) % 
GOF 

C36H46LbN.d 
548.7 

triclinic 

12.379(3) 
16.043(3) 
16.902(4) 
95.42(2) 
96.64(2) 
90.27(2) 
33 18.6( 13) 
4 
1.034 
0.057 
1056 
29 1 
3.5 to 45.0 

3.00 to 14.65 
1.20 
7509 
7024 
1.75 
1920 
10.53 
15.15 
0.99 

Pi 

W 

C24H16 
304.4 
P212121 
orthorhombic 

5.4604(9) 
13.675(2) 
20.552(3) 

formula 
formula wt 
space group 
cryst system 
cell constants 
a, A 
b, A 
c, A 
a, deg 
8, deg 

1534.7(4) 
4 
1.317 
0.069 
640 
29 1 
3.5 to 45.0 

2.00 to 14.65 
1.20 
1214 
1195 
0.00 
753 
3.69 
3.72 
1.27 

W 

Hz, 2 H), 7.46-7.59 (m, 4 H), 7.71 (d, J = 7.2 Hz, 2 H), 8.02 (d, 
J = 7.6 Hz, 2 H), 8.97-9.03 (m, 2 H); 13C NMR (CDC13,S) 123.59, 
124.50, 124.54, 129.50, 129.75, 131.21, 133.20, 134.63, 134.47, 
134.77, 139.99, 143.04, (aromatic C), 194.16 ( C d ) .  

Syntheeie of the Dimer ~ L ~ ~ ( T ~ ~ F ) Z [ ~ ~ , ~ - C ~ H ~ Z I ( S ~ ~ ) Z ~ Z  
(5). Compound 4a or 4b (0.10 g, 0.22 mmol) was dissolved in 
THF (35 mL) and cooled to-78 OC. n-BuLi in hexanes (0.18 mL, 
0.45 mmol, 2.5 M) was added to the solution dropwiseviaa syringe 
with stirring. The solution immediately turned red. The cold 
bath was removed and the mixture was allowed to warm to room 
temperature. Stirring was continued for 1 h after which the 
solvent was removed under vacuum to give an extremely air and 
moisture-sensitive orange solid yield 0.13 g, 98%; lH NMR (Cas ,  
6 ppm) 0.78 (a, 36, H, SiMes), 0.70 (16 H, THF), 2.28 (16 H, 
THF), 7.03-7.08 (broad, 8 H), 7.23-7.28 (broad, 4 H), 8.10-8.20 
(broad, 4 H), 8.34-8.50 (broad, 4 H). 

X-ray Data Collection, Structure Determination and 
Refinement for [L~(TMEDA)]Z(~,$-CUHM) (2a). An orange- 
red crystal of approximate dimensions 0.10 X 0.30 X 0.30 mm 
selected from a crop of crystals obtained by slow recrystallization 
from ether was mounted in a glass capillary under argon and 
accurately aligned on the diffractometer. Lattice parameters 
were obtained by least-squares refinement of the indices and 
angles of 25 general reflections with 20.0' < 29 < 30.0'. Crystal 
data, data collection and reduction, and structure refinement 
details are listed in Table I. Background measurements were 
made at  the beginning and end of each scan, each equal to a 
quarter of the total scan time. Crystal stability was monitored 
by measuring three standard reflection every 100 measurements. 
Data were corrected for Lorentz and polarization factors and 
reduced to unscaled F values. Those 1920 data with F > 6.0u(F) 
were considered observed. Crystallographic calculations were 
performed by using the Nicolet SHELXTL PLUS (MicroVAX 
11) program set.'5 The positions of most of the carbon atoms for 
the molecule 2a were determined by direct methods and positions 
of the remaining carbon atoms and other non-hydrogen atoms 
were determined by successive cycles of difference-Fourier 
synthesis and least squares refiiement. The quantity minimized 
during full-matrix least-squares refinement was h ( F 0  - F,12 
where w-1- a2Fo+ 0.00243F2. The hydrogenatoms were included 
by using a riding model with d(C-H) = 0.95 A and the isotropic 
thermal parameters were fixed at  0.08 A*. The structure for this 

(15) Siemens Analytical X-Ray Instruments, Inc. Madison, WI, 1990. 

Y, deg v, A3 
Z 
D(calcd), g cm-3 
absorp. coeff, mm-I 
F(000) 
temp, K 
28 range, deg 
scan type 
scan speed, 

deg/min 
scan range, deg 

no. of reflns collcd 
no. of indep reflns 
Rint % 
no. of obsd reflns, 

F > 6 4 7 )  
R(F) % 
R4F)  % 
GOF 

C30H32Si2 

P21Ia 
448.7 

monoclinic 

12.066(4) 
18.129(4) 
13.253(4) 

116.41(2) 

2596.6( 13) 
4 
1.148 
0.146 
960 
29 1 
3.5 to 45.0 

3.00 to 14.65 
in w 

1.40 ( w )  

7160 
3396 
2.35 
1858 

5.37 
5.65 
1.87 

W 

C30H3zSh 
448.7 
Pi 
triclinic 

8.3694( 13) 
11.446(2) 
14.807(3) 
110.058( 13) 
96.961 (13) 
99.810( 13) 
1288.0(4) 
2 
1.157 
0.147 
480 
298 

W 

4.00 to 15.00 
in w 

1.20 ( w )  

3583 
3313 
1.87 
1951 

5.01 
6.05 
1.62 

C38H46Li202Si2 
1219.6 
P 2 d n  
monoclinic 

13.663(3) 
14.509(3) 
18.494(4) 

107.50(3) 

3496.q 13) 
4 
1.149 
1.127 
1296 
293 
3.0 to 45.0 

4.19 in 28 
28-8 

2.00 (28) pius 
Ka-separation 

4740 
4524 
0.99 
3525 

5.83 
7.26 
2.62 

(F>40(F))  

molecule could not be refiied anisotropically because of the low 
data to parameter ratio. The carbon atoms of the TMEDAgroup 
were put in a model. The final agreement factors for the 1920 
data with F > 6.0aQ were RF = 10.53% and RWF = 15.15 % and 
GOF = 0.99. 

X-ray Data Collection, Structure Determination and 
Refinement for the  Neutral Compound CzrHls (3). Crystals 
of Cz4Hlt3 (3) were grown from a toluene solution. A yellow crystal 
measuring 0.50 X 0.50 X 0.50 mm was mounted on a glass fiber 
and aligned on the diffractometer. Final cell parameters were 
determined from 25 high angle reflections. Crystal stability was 
monitored by measuring three standard reflections every 50 
measurements. Crystal data, data collection and reduction, and 
structure refinement details for 3 are also listed in Table I. 
Crystallographic calculations were performed by using the Nicolet 
SHELXTL PLUS (MicroVAX 11) program set. A careful survey 
of the preliminary data set revealed the systematic absences (h00, 
h = 2n + 1; OkO, k = 2n + 1; 001, 1 = 2n + 1) indicating the 
noncentrosymmetric orthorhombic space group P212121. The 
noncentrosymmetric space group was later determined to be the 
correct choice by successful solution of the structure. Data were 
corrected for Lorentz and polarization factors and reduced to 
unscaled F values. The positions of all the carbon atoms were 
found by direct methods. The structure was refined via a series 
of difference-Fourier syntheses. All hydrogen atoms, except those 
on the cyclopentadienyl (Cp) rings and those on carbon C(6) and 
C(11), whose approximate positions could not be obtained from 
the electron density maps, were placed in calculated idealized 
positions (d(C-H) = 0.95 A,16 B = +1 A2 of the Bise of the carbon 
to which the hydrogen atom is bonded). Finally, all non-hydrogen 
atoms were refined anisotropically. The final agreement for the 
753 data (F > 6.0o(F) were RF = 3.69% and RWF = 3.72% and 
GOF = 1.27. 

X-ray Data Collection, Structure Determination, and 
Refinement for trarrs-Cz4H14(SiMe& (4a). Crystals of trans- 
C24H&iMe& (4a) were grown from a hexanesolution. A yellow 
crystal measuring 0.20 X 0.40 X 0.50 mm was mounted on a glass 
fiber and aligned on the diffractometer. Lattice parameters for 
a monoclinic cell were determined from 25 high angle reflections. 

(16) Churchill, M. R. Znorg. Chem. 1973,12, 1213. 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

A
ug

us
t 7

, 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

02
8a

04
9



Lithium-Induced Cyclization of Tribenzocyclyne Organometallics, Vol. 12, No. 4, 1993 1269 

Scheme I 

3 1 2 

Me$3ic1 1- 

4a 4b 

Intensity statistics suggested the space group P21/a and was 
confirmed by successful solution and refinement of the structure. 
During datacollection, the intensities of three standard reflections 
measured every 100 reflections showed no decay. Data were 
corrected for Lorentz and polarization factors. Crystal data, data 
collection and reduction, and structure refinement details for 4a 
are listed in Table 11. Crystallographic calculations were 
performed by using the Nicolet SHELXTL PLUS (MicroVAX 
11) program set. The positions of all non-hydrogen atoms were 
determined by direct methods and were refined anisotropically 
by use of full matrix least-squares methods. The B values of the 
carbon atoms of the methyl groups on the silicon atoms are 
relatively higher than those of the rest of the carbon atoms. The 
final agreement for the 1858 data (F > 6.0a(F) were RF = 5.37% 

X-ray Data Collection, Structure Determination, and 
Refiiement for cis-CuHl4(SiMe& (4b). Crystalsof cis-CuH14- 
(SiMe& (4b) were grown from a hexane solution. A yellow crystal 
measuring 0.44 X 0.29 X 0.23 mm was mounted on a glass fiber 
and aligned on the diffractometer. Final lattice parameters of 
a triclinic cell are baaed on a least-squares analysis of 25 high 
angle reflections. T h e  centrosymmetric space group PT was 
determined to be the correct choice by successful solution of the 
structure. Data were corrected for Lorentz and polarization 
factors. Crystal data, data collection and reduction, and structure 
refinement details for 4b are also listed in Table 11. Crystallo- 

and RWF = 5.65% and GOF = 1.87. 

6 

graphic calculations were performed by using the Nicolet 
SHELXTL PLUS (MicroVAX 11) program set. The positions 
of all non-hydrogen atoms were determined by direct methods 
and were refined anisotropically by w e  of full matrix leest-squaree 
methods. The hydrogen atoms were included by using a riding 
model with d(C-H) = 0.95 A and the isotropic thermal parameters 
was fixed at  0.08 &. The fiial agreement for the 1951 data (F 
> 6.0a(F) were RF = 5.01% and RWF = 6.05% and GOF = 1.62. 
X-ray Data Collection, Structure Determination, and 

Refinement for {Li~(THF)2[b:b,b-C~4H~*](SiMes)o)2 (5). An 
orange crystal of approximate dimensions 0.50 X 0.30 X 0.60 mm 
selected from a crop of crystala obtained from a saturated solution 
of 5 in benzene was mounted in a glass capillary under argon and 
accurately aligned on a Syntex P21 diffractometer. Final unit- 
cell parameters were obtained by least-squares refinement of 25 
well-centered high angle reflections. Crystal data, data collection 
and reduction, and structure refiement details are listed in Table 
11. Background measurements were made at the beginning and 
end of scan, each equal to a half of the total scan time. Crystal 
stability was monitored by measuring three standard reflections 
every 100 measurements. Data were corrected for Lorentz and 
polarization factors and reduced to unscaled F values. Those 
3525 data with F > I.Ou(F) were considered observed. Crystal- 
lographic calculations were performed by using the Siemens 
SHELXTL PLUS (PC Version)" program library. The quantity 
minimized during full-matrix least-squares refinement wae zw(F, 
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Table III. Atomic Coordinates (X104) and Equivalent 
Isotropic and Displacement Coefficients (Az X 1W) for 

Compound 2a 
atom X Y Z U ( 4 "  127) 

Figure 1. Thermal ellipsoid labeling diagram of 2a. The 
thermal ellipsoids are drawn at the. 50% level. Hydrogen 
atoms are omitted fcr darity. 

- F,)2 were w - l =  uZF, + O.O04F>. All non-hydrogen atoms were 
located with little difficulty by direct methods except Li2 (bound 
to two Cp rings) which was found by increasing the numbers in 
difference Fourier map to 50. All non-hydrogen atoms were then 
refined anisotropically leading to a half molecule. Hydrogen 
atoms were included using a riding model with d(C-H) = 0.95 
8, and the isotropic thermal parameters were fixed at 0.08 Az. 
The final agreement factors for the 3525 data with F > 4.0u(F) 
were RF = 5.83% and RWF = 7.26% and GOF = 2.67. 

Results and Discussion 

According to the Huckel rule cyclic conjugated hydro- 
carbons with 4n1r electrons are predicted to be antiaro- 
matic. The addition of two electrons to these compounds 
should result in an aromatic dianion. The reduction of 
TBC with alkali metals has been studied previously by 
u s 4 f  and othem6b In all these cases the alkali metal was 
used to generate the corresponding aromatic dianion. Thus 
the reaction of TBC with 2 mol equiv of lithium metal 
gave the blue-purple dianion accompanied by a small 
amount of the monoanion. The IR spectrum of TBC 
dianion is very characteristic with a C=C stretch at 2090 
cm-1 with a shoulder due to contamination with the 
monoanion. The observation of one C W  stretch is 
consistent with a delocalized dianion. An attempt to take 
an NMR spectrum of the dianion was unsuccessful due to 
the presence of the paramagnetic monoanion. When this 
dianion is exposed to oxygen it is oxidized back to TBC 
implying that this process is reversible. 

The reaction of TBC (Scheme I) with 4 mol equiv of 
lithium in THF yields an extremely air- and moisture- 
sensitive dianion 2. The formation of the dianion 2 
(Scheme 11) involves bond formation between carbons 1 
and 3 and between 4 and 6, protonation at carbons 2 and 
5, and conversion of the triple bonds of TBC into one 
tetrasubstituted and two trisubstituted double bonds. 
These new bonds are arranged in a fused ring system 
consisting of twofive membered-rings and a six-membered 
ring. The Cp rings in 2 are like fulvalene moieties, but 
unlike the nonrigid fulvalene system in which the Cp rings 
are connected only by a carbon-carbon single bond and 
may be rotated relative to each other, the Cp rings in 2 are 
held in the same plane and cannot be rotated because of 
the central aromatic ring. 

When the reduction of TBC is carried out in THF in the 
presence of TMEDA, the reaction takes approximately 6 

8935( 18) 
7947(17) 
7624(18) 
8354(21) 
8060( 18) 
7008( 17) 
6255( 17) 
6590(17) 
5798(15) 
463 3( 16) 
417 1 (1 7) 
3 122( 19) 
2877(17) 
3729(16) 
4791 (16) 
5055( 15) 
6047( 18) 
7202(17) 
7815(15) 
7582( 17) 
8432( 18) 
9450(18) 
97 12( 17) 
89 1 3( 1 7) 
7493(37) 
6809(52) 
6983(45) 
6341(42) 
865 l(39) 
8403(38) 
7037(47) 
6519(38) 
5829(24) 
7342(42) 
7891(48) 
5942(53) 
5369(36) 
5334(19) 
3827(43) 
3801 (42) 
5 170(20) 
6968(66) 
6853(55) 
7710(31) 
5 194(32) 
7544( 15) 
6866(16) 
4972( 15) 
5696(16) 

4569( 12) 
4864( 1 1) 
5125( 11) 
51 1 l(13) 
5355(11) 
5620( 12) 
5628( 11) 
5376( 11) 
5342( 10) 
5423( 10) 
5 161( 10) 
5042( 12) 
4720( 1 1) 
4469( 11) 
4580( 10) 
4935(10) 
5052(12) 
4892(10) 
4691 (10) 
4695( 11) 
4529( 12) 
4323( 11) 
4291( 11) 
4483( 11) 
1764(22) 
1862(31) 
1959(25) 
2038(24) 
2093( 26) 
2256(26) 
2618(31) 
25 13(24) 
3216( 16) 
2795(25) 
271 2(30) 
7895(34) 
7898(21) 
8180( 14) 
6901(32) 
7270(32) 
775 1 (14) 
741 9(48) 
7607(37) 
3 509(2 1 ) 
6382(21) 
2449( 10) 
2834( 11) 
7059( 10) 
7548( 10) 

2997(12) 
3254(12) 
403 1 (12) 
4705(14) 
5461 (12) 
5565(12) 
4839(11) 
4098( 11) 
3394(10) 
3316( 11) 
2557(11) 
2199( 12) 
1428(12) 
95 1 (1 2) 

1282( 10) 
2073( 10) 
2612( 12) 
2531( 11) 
1852(11) 
947( 11) 
529(13) 
852(12) 

1661( 12) 
2166( 11) 
2407(25) 
2222(33) 
2946(27) 
2913(24) 

747(28) 
1312(28) 
967 (3 2) 

1301 (25) 
3626( 16) 
41 83(26) 
4049(30) 
1923(34) 
1869(20) 
267 1( 14) 
1265(29) 
1465(30) 
4041( 14) 
3247(46) 
3514(36) 
3589(21) 
2577(22) 
1820( 10) 
3369( 11) 
1582(10) 
3279( 10) 

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

h, and a TMEDA adduct of 2, in which the lithium cations 
are chelated by TMEDA molecules, is isolated in almost 
quantitative yield. When TMEDA is not used, the 
cyclization reaction is much slower taking approximately 
20 h and the same cyclized product is isolated in approx- 
imately the same yield with two THF molecules being 
coordinated to each of the lithium atoms instead of 
TMEDA. This activating effect of TMEDA on metalation 
reactions of organolithium compounds and alkynes is well 

The lH NMR spectrum of 2a shows that 
all protons of the ligand are found downfield because of 
ring current effects of the aromatic rings. The protons 
attached to the Cp rings are expected to be deshielded 
and are assigned to the downfield resonance at 7.31 ppm. 
This assignment is also based on the results from the 
reaction of TBC with lithium in THF-da. The resonances 
for the Cp protons are absent for the deuterated product 
resulting from this experiment. The compound 2 is soluble 

(17) Nicolet Instrument Corp., Madison, WI, 1988. (18) Mulvaney, J. E.; Newton, D. J. J. Org. Chem. 1969,34, 1936. 
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Table IV. Selected Bond Distances (A) and Angles (deg) for 
Compound 2a' 

Distances 
Li( 1)-N( 1) 2.035(35) Li(2)-N(3) 2.080(41) 
Li( 1)-N(2) 2.141 (43) Li(2)-N(4) 2.166(37) 
Li(1)-Cp(c1) 1.995 Li(2)-Cp(c2) 1.993 
Li(l)-C(l) 2.276(40) Li(2)-C(9) 2.335(40) 
Li(l)-C(2) 2.351(37) Li(Z)-C(lO) 2.228(42) 
Li(l)-C(18) 2.317(38) Li(2)-C(11) 2.322(40) 
Li( l)-C( 19) 2.377(40) Li(2)-C(l6) 2.395(37) 
Li( 1)-C(24) 2.368(42) Li(2)-C(17) 2.387(40) 
N( 1)-C(25) 1.558(54) N(3)-C(31) 1.626(37) 
N(  1)-C(27) 1.480(52) N(3)-C(33) 1.477(54) 
N(  1)-C(28) 1.508(5 1) N(3)-C(34) 1.533(29) 
N(2)-C(26) 1.528(42) N(4)-C( 32) 1.544(29) 
N(2)-C(29) 1.516(35) N(4)-C(35) 1.518(31) 
~ ( ~ ( 3 0 )  1.538(50) N(4)-C(36) 1.442(69) 

Angles 
N(1)-Li(1)-N(2) 86.3(15) N(3)-Li(2)-N(4) 87.5(14) 
Cp(c1)-Li(1)-N(1) 137.3 Cp(cZ)-Li(2)-N(3) 136.9 
Cp(c1)-Li( 1)-N( 2) 135.4 Cp(cZ)-Li(2)-N(4) 135.3 

Cp(c1) and Cp(c2) are the centroids of the C(l),C(2),C(18),C- 
(19),C(24) ring and theC(9),C( 1O),C( 1 1),C( 16),C( 17) ring,respectively. 

in basic solvents and is insoluble in nonpolar solvents such 
as hexane. It is however sparingly soluble in benzene. 

The compound 2a crystallizes in the triclinic space group 
PI with two molecules per asymmetric unit, with these 
being enantiomorphs. A thermal ellipsoid labeling dia- 
gram for one enantiomer is shown in Figure l. Table III 
lists the atomic coordinates and equivalent isotropic 
displacement coefficients for non-hydrogen atoms of one 
of the enantiomers. Selected bond distances and bond 
angles are listed in Table IV. 

The structure of 2a shows that the two helicene 
enantiomers cocrystallize with each of the Cp rings 
?r-bound to a lithium atom, which in turn is chelated by 
a TMEDA molecule. The two lithium atoms are on 
opposite sides of the molecule. The Li-C distances tend 
to be fairly constant throughout the Cp rings with an 
average value of 2.336 (17) A. The Li-N distances are in 
the range of 2.035 (35) to 2.166 (37) A with an average 
value of 2.106 (30) A. The average Li-Cp(centroid) 
distance is 1.994 (1) A and the Cp(centroid)-Cp(centroid) 
distance is 3.880 A. These values are comparable to 
e~perimentall~ and theoretica120 parameters of similar 
systems. The two hydrogen atoms on the Cp groups were 
observable on electron density maps, however they were 
calculated and put in idealized positions. The main 
feature, however, is the helical character of the structure 
(Figure 2). The Cp and benzene rings are strictly planar, 
whereas the substituted fulvalene ligand as a whole is 
slightly bent, the angle of tilt or the dihedral angle between 
the two benzene rings being 25.6O. The distance between 
the two hydrogen atoms facing each other (H20A, H25A) 
is 2.001 A. 

The mechanism of the lithium-induced cyclization 
reaction is not fully understood and is still under inves- 
tigation. A possible mechanism for cyclization reaction is 

(19) (a) Chen, H.; Jutzi, P.; Leffers, W.; Olmstead, M. M.; Power, P. 
P. Organometallics 1991,10,1282. (b) Jutzi, P.; Schluter, E.; Pohl, S.; 
Saak, W. Chem. Ber. 1985, 118, 1959. (c) Lappert, M. F.; Singh, A.; 
Engelhardt, L. M.; White, A. H. J. Organomet. Chem. 1984,262,271. (d) 
Jutzi, P.; Leffers, W.; Pohl, S.; Sa&, N. Chem. Ber. 1989,122,1449. (e) 
Jutzi, P.; Schluter, E.; Kruger, C.; Pohl, S. Angew. Chem. Znt. Ed. Engl. 
1983,22,994. (0 Rhine, W. E.; Stucky, G .  J. Am. Chem. SOC. 1976,97, 
737. (g) Brooks, J. J.; Rhine, W. E.; Stucky, G .  J. Am. Chem. SOC. 1972, 
94,7339. 
(20) (a) Alexandratos, S.; Streitwieser, A. C., Jr.; Schaefer, H. F., 111, 

J.Am.Chem.Soc.1976,98,7959. (b)Bloom,R.;Faegri,K.,Jr.;Midtgaard, 
T. J. Am. Chem. SOC. 1991, 113,3230. 

9 D 

Figure 2. Thermal ellipsoid diagram of 2a showing the 
dihedral angle between the two benzene ringa fused to the 
cyclopentadienyl rings. 

Scheme I1 

1 l b  l b  

le 

that the initial stage involves the generation of the diradical 
dianion lb (Scheme 11) as a result of the reduction of TBC 
(1) by 2 mol equivof lithium metal. Our data are consistent 
with a delocalized dianion lb, though we also draw a 
localized version to make further reaction easier to 
visualize. The diradical dianion lb could then undergo 
internal cyclization resulting in bond formation between 
carbons 1 and 3 and between carbons 4 and 6 to form IC. 
The dianion IC could be further reduced by another 2 mol 
equiv of lithium and then immediately protonated at 
carbons 2 and 5 to form 2. The solvent THF would act 
as a weak Briinsted acid and would eerve as the source of 
the protons. We have established that THF is the source 
of the hydrogen atoms of 2 by conducting the reaction in 
deuterated THF. The resulting product 2(D) contained 
two deuterium atoms as shown by lH NMR analyeis. 

This mechanism is consistent with the reduction chem- 
istry of simple alkynes by alkali metals. Perhaps the moet 
studied reaction in this class is the reduction of diphen- 
ylacetylene with alkali metals.21 At -78 "C lithium metal 
reacts with diphenylacetylene in THF to give first the 
monomer radical anion which may dimerize to give a 
dianion or may react further with lithium to form a 
monomeric dianion. The dimerization of the monomer 
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Ci13 

141 

1171 c1241 111 
C18 

f211 
CI181 c123 

C119I 

Figure 3. Thermal ellipsoid labeling diagram of 3. The 
thermal ellipsoids are drawn at the 50% level. Hydrogen 
atoms are omitted for clarity. 

Table V. Atomic Coordinates (X104) and Equivalent 
IsotroDic and Dimlacement Coefficients (A2 X l(r) for 3 

3275( 11) 
1593(11) 
1705(10) 
-25(11) 

-1671( 11) 
-3560( 12) 

-3 809 ( 1 0) 
-1800(11) 

-32(11) 

-4807( 11) 

561(11) 
2491(11) 
3418(11) 
3508(12) 
1806( 12) 

47( 12) 
-6760(12) 

-4823(11) 

718( 15) 
2596(13) 
3559(12) 

-6748( 12) 

-312( 13) 

3540(4) 
3753(4) 
3294(4) 
3595(4) 
4341(4) 
4776(4) 
5519(4) 
5501(3) 
478 l(3) 
4486(4) 
48 12(4) 
4248(4) 
2564(4) 
2166(4) 
2446(5) 
3 137(4) 
6141(4) 
6709(4) 
6093(4) 
5564(5) 
57 19(5) 
5 128(5) 
4397(4) 

4941(3) 
5498(3) 
6121 (3) 
6596(3) 
6427(2) 
6889(3) 
6464(3) 
5840(3) 
5818(3) 
5338 (2) 
4667 (3) 

6286(3) 
6897(3) 
7360(3) 
7229(3) 
66 16( 3) 
5513(3) 
5357(3) 
4274(3) 
3668(3) 
3450(3) 
3827(3) 

4437(3) 

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

radical anion results in C-C bond formation analogous to 
the C-C bond formations we propose for the conversion 
of lb to IC. THF is observed to be a source of protons in 
the reaction of diphenylacetylene with lithium metal once 
the reaction mixture is allowed to warm above -78 OC. As 
discussed above we have shown that THF is the source of 
protons in the conversion of 1 to 2. 

Protonation of compound 2 by degassed methanol 
results in the corresponding protonated fulvdene deriv- 
ative, the neutral species compound 3, which is isolated 
in 60% yield (Scheme I). Protonation of 2 with water 
instead of methanol also gives 3 but in a much lower yield. 
The neutral species is a light yellow solid and is soluble 
in most common organic solvents. The 'H NMR spectrum 
of this compound is similar to that of 2 with the exception 
of the methylene protons and the decrease in the deshield- 
ing effect. Isolation of small quantities of 3 from a Lindlar 
hydrogenation of 1 has been reported by Staab and co- 

(21) (a) Levin, G.; Jagur-Grcdzinski, J.; Szwarc, M. J. Am. Chem. SOC. 
1970,92, 2268. (b) Levin, G.; Szwarc, M. J. Chem. SOC. Chem. Comm. 
1971,1029. (c) Levin, G.; Jagur-Grodzinski, J.; Szwarc, M. Tram. Faraday 
SOC. 1971,768. (d) Dadley, D.; Evans, A. G. J. Chem. SOC. B, 1967,418. 
(e) Dadley, D.; Evans, A. G. J. Chem. SOC. B, 1968,107. (0 Smith, L. I.; 
Hoehn, H. H. J. Am. Chem. SOC. 1941,63, 1184. 

W 

Figure 4. Thermal ellipsoid diagram of the neutral compound 
3 showing the dihedral angle between benzene groups. 

c125 

C1301 

C141 I 

Figure 5. Thermal ellipsoid labeling diagram of 4a. The 
thermal ellipsoids are drawn at the 30% level. Hydrogen 
atoms are omitted for clarity. 

workers.22 This compound is insoluble in hexane but 
soluble in more polar organic media. 

Compound 3 crystallizes in the orthorhombic space 
groupF'212121 with one molecule per asymmetric unit. The 
final thermal ellipsoid labeling drawing for this compound 
is shown in Figure 3. Final positional parameters are listed 
in Table V. Although the helical strain of compound 3 is 
less dramatic when compared with that of compound 2a, 
the dihedral angle of 10.4O between the two benzene groups 
indicates that the helical character of the ligand is still 
present (Figure 4). It is clear from the structure that the 
two hydrogen atoms facing each other (H20A and H21A) 
are bent away from one another and from the planes of 
the benzene rings to which they are attached. The distance 
separating H20A and H21A is 1.580 A. 

Treatment of both the THF and TMEDA adducts of 
the dianion 2 with 2 equiv of trimethylchlorosilane 
produced two isomers of the bis(trimethylsily1) derivative 
of 2 (Scheme I). The pure isomers were isolated using 
flash chromatography on silica gel. One of the isomers, 
the trans isomer 4a has the two trimethylsilyl groups on 
opposite sides of the molecule relative to the least-squares 
plane of the molecule. The other is the cis isomer 4b with 
the trimethylsilyl groups on the same side of the molecule 
relative to the least-squares plane of the molecule. The 
IH and 13C NMR spectra of the two isomers are very similar 
with minimal differences in their chemical shifts. The 
two isomers are soluble in virtually all common organic 
solventa. 

Compound 4a crystallizes in the monoclinic space group 
P!&/a withone molecule in the asymmetric unit. A thermal 
ellipsoid labeling diagram of this compound is listed in 
Figure 5 and a list of atomic coordinates and equivalent 
isotropic displacement coefficients for carbon and silicon 
atoms is listed in Table VI. Selected bond distances and 
angles are listed in Table VII. The carbon atoms of the 
methyl groups are slightly disordered with higher thermal 
parameters. 

Comparison between compound 3 (Figure 4) and com- 
pound 4a (Figure 6a) shows a dramatic increase in the 

(22) Staab, H. A,; Graf, F.; Doerner, K.; Nissan, A. Chem. Ber. 1971, 
104, 1159 and references cited therein. 
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(a) 

Figure 6. (a) Thermal ellipsoid diagram of 4a showing the dihedral angle between the two benzene rings fused to the 
cyclopentadienyl rings. (b) Thermal ellipsoid diagram of 4b showing no helical character. 

Table VI. Atomic Coordinates (X104) and Equivalent 
Isotropic and Displacement Coefficients (A* X 103) for 4a 
atom X Y Z U(l(eq)' 

-423 l(2) 
365(2) 
556(5) 

-686(6) 
-1 409( 6) 
-1 004( 7) 
-1 744(8) 
-2936(8) 
-3362(6) 
-2603(6) 
-3025(5) 
-4240(6) 
-4256(7) 
-5239(7) 
-5041(8) 
-3910(8) 
-2950(7) 
-3 104(6) 
-23 16( 6) 
-1084(6) 

-34(6) 
146(6) 

1304(7) 
2249(7) 
2 lOO(6) 
943(6) 

1743(7) 
193(8) 

-1005(8) 
-28 1 l(6) 

-5597(6) 
-4282(8) 

-1573(1) 
1675( 1 ) 
682(3) 
362(3) 
520(3) 
960(3) 

1 1 15(4) 
822(4) 
368(4) 
186(3) 

-263(3) 
-669(3) 
-861(3) 

-1 125(3) 
-1244(4) 
-1 104(4) 
-837 (3) 
-722(3) 
-379(3) 
-1 09( 3) 
-250(3) 
-781(4) 
-842(4) 
-377(5) 

136(4) 
197(3) 

1944(4) 
2349(3) 
1708(4) 

-2073(4) 
-1420(4) 
-2 129(4) 

2569(2) 
2862(2) 
3443(5) 
3213(5) 
3786(6) 
4759(6) 
5265(6'j 
4820(7) 
39 18(6) 
3374(6) 
24 1 O( 5 )  
1813(6) 
705(6) 

-287(8) 
-1218(7) 
-1 195(7) 
-234(6) 

739(6) 
1832(5) 
2306(5) 
2046(6) 
375(6) 

1393(6) 
2054(7) 
2738(6) 
2740(6) 
2708(7) 
3808(6) 
1513(6) 
2810(6) 
3919(7) 
1693(6) 

a Equivalent isotropic U defined as one-third of the trace of the 

Table MI. Selected Bond Distances (A) for Compounds 

orthogonalized U, tensor. 

4a and 4b 
4a 4b 

Si(l)-C(lO) 1.919(7) 
Si( 1)-C(28) 1.836(8) 
Si( 1)-C(29) 1.839(10) 
Si( 1)-C(30) 1.838(7) 
Si(2)-C(1) 1.93 l(6) 
Si( 2)-C( 25) 1.829(10) 
Si(2)-C(26) 1.829(8) 
Si(2)-C(27) 1.817(6) 

Si(l)-C(7) 1.912(4) 
Si( 1)-C(25) 1.857(5) 
Si( 1)-C(26) 1.861(7) 
Si( 1)-C(27) 1.849(6) 
Si(2)-C( 18) 1.926(5) 
Si(2)-C(28) 1.841(5) 
Si(2)-C(29) 1.850(7) 
Si(2)-C(30) 1.837(7) 

dihedral angle between the two benzene groups. The angle 
of tilt in compound 4a is 33.1', about 12.7' larger than 
that in compound 3. The calculated distance between the 
two hydrogen atoms facing each other is 2.006 A. The two 
methylene carbon atoms on the Cp groups are projected 
out of the planes of the corresponding rings and pointing 
towards the trimethylsilyl groups. The silicon-carbon 
distance is longer when the carbon atom is a methylene 

Figure 7. Thermal ellipsoid labeling diagram of 4b. The 
thermal ellipsoids are drawn at the 50% level. Hydrogen 
atoms are omitted for clarity. 

carbon on the Cp group than when it is a methyl carbon. 
The average Si-C (Cp) distance is 1.925 (6) A while the 
Si-C distances range from 1.817 (6) to 1.839 (10) with an 
average value of 1.831 (3) A. 

Compound 4b crystallizes in the triclinic space group 
Pi with one molecule per asymmetric unit. A thermal 
ellipsoid labelling diagram of this compound is shown in 
Figure 7. Table VI11 lists the final positional parameters 
and equivalent isotropic displacement coefficients for 
carbon and silicon atoms. Selected bond distances and 
angles are also listed in Table VII. Compound 4a shows 
no helical character and the distance between the two 
hydrogen atoms facing each other is 1.706 A. 

Compounds 4a and 4b are quite stable in air for days 
and as described above can be separated from each other 
by chromatography in air. Over extended periods of time 
(several weeks) they decompose to a red compound, the 
diketone 6, which is easily separated by chromatography. 
Staab and co-workers have previouslyz2 obtained this 
compound from an oxidation of 3 using potassium di- 
chromate. Repeated recrystallization of 6 from benzene 
produced red needles that were not suitable for X-ray 
analysis. IR and NMR data are consistent with the 
structure of the diketone. 

On the basis of the interesting structure of 2a and our 
interest in the synthesis and structural characterization 
of main group and transition metal complexes of substi- 
tuted fulvalene ring systems, we explored the dimetalation 
of 4a and 4b with 2 equiv of n-BuLi. In THF this reaction 
leads to the formation of the novel tetrallithium compound 
~Li2(THF)~[11~:11~,s~-C24H121 (SiMe&jz (5) in almost quan- 
titative yields. The presence of the trimethylsilyl groups 
on this ligand increases ita solubility to a point where it 
is slightly soluble in hexane. 
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Table WI. Atomic Coordinates (X104) and Equivalent 
Isotropic and Displacement Coefficients (A* X 103) for 4b 

Malaba et al. 

atom X Y z U(€Xl)" 
2838(2) 

1954(8) 
1046(6) 
407(6) 
680(6) 

1567(8) 
2212(8) 

-3537( 2) 

-74 l(6) 
-830(6) 
-128(5) 

-1516(6) 
-1 668 (6) 
-1112(6) 
-272(5) 

-1 967(6) 
-2546(6) 
-2732(6) 
-2298(6) 
-1322(6) 
-195(6) 

338(6) 
265(6) 

1252(7) 
1756(7) 
1287(7) 

-2698(8) 
-3283(7) 

-3900(8) 
-3720(9) 
-5124(7) 

4565(7) 

2265( 1) 
8414(1) 
285 l(5) 
2498(6) 
3390(4) 
4660(4) 
4967(5) 
4078( 5) 
3215(4) 
4545(4) 
5386(4) 
4950(4) 
6240(4) 
7056(4) 
6687(4) 
4 148(4) 
4603(5) 
5854(5) 
6656(4) 
8393(4) 
8862(4) 
7836(4) 

1 OOSO(4) 
10284(5) 
9295(5) 
8068(5) 

578(5) 
2965(5) 
2306(5) 
7674(6) 

1 OO96(6) 
7515(6) 

1501(1) 59( 1) 
3347( 1) 63(1) 
394(4) 80(3) 

1 0 ~ 4 )  62(3) 
1654(3) 48Q) 

1057(4) 8 W  
426(5) 99(4) 

2895(3) 46(2) 
2479(3) 42(2) 
3746(3) 45(2) 
4133(3) 46(2) 
3642(3) 43(2) 

4270(4) 5 6 M  
5108(4) 63(3) 
5482(3) 62(3) 
4997(3) 5 6 W  

3283(3) 48(2) 
2654(3) 43(2) 
3282(3) 5 8 0  
2643(4) 66(3) 
201 8(4) 79(3) 
2009(4) 7 0 ( 3  
912(5) lOO(3) 
560(4) 79(3) 

2172(4) 88(3) 
2000(4) 96(4) 
3748(6) 125(5) 
3764(5) 96(4) 

1703(3) 5 0 ~ )  

2316(3) 5~ 

2875(3) 4 1 ~ )  

3864(3) 5 1(2) 

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

U Y  

Ngum 8. Molecular structure of (L~~(THF)Z[~~~:~~,~~-C~~H~~I- 
(SiMed212 (6). Hydrogen atoms are excluded for clarity. 

Compound 5 is a dimer of Li2(THF)2[t15:15,r15-C24H1~1- 
(SiMe& and crystallizes in the monoclinic space group 
P21/n with a = 13.663 (3) A, b = 14.509 (3) A, c = 18.494 
(4) A, /3 = 107.50 (3)O, V = 3496.5 (13) A3 and 2 = 4. A 
thermal ellipsoid drawing of the molecular structure of 5 
is shown in Figure 8. Positional parameters and equivalent 
isotropic thermal parameters for 5 are listed in Table IX 
and selected bond distances and angles are listed in Table 
X. The dimer 5 crystallizes in a head-to-tail rather than 
head-to-head fashion. There are two modes of coordi- 
nation for the lithium atoms. In the first mode, one lithium 
atom is coordinated in a +:q5 fashion to two Cp rings of 

Table IX. Atomic Coordinates (X104) and Equivalent 
Isotropic and Displacement Coefficients (A2 X 103) for 

Non-Hydrogen Atoms of 5 
atom X Y z U(€XlP 

2946( 5) 
43 15(5) 
5220( 1) 
2806(1) 
2 17 1 (2) 
1972(3) 
4746(3) 
4532(3) 
4932(3) 
5768(3) 
6159(3) 
5752(3) 
4980(3) 
4530(3) 

3 138 (3) 
2547(3) 
1848(3) 
1341(3) 
1483(3) 
2 174(3) 
2746(3) 
3496(3) 
3926(2) 
3808(3) 
3368(3) 
3396(3) 
3870(3) 
4334(3) 
4306(3) 
6546(3) 
4424(4) 
5134(5) 
3539(5) 
1438(4) 
2925(5) 
1506(5) 
1237(7) 
1388(8) 
1621(4) 
1286( 5) 
827(6) 

1396(6) 
2397(4) 

3 735( 3) 

7966(5) 
11420(5) 
6879(1) 

12277( 1) 
8723(3) 
6980(2) 
7743(2) 
8727( 2 )  
9409(2) 
92 14(3) 
9856(3) 

10733(3) 
10959(3) 
10311(2) 
10555(2) 
11399(2) 
1 1294(2) 
11898(3) 
11633(3) 
10770(3) 
10175(3) 
10410(2) 
9952(2) 
9022( 2) 
8226(2) 
8078(3) 
7229(3) 
6487(3) 
6589(3) 
7455(2) 
6523(3) 
5812(3) 
7232(3) 

13360(3) 
12608(4) 
11853(4) 
6574(5) 
5649(6) 
5603(6) 
6482(5) 
9190(5) 
9710(5) 
9482(5) 
9 13 l(4) 

5686) 

1630( 1) 
1098(1) 
1046(2) 
293(2) 
860(2) 
845(2) 

1442(2) 
2078(2) 
2632(2) 
2559(2) 
19 16( 2) 
1347(2) 
660(2) 
477(2) 

-166(4) 

-300(2) 
-808(2) 

-1 5 19(2) 
-1777(2) 
- 1 33 l(2) 
-584(2) 

114(2) 
-378(2) 

-1 163(2) 
-1471(2) 
-1027(3) 
-272(2) 

81(2) 
1716(3) 
1422(3) 
2580(3) 
1185(4) 
759(3) 

2079(3) 
798(3) 
545(5) 

-193(6) 
-386(3) 

572(4) 
1043(5) 
1811(4) 
1770(3) 

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

the substituted fulvalene ligands resulting in a sandwich 
system. Only one other structure showing a lithium atom 
sandwiched between two aromatic rings (benzene rings) 
has been rep0rted.~3 Previous to our earlier no 
X-ray crystal structure of an organolithium compound 
having two lithium atoms bound in a q5:q5 fashion to Cp 
rings forming a sandwich system had been reported. 
Lithium atoms sandwiched between Cp rings have been 
observed only in solution and exist in equilibrium with 
their monomers.25 In the second mode, a lithium atom is 
$-bonded to a Cp ring and to two THF molecules. These 
two modes combined lead to an inverse sandwich in which 
two lithium atoms are .rr-bonded to opposite sides of one 
Cp ring. Examples of inverse sandwich structures with 
two lithium atoms coordinating to opposite sides of the 
same mystem have been reported.26 One interesting 
feature of this compound is that the lithium atoms, two 

(23) (a) Bladauski, D.; Broser, W.; Hecht, H. J.; Rewicki, D.; Dietrich, 
H. Chem. Ber. 1979,112,1380. (b) Bladauski, D.; Dietrich, H.; Hecht, 
H. J.; Rewicki, D. Angew. Chem. Znt. Ed. Engl. 1977, 16,474. 

(24) Malaba,D.; Chen,L.; Tesaier, C. A.;Youngs, W. J. Organometallics 
1992, 11, 1007. 

(25) (a) Paquette, L. A.; Bauer, W.; Sivik, M. R.; Buhl, M.; Fiegel, M.; 
Schleyer, P. v. R. J. Am. Chem. SOC. 1990,112,8776. (b) Eiermann, M.; 
Hafner, K. J. Am. Chem. SOC. 1992,114,135. 
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CI 

Li(1a) 

T H p /  A F  

(a) (b) 
Figure 9. (a) Thermal ellipsoid labeling diagram of the monomeric unit of 5. (b) A pictorial representation of selected bonding 
parameters of 5. 

Table X. Selected Bond Distances (A) and Angles (deg) for 
Compound 5” 

Li( 1)-O( 1) 
Li ( 1 )-O( 2) 
Li( 1)-C( 1) 
Li( 1 )-C( 2) 
Li( 1)-C( 18) 
Li( 1)-C( 19) 
Li( 1 )-C( 24) 
Li( 2)-C( 9) 
Li(2)-C( 10) 
Li(2)-C( 11) 
Li(2)-C( 16) 
Li(2)-C( 17) 
Li(2)-C( 1A) 
Li(2a)-Cp(cl) 

Distances 
1.916(9) 
1.9 1 5 (8) 
2.3 77 (8) 
2.348(8) 
2.351(9) 
2.414( 10) 
2.41 3(9) 
2.294(8) 
2.27 l(9) 
2.36 1 (8) 
2.5 19(7) 
2.478(8) 
2.399(9) 
2.094 

Li(2)-C(2A) 
Li (2)-C ( 1 8A) 
Li (2)-C ( 1 9A) 
Li( 2)-C( 24A) 
Si( 1)-C( 1) 
Si( 1 )-C( 25) 
Si( 1)-C(26) 
Si( 1)-C(27) 
Si(2)-C( 10) 
Si(2)-C(28) 
Si( 2)-C( 29) 
Si( 2)-C( 30) 
Li( 1)-Cp(c1) 
Li( 2)-Cp(c 1 A) 

2.300( 9) 
2.460( 8) 
2.5 lO(7) 
2.461(8) 
1.8 6 1 (3) 
1.845(5) 
1.864(5) 
1.867(5) 
1.859(4) 
1.844(6) 
1.848(5) 
1.876(5) 
2.038 
2.05 1 

Angles 
O( 1)-Li( 1)-0(2) 96.6(4) Si( 1)-C( l)-Li(2a) 119.5(3) 
Li(l)-Cp(cl)-Li(2a) 173.0 Si(1)-C(1)-Li(1) 1 1  1.3(3) 
O( 1)-Li( 1)-Cp(c1) 130.5 Si(2)-C(lO)-Li(2) 13 1.0(2) 
0(2)-Li(l)-Cp(cl) 132.2 Cp(cl)-Li(2a)-Cp(c2A) 163.1 

(I Cp(c1) and Cp(c2) are the centroids of the C(l),C(2),C(18),C- 
(19),C(24) ring and theC(9),C( lO),C(ll),C( 16),C(17) ring,respectively. 

Cp rings, and THF are in a quasilinear coordination 
forming a Cp-Li-Cp-Li-2THF usupersandwich” system, 
a structure which was f i i t  predicted by MO calculations.24a 
The lH NMR spectrum of the dimer 5 shows broad peaks 
in the aromatic region and only one SiMe3 resonance 
suggesting an exchange process is taking place in solution. 

The distances between the internal lithium atom and 
the centroids of the two Cp rings are 2.051 and 2.094 A and 
that of the external lithium atom and the Cp rings 2.038 
A. The Cp(centroid)-Li-Cp(centroid) angle is about 
163.1’. The lithium atoms Li(2) and Li(2a) are bound to 
the convex side of the bent ligand and are 4.499 A apart. 
Typical separations between lithium atoms in oligomeric 
organolithium compounds range from 2.1 to 3.0 A.27 We 
have not been able to attribute the long Li-Li separation 
to any particular factors. If two hypothetical metals were 
bound on the concave side of the ligand bent like that in 
5, then the metals would be about 3.4 A apart.28 We do 

(26) (a) Rhine, W. E.; Davis, J. H.; Stucky, G. J. J.  Organomet. Chem. 
1977,134,139. (b) Boche, G.; Etzrodt, H.; Massa, W.; Baum, G. Angew. 
Chem. Int. Ed. Engl. 1985,24,863. 

(27) Setzer, W. N.; Schleyer, P. v. R. Adu. Organomet. Chem. 1985,24, 
353. 

(28) The lithium to Cp (centroid) distances of 5 were used for the 
calculation of this distance. 

not know whether the bending in other complexes of a 
fulvalene type ligand can be greater than that observed 
in 5. This ligand is more rigid than fulvalene where 
distances between transition metals as short as 2.719 A 
have been observed.29 The average Li-0 distance is in 
the range of 1.916 (1) A while the Li-C distances are in 
the range 2.272 (9) to 2.518 (8) A with an average value 
of 2.397 (6) A. The distance between the centers of the 
Cp rings is about 3.9 A. The helical character of the ligand 
is still present with the angle of tilt being 13.1’. The 
trimethylsilyl groups are slightly bent out of the planes of 
the substituted Cp rings and are pointing away from the 
internal lithium atoms. Similar out-of-plane bending but 
involving CH bonds in CpLi have been examined theo- 
retically and interpreted as due to simple coulombic 
effects. lgay30 A pictorial summary of selected bonding 
parameters in 5 is shown in Figure 9, part b. 

Comparison of the structures of the four compounds 
shows an increase in the dihedral angle as well as an 
increase in the distance separating the two hydrogen atoms 
on the benzene rings facing each other in the order 4a > 
2a > 5 > 3 > 4b. This order corresponds to the increase 
in the helical character of the four compounds. The 
lithium-induced cyclization reaction offers a new method 
for the synthesis of previously unknown fulvalene-con- 
taining systems and other polycyclic systems. The new 
organolithium compounds and the silylated isomers de- 
scribed in this paper are likely to play an important role 
as synthetic intermediates leading to the formation of a 
variety of transition metal complexes and main group 
organometallics of the substituted fulvalene ligand. 

Note Added in Proof, Recently, the crystal structure 
of a polymeric base-free lithium cyclopentadienide in which 
the lithium atoms are also bound to Cp rings in a $,q5 
fashion was reported. See: Evans, W. J.; Boyle, T. J.; 
Ziller, J. W. Organometallics 1992, 11, 3903. 
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