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Abstract: Dipotassio-9-germafluorenyl dianion (3b) was synthesized by reduction of 9,9-dichloro-9-
germafluorene (4b) with sodium/potassium alloy in tetrahydrofuran. The X-ray crystal structure of 3b, like
that for the analogous silicon compound 3a, shows C—C bond length equalization in the five-membered
metallole rings and C—C bond length alternation in the six-membered benzenoid rings, indicating aromatic
delocalization of electrons into the germole ring of 3b. Calculated nucleus independent chemical shift (NICS)
values indicate that the five-membered ring is more aromatic than the six-membered rings in 3a and 3b.
Derivatization of 3b with Me3SiCl gave 9,9-bis(trimethylsilyl)-9-germafluorene (5). Controlled oxidation of
3b yielded dipotassio-9,9'-digerma-9,9'-bifluorenyl dianion (6). Reaction of 6 with MeOH yielded 9,9'-digerma-
9,9'-bifluorene (7). The X-ray structure of 6 indicates C—C bond length alternation in the five-membered
rings. Thus dianion 6, like its silicon analogue 8, has the negative charges localized at metal atoms and no
aromatic character. Dipotassio-9,9'-bifluorenyl dianion (9), the carbon analogue of 6, exhibits aromaticity
with its X-ray crystal structure showing the C—C bond length equalization in both the five- and six-membered
rings. Derivatization of 9 with Mel gave 9,9'-dimethyl-9,9'-bifluorene (10). The structure of 10 shows that
the two fluorenyl rings are cis to each other with a torsional angle of 59° and a long C—C single bond (1.60
A) connecting them.

Introduction Chart 1

Since the discovery of the tetraphenylsilole dianida, (R /Z/—\L @—j\
= Ph, M = Na);! several dianionic derivatives of siloles and
germoles have been synthesized and structurally characterized o'e e oo u® oo x®
(1aandib, Chart 1)2-1° All these compounds exhibited similar ‘ ‘ .
aromaticity with delocalization of @+ 2) x electrons and €C A X oo om) §:g;<g;g)
bond length equalization in the five-membered silole rings.  R=Ph Me,Et
Boudjouk and co-workers recently reported the synthesis and M=L N, K

characterization of silaindenyl and germaindenyl dianions

(2a and 2b, Chart 1)1412 The structures of both dianions showed C-C bond length equalization in the five-membered

ring and C-C bond length alternation in the six-membered
*To whom correspondence should be addressed. E-mail: west@ [1Ngs, indicating aromatic electron delocalization in the five-

chem.wisc.edu. membered rings and loss of aromaticity in the six-membered
T University of Wisconsin-Madison. rings
* Institut fir Anorganische Chemie der Goethe Univeitskeankfurt. ’
§ Current address: National Starch and Chemical Company, 10 Finderne  Recently, we have reported the synthesis and characterization

A(‘S”J‘f)% \‘?v”_d(??n’;g‘;rh’fﬂ _Ogﬁgifs B Son, H.EOrganomet, Chen196Q of 9-silafluorenyl dianion 3a) by potassium reduction of 9,9-
391 27. AR ' dichloro-9-silafluorene4a) in refluxing tetrahydrofuran (THF;
(2) Hong, J.-H.; Boudjouk, R1. Am. ChemSoc 1993 115 5883. Scheme 13314 Both X-ray crystal structure and NMR spec-

(3) Hong, J.-H.; Boudjouk, P.; Castellino, Srganometallicsl994 13, 3387. . . e
(4) Bankwitz, U.; Sohn, H.; Powell, D. R.; West, B. Organomet. Chem troscopy of3a indicated considerable electron delocalization

1995 499, C7. ; oy - -
(5) West, R.- Sohn, H.. Bankwitz, J.: Calabrese, J.: Apeloig, Y-l&duT. J. in the five membered ring, and thus we proposed that dianion
Am. ChemSoc 1995 117, 11608. 3a had aromatic character.

(6) Freeman, W. P.; Tilley, T. D.; Liable-Sands, L. M.; Rheingold, A.JL.
Am. ChemSoc 1996 118 10457.
(7) Freeman, W. P.; Tilley, T. D.; Yap, G. P. A,; Rheingold, A. Angew. (11) Choi, S.-B.; Boudjouk, P.; Wei, B. Am. ChemSoc 1998 120, 5814.
Chem., Int. Ed. Engl1996 35, 882. (12) Choi, S.-B.; Boudjouk, P.; Qin, KOrganometallics200Q 19, 1806.
(13)
)

(8) Goldfuss, B.; Schleyer, P. v. Rirganometallics1997, 16, 1543. Liu, Y.; West, R.Abstracts of Papers, 34th Organosilicon Symposium
(9) West, R.; Sohn, H.; Powell, D. R.; Mar, T.; Apeloig, Y.Angew. Chem., Saginaw, MI, April 6-8, 2000, PA-14.

Int. Ed. Engl.1996 35, 1002. (14) Liu, Y.; Stringfellow, T. C.; Ballweg, D. W.; Guzei, I. A.; West, B. Am.
(10) Choi, S.-B.; Boudjouk, P.; Hong, J.-l@rganometallics1999 18, 2919. Chem Soc 2002 124, 51.
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X = Si(4a) X = Si(3a)
X = Ge (4b) X =Ge (3b)

We now report the synthesis, X-ray structure, aromaticity and
chemistry of 9-germafluorenyl dianioBlf). Quantum mechan-
ical calculations were carried out to obtain geometric and
magnetic criteria to investigate the aromaticity of both the five-
membered and six-membered rings 8 and its silicon
analogue3a. Related to this work, we will also discuss the
synthesis and structural studies of'S#luorenyl dianions §,

8, 9) for three group 14 elements: carbon, silicon, and
germanium.

Results and Discussion

Synthesis of 9,9-dichloro-9-germafluoredby), the precursor
for dianion3b, has been described in the literatifréHowever,
we found thattb could be prepared in much higher yield (74%)
than reported earlier by reaction of 2dlbromobiphenyl with
n-butyllithium and germanium tetrachloride (Scheme 1). A
thermal ellipsoid diagram and crystal parameters 4brare
shown in Figure 1 and Table 1. The two benzenoid six-
membered rings have equatC bond lengths (1.40 A), while
the five-membered germole ring is cyclopentadiene-like with a
C—C bond length of 1.51 A and a=€C bond length of 1.42 A.

Reduction of4b with excess sodium/potassium alloy 4
equiv of K) in THF at room temperature or with potassium metal
in refluxing THF gave a dark green solution containing the
potassium salt of 9-germafluorenyl dianioBh. Deep green
crystals of3b were isolated from THF/hexane solution in the
presence of 18-crown-6 and Na/K. The structures and crystal
parameters foBb are shown in Figures 2 and 3 and Table 1.
There are two types of structures flv in each unit cell. In the
first type, designatedb’, both K atoms arej®>-bonded to the
Ge-containing ring (Figure 2). The second type, which we
designatedb’, contains one K atom®-bonded to the germole

Figure 1. Thermal ellipsoid diagram of structudé. Selected bond lengths
(A) and angles (deg): Ge@@)C(1) 1.926(3), Ge(HCI(1) 2.1660(9), C(1r
C(2) 1.404(4), C(1yC(6) 1.422(4), C(2yC(3) 1.400(5), C(3yC(4)
1.398(5), C(4)-C(5) 1.399(5), C(5yC(6) 1.401(4), C(6yC(7) 1.507(4),
C(1)-Ge(1y-C(12) 92.86(13), C(}HyGe(1)-Cl(1) 116.39(9), CI(1)y
Ge(1)-Cl(2) 103.40(4), C(6yC(1)—Ge(1) 106.9(2), C(HyC(6)—C(7)
116.4(3).

chloride 4b with their silicon analogues3a and 4a. The
resonance peaks of the dianioBa,and3b, in both'H and!3C
NMR spectra, are spread out over wide ranges: from 8.42 to
6.36 ppm A6 = 2.06) for 3a and from 8.42 to 6.31A0 =
2.11) for3b in H NMR; from 167.86 to 110.53 ppmAp =
57.33) for3a and from 178.85 to 111.40 ppnA\§ = 67.45)

for 3b in 13C NMR. In comparison, the peak ranges are 787
7.31 ppm QA6 = 0.56) for precursor dichloridda and 8.03-
7.47 ppm QA6 = 0.56) for dichloride4b in 'H NMR, and
146.75-122.08 ppm Ao = 24.67) for4aand 143.13-123.10
ppm (A6 = 20.03) for 4b in 33C NMR. These chemical
shift variations in both dianions3a and 3b, are consistent
with electron localization and loss of aromaticity in the benzene
rings.

Quantum mechanical calculatidisat the hybrid density
functional B3LYP/6-33%-G(d) level®1® were carried out to
evaluate the aromaticity of the dianior&g,b, in comparison
to their protonated analogu8sa(H,) and3b(H>) and to a set of
standard compounds. The obtained molecular structures for the
dianions3a,b (see Table 3) agree well with the experimental
structures found for the potassium salts. In agreement with the

ring, and the other coordinated mainly to several carbon atomsstructural analysis of the experimental geometries, the calcu-

of the germafluorene ring, as shown in Figure 3. Each of the K
atoms is also coordinated by a crown ether molecule.

The five-membered rings in both kinds & dianions contain
nearly equalized €C bond lengths, indicating considerable
delocalization of electrons in the five-membered rings (Figure
4). Alternation of bond lengths, indicating some localization of
electron density, is found in the six-membered benzene rings.
Thus, aromatic delocalization into the germole rings 3bf

lated structures of the dianior3a,b reveal a bond length
equalization for the central five-membered rings and in-
creased bond length alternation for annelated benzene when
compared to their saturated analogia¢H,) and 3b(H). A
guantitative measure of aromaticity based on bond length
equalization was suggested by Julg using the paranfgtér
which is widely used as a structural measure for aroma#iédy.
Julg’'s parameteA is defined by the difference between the

appears to take precedence over benzenoid delocalization, aidividual CC bond lengthi; and the average CC bond length

was found earlier for3a314 In 3b', the bond lengths are
distributed almost symmetrically about the two halves of
the anion, but in the less symmetrical forBb" there is
more variation, consistent with the greater polarization in this
anion.

Table 2 shows a comparison 8#f and*C NMR chemical
shifts of 9-germafluorenyl dianioBb and corresponding di-

(15) Chernyshev, E. A.; Rogachevskii, V. L.; Krasnova, T. L.; Babaeva, N. M.
Zh. Obshch. Khim. (USSRP78 48, 636.

(16) Chernyshev, E. A.; Krasnova, T. L.; Bugerenko, E. F.; Rogachevskii, V.
L.; Matveicheva, G. P.; Babaeva, N. Mh. Obshch. Khiml977, 47, 2572.

(17) All calculations were performed with Gaussian 94, Revisions C2-E2, and
Gaussian 98 Revisions A3-A7, Gaussian, Inc., Pittsburgh, PA, 1995 and
1999.

(18) (a) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and
Molecules Oxford University Press: Oxford, 1989. (b) Koch, W.;
Holthausen, M. CA Chemist’s Guide to Density Functional Theddiley-
VCH: Weinheim, 2000.

(19) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Becke, A. DJ. Chem.
Phys.1993 98, 5648. (c) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B
1988 37, 785.

(20) Julg, A.; Francoais, PTheor. Chim. Actal967, 8, 249.

(21) Schleyer, P. v. R.; Freeman, P. K.; Jiao, H.; GoldfussAiggew. Chem.,

Int. Ed. Engl 1995 34, 1002.

(22) Mtiler, T.; Apeloig, Y.; Sohn, H.; West, R. IRrom Molecules to Materials

III; Auner, N., Weis, J., Eds.; VCH: Weinheim, 1996; p 144.
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Table 1. Crystallographic Data? for Compounds 3b, 4, 6, 8, 9, and 10
4-30+2THF-7(18-c-6) 4 6-4DME 8-4DME 9-1.613Et,0-0.387THF 10
formula GiaH216Ge4K 5044 C1oHgCloGe CioHs6K 208G e CuoHs6K 208Siz CagHzs2K 202 CogH2o
fw 3206.29 295.67 888.23 799.23 554.05 358.46
crystal system triclinic triclinic monoclinic monoclinic triclinic monoclinic
space group P1 P1 P2:/n P2i/n P1 P2;/n
z 1 2 2 2 2 4
T,°C —100 —140 —140 —140 —140 —100
a A 10.502 (2) 7.3066 (11) 12.6292 (7) 12.6822 (15) 10.022 (8) 12.7914 (14)
b, A 16.601 (3) 9.1777 (14) 12.8673 (7) 12.7774 (11) 12.251 (8) 11.9120 (12)
c, A 23.357 (4) 9.5212 (15) 13.3347 (7) 13.2890 (15) 12.755 (10) 12.8235 (14)
a, deg 99.846 (3) 66.887 (2) 90 90 89.70 (2) 90
p, deg 102.058 (3) 89.616 (2) 93.776 (2) 94.019 (2) 89.962 (12) 102.873 (2)
y, deg 94.103 (3) 86.590 (2) 90 90 67.56 (2) 90
Vv, A3 3899.2 (13) 586.09 (16) 2162.2 (2) 2148.1 (4) 1447.4 (19) 1904.8 (4)
dealc,g cm 3 1.365 1.675 1.364 1.236 1.271 1.250
u, mmt 1.054 3.030 1.629 0.324 0.356 0.071
6 range, deg 0.9121.00 2.33-28.31 2.15-28.27 2.15-25.00 2.26-25.00 2.03-28.36
GOF F?) 1.141 1.113 0.971 1.012 0.989 1.040
R (WRS), % 14.6 (30.4) 3.50 (10.0) 5.84 (14.4) 5.09 (11.1) 8.19 (22.6) 4.37 (10.9)

a Obtained with graphite-monochromated MaKadiation § = 0.710 73 A).P Ry = Y ||Fo| — |Fell/3|Fol. ¢ WRx = [SW(F2 — FAZIW(F2)3Y2. 9 One
solvent site appeared to be occupied by both diethyl ether and tetrahydrofuran. The refined occupancies for this site are 0.613(6) for di@(i)ether,

C(30B), and 0.387(6) for THF, O(t-C(30).

cue) ci7)

&
o TR Py

Figure 2. Thermal ellipsoid diagram o8b'. Selected bond lengths (A)
and angles (deg): Ge(@)(1) 1.974(18), Ge(}H)K(2) 3.327(4), Ge(Ly
K(1) 3.530(4), Ge(2rC(13) 1.935(18), Ge(2K(4) 3.357(4), Ge(2rK(3)
3.532(4), K(1)-C(6) 3.132(19), K(1)yC(7) 3.196(18), K(1)C(1) 3.211(18),
K(1)—C(12) 3.341(16), K(3YC(19) 3.073(19), K(3}C(13) 3.202(19),
K(3)—C(24) 3.292(19), C(1)yC(6) 1.41(3), C(1}C(2) 1.43(3), C(2rC(3)
1.35(3), C(3)-C(4) 1.38(3), C(4)>-C(5) 1.40(3), C(5)-C(6) 1.39(3), C(6)
C(7) 1.47(2), C(13¥C(18) 1.44(2), C(13yC(14) 1.45(3), C(14yC(15)
1.35(3), C(15)-C(16) 1.40(3), C(16)C(17) 1.38(2), C(17-C(18) 1.40(2),
C(18)-C(19) 1.48(3), C(12)Ge(1)-C(1) 82.4(7), C(1}Ge(1)-K(2)
126.5(5), C(1)Ge(1)-K(1) 64.3(5), K(2)-Ge(1)-K(1) 143.40(11), C(13}
Ge(2)-C(24) 84.7(8), C(13)Ge(2)-K(3) 64.1(5), K(4)-Ge(2)-K(3)
119.43(11), C(6yC(1)-Ge(1) 115.5(13), C(HC(6)—C(7) 113.0(16),
C(18)-C(13)-Ge(2) 115.0(13), C(13)C(18)-C(19) 114.4(15).

r of the n bonds in cyclic molecules (eq 1).
A=1-(225n)% (1 - rir)? (1)
For benzeneA = 1 and the scaling factor 225 in eq 1 is

used to seA = 0 for Kekule benzener(C—C) = 1.520 and
r(C=C) = 1.330)?° In both dianions the parametérfor the

five-membered ring is larger than that in the neutral compounds

(A= 0.99 @Ba), A= 0.88 Ba(H2)), A= 1.0 3b), A= 0.87

Figure 3. Thermal ellipsoid diagram o8b"'. Selected bond lengths and
angles: Ge(2yK(3) 3.8715(19), Ge(2)}K(4) 3.4341(18), K(3}-C(37)
3.055(8), K(3)-C(41) 3.324(7), K(3)-C(38) 3.342(8), K(4)-C(37) 3.361(8),
K(4)—C(42) 3.305(8), K(4)-C(43) 3.184(7), K(4)-C(48) 3.178(9), C(37%
Ge(2)-C(48) 84.7(3), C(3AGe(2-K(4) 71.2(2), C(48)-Ge(2)-K(4)
77.1(2), C(48)-Ge(2)-K(4) 65.8(2), K(4y-Ge(2)-K(3) 113.24(4).

the dianions A = 0.99 @a(Hy)), A = 0.94 @a), A = 0.99
(3b(H2)), A = 0.94 @b)).

Recently, Schleyer and co-workers have proposed the use of
the negative of the magnetic shieldings computed at the ring
center, or nucleus independent chemical shift (NICS), as a
simple gauge for aromatici?.As an indicator of aromaticity,
NICS agrees well with the energetic, geometric, and magnetic
criteria in five-membered heterocycles, and also has the
advantage of being less dependent on ring size and not requiring
an increment system. Moreover, NICS is an effective probe of
the individual rings in polycyclic systent$:2>We have carried
out NICS calculations on the fluorenyl diani@a,b and similar
analogues with the ghost atom located 2.0 A above the ring

(23) Schleyer, P. v. R.; Maerker, C.; Dransfield, A.; Jiao, H.; Hommes, N. J. v.
J. Am. Chem. S0d.996 118 6317.

(3b(H2))), and for the annelated benzene rings the reverse trend(24) Jiao, H.; Schleyer, P. v. R.; Mo, Y., Mcallister, M. A.; Tidwell, T. T.

is computedA decreases comparing the dihydrido species with

12176 J. AM. CHEM. SOC. = VOL. 124, NO. 41, 2002

Am. Chem. Sod 997, 119, 7075.
(25) Jiao, H.; Schleyer, P. v. Rngew. Chem., Int. Ed. Engl99§ 35, 2383.
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monocyclic counterparts, the dianions of silole and ger-
mole&9222%9put also more aromatic than most of the common
monocyclic aromatic molecules (Scheme 2). In qualitative
agreement, dianion8a,b are also thermodynamically more
stable than their monocyclic analogues. Thus, according to the
isodesmic eq Bais 18.1 kcal mot! more stable than the silole

[CNEC)

3p' 3pn

JEQ

H H
3a, E = Si, 3a(Hy), E = Si,
3b, E=Ge 3b(Hy), E = Ge

dianion, and similarly3b is 17.2 kcal mot! more stable than
N NS the germole dianion (B3LYP/6-31G(d)). Thus, structural and

A > magnetic criteria uniformly suggest that in dianiode,b the
central heterocyclic ring is more aromatic than the annelated
benzene rings.

6 8 Dianion 3b is extremely reactive toward electrophiles and
dipotassio-9-germafluorenyl dianioBly’ and3b”, dipotassio-9,9digerma- yielded 94% 9,9-bis(trimethylsilyl)-9-germafluoreris Echeme
9,9-bifluorenyl dianion 6), and dipotassio-9;9isila-9,9-bifluorenyl! di- 3). In the absence of NaK, dianioBb easily underwent
anion @). To facilitate comparison, values are given only to three significant e . . '
figures. oxidation in THF solution by trace amounts of oxygen. The

major oxidized product is a dimerized dianion, dipotassic-9,9
Table 2. H and 13C Chemical Shifts for Dipotassio-9-silafluorenyl digerma-9,9bifluorenyl dianion 6). Reaction o6 with MeOH
Dianion, 3a,!¢ Dipotassio-9-germafluorenyl Dianion, 3b, 9 g-d" 9.9bifl
9,9-Dichloro-9-silafluorene, 4a,6 and gave 9,9-digerma-9,9bifluorene 7).
9,9-Dichloro-9-germafluorene, 4b The X-ray crystal structure and parameters6aire shown
3a (THF-dg) 4a (THF-dy) 3 (THF-dg) ab (THF-dy) in Figure 5 and Table 1. Unlike dianidsb, the lone pairs of

iH (ppm) electrons are largely localized at Ge atoms:@Cbond length
8.42 (br,2H)  7.87(d,2H)  8.42(br,2H)  8.03(d, 2H) alternation is observed for the five-membered germole ring,
7.83 (br, 2H)  7.66 (d, 2H) 7.92 (br,2H)  7.82(d, 2H) while the aromaticity of the benzenoid rings remains unchanged,
6.55(br,2H)  7.49(t, 2H)  6.41(br,2H)  7.61(t 2H) with C—C bond lengths between 1.39 and 1.40 A (Figure 4).
6.36 (br.2H)  7.31(t, 2H) 6.31(br.2H) - 7.47(t 2H) Figure 4 also shows selected bond lengths of the silicon analogue

167,86 (C) 146 7;3(chppm) 17885 () 14313 (©) of 6, dipotassio-9,9disila-9,9-bifluorenyl dianion 8). We have
134.41(CH)  133.49(CH) 136.38(CH)  133.98(CH)  Ppreviously reported the synthesis and the X-ray crystal structure
131.58 (C) 133.19 (CH) 132.82 (C) 132.84 (CH) of 8 from a crystal solvated by THF.In order to compare it
121.14 (CH) ~ 131.39(C) 121.89 (CH) ~ 132.04(C) with the structure o6, we obtained a crystal d in DME/

11555(CH)  129.44(CH)  113.89(CH)  130.67(CH) : : . -
11053 (CH)  122.08(CH)  111.40(CH)  123.10(cH) nexane solution and its structure is shown in Figure 6. The

crystal structures from two different solvent systems are similar
except that coordination numbers between the solvent molecules
and K cations are different, with each K coordinating to two
oxygen atoms in THF complexation and to four oxygen atoms
in DME complexation. The structure of dianidshows, in
both crystals, similar €C bond length alternation in the five-
membered rings and bond equalization in the six-membered
rings.

In general, dianions of germolegermaindené? germafluo-
rene, and the corresponding silicon analo§ués!32%are all
: X aromatic, while the monoanions of these compounds are
the five-membered ring<1.1 Ba(Hz)), —1.3 3b(Hz)) and normally nonaromatic with the lone pair of electrons localized
aromaticity for the benzenoid ring. This trend, increase of the ; germanium or silicon atonfs43¢-32 Dimer dianions and
magnitude of the NICS value of the five-membered rng atthe g are structurally similar to the monoanions, and thus they are
expense of the NICS value of the annelated benzene, is found, g4 nonaromatic.
also for fluorenyl monoanion and fluorene, although to a smaller ., comparison with the Si and Ge compounds, we also

extent (Scheme 2f. Interestingly, the dianion8a,bappearby g nihesized the dipotassium salt of'@fiuorenyl dianion ©)
the NICS measure to be not only more aromatic than their

centroid [NICS(2.0)] in order to minimize local contributions
of o bond€%27 and to minimize the in-plane deshielding
influence from the annelated benzene rings in the central five-
membered ring*28 The results are summarized in Table 3 and
Scheme 2. The five-membered rings in both diani®ad have
more negative NICS values than the six-membered benzenoid
rings, indicating greater aromatic character for the five-
membered ring, in contrast to the neutral fluoreBa@,) and
3b(Hy), for which NICS calculations suggest nonaromaticity of

(29) Goldfuss, B.; Schleyer, P. v. R.; Hampel, Brganometallics1996 15,
(26) Schleyer, P.v. R.; Jiao, H.; Hommes, N. J. R. v. E.; Malkin, V. G.; Malkina, 1755

O. L. J. Am. ChemSoc 1997 119 12669. (30) Dufour, P.; Dubac, J.; Dartiguenave, M.; DartiguenaveQhganometallics
(27) West, R.; Buffy, J. J.; Haaf, M.; Mier, T.; Gehrhus, B.; Lappert, M. F.; 199Q 9, 3001.

Apeloig, Y.J. Am. Chem. Sod.998 120, 1639. (31) Freeman, W. P.; Tilley, T. D.; Arnold, F. P.; Rheingold, A. L.; Gantzel, P.
(28) For comparison the NICS values at the ring center are NICS@):-9.8 K. Angew. Chem., Int. Ed. Endl995 34, 1887.

(five-membered ring);-6.1 (six-membered ringBb: —6.8 (five-membered (32) Hong, J.-H.; Boudjouk, P.; Stoenescu, Qrganometallics1996 15,

ring), —6.0 (six-membered ring). 2179.

J. AM. CHEM. SOC. = VOL. 124, NO. 41, 2002 12177
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Table 3. Calculated Geometries (at B3LYP/6-31+G(d)), Julg Parameters A, and NICS Values of Sila- and Germafluorene Dianions and
Their Dihydro Analogues

compd E a b c d e f g h NICS(5) NICS(6) A(5) A(6)

3a Siz- 1.889 1.464 1.442 1.413 1.395 1.427 1.392 1.421 —-6.0 —4.0 0.99 0.94
3b Ge 1.954 1.456 1.446 1.412 1.395 1.424 1.392 1.416 —5.0 —-4.0 1.00 0.94
3a(Hy) SiH, 1.878 1.420 1.490 1.401 1.397 1.399 1.400 1.398 —1.1 —4.8 0.88 0.99
3b(H2) GeH 1.931 1.416 1.490 1.402 1.397 1.398 1.399 1.394 —1.3 —4.9 0.87 0.99

Scheme 2. NICS(2.0) Values for Some Reference Compounds

Q"0 OO
0 0 o o

Scheme 3

@Ge® ® Me S"Ge‘s'M Figure 5. Thermal ellipsoid diagram of structue Selected bond lengths
2K 3=l iMes (A) and angles (deg): K(BGe(1l) 3.4004(11), Ge(HC(1) 1.988(5),
3b 5 Ge(1)-Ge(1)#1 2.5690(10), C(BC(2) 1.399(7), C(1FC(11) 1.420(6),
C(2)-C(3) 1.386(7), C(3yC(4) 1.390(8), C(4}C(5) 1.366(7), C(10}
O,, THF/hexane Ge(1)-C(1) 84.02(19), C(BGe(1)-Ge(1A) 99.99(12), C(18)Ge (1)
-20°C, 2 months K(1) 159.80(13), C(1}Ge(1)-K(1) 114.65(14), Ge(1AYGe(1)-K(1)

88.47(3), C(11)-C(1)-Ge(1) 113.2(3), C(AC(6)—K(LA) 86.5(3), C(12)-
C(6)-K(1A) 69.8(3), C(6}-C(7)—K(1A) 70.4(3), C(8}-C(7)-K(1A)
79.6(3), C(8)-C(9)—K(1A) 85.5(3), C(10}-C(9)—K(1A) 69.7(2), C(9)-
/ O C(10)—K(1A) 85.9(3), C(12)-C(10)-K(1A) 75.5(2), Ge(1yC(10)-K(1)
g 107.23(16), C(1C(11)-C(12) 114.1(4), C(6)C(12)-K(1A) 85.3(3),
H C(10)-C(12)-K(1A) 78.6(2), C(11}-C(12)-K(1A) 104.8(3).

H
e - S
S \
\ O pK’s.37:38 The X-ray crystal structure of a dilithium salt &f

has been reported, and lithium cations were found to;be

6 7 bonded to the five-membered rings.Figure 9 shows a
_ _ N comparison of selected bond lengths for the dilithium salt and
by reacting 9-bromofluorene with-BuLi in Et;O followed by dipotassium salt 08. In the structure of the lithium salt,-6C

K'in THF (Scheme 4). The X-ray crystal structure®and its ~ pond lengths in the five-membered rings are nearly equal
parameters are shown in Figure 7 and Table 1. The two planaryhereas those in the six-membered rings alternate somewhat,
fluorenyl rings of9 share an in-plane axis but twist with respect i jcating aromatic delocalization of the lone pair electrons in
to each other by an angle of 46.2(5)n comparison, the tWo e fie-membered rings. Theoretical calculations (B3LYP/6-
fluorenyl rings in either germabifluorenyl dianidh or sila- 31G(d)* and MP2/6-31G(d)*) showed similar bond length
b|flu9reny| d_|an|or\8 are parallel but pom_t away fr_om each other. equalization in five-membered rings and bond alternation in six-
An interesting structural feat.ure @ is that, in the Same = embered rings in both fluorenyl and indenyl monoanitins.
mo.lecule, ong fluorenyl group IS onif—bonded 10 & potassium All monoanions of cyclopentadienyl, indenyl, and fluorenyl rings
catlgn at the five-membered ring, while the other fluorenyl group are apparently aromatié,and the dimer dianio® is similar
is n°-bonded to a potassium cation at the six-membered rin . ' . ’
I(?:;Z:]ure 8) potassiu I s rings However, there is one notable difference between the structures
Alkali metal salts of 9,8bifluorenyl dianion have previ- of the d!potassmm and d'l'th'um sa}lts 6f The C-C bgnd
lengths in the structure of dipotassium salt are equalized not

ously been synthesized from 98ifluorené® or 9,9-bi- : X : > :
fluorenyliden@*-36 and studied for their redox reactiviyand only in the five-membered ring but also in the six-membered

(33) Walczak, M.; Stucky, G. DJ. Organomet. Chen1975 97, 313. (36) Chauhan, H. P. S.; Kawa, H.; Lagow, R.J.0Org. Chem 1986 51,

(34) Fox, M. A.; Shultz, D.J. Org. Chem1988 53, 4286. 1632.

(35) Cohen, Y.; Klein, J.; Rabinovitz, M. Chem. Soc., Chem. Comm(886 (37) Streitwieser, A.; Swanson, J. J. Am. ChemSoc 1983 105 2502.
14, 1071. (38) Stratakis, M.; Streitwieser, Al. Org. Chem1993 58, 1989.
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Figure 6. Thermal ellipsoid diagram of structue Selected bond lengths
(A) and angles (deg): Si(HC(1) 1.909(3), Si(1}Si(1)#1 2.4415(16),
Si(1)—-K(1)#1 3.4565(10), K(1}Si(1)#1 3.4565(10), C(})C(2) 1.410(4),
C(1)—C(6) 1.435(4), C(2yC(3) 1.388(4), C(3)yC(4) 1.390(5), C(4yC(5)
1.391(4), C(5)-C(6) 1.399(4), C(6)C(7) 1.464(4), C(12)Si(1)-C(1)
87.14(13), C(1)y Si(1)—Si(1A) 103.28(9), C(12)Si(1)—K(1A) 158.06(9),
C(1)-Si(1)-K(1A) 112.09(9), Si(1AYSi(1)-K(1A) 86.41(4), C(12)
K(1)—C(7) 26.26(7), C(12yK(1)—Si(1A) 60.63(5), C(6)-C(1)-Si(1)
112.3(2), C(1yC(6)—C(7) 113.5(2), C(8YC(7)-K(1) 86.19(17),
C(12y-C(7)-K(1) 76.34(15), C(6)C(7)-K(1) 105.24(16), C(9
C(8)—K(1) 85.70(18), C(7yC(8)—K(1) 69.16(15), C(8YC(9)—K(1)
71.46(17), C(10yC(9)—K(1) 78.25(18), C(11)C(10)—K(1) 70.66(17),
C(9)-C(10)-K(1) 79.02(19), C(10yC(11)-K(1) 86.30(19), C(12)
C(11)y-K(1) 69.61(15), C(7C(12)-K(1) 77.39(15), Si(1)yC(12)-K(1)
106.48(10).

Scheme 4
1. nBuli, Et;0,
-78°C
2.K(>4 eq),

THF, reflux

Br

rings, and thus the electron delocalization may be somewhat
different in this compound.

Reaction of9 with Mel gave 9,9-dimethyl-9,9-bifluorene
(10) as a major product, a known compound (Schem® Fhe
crystal structure ol0is shown in Figure 10. Interestingly, the
two fluorenyl rings are cis to each other with a torsional angle
of 58—59°. A w—x interaction between the outer benzenzoid
rings in the fluorenyl moiety may favor such a conformation.
The distance of C(1) and C(15) connecting the two fluorenyl
rings is 1.5970(18) A, quite long for a-€C single bond. Steric
hindrance between two of the methyl groups, at a distance of
3.126 A, may account for the lengthening of this-C bond.
This observation confirms the results of the NMR study by Olah
et al., that hindered motion exists between the centraC®ond
of 10 and its derivatived? Other selected bond lengths b®
are shown in Figure 9.

Conclusions

The NaK reduction of 9,9dichloro-9-germafluorenéb gave
dipotassio-9-germafluorenyl dianioBb quantitatively. The
X-ray structure of3b shows C-C bond length equalization in
the five-membered ring and-€C bond length alternation in
benzenoid rings, indicating aromatic delocalization of electrons

(39) Olah, G. A;; Field, L. D.; Watkins, M.; Malhotra, R. Org. Chem1981,
46, 1761.

Figure 7. Partial thermal ellipsoid diagram of structu®eSelected bond
lengths (A) and angles (deg): K&L(15) 3.029(4), K(1}C(14) 3.052(4),
K(1)—C(20) 3.098(5), K(2)-C(26) 3.009(5), K(2)-C(14) 3.022(5), K(2)
C(15) 3.114(4), K(2)C(20) 3.150(5), C(1yC(2) 1.427(7), C(1yC(14)
1.490(8), C(2)-C(3) 1.413(3), C(2yC(7) 1.415(3), C(3yC(4) 1.407(3),
C(4)—C(5) 1.408(3), C(5)C(6) 1.407(3), C(6)C(7) 1.408(3), C(/C(8)
1.427(8), C(14yC(15) 1.431(8), C(14)C(26) 1.445(8), C(15)C(16)
1.411(3), C(15yC(20) 1.414(3), C(16)C(17) 1.407(3), C(1HC(18)
1.407(3), C(18)C(19) 1.405(3), C(19)C(20) 1.412(3), C(26yC(21)
1.453(8), C(13)-C(1)—C(2) 106.1(5), C(2yC(1)—C(14) 126.7(5), C(#r
C(2)C(1) 109.6(4), C(2yC(7)—C(8) 107.2(4), C(16)yC(15)-C(20) 119.0(5),
C(16)-C(15)-C(14) 131.6(5), C(20)C(15)-C(14) 109.4(4), K(1)y
C(15)-K(2) 133.96(17), C(15yC(20)-C(21) 107.4(4), K(1}C(20)—
K(2) 129.61(16), K(2»C(21)-K(1) 130.58(16), K(2)C(26)-K(1)
135.35(17).

Figure 8. Extended structure fd.

into the five-membered germole ring &b. By the NICS
criterion, the five-membered rings are more aromatic than the
six-membered rings in both germafluorenyl and silafluorenyl
dianions. Oxidation 08b leads to a dimerized dianidhwhich,

like its silicon analogud, has C-C bond length alternation in
the five-membered rings, and thus the negative charges are
localized at the germanium or silicon atoms. On the other hand,
the dipotassium salt of 9 ®ifluorenyl dianion @), the carbon
analogue ob, has aromatic character, since the X-ray crystal
structure o shows C-C bond length equalization in the both
five- and six-membered rings.
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9(2K™)

Figure 9.
(10).

Figure 10. Thermal ellipsoid diagram of structut®. Selected bond lengths
(A) and angles (deg): C(HC(2) 1.5297(17), C(BC(14) 1.5385(18),
C(1)-C(15) 1.5970(18), C(2)C(3) 1.3907(19), C(2yC(7) 1.4027(19),
C(3)—C(4) 1.3950(19), C(4yC(5) 1.389(2), C(5yC(6) 1.385(2), C(6)
C(7) 1.3948(18), C(AC(8) 1.4656(19), C(2YC(1)—C(13) 100.92(10),
C(2)-C(1)-C(14) 110.16(11), C(3C(1)—-C(15) 111.00(10), C(14)
C(1)-C(15) 113.34(10), C(AC(2)—C(1) 110.77(11), C(&C(7)—C(8)
108.77(11).

Experimental Section

9,9-Dichloro-9-germafluorene (4b).A solution of 2,2-dibromobi-
phenyl (10.0 g, 32.1 mmol) in ED (150 mL) was cooled te-78 °C
under an argon atmosphere, amBuLi (1.6 M in hexane, 42 mL,
67.2 mmol) was added. The reaction solution was allowed to warm to
room temperature and stirred overnight. A cloudy yellow solution was
obtained. The resulting solution was cannulated into a solution ofGeCl
(10 g, 46.6 mmol) in BO (100 mL) at—95 °C. The reaction mixture
was stirred at-95 °C for 4 h and then at room temperature overnight.
A yellow solution and a white precipitate were obtained. The white
precipitate, mostly LiCl, was removed by filtration under argon, and
excess GeGland solvents were removed by vacuum. The residue was
recrystallized from toluene/hexane to give 7.01 g (73.9%)4bf
Selected data foth: 'H NMR (300.133 MHz, THFds): 6 = 8.03 (d,
2H), 7.82 (d, 2H), 7.61 (t, 2H), 7.47 (t, 2H¥C NMR (125.710 MHz,
THF-dg): 0 = 144.13 (C), 133.98 (CH), 132.84 (CH), 132.04 (C),
130.67 (CH), 123.10 (CH); mp 1#2114°C; MS (El), m/z (%): 295.6
(100) (M*), 260.4 (61) (M — CI); high-resolution MS (EI), calcd for
[C1.HsGeCh] 291.9246, found 291.9253.

Dipotassio-9-germafluorenyl Dianion (3b).A solution of 9,9-
dichloro-9-germafluoreneib, (3.01 g, 10.2 mmol) in THF (100 mL)
was stirred with sodium/potassium alloy (3.00 g, 76.7 mmol of K; 0.50
g, 21.7 mmol of Na) at room temperaturer f6 h under an argon
atmosphere. A white precipitate formed rapidly after 10 min of reaction,

9 (2Li")
Comparison of selected bond lengths (pm) in dipotassium salt and dilithiu?h sfo®t, 9-fluorenyl dianion ) and 9,9-dimethyl-9,9-bifluorene

10

(20 mL) and 18-crown-6 (5.00 g, 18.9 mmol) were added and the
solution was allowed to precipitate. The supernatant solution was
separated and cooled t620 °C to give red crystals 08b. Selected
data for3b: H NMR (499.895 MHz, THFeg): 6 = 8.42 (br, 2H),
7.92 (br, 2H), 6.41(br, 2H), 6.31 (br, 2H}C NMR (125.710 MHz,
THF-dg): 0 = 178.85 (C), 136.38 (CH), 132.82 (C), 121.89 (CH),
113.89 (CH), 111.40 (CH).

9,9-Bis(trimethylsilyl)-9-germafluorene (5).An excess of MgSiCl
was added at OC to a THF (100 mL) solution o8b, obtained from
a reaction mixture ofb (1.00 g, 3.38 mmol) and K (1.00 g, 25.6 mmol)
in refluxing THF (50 mL). The volatiles were removed under reduced
pressure, and the residue was extracted with toluene (150 mL). The
toluene solution was washed with water, dried with MgSid filtered.
Upon purifying by preparative GPC (toluene elution), white crystals
of bis(trimethylsilyl) derivative5 were obtained (1.18 g, 94.2%).
Selected data fds: mp 68-68 °C; *H NMR (300.133 MHz, CDGJ):

0 = 7.85 (d, 2H), 7.53 (d, 2H), 7.30 (t, 2H), 7.16 (t, 2H), 0.10 (s,
18H); 13C NMR (125.710 MHz, CDG): 6 = 147.52, 143.41, 133.55,
127.49, 126.43, 121.64, 0.0Z2Si NMR (99.314 MHz, CDGJ): ¢ =
—7.379; high-resolution MS (El), calcd for [gH,cGeSp] 372.0788,
found 372.0802.

Dipotassio-9,9-digerma-9,9-bifluorenyl Dianion (6); 9,9'-Di-
germa-9,9-bifluorene (7). A saturated solution 0o8b in DME (150
mL)/hexane (10 mL) was stored in a Schlenk flask-&0 °C for 2
months. Dark brown crystals @& formed in the bottom of the flask.
The crystals were treated with MeOH. The volatiles were removed
under reduced pressure, and the residue was extracted with toluene
(100 mL). After removal of toluene, white solid oligomé&r was
obtained. Selected data far *H NMR (300.133 MHz, CDGJ): 6 =
7.91 (d, 4H), 7.62 (d, 4H), 7.44 (t, 4H), 7.28 (t, 4H), 5.33 (s, 2H, GeH);
3C NMR (75.403 MHz, CDG): 6 = 146.91, 136.62, 134.10, 129.58,
127.60, 121.96; MS (MALDI, anthracene matrix)z. 451.0 (M" —

H), isotope pattern matches caledz (%) for (M* — H): 445.0 (16),
446.0 (4.4), 447.0 (44), 448.0 (24), 449.0 (92), 450.0 (40), 451.0 (100),
451.9 (48), 453.0 (78), 454.0 (24), 454.9.0 (26).NMR spectra of

4b, 5, and7 were consistent with purity-97%.

Dipotassio-9,9-bifluorenyl Dianion (9). A solution of 9-bromo-
fluorene (5.00 g, 20.4 mmol) in ED (50 mL) was stirred witm-BulLi
(1.6 M in hexane, 12.8 mL, 20.5 mmol) at room temperature for 1 h
under an argon atmosphere. Potassium (2.00 g, 51.2 mmol) and THF
(100 mL) were added, and the mixture was stirred at room temperature
overnight. The color of the solution changed to a dark purple. Hexane
(10 mL) was added, and the solution was allowed to precipitate. The
supernatant solution was taken out and cooled20 °C to give orange
crystals of9. *H and*3C NMR chemical shifts o® are the same as

and the color of the solution changed to a dark red after 1 h. Hexane those in the literaturé®
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9,9-Dimethyl-9,9-bifluorene (10). An excess of Mel was added Acknowledgment. The authors thank the National Science
at 0 °C to a THF solution of9. The volatiles were removed under  Foundation and the sponsors of the Organosilicon Research

reduced pressure, and the residue was extracted with toluene (150 mL)Center for financial support, and Michael Kavana for assistance
The toluene solution was washed with distilled water, dried with with crystallography.

MgSQ,, and filtered. After preparative GPC separation (toluene elution),
white crystals of10 were obtained. Selected data fbd: mp 203- ] ) ) .
204 °C (lit.° 201—203 °C); 'H NMR (300.133 MHz, CDG): 6 = Supporting Information Available: X-ray crystallographic
7.40 (d, 4H), 7.17 (t, 4H), 7.01 (t, 4H), 6.79 (d, 4H), 1.89 (s, 6HCH  data for structure determination 8, 4b, 6, 8, 9, and10; table

13C NMR (75.403 MHz, CDGJ): o = 149.69, 140.64, 127.00, 125.85,  with absolute energies for all calculated compounds (PDF). This
124.11,119.05, 55.77, 20.99; MS (E#)z (%): 358.2 (20) (M), 179.1 material is available free of charge via the Internet at
(100) (1/2 M), high—resolution MS (El), calcd for [§H22] 358.4883, http://pubslacs_org_

found 358.4825.

(40) Murahashi, S.; Moritani, Tetrahedron1967, 23, 3631. JA020267T
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