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Abstract: Fluorenyllithium (1) adds totert-butyl isocyanate to yield 9-(N-tert-butylcarboxamido)fluorenyllithium
(3). Its reduction with LiAlH4 followed by aqueous workup leads to the formation of the corresponding dibenzo-
N-tert-butylaminofulvene5. Treatment of5with sodium cyanoborohydride furnishes 9-(N-tert-butylaminomethyl)-
fluorene (6). Deprotonation of the fulvene5with n-butyllithium in ether yields theη5-azapentadienyllithium derivative
11. The X-ray crystal structure analysis of11‚(Et2O)2 reveals a nearly planar U-shaped 1-azapentadienyl moiety
that exhibits five close contacts to the lithium atom located above the ligand plane. Computational chemistry (PM3)
has identified theη5-(1-azapentadienyl)lithium derivative11as a global minimum. In solution compound11undergoes
a dynamic degenerate rearrangement process that is rapid on the1H NMR time scale. It equilibrates the annulated
arene moieties of11. The Gibbs activation energy of this symmetrization process is∆Gq

enant) 11.8( 0.3 kcal
mol-1. A Cs-symmetric transition state geometry (11-TS) where the 1-azapentadienyl conjugation is interrupted
between C9-C10 was identified by the PM3 calculation. Deprotonation of 9-(N-tert-butylaminomethyl)fluorene
(6) gives rise to several competing pathways. Treatment with lithium hexamethyldisilazide leads to abstraction of
the fluorenyl 9-H proton to produce the aminomethyl-substituted fluorenyl anion7. Subsequent treatment of7with
tert-butyllithium gives the dilithio compound10. The reaction of6 with n-butyllithium leads to the formation of a
mixture of fluorenyllithium (1) and theη5-(1-azapentadienyl)lithium derivative11. Deprotonation of6 with tert-
butyllithium furnishes1 and the dilithiated compound10. Single crystals of1‚Et2O were analyzed by X-ray diffraction.
The compound shows a polymeric “super-sandwich” structure with an alternating fluorenyl-Li‚OEt2 arrangement
exhibiting inversion symmetry. The X-ray crystal structure analysis of10‚(THF)3 reveals an unsymmetrical
arrangement of the lithium atoms at the amidomethylfluorenyl-“dianion” framework with one THF molecule bridging
between the metal centers. The bonding features of the dilithiated system10 derived by double deprotonation of6
were also analyzed by computational chemistry.

Introduction

The cyclopentadienides are among the most important ligand
systems in organometallic chemistry. The structural chemistry
of their “anionic synthons”, the alkali metal cyclopentadienides,
is well understood and has been competently described on a
sound experimental basis.1 Less is known about the acyclic
analogues of the Cp-ligands,2 especially when heteroatoms are
part of the five-atom conjugatedπ-system.3 Experimental
details of the corresponding 1-azapentadienyl anion systems (i.e.,
on their alkali metal salts or complexes) are rather scarce.4

Detailed structural information on the basis of X-ray diffraction
data seems to be lacking forη5-(1-azapentadienyl)lithium and
related systems altogether, but even other spectroscopic and
quantum chemical evidence of their structural characteristics is
limited4 in contrast to many other lithiated carbanionicπ-sys-
tems.5 We have now found that aη5-(1-azapentadienyl)lithium

derivative is readily available by deprotonation of either 9-(N-
tert-butylaminomethyl)fluorene or the related 6-(tert-butyl-
amino)dibenzofulvene. To the best of our knowledge, our
example represents the first U-shapedη5-(1-azapentadienyl)-
lithium derivative characterized by an X-ray crystal structure
analysis. The mechanisms of the generation and some of the
chemical properties of this interesting new species are reported
in this article.
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Results and Discussion

Synthesis of the 9-(tert-Butylaminomethyl)fluorene Sys-
tem. N-Substituted aminomethyl substituents are readily in-
troduced into organic systems by reduction of the respective
N-substituted carboxamide with hydridic reagents. The car-
boxamido substituent can be introduced at cyclopentadienyl-
type systems by treatment of a metal cyclopentadienide with
one molar equivalent of the corresponding alkylisocyanate,6,7

as we have recently demonstrated.
Therefore, we synthesized the title compounds by treating

the fluorenyllithium reagent (1) with 1 molar equiv oftert-butyl
isocyanate in THF at-50 °C. The addition presumably yields
the 1:1 coupling product2 which is rapidly converted to the
more stable system3 under the reaction conditions. Hydrolysis
of an aliquot of the reaction mixture affords the carboxamido-
substituted system4 as the sole product.
Refluxing 9-(N-tert-butylcarboxamido)fluorenyllithium (3)

with LiAlH 4 in THF for several days afforded the fulvene5 in
close to quantitative yield.8 Further reduction of the amino-
fulvene5 was achieved by treatment with sodium cyanoboro-
hydride in acetic acid/methanol. After a reaction time of 2 days
at ambient temperature followed by aqueous workup 9-(N-tert-
butylaminomethyl)fluorene6 was isolated in a 65% overall
yield.9

Deprotonation Reactions. Deprotonations of theN-substi-
tuted aminomethylfluorene system6 and related systems were
carried out using strong bases (n-butyllithium, tert-butyllithium,
LDA, or lithium hexamethyldisilazide). Since the reactions
initially appeared to be rather complicated, the temperature and
solvent (and sometimes co-ligands) were varied considerably
to achieve clean reactions that allowed product identification
and elucidation of the reaction pathways by which these products
are formed.

In a typical experiment under optimized conditions the amine
6 was treated withn-butyllithium in an ether/hexane mixture
(ca. 8:1) at-78 °C using ca. 2 molar equiv of the base. The
mixture was then warmed to room temperature. The resulting
bright orange precipitate shown to be lithio-9-(N-tert-butyl-
aminomethyl)fluorenylidene7was isolated in ca. 30% yield. It
contained 1 equiv of coordinated diethyl ether.
From the combined organic filtrates two different types of

crystals appeared after 2 days at ambient temperature. Single
crystals of both products were picked from this mixture and
identified by X-ray crystal structure analyses (for details see
below) as fluorenyllithium (1)‚diethyl ether and the fluorene
derivedη5-(1-azapentadienyl)lithium compound11(‚2Et2O). The
remaining mother liquor was hydrolyzed to give a white
crystalline material that was identified as the aminofulvene5.
It appears that11 may be formed by deprotonation of

intermediate5. This is supported by the observation that the
fulvene5 is deprotonated with the strong base lithium hexa-
methyldisilazide (1 equiv) in ether to furnish the monolithiated
compound11. The compound11was also obtained in almost
quantitative yield as an oil by deprotonation of5 in ether/pentane
(1:1) at 0°C usingn-butyllithium.
In a control experiment, we treated the amine6with a 2-fold

excess of lithium hexamethyldisilazide in THF-d8 at ambient
temperature. The1H NMR spectrum showed that the monolithio
compound7was formed and proved to be stable for a prolonged
period of time under these reaction conditions.
We conclude that the deprotonation of6 may lead to the

formation of three monolithio fluorenyl-type compounds7, 1,
and 11, that are formed in a series of competing reaction
sequences. The neutral starting material6 contains two acidic
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J.; Harms, K.; v. E. Hommes, N. J. R.; Lohrenz, J.; Marsch, M.; Schleyer,
P. v. R.J. Am. Chem. Soc.1992, 114, 1562. Wolf, G.; Wu¨rthwein, E.-U.
Chem. Ber. 1991, 124, 889. Cheng, M.-H.; Cheng, C.-Y.; Wang, S.-L.;
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Hafner, K.; Vöpel, K. H.; Ploss, G.; Ko¨nig, C.Organic Synth. 1967, 47,
52 and references cited therein. For an alternative synthesis of the fulvene
5 see, e.g.: Ito, Y.; Konoike, T.; Saegusa, T.J. Organomet. Chem. 1975,
85, 395.

(9) For selected examples of the use of related Cp-ligand systems that
contain nucleophilic donor substituents attached see, e.g.: Plenio, H.; Burth,
D. J. Organomet. Chem. 1996, 519, 269. Luttikhedde, H. J. G.; Leino, R.
P.; Wilén, C.-E.; Näsman, J. H.; Ahlgre´n, M. J.; Pakkanen, T. A.
Organometallics1996, 15, 3092. Blais, M. S.; Rausch, M. D.J. Organomet.
Chem. 1995, 502, 1. Jutzi, P.; Kleimeier, J.J. Organomet. Chem. 1995,
486, 287. Fryzuk, M. D.; Mao, S. S. H.; Duval, P. B.; Rettig, S. J.
Polyhedron 1995, 14, 11. Siemeling, U.; Vorfeld, U.; Neumann, B.;
Stammler, H.-G.Chem. Ber. 1995, 128, 481. Christoffers, J.; Bergman, R.
G.Angew. Chem. 1995, 107, 2423;Angew. Chem., Int. Ed. Engl.1995, 34,
2266. Tikkanen, W.; Kim, A. L. Lam, K. B.; Ruekert, K.Organometallics
1995, 14, 1525. Paolucci, G.; D’Ippolito, R.; Ye, C.; Qian, C.; Gra¨per, J.;
Fischer, D. R.J. Organomet. Chem. 1994, 471, 97. van der Hende, J. R.;
Hitchcock, P. B.; Lappert, M. F.; Nile, T. A.J. Organomet. Chem. 1994,
472, 79. Paolucci, G.; Ossola, F.; Bettinelli, M.; Sessoli, R.; Benetollo, F.;
Bombieri, G.Organometallics1994, 13, 1746. Dahlhaus, J.; Bangel, M.;
Jutzi, P.J. Organomet. Chem. 1994, 474, 55. Jutzi, P.; Bangel, M.J.
Organomet. Chem. 1994, 480, C18. Herrmann, W. A.; Morawietz, M. J.
A.; Priermeier, T.Angew. Chem. 1994, 106, 2025;Angew. Chem., Int. Ed.
Engl. 1994, 33, 1938. Siemeling, U.; Neumann, B.; Stammler, H.-G.Z.
Naturforsch. 1994, 49b, 683. Herrmann, W. A.; Anwander, R.; Munck, F.;
Scherer, W.Chem. Ber. 1993, 126, 331. Kettenbach, R. T.; Bonrath, W.;
Butenscho¨n, H.Chem. Ber. 1993, 126, 1657. Jutzi, P.; Dahlhaus, J.; Kristen,
M. O. J. Organomet. Chem. 1993, 450, C1. Jutzi, P.; Dahlhaus, J.Synthesis
1993, 684. Wang, T.-F.; Lee, T.-Y.; Chou, J.-W.; Ong, C.-W.J. Organomet.
Chem. 1992, 423, 31. Wang, T.-F.; Wen, Y.-S.J. Organomet. Chem. 1992,
439, 155. Wang, T.-F.; Lee, T.-Y.; Wen, Y.-S.; Lin, L.-K.J. Organomet.
Chem. 1991, 403, 353. Paolucci, G.; Fischer, R. D.; Benetollo, F.; Seraglia,
R.; Bombieri, G.J. Organomet. Chem. 1991, 412, 327. Szymoniak, J.;
Kubicki, M. M.; Besanc¸on, J.; Moise, C.Inorg. Chim. Acta1991, 180,
153. Schenk, W. A.; Neuland-Labunde, C.Z. Naturforsch. 1991, 46b, 573.
Tikkanen, W.; Ziller, J. W.Organometallics1991, 10, 2266. Ogasa, M.;
Rausch, M. D.; Rogers, R. D.J. Organomet. Chem. 1991, 405, 279. Morcos,
D.; Tikkanen, W.J. Organomet. Chem. 1989, 371, 15. Schenk, W. A.;
Labunde, C.Chem. Ber. 1989, 122, 1489. Qian, Y.; Li, G.; Chen, W.; Li,
B.; Jin, X. J. Organomet. Chem. 1989, 373,185. Bensley, D. M.; Mintz,
E. A.; Sussangkam, S. J.J. Org. Chem. 1988, 53, 4417. Tueting, D. R.;
Iyer, S. R.; Schore, N. E.J. Organomet. Chem. 1987, 320, 349. Stahl, K.
P.; Boche, G.; Massa, W.J. Organomet. Chem. 1984, 277, 113, and
references cited in these articles. Reviews: Jutzi, P.; Siemeling, U.J.
Organomet. Chem. 1995, 500,175. Jutzi, P.; Dahlhaus, J.Phosphorus,Sulfur
Silicon Relat. Elem. 1994, 87, 73. Jutzi, P.; Dahlhaus, J.Coord. Chem.
ReV. 1994, 137, 179. Okuda, J.Comments Inorg. Chem. 1994, 16, 185.

11156 J. Am. Chem. Soc., Vol. 119, No. 46, 1997 Ko¨nemann et al.



protons, albeit of quite different pKa,10 the N-H and the
fluorenyl 9-H. Deprotonation at C9 directly results in the
formation of7, identified as one of the major reaction products.
This product appears to be stable under the typical reaction
conditions. The N-H deprotonation product8 appears to be
unstable under the reaction conditions (see Scheme 2). The
elimination of lithium hydride11 affords fulvene5, which was
not directly observed; under the basic reaction conditions this
is then instantaneously deprotonated to give theη5-(1-aza-
pentadienyl)lithium derivative11. A competing fragmentation
produces the isolable fluorenyllithium1.
We further investigated the double deprotonation of the

aminomethylfluorene starting material6. In view of the
competing pathways after monodeprotonation (see above), it
was expected that double deprotonation could afford complicated
mixtures of anionic products. Initial studies withtert-butyl-
lithium furnished mixed results. Thus, treatment of6with tert-
butyllithium in THF at low temperature gave a bright orange
colored precipitate that could not be adequately characterized
directly due to its low solubility. Upon addition of [12]-crown-
4 the product went into solution (THF-d8) and was spectroscopi-
cally identified as the monodeprotonated species7‚[12]-crown-
4. However, a systematic change of the reaction conditions
eventually afforded the doubly deprotonated product10. In the
beginning,10 was formed in addition to substantial amounts
of the monolithio byproducts, especially the fragmentation
product fluorenyllithium.10could best be obtained by mixing
the starting material6 with solid tert-butyllithium followed by
addition of tetrahydrofuran at room temperature. A vigorous
reaction takes place under these rather forcing conditions to give
a clear, intensely orange colored solution. The1H NMR
spectrum (THF-d8) shows the signals of the dianion10 [δ 4.54
(s, 2H, CH2-N(R))] (in some experiments in addition to the
signals of a fluorenyllithium contamination). Keeping such a

solution for several weeks at-30 °C produced single crystals
of the dilithio compound10 that were suited for an X-ray crystal
structure determination. The dilithio compound10 was also
obtained by treatment of the monolithio compound7 (generated
in situ from the amine6 by treatment with LDA in tert-
butylmethyl ether) withtert-butyllithium. This afforded a ca.
2:1 mixture of the lithio compounds7 and10. The latter was
obtained completely free from the fragmentation products1 and
11 (see Scheme 2).
X-ray Crystal Structure Analyses. X-ray crystal structure

determinations were carried out for the anionic compounds1,
10, and11.
Fluorenyllithium‚diethyl ether (1) exhibits a polymeric chain

structure in the solid state.12 This compound represents one of
the rare examples of a [(RCp)Li]n columnar structure.13 A close
inspection of the bonding features of the repeating
fluorenyllithium‚Et2O unit14,15(see Figure 1) reveals anη3-allyl
type bonding mode between the Li‚OEt2 building block to both
adjacent fluorenyl anion neighbors. The bonding between the
lithium atom and both itsη3-fluorenyl ligands is of similar
strength. The interaction between the C9 carbon atoms of both
top and bottom C13H9 ligands is rather strong (Li-C9: 2.256(3)
Å, Li-C9*: 2.249(3) Å). The lithium-carbon distance to the
adjacent (proximal) five-membered ring carbon centers (C1A,
C8A) is larger but still clearly within bonding range (2.56-
2.78 Å, see Figure 1),16 whereas the Li-C separation with the
remaining distal five-membered ring carbon centers (C4A, C5A)

(10) Fraser, R. R.; Mansour, T. S.J. Org. Chem. 1984, 49, 3442.
Streitwieser, A., Jr.; Hollyhead, W. B.; Pudjaatmaka, A. H.; Owens, P. H.;
Kruger, T. L.; Rubenstein, P. A.; MacQuarrie, R. A.; Brokaw, M. L.; Chu,
W. K. C.; Niemeyer, H. M.J. Am. Chem. Soc.1971, 93, 5088. Streitwieser,
A., Jr.; Ciuffarin, E.; Hammons, J. H.J. Am. Chem. Soc.1967, 89, 63.

(11) Li, M.-Y.; San Filippo, J., Jr.Organometallics1983, 2, 554. Ziegler,
K.; Gellert, H.-G.Liebigs Ann. Chem. 1950, 567, 179.

(12) For a mononuclear donor-ligand-stabilized fluorenyllithium example
that was characterized by X-ray diffraction, see: Brooks, J. J.; Rhine, W.;
Stucky, G. D.J. Am. Chem. Soc.1972, 94, 7339. See, also: Culp, R. D.;
Cowley, A. H.Organometallics1996, 15, 5380.

(13) For a conceptually related example, see: Evans, W. J.; Boyle, T.
J.; Ziller, J. W.Organometallics1992, 11, 3903.

Scheme 1 Scheme 2
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and to the adjacent arene carbon atoms is clearly outside the
range of any direct bonding interaction (3.2-3.6 Å). Along
the polymeric chain the mutual arrangement of the individual
fluorenyllithium.diethylether building blocks occurs with inver-
sion symmetry. The adjacent ether ligands point to opposite
sectors of the chain in a strictly alternating manner. Conse-
quently, the arrangement of the fluorenyl ligands, whose planes
are oriented normal to the polymer chain vector, repeats this
alternating structural motif. A schematic representation of this
arrangement is depicted in Scheme 3.
The lithiated dianion species10 shows a rather unusual

structure. Compound10 exhibits isolated monomeric units in
the crystal. It contains a single planar fluorenyl subunit to which
a-CH2-N-CMe3 functional group is attached at carbon atom
C9. There are two lithium centers, Li1 and Li2, that are bonded
to the nitrogen atom. The lithium atoms are coordinated to a
set of three THF ligands, two of which areη1-coordinated, one
to each of the Li-atoms, and one that is bridging between the

lithium atoms. Thus, in10 there is a central core containing
two lithiums, an oxygen, and a nitrogen atom that are found in
a slightly puckered four-membered metallacyclic arrangement.
The Li1‚‚‚Li2 separation in this arrangement is 2.556(5) Å. The
laterally coordinated THF ligands both exhibit an envelope-
type deviation from planarity, whereas the central bridging THF
ligand appears to be planar (see Figure 2).17

The relative orientation of the Li1-O31-Li2 core to the
fluorenyl moiety is distinctly unsymmetric. The lithium atom
Li1 exhibits a very strong bonding interaction with the central

(14) For structures of solvent stabilized (CpM)n(solv) fragments see,
e.g.: Sekiguchi, A.; Sugai, Y.; Ebata, K.; Kabuto, C.; Sakurai, H.J. Am.
Chem. Soc.1993, 115, 1144. Fritz, M.; Hiermeier, J.; Hertkorn, N.; Ko¨hler,
F. H.; Müller, G.; Reber, G.; Steigelmann, O.Chem. Ber.1991, 124, 1531.
Hiermeier, J.; Ko¨hler, F. H.; Müller, G.Organometallics1991, 10, 1787.
Rabe, G.; Roesky, H. W.; Stalke, D.; Pauer, F.; Sheldrick, G. M.J.
Organomet. Chem.1991, 403, 11. Chen, H.; Jutzi, P.; Leffers, W.; Olmstead,
M. M.; Power, P. P.Organometallics1991, 10, 1282. Youngs, W. J.; Djebli,
A.; Tessier, C. A.Organometallics1991, 10, 2089. Hammel, A.; Schwarz,
W.; Weidlein, J.Acta Crystallogr.1990, C46, 2337. Jutzi, P.; Leffers, W.;
Pohl, S.; Saak, W.Chem. Ber.1989, 122, 1449. Lorberth, J.; Shin, S.-H.;
Wocadlo, S.; Massa, W.Angew. Chem.1989, 101, 793;Angew. Chem.,
Int. Ed. Engl.1989, 28, 735. Stezowski, J. J.; Hoier, H.; Wilhelm, D.; Clark,
T.; Schleyer, P. v. R.J. Chem. Soc., Chem. Commun.1985, 1263. Jutzi, P.;
Schlüter, E.; Pohl, S.; Saak, W.Chem. Ber.1985, 118, 1959. Lappert, M.
F.; Singh, A.; Engelhardt, L. M.; White, A. H.J. Organomet. Chem.1984,
262, 271. Jutzi, P.; Schlu¨ter, E.; Krüger, C.; Pohl, S.Angew. Chem.1983,
95, 1015;Angew. Chem., Int. Ed. Engl.1983, 22, 994. Rogers, R. D.;
Atwood, J. L.; Rausch, M. D.; Macomber, D. W.; Hart, W. P.J. Organomet.
Chem.1982, 238, 79. Rhina, W. E.; Stucky, G. D.J. Am. Chem. Soc.1975,
97, 737. Brooks, J. J.; Rhine, W.; Stucky, G. D.J. Am. Chem. Soc.1972,
94, 7339. Reviews: Stalke, D.Angew. Chem. 1994, 106, 2256,Angew.
Chem., Int. Ed. Engl. 1994, 33, 2168. Weiss, E.Angew. Chem.1993, 105,
1565;Angew. Chem., Int. Ed. Engl. 1993, 32, 1501. Jutzi, P.J. Organomet.
Chem. 1990, 400, 1. Paquette, L. A.; Bauer, W.; Sivik, M. R.; Bu¨hl, M.;
Feigel, M.; Schleyer, P. v. R.J. Am. Chem. Soc. 1990, 112, 8776, and
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ion pair is described in: Becker, B.; Enkelmann, V.; Mu¨llen, K. Angew.
Chem.1989, 101, 501;Angew. Chem. Int. Ed. Engl.1989, 28, 458. Stults,
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Grehl, M.; Fröhlich, R.; Würthwein, E.-U.J. Am. Chem. Soc.1995, 117,
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Figure 1. A view of the polymeric chain structure of fluorenyllithium‚
diethyl ether (1) in the solid state with atom numbering scheme (a
section containing a sequence of four monomeric units is depicted).
Selected bond lengths (Å) and angles (deg): C1A-C9 1.426(2), C9-
C8A 1.434(2), C8A-C5A 1.438(2), C5A-C4A 1.431(2), C4A-C4
1.398(2), C4-C3 1.377(3), C3-C2 1.394(3), C1-C1A 1.407(2), C8A-
C8 1.407(2), C8-C7 1.377(2), C7-C6 1.404(3), C6-C5 1.371(2), C5-
C5A 1.395(2), Li-O 1.935(3), Li-C1A 2.770(3), Li-C1A* 2.784(3),
Li-C8A 2.612(3), Li-C8A* 2.565(3), Li-C4A 3.341(3), Li-C4A*
3.304(3), Li-C5A 3.255(3), Li-C5A* 3.194(3), Li-C1 3.568(3), Li-
C1* 3.643(3), Li-C8 3.307(3), Li-C8* 3.258(3), C1A-C9-C8A
107.48(13), C9-C8A-C5A 108.40(13), C4A-C1A-C9 108.67(13),
C9-Li-O 112.50(14), Li-O-C11 123.81(14), Li-O-C13 119.38(15),
C9-C8A-C8 132.87(14), C1-C1A-C9 132.67(15).

Scheme 3
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fluorenyl carbon atom C9 (Li1-C9: 2.368(4) Å), and it also
seems to have a pronounced interaction with the adjacent
bridgehead carbon center C1A (Li1-C1A: 2.544(4) Å). The
separation of Li1 with the adjacent fluorenyl sp2-carbon centers
is substantially larger and probably outside of the direct bonding
range (3.0-3.6 Å). We conclude that the lithium atom Li1 is
strongly bonded to C9 and still shows a strong bonding
interaction to C1A; however, other short contacts of Li1 to the
fluorenyl π-system seem to be absent.
In contrast, Li2 shows a slightly weaker interaction with the

fluorenyl π-system as judged from the respective interatomic
distances.18 Reasonably close contacts are found between Li2
and C8 (2.648(5) Å) and Li2 and C8A (2.823(5) Å), but both
are longer than the short Li1-fluorenyl distances mentioned
above. The Li2-C9 (2.927(5) Å) and Li2-C7 (3.619(5) Å)
separations are even larger. There are two rather short contacts
between the lithium atoms and the saturated carbon atom C10
(Li1-C10: 2.564(4) Å, Li2-C10: 2.758(4) Å), but the
“closeness” of these atoms follows from the spatial arrangement
of metal centers at the chelating organic ligand system, not
necessarily from a pronounced electronic interaction between

the respective centers. The arrangement of the Li2ON core
relative to the fluorenylπ-system (see Figure 2) suggests that
it formally derives from the (Cs-symmetric) anionic heteroatom
containing ansa-lithiocene-anion equivalent12 to which a donor
ligand-stabilized lithium cation was added. It is similar to many
lithium amide aggregate structures.19 The lateral connection
of the lithium cation lowers the local symmetry of fragment
12, leading to the structural distortion of10. However, it could
also be that crystal packing forces are responsible for this
structural detail. Compound10 seems to be an intramolecular
analogue of a lithio metallocene salt,15 only that one of the Cp-
rings is substituted by the pendant amido ligand. The novel
compound10 can, therefore, be regarded as a close relative to
the family of nitrogen-analogues13of the ansa-metallocenes20

(see Scheme 4). It remains to be studied, whether10can serve
as a direct precursor to the carbon (instead of silicon) containing
analogues of this important class of homogeneous Ziegler-
catalyst precursors.21

The most remarkable structure is that of compound11. It
represents to the best of our knowledge the first structurally
characterized example of a U-shapedη5-(1-azapentadienyl)-
lithium derivative. In contrast to the solid state polymer
fluorenyllithium‚Et2O (1) the aminofulvene deprotonation prod-
uct (11) exhibits independent monomeric molecular entities in
the solid state. The lithium atom of11 has two diethylether
molecules coordinated to it. The remaining coordination of the
lithium atom is made of a strong interaction with the nitrogen
atom and by an arrangement of the carbon atoms C10, C9, C8A,
and C8 within a pronounced bonding interaction (2.65-2.86
Å). All other adjacent sp2-hybridized carbon atoms are too
remote from the lithium center to indicate any significant
bonding contact. Thus the N-C10-C9-C8A-C8 π-system
has to be regarded as an equivalent to a U-shaped 1-azapenta-
dienyl ligand system4 that isη5-coordinated to the central lithium
center. The azapentadienyl moiety of11 is oriented in a close
to planar arrangement. Only the nitrogen center N11 is placed
slightly out of this plane toward the lithium center (deviation
of N11 from the C10-C9-C8A-C8 plane: 0.347 Å, dihedral
angles C8A-C9-C10-N11 -15.6(6)°, C8-C8A-C9-C10

(17) See for a comparison: Armstrong, D. R.; Barr, D.; Brooker, A. T.;
Clegg, W.; Gregory, K.; Hodgson, S. M.; Snaith, R.; Wright, D. S.Angew.
Chem. 1990, 102, 443;Angew. Chem., Int. Ed. Engl.1990, 29, 410.

(18) Similar orientations are sometimes found in the structures of lithiated
stabilized carbanions: Raabe, G.; Gais, H.-J.; Fleischhauer, J.J. Am. Chem.
Soc.1996,118, 4622, and references cited therein.

(19) Drost, C.; Ja¨ger, C.; Freitag, S.; Klingebiel, U.; Noltemeyer, M.;
Sheldrick, G. M.Chem. Ber. 1994, 127, 845. Barr, D.; Berrisford, D. J.;
Mendez, L.; Slawin, A. M. Z.; Snaith, R.; Stoddart, J. F.; Williams, D. J.;
Wright, D. S.Angew. Chem. 1991, 103, 97;Angew. Chem., Int. Ed. Engl.
1991, 30, 82. Williard, P. G.; Hintze, M. J.J. Am. Chem. Soc.1990, 112,
8602. Willard, P. G.; Hintze, M. J.J. Am. Chem. Soc.1987, 109, 5539.
Hacker, R.; Schleyer, P. v. R.; Reber, G.; Mu¨ller, G.; Brandsma, L.J.
Organomet. Chem. 1986, 316, C4.

(20) Shapiro, P. J.; Bunel, E.; Schaefer, W. P.; Bercaw, J. E.Organo-
metallics1990, 9, 867. Piers, W. E.; Shapiro, P. J.; Bunel, E. E.; Bercaw,
J. E.Synlett1990, 2, 74. Shapiro, P. J.; Cotter, W. D.; Schaefer, W. P.;
Labinger, J. A.; Bercaw, J. E.J. Am. Chem. Soc.1994, 116, 4623, and
references cited therein.

(21) Mu, Y.; Piers, W. E.; Mac Quarrie, D. C.; Zaworotko, M. J.; Young,
V. G., Jr.Organometallics1996, 15, 2720. Carpinetti, D. W.; Kloppenburg,
L.; Kupec, J. T.; Petersen, J. L.Organometallics1996, 15, 1572.
Kloppenburg, L.; Petersen, J. L.Organometallics1996, 15, 7. du Plooy,
K. E.; Moll, U.; Wocadlo, S.; Massa, W.; Okuda, J.Organometallics1995,
14, 3129.

Figure 2. The molecular structure of compound10 in the crystal (with
atom numbering scheme). Selected bond lengths (Å) and angles (deg):
C10-N 1.474(3), C9-C10 1.503(3), C9-C1A 1.422(3), C1A-C4A
1.447(3), C4A-C5A 1.421(3), C5A-C8A 1.447(3), C5A-C5 1.394(3),
C5-C6 1.367(4), C6-C7 1.404(4), C7-C8 1.367(3), C8-C8A
1.414(3), C1A-C1 1.415(3), C1-C2 1.377(3), C2-C3 1.398(4), C3-
C4 1.369(3), C4-C4A 1.401(3), Li1-N 1.969(4), Li1-O31 2.082(4),
Li2-N 1.984(4), Li2-O31 2.041(4), Li1-O21 1.923(4), Li2-O41
1.915(4), Li1-C1: 3.022(4), Li1-C4A 3.342(4), Li1-C5A 3.632(4),
Li1-C8A 3.089(4), N-C11 1.462(3), C11-C12 1.540(3), C11-C13
1.530(3), C11-C14 1.541(3), O21-C22 1.416(3), O21-C25 1.433(3),
O31-C32 1.452(3), O31-C35 1.450(3), O41-C42 1.424(3), O41-
C45 1.435(3), C8A-C9-C1A 106.6(2), C9-C1A-C4A 109.3(2),
C1A-C4A-C5A 107.4(2), C4A-C5A-C8A 107.0(2), C8A-C9-
C10 126.1(2), C1A-C9-C10 126.9(2), C8-C8A-C9 131.9(2), C7-
C8-C8A 119.8(2), Li1-O21-C22 124.0(2), Li1-O21-C25 124.2(2),
C22-O21-C25 109.3(2), Li2-O41-C42 128.3(2), Li2-O41-C45
124.3(2), C42-O41-C45 106.3(2), N-Li1-O31 99.0(2), Li1-O31-
Li2 76.6(2), O31-Li2-N 99.8(2), Li2-N-Li1 80.6(2), C10-N-C11
113.8(2), Li1-N-C11 130.7(2), Li1-N-C10 95.2(2), Li2-N-C10
104.8(2), Li2-N-C11 124.6(2), C32-O31-C35 108.7(2), Li1-O31-
C32 111.4(2), Li1-O31-C35 122.9(2), Li2-O31-C32 112.4(2), Li2-
O31-C35 121.8(2).

Scheme 4
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-4.8(6)°) to induce a helical chirality element into the (η5-1-
azapentadienyl)Li-substructure of compound11 (see Figure 3,
additional projections of11 are provided with the Supporting
Information).
Dynamic Behavior of the η5-(1-Azapentadienyl)lithium

Compound 11. Theη5-(1-azapentadienyl)lithium derivative11
exhibits the same structural type in solution as was observed in
the crystal. This is evident from its very typical1H NMR
spectrum in THF-d8 at low temperature (600 MHz, 203 K). It
shows signals of pairwise diastereotopic hydrogens at the
fluorenyl nucleus atδ 6.63/6.54; 6.93/6.86 corresponding to the
2-H/7-H and/or 3-H/6-H pairs, respectively. The 4-H/5-H pair
of signals is just separated under these conditions (overlapping
pair of doublets centered atδ 7.76, see Figure 4), whereas the
1-H/8-H hydrogen pair gives rise to a large splitting: their1H
NMR resonances are found atδ 8.57 and 7.52 ppm.
However, compound11 shows dynamic NMR spectra upon

increasing the monitoring temperature. A pairwise coalescence
of the 1-H/8-H, 2-H/7-H, 3-H/6-H, and 4-H/5-H signals is
observed, leading to a much simpler, symmetrized appearance
of the spectrum at high temperature (298 K, see Figure 4). The
N-C(CH3)3 signal (δ 1.28 ppm) and the 10-H resonance atδ
8.85 ppm are not affected by this spectral change.
This dynamic behavior indicates a rapid process at higher

temperatures on the 600 MHz1H NMR time scale in the course
of which the specific Li-C8 and C8a interaction is lost and
becomes equilibrated with a symmetry-equivalentη5-coordina-
tion that involves the symmetry counterparts of these atoms on
the other side of the fluorenyl framework, namely C1 and C1a.
The details of the intramolecular automerization pathway and
a description of the possible transition state geometry was

obtained from a computational investigation (see below). From
the dynamic1H NMR spectrum the activation barrier of the
thermally induced intramolecular enantiomerization process was
determined. From the1H NMR coalescence of the 1-H/8-H
pair of resonances (∆δ ) 624 Hz,Tcoal. ) 260 K) a Gibbs
activation energy of∆Gq

enant (260 K) ) 11.8( 0.3 kcal/mol
was obtained22 for this dynamic process of11.

Computational Analysis

The dynamic behavior of11 prompted us to investigate the
preferred reaction pathway by computational methods. To gain
confidence in the applied methodology we first turned to a
description of the ground state structures of the organolithium
systems prepared in the course of this study. The semiempirical
method PM323was used throughout. Due to the recently derived
lithium parameters of Anders et al.24 this method has proven to
be of enormous value in predicting and interpreting organo-
lithium structures.25 The MOPAC 6.0 program package26 was
used for complete geometry optimizations of the full molecules
with the complexing ether or THF ligands being substituted by

(22) Green, M. L. H.; Wong, L.-L.; Seela, A.Organometallics1992,
11, 2660 and references cited therein.

(23) Stewart, J. J. P.J. Comput. Chem. 1989, 10, 209, 221.
(24) Anders, E.; Koch, R.; Freunscht, P.J. Comput. Chem. 1993, 11,

1301.
(25) Gertzmann, R.; Mo¨ller, M. H.; Rodewald, U.; Fro¨hlich, R.; Grehl,

M.; Würthwein, E.-U.Tetrahedron1995, 51, 3767. Gertzmann, R.; Fro¨hlich,
R.; Grehl, M.; Würthwein, E.-U.Tetrahedron1995, 51, 9031.

(26) MOPAC6: Stewart, J. J. P. QCPE 455, 1990.

Figure 3. A projection of the molecular structure of11 in the crystal
with atom numbering scheme. Selected bond lengths (Å) and angles
(deg): N11-C12 1.479(4), C1A-C9 1.439(5), C1A-C4A 1.424(5),
C4A-C5A 1.442(5), C5A-C8A 1.428(4), C5A-C5 1.397(5), C5-
C6 1.383(5), C6-C7 1.386(5), C7-C8 1.378(5), C1A-C1 1.403(5),
C1-C2 1.390(6), C2-C3 1.393(7), C3-C4 1.355(6), C4-C4A
1.393(5), Li-O20 1.939(7), Li-O30 1.947(7), Li-N11 2.031(7), Li-
C10 2.645(7), Li-C9 2.862(7), Li-C8A 2.810(7), Li-C8 2.654(7),
N11-C10 1.306(4), C10-C9 1.399(4), C9-C8A 1.443(4), C8A-C8
1.395(5), N11-C10-C9 125.8(3), C10-C9-C8A 128.7(3), C9-
C8A-C8 132.9(3), C8A-C8-C7 120.0(3), N11-Li-O30 119.9(4),
N11-Li-O20 131.8(3), N11-Li-C8 86.7(3), C9-C1A-C4A 109.0(3),
C1A-C4A-C5A 107.7(3), C4A-C5A-C8A 107.9(3), C5A-C8A-
C9 108.6(3), C8A-C9-C1A 106.8(3), Li-O20-C21 116.9(3), Li-
O20-C23 129.4(4), Li-O30-C31 121.6(4), Li-O30-C33 122.4(3),
Li-N11-C10 102.7(3), Li-N11-C12 130.8(3), C10-N11-C12
117.5(3), N11-C10-C9 125.8(3), C10-C9-C8A 128.7(3), C9-
C8A-C8 132.9(3).

Figure 4. Temperature dependent dynamic1H NMR spectra (600 MHz,
THF-d8) of 11; only the signals of the “fluorenyl-hydrogens” 1-H to
8-H are shown.

11160 J. Am. Chem. Soc., Vol. 119, No. 46, 1997 Ko¨nemann et al.



H2O molecules. This allowed for a good comparison between
the experimentally obtained X-ray structures and the structures
calculated for independent molecules in the gas phase, thusinter
alia allowing the evaluation of the specific influences of the
crystal lattice.
Compound 10. The computational results for the dilithio

compound10are somewhat complicated to interpret. Complete
geometry optimizations starting from various initial geometries
without including the water molecules as models for the etheral
solvents yield essentially two minima. One corresponds to a
four-membered ring involving Li1-N-Li2-C1, positioned
perpendicular to the fluorene moiety (see Figure 2 for a
comparison). This is ca. 10 kcal/mol higher in energy than the
global minimum. The latter resembles the X-ray structure of
10, showing bridging of the lithium cations between the nitrogen
atoms and the carbon atoms C1 and C8, respectively. Including
three molecules of water to simulate the X-ray structure leads
to an asymmetric structure, having one lithium ion coordinated
with two molecules of water, the other one with only one
molecule of water. This structural type came out to be lowest
in energy (global minimum, calc.∆Hf ) -139.2 kcal/mol).
Introducing a preformed L1-N-Li2-O four-membered ring
as found in the X-ray diffraction study led to a second minimum,
ca. 7 kcal/mol higher in energy (calc.∆Hf ) -131.9 kcal/mol,
see Figure 5), showing close structural analogies to the
experimentally found geometry. Both lithium ions have close
contacts to the nitrogen atom and to the oxygens of the solvent
molecules (ca. 2.0 Å) with additional weaker interactions to
the carbon atoms C1 and C8 (2.7 Å). The Li1-Li2 interaction
is calculated to be much weaker than experimentally observed
(calc. distance: 3.11 Å). The main disagreement with the
experiment is the calculated perfectly perpendicular position
(90°) of the dilithiated CH2-N-tBu unit with respect to the
fluorene plane. However, bending of this unit from 90° to 98°
costs only 0.1 kcal/mol, indicating a very soft potential energy
hypersurface. This suggests that crystal lattice forces cause this
bending, since no obvious intramolecular steric effects are
detectable. A direct comparison between X-ray and calcula-
tional data is therefore misleading. The central four-membered
ring seems to cause problems to PM3 regarding the calculated
heat of formation, but still the parameter set used is suitable to
model such structures.
Based on the experience with the PM3 calculations for10,

we also suggest a molecular structure for compound7*2H2O

as predicted by the PM3 method (Figure 6), of which no X-ray
data are available. Since7 is prepared from fluorene6, initially
a lithiocene-like structure was expected. However, by starting
with different geometries, the coordination of the lithium cation
to the nitrogen atom (2.191 Å) seems to be the predominant
interaction, thus allowing short contacts only to C8 (2.471 Å),
C8a (2.467 Å), and C9 (2.535 Å) but not to the center of the
five-membered ring of the fluorenyl moiety. Two more short
distances to the oxygen atoms of the model solvents (O41:
2.000 Å and O42: 1.978 Å) produce a six-coordinate lithium
cation, whose chemical environment resembles very much that
of compound11 (see below).
Compound 11. A careful investigation of the possible

conformers of11 revealed a U-shape structure which very
closely resembles the X-ray results (Figure 7, top; see Figure 3
for a comparison). Several starting geometries placing the
lithium cation above the central five-membered ring or in the
neighborhood to nitrogen, all led to the same U-shaped
conformer. A local minimum with the lithium cation on the
face of a six-membered fluorene ring was ca. 20 kcal/mol higher
in energy. The strong preference of the U-shape structural type
is not surprising. The few reported experimental and theoretical
studies on 1-azapentadienyl lithium compounds4 point to the
predominance of U-shaped structures with anη3-1,5 bridging
lithium cation, allowing the participation of the lone pair on
nitrogen to be involved in stabilizing the metal ion. A detailed
analysis of the calculated structure of11 (see Table 1) leads to
the same principal interactions of the lithium atom as obtained
from the X-ray diffraction study. Thus, the shortest contacts
of lithium are to the two ether oxygens and to the nitrogen atom,
followed by a weaker interaction to C8. PM3 gives a
significantly weaker interaction to C10 as found experimentally.

Figure 5. Calculated molecular structure of compound10‚3H2O (PM3;
local minimum, calc.∆Hf ) -131.9 kcal/mol, crystallographic
numering).

Figure 6. Calculated structure of compound7‚2H2O (PM3; atom
numbering analogous to the related X-ray crystal structures).

Table 1. Comparison of Bond Lengths (Å) and Bond Angles
(deg) around the Lithium Atoms from X-ray and PM3 for
Compound11a

bond/angle X-ray PM3 bond/angle X-ray PM3

Li-C8 2.654(7) 2.560 N11-C10-Li 48.5(2) 34.18
Li-C8A 2.810(7) 3.088 C8A-C8-Li 81.5(2) 98.10
Li-C9 2.862(7) 3.298 C9-C10-Li 84.1(2) 90.85
Li-C10 2.645(7) 2.969 C10-N11-Li 102.7(3) 123.68
Li-N11 2.031(7) 2.004 C12-N11-Li 130.8(3) 116.86
Li-O20 1.939(7) 2.011 O20-Li-O30 103.0(3) 103.84
Li-O30 1.947(7) 1.958 O20-Li-N11 131.8(3) 112.20
C7-C8-Li 132.7(3) 127.62 O30-Li-N11 119.9(4) 140.62

a Atom numbering as in Figure 2.
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In slight difference to the X-ray structure, PM3 calculates the
lithium cation to be essentially four coordinate, placed in the
center of a distorted tetrahedron. This indicates minor problems
of PM3 in balancing the bonding of lithium to different types
of nitrogen and carbon atoms. Nevertheless, the overall
structure is reproduced very well by PM3, considering the soft
potential around lithium. Special crystal lattice effects seem
to be absent.

A temperature dependent NMR study revealed a dynamic
behavior of 11 in solution (see above). According to the
symmetry properties of11 obtained by NMR a degenerate
equilibrium is taking place rapidly on the NMR time scale at
higher temperatures (>250 K) potentially involving a transition
state of higher symmetry compared to the established ground
state structure of11. To investigate this behavior the PM3
method was applied in a search for a transition state showing
Cs symmetry. We were able to localize such a transition
structure11-TS (NIMAG ) 1,-38.20 cm-1) with a calculated
relative energy of 8.7 kcal/mol compared to11. This energy
does not differ significantly from the experimentally observed
barrier of ca. 12 kcal/mol. As indicated in Figure 7, the
1-azaallyllithium moiety of11-TS (i.e., Li-N, C10, C9) now
adopts a perpendicular orientation with respect to the fluorene
plane (Cssymmetry), placing the lithium cation above the central
five-membered ring of the fluorene system and resulting in
electronic decoupling of the C10-C9 π-interaction.

Conclusions

Our study has shown that the (1-azapentadienyl)lithium
derivative11 is readily available by deprotonation of the fulvene
5. Alternatively,11 is available from the mechanistically more
complicated reaction sequence initiated by treatment of the
aminomethylfluorene derivative6 with suitable bases. Other
structurally very interesting products form as well (e.g.,10).
11 probably is formed via the fulvene5 which is subsequently
deprotonated. The X-ray crystal structure analysis of11 has
revealed a U-shapedη5-1-azapentadienyl substructure. There
is a tendency toward a slight asymmetry in theη5-interaction,
favoring the N-Li and the Li-C8/C8a interaction, but the C9
and C10 centers are clearly within bonding contact with the
metal. A PM3 computational study reveals the same substruc-
tures, suggesting that crystal packing forces are not a major
factor in determining the observed bonding geometry of11 in
the solid state.
Our study also points to the energetic limits of the Li-1-

azapentadienyl bonding interaction of11. In solution, a rapid
equilibration of the two symmetry-equivalentη5-(1-azapenta-
dienyl)Li-type structures is observed. The activation barrier
(∆Gq

enant) of this process is≈12 kcal/mol. The computational
analysis (PM3) has located aCs-symmetric transition state
structure with a calculated activation barrier that is in accord
with the experimental value. Thus, the observed∆Gq

enantvalue
maybe a good estimate of the magnitude of the “extra stabiliza-
tion” of a η5-(1-azapentadienyl)lithium unit in11. Whether this
provides an estimate of the general range of an energetic
separation between different types of (1-azapentadienyl) anion
isomers in their respective alkali metal compounds will be
investigated.

Experimental Section
The reactions involving organometallic substrates or reagents were

carried out in an inert atmosphere (argon) using Schlenk-type glassware
or in a glovebox. Solvents were dried and distilled under argon prior
to use. The following instruments were used for physical characteriza-
tion of the compounds: Bruker AC 200 P and Bruker AM 360 NMR
spectrometers (atom numbering schemes used are analogous as in
Figures 2 and 3); Nicolet 5 DXC FT-IR spectrometer; DuPont 2910
(STA instruments) DSC; elemental analyses: Foss-Heraeus CHN-O
Rapid; X-ray crystal structure analyses: data were collected on Enraf-
Nonius CAD4- (1, 11) or MACH3-diffractometers (10). Structures
were solved with the program SHELXS-86 and refined with SHELXL-
93. Graphics were done with XP and SCHAKAL.tert-Butyl isocy-
anate was distilled prior to use.
Reaction of Fluorenyllithium with tert-Butyl Isocyanate. n-

Butyllithium (48 mL of a 1.55 M solution inn-hexane, 74.4 mmol)
was added dropwise with stirring at-78 °C to a solution of 12.3 g
(73.8 mmol) of fluorene in ca. 200 mL of tetrahydrofuran. The cooling
bath was then removed, and the mixture allowed to warm to room
temperature. After 4 h of stirring the reaction mixture was cooled to
-50 °C. tert-Butyl isocyanate (6.4 g, 64.9 mmol) in 50 mL of THF
was added dropwise. Then the cooling bath was removed, and the
mixture stirred overnight at ambient temperature. The resulting solution
of 3was directly subjected to the reduction reaction using LiAlH4 (see
below). For characterization, a small amount of the solution was
hydrolyzed by adding it to a saturated aqueous sodium chloride solution.
The mixture was extracted with dichloromethane. The organic phase
was washed with water and dried over magnesium sulfate. The solvent
was removed in vacuo to give4, mp 194°C: HRMS calcd for C18H19-
NO 265.1466, found 265.1474.1H NMR (CDCl3): δ 7.75 (m, 2H),
7.67 (m, 2H, 1-H, 8-H, 4-H, 5-H), 7.37 (m, 4H, 2-H, 7-H, 3-H, 6-H),
5.01 (br. s, 1H, NH), 4.66 (br. s, 1H, 9-H), 1.19 (s, 9H, C(CH3)3). 13C
NMR (CDCl3): δ 169.7 (CONH), 141.8, 141.2 (C1a, C8a, C4a, C5a),
128.1, 127.6, 125.1, 120.2 (C1, C8; C2, C7; C3, C6; C4, C5), 57.1
(C9), 51.1, 28.5 (C(CH3)3). IR (KBr): ν̃ ) 3257 cm-1 (NH), 3064,
2965, 1645 (CdO), 1549, 1450, 1327, 1262, 1225, 1098, 1023, 803,
742.

Figure 7. Calculated structure of11 (top) and calculated transition
state structure of11-TS (bottom) of the automerization reaction of11
(both PM3).
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6-(tert-Butylamino)dibenzofulvene 5. To the remaining solution
of 3 in THF (see above) was added LiAlH4 (20.0 g, 527 mmol) in
several portions. The mixture was kept at reflux temperature with
stirring for 40 h and then hydrolyzed by pouring the solution in several
portions (each of ca. 10 mL volume) into a vigorously stirred mixture
of 300 mL of ice-water and 100 mL of ether. The phases were
separated, and the aqueous layer was extracted with 70 mL of ether.
The organic layers were combined, and the solvent removed in aspirator
vacuum. The residue was taken into a minimum amount of ether,
washed with brine, and dried over MgSO4. Removal of the solvent in
vacuo gave5 in a quantitative yield (15.9 g). Crystallization from a
saturated ethereal solution at-30 °C gave a spectroscopically pure
fraction of the fulvene5, mp 72 °C: HRMS calcd for C18H19N
249.1517, found 249.1512.1H NMR (CDCl3): δ 7.86, 7.78, 7.57, 7.50
(each d,3J ) 7.8 Hz, each 1H, 1-H, 4-H, 5-H, 8-H), 7.41 (d,3J ) 14
Hz, 1H,dCH-N), 7.28 (1H), 7.18 (2H), 7.08 (1H, each pseudo-t, 2-H,
3-H, 6-H, 7-H), 5.28 (br. d,3J) 14 Hz, 1H, NH), 1.42 (s, 9H, C(CH3)3).
13C NMR (CDCl3): δ 140.1, 137.2, 136.2, 134.6 (C1a, C4a, C5a, C8a),
132.9 (dCH-N), 123.7 (double intensity), 122.9, 120.6, 120.1, 120.0,
119.6, 116.5 (C1-C8), 105.9 (C9), 52.3, 30.4 (C(CH3)3). IR (KBr): ν̃
) 3422 cm-1 (NH), 3051, 2958, 2925, 1638, 1606, 1446, 1367, 1313,
1296, 1209, 1032, 930, 917, 767, 722.

N-tert-Butyl-9-fluorenylmethylamine 6. The fulvene5 (15.9 g,
63.8 mmol) was dissolved in 800 mL of methanol with the aid of ca.
50 mL of tetrahydrofuran. A total of 6.2 g (98.7 mmol) of sodium
cyanoborohydride was added in several portions. The pH was brought
to ca. 4-5 by adding a few milliliters of glacial acetic acid. The
mixture was stirred for 2 days at room temperature with care being
taken that the pH remained constant. The reaction mixture was then
poured into 500 mL of saturated aqueous sodium chloride solution.
Solid KOH was added to adjust the solution to pH 11. The white
precipitate was extracted into 300 mL of ether, and the aqueous phase
extracted again with 70 mL of ether. The combined ethereal phases
were treated with 300 mL of 2 N aqueous HCl. The acidic aqueous
phase was washed with ether (70 mL) and then pentane (70 mL). The
organic phases were discarded. Solid KOH was added to the aqueous
phase until pH 11 was reached, and the product then extracted with
ether (5× 100 mL). The combined ethereal phases were dried over
anhydrous magnesium sulfate. Solvent was removed in vacuo to give
10.6 g (overall yield 65%) of6 as a white solid, mp 57°C. Anal.
Calcd for C18H21N (251.37) C, 86.01; H, 8.42; N, 5.57. Found C, 85.69;
H, 8.40; N, 5.56%. HRMS calcd for C18H21N 251.1674, found
251.1679. 1H NMR (CDCl3): δ 7.78, 7.65 (m, each 2H, 1-H, 8-H,
4-H, 5-H), 7.40 (m, 4H, 2-H, 7-H, 3-H, 6-H), 4.02 (t,3J ) 7 Hz, 1H,
9-H), 2.96 (d,3J ) 7 Hz, 2H,-CH2-N), 1.15 (br. s, 1H, NH), 1.04
(s, 9H, C(CH3)3). 13C NMR (CDCl3, APT): δ 146.1, 140.9 (C4a, C5a,
C8a, C1a), 127.1, 126.8, 124.6, 119.9 (C1, C8; C2, C7; C3, C6; C4,
C5), 50.4 (C9), 46.3 (-CH2-N), 48.4, 28.9 (C(CH3)3). IR (KBr): ν̃
) 3302 cm-1 (NH).

Deprotonation of the Amine 6 Usingn-Butyllithium in Diethyl
Ether. A suspension of the amine6 (2.30 g, 9.2 mmol) in 80 mL of
ether was cooled to-78 °C. A 1.55 M solution ofn-butyllithium in
n-hexane (11.8 mL, 18.3 mmol) was added dropwise with stirring. The
mixture was allowed to warm to room temperature over night. During
that time an orange-colored precipitate was formed that was isolated
by filtration, washed with pentane (3× 20 mL), and dried in vacuo:
yield of 7‚Et2O 860 mg (29%).1H NMR (THF-d8): δ 7.96, 7.36 (m,
each 2H, 1-H, 8-H, 4-H, 5-H), 6.94, 6.53 (m, each 2H, 2-H, 7-H, 3-H,
6-H), 4.32 (d,3J ) 7.6 Hz, 2H,-CH2-N), 1.40 (t,3J ) 7.6 Hz, 1H,
NH), 1.31 (s, 9H, C(CH3)3). 13C NMR (THF-d8, APT): δ 135.5, 123.6
(C1a, C8a, C4a, C5a), 120.6, 119.6, 113.1, 109.8 (C1-C8), 87.2 (C9),
38.7 (CH2-N), 51.1 and 29.5 (CMe3). From the combined filtrate two
different looking types of crystals appeared after 2 days at ambient
temperature, that were both characterized by X-ray crystal structure
analyses and identified as fluorenyllithium (1‚Et2O) and11‚(Et2O)2,
respectively. X-ray crystal structure analysis of1‚Et2O: formula
C17H19OLi, M ) 246.26, 0.4× 0.2 × 0.1 mm,a ) 9.698(1),b )
19.785(3),c ) 7.814(1) Å,â ) 106.21(1)°, V ) 1439.7(3) Å3, Fcalc )
1.136 g cm-3, µ ) 5.14 cm-1, empirical absorption correction via
ψ-scan data (0.916e C e 0.999),Z ) 4, monoclinic, space group
P21/c (no. 14),λ ) 1.54178 Å,ω/2θ scans, 3158 reflections collected
((h,-k,+l), [(sin θ)/λ]max ) 0.62 Å-1, 2939 independent and 2033

observed reflections [I g 2σ(I)], 175 refined parameter,R ) 0.046,
wR2 ) 0.122, max. residual electron density 0.21 (-0.15) e Å-3,
hydrogens calculated and riding. X-ray crystal structure analysis of
11‚(Et2O)2: formula C26H38NO2Li, M ) 403.51, 0.7× 0.35× 0.1 mm,
a ) 8.080(1),b ) 32.585(5),c ) 9.770(3) Å,â ) 94.08(2)°, V )
2565.8(9) Å3, Fcalc ) 1.045 g cm-3, µ ) 4.911 cm-1, no absorption
correction,Z) 4, monoclinic, space groupP21/n (no. 14),λ ) 1.54178
Å, ω/2θ scans, 4922 reflections collected (-h,-k,(l), [(sin θ)/λ]max)
0.62 Å-1, 4586 independent and 2287 observed reflections [I g 2σ(I)],
279 refined parameter,R) 0.078,wR2 ) 0.223, max. residual electron
density 0.47 (-0.29) e Å-3, hydrogens calculated and riding. The
remaining mother liquor was then hydrolyzed by the addition of water.
The phases were separated and the aqueous layer extracted with ether
(30 mL). From the combined organic solutions white crystals were
formed after several days at room temperature, that were identified to
contain the aminofulvene derivative5 (characterization see above).
Deprotonation of 6 with Lithium Hexamethyldisilazide. The

deprotonation of6 with LiN(SiMe3)2 was carried out as an NMR
experiment in THF-d8. The solid components6 and LiN(SiMe3)2 were
mixed at room temperature. Then ca. 0.5 mL of THF-d8 was added.
The dark red colored solution was characterized by its1H NMR
spectrum after 25 min. The spectrum showed that only the mono-
deprotonated product7 was present in the solution.
Deprotonation of the Aminofulvene System 5. (a) The amino-

fulvene5 (660 mg, 2.7 mmol) and LiN(SiMe3)2 (530 mg, 3.8 mmol)
were mixed as solids, then 100 mL cooled (0°C) ether was added,
and the mixture was stirred over night. The reaction mixture was then
concentrated in vacuo to a volume of ca. 20 mL. Pentane (100 mL)
was added to the suspension. The resulting precipitate was collected
by filtration and washed several times with pentane to give 200 mg
(27%) of 11 that contains some coordinated ether (ca. 0.5 equiv,
indentified by1H NMR). The compound11could also be obtained in
near to quantitative yield by deprotonation of5 (3.25 g, 13 mmol) in
ether/pentane (1:1, 140 mL) at 0°C with n-butyllithium in n-hexane
(8 mL of a 1.71 M solution, 13.7 mmol). In this case11was obtained
as a very sensitive red oil:1H NMR (THF-d8/benzene-d6, 1:5): δ 9.06
(s, 1H, -CHdN-), 8.31, 8.10 (m, each 2H, 1-H, 8-H; 4-H, 5-H), 7.39,
7.19 (m, each 2H, 2-H, 7-H; 3-H, 6-H), 1.44 (s, 9H, C(CH3)3). 13C
NMR (THF-d8/benzene-d6, 1:5): δ 153.2 (-CHdN-), 138.7, 130.0
(C1a, C8a, C4a, C5a), 124.0, 120.3, 116.4, 114.5 (C1-C8), 97.6 (C9),
65.8 and 31.7 (CMe3). (b) To a mixture of 15 mg (60µmol) of the
aminofulvene5 and 7 mg (65µmol) of LDA was added 0.4 mL of
THF-d8. The bright yellow solution was transferred to a 5-mm NMR
tube and used for a dynamic1H measurements (see Figure 4).1H NMR
(THF-d8, 599.9 MHz, 203 K):δ 8.85 (s, 1H, 10-H), 8.57 (d,3J ) 8.0
Hz, 1H, 1-H/8-H), 7.78-7.75 (m, 2H, 4-H, 5-H), 7.52 (d,3J) 8.0 Hz,
1H, 1-H/8-H), 6.93 (pt,J ) 7 Hz, 1H) / 6.86 (pt,J ) 7 Hz, 1H) / 6.63
(pt, J ) 7 Hz, 1H) / 6.54 (pt,J ) 7 Hz, 1H, 2-H, 3-H, 6-H, 7-H), 1.28
(s, 9H, CH3-H) ppm. The following individual∆Gq

enant values were
obtained: 11.8 kcal/mol (260 K, 1-H/8-H equilibration), 12.1 kcal/
mol (240 K, 243 K, from both the 2-H/7-H and 3-H/6-H equilibration).
Deprotonation of 6 with tert-Butyllithium. Two types of experi-

ments were carried out under somewhat different reaction conditions
that led to substantially different product mixtures. (a) A solution of
the amine6 (1.95 mg, 7.8 mmol) in 50 mL of tetrahydrofuran was
cooled to-78 °C. Then 8.6 mL of a 1.84 M solution oftert-
butyllithium (15.8 mmol) in pentane was added dropwise with stirring.
After 3 h ofstirring at-78 °C a brightly orange-red colored precipitate
had formed that was collected by filtration (yield 3.01 g, 95%). The
product turned out to be almost insoluble even in THF-d8 but could be
characterized as7‚(THF)2 after dissolving it with the aid of a slight
excess of the Li-specific crown ether [12]crown-4.1H NMR of
7‚[12]crown-4 (THF-d8): δ 7.92, 7.40 (m, each 2H, 1-H, 8-H; 4-H,
5-H), 6.86, 6.42 (m, each 2H, 2-H, 7-H; 3-H, 6-H), 4.25 (d,3J ) 6.4
Hz, 2H,-CH2-N-), 2.9-2.7 (m, ca. 16H, CH2 of [12]crown-4), 1.29
(s, 9H, C(CH3)3), 0.75 (t,3J ) 6.4 Hz, 1H, NH). (b) A sample of the
amine6 (20 mg, 80µmol) was mixed with solidtert-butyllithium (20
mg, 320µmol). Then THF-d8 (0.5 mL) was added at once at ambient
temperature. A vigorous reaction was observed to take place that
resulted in the formation of clear deeply orange colored solution. After
15 min an1H NMR spectrum was recorded that showed two sets of
signals, one belonging to fluorenyllithium1 (see above), the other to
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the dilithiated species10. Several experiments were carried out under
similar conditions, in a few cases solutions were obtained that showed
only the1H NMR signals of the pure compound10: 1H NMR (THF-
d8): δ 8.01, 7.36 (m, each 2H, 1-H, 8-H; 4-H, 5-H), 6.97, 6.53 (m,
each 2H, 2-H, 7-H; 3-H, 6-H), 4.54 (s, 2H, -CH2-N-), 1.26 (s, 9H,
C(CH3)3). In the sealed NMR tube crystals of10‚(THF)3 were formed
during several weeks at-30 °C that were used for the X-ray crystal
structure determination. X-ray crystal structure analysis of
10‚(THF)3: formula C30H43NO3Li2,M ) 479.53, 0.7× 0.5× 0.3 mm,
a ) 10.418(1),b ) 18.174(1),c ) 15.521(2) Å,â ) 107.88(1)°, V )
2796.8(5) Å3, Fcalc) 1.139 g cm-3, µ ) 0.71 cm-1, empirical absorption
correction viaψ-scan data (0.979e C e 0.999),Z ) 4, monoclinic,
space groupP21/n (no. 14),λ ) 0.71073 Å,ω/2θ scans, 5112 reflections
collected ((h,-k,+l), [(sinθ)/λ]max) 0.62 Å-1, 4925 independent and
3172 observed reflections [I g 2σ(I)], 328 refined parameter,R) 0.054,
wR2 ) 0.149, max. residual electron density 0.31 (-0.31) e Å-3,
hydrogens calculated and riding.
Generation of 10 by Deprotonation of 7. The monolithiate

compound7was generated in situ by treatment of 430 mg (1.7 mmol)
of the amine6with 185 mg (1.7 mmol) of LDA in 20 mL oftert-butyl
methyl ether at 0°C. The mixture was stirred for 1 h atthis temperature
and then cooled to-78 °C. A 1.7 M tert-butyllithium solution (1.05

mL, 1.8 mmol) in pentane was added dropwise with stirring. The
mixture was then allowed to warm to room temperature during 2 h.
Solvent was removed in vacuo. The1H NMR analysis of the residue
revealed the presence of a 2:1 mixture of7 and10. Neither of the
fragmentation products1 or 11 was observed in the product mixture
under these conditions.
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