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The Stable Pentamethylcyclopentadienyl
Cation**
Joseph B. Lambert,* Lijun Lin, and Vitaly Rassolov

The cyclopentadienyl anion, C5H5
� (1, Cp�), was first

prepared one hundred years ago.[1] In due course it became a
classic example of aromaticity, exemplifying the H¸ckel 4n�2

rule for � electrons, along with benzene (2) and the tropylium
cation (3).[2±4] In contrast, the cyclopentadienyl cation, C5H5

�

(4, Cp�) has languished experimentally as an elusive charge

variant. It shares with cyclobutadiene[5±7] (5) and the cyclo-
heptatrienyl anion[8] (6), among others, the characteristics of
possessing 4n � electrons and thus potentially being antiar-
omatic.

No simple cyclopentadienyl cation has been structurally
characterized. Several studies have reported electron spin
resonance (ESR) spectra,[9] and some studies have implied the
species as an intermediate.[10] These investigations variously
looked at the pentachloro, pentaphenyl, and pentamethyl
derivatives as well as the unsubstituted molecule. In general,
the observed cations were relatively unstable, possessed
triplet multiplicity, and needed protective environment.

We now report the preparation of the pentamethylcyclo-
pentadienyl cation C5Me5� (Cp*�) as the tetrakis(pentafluoro-
phenyl)borate (TPFPB�) salt. The crystalline material ob-
tained is stable for weeks at room temperature and can be left
exposed to the open atmosphere without serious decomposi-
tion. We have solved the X-ray structure and obtained NMR
spectra in the solid state and in solution. This material may be
obtained in one step at room temperature by hydride
abstraction from commercially available pentamethylcyclo-
pentadiene [Eq. (1)].[11, 12] The trityl cation (Ph3C�, with the

anion TPFPB�) is converted into triphenylmethane, whereas
pentamethylcyclopentadiene is converted into the corre-
sponding cation. Crystals of the product began forming
immediately and spontaneously. The overall yield is nearly
quantitative, and yields of crystals have reached 40%. The
reaction has been carried out in several solvents (benzene,
toluene, dichloromethane) and with alternative (silyl) leaving
groups.

The remarkable stability of this material may be attributed
to a number of factors. First, the methyl groups clearly are
critical, as analogous experiments with the unsubstituted
system were unsuccessful. The methyl group serves as an
electron donor and also may play a steric role, as described
subsequently. The second key factor is the choice of the
counteranion. Many anions of low nucleophilicity now are
available.[13] We previously utilized TPFPB� in the prepara-
tion of the first silylium cation[14] and employ this same anion
in the present study. Finally, choice of solvent also is critical, as
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518.16); monoclinic, space group P21/c, a� 9.256(2), b� 12.571(2),
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293(2) K, �-2� scans, 2.0� �� 25.97. A total of 3984 unique reflec-
tions were collected, of which 2645 were observed with I� 2�(I).
Crystal structure was solved by direct methods (SHELXS-97).[11a] An
anisotropic least-squares refinement was carried out with SHELXL-
97.[11b] The final cycle of full-matrix least-squares refinement based on
3984 reflections and 213 parameters converged to a final value of R1
(F 2� 2�(F 2))� 0.0405, wR2 (F 2� 2�(F 2))� 0.1071. Residual electron
density 0.76/� 1.30 eä�3. CCDC-1777731 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge CB21EZ, UK; fax: (�44)1223-336-033; or deposit@ccdc.cam.
ac.uk).

[11] a) G. M. Sheldrick, SHELXL-97: Program for the Refinement of
Crystal Structures, University of Gˆttingen, Germany, 1997; b) G. M.
Sheldrick, SHELXL-97: Program for the Solution of Crystal Struc-
tures, University of Gˆttingen, Germany, 1997.

[12] M. C. Lukehart, Fundamental Transition Metal Organometallic Chem-
istry, Brooks/Cole, Belmont CA, 1985, p. 77.

[13] G. Consiglio, R. M. Waymouth, Chem. Rev. 1989, 89, 257.
[14] For proposed migrations of this kind, see: D. Cui, N. Hashimoto, S.

Ikeda, Y. Sato, J. Org. Chem. 1995, 60, 5752.
[15] H. tom Dieck, H. Friedel, J. Organomet. Chem. 1968, 14, 375.
[16] N. S. Nudelman, C. Carro, Synlett 1999, 12, 1942.
[17] M. Ishikura, M. Kamada, I. Oda, T. Ohta, M. Terashima, J.

Heterocyclic. Chem. 1987, 24, 377.
[18] M. Almeida, M. Beller, G. Wang, J. B‰ckvall, Chem. Eur. J. 1996, 2,

1533.
[19] N. B. Lorrette, W. L. Howard, J. Org. Chem. 1961, 26, 4857.

[*] Prof. J. B. Lambert, L. Lin
Department of Chemistry
Northwestern University
Evanston, IL 60208-3113 (USA)
Fax: (�1)847-491-7713
E-mail : jlambert@northwestern.edu

Prof. V. Rassolov
Department of Chemistry
University of South Carolina
Columbia, SC 29208 (USA)

[**] This work was supported by the U.S. National Science Foundation
(Grant No. CHE-0091162). We thank Charlotte L. Stern for perform-
ing the crystal-structure analysis, Yuyang Wu for assistance in
obtaining solid-state NMR data, Min Zhao and Stoyan Smoukov for
providing ESR data, Alice L. Rodriguez for molecular modeling
graphics, and John A. Pople and Mark A. Ratner for important
discussions.

Supporting information for this article is available on theWWWunder
http://www.angewandte.com or from the author.



COMMUNICATIONS

1430 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 1433-7851/02/4108-1430 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 8

Dateiname: _Z0802DI.3D Pagina: 1430
Pfad: p:/verlage/vch/ach/e08-02/ Seite: 4 te von 11
Setzer: R¸gamer Suche/Ersetze: Umfang (Seiten): 11
TrennProgramm: American 3B2-Version: 6.03e
Datum: 15 KW., 8. April 2002 (Montag) Zeit: 7:39:42 Uhr

solvents with higher nucleophilicity than those of arenes or
halocarbons react with the cation.

The crystal structure[15] of the cation with its anion is
depicted in Figure 1. As the edge view (Figure 2a) shows, the
molecule is modestly nonplanar (the five internal ring
dihedral angles are 4.1(6), 6.6(6), 4.6(5), 6.9(6), and 0.5(5)�).
Three carbon atoms (C1, C2, C3) and their attached methyl
groups form a nearly planar substructure closely resembling a
1,2,3-trimethylallyl group. Atoms C4 and C5, respectively, are
below and above this plane, and their attached methyl groups
protrude appreciably from the plane, the CH3-C4-C5-CH3

dihedral angle being 106.9(6)�.

Figure 1. The crystal structure of pentamethylcyclopentadienyl tetrakis-
(pentafluorophenyl)borate. There is no covalent bonding between the
cation on the left and the anion on the right.

Figure 2. a) Edge view of the pentamethylcyclopentadienyl cation, sight-
ing down the C4-C5 bond on the left. The nearly planar allyl portion is on
the right. b) Top view.

The view from the top (Figure 2b) shows an irregular
pentagon. The irregularity is quantified in structure 7 (the
methyl groups are omitted from the following structures for
clarity). The bond lengths in the allyl-like portion across the

top of the drawing are relatively short, that is, approximately
1.40 ä (benzene-like), as expected for charge delocalization.
The other bond lengths are somewhat shorter than a single
bond between sp3 carbon atoms (typically ca. 1.54 ä) and

longer than a single bond between unconjugated sp2 carbon
atoms (typically ca. 1.48 ä).

Several valence bond structures may be considered.[3] The
fully delocalized form 8, which would suffer from antiaroma-
ticity, is eliminated because of the observed irregularity of the
pentagon. Structure 9 requires a localized cation at C1 and
localized double bonds, whereas the observed C3�C4 and
C1�C5 lengths are closer to single bonds. Structure 10 best
describes the C1-C2-C3 (allyl-like) portion. The observed
C4�C5 bond is closer to a single bond and is poorly depicted
by all the structures.

The best reported calculations on the pentamethyl deriv-
ative[16] indicate strong bond alternation resembling 9, with a
nearly single C4�C5 bond (1.56 ä) but no pyramidalization at
these carbon atoms. Our own calculations on the pentamethyl
derivative[17,18] at higher level, however, favor structure 10,
with lengths of 1.38 and 1.39 ä (observed 1.406(6) and
1.394(6) ä) for the bonds (C1�C2, C2�C3) in the allyl
portion, 1.52 and 1.53 ä (observed 1.500(6) and 1.481(6) ä)
for the next adjacent bonds (C1�C5 and C3�C4), and 1.36 ä
(observed 1.510(6) ä) for the bond (C4�C5) opposite the allyl
portion. All calculations[16,17] have indicated a planar struc-
ture. Thus the major differences between our calculations and
observations are an observed lengthening of C4�C5 by 0.15 ä
and pyramidalization of C4 and C5.[19]

The solid-state 13C NMR spectrum reflects the nonequiva-
lence of the five ring carbon atoms in the crystal. As a result,
all ten carbon atoms in the molecule give distinct or nearly
distinct peaks. There are five methyl resonances in the region
	� 7 ± 22 . The cationic region contains two equal peaks at
	� 243 and 250, corresponding to C1 and C3. The central
carbon atom (C2) in the allyl-like fragment gives a sharp
signal at 	� 153, indicative of the absence of charge at the
nodal position of the allyl group. The resonances for C1-C2-
C3 closely resemble those for the 1,3-dimethylallyl cation
(	� 236 and 147).[20] Finally, a peak at 	� 60 is intermediate
between the normal alkane and alkene regions and fits well
for the pyramidalized carbon atoms, C4 and C5. Higher
symmetry is indicated in solution, as the C1/C3 resonances
appear at the approximate average positions of those in the
solid.

The unsaturated region of the 13C NMR spectrum is
best attributed to the allyl fragment of 10 (two carbon
atoms bearing positive charge, plus one on the node).
Structure 9 has only one carbon atom bearing positive charge.
Thus NMR spectroscopic analysis confirms the conclusions
from the crystal structure that 10 best describes the pentam-
ethylcyclopentadienyl cation.

To probe the spin multiplicity of this cation, we examined
pure crystals and diluted powder by ESR spectroscopy. No
significant signals were obtained at either 77 or 298 K. A
triplet state thus is unlikely. The sharpness of the NMR signals
both in the solid and in solution strongly supports the absence
of unpaired electron spins, which should have broadened the
signals. The pentamethylcyclopentadienyl cation therefore
appears to be a stable singlet molecule. Our calculations[17]

found the planar singlet state of the pentamethyl derivative to
be lower by 1.5 kcalmol�1 than the symmetrical (D5h) triplet
state.
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Crystallography, NMR spectroscopy, and theory support a
structure most closely resembling 10. The pyramidality of C4
and C5 and the Me-C4-C5-Me dihedral angle in the crystal
(107�), however, indicate significant deviations from a double
bond. The estimated barrier to torsion around the C4�C5
bond is quite small, perhaps under 100 calmol�1. Thus in both
calculation and observation, this formally double bond is very
unusual. The pyramidality seems to imply a fourth coordina-
tion, yet there is no fourth atom within the sum of the ionic
radii. The closest atom to C4 is F6 (3.092 ä) from the
counteranion (Figure 1), and the closest atom to C5 is F14
(3.394 ä) from the second anion in the asymmetric unit.
Fluorine atoms at 3.1 ± 3.4 ä distance can provide only a very
small perturbation to pyramidalize C4 and C5 and lengthen
C4�C5. In the solid state, there is a fluorine atom on the anion
close to a hydrogen atom on each of the methyl groups on C4
and C5 (H12 ¥¥¥ ¥ F20 2.70 ä, H14 ¥¥ ¥ ¥ F18 2.50 ä). These
distances would be about 1 ä shorter if the ring substituents
moved into the plane of the ring. Crystal packing between the
anion and the cation pyramidalizes C4 and C5, a distortion
permitted by the weak � bonding. These are noncovalent,
nonbonded interactions. The resulting deformations are a

tradeoff between coulombic attractions and
nonbonded repulsions.

In summary, we have observed that the
pentamethylcyclopentadienyl cation is a sta-
ble singlet with a largely localized electronic
structure best described by 11.
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