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’ INTRODUCTION

The cyclopentadienyl (Cp) radical is an important intermediate
and building block in organic and organometallic chemistry.1 Thus,
the investigation of its electronic structure is a topic of fundamental
significance. A variety of theoretical studies have shown that the
doubly degenerated ground state of a pentasubstituted Cp radical
C5R5

•with aD5hgeometrywill be subjected to Jahn�Teller distortion
andwill result in a less symmetricC2v configuration.

2,3 Such adistorted
radical was observed by ESR spectroscopy only at low temperature in
matrices because the conformational changes occur through an
extremely low energy barrier.3�5 On the other hand, in monosub-
stituted Cp radicals,6 an electronic perturbation of the substituent
brings about a loss of the degeneracy to result in a non-equivalent spin
distribution on the five-membered ring at higher temperatures
compared to symmetrical Cp radicals such as C5H5

•4 and C5F5
•.5

We have previously reported the synthesis and characterization of a
thermally stable tert-butyl-substitutedCp radical1• annelatedwith two
homoadamantene frameworks.7 The X-ray analysis of this radical
revealed that Jahn�Teller distortion in the five-membered ring
persists even at room temperature, and the structurewas characterized
as a spin-localized 2,4-cyclopentadien-1-yl radical, due to the effect of
σ�π conjugation between the allylic π-system (C1�C2�C3) and
the carbon�carbon σ bonds in the tert-butyl group.

On the other hand, preliminary DFT calculations showed that
the hydro and phenyl analogues (2• and 3•, respectively) are C2v

symmetrical allyl-type radicals. This can be interpreted as arising
from the absence of σ�π conjugation at C2�R in these
molecules. In the present study, we prepared phenyl-substituted
derivative 3• from an anionic precursor 3� for spectroscopic
verification of the theoretical prediction. In addition, as a new
reaction of a Cp radical, oxidation of 3• with triplet oxygen in the
presence of Ag+ to give a pyrylium ion is also described.

’RESULTS AND DISCUSSION

Synthesis of Cp Anion 3�. The synthesis of the precursor
cyclopentadiene 4 has been described in our previous report.8

When 4 was treated with KH in THF-d8 under vacuum at room
temperature, the solution gradually changed from colorless to
pale yellow. The NMR analysis showed the quantitative forma-
tion of Cp anion 3� within 1.5 h (Scheme 1). The salt K+3� was
thermally stable under vacuum at room temperature for at least
several weeks but readily reacted with H2O to regenerate 4.
The deprotonation of 4was ca. 20 times faster than that of tert-

butyl-substituted cyclopentadiene 5 under the same conditions.
This can be ascribed to the greater electron-withdrawing induc-
tive effect of the phenyl group compared to the tert-butyl group;
the conjugative effect would be small because of its twisted
conformation (see below).
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phenylpyrylium ion annelated with two homoadamantene frameworks (8+SbF6
�).
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Cooling the reactionmixture at�20 �C in THF for a week in a
sealed tube yielded colorless crystals of K+3�•3THF, which were
suitable for X-ray crystallography. X-ray analysis showed a
monomeric ion pair between 3� and K+, with oxygen atoms of
three THF molecules coordinated to K+ (Figure 1). Such
monomeric Cp�K complexes have been previously reported
only for tert-butyl analogue K+1�•3THF7 and (PhCH2)5C5

�

K+•3THF.9 The formation of a polymeric chain structure,
frequently observed in the crystals of Cp�K salts,10 was sup-
pressed by the rigid and bulky substituents on the Cp ring. The
twist angle between the mean plane of benzene and the Cp ring
was 46�. The five-membered ring of K+3�•3THF was close to a
regular pentagon, as demonstrated by the small differences
among the bond lengths [ΔR(C�C) < 0.011 Å] and by the
sum of the internal angles, 539.9�. Such a bond length equaliza-
tion suggests significant aromaticity of Cp anion 3� with 6π
electrons, which was confirmed by a negative NICS value
(�12.5), as calculated by the GIAO method at the HF/6-
31G+(d,p)//B3LYP/6-31G(d) level. The distance between potas-
sium and the Cp ring center is 2.751 Å, which is slightly larger
than that in K+1�•3THF (2.739 Å)7 but shortened by 0.037 Å
compared to (PhCH2)5C5

�K+•3THF.9
Synthesis of Cp Radical 3•. The oxidation of anion 3� with

AgCl or AgSbF6 afforded the corresponding radical 3
•. A reaction

carried out using 1.0 equiv of AgCl at room temperature for 10 h
gave reddish orange crystals after recrystallization from hexane
at �20 �C (Scheme 2). Cp radical 3• was identified by ESR

spectrum, as described below. The 1H NMR spectrum showed
only the presence of 4 with no signal of 3• observed due to
significant line broadening. By comparison, the pentaisopropyl
Cp radical reportedly showed broad peaks of methyl andmethine
protons in the 1H NMR spectrum at δ 22.0 and 13.5,
respectively.11 Comparison of the amount of the Cp radical 3•

in the orange solid with that of the 2,2,6,6-tetramethyl-1-piper-
idinyloxy radical (TEMPO) by ESR revealed that the crystalline
solid contained 3• at approximately 30%. In the solid state, 3•was
stable, and no decomposition took place for at least a week in air
or up to 150 �Cunder vacuum. In solution, however, it was highly
air sensitive, giving a mixture of unidentified compounds.
ESR Spectrum of Cp Radical 3•. Radical 3• exhibited an ESR

signal with approximately 15 lines at g = 2.0029 in hexane at
ambient temperature (Figure 2a). A simulated spectrum
(Figure 2b) based on DFT-calculated hyperfine coupling con-
stants (Figure 3) perfectly agreed with the observed spectrum.
The ESR experimental and calculation results indicated that most
of the spin density is distributed equally to C1 and C3 atoms. It is

Scheme 2

Figure 2. (a) ESR spectrum of 3• in hexane at ambient temperature. (b)
Simulated ESR spectrum of 3• obtained using calculated hyperfine
coupling constants shown in Figure 3 and a line with 0.056 mT.

Figure 3. Structure of 3• optimized at the UB3LYP/6-31G(d) level
with spin densities on carbon atoms (in italic) and ESR coupling
constants (mT) of hydrogen. Coupling constants smaller than 0.03 mT
were omitted.

Scheme 1

Figure 1. ORTEP drawing of K+3�•3THF. Hydrogen atoms are
omitted for clarity. Thermal ellipsoids are drawn at the 30% probability
level. Selected bond lengths (Å) and angles (deg): C1�C2 = 1.414(8),
C2�C3 = 1.419(7), C3�C4 = 1.417(7), C4�C5 = 1.408(8), C5�C1 =
1.411(8), C1�C2�C3 = 107.8(4), C2�C3�C4 = 107.7(5), C3�C4�
C5 = 108.1(5), C4�C5�C1 = 108.2(5), C2�C1�C5 = 108.1(5). Two
of the THF molecules, A and B, exhibited disorder, and the occupancies
of disordered atoms were refined as 0.56:0.44 and 0.57:0.43, respectively.
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noteworthy that the coupling constant of the exo proton (H1,
0.273mT)was8 times larger that of the endoproton (H5, 0.035mT).
This can be attributed to a W-like arrangement of a C�H1 bond
and the 2pz orbital axis at C1, bearing a high π-spin population
(Figure 3).12 In addition, the relatively small values for the
bridgehead protons H4 and H6 are due to the fact that these
hydrogens lie in the plane of the Cp π system.
Bond lengths in the five-membered ring of anion 3� and

radical 3• in the DFT-optimized13 and X-ray structures are listed
in Table 1. The predicted lengths of bondsR and ε in 3• are close to
the values reported for symmetrical pentakis[4-(dimethylamino)-
pyridinium-1-yl]allyl radical [1.38(1) Å by X-ray analysis].14

There are only small differences between 3� and 3• in the
lengths of these bonds (<0.006 Å), whereas β and δ largely
extend (by 0.050 and 0.056 Å, respectively) and γ shrinks by
0.037 Å upon one-electron oxidation of 3� to 3•. These changes
can be rationalized in the light of the HOMO of 3�, which is
strongly bonding at β and δ, while antibonding at γ (Figure 4).
Accordingly, removal of an electron from the anion should result
in an elongation of bonds β and δ and a shortening of γ, whereas
the lengths of R and ε should not be affected.
Electrochemistry and Electronic Spectrum of Cp Radical

3•.The redox behavior of 3•was examined by cyclic voltammetry
(Figure 5) and differential pulse voltammetry (Figure 6) in
vacuum-degassed CH2Cl2 at �78 �C. Comparison of cyclic
voltammograms between 3:7 mixture of 3• and 4 and pure
cyclopentadiene 415 indicated that radical 3• showed an irrever-
sible oxidation wave and a reversible reduction wave at Ep

ox =
+0.40 and E1/2 = �1.34 V (Ep

red = �1.43 V) vs Fc/Fc+,
respectively. Although high scan rates and low temperatures

were used in the hope that a reversible oxidation might be
observed, the wave remained irreversible even at �78 �C with
scan rates up to 500 mV/s. These findings indicate that the
reduction product, that is, Cp anion 3� is stable while the
corresponding cation formed by one-electron oxidation is un-
stable due to antiaromaticity. The oxidation and reduction peak

Table 1. Experimental and DFT-Calculated Bond Lengths
(Å) of Cp Anion 3� and Radical 3•

compound method R β γ δ ε

3� X-ray 1.419 1.417 1.408 1.411 1.414

B3LYPa 1.433 1.404 1.424 1.404 1.433

3• UB3LYPa 1.413 1.467 1.371 1.467 1.413
aCalculated at the 6-31G(d) level without symmetry restrictions.

Figure 4. Pictorial presentation of HOMO in Cp anion 3�.

Figure 5. Cyclic voltammograms of (a) a 3:7 mixture of 3• and 4 ([3•] =
8� 10�4 M,�78 �C, scan rate 200 mV/s) and (b) pure 4 (2� 10�3 M,
room temperature, scan rate 100 mV/s). Both voltammograms were
taken in degassed (<10�4 mmHg) CH2Cl2 using TBAP (0.1 M) and
ferrocene (1 � 10�3 M) as a supporting electrolyte and an internal
potential reference, respectively. Three Pt wires (0.6mmdiameter) were
used for the working, counter, and auxiliary reference electrodes.

Figure 6. Differential pulse voltammograms of (a) a 3:7 mixture of 3•

and 4 at �78 �C and (b) pure 4 at room temperature taken under
conditions identical to those used in Figure 5. Scan rate 20 mV/s.
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potentials of 3• aremore positive by 0.03 and 0.35 V, respectively,
than that of the tert-butyl analogue 1• (Ep

ox = 0.37 V; Ep
red =

�1.78 V)7 because of the inductive and conjugative effects of the
phenyl group. This tendency is also predictable from the low-
ering of theHOMOand LUMO levels of 3• (by 0.05 and 0.15 eV,
respectively) compared to 1•.
Comparison of the UV�vis absorption spectra (Figure 7)

between amixture of radical 3• and cyclopentadiene 4 (solid line)
and pure 4 (dashed line) in hexane under vacuum showed that
radical 3• has a shoulder absorption at 395 nm (ε 520). This
absorption was assigned to HOMO(β)fLUMO+1(β) transi-
tion (405 nm, 3.06 eV) with an oscillator strength of f = 0.0079
based on the theoretical calculations [UCIS/6-31G(d)//
UB3LYP/6-31G(d)].
Reaction of Cp Radical 3• with Molecular Oxygen in the

Presence of Ag+. When radical 3• was exposed to air in the
presence of Ag+SbF6

� at room temperature, pyrylium ion salt
8+SbF6

� was obtained as stable colorless crystals in a 39% yield
based on consumed precursor 4 (Scheme 3). The structure of
8+SbF6

� was confirmed by its NMR spectrum, elemental
analysis, and X-ray crystallography (Figure 8). Natural popula-
tion analysis with DFT method demonstrated that most of the
positive charge is on C1, C3, and C5 (0.39, 0.12, and 0.49,
respectively). In accord with this result, GIAO calculations
predicted low-field shift of the 13C NMR signals of these carbons
(δ 175.9, 189.8, and 193.6, respectively), which is in agreement with

experimental observation of three deshielded signals at δ 184.3,
179.0, and 166.8. The proposed mechanism of the oxidation
begins with the addition of dioxygen to the Cp ring to form a
peroxy radical 6•, the intermolecular reaction of which brings
about the loss of an oxygen atom16 to lead to cyclopentadieny-
loxy radical 7•. The subsequent rearrangement forms the pyr-
ylium radical 8•,17 followed by oxidation by Ag+ to afford a stable
6π aromatic cation 8+. There are only a few examples of the
product study for the reaction of Cp radical with an oxygen
molecule. It is known that exposure of the (i-Pr)5C5

• radical to
oxygen yields a peroxy radical (i-Pr)5C5OO

•, which releases an
isopropoxy radical to afford tetraisopropylcyclopentadienone as
the stable final product.11

Cyclic voltammetry of 8+SbF6
� showed a reversible reduction

at E1/2 =�1.32 V vs Fc/Fc+ (Figure 9). For comparison, 2,6-di-
tert-butyl-4-methylpyrylium ion is reportedly reduced only irre-
versibly at Epc =�1.16 V vs Fc/Fc+,18 which is ascribed to ready
dimerization of the corresponding radical at C4.21 In the case
of 8+, the steric hindrance by the homoadamantene frame-
works prevents the corresponding radical 8• from dimerization.

Figure 7. Electronic absorption spectra of a 27:73 mixture of 3• and 4
(solid line, [3•] = 9.0� 10�5M) and pure 4 (dashed line, 1.48� 10�4M)
in hexane. Cell length, 1 cm.

Scheme 3

Figure 8. ORTEP drawing of 8+SbF6
�•CH2Cl2. Hydrogen atoms are

omitted for clarity. Thermal ellipsoids are drawn at the 30% probability
level for non-hydrogen atoms. Selected bond lengths (Å) and angles
(deg): C1�C2 = 1.370(10), C2�C3 = 1.456(10), C3�C4 = 1.409(11),
C4�C5 = 1.382(11), C1�O = 1.368(8), O�C5 = 1.347(8), C1�C2�
C3 = 117.5(7), C2�C3�C4 = 119.1(7), C3�C4�C5 = 118.7(7), O�
C5�C4 = 120.9(7), C1�O�C5 = 121.7(6), O�C1�C2 = 121.3(6).
The anion SbF6

� exhibited disorder, and the occupancies of disordered
atoms were refined as 0.68:032.

Figure 9. Cyclic voltammogram of 8+SbF6
� (2� 10�4M)measured in

CH2Cl2 at room temperature under Ar with a glassy carbon working
electrode (3mmdiameter). Supporting electrolyte, TBAP (0.1M). Scan
rate, 100 mV/s.
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More negative reduction potential of 8+ also shows higher
stability of this cation due to σ�π conjugation, which is
consistent with the mechanistic proposal in Scheme 3 that radical
8• is readily oxidized by Ag+ to 8+.

’CONCLUSION

Phenyl-substituted Cp radical 3•, annelated with two homo-
adamantene units, was prepared. ESR analysis indicated that the
two homoadamantene frameworks in 3• are equivalent and the
C1�C2(Ph)�C3 moiety of the five-membered ring is a symme-
trical, allyl-like radical. This is in contrast to the tert-butyl
analogue 1• possessing a spin-localized nature in which σ�π
conjugation is present. The reaction of Cp radical 3• with an
oxygen molecule in the presence of Ag+SbF6

� afforded a new
pyrylium salt 8+SbF6

�, which is a new reaction mode for a Cp
radical with oxygen. To the best of our knowledge, the transfor-
mation of Scheme 3 represents a new pathway for the air
oxidation of a Cp radical.

’EXPERIMENTAL SECTION

Preparation and Characterization of Cyclopentadienide
Ion 3�. An NMR sample tube containing cyclopentadiene 48 (38.1 mg,
0.10 mmol) and KH (6.1 mg, 0.15 mmol) was evacuated with a vacuum
line. Tetrahydrofuran-d8 (0.75 mL), dried with a potassium mirror and
degassed by repeated freeze�pump�thaw cycles, was vacuum-
transferred to the NMR sample tube. The tube was sealed under vacuum,
and the reaction was monitored at room temperature by 1H NMR, which
showed the quantitative formation of 3� within 1.5 h. Colorless crystals
suitable for X-ray analysis were obtained by cooling this solution
to �20 �C: 1H NMR (300 MHz, THF-d8) δ 7.06 (t, J = 7.4 Hz, 2H),
6.90 (d, J = 7.8 Hz, 2H), 6.71 (t, J = 7.1 Hz, 1H), 3.02 (br s, 2H), 2.87 (br
s, 2H), 2.14�1.60 (m, 24H); 13C NMR (75.5 MHz, THF-d8) δ 144.6,
130.4, 127.8, 123.4, 120.5, 120.2, 114.0, 39.9, 39.6, 39.5, 31.8, 31.7, 31.4.
Preparation and Characterization of Cyclopentadienyl

Radical 3•. This experiment was carried out using a two-chamber
reaction vessel connected to a vacuum line. Cyclopentadiene 4 (191 mg,
0.50 mmol) and KH (20.0 mg, 0.50 mmol) were placed in one chamber,
AgCl (70.2 mg, 0.49 mmol) in the other, and the apparatus was
evacuated (<10�4 mmHg). Tetrahydrofuran (4.0 mL), dried with a
potassium mirror and degassed by repeated freeze�pump�thaw cycles,
was distilled into the former chamber to allow 4 to react with KH. After
14 h, the solution of anion 3� thus prepared was transferred to the latter
chamber to allow oxidation, and themixture was stirred in the dark for 10 h.
From the solution of 3• thus obtained, the THF was evaporated under
reduced pressure, and the apparatus was opened to an argon atmosphere
in a glovebox. The product was dissolved in hexane and filtered through
a PTFE membrane filter to remove Ag and KCl. The filtrate was cooled
to �20 �C to give 7.9 mg of reddish orange crystals, which were shown
to consist of 3• and 4 (27:73) from the ESR signal intensity using
TEMPO as a standard.
Preparation and Isolation of Pyrylium Salt 8+SbF6

�. ATHF
solution of 3•was prepared from 46.3mg (0.12mmol) of 4, 5.1 mg (0.13
mmol) of KH, and 42.1 mg (0.12 mmol) of Ag+SbF6

� by the method
described above. The apparatus was opened to air, and the THF was
removed under reduced pressure. The residue was purified by chroma-
tography on silica gel (hexane and CH2Cl2) to afford 22.9 mg of 4 and
15.2 mg of 8+SbF6

� (39% based on consumed 4). Recrystallization of
from hexane�CH2Cl2 gave colorless crystals suitable for X-ray analysis:
mp 305 �C dec, 1H NMR (300 MHz, CDCl3) δ 7.70�7.52 (m, 5H),
3.71 (t, J = 6.2 Hz, 1H), 3.57 (t, J = 6.5 Hz, 1H), 3.47�3.34 (m, 2H),
2.34�1.78 (m, 24H); 13C NMR (75.5 MHz, CDCl3) δ 184.3, 179.0,
166.8, 141.3, 140.9, 132.1, 130.2, 129.4, 129.1, 41.2, 35.6, 34.6, 34.5, 33.9,

33.5, 32.6, 32.4, 31.6, 30.5, 27.3, 27.2; IR (KBr, cm�1) 2910, 2855, 1607,
1590, 1576, 1510, 1502, 1472, 1447, 952, 698, 659. Anal. Calcd for
C29H33F6OSb: C, 55.00; H, 5.25. Found: C, 54.67; H, 5.12.
X-ray Crystal Structure Analysis. Intensity data were collected

at 100 K on a Bruker SMART APEX diffractometer with Mo KR
radiation and a graphite monochromator. The structures were solved by
direct method (SHELXTL) and refined by the full-matrix least-squares
on F2 (SHELXL-97). All non-hydrogen atoms were refined anisotropi-
cally, and hydrogen atoms were placed using AFIX instructions and
refined isotropically.
K+3�•3THF: C41H57KO3; FW = 636.97, crystal size 0.20 � 0.20 �

0.20 mm3, monoclinic, Cc, a = 10.771(5) Å, b = 18.247(5) Å, c =
17.767(5) Å, R = 90.000�, β = 93.433(5)�, γ = 90.000�, V = 3486(2) Å3,
Z = 4, Dc = 1.214 g/cm3. The refinement converged to R1 = 0.0803,
wR2 = 0.2368 (I > 2σ(I)), GOF = 1.453. Two of the THF molecules
exhibited disorder, and the occupancies of disordered atoms were
refined as 0.56:0.44 and 0.57:0.43, respectively.
8+SbF6

�•CH2Cl2: C30H35Cl2F6OSb; FW = 718.23, crystal size
0.30 � 0.30 � 0.20 mm3, monoclinic, P2(1)/c, a = 13.787(3) Å, b =
15.652(4) Å, c = 15.063(4) Å, R = 90�, β = 112.361(4)�, γ = 90�, V =
3006(12) Å3, Z = 4, Dc = 1.587 g/cm3. The refinement converged to
R1 = 0.0664, wR2 = 0.1492 (I > 2σ(I)), GOF = 1.125. The SbF6

�moiety
exhibited disorder, and the occupancies of disordered atoms were
refined as 0.68:032.
Calculations. Density functional theory (DFT) calculations22 were

performed using the Gaussian 98 program.23 Structures were optimized
at the B3LYP/6-31G(d) and UB3LYP/6-31G(d) levels for molecules
with spin multiplicities 1 and 2, respectively. The resulting geometries
were verified by frequency calculations to have no imaginary frequencies.
The energies, atomic charges (NBO), andNMR chemical shifts (GIAO)
were computed by single-point calculations for these geometries using
the (U)B3LYP/6-311+G(d,p) level. For the calculations of NICS values
of 3� and absorption wavelengths of 3•, the HF/6-31G+(d,p) and
UCIS/6-31G(d) levels were used, respectively.
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