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Oxidation of substituted cyclopentadienes by molecular
oxygen afforded the corresponding pyrylium cations in acidic
solution, whereby an oxygen atom was inserted into the
cyclopentadiene ring. This novel one-step reaction proceeds
in a different yield depending on substitution patterns of
the cyclopentadiene. A possible reaction pathway and forma-
tion mechanism of the pyrylium cation are proposed and
discussed.

Since the discovery of ferrocene in which a cyclopen-
tadiene ring is bonded to a transition metal,1 the cyclo-
pentadiene ring and/or cyclopentadienyl system have
enjoyed unabated research interest for more than half a
century in organic chemistry and the other research
fields,1-6 owing to the structure feature and application
potentials of these cyclopentadiene derivatives.5-9 Some

typical reaction patterns have been revealed and widely
investigated, including the coordination toward metal
ions,3,4,10 formation of cyclopentadienyl cations, anions,
and radicals,4,5 rearrangement of cyclopentadiene ring,6
and substitution/diene-addition reactions.6,7 In almost all
of these cases the cyclopentadiene moiety retains its five-
membered ring throughout various reaction processes.
By comparison, we have reported a novel silver(I)-
promoted oxygen-insertion reaction of phenylated cyclo-
pentadienes, in which the five-membered cyclopentadiene-
ring is oxidized to generate a six-membered pyrylium-
ring by silver (I) ion.11 Recently, the use of molecular
oxygen as terminal oxidant has received considerable
attention for both economic and environmental benefits.12

With the aim to examine whether molecular oxygen can
be used in place of silver(I) ion in the cyclopentadiene
ring oxidation and to investigate the scope and limita-
tions of this synthetic method, we have targeted several
substituted cyclopentadienes, including phenylated and
methylated ones. Herein we report the oxidation process
and propose a possible mechanism.

Treatment of substituted cyclopentadienes in a mixed
solvent of toluene/acetonitrile in the presence of air and
perchloric acid afforded the corresponding pyrylium
cations (Scheme 1) in which the cyclopentadine ring
underwent an oxidation and oxygen-insertion reaction.
The selected substrates and reaction results are sum-
marized in Table 1.

It is noted that this one-step reaction proceeds in
different yields and rates, depending on the substitution
patterns of cyclopentadiene ring. For the substrate hav-
ing at least one abstractable hydrogen atom (Table 1,
entries 1-4), the reaction is efficient and nearly quan-
titative, whereas for that having no abstractable hydro-
gen (Table 1, entry 5), the reaction seems impossible
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because no pyrylium salt was isolated. This indicates that
the abstractable hydrogen of the cyclopentadiene ring
plays a key role for the ring oxidation and/or pyrylium
formation. Furthermore, by changing the substrate from
pentaphenylcyclopentadiene to pentamethylcyclopenta-
diene, the reaction time, to a similar reaction extent, is
reduced by 50% from 8 to 4 h (Table 1, entries 3 and 4),
implying the steric hindrance. On the other hand, the
pyrylium salts with five substituents displayed a better
yield than those with less than five, probably due to the
partly occupied active orbital of allylic (abstractable)
hydrogen, which changed the reaction selectivity.

A detailed investigation revealed that the reaction in
Scheme 1 is oxygen- and acid-dependent. By using
standard Schlenk techniques under N2 atmosphere, we
failed to obtain any oxidized products, whereas the
bubbling of O2 into the solution makes the oxidation
process much faster. On the other hand, the addition of
acid into the solution leads to oxidation. It is proved that
in the absence of acid these substituted cyclopentadienes
fail to react, even over the course of 7 days. Nevertheless,
some other acids such as H2SO4, HCOOH, and typical
Lewis acid AlCl3 can also promote oxidation, but in lower
yields.

In contrast to the silver(I)-promoted system,where
water is the source of pyrylium oxygen, the reaction in
Scheme 1 is independent of water. With freshly dried
starting materials, such as, dried triphenylcyclopenta-
diene, anhydrous perchloric acid,13 dried solvents, and
dried air, the pyrylium salt 1 could be readily isolated.
This suggests that the molecular oxygen is incorporated
in the ring.

The most striking feature of this study is the acid-
assisted autoxidation and oxygen-insertion of cyclopen-

tadiene ring. As documented in the literature,14 molecular
oxygen can exist in its normal triplet state (3O2) and more
reactive singlet (1O2). The singlet oxygen (1O2) was
generally produced by photoirradiation,15 and in the dark,
there would appear to be no way in which 1O2 could be
generated in solution despite the existence of acid.16 On
the other hand, the reactivity of 3O2 toward most organic
molecules is inhibited by the spin barrier.17 In particular,
the autoxidation (oxidation from 3O2) of cyclic conjugated
dienes is a seldom-observed reaction because of the spin
restriction between triplet oxygen and these singlet
molecules.17 Interestingly, the reaction in Scheme 1 can
proceed normally in the dark at room temperature
although it can be catalyzed by light, indicating an
autoxidation process.18 Such a phenomenon has not been
reported before. There are only two references in the
literature describing an oxidation of naphthacene and
ergosteryl acetate by 3O2 forming the peroxide and/or
endoperoxide compounds.19

In addition, it is worth mentioning that in organic
synthesis the autoxidation of hydrocarbons has not
become a synthetic tool due to the complexity of the
peroxides formed.20 This study presents a facile and
economical approach to synthesize substituted pyrylium
salts, including those without substituents on the R
position, which could not be synthesized readily by
traditional method.21 As mentioned in the literature,22

pyrylium salts have opened up broad prospects in practi-
cal applications including Q-switchers, laser dyes, organic
luminophores, secondary nonaqueous-electrolyle battery
and the like. The current synthetic strategy exhibits a
reasonable potential for preparing some novel functional
pyrylium derivatives due to the active R-position.23

In contrast to the silver(I)-promoted oxidation system,11

a possible mechanism to account for the current oxidation
process can be proposed as shown in Scheme 2. First, the
allylic hydrogen in I undergoes an autoxidation reaction
forming hydroperoxide II because the bis-allylic hydrogen
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TABLE 1. Oxidation of Substituted Cyclopentadienes

a All reactions were performed on a 0.5 mmol scale for sub-
strates with 2 equiv of HClO4 in a mixed solvent of toluene/
acetonitrile (40 mL/2 mL). b Isolated yields.
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atom of polysubstituted cyclopentadienes is more active
and more vulnerable to oxygen attacking than that at
other positions.24 Second, in the presence of protic acid,
the hydroperoxide II generates cation III after protona-
tion. The driving force of this rearrangement is the
electron deficiency of oxygen atom, which is in complete
accordance with Whitmore’s intramolecular rearrange-
ment.25 Then, from III to V may be a Criegee type
rearrangement 26 involving nearly synchronous O-O
scission and C-O bond formation leading to the carbon-
carbon bond cleavage and an oxygen insertion of cyclo-
pentadiene-ring. The last step, from IV to V, is a
conversion of resonant structure, which is evident and
has been well documented.23

In summary, we have demonstrated that polysubsti-
tuted cyclopentadienes undergo oxidation and oxygen-
insertion by using molecular oxygen in the presence of
protic acid. The unprecedented reaction pathway provides
a facile and direct approach for the synthesis of polysub-
stituted pyrylium salts, particularly, R-unsubstituted
pyrylium salts, which cannot be readily prepared by
traditional methods. Further studies will be directed
toward the exploration of other cyclic diene systems for
the general sense of the current oxidation strategy.

Experimental Section

Safety note: Organic perchlorates are notoriously unstable and
potentially explosive! Only small amounts of materials should
be prepared, and these should be handled with great caution.

Synthesis of 2,4,5-Triphenylpyrylium Perchlorate (1).
To a solution of triphenyl-substituted cyclopentadiene (Ph3H3C5)
(147 mg, 0.5 mmol) in a mixed solvent of toluene/acetonitrile
(40 mL/2 mL) was added 2 equiv of HClO4‚2H2O (150 mg in 2
mL of acetonitrile). The mixture was stirred at room temperature
in air, and the conversion was periodically monitored by HPLC.
When HPLC showed the reaction to be complete, a large amount
of diethyl ether was poured into the solution. The green solid
was isolated through suction filtration and then washed with
toluene (2 × 5 mL) and diethyl ether (2 × 10 mL), respectively.
The product was dried for 24 h in a vacuum desiccator, giving
about 127 mg of 1 in 82% yield. 1H NMR (acetone-d6, 400 MHz)
δ: 9.17 (s, 1H), 9.09 (s, 1H), 7.45-7.92 (15H). 13C NMR (DMSO-
d6, 100 MHz) δ: 172.6, 168.8, 163.8, 136.6, 134.8, 133.3, 131.8,
130.9, 130.8, 130.5, 129.5, 129.7, 128.9, 128.6, 127.6, 125.8, 122.6.
IR (KBr) ν: 1611, 1092, 622 cm-1. MS (API-ES) m/z: 309.1 (M+).
Anal. Calcd for (C23H17O+)(ClO4

-): C, 67.57; H, 4.19. Found: C,
67.98; H, 4.18.

2,3,4,5-Tetraphenylpyrylium Perchlorate (2). Yellow pow-
der of 2 was obtained in the same process as 1 using Ph4H2C5
(185 mg, 0.5 mmol) instead of Ph3H3C5. Yield: 81%. 1H NMR
(acetone-d6, 400 MHz) δ: 9.84 (s, 1H), 7.12∼7.67 (20H). 13C NMR
(DMSO-d6, 100 MHz) δ: 171.4, 168.1, 163.7, 137.8, 136.7, 133.1,
131.7, 131.1, 130.7, 130.2, 129.8, 129.4, 129.2, 128.9, 128.8,
128.45, 127.8, 127.5, 127.2, 127.0, 125.0. IR (KBr) ν: 1595, 1093,
623 cm-1. MS (API-ES) m/z: 385.1 (M+). Anal. Calcd for
(C29H21O+)(ClO4

-): C, 71.85; H, 4.33. Found: C, 71.96; H, 4.31.
2,3,4,5,6-Pentaphenylpyrylium Perchlorate (3). Pen-

taphenyl cyclopentadiene (Ph5HC5) (223 mg, 0.5 mmol) was
treated also in the same way as 1, and a yellow powder of 3 was
obtained in 93% yield. 1H NMR (acetone-d6, 400 MHz) δ: no
pyrylium proton, 7.06-7.73 (20H). IR (KBr) ν: 1598, 1094, 624
cm-1. MS (API-ES) m/z: 461.1 (M+). Anal. Calcd for (C35H25O+)-
(ClO4

-): C, 70.59; H, 4.31. Found: C, 70.18; H, 4.23.
2,3,4,5,6-Pentamethylpyrylium Perchlorate (4). Purple

powder of 4 was obtained also in the same way as 1, using
pentamethyl cyclopentadiene (68 mg, 0.5 mmol) in place of
Ph3H3C5, 94% in yield. The structure of the powder was
identified by GC/MS and accorded well with the results in the
literature.27 1H NMR (acetone-d6, 400 MHz) δ: 2.93 (s, 6H), 2.67
(s, 3H), 2.48(s, 6H). IR (KBr) ν: 1617, 1087, 620 cm-1. MS (API-
ES) m/z: 151.1 (M+).
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