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Push–pull methylenepyran compounds 3 containing ferrocenyl or aryl groups are synthesized from reac-
tion of condensation between c-methyl-pyrylium salts 1 as precursors of c-methylenepyrans and alky-
nylcarbene complexes 2 as Michaël-type acceptors. The new carbenes 3 evolve in CH2Cl2 solution at room
temperature to provide spiro-fused-pyran-cyclopentenenone 4 and polysubstituted cyclopentenones 5.

� 2009 Elsevier Ltd. All rights reserved.
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Due to their exceptional reactivity towards a great variety of
nucleophiles, pyrylium salts and their chalcogeno congeners
(Scheme 1) are versatile reagents for the synthesis of carbocyclic
and heterocyclic compounds.1 Taking advantage of these proper-
ties, we have recently shown that organometallic pyrylium salts
act as convenient markers for proteins (Scheme 1A; R3 = g5-
C5H4Re(CO)3, cymentrenyl, benchrotrenyl, ferrocenyl and ruthen-
ocenyl groups).2

On the other hand, we have recently reported on an efficient
access to push–pull methylenepyran Fischer-type carbene com-
plexes. This was achieved by the action of stabilized carbanions of
CH3–C(Y)@M(CO)5 carbenes (Y = OCH3, SPh) towards 2,6-substi-
tuted pyrylium salts, free of substituent or bearing a methoxy leav-
ing group on the 4 (c) position (Scheme 1A; R3 = H or OCH3).3,4

Methylenechalcogenopyran carboxaldehydes and vinylogues
(Scheme 1B; R3 = –CHO, R3 = –CH@CH–CHO) provided efficient
NLO phores in which the methylenechalcogenopyran groups act
as proaromatic donors (Scheme 1B; R3 = –(CH@CH)n–C(Y)M(CO)5).5

Moreover, Pd0 catalytic self-dimerization of these carbenes al-
lowed the formation of extended bischalcogenopyrans, a class of
molecules having interesting redox electrochemical dynamic prop-
erties mainly due to the presence of electron-rich p spacers.6

Another interest of pyrylium salt lies in the acidity of hydrogen
atoms of the methyl or alkyl groups in a or c position (Scheme 1A).
Deprotonation gives a- and c-methylene or alkylidenepyrans
ll rights reserved.
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which display nucleophilic properties1,7 (Scheme 1B for c-methy-
lenepyran R3 = H or c-alkylidenepyran R3 = CH3, C2H5 group).

While our main aim was to explore redox properties of metall-
ocenyl extended bispyrans, a new class of metallocenyl electron-
rich molecules potentially precursor of molecular materials, we
suspected that reaction of ferrocenyl alkynyl Fischer-type carbene
complexes, acting as Michael acceptors, with c-methylpyrylium
salts in basic media could provide c-methylenepyran alkenyl car-
bene complexes containing metallocenyl group. Subsequent Sierra
self-dimerization should allow a convenient access to the expected
extended electron-rich bispyran molecules.6

Indeed, the role of group 6 metal alkynylcarbene complexes as
Michael-type acceptor is well documented.8 They react easily with
R1 = R2 = aryl, tBu, thienyl.
R3 (see text)

R1 = R2 = aryl, tBu, thienyl.
R3 (see text)

Scheme 1. Pyrylium salts and methylene pyran compounds.
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O, N, P and C nucleophiles including electron-rich C@C double
bonds.9 In particular, it has been reported by Aumann group that
a- and c-methylene dihydroquinoleine and c-methylidenedihy-
dropyridine undergo a 1,4-addition to phenylethynyl carbene com-
plexes to give unstable heterocyclic metallahexatrienes which
evolve, by cyclization, to spiro-fused cyclopentadienes.9c On the
other hand less sterically c-methylene dihydropyridines gave a
1,2-addition, leading to a zwitterionic pyridinium carbonyl metal-
lates after a 1,2-migration of the W(CO)5 moiety.9c Therefore, it
was of interest to test the reactivity of c-methylenepyrans towards
alkynylcarbenes.

The following describes, in contrast with the results obtained in
dihydropyridine series, the formation of c-methylenepyran ferr-
ocenyl or aryl substituted alkenyl carbene complexes. Their con-
version to spiro-fused pyran-cyclopentenones is also reported.
Such evolution was not previously observed by us for analogous
carbene complexes of similar length, but free of ferrocenyl or aryl
substituent in the alkene spacer.5

First, we chose to study the reaction between 2,6-diphenyl-4-
methylpyrylium tetrafluoroborate 1a and ferrocenylalkynylcar-
bene complex 2a (Scheme 2). When a mixture of 1a and 2a in
THF, cooled to 0 �C, is treated with 3 equiv. of triethylamine, a col-
our change immediately occurs (red to blue). After five minutes, a
careful control of the reaction mixture by TLC analysis (silica plate)
reveals a complete transformation (observation of a single blue
spot). After hydrolysis on ice, extraction with diethylether, drying
on anhydrous MgSO4 and evaporation of the solvent at 20–30 �C,
a dark solid is isolated. At this stage, a TLC monitoring shows below
and above the initial spot, uncoloured and coloured spots suggest-
ing partial evolution of the initially formed blue compound. A flash
chromatography on silica gel and distillation of the solvent in the
cold furnished a pure solid for which NMR spectra, recorded at
low temperature (�40 �C) are consistent with the formation of
the heterocyclic carbene 3a (Scheme 2, Table 1, carbene 3a10).
The reaction has been extended, without any modification to 2,6-
ditertiobutyl-4-methyl 1b or 2,4,6-trimethylpyrylium salt 1c and
ferrocenyl or aryl alkynyl carbenes complexes 2a–c (Scheme 2,
Table 1).

The push–pull c-methylenepyran alkenyl carbene complexes
3b–f were obtained in fair yields. Carbenes 3a–f are moderately
stable solids at room temperature but can be stocked for weeks
in the cold (�20 �C). As far as we are aware these reactions consti-
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Scheme 2. Formation of aryl and ferroceny

Table 1
Yield of isolated carbene complexes

Pyrylium salts Alkynyl carbenes

1 1a: R = Ph, Z� = BF4
� 2a: R0 = Fc

2 1b: R = tBu, Z� = BF4
� 2a: R0 = Fc

3 1c: R = CH3, Z� = PF6
� 2a: R0 = Fc

4 1d: R = Ph, Z� = BF4
� 2b: R0 = Ph

5 1b: R = tBu, Z� = BF4
� 2b: R0 = Ph

6 1b: R = tBu, Z� = BF4
� 2c: R0 = p-OMeC6H
tute the first example of methylenepyran addition to electron-defi-
cient alkynes.

The reaction of trimethylpyrylium salt 1c and the ferrocenyl
carbene 2a gives only one product resulting from c-condensation.
This agrees with the regioselectivity of other condensation reac-
tions involving this salt, which is closely linked with the higher
acidity of the hydrogen atoms borne by the c-methyl group, known
to undergo deuteration about 10 times faster than the a-methyl
hydrogens.1 This is also in line with theoretical calculations which
indicate lower energies for the symmetrical c-methylenepyrans.11

It can be noted that we have not detected the formation of zwit-
terionic metal compounds corresponding to a 1–2 addition of
methylenepyrans to alkynyl carbene, as observed for analogous
c-methylene dihydropyridine.9c

Moreover, cross-conjugated carbenes coming from a metathesis
of the C–C exocyclic double bond of methylenepyrans were not ob-
served. Similar behaviour was noted for methylene dihydroquino-
line series.9c

Therefore the given results are well rationalized by Michael-
type addition of the pyran electron-rich carbon–carbon exocyclic
double bond, stemming from deprotonation of the pyrylium salt,
to the alkynyl carbene leading to the zwitterionic intermediate A
(Scheme 3).

Successive protonation, deprotonation steps gave the expected
unsaturated carbene 3. Intermediates of type A were commonly
evoked in conjugated nucleophilic addition to alkynyl carbenes,12

and in some instance were characterized by NMR experiments at
low temperature13 and by X-ray analysis.14 As exemplified by the
1H and 13C NMR spectra of 3a–f it seems that protonation of the
central carbon of the allenic moiety is stereospecific (one isomer
detected) (Table 1).

One of main features of 3a–c 1H NMR recordings (CDCl3 solu-
tion) is the progressive disappearance of the carbene signals and
the concomitant appearance of new signals when raising the tem-
perature from�40 �C to room temperature. This suggests a conver-
sion of carbenes 3a–c to other products in CDCl3 solution. Thus,
solution of ferrocenyl carbenes 3a–c in CH2Cl2 was left at room
temperature for 24 h under N2 atmosphere. Successive TLC analy-
sis showed the slow formation of red compounds and W(CO)6,
respectively. After complete reaction, the solutions were chro-
matographed on silica gel to give red solid for which IRFT, 1H
and 13C NMR and mass spectrography analyses are consistent with
NEt3
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Alkenyl carbenes Yield%

3a: R = Ph, R0 = Fc 63
3b: R = tBu, R0 = Fc 46
3c: R = CH3, R0 = Fc 64
3d: R = Ph, R0 = Ph 30
3e: R = tBu, R0 = Ph 54

4 3f: R = tBu, R0 = p-OMeC6H4 40
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Scheme 4. Cyclopentenone formation.

Table 2
Yield of cyclopentenone formation

Entry Spiro-pyran cyclopentenone 4 Yield% Substituted cyclopentenones 5 Yield%

1 4a: R = Ph, R0 = Fc 83 5a: R = Ph, R0 = Fc No
2 4b: R = tBu, R0 = Fc 85 5b: R = tBu, R0 = Fc No
3 4c: R = CH3, R0 = Fc 85 5c: R = CH3, R0 = Fc No
4 4d: R = Ph, R0 = Ph 27 5d: R = Ph, R0 = Ph No
5 4e: R = tBu, R0 = Ph 29 5e: R = tBu, R0 = Ph 16
6 4f: R = tBu, R0 = p-OMeC6H4 No 5f: R = tBu, R0 = p-OMeC6H4 89
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the spiro-pyran-cyclopentenone skeleton 4a–c as exemplified in
Scheme 4 (Table 2).15

Aryl carbenes 3d–f evolve similarly. Nevertheless a pyran ring
opening occurred, leading to the formation of tricetones 5 as the
sole and minor compounds from 3f and 3e conversion, respec-
tively. For 3d ester formation resulting from W(CO)5 substitution
by O was also observed (18% yield).

The reaction reported here is a new example of cyclization of
metallahexatrienes to cyclopentenones, a conversion which rarely
provided spiranic structures.8

It is noteworthy, that the presence of a pyran ring in 4, which
can act as 1–5 pentadione equivalent16 could offer further syn-
thetic opportunities in cyclopentenone chemistry.

Finally, given that methylenepyran carbene complexes (Scheme 4)
of similar unsaturated chain length, free of ferrocenyl or aryl
groups, which display a trans (E) configuration for the C2–C3 dou-
ble bond are stable compounds,5,6 we propose that the conversion
of carbene 3 to cyclopentenones is favoured by a E configuration.
Such a stereochemistry allows the proximity between the exocy-
clic double bond and the carbene carbon atom, a necessary condi-
tion to observe the ring closure9,17 (Scheme 4).
In summary we have described a simple procedure for the
synthesis of push–pull methylenepyran ferrocenyl and aryl substi-
tuted alkenyl carbene complexes using pyrylium salts as precur-
sors of c-methylenepyrans and alkynyl carbenes as Michael-type
acceptors. The obtained heterocyclic metallahexatrienes evolve in
solution at room temperature to spiro-pyran-cyclopentenone
compounds or/and to polysubstituted cyclopentenones substituted
by two CH2COR groups. The reported process constitutes a new
approach to cyclopentenone framework18 and to ferrocenyl cyclo-
pentenone19 which could have possible medicinal applications.20

Thus, further developments aimed at the formation of polycyclic
skeletons taking advantage of the presence of three ketones func-
tions in 5. However, the low stability of carbenes 3 makes tricky
the formation of extended diferrocenyl bispyrans using the Sierra
Pd0 catalytic self-dimerization methodology.21
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