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Abstract

This is the first report on the selective synthesis of fulvenes via a [2+2+1] cyclotrimerization of alkynes under
catalytic conditions. The reactions of aliphatic terminal alkynes1a–e in the presence of a palladium catalyst in
toluene gave the cyclotrimerization products2a–e, not easily available through the previously known methods, in
good to fair yields. © 2000 Elsevier Science Ltd. All rights reserved.
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Transition metal mediated [2+2+2] cyclotrimerization has been an area of extensive investigation
and has been utilized efficiently in the synthesis of aromatic compounds and many useful natural
products.1 On the other hand, there are only very few reports on transition metal mediated [2+2+1]
cyclotrimerization of alkynes which leads to the formation of thermodynamically unstable fulvenes.2

The formation of metal complexes coordinated by fulvenes has been observed in the reactions of
stoichiometric amounts of iridium and rhodium complexes with alkynes (Eq. (1)).2 It has been proposed
that these reactions proceed via the metallacyclobutene intermediate to give the metal complexes of
fulvenes in which one of the three substituents (R) is present at theexo-cyclic double bond of the fulvene
(Eq. (1)).2b Rothwell et al. reported that the trimerization oft-butylacetylene catalyzed by titanium
aryloxides leads to the formation of 1,3,6-tri(t-butyl) fulvene along with some other products.3 To the
best of our knowledge there is no report of a catalytic method for the [2+2+1] cyclotrimerization of
alkynes for the selective synthesis of fulvenes. Herein we report an unprecedented palladium catalyzed
[2+2+1] cyclotrimerization of alkynes1 to give relatively inaccessible fulvenes2, in which all three
substituents are present on the five-membered ring, in good yields (Eq. (2)).
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Our studies were initiated by the treatment of 1-hexyne1awith 5 mol% Pd(OAc)2 in toluene at 70°C,
since it was reported that the reaction of phenylacetylene with Pd(OAc)2 as catalyst gave a mixture of
1,3,6-, 1,4,6- and 2,3,6-trisubstituted fulvenes in 60–80% combined as yields.4 The reaction progress was
monitored by GC–MS, but the formation of several unidentified products including2awas observed even
at the beginning of the reaction. The use of Pd(OAc)2 (5 mol%) and dppf (10 mol%) as the catalyst system
gave small amounts of 2-n-butyl-1-octen-3-yne. No reaction took place in the case of the Pd(PPh3)4-dppf
catalyst system even after two days and the starting material was recovered. Other catalyst systems,
such as [Pd2(dba)3]CHCl3-dppf, PdCl2(PhCN)2-dppf, [(�3-C3H5)PdCl]2-dppb and [(�3-C3H5)PdCl]2-
tdmpp, gave unsatisfactory results: a mixture of several products including2awas produced. Finally, we
discovered that the [(�3-C3H5)PdCl]2 (5 mol%)-dppf (10 mol%) catalyst system gave2a in 58% isolated
yield (entry 1, Table 1): only two peaks of1a and 2a appeared in the GC and GC–MS of the crude
reaction mixture even after two days, and no other peaks due to isomers and unidentified products were
obtained.

Table 1
Palladium catalyzed [2+2+1] cyclotrimerization of terminal alkynes

The [2+2+1] cyclotrimerization of other aliphatic terminal alkynes1b–e proceeded smoothly to give
fulvenes2b–e in good yields and the results are presented in Table 1. In all cases the regioselective
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formation of fulvenes, unsubstituted at theexo-cyclic double bond, was observed. The reaction of
1-pentyne1b and 1-octyne1c proceeded smoothly to give the corresponding fulvenes2b and 2c,
respectively, in good yields (entries 2 and 3). The yields of fulvenes2 decreased slightly as the length
of the aliphatic chain in the alkynes increased; the reaction of 1-dodecyne1d gave2d in 50% yield
(entry 4). The reaction of 3-cyclopentyl-1-propyne1e gave the corresponding fulvene2e in 52% yield
(entry 5). Again, even after two days only two peaks due to1 and2 were observed in the GC–MS of the
crude reaction mixture. Decomposition of2 started slowly on prolonged heating of the reaction mixture.
Unfortunately, even under the optimized conditions, the reactions of aromatic alkynes did not produce
the corresponding fulvenes regioselectively, but gave mixtures of products.

The structures of fulvenes2a–e were unambiguously established by extensive NMR studies and by
hydrogenation. The DEPT spectrum of2a showed the presence of one_CH2 (C6, exomethylene), one
_CH- (C3) and four RR0-C_ (C1, C2, C4, C5, quaternary) olefinic carbons, and furthermore the NOE
and COLOC study also confirmed the structure of2a. The hydrogenation of2a using 5% palladium
on carbon gave a (�1:2) diastereomeric mixture of cyclopentene derivative5 in 60% yield (Eq. (3)). In
this reaction the double bond between C3 and C4 would have been reduced first to give diene4, and
then subsequent 1,4-reduction would give5.5 The confirmation of structure5 was carried out by the
combination of DEPT, C–H COSY and COLOC experiments.

(3)

A representative procedure is as follows: a mixture of [(�3-C3H5)PdCl]2 (0.05 mmol, 18.3 mg), dppf
(0.1 mmol, 55.4 mg) and 1-hexyne (1 mmol, 82 mg) in toluene (1 mL) was heated at 70°C for two
days under an argon atmosphere. Upon cooling, the reaction mixture was filtered and concentrated. The
residue was purified by flash column chromatography on silica gel using hexane as an eluent to give 47.6
mg (58% yield) of fulvene2a as a yellow oil. Although the mechanism of this reaction is not yet clear,
we are now in a position to synthesize certain fulvenes not easily available through the previously known
methods.6,7
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