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Since the earliest example of thermal trimerization of
acetylene to benzene reported by Berthelot in 1866,1 and the
first transition-metal-catalyzed version of this reaction demon-
strated by Reppe in 1948,2 the [2+ 2 + 2] cycloaddition of
acetylenes was extensively studied by number of research groups
and became a vast field three decades ago. A large number of
transition metal catalysts, as well as Ziegler-type catalysts,3 give
rise to this reaction.4 Although this approach becomes one of
the most powerful methods to assemble a benzene ring, it suffers
from serious chemo- and regioselectivity problems which
normally lead to complex mixtures of products, thus severely
limiting the synthetic utility of this reaction (eq 1).5 Vollhardt

succeeded to solve these problems for several types ofintramo-
lecular 6 or partially intramolecular7 modes of cyclotrimeriza-
tion: three new bonds were formed under the cobalt catalysis
affording cyclophane-type aromatic products in chemo- and
regioselective manner.6,7 Two complementary regiospecific
intermolecularmethods for constructing benzene skeleton under
palladium catalysis were reported recently: the formation of
1,3,5-unsymmetrical benzenes1 Via cyclotrimerization of
terminal diynes8 and the synthesis of 1,4-disubstituted benzenes
2 Via [4 + 2] homo-dimerization of conjugated enynes.9 We

now report the first example ofintermolecularenyne-diyne
[4 + 2] cross-benzannulation reaction: the reaction of enynes
3 with diynes4 affording regioselectively 1,2,4-trisubstituted
benzenes5 in high to quantitative yields with none of the
regioisomers6 being produced (eq 2).

Various different ways of the orientation of acetylenes are
possible for assembling an intermediatei, since three new bonds
are formed in [2+ 2+ 2] cyclotrimerization (eq 1).4 It occurred
to us that in the case where a conjugated enyne3 would react
with alkyne in a [4+ 2] cycloaddition manner,10 this reaction
could be more regioselective than the [2+ 2 + 2] mode of
cycloaddition since only the regioselectivity of two bond
formation remains questionable. After trying a number of
alkynes in a role of enyne partner in the [4+ 2] cycloaddition,
we discovered that conjugated diynes4 underwent regiospecific
cross-cycloaddition with3. The reaction of 2-methyl-1-buten-
3-yne (3a) with dodeca-5,7-diyne (4a) in the presence of 5 mol
% Pd(PPh3)4 in THF gave5a13 in 89% yield (entry 1, Table 1).
No traces of6 were detected by NMR and capillary GLC
analyses of crude reaction mixtures. The enyne-diyne cross-
annulation reaction of enynes3b,c appeared to be much faster
than the corresponding enyne-enyne homo-dimerization,14 thus
an equimolar amount of hexyl- (3b) and benzyl- (3c) enyne
reacted with4a,bnot only in regio-, but also in chemoselective
manner affording the cross-annulation products5d-f, exclu-
sively (entries 4-6). In contrast, a 2-5-fold excess of volatile
and less-reactive3a (toward diynes4) was needed to drive the
reaction to complete conversion of4 (entries 1-3).16 Bulky
diyne4c reacted with enynes rather slower than4a,b, thus the
slow addition of the enynes3a,cwas employed in order to avoid
its dimerization (entries 3 and 7).

Apparently, the fact ofregiospecifictwo bonds formation
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observed in all cases of enyne-diyne cycloaddition reactions17
(eq 2, Table 1) eliminated involvement of the traditional
transition-metal-assisted mechanism of alkynes trimerization (eq
1).4 Indeed, if the mentioned mechanism is operative, the
formation of the two regioisomers5 and6 is unavoidable. As
a part of mechanistic study of this palladium-catalyzed enyne-
diyne cross-benzannulation, the deuterium analogues3d,ewere
employed in the reaction with diyne4a. Accordingly, the cross-
benzannulation of3d afforded5h in 64% yield with a deuterium
atom attached to the C-6 position of benzene ring (eq 3), and
cycloaddition of3egave5i (eq 4) in 61% yield with deuterium
atoms at C-3 and C-5 positions of ring, exclusively. The results

on deuterium labeling experiments, taken together with the factof

regiospecificformation ofpara-oriented regioisomer5, encour-
aged us to propose the following mechanistic rationale for this
reaction (eq 5). The reversible coordination of palladium with

enyne and diyne7 would produce palladacycle8,18 stabilized
by coordination of Pd atom with neighboringη3-propargyl
moiety.19 The reductive elimination of palladium from8would
form strained cyclic cumulene9,20 which Via sigmatropic
rearrangement would be transformed into cross-annulation
product5h.
As a final remark on our investigation, we disclose our initial

experiments on palladium-catalyzed enyne-triyne cross-ben-
zannulation (eq 6). We found that3c reacted selectively with
terminal triple bond of bis-silyl-triyne10producing synthetically
useful silylated diyne1121 as a sole product in excellent chemical
yield (eq 4).

Although further investigation to settle a precise reaction
mechanism is needed, the present procedure provides a new
regiospecific and synthetically useful route to 1,2,4-trisubstituted
benzenes.

Supporting Information Available: Spectroscopic and analytical
data for compounds5a-k and11 (21 pages). See any current masthead
page for ordering and Internet access instructions.
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Table 1. Palladium Catalyzed Enyne-Diyne
Cross-Benzannulation15

a Isolated yields based on diyne4, except for where otherwise
indicated.b Two equivalents of3a were utilized.c Excess of 3a
underwent homodimerization affording the byproduct2.9 dRecovery
of 4 (%). eFive equivalents of3a were utilized.f Compound3 was
added in five portions.gNMR yield. hOne-half equivalents of3cwere
added in 10 portions.i Two and a half equivalents of3c were added
during 14 h with syringe pump.
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