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Abstract: Taking advantage of the ability shown by
the iridium(I) dimer [{Ir(p-Cl)(COD)},] to promote
the cycloisomerization of (Z)-enynols into furans,
an unprecedented synthetic route to 7-oxanorborna-
dienes has been developed just by performing the
catalytic reactions in the presence of activated al-
kynes. The process, which proceeds under solvent-
free conditions, furnishes the bicyclic alkenes in
good yields with complete atom-economy.
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The development of new methodologies aimed at im-
proving efficiency is an important goal of contempo-
rary organic synthesis. In particular, the replacement
of multistep transformations by more straightforward
“one-pot” processes is attracting considerable atten-
tion due to the obvious advantages of the latter, i.e.,
they minimize the overall reaction times, the genera-
tion of chemical waste and energy consumption, limit-
ing therefore the global cost of the synthetic path-
way.l In this context, transition metal catalysts pro-
vide an excellent tool for generating complex organic
molecules, with high atom-economy,” from readily
available starting materials via “one-pot” tandem pro-
cesses.

7-Oxabicyclo[2.2.1]hept-2,5-diene  derivatives (7-
oxanorbornadienes) represent a relevant class of com-
pounds used as versatile synthetic intermediates in a
huge number of cyclization, cycloaddition and cou-
pling reactions,””! as well as serving as monomers for
functional polymers.® The traditional method for the
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construction of these oxabicyclic alkenes involves the
Diels—Alder reaction of furans with activated al-
kynes.””! However, the accessibility of furan skele-
tons with the desired substitution pattern is one of the
most critical factors determining the applicability of
the process in synthesis. In fact, the development of
synthetic routes allowing the facile assembly of poly-
substituted furans still remains an important objective
for organic chemists.® Transition metal-catalyzed het-
eroannulation reactions of suitable acyclic precursors
are probably the most appealing and innovative strat-
egies to access furans since they usually proceed with
complete atom-economy. Among the different acyclic
substrates described to date in the literature,® (Z)-2-
en-4-yn-1-ols are particularly attractive since they are
readily available starting materials. In this context,
several group 8-11 metal complexes have been suc-
cessfully employed to promote the cycloisomerization
of (Z)-2-en-4-yn-1-ols into the corresponding furans,!”’
with ruthenium-, palladium- and gold-based catalysts
showing the best performances.

Continuing with our interest in this type of cyclo-
isomerization reaction,’™ ! herein we would like to
communicate that the commercially available iridi-
um(I) dimer [{Ir(u-Cl)(COD)},] (COD =1,5-cyclooc-
tadiene) is also a highly efficient and selective catalyst
for the atom-economic conversion of (Z)-enynols into
furans, representing a competitive alternative to the
previously described Ru, Pd and Au systems. In addi-
tion, taking advantage of this, an unprecedented
“one-pot” route to 7-oxanorbornadienes has also
been developed just by performing the catalytic reac-
tions in the presence of activated alkynes (Scheme 1).

Despite the prominent role that rhodium and iridi-
um species play in homogeneous catalysis, their utility
in the heteroannulation of (Z)-enynols still remains
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Scheme 1. One-pot synthesis of 7-oxanorbornadienes from
(Z)-enynols and activated alkynes.

almost unexplored.”™™ That is why, using the cyclo-
isomerization of (Z)-3-methyl-2-penten-4-yn-1-ol (1a)
into 2,3-dimethylfuran (2a) as a model reaction, we
decided to evaluate the efficiency and selectivity of
several commercially available or readily accessible
Rh and Ir precursors in this transformation. Initial ex-
periments were performed at 80°C, under solvent-
free conditions, employing 5 mmol of 1a and a metal
loading of 1 mol% (see Table 1). Under these condi-
tions (entries 1-8), all of the compounds tested led to
the selective and almost quantitative formation of the
desired furan 2a in less than 1h (>96% GC yield).
From this general catalyst screening, iridium clearly
emerged as the metal of choice, with dimers [{Ir(p-
Cl)(COD)},] and [{Ir(u-Cl)(COE),},] showing the best
performances (>99% yield after only 10 min of heat-

Table 1. Comparison of different Rh and Ir catalysts in the
cycloisomerization of (Z)-3-methyl-2-penten-4-yn-1-ol (1a)

into 2,3-dimethylfuran (2a)."!
T ==
2/ o
OH ==

1 mol% of RhorIr

no solvent
1a 2a

Entry Catalyst T[°C] t[min] Yield [%]®
1 [{Rh(p-Cl)(COD)},] 80 50 >99
2 [(Rh(p-C)(NBD)},] 80 20 >99
3 [{Rh(p-CI)(TFB)},] 80 20 >99
4 [{Rh(p-C1)(COE),},] 80 60 97

5 [{Rh(p-C1)(CO),}) 80 30 98

6 RhCl;-nH,O 80 60 96

7 [{Ir(u-CD(COD)},] 80 10 >99
8 [{TIr(u-CD(COE),},] 80 10 >99
9 [{Ir(u-C1)(COD)},] r.t. 180 >99
10 [{Ir(u-CD(COE),},] r.t. 300 98

ing; entries 7 and 8). Interestingly, both compounds
were also able to promote the heteroannulation of 1a
at room temperature (entries 9 and 10). In particular,
using [{Ir(u-Cl)(COD)},] as catalyst, complete forma-
tion of 2a could be reached after 3h (entry 9). We
note that, as far as we are aware, such a remarkable
activity under mild conditions has only been previous-
ly described with palladium®™® and gold cata-
lysts,®'P1] but never under solvent-free conditions.
Complex [{Ir(u-Cl)(COD)},] was also effective in
the selective cycloisomerization of a variety of other
(Z)-enynols, thus confirming its potential for practical
applications. As shown in Table 2, replacement of the
hydrogen atom by alkyl (1b, ¢), aryl (1d, e) or alkenyl
(1f, g) groups at C-1 of the 3-methyl-2-penten-4-yn-1-
ol skeleton was compatible with the cyclization condi-
tions, furans 2b—g being selectively generated in excel-
lent GC yields (>97%) after 0.2-10h of stirring at
room temperature (entries 1-7). Alkynyl substituents
at C-1 were also tolerated, i.e., (Z)-enynols 1h, i (en-
tries 8 and 9). However, in these cases the cycloisome-
rization process only takes place at 80°C, the starting
materials being recovered unchanged when the reac-
tions were performed at room temperature for 24 h.
Remarkably, the heteroannulation of (Z)-enynols 1j-1
bearing an internal C=C bond was conveniently ac-
complished by [{Ir(u-Cl)(COD)},] performing the cat-
alytic reactions at 80°C (entries 10-12), a reactivity to

Table 2. Cycloisomerization of different (Z)-enynols cata-
lyzed by [{Ir(u-Cl)(COD)},].!
R2
=R?
J [{Ir(u-CICOD)},] (0.5 mol%)
OH no solvent
R' R’
1a-k 2a -k

=
o}
==

Entry Substrate (RY/R?) t[h] Product Yield [%]@

1 H/H (1a) 3 2a >99 (87)
2 Et/H (1b) 02 2b >99 (89)
3 n-Bu/H (1c) 02 2 >99 (90)
4 Ph/H (1d) 6 2d 97 (81)
5 4-C¢H,OMe/H (1e) 10 2e 98 (83)
6 CH,CH=CH,/H (1f) 2 2f >99 (85)
7 CH,C(Me)=CH,/H (1g) 1  2g >99 (87)
81 C=CSiMe,/H (1h) 6 2h 92 (79)
9l C=CPh/H (1i) 1 2i >99 (86)
10T H/Ph (1) 5 2 83 (71)
11%  H/CH=CMe, (1k) 72 2k 93 (80)
1201 Et/Ph (11) 4 21 95 (81)

[ Reactions performed under an N, atmosphere using
5 mmol of (Z)-methyl-2-penten-4-yn-1-ol (1a). [enynol]:
[metal] ratio=100:1. Abbreviations used: COD =1,5-cy-
clooctadiene; NBD =norbornadiene; TFB =tetrafluoro-
benzobarralene; COE =cyclooctene.

[l Determined by GC.
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[ Reactions performed at room temperature under N, at-
mosphere using 5 mmol of the corresponding (Z)-enynol
1a-1. [enynol]:[Ir] ratio=100:1.

[l Reaction performed at 80°C.

[l Determined by GC (isolated yield after appropriate
work-up is given in brackets).
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date restricted to palladium and gold catalysts, ruthe-
nium and rhodium species being completely inopera-
tive with internal alkynes.”™ Purification of the
crude reaction mixtures by bulb-to-bulb distillation
(2a—c) or column chromatography on silica gel (2d-1)
provided analytically pure samples of the furans
which were isolated in 71-90% yield.

Interestingly, when these cycloisomerization pro-
cesses were performed in the presence of a slight
excess (1.3 equivalents) of the activated alkynes di-
methyl acetylenedicarboxylate (3a) and diethyl acety-
lenedicarboxylate (3b) the clean formation of the cor-
responding 7-oxanorbornadiene derivatives was ob-
served, via Diels—Alder cycloaddition between the in
situ formed furan and the alkyne. We must note that,
although the two individual transformations have
been extensively studied, such a tandem cycloisomeri-
zation/cycloaddition process for the synthesis of 7-
oxanorbornadienes is unprecedented. As shown in
Table 3, with the exception of the alkynyl-substituted
derivatives 4ia, ib (entries 11 and 12), all reactions
proceeded efficiently at room temperature furnishing
the oxabicyclic alkenes in good isolated yields (60—

Table 3. Synthesis of 7-oxanorbornadienes by Ir-catalyzed
coupling of (Z)-enynols with activated alkynes.”

/ +  R%0,C—==—CO,R?
OH
;
1la-i R? = Me (3a), Et (3b)
[{Ir(u-CI)(COD)}.] %
r(u-

(0.5 moth) COR®

— /1)
no solvent
R' CO,R?

4aa - ib

Entry (Z)-Enynol Alkyne ¢[h] Product Yield [%]°
1 1a 3a 4 4aa 83
2 1a 3b 4 4ab 81
3 1b 3a 7 4ba 88
4 1b 3b 7 4bb 85
5 1d 3a 7 4da 88
6 1d 3b 9 4db 87
7 1f 3a 18 4fa 71
8 1f 3b 18 41b 77
9 1g 3a 7 4ga 69
10 1g 3b 9 4gb 75
I 1] 3a 2 4ia 60
1201 1i 3b 2 4ib 63

[ Reactions performed at room temperature under an N,
atmosphere using 5 mmol of the corresponding (Z)-
enynol la-i and 6.5 mmol of the appropriate alkyne 3a,
b. [enynol]:[alkyne]:[Ir] ratio=100:130:1.

] Reaction performed at 80°C.

[l Isolated yield after chromatographic work-up.
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88%) after appropriate chromatographic work-up. It
is important to note that the two steps involved in
this tandem process, i.e., the cycloisomerization reac-
tion and the Diels—Alder cycloaddition, are promoted
by the iridium catalyst. Effectively, when isolated 2,3-
dimethylfuran (2a) was treated with dimethyl acety-
lenedicarboxylate (3a) in the absence of [{Ir(u-Cl)-
(COD)},] no formation of 4aa was observed at room
temperature. Only on heating the mixture at 80°C
does the cycloaddition process occur.'"”) We note that,
to the best of our knowledge, participation of Ir(I)
catalysts in Diels—Alder-type cycloadditions has not
been yet quoted in the literature, the only examples
reported involving Ir(II1) derivatives.!'"

In summary, a straightforward, operationally simple
and highly efficient procedure for the preparation of
7-oxabicyclo[2.2.1]hept-2,5-diene  derivatives from
readily accessible (Z)-enynols and activated alkynes
has been developed. The “one-pot” catalytic transfor-
mation presented herein, which represents a new ex-
ample of the utility of iridium complexes in synthe-
sis,”! is based on an unprecedented tandem process
consisting of the initial cycloisomerization of the (Z)-
enynol into the corresponding furan and subsequent
Diels—Alder cycloaddition of the latter with the
alkyne. The overall process, which proceeds under sol-
vent-free and remarkable mild conditions, represents
an appealing synthetic route to this class of relevant
oxabicyclic alkenes. We believe that the feasibility
and scope of this atom-economical process (no by-
products are generated) represent a competitive and
very appealing methodology which could find applica-
tions in different synthetic programs in the near
future. Further studies aimed at broadening the scope
of this sequential catalytic process are currently in
progress in our laboratory.

Experimental Section

General Procedure for the Catalytic
Cycloisomerization of (Z)-Enynols into Furans

The corresponding (Z)-enynol 1 (5 mmol) and [{Ir(p-Cl)-
(COD)},] (17 mg, 0.025 mmol) were introduced into a
sealed tube under a nitrogen atmosphere. The resulting solu-
tion was then stirred at room temperature (la-g), or heated
at 80°C in an oil bath (1h-l), for the indicated time (see
Table 2; the course of the reaction was monitored by regular
sampling and analysis by GC). The residue was then purified
by bulb-to-bulb distillation (1la—c), or by column chromatog-
raphy on silica gel (1d-l1) using hexanes as eluent, to give
furans 2; yields: 71-90%. The identity of these compounds
was assessed by comparison of their 'H and “C{'H} NMR
spectral data with those previously described in the litera-
ture and by their fragmentation in GC/MSD analysis.
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General Procedure for the Catalytic Synthesis of 7-
Oxanorbornadienes from (Z)-Enynols and Alkynes

The corresponding (Z)-enynol 1 (5 mmol), the appropriate
alkyne 3 (6.5mmol) and [{Ir(u-C1)(COD)},] (17 mg,
0.025 mmol) were introduced into a sealed tube under a ni-
trogen atmosphere. The resulting solution was then stirred
at room temperature (1a, b, d, f, g), or heated at 80°C in an
oil bath (1i), for the indicated time (see Table 3; the course
of the reaction was monitored by regular sampling and anal-
ysis by TLC). The residue was then purified by column
chromatography on silica gel, using a mixture of hexanes/di-
ethyl ether (90:10) as eluent, to give 7-oxanorbornadienes 4;
yields: 60-88%. Characterization data, as well as copies of
the 'H and PC{'H} NMR spectra, of all the bicycles synthe-
sized can be found in the Supporting Information.
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