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Over the past few years, significant research has been directed
toward the development of new methodologies that provide
synthetic efficiency and atom economy."! Among them,
tandem reactions, which allow the formation of several new
bonds in a single step from readily available materials, are of
particular interest.’l Moreover, the potential of transition-
metal-catalyzed heterocyclization reactions of unsaturated
substrates has been regularly demonstrated, as they give a
direct method for the synthesis of highly valuable nitrogen-
and oxygen-containing heterocycles.”! Palladium catalysis, in
particular, has been the driving force behind many advances
in the synthesis of heterocyclic derivatives.* However,
cyclizations mainly occur at high temperature or in the
presence of a base, copper co-catalysts, or other oxidants, and
this has stimulated the search for alternative transition-metal
catalysts.*¥ In the course of our ongoing program concerning
catalytic tandem reactions with functionalized enynes,”! we
became interested in the cyclization of bis-homopropargylic
alcohols, which have shown challenging behaviors either in
their endo- or exo-selective cyclizations in the presence of
palladium, molybdenum, tungsten, ruthenium, and rhodium
catalysts (Scheme 1).1**% We therefore turned our attention
to iridium complexes, which have recently been reported to
exhibit promising catalytic properties,”*! and we wish to
report herein the first Ir'-catalyzed exo-selective tandem
cycloisomerization/hydroalkoxylation that proceeds exclu-
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Scheme 1. Metal-catalyzed cyclization of bis-homopropargylic alcohols.
M’=Pd; M"=Mo, W, Ru, Rh, Pd.
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sively and efficiently at room temperature and that involves
inter- and intramolecular C—O bond formation.

Our initial experiments were performed with bis-homo-
propargylic alcohol 1a as a model substrate, which is easily
prepared by malonic addition to the corresponding halide and
reduction of the resultant diester. Even though Ir' catalysts
have recently been shown to promote 1,6-enyne carbon-
carbon cycloisomerization, the [{Ir(cod)Cl},] dimer catalyst
led to a completely different reaction in methanol at room
temperature. The cyclization occurred very smoothly in the
presence of 2.5 mol % of [{Ir(cod)Cl},] at room temperature
in a very short time with the concomitant addition of
methanol to give the functionalized furanyl ketal 2a in 99 %
yield (Table 1, entry 1). The use of an Ir' catalyst is crucial as
no reaction occurred either without catalyst or with IrCl,.
Interestingly, whereas the reaction of such bis-homopropar-
gylic substrates catalyzed by transition metals such as Rh, Ru,
W, and Mo usually leads to 6-endo cyclization products,® the
cyclization was found to be 5-exo-selective, as no six-
membered cyclic derivative was detected. The tandem
addition of methanol was particularly intriguing as it has
only rarely been reported in the literature: scarce examples
are limited to the use of Pd catalysts and need a co-catalyst or
other additive to be effective.**”) We therefore embarked on
a general study of this reaction in the presence of an Ir'
catalyst (Table 1). With the aim of examining the influence of
the side chain R!, we prepared several bis-homopropargylic
alcohols by malonic addition of the corresponding alkyl
bromide, reduction of the resultant diester functions, and, for
some substrates, monoprotection of the diols."”’ The reactions
were conducted in MeOH at room temperature in the
presence of 1-2.5 mol % of [{Ir(cod)Cl},].

The butyl-substituted alkyne 1b was transformed into the
ketal 2b in a high 99 % yield (Table 1, entry 2). Surprisingly,
the addition of the remaining alcohol was not observed in
these cases, presumably because MeOH, which is a potential
ligand for the Ir complex, is present in excess close to the
substrate.'! The reaction conditions are compatible with
other substitution patterns on alcohols 1, such as a propargyl
group (entry 3). Alcohols 1d-f underwent smooth and rapid
cyclization and functionalization (entries 4-6) to give the
corresponding acetals 2d—f in excellent yields (90-99%).
Lowering the catalyst loading was possible (entry 6) with a
slight enhancement of the reaction time. These derivatives
constitute important building blocks for an easy access to
natural product!” and can be easily transformed into Cl-
substituted furans by treatment with functionalized silanes in
the presence of a Lewis acid.!"”!

To illustrate the synthetic utility of this tandem reaction,
we envisaged the use of other alcohols for the intermolecular
addition step. Other nucleophiles such as ethanol and allylic
alcohol could be successfully used under the same reaction
conditions at room temperature in the presence of 1-
2.5 mol % of the [{Ir(cod)Cl},] catalyst (Table 2).

Such a process offers a control of the R' and R* groups in
the final furanyl product simply by varying the halide used in
the preliminary malonate alkylation and the nature of the
alcohol used as the solvent. This mode of functionalization
also allows the introduction of structural diversity that cannot
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Table 1: Cyclization/hydroalkoxylation of bis-homopropargylic alcohols 1a—f in MeOH.
[{ir(cod)Cl,]

HO:>(i (1-2.5 mol%)
R’0 R’ RT, MeOH

ﬁCX

05-4h
1a—f 2a—f
Entry R' R? Product t[h] Yield [96]
(o]
16! 1a (E)-cinnamyl H i(;ngMe 2a 0.5 99
ph—"
(0]
20 b nBu H HO/WC)( 2b 0.5 99
nBu OMe
(0]
30l 1 | Bl B@Q( 2 0.5 99
c propargy n o oMe c
o]
BnO
4t 1d (E)-cinnamyl Bnl pQ%Me 2d 0.5 91
ph—"
(0]
o Te nBu Bl now 2e 15 90
nBu OMe
(o]
AcO
6l 1f (E)-cinnamyl Ac D/QQ%ME 2f 4 99
Ph

[a] Yield of isolated product; 1/1 mixture of diastereomers. [b] 2.5 mol % of catalyst. [c] T mol % of catalyst. [d] Bn=benzyl.

be achieved selectively by the functionalization of simple
furanyl rings. Alcohols bearing either an unsaturated (entries 1,
2, and 4) or an alkyl (entry 3) side chain were cleanly, and in a
very short time, cyclized with concomitant addition of EtOH to
the ethoxy-substituted derivatives 3a, 3¢, 3e, and 3g in good to
excellent yields (78-99%). The cycloisomerization/hydro-
ethoxylation was also effective with phenyl- (entry 5) and
benzyl-substituted (entry 6) alcohols, as the substituted furans
3h,i were obtained in 71 % and 99 % yields.

The addition of allyl alcohol was also very interesting as it
could give an entry to further functionalization and other
transition-metal-catalyzed reactions. Various substrates were
efficiently converted into the corresponding allyloxy-substi-
tuted furans (entries 7-11). The reaction of diols 1a and 1¢,
which bear an (E)-cinnamyl and propargyl side chain,
respectively, afforded the ketals 4a and 4c¢ in high yields
(entries 7 and 8). Benzyl-protected alcohols and allyl deriv-
ative 1g (entries 9-11) could also be cyclized and function-
alized to give furans 4e, 4g, and 4i in 86-99 % yield. These
promising results prompted us to test the efficiency of our
system for the formation of six-membered functionalized
rings that are found as subunits of a number of cytotoxic
natural products.”*!?l Dimethyl 3-butynylmalonate!™ was
alkylated in the presence of cinnamyl bromide to give the
diester, which was subsequently reduced and monobenzy-
lated to give the alcohol 1j. Indeed, this cycloisomerization/
hydroalkoxylation process is not limited to the synthesis of
functionalized furans, as alcohol 1j undergoes an equally
facile and efficient Ir'-catalyzed exo-selective tandem reac-
tion to give, in 24 h, the functionalized pyrans 2j and 3j in
high (99 %) yield (Table 2, entries 12 and 13).

Next, we focused on the mechanism of the reaction. Two
competitive mechanisms for this transformation may be
envisioned, one based on a metal-vinylidene intermediate!®®!
and the other based on electrophilic alkyne activation.”
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Despite the fact that iridium catalysts can promote the
formation of vinylidene intermediates from alkynes,® this
mechanism was excluded owing to the exo-selective nature of
the cyclization instead of the expected 6-endo-cyclization. A
second mechanism based on the Lewis acidic character of the
metal is much more probable (Scheme 2). The reaction may

2a
MeOH, H* [Ir]
Ph A

H

Ph

Scheme 2. Postulated mechanism for the formation of cyclic ketals
from bis-homopropargylic alcohols.

be initiated by the formation of the m-alkynyl complex A by
the complexation of the unsaturated triple bond to the Ir'
catalyst. Subsequent addition of the alcohol, which was
supposed to occur anti to the m-complex A, would lead to
a o-complex B, which is favored in polar protic solvents such
as MeOH, via a transient zwitterionic intermediate.””! Proton
transfer may then be followed by the intermolecular addition
of MeOH to give the cyclic ketal 2a."*'1 An alternate
pathway involving an Ir™ hydride species, and therefore a
reductive elimination, cannot be ruled out.

Labeling studies performed in the presence of 2.5 mol %
of [{Ir(cod)Cl},] either in CD;OD for the cyclization of 1a or
in MeOH for the reaction of the deuterated alkyne [D;]-1a
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Table 2: Cyclization/hydroalkoxylation of bis-homopropargylic alcohols 1.
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[{Ir(cod)CI},]

HO:>((‘)"E (1-2.5 mol%)
Rz
R?O R' RT, R°OH

(70
(0]
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R1
12 242
Entry R' R? Product t[h] Yield [96]
0
HO
16! la (E)-cinnamyl H OEt 3a 0.5 99
ph—
0
2 1c propargyl Bn i ot 3c 2.5 99
o)
301 Te nBu Bn Bnow 3e 0.5 99
nBu OEt
o
44 1g allyl H O/ oet 3g 0.7 78
—Q
51 1h Ph H HO R 3h 0.7 7
Ph OEt
o)
6 1i Bn Bn BHOGQ( 3 13 99
Ph OEt
0
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b 1 | B B@Q( = 4 25 99
8 c propargy| n © o—/_ c
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o
104 1 allyl H ”‘;EQ( 4 25 86
g i y o\ __ g
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1 i B B BnO/jQ( = 4 22 88
i n n on of i
B0 O
120 1j (E)-cinnamyl Bn oMe 2j 24 99
Ph
BnO ©
1301 1j (E)-cinnamyl Bn ot 3 24 99
PhSS
[a] Yield of isolated product; 1/1 mixture of diastereomers. [b] 2.5 mol % of catalyst. [c] 1 mol % of catalyst.
were in good agreement with the proposed mechanism, as the o
cycloisomerization/hydroalkoxylation reactions afforded the HO = [E'zrfgﬁﬁ)o%%] DO CHD,
unique formation of the corresponding deuterated derivatives HO > < \ 4’RT cD.OD OCD;,
[D¢]-2a or [D;]-2a, respectively (Scheme 3). No deuterium 1a Ph 05h 0% [Dgl-2a
scrambling, which would result from insertion of iridium into
a C—H(D) bond, was observed. HO — b [élzr(gonc:é%}z] 0
. . 0
In summary, we have developed a general, efficient, and ml HO CDH,
atom-economic method for the synthesis of cyclic ketals HO \ 0.5h 99% OMe
. . . . . D.1a " ' Ph
starting from easily accessible bis-homopropargylic alcohols. [Dil-1a [D4]-2a

The [{Ir(cod)Cl},] dimer is used for the first time to promote a
tandem cyclization/hydroalkoxylation reaction at room tem-
perature in a very short time to give functionalized deriva-
tives. The reaction conditions are compatible with various
functional groups. Considering the ease of preparation of
these substrates, this method provides a new route for
constructing functionalized furanyl and pyranyl building
blocks and is therefore a valuable tool for the synthesis of
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Scheme 3. Labeling experiments for the cyclization reactions of 1a and
[D]-1a.

natural or biologically active products. The proposed reaction
mechanism presumably involves a Lewis acid type activation,
followed by an intramolecular cyclization, a protonolysis step,
and the intermolecular addition of an alcohol molecule. The
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high catalytic activity of [{Ir(cod)Cl},], along with the very
mild reaction conditions, would probably allow the use of
weaker nucleophiles, both as inter- and intramolecular
partners.

Experimental Section

Representative standard procedure: A mixture of bis-homopropar-
gylic alcohol 1a (70 mg, 0.3 mmol) and [{Ir(cod)Cl},] (5.1 mg,
2.5mol %) in degassed methanol (0.6 mL) was stirred under argon
at room temperature for 30 min. After completion of the reaction, the
mixture was filtered through a short pad of celite (eluent: EtOAc)
and the solvents were evaporated under reduced pressure to give
79 mg of ketal 2a. '"H NMR (300 MHz, CDCly): 6 =1.43 (s, 3H), 1.44
(s, 3H), 1.72 (d, /=133 Hz, 1H), 1.84 (d, J=13.3 Hz, 1H), 1.98 (d,
J=13.3 Hz,1H),2.00 (d,/=13.3 Hz, 1H), 2.36-2.50 (m, 4H), 3.21 (s,
3H), 3.22 (s, 3H), 3.51-3.85 (m, 8H), 6.18 (dt, J=15.7, 7.3 Hz, 2H),
6.47 (d, J=15.7Hz, 2H), 7.21-737ppm (m, 10H). *CNMR
(75 MHz, CDCl,): 6=21.0, 21.8, 38.8, 41.8, 47.0, 47.7, 48.3, 48.6,
48.5,48.7,67.9, 68.0, 73.7,73.9, 108.3, 108.5, 126.0, 126.4, 126.9, 127.5,
127.6, 128.8, 132.9, 133.7, 137.6 ppm. CIMS (NH;): m/z: 248
[M—MeOH+NH,]*, 231 [M—MeOH+H]". HRMS calculated for
C,5H,,0, [M—MeOH+H]*: 231.1385; found 231.1389.
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