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A novel and convenient approach to furan-3-carboxylic esters 2 is presented, based on palladium-cata-
lyzed direct oxidative carbonylation of readily available 3-yne-1,2-diols 1. The process, corresponding
to a sequential combination between a 5-endo-dig heterocyclodehydration step and an oxidative alkoxy-
carbonylation stage, is catalyzed by PdI2 in conjunction with an excess of KI under relatively mild condi-
tions (100 �C in ROH under 40 atm of a 4:1 mixture of CO-air).

� 2010 Elsevier Ltd. All rights reserved.
Furans are a very important class of heterocyclic derivatives.
The furan motif is present in many important naturally occurring
and biologically active compounds,1 and furan derivatives find
extensive application in many applicative fields.2 The possibility
to construct functionalized furans in a regioselective way by het-
erocyclization of suitable acyclic precursors has accordingly at-
tracted an increasing attention,3 and several methods have been
developed to date for the synthesis of substituted furans by annu-
lation processes, mainly based on metal catalysis.4 However, to the
best of our knowledge, no direct synthesis of furan-3-carboxylic
esters 2 by carbonylation of acyclic precursors has been reported
so far.5 In this Letter, we report a novel, convenient and atom-eco-
nomical6 method for the preparation of this important class of het-
erocyclic derivatives,7 based on direct oxidative carbonylation of
readily available 3-yne-1,2-diols 18 (Eq. (1)).
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The process, corresponding to a sequential combination be-
tween a 5-endo-dig heterocyclodehydration step and an oxidative
alkoxycarbonylation stage, is catalyzed by a very simple catalytic
system, consisting of PdI2 in conjunction with an excess of KI and
oxygen as the oxidant, and takes place at 100 �C in an alcohol as
the solvent, under 40 atm of a 4:1 mixture of CO-air9.
ll rights reserved.

: +39 0984 492044.
Our first experiments were carried out using 2-methyloct-3-
yne-1,2-diol 1a (R1 = Me, R2 = Bu), which was let to react at 80 �C
in MeOH (1a concentration = 0.25 mmol per mL of MeOH) under
20 atm of a 4:1 mixture of CO-air, in the presence of PdI2

(1 mol %) and KI (10 mol %). After 2 h, the GC–MS analysis of the
reaction crude showed a substrate conversion of ca. 70% and the
formation of two products, whose MS spectra were compatible
with the furan-3-carboxilic ester derivatives 2a and 3a, respec-
tively (Table 1, entry 1).

Product 2a (28% GLC yield) was easily isolated by column
chromatography, and its structure fully confirmed by spectro-
scopic techniques, while every attempt to isolate pure 3a (13%
GLC yield) failed. However, an indirect proof of the validity of
the proposed structure was given by the results obtained from
the reaction carried out at 100 �C rather than 80 �C: in fact, prod-
uct 3a partly converted into the methyl ester 2a (Table 1, entry
2), which is in agreement with methanolysis of 3a with forma-
tion of 2a and 1a. Clearly, a higher selectivity toward 2a was
to be expected working at lower substrate concentration. The re-
sult shown in entry 3 (Table 1) confirmed that this was indeed
the case: with an 1a concentration of 0.05 mmol per mL of
MeOH, the GLC yield of 2a and 3a turned out to be 60% and
2%, respectively. A still higher 2a/3a ratio was obtained with a
lower 1a concentration, but the total yield obtained was less sat-
isfactory (Table 1, entry 4). On the other hand, the use of a lower
amount of KI (5 mol per mol of PdI2, Table 1, entry 5) led to bet-
ter results with respect to the initial reaction, carried out with a
KI/PdI2 molar ratio of 10 (Table 1, entry 1). A further decrease of
the KI/PdI2 ratio was, however, detrimental (Table 1, entry 6). Fi-
nally, an increase of the total pressure to 40 atm caused a signif-
icant increase of the total yield (81%, entry 7).
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Scheme 1. Plausible reaction pathways leading to furan-3-carboxylic esters 2.
Anionic iodide ligands are omitted for clarity.

Table 1
Reactions of 2-methyloct-3-yne-1,2-diol 1a with CO, O2, and MeOH in the presence of the PdI2-KI catalytic systema
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Entry PdI2:KI:1a molar ratio T (�C) Concentration of 1ac Yield of 2ad (%) Yield of 3ad (%) Total yieldd (%)

1b 1:10:100 80 0.25 28 13 41
2 1:10:100 100 0.25 55 9 64
3 1:10:100 80 0.05 60 2 62
4 1:10:100 80 0.02 45 1 46
5 1:5:100 80 0.25 52 15 67
6 1:2:100 80 0.25 37 9 46
7e 1:10:100 80 0.25 49 32 81

a Unless otherwise noted, all reactions were carried out in MeOH for 2 h under 20 atm (at 25 �C) of a 4:1 mixture of CO-air. Unless otherwise noted, substrate conversion
was quantitative in all cases.

b Substrate conversion was 70%, by GLC.
c mmol of 1a per mL of MeOH.
d Based on starting 1a, by GLC.
e The reaction was carried out under 40 atm (at 25 �C) of a 4:1 mixture of CO-air.
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Based on these results, the next experiment was carried out at
100 �C under 40 atm of a 4:1 mixture of CO-air with a substrate
concentration of 0.05 mmol per mL of MeOH, in the presence of
PdI2 + 5 KI. Under these optimized conditions, the reaction selec-
tively led to the methyl furan-3-carboxylate 2a with a GLC yield
of 76% and an isolated yield of 69% (Table 2, entry 1). Other differ-
ently substituted 3-yne-1,2-diols 1b–e behaved similarly, to give
the corresponding furan-3-carboxylates selectively with yields
ranging from 56% to 72% (Table 2, entries 2–5). The reaction also
worked well using EtOH rather than MeOH as the solvent and
nucleophile, as shown by the result obtained in Table 2, entry
6.10,11

On the basis of the existing knowledge on PdI2-catalyzed car-
bonylative annulation reactions,12,13 we can propose the mecha-
nism shown in Scheme 1 for the formation of 2 from 1. Thus, a
5-endo-dig cyclization may occur by intramolecular nucleophilic
attack of the hydroxyl group at C-1 on the triple bond coordinated
to the metal center, followed by alkoxycarbonylation of the result-
ing vinylpalladium intermediate and dehydration or vice versa,
with formation of 2, Pd(0) and HI. The latter is then reoxidized to
PdI2 by the action of iodine, formed in its turn by oxidation of HI
by oxygen.12–14
Table 2
Synthesis of furan-3-carboxylic esters 2 by PdI2-catalyzed oxidative carbonylative
heterocyclization of 3-yne-1,2-diols 1a
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Entry 1 R1 R2 R 2 Yield of 2b (%)

1 1a Me Bu Me 2a 69c

2 1b Me Ph Me 2b 60
3 1c Ph Bu Me 2c 61
4 1d Ph Ph Me 2d 56
5 1e H Bu Me 2e 72
6 1a Me Bu Et 2a0 66

a All reactions were carried out in ROH (substrate concentration = 0.05 mmol per
mol of ROH, 1–2 mmol scale based on 1) at 100 �C for 2 h under 40 atm (at 25 �C) of
a 4:1 mixture of CO-air, in the presence of PdI2 (1 mol %) in conjunction with KI (KI/
PdI2 molar ratio = 5). Substrate conversion was quantitative in all cases.

b Isolated yield based on starting 1.
c The GLC yield was 76%.
In conclusion, we have reported the first example of a direct
synthesis of an important class of heterocyclic derivatives, such
as furan-3-carboxylic esters, by a one-step carbonylative hetero-
cyclization approach. The method is based on the use of readily
available substrates (3-yne-1,2-diols, CO, and O2) and a very simple
catalytic system (PdI2-KI), and is characterized by good product
yields and high atom economy.
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