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ABSTRACT: A water-mediated catalytic decarboxylation process
toward the formation of polysubstituted furans and (E)-allylic
alcohols has been reported. This protocol features wide functional
group tolerance, easy operation, and only CO2-byproduct
generation. These reactions can be performed on a large scale
open to air under extremely ambient conditions. A range of control
experiments revealed the crucial role of the water for the successful conversions as well as the origin of the chemoselectivity and
exclusive stereoselectivity.

In recent years, reducing or eliminating the use or generation
of hazardous substances in chemical processes in a way that

is environmentally benign is of high significance to sustainable
chemistry.1 In this respect, to develop water-mediated
synthetic methodologies is interesting and of great significance
for sustainable chemistry because water is readily available and
nontoxic, thus serving as an ideal green reaction partner or
media/solvent. However, to develop such a process in
synthetic chemistry typically is not an easy task2 because
water is a very weak nucleophile and generally is extremely
unreactive.
Polysubstituted furans are frequently found in pharmaceut-

icals, natural products, and functional materials (Scheme 1)3

and also serve as intermediates in synthetic chemistry.4 The
design of a new catalytic system toward the efficient synthesis
of furans is the continuous endeavor of synthetic chemists.5

The synthesis of furans has advanced mainly including those of
transition-metal-catalyzed intramolecular cycloisomerizations,6

intermolecular cycloadditions,7 and organocatalytic means,8

while a diverse synthesis of polysubstituted furans with water
as O-donor is quite challenging and not yet well-established.
To the best of our knowledge, there is only one report2e with
water as nucleophile for the formation of furans with quite
limited substitution patterns at elevated temperatures. There-

fore, to explore a water-mediated synthesis of polysubstituted
furans under mild conditions is of significance especially in
terms of developing sustainable chemistry.
On the other hand, decarboxylative chemistry has gained

much research interest mainly due to the advantages of
ambient reaction conditions, friendly operations, and only
CO2-byproduct generation.

9,10 Some of us previously reported
that a water nucleophilic attack of a Pd-allyl intermediate
derived from the decarboxylation of vinyl cyclic carbonate A
proved to be a fantastic approach to access a batch of
polysubstituted allylic alcohols with exclusive (Z)-configura-
tion (Scheme 2a).10 Taking into account the synthetically
important and challenging synthesis of stereodefined poly-
substituted alkenes,11 this water nucleophilic approach10

represents a great step forward toward (Z)-configured
polysubstituted allylic alcohols. However, this approach could
not be used for the stereoselective synthesis of the (E)-allylic
alcohols, thus leaving this challenge unsolved. Our group very
recently disclosed the cycloaddition reactions toward carbo-
cycles and pyrroles with the use of a newly designed CO2-
derived cyclic carbonate B as substrates.12 Inspired by
tempting water-related chemistry,2,10 we systematically inves-
tigated the reaction of water and this cyclic carbonate B.
Excitingly, we found that the chemoselectivity of this water-
mediated reaction could be fully controlled toward either
formation of polysubstituted furans or allylic alcohols (Scheme
2b). The substitution type of the furan and allylic alcohol
products could be simply modulated by varying the functional
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Scheme 1. Examples of Bioactive Molecules Featuring a
Furan Skeleton
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groups on the cyclic carbonates. Most importantly, by simply
changing the reaction conditions, we could achieve the chemo-
and stereoselective synthesis of a range of trisubstituted allylic
alcohols with exclusive (E)-configuration. Herein, we reported
our latest interesting results and mechanism insights on this
project.
We began our study by using carbonate 1a as the model

substrate for the synthesis of furan 2a in the presence of
palladium catalyst and phosphine ligand (Table 1, entries 1−
14). No conversion was observed in initial tests in different
well-dried solvents (DMF, acetone, or THF), suggesting that
water is crucial for the successful reaction. In the presence of
Pd(dba)2 and ligand L1, the yield of the desired furan 2a was
slightly improved when the reaction was performed at 40 °C in
a mixed DMF−H2O (10:3) (entries 1−3). The use of
Pd(TFA)2 precatalyst gave better results (entries 4−6). The
phosphine ligand screening suggested that ligand L4 is best
toward the furan formation (entries 7−10). Gratifyingly, the
reaction efficiency was greatly improved toward the selective
formation of furan 2a with the utilization of a mixture of
acetone−H2O as solvent (entries 11−14).
During our optimization process toward the formation of

furan 2a, we also found an allylic alcohol product 3a with (E)-
configuration that derived from the water nucleophilic attack.
This observation is very different from previous results on Pd-
catalyzed decarboxylation of vinyl cyclic carbonates.10,12

Considering that the water nucleophilic attack reaction is
challenging2 and the synthetic importance of stereodefined
allylic alcohol,13,14 we then turned our attention for the
condition screening toward the chemoselective formation of
product 3a (Table 1, entries 15−24). Changing the amount of
water did not improve the reaction efficiency toward the
alcohol formation (entries 15 and 16). The use of Pd(OAc)2
precatalyst in the presence of L1 in a mixed solvent of DMF−
H2O proved to be beneficial for the formation of 3a (entry 6).
To our delight, the yield of the allylic alcohol 3a could be
significantly increased to 81% when the reaction was
performed at room temperature for shorter reaction time (24
vs 2 h) while keeping other conditions unchanged (entries 6 vs
17). Variation of either solvent or ligand resulted in inferior
reaction outcomes (entries 18−23). In contrast, the utilization
of Pd(TFA)2 was much less efficient for the allylic alcohol
formation (entry 24).

With the optimized reaction conditions in hand, we set out
to investigate the generality of this water-mediated Pd-
catalyzed decarboxylative transformation of cyclic carbonates
1a−1z toward the formation of functionalized furans (Figure
1).15 The cyclic carbonates bearing either electron-donating or
-withdrawing functional groups at the para-, meta- and ortho-
positions of the aromatic substituent reacted smoothly to
afford the target furans 2a−2z in moderate to good yields. The
compatibility with the aryl halides provided the basis for the
further derivatization of the products (2f, 2i, 2s). The
introduction of fluorine functionality could be easily achieved
(2f−2h, 2o, 2s, 2t) in the present protocol, which is of
pharmaceutical interest.16 The clumsy naphthyl group was also
tolerated (2w). We further note that the alkyl-substituted
substrates showed satisfactory reactivity toward the target
furans with good yields (2u, 2v). Preinstallation of substituents
on the vinyl group of the carbonate substrate enabled the
preparation of tri- and tetrasubstituted (2x, 2y, and 2z) furans.
Afterward, the reaction generality toward the (E)-allylic

alcohol 3 was explored (Figure 2). A range of functionalized

Scheme 2. Water-Mediated Pd-Catalyzed Decarboxylation
of Cyclic Carbonates

Table 1. Optimization of the Reaction Conditions for the
Formation of Furan 2a or Allylic Alcohol 3aa

entry Pd precursor L solvent T (°C) 2a (%)b 3ab (%)

1 Pd(dba)2 L1 DMF 25 <2 28
2 Pd(dba)2 L1 DMF 40 9 45
3 Pd(dba)2 L1 DMF 60 8 42
4 White catalyst L1 DMF 40 11 44
5 Pd(TFA)2 L1 DMF 40 20 51
6 Pd(OAc)2 L1 DMF 40 6 60
7 Pd(TFA)2 L2 DMF 40 <2 <2
8 Pd(TFA)2 L3 DMF 40 7 27
9 Pd(TFA)2 L4 DMF 40 23 43
10 Pd(TFA)2 L5 DMF 40 <2 <2
11 Pd(TFA)2 L4 CH3CN 40 5 35
12 Pd(TFA)2 L4 acetone 40 93 0
13 Pd(TFA)2 L4 MeOH 40 <2 <2
14 Pd(TFA)2 L4 THF 40 40 41
15c Pd(TFA)2 L4 acetone 40 63 <2
16d Pd(TFA)2 L4 acetone 40 60 <2
17e Pd(OAc)2 L1 DMF 25 <2 81
18 Pd(OAc)2 L2 DMF 25 <2 <2
19 Pd(OAc)2 L3 DMF 25 <2 <2
20 Pd(OAc)2 L4 DMF 25 30 18
21 Pd(OAc)2 L5 DMF 25 <2 <2
22 Pd(OAc)2 L1 acetone 25 <2 20
23 Pd(OAc)2 L1 MeOH 25 <2 <2
24h Pd(TFA)2 L1 DMF 25 25 16

aReaction conditions: 0.1 mmol of carbonate 1a, 0.1 mL of solvent.
b1H NMR yield using 2-methylnaphthalene as internal standard.
cAcetone−H2O (10:1) was used as solvent. dAcetone−H2O (2:1)
was used as solvent. eEntries 17−23: reactions for 2 h. hQuite low
conversions (<3%) were observed when reaction for 2 h.
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cyclic carbonates proved to be applicable in this reaction under
the optimized conditions toward otherwise synthetically

challenging stereodefined allylic alcohols (3a−3q). The (E)-
configuration of the allylic alcohol was unambiguously deduced
from the X-ray analysis of product 3p. The alkyl-substituted
carbonates proceeded smoothly to give the corresponding
products (3n and 3o). It is worth mentioning that all of these
reactions toward the formation of furans or (E)-allylic alcohols
could be performed open to air under ambient conditions (rt
or 40 °C), which adds further attractiveness to the present
methodology. Substantial experimental work with attempts to
install substituents on the exocyclic double bond was
unsuccessful. The p-CN and NO2-functionalized (E)-allylic
alcohol products were indeed observed by NMR but failed in
purifications though extensive experimental work has been
done.
The present methodology was applicable for a larger scale

reaction as exemplified in the gram-scale synthesis of furan 2e
(Figure 3a). The Friedel−Crafts acylation of 2e afforded the 5-

acetyl furan 4 in 73% yield (Figure 3b). Formylation of
product 2e could be easily achieved toward the formation of
the corresponding aldehyde 5 in quantitative yield (Scheme
3b). The (E)-allylic alcohol framework 3 containing a γ-
hydroxy-α,β-enone unit proved to be a useful synthetic
intermediate.14 We further showcased their synthetic applica-
tion via chemoselective reduction or oxidation of the allylic
alcohol 3a while keeping the double bond intact to afford the
corresponding (E)-1,4-but-2-enediol 6 or dicarbonyl com-
pound 7, respectively (Figure 3c).
In order to gain more insight into the reaction regarding the

chemoselectivity or the origin of the exclusive (E)-stereo-
selectivity, a series of control experiments using carbonate 1a
or 3a as substrates were accomplished (Figure 4). No furan
was observed when the reaction with carbonate 1a as substrate
was performed under the standard conditions (refer to entry
12 in Table 1) but in well-dried acetone, indicating the key role
of water (Figure 4a). The addition of 18O-labeled water in the

Figure 1. Carbonate scope toward the formation of furans 2a−2z.
Reaction conditions: 1 (0.20 mmol), Pd(TFA)2 (5 mol %), L4 (10
mol %), acetone−H2O (10:3, 0.2 mL).

Figure 2. Carbonate scope toward the formation of (E)-allylic alcohol
3. Reaction conditions: carbonate 1 (0.20 mmol), Pd(OAc)2 (5 mol
%), L1 (10 mol %), DMF−H2O (10:3, 0.2 mL). Inset is the solid
state of product 3p and hydrogen atoms are omitted for clarity at 50%
probability for the drawing of thermal ellipsoids.

Figure 3. (a) Gram-scale synthesis of furan 2e. (b) Synthetic
transformations of 2e under different reaction conditions: (i) AC2O,
ZnCl2, rt; (ii) DMF, POCl3, rt. (c) Synthetic transformations of 3a
under different reaction conditions: (iii) CeCl3, NaBH4, methanol, 0
°C; (iv) MnO2, DCM, rt. See the Supporting Information for reaction
details.
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acetone-based solvent led to the formation of 18O-labeled
allylic alcohol 8 (Figure 4b) or furan 9 (Figure 4c) under the
standard conditions in decent yields, suggesting the occurrence
of the water nucleophilic attack. A substantial amount of the
(E)-allylic alcohol 3a (66% in yield) was isolated when the
reaction toward the formation of furan was run for a shorter
amount of time (2 vs 24 h, Figure 4d). Under the optimized
conditions toward the formation of furan, the allylic alcohol 3a
could be easily converted into the furan 2a in 90% isolated
yield (Figure 4e); interestingly, no reaction occurred in the
absence of palladium precatalyst or water while keeping other
factors unchanged (Figure 4e). Taken our experimental
observations and previous reports into consideration,9a,b,10,12,13

a plausible mechanism was proposed as depicted in Scheme 3.
The decarboxylation of the carbonate 1a took place in the
presence of suitable palladium precatalyst and ligand to
generate a zwitterionic species t1. The water nucleophilic
attack of the intermediate t1 would give rise to either allylic
alcohol (E)-3a or (Z)-3a but with the formation of (E)-3a
favored (k1 > k1′). The stereoisomer (E)-3a is stable and
isolatable, while the corresponding (Z)-3a was readily
converted to furan 2a through t3 upon an intramolecular
nucleophilic attack followed by a dehydration process. The
ratio of the stereoisomers (E)-3a/(Z)-3a could be controlled
by judicious choice of the ligand and reaction conditions. In
the presence of water and palladium catalyst, the interconver-
sion of the stereoisomers of 3a occurred through palladium
allyl intermediate t2 in which the dangling hydroxyl group acts
as a leaving group with the water as nucleophile. In the current
system, the water nucleophilic attack of t2 toward the (Z)-3a is
more favored (k2′ > k2) as suggested from the control
experiments in Figure 4d.
In summary, we have developed an interesting water-

mediated catalytic decarboxylation process toward the
formation of polysubstituted furans and (E)-allylic alcohols.
This protocol features wide functional group tolerance, easy
operation, and only CO2 byproduct generation. These
reactions can be performed on gram scale open to air under
extremely ambient conditions. A range of control experiments
revealed the crucial role of the water for the successful
conversions as well as the origin of the chemoselectivity and
exclusive stereoselectivity.
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