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A palladium-catalyzed [4 + 1] cycloaddition of prop-2-yn-1-ones with double isocyanides is developed
herein. The transformation worked well to produce a series of 2-amino-4-cyanofurans with high
efficiency and a broad reaction scope. Based on mechanism studies, it is believed that the palladium-
catalyzed [4 + 1] imidoylative cycloaddition of prop-2-yn-1-ones was concerted. Treatedwith aryl amine
and H2O, the [4 + 1] cycloaddition of prop-2-yn-1-ones with double isocyanides provided 2-amino-4-
amidylpyrroles efficiently.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Isocyanides-based chemistry, highlighted by Passerini reaction
and Ugi reaction, has attracted ever-increasing attention of
synthetic chemists [1]. In the past decades, isocyanides have been
well-recognized as a valuable C1 synthons [ [12_TD$DIFF]2–4]. As an important
protocol to prepare cyclic products from acyclic substrates,
cycloaddition was a type of history-long reaction [5]. In consider-
ation of synthetic versatility of isocyanides, isocyanides-based
cycloaddition (imidoylative cycloaddition) was a topic deserved to
be exploited [6]. To the best of our knowledge,most of imidoylative
cycloaddition often required using a stoichiometric loading of
promoters [6,7].

In 2003, a catalytic version was initiated by Chatani and co-
workers with a [4 + 1] cycloaddition of [13_TD$DIFF]α,β-unsaturated carbonyl
compoundswith isocyanides [8]. Based on theirfindings, the use of
GaCl3, a catalyst with low affinity towards oxygen and nitrogen
atoms, enabled the catalytic imidoylative [4 + 1] cycloadditionwith
high reaction efficiency and a broad reaction scope (Scheme 1a).
Subsequently, the results from Zhu and co-workers suggested
[4 + 1] cycloaddition of [13_TD$DIFF]α,β-unsaturated imines with isocyanides
also worked well in the presence of a catalytic amount of AlCl3 [9].
Recently, Jia, Li and co-workers reported an ytterbium and silver
co-catalyzed synthesis of pyrrole-fused bicycles from enynones
titute of Materia Medica, Chinese
and isocyanides [10]. In the process, a catalytic imidoylative
stepwise [4 + 1 + 1] cycloaddition enabled by Yb(OTf)3 was
witnessed (Scheme 1b).

On the other hand, palladium chemistry is a powerful tool to
construct carbon-carbon bond and carbon-heteroatom bond [11].
Palladium catalysis was often used in isocyanides-based transfor-
mation, partially because of its easy coordination and ligand
dissociation of palladium complexes with isocyanides. To our
surprise, it remains rare that cycloaddition of [14_TD$DIFF]1,3-conjugated
systemwith isocyanides was promoted by palladium catalyst [12].
Theoretically, more synthetic versatilities of isocynides might be
developed since palladium often served as Lewis acid catalyst and
transitional metal catalyst as well. Very recently, a first palladium-
catalyzed [4 + 1] cycloaddition of prop-2-yn-1-imines with iso-
cyanides was established by our group for the synthesis of
polysubstituted pyrroles (Scheme 1c) [12]. In this reaction, double
isocyanides were incorporated as expected. Interestingly, one of
isocyanides was installed as imidoyl group, and another was
converted into cyano group. Moreover, it is noteworthy that the
palladium-catalyzed [4 + 1] cycloaddition of prop-2-yn-1-imines
with isocyanides was a concerted pathway, which was distinctive
from the previous findings.

Inspired what mentioned above together with our continuous
interest in regioselective transformation of alkynes [13], wewould
like to disclose imidoylative cycloaddition of prop-2-yn-1-ones
under palladium catalysis (Scheme 1d). In the process, it was
hypothesized that a palladium-catalyzed cycloaddition with
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Proposed route for the synthesis of furan derivatives through palladium-
catalyzed cyclization of prop-2-yn-1-ones and isocyanides.

Table 1
Initial studies for the reaction of [4 + 1] cycloaddition of prop-2-yn-1-ones and
isocyanides under palladium catalysis.a

Entry [Pd] Solvent Temp (oC) Yield (3a, %)b

1 Pd(TFA)2 DMF 80 49
2 Pd(OAc)2 DMF 80 53
3 PdCl2 DMF 80 30
4 / DMF 80 0
5 Pd(OAc)2 THF 80 48
6 Pd(OAc)2 Toluene 80 71
7 Pd(OAc)2 MeCN 80 69
8 Pd(OAc)2 DCE 80 85
9c Pd(OAc)2 DCE 80 complex
10 Pd(OAc)2 DCE 100 82
11 Pd(OAc)2 DCE 50 63
12d Pd(OAc)2 DCE 80 65
13e Pd(OAc)2 DCE 80 83
14f Pd(OAc)2 DCE 80 81
15g Pd(OAc)2 DCE 80 77

DCE = 1, 2-dichloroethane; DMF = N, N-dimethylforamide, THF = tetra-hydrofuran.
a Standard conditions: prop-2-yn-1-one 1a (0.2mmol), tert-butyl isocyanide (3.0

equiv.), [Pd] (10mol%), solvent (2mL), [5_TD$DIFF]80 �C, overnight.
b Isolated yield based on alkynylketone 1a.
c 2.0 equiv. of water was added.
d Pd(OAc)2 (5mol%) was used.
e 5 equiv. of isocyanides was used.
f DPPF (20mol%) was added as the ligand.
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isocyanides happened to prop-2-yn-1-ones 1 to produce furan
cation-containing palladium species A or pyran cation-containing
palladium species A[15_TD$DIFF]0. The proposed key intermediates A and A[15_TD$DIFF]0

were probably trapped by another isocyanides to offer polysub-
stituted furan derivatives 3 or polysubstituted pyran derivates [16_TD$DIFF]30.
To verify the possibility of this projected transformation, we
started to optimize the reaction conditions.

The reaction of 1-phenyl-3-(p-tolyl)prop-2-yn-1-one 1a and
tert-butyl isocyanides 2awas employed as a model reaction. Initial
trials were focused on screening various palladium sources. As
presented in Table 1, Pd(OAc)2 was the best choice, leading to the
desired 2-amino-4-cyanofuran 3a in a [17_TD$DIFF]53% yield (entry 2) as
expected. The [4 + 1+1] cycloaddition pyran product 3a [18_TD$DIFF]0, dominat-
ed in Jia and Li’s results, was not afforded at all. Considering high
importance of 2-amino-4-cyanofuran [14], we further optimize the
reaction.

When Pd(TFA)2 and PdCl2 were used as catalysts (entries 1 and
3), inferior outcomes towards 3a were observed. A blank reaction
without palladium catalyst was totally retarded, showing the high
importance of palladium catalyst in the process (entry 4). Then,
solvent effect was also explored accordingly. From the results,
moisture in solvent made a significant impact on the reaction
efficiency. The use of DCE, with relatively poor water solubility,
gave rise to the desired product 3a in [19_TD$DIFF]85% yield (entry 8). No better
yields were detected when using THF, toluene and MeCN as
solvents (entries [20_TD$DIFF]5–7). To prove this assumption, the model
reaction at DCE with 2 equiv. of water as additive was conducted.
The control experiment became complex and did not provided the
desired product 3a (entry 9). Increase or decrease of reaction
temperature did not improve the reaction efficiency (entries 10
and 11). The reaction was greatly supressed when the loading of
palladium was reduced to 5mol% (entry 12). To increase
isocyanides loading to 5.0 equiv., the yield toward the desired
product 3a was not improved, and moreover, the [4 + 1+1]
cycloaddition product 3a [21_TD$DIFF]0 was still not observed. This above result
probably suggested palladium-catalyzed cycloaddition herein
underwent a distinctive pathway from that of GaCl3 catalysis
and Yb(OTf)3 catalysis. Supposing the cycloaddition of prop-2-yn-
1-ones with isocyanides was concerted, it should be predictable
that the model reaction failed to the [4 + 1+1] cycloaddition
product 3a[21_TD$DIFF]0. To test the role of ligands, we added DPPF or TMEDA to
the reaction system under standard conditions (entries 14 and 15).
However, there were no obvious changes in yield, implying that
ligands might have little effect on this reaction.

With the optimized conditions (entry 8, Table 1) in hand, we
then explored the generality of our method. The results were
illustrated in Scheme 2. From the results, an array of 2-amino-4-
cycano furans 3 was achieved in good yields accordingly. For
example, the reaction of 1-phenyl-3-(thiophen-2-yl)prop-2-yn-1-
one 1j under standard conditions provided the corresponding
product 3j in [22_TD$DIFF]82% yield, while the reaction of 1,5-diphenylpent-4-
en-2-yn-1-one 1k gave rise to corresponding furan 3k in a [23_TD$DIFF]70%
yield.

Particularly, substrate with double carbonyl 1,4-diphenylbut-3-
yne-1,2-dione 1mwas an efficient reaction partner, leading to the
desired product 3m in [24_TD$DIFF]75% yield. Interestingly, the cyclohexyl
isocyanide was also compatible for the reaction, with the
formation of corresponding furan 3n in [25_TD$DIFF]72% yield. It was
noteworthy that the reaction of prop-2-yn-1-imine and cyclohexyl
isocyanide did not offer pyrroles, as presented in our previous
report. To our surprise, the substrates prop-2-yn-1-ones with
either alkylalkyne or alkyl carbonyl failed to produce the
corresponding furans (data not shown in Scheme 2).

In our previous work, it was found that water and KOAc could
serve as efficient partners in reaction of prop-2-yn-1-imine with
isocyanides. As such, the three-component reaction of prop-2-yn-
1-one, isocyanides, and H2O/KOAc was conducted with a wish to
prepare furan derivativeswithmoremorecular diversity and group
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Scheme 2. Generation of furans 3 through palladium-catalyzed [4 + 1] cyclization
of prop-2-yn-1-ones and isocyanides. Reaction conditions: prop-2-yn-1-ones 1
(0.2mmol), Pd(OAc)2 (10mol%), isocyanides (3.0 equiv.), DCE (2mL), 80 �C,
overnight. Isolated yields based on prop-2-yn-1-ones 1.

[(Scheme_3)TD$FIG]

Scheme 3. Generation of furans 3 through palladium-catalyzed [4 + 1] cyclization
of prop-2-yn-1-ones, isocyanides, and H2O/KOAc. Reaction conditions: prop-2-yn-
1-ones 1a (0.2mmol), Pd(OAc)2 (10mol%), isocyanides (3.0 equiv.), H2O/KOAc (10
equiv. [2_TD$DIFF]), DCE (2mL), 80 �C, overnight. Isolated yields based on prop-2-yn-1-one 1a.

[(Scheme_4)TD$FIG]

Scheme 4. Generation of pyrrole 4 through palladium-catalyzed [4 + 1] cyclization
of prop-2-yn-1-ones, amines, water, and isocyanides. Reaction conditions: prop-2-
yn-1-ones 1 (0.2mmol), Pd(OAc)2 (10mol%), isocyanides (3.0 equiv. [3_TD$DIFF]), H2O (10
equiv.), DCE (2mL), 80 �C, overnight. Isolated yields based on prop-2-yn-1-ones 1.

[(Scheme_5)TD$FIG]

Scheme 5. Plausible mechanism.
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complexes (Scheme 3). Surprisingly, the corresponding reaction
became complex, and no desired products 3o and 3pwas obtained
as expected.

Interestingly, the four-component reaction of prop-2-yn-1-
ones 1, amines, isocyanides, and H2O worked well under standard
conditions. The results were presented in Scheme 3. However, the
above four-component reaction did not provide furan derivatives,
but various pyrroles. We reasoned that prop-2-yn-1-ones 1 was
readily to condensate with amine to in situ generate prop-2-yn-1-
imines. Palladium-catalyzed [4 + 1] cycloaddition of prop-2-yn-1-
imines with isocyanides was established by our group previously.
As such, we exploited the reaction scope on the four-component
reaction of prop-2-yn-1-ones 1, amines, isocyanides, and H2O.

As presented in Scheme 4, a series of pyrroles 4was achieved in
good yields accordingly. Pleasingly, prop-2-yn-1-ones 1 hereinwas
expanded to prop-2-yn-1-aldehydes (entries 4a-4m, Scheme 4),
prop-2-yn-1-alkylones (entries 4n and 4o, Scheme 4), and alkyl
alkyne-connected prop-2-yn-1-ones (entries 4q and 4r, Scheme 4),
although amines were limited to aryl amines. The reactions using
alkyl amines became complex, probably since 1,4-addition of
alkylamine readily happened to prop-2-yn-1-ones 1.

In light of the aforementioned results and our previous findings,
a plausible mechanismwas proposed in Scheme 5. As illustrated in
Scheme 5, a [4 + 1] cycloaddition of prop-2-yn-1-ones 1 with
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isocyanindes to produce furan cation palladium species A.
Considering the fact failing to provide [4 + 1+1] cycloaddition
product, it was believed that a [4 + 1] cycloaddition of prop-2-yn-
1-ones 1was concerted. The intermediateA occurred to go through
another imidoylation, with the formation of furan cation
imidoylpalladium species B [15]. Sequential [26_TD$DIFF]β-carbon elimination
and [26_TD$DIFF]β-hydride elimination finally released the products 3 [12,16].

When treated with water, the intermediate B went through
nucleophilic addition of water and reductive elimination to afford
bicyclo[3.2.0]hept-4-ene intermediate F. In the presence of
palladium, oxidative addition of palladium into intermediate F
provided an intermediate G [17], which underwent double
protonation to offer the final products 4.

In conclusion, we have developed a palladium-catalyzed
concerted [4 + 1] cycloaddition of prop-2-yn-1-ones with double
isocyanides. The transformationworked well to produce a series of
2-amino-4-cyanofurans with high efficiency and a broad reaction
scope. Treatedwith aryl amine andH2O, the [4 + 1] cycloaddition of
prop-2-yn-1-ones with double isocyanides provided 2-amino-4-
amidylpyrroles efficiently.
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