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a b s t r a c t

Pyrroles are important structural units of natural products, drug molecules, biomolecules and functional

material molecules. Efficient synthesis of α-functionalized pyrroles with different substituents from eas-

ily accessible starting materials is still challenging. Herein, a facile and regioselective coarctate reaction

of enynals involving a free carbene intermediate has been developed, which allows the divergent and

practical de novo synthesis of various α-furanyl pyrroles and α-cyclopropenyl pyrroles derivatives with

good to excellent yields and high efficiency under mild conditions. This approach features readily acces-

sible starting materials, high functional group compatibility, step economy and scalability, which would

complement previous methods and support expansion of the toolbox for the synthesis of valuable, but

previously inaccessible, highly substituted and electron-rich α-functionalized pyrroles.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The development of efficient and atom economical processes

for the preparation of valuable heterocycles remains an impor-

tant goal in synthetic organic chemistry. Arguably, pyrroles are

one of the most prevalent five-membered heterocycles and are

present in a large number of natural products [1–6], pharma-

ceuticals [7,8], functional materials [9–15], and ligands [16,17]

(Scheme 1a). Even though there are many well-developed meth-

ods for the synthesis of pyrroles [18,5,19], the efficient synthe-

sis of α-functionalized pyrroles is still challenging. Due to its

electron-rich nature, the poor air stability of pyrroles towards at-

mospheric oxygen often makes it a great challenge to synthesize

and further study the structure and properties for α-functionalized

pyrrole derivatives, especially for these bearing electron-donating

substituents [20]. Traditionally, transition-metal-catalyzed cross-

coupling reaction between two prefunctionalized substrates is a

common method for the synthesis of α-functionalized pyrroles

(Scheme 1b, left), but it usually suffers from some drawbacks,

such as expensive transition-metal catalysts and ligands, low atom-

economy, low stability of some heteroaryl halides and poor tol-

erance of functional groups under acidic conditions [21–28]. Al-

ternatively, regioselective functionalization of the preformed pyr-
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role rings offers the synthesis of multi-substituted α-functionalized

pyrrole derivatives [29,30]. Meanwhile, to avoid the negative ef-

fects caused by the active pyrroles, the de novo construction of

pyrrole rings through isomerization or cycloaddition represents an-

other highly desirable and intriguing strategy for synthesizing α-

functionalized pyrrole derivatives (Scheme 1b, right) [31–40]. How-

ever, the requirement of elaborated starting materials narrowed

down the practical applicability of this method. Hence, due to its

ubiquitous nature, the search for more efficient and sustainable

procedures for the preparation of α-functionalized pyrrole deriva-

tives and build up new α-functionalized pyrrole skeletons using

readily available starting materials under mild reaction conditions

would be highly desirable, especially if such methods rely upon

state-of-art green credentials, which would meet the strong syn-

thetic demand for green chemistry and sustainable development.

On the other hand, transition-metal-catalyzed cyclization reac-

tions of conjugated enynals or enynones through a 5-exo-dig nu-

cleophilic attack have become an efficient way to generate the

α-furanyl carbene intermediates [41–54]. Despite several achieve-

ments in the synthesis of α-functionalized furan derivatives with

structural diversity and atom economy by this way, reports on α-

functionalized pyrrole derivatives are rare, which remain elusive

and challenging [55,56].

Based on our previous work, in which enynals could efficiently

give bifurans through the coarctate reactions [57,58] under the
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Scheme 1. Pyrrole molecules and strategies for the synthesis of α-functionalized pyrrole derivatives.

catalysis of acids [59], and as part of our ongoing interest in de-

veloping novel heterocyclic molecule frameworks [60–63], we en-

visioned that the simple and commercially inexpensive starting

material enynals might undergo a tandem double cycloisomeriza-

tion under the addition of amines to achieve the de novo syn-

thesis of the desired α-functionalized pyrrole derivatives (Scheme

1c). It should be noted that our hypothesis faces some inher-

ent challenges in terms of both chemo-and regioselectivity (up

to 4 isomers): (1) Avoiding the direct competitive cyclization re-

action before the condensation between amine and the formyl

group to form imine, which may cause the reaction to produce

the undesired bifuran byproducts; (2) As for the asymmetric eny-

nals substrates, the reaction may result in the formation of two

α-furanyl pyrroles isomers. If successful, this method would pro-

vide a general and modular platform for the de novo synthesis

of α-functionalized pyrrole derivatives, which are otherwise chal-

lenging to access. In response to this assumption, we disclose a

highly atom-economical, cost-effective, scalable, and regioselective

coarctate reaction of enynals for the synthesis of α-furanyl and α-

cyclopropenyl pyrrole derivatives in a programmed and diversity-

oriented format under mild conditions (Scheme 1d).

To validate the feasibility of this hypothesis, we initiated our

studies by using enynals 1a and tBuNH2 as the cyclization part-

ner for reaction condition screening. As shown in Table 1, various

Brønsted acid catalysts were tested for this reaction (entries 1–6).

At the outset, when 0.1 equiv. pyridine p-toluenesulfonate (PPTS),

which is a widely used and mild acidic catalytic reagent, was ap-

plied as the catalyst, the reaction virtually did not take place (en-

try 1). With the employment of 6.0 equiv. acetic acid (AcOH), we

also have failed to detect the formation of target products at room

temperature for 24h (entry 2). We were delighted to discover that

the desired α-furanyl pyrrole 2a could be successfully produced in

68% yield with the dropwise addition of 6.0 equiv. tetrafluoroboric

acid (HBF4) within a time process of 10 min (entry 3). To our de-

light, trifluoromethanesulfonic acid (TfOH) could catalyze this re-

action to furnish the desired product in high yield (entry 4, 72%).

The yield of 2a could be significantly improved when 6.0 equiv.

Table 1

Optimization of the reaction conditions.a

Entry tBuNH2

(x equiv.)

Catalyst

(y equiv.)

Time Yieldb (%)

2a 3b

1 5.0 PPTS (0.1) 24 h NR –

2 5.0 AcOH (6.0) 24 h NR –

3 5.0 HBF4 (6.0) 10 min 68 –

4 5.0 TfOH (6.0) 10 min 72 –

5 5.0 MsOH (6.0) 10 min 92 –

6 5.0 HCl (6.0) 10 min 56 –

7 7.0 MsOH (6.0) 10 min 92 –

8 3.0 MsOH (6.0) 10 min 70 –

9 1.5 MsOH (6.0) 10 min 25 –

10c 5.0 – 48 h – 97

11c 1.2 – 48 h – 96

12c,d 1.2 – 48 h – 90

a 1a (0.2mmol), MsOH (6.0 equiv.), THF (1.0mL), r.t., under N2, the addition of

acid was added dropwise over 10min. PMP=4-MeO–C6H4.
b Isolated yield.
c 1a (0.2mmol), THF (2.0mL), 60 °C, under N2, 48h.
d Ethyl acetate used as solvent.

methanesulfonic acid (MsOH) was applied (entry 5, 92%). Increase

in the equivalence of tBuNH2 failed to improve the product yield

(entry 7). The further screening of the loading of tBuNH2 demon-

strated that decreasing the loading of tBuNH2 had negative influ-

ence on the reaction efficiency (entries 8 and 9). Meanwhile, the

reaction occurred most optimally with 5 equiv. of amines and a

reduced number of amines would lead to the generation of bifu-

ran byproducts. Besides, the examination of the solvent implied

that THF was the most suitable one for the desired transforma-

tion (see Supporting information for details). It is worth mention-

ing that α-cyclopropenyl pyrrole 3b was surprisingly obtained in
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Scheme 2. Substrate scope for the synthesis of α-furanyl pyrroles. Reaction conditions: 1=0.2mmol, THF (1.0mL), r.t., 10min, the addition of acid was added dropwise over

10min, isolated yield.

97% yield without the addition of MsOH upon increasing the re-

action temperature to 60 °C (entry 10). The unexpected formation

of 3b was very exciting because cyclopropenes are a fascinating

class of highly strained small molecules with applications in the

fields of drug discovery, catalysis, and materials chemistry [64–66].

This interesting observation as well procedure to enable efficient

access of α-cyclopropenyl pyrrole products from readily available

enynals and amines. Our continuing reaction condition optimiza-

tion revealed that the addition of 1.2 equiv. tBuNH2 is enough to

led the desired product formation in 96% yield (entry 11). More-

over, the employment of ethyl acetate (EA) could also result in a

good yield (90%, entry 12). A quick solvent screening revealed that

THF was the solvent of choice (see Supporting information for de-

tails).

Having established an effective means of synthesizing α-

functionalized pyrroles from hemi-protected enynals, we then ex-

amined the scope of substrates of this transformation for synthe-

sizing α-furanyl pyrroles under the optimized conditions. The re-

sults indicated that this reaction system facilitated smoothly with

a wide range of hemi-protected enynals 1 bearing different aryl

groups, and afforded α-furanyl pyrroles with high chemo- and re-

gioselectivity in moderate to good yields in very short reaction

time (Scheme 2). For instance, when the two aryl substituents

were the same, the target products 2a-2c could be obtained with

good yields. In addition, the substrates substituted by two differ-

ent aromatic groups are also compatible with these conditions, af-

fording the corresponding products (2d-2m) efficiently despite var-

ious functionality. Both electron-withdrawing (2d-2i) and electron-

donating groups (2j-2l) on enynals all reacted well to give the de-

sired products in 37%–95% yields. Among them, when a nitro group

was introduced to the substrate, this transformation could proceed

smoothly to yield the desired product 2h in 66% yield. Moreover,

α-furanyl pyrroles 2m that was substituted by more sterically de-

manding naphthalene could also be obtained in a yield of 79%.

Next, the generality of the process was investigated with re-

spect to amines. As summarized in Scheme 2, arylamines, regard-

less of the electronic properties, were compatible with the current

reaction system to afford the expected products 2n-2q in moder-

ate yields. Additionally, butylamine and benzylamine readily par-

ticipated in this reaction, giving rise to 2r and 2s in 61% and 67%

yield, respectively. In addition, the α-furanyl pyrrole structure was

unambiguously confirmed by X-ray crystallographic analysis of 2a.

With the success of the coarctate reaction to give α-furanyl

pyrroles under the catalysis of acids, we wondered whether eny-

nals and amines could be used as readily available starting ma-

terials to obtain bipyrrole derivatives. It should be noted that

bipyrroles represent the core structures of several marketed drug

molecules [67–70]. However, the development of more practical

and efficient procedures for synthesizing bipyrroles is still a chal-

lenging task. To explore the feasibility of coarctate reaction for

giving the expected bipyrroles, we selected enynals 1a and ani-

line as benchmark substrates to optimize the reaction conditions

(see Supporting information for details). After brief optimization

studies, we were delighted to find that the symmetric bipyrrole

product 4a could be obtained in 48% yield when 10 mol% of

Bi(NO3)3·5H2O was used as Lewis acid catalyst in 1,4-dioxane at

room temperature for 24h (Scheme 3). Similarly, the electron-

withdrawing hemi-protected enynals 1n were also amenable to the

reaction, giving the asymmetric bipyrrole product 4n in 49% yield.
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Scheme 3. The construction of bipyrrole derivatives by using enynals and amines.

The substrate generality of the reaction to obtain α-

cyclopropenyl pyrroles was then evaluated. As shown in Scheme 4,

this reaction could be successfully applied to a variety of enynals

1 with different combinations of aromatic groups. Gratifyingly,

either electron-rich or -poor substituents on the aryl ring were

well tolerated (3a-3q). Subsequently, in order to further investigate

the scope applicability of this green reaction, we surveyed readily

available amine building blocks. And it is found that alkyl amine,

benzylamine, aniline, ammonia, and even hydrazine were all

well tolerated in this reaction, producing α-cyclopropenyl pyrrole

products 3r-3x in 22%–82% yields. It is obvious that the electronic

properties of anilines had no significant influence on the reaction,

and the yields of the target product ranges from 64% to 82%

(3r-3u). However, a considerable drop in yield was noticed when

the disubstituted 2,6-dimethylaniline was applied, clearly suggest-

ing that aniline with high steric resistance hampers the reaction

outcome (3t, 40%). Furthermore, it is worth noting that the reac-

tions functioned well when hydrazine was used as amine donor

and give product 3w in 50% yield. Importantly, when ammonia

was used as amine donor, and the desired N-unprotected pyrrole

product 3x could also be furnished, albeit the yield was somewhat

low. The α-cyclopropenyl pyrrole structure was unambiguously

confirmed by X-ray crystallographic analysis of 3c.

Based on our previous reports [59], a plausible reaction mecha-

nism was then proposed in Scheme 5. Initially, the condensation of

enynal 1 with amine to form imine A. Under the condition of heat-

Scheme 4. Substrate scope for the synthesis of α-cyclopropenyl pyrroles. Reaction conditions: 1 (0.2mmol), THF (2.0mL), 60 °C, 48h, isolated yield.
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Scheme 5. Plausible mechanism for the construction of α-functionalized pyrrole

derivatives from enynals and amines.

Scheme 6. Gram-scale synthesis and transformations of α-cyclopropenyl pyrrole.

(a) HCl (aq.) (2.0 equiv.), THF, r.t., 10min; (b) Au(PPh3)Cl (5 mol%), NaBArF (5 mol%),

DCM, r.t., 48 h.

ing which was the absence of acid, the intermediate A may under-

goes cycloisomerization directly to form α-cyclopropenyl pyrroles

3, and it is worth noting that a α-pyrroleyl free carbene interme-

diate B may be involved in this process. On the other hand, the

intermediate A is deprotected by hydrolysis in the presence of acid

to provide enynal-imine intermediate C. Then double 5-exo-dig cy-

clization of C will take place under the catalysis of MsOH to pro-

duce α-furanyl pyrroles 2. In this process, an excess of amines was

required to completely inhibit the formation of bifuran byproduct,

and 6 equiv. acids were consumed, some of which may react with

the amine to form ammonium salt and others may be used to hy-

drolyze acetal-protected imine A to generate enynal-imine inter-

mediate C.

To further verify the potential application of this protocol, a

gram-scale reaction of 1b was carried out. Pleasingly, the reac-

tion could proceed smoothly as well, 4.4 g of 3b was isolated (88%

yield). It is noteworthy that the α-cyclopropenyl pyrrole 3b could

easily afford α-furanyl pyrrole product 2a in 85% yield with treat-

ment of 2 equiv. HCl (1mol/L) (Scheme 6). Furthermore, the cyclo-

propene moiety having abundant chemical transformations in the

product also provided a convenient handle for further elaboration

[71], as evidenced by the facile conversion of the product 3b into

multi-fused pyrrole ring 5 in 57% yield through Au(I)-catalyzed

C–H insertion reaction.

In summary, we have developed a method for efficiently and

greenly synthesizing α-functionalized pyrrole derivatives from eny-

nals and amines under mild conditions. This method provides an

efficient way to construct α-cyclopropenyl pyrroles for the first

time. In addition, under acidic conditions, enynals and amines

could quickly deliver α-furanyl pyrroles in 10min at room temper-

ature. This approach features readily accessible starting materials,

high functional group compatibility, step economy and scalability,

which would complement previous methods and support expan-

sion of the toolbox for the synthesis of valuable, but previously

inaccessible, highly substituted and electron-rich α-functionalized

pyrroles. The present method expands the application range of

enynal molecules from the construction of α-functionalized furan

derivatives to α-functionalized pyrrole derivatives, and providing a

new type of pyrrole frameworks. We also hope this finding would

build up a new platform for the development of green methods for

the de novo construction of α-functionalized pyrrole derivatives via

easy and available raw materials.
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