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A facile TfOH-catalyzed oxidative cyclization of allyl compounds and isocyanide has been developed with
the assistance of DDQ, where isocyanide is used as the crucial "N" and "CN" sources. Highly function-
alized 2-cyanopyrroles are constructed efficiently through a new formal [3 + 2] mode, demonstrating di-
verse reactivity and synthetic utility in organic chemistry. 2-Cyanopyrrole is converted into a nucleobase
analogue of Remdesivir and 5H-pyrrolo[2,1-a]isoindole through a three-step or a two-step sequence, re-
spectively. This protocol features broad substrate scope, operational simplicity and good functional group

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

Medica, Chinese Academy of Medical Sciences.

Polysubstituted pyrroles have attracted tremendous attention
due to their wide existence in various bioactive natural products
and pharmaceuticals. Among them, Tolmetin is a non-steroidal
anti-inflammatory drug, which can be used in the treatment of
rheumatoid arthritis [1]. Besides, Sunitinib is well acknowledged
to promote tumor angiogenesis by inhibiting vascular endothe-
lial growth factor receptor, further prolonging the median sur-
vival time of patients with advanced renal cell cancer [2]. Among
polysubstituted pyrroles, 2-cyanopyrroles have proven to be priv-
ileged structure in medicinal chemistry, demonstrating many bio-
logical activities, including anti-inflammatory, anti-hyperlipidemia,
hormones modulation, etc. (Fig. 1) [3,4]. For example, WAY-255348
exhibited potent and robust activity on progesterone receptor (PR)
antagonist and contraceptive end points in the rat and rhesus mon-
key (Fig. 1) [5].

Owing to the significance of 2-cyanopyrroles in aspects of phar-
macology and bioactivity, many efforts have been contributed to
the skeleton construction. The most common method is the di-
rect cyanation of pyrroles with a variety of cyanating reagents
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[6-17], including inorganic cyanides [7-9], chlorosulfonyl iso-
cyanates [10,11], DMF [12,13], trimethylsilyl cyanide (TMSCN)
[14,15] and ‘BuNC [16,17] (Scheme 1a). Rearrangement reactions
from tetrazolo[1,5-a]pyridines under pyrolysis could generate the
2-cyanopyrrole skeleton (Scheme 1b) [18,19]. Great progresses have
been made through successive pyrrole synthesis and cyanation re-
action, where two different "N" sources were required (Scheme 1c).
For example, bimolecular tandem reactions were feasible by using
o, B-unsaturated imines [20] or acrylnitriles [21] as the "N" source
and TMSCN or ‘BuNC as the "CN" source for the 2-cyanopyrrole
formation. Alternatively, multicomponent reactions were intro-
duced by employing unsaturated olefins [22,23] or alkynes [24,25]
as substrates. Among these examples, ‘BuNC was served as either
"N" source or "CN" source. However, very few examples have been
documented on the reactions involving isocyanides as the sole "N"
and "CN" sources for the construction of 2-cyanopyrroles (Scheme
1d). One elegant example was illustrated by Inoue and co-workers
from the reaction of acetylenes and ‘BuNC catalyzed by dinu-
clear palladium complexes, where isocyanide was also served as
the palladium complex ligand [26]. Wang’s group reported another
method by the [3+2] cyclization of terminal alkynes with in-
situ generated difluoroketenimine from difluorocarbene and ‘BuNC,
providing fluorinated 2-cyanopyrroles [27]. A general and simple
method is highly desirable for the synthesis of polysubstituted 2-
cyanopyrroles through a new synthetic mode.

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Bioactive molecules with 2-cyanopyrrole moiety.
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Scheme 1. Synthesis of polysubstituted 2-cyanopyrroles.

As critical building blocks, isocyanides have been widely ap-
plied in organic synthesis, medicinal chemistry, and materials sci-
ence [28-36]. Isocyanide insertion into inert bonds under Lewis
acid and transitional-metal catalysis proved to be an efficient ap-
proach for the construction of complicated molecules [37-42].
Nevertheless, the insertion of isocyanides into C(sp3)-H bonds was
less studied due to the difficulty toward breaking inert C(sp3)-
H bonds [39]. Therefore, the exploration of a facile method to
2-cyanopyrroles with the utilization of isocyanide insertion into
C(sp?)-H bonds is greatly valuable. We have realized the isocyanide
C(sp3)-H bond insertion reaction to afford pyrroles [43] and imi-
nonitriles [44,45]. Very recently, a novel triple-consecutive iso-
cyanide insertion with aldehydes was disclosed to afford 4-
cyanooxazoles [46], where ‘BuNC serving as sources of critical "CN"
and oxazole moieties. We envisioned this strategy could be applied
to form other nitrile-containing heterocycles by the consecutive
isocyanide insertion. Herein, we report a Brgnsted acid-catalyzed
sequential isocyanide insertion of allyl compounds, containing a
heteroatom (N, O, and S) [47-49], to enable the expedient syn-
thesis of 2-cyanopyrroles under mild conditions, where both pyr-
role formation and cyanation reaction are realized via consecutive
isocyanide insertion (Scheme 1d). The given 2-cyanopyrroles serve
as versatile building blocks and could be transformed into other
functionalized pyrroles containing primary amine, formyl, alkynyl,
iodo or amide groups through postfunctionalizations. Furthermore,
2-cyanopyrrole could be used for the synthesis of nucleobase ana-
logue of Remdesivir and 5H-pyrrolo[2,1-alisoindole, respectively.

Initially, we started our investigation by exploring the reac-
tion of 1a with tert-butyl isocyanide at 80°C in the presence
of AgOTf and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in
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Table 1
Optimization of reaction conditions. @
NHTs
Ph/\/\NHTS . . cat., oxidant Ph CN
solvent, temp., atmos. /*\
1a 2a
3a
Entry Cat. Oxidant Solvent Atmos Temp (°C)  Yield (%) ®
1 AgOTf DDQ PhCl N, 80 68
2 AgOTf BQ PhCl N, 80 trace
3 AgOTf oxone PhCl N, 80 NR
4 AgOTf p-chloranil ~ PhCl N, 80 trace
5 AgOTf PIFA PhCl N, 80 NR
6 AgOTf DDQ PhCl N, 80 47 ©
7 AgOTf DDQ PhCl N, 80 624
8 AgOTf DDQ DMF N, 80 NR
9 AgOTf DDQ DMSO N, 80 NR
10 AgOTf DDQ EtOAc N, 80 trace
11 AgOTf DDQ PhCN N, 80 trace
12 AgOTf DDQ Dioxane N, 80 trace
13 AgOTf DDQ Toluene N, 80 52
14 AgOTf DDQ CeFs N, 80 54
15 AgOTf DDQ PhCl air 80 55
16 AgOTf DDQ PhCl 0, 80 55
17 AgOTf DDQ PhCl N, 60 54
18 AgOTf DDQ PhCl N, 100 53
19 Cu(OTf), DDQ PhCl N, 80 70
20 LiOTf DDQ PhCl N, 80 63
21 Ni(OTf), DDQ PhCl N, 80 55
22 TfOH DDQ PhCl N, 80 72
23 TsOH DDQ PhCl N, 80 65
24 TFA DDQ PhCl N, 80 57
25 — DDQ PhCl N, 80 47

@ Reaction conditions: 1a (0.3 mmol), ‘BuNC (0.9 mmol), cat. (10 mol%), oxidant
(0.6 mmol), solvent (3.0mL), 80 °C, 3h.

b Isolated yield.

¢ DDQ (0.45 mmol) was used.

4 DDQ (0.75 mmol) was used. NR=no reaction.

chlorobenzene under a nitrogen atmosphere [44,45]. Intriguingly,
an unexpected 2-cyanopyrrole product 3a was obtained in 68%
yield, instead of the previous reported «-iminonitrile product
(Table 1, entry 1) [44,45]. None or trace amounts of product 3a
was afforded when DDQ was replaced by other oxidants includ-
ing 1,4-benzoquinone (BQ), oxone, tetrachloro-p-benzoquinone (p-
chloranil) and [bis(trifluoroacetoxy)iodo]benzene (PIFA) (entries 2-
5). When changing the usage of DDQ, the product 3a was obtained
in decreased yield (entries 6 and 7). Further screening of solvent
effect on the reaction indicated the use of DMF, DMSO, EtOAc,
PhCN and dioxane resulted in no reaction or trace amount of prod-
uct 3a (entries 8-12), while toluene and hexafluorobenzene (CgFg)
gave lower yield than chlorobenzene (entries 13 and 14vs. entry
1). Both atmosphere and temperature have certain influences on
the reaction, since the yield decreased when the reaction was car-
ried out under air or oxygen atmosphere or the temperature was
varied (entries 15-18). Metal catalysts bearing a triflate anion were
then tested, demonstrating favorable catalytic activities on the re-
action (entries 19-21). Remarkably, the examination of Brensted
acid catalysts revealed that trifluoromethanesulfonic acid (TfOH)
gave a slightly improved yield (72%) than AgOTf (entries 22-24vs.
entry 1). A control experiment indicated the reaction furnished 3a
in 47% yield in the absence of TfOH, suggesting the importance of
acid catalyst (entry 25).

With the optimized reaction conditions in hand, we then ex-
amined the substrate scope of 3-aryl allyl compounds and iso-
cyanides. As summarized in Scheme 2, various substitution pat-
terns and functional groups were well tolerated. 3-Aryl allylamines
containing different substituents, such as alkoxy (3b), halides (3c,
3d, 3f) and alkyl (3e, 3g), were compatible with the reaction
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Scheme 2. Substrate scope of allylamines. Reaction conditions: 1 (0.3 mmol), DDQ (0.6 mmol), ‘BuNC (0.9 mmol), TfOH (0.03 mmol), and PhCl (1.5mL), 80 °C, 3 h, under
nitrogen atmosphere. Yields shown are of the isolated products. 2 DDQ (0.9 mmol), ‘BuNC (0.9 mmol). ® DDQ (1.2 mmol), ‘BuNC (1.8 mmol), TFOH (0.06 mmol) and PhCl

(1.5mL).

conditions, regardless of their different electronic properties and
substituted positions. The structure of 3a was unequivocally de-
termined by the single crystal X-ray diffraction analysis. Apart
from monosubstituted phenyl allylamines, disubstituted phenyl al-
lylamine could also afforded the desired product 3g in 69% yield.
The reaction was not limited to allylamines containing substituted
benzene ring. Substrates bearing different aromatic groups were
transformed to the corresponding products smoothly as well, in-
cluding naphthyl (3h), thienyl (3i), and even pyrenyl (3j) with large
steric hindrance. The N-protecting groups of 3-aryl allylamines
1 were also investigated, which could be N-methylsulfonyl (Ms)
(3k), N-nosyl (Ns) (31), N-Ts-N-alkyl (3m-3p), N-Ts-N-Ph (3q), N-
phthalimidyl (3r), and N-maleimidyl (3s), affording pyrrole prod-
ucts in moderate to high yields. Notably, when N,N-dicinnamyl-4-
methyl-benzenesulfonamide was used as the substrate, only one 2-
cyanopyrrole (3p) can be constructed, even though the amounts of
isocyanide and DDQ have been doubled. Moreover, the adoption of
(E)-4-methyl-N-(2-methyl-3-phenylallyl)benzenesulfonamide 1t as
the substrate led to a fully substituted pyrrole (3t). Meanwhile,
pyrrole product 3u could be obtained in 34% yield when 1,1,3,3-
tetramethylbutyl isocyanide was used instead of tert-butyl iso-
cyanide. However, the attempt to use N-cinnamylacetamide or 4-
cinnamylmorpholine as the reactant failed to afford the pyrroles
under standard conditions, which might be attributed to the insta-
bility of in-situ formed iminium intermediates. In addition, when
(E)-N-tosyl-but-2-en-1-amine was used as the substrate to react
with 2a, no desired product was obtained. Also, when 1-adamantyl
isocyanide or cyclohexyl isocyanide reacted with 1a, the reaction
failed to afford desired product.

To further explore the generality of this protocol, a variety of
allyl(thio)ethers were explored under the standard reaction con-
ditions, as illustrated in Scheme 3. To our delight, the reaction
also exhibited good functional group tolerance towards ether sub-
strates 4. The variation of allyl ethers could affect the reaction
with the yields decreased somewhat (5a-5g) compared with al-
lylamines. It was noted that allyl ethers bearing an alkynyl or allyl

group have two potential reaction sites, producing 5c¢ and 5d se-
lectively in 44% and 37% yields, respectively. A variety of allyl com-
pounds with aryl or thienyl substituents could be converted to cor-
responding products (5h-51). Similar to the 3-arylallylamine sub-
strate, (E)-(3-methoxy-2-methylprop-1-en-1-yl)benzene 4m could
afford fully substituted pyrrole (5m) in 45% yield. Noteworthily, for
a diethylstilbestrol derivative, the desired product (5n) was pro-
duced in moderate yield. Subsequently, the use of pentadiene ether
instead of allyl one could generate 50 in 40% yield. To further val-
idate the feasibility of thioether in the reaction, thiopyrrole 5p
could be achieved from benzyl(cinnamyl)sulfane 4p in moderate
yield. It should be noted that the low yield of pyrrole products is
due to the formation of some undeterminable by-products. Addi-
tionally, the reaction of cinnamaldehyde and ‘BuNC was carried out
under the standard reaction conditions, but a complicated reaction
was observed and no isolable product could be obtained.

In order to evaluate the practicality of the given method, a
gram-scale synthesis was performed to afford the product 3a
in 73% yield under the standard conditions (Scheme 4a). The
access to molecular diversity was demonstrated by the post-
functionalizations of generated pyrrole products 3a and 5a, as
shown in Scheme 4. Multiple transformations of substituents on
3a could proceed smoothly and various functional group including
primary amine, formyl, alkynyl, iodo and amide were introduced
successfully (Scheme 4a). These functionalized pyrroles were not
easily accessible through usual approach and will find potential
applications for further deliberation, generating advanced organic
building blocks. Among which, the isolation of product 6 could
be achieved by the cleavage of N-sulfonamide group of 3a in the
presence of Ti(O'Pr),, TMSCI and Mg powder. Alternatively, the pri-
mary amine 6 could be afforded in quantitative yield through the
deprotection of N-phthalimidyl group of pyrrole 3r in the pres-
ence of hydrazine hydrate. The N-tert-butyl substituent was re-
moved smoothly with the assistance of hydrochloric acid, afford-
ing product 7 in almost quantitative yield. Besides, the selective
conversion of cyano group of 3a could be realized under different
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Scheme 3. Substrate scope of allyl(thio)ethers. Reaction conditions: 4 (0.3 mmol), DDQ (0.6 mmol), ‘BuNC (0.9 mmol), TFOH (0.03 mmol) and PhCI (1.5 mL), 80 °C, 3 h, under
nitrogen atmosphere. Yields shown are of the isolated products. 2 DDQ (0.6 mmol), ‘BuNC (0.9 mmol), AgOTf (0.03 mmol) and PhCl (1.5mL). ® 4n (0.2 mmol), DDQ (0.4 mmol),
‘BuNC (0.6 mmol), TfOH (0.02 mmol) and PhCl (1.5 mL).
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Scheme 4. Access to molecular diversity through postfunctionalizations.
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conditions, providing 2-formyl pyrrole 8 and 2-carboxamidyl pyr-
role 9 in good yields, respectively. The iodo group was introduced
into 3a smoothly by reacting with N-iodosuccinimide and gave
a fully substituted pyrrole 10, which was subsequently reacted
with trimethylsilylacetylene through the Sonogashira coupling. Fol-
lowed by the removal of trimethylsilyl (TMS) group, the product
12 with a terminal alkynyl group was afforded successfully. In ad-
dition, through the introduction of bromo group and Suzuki cou-
pling with phenylboronic acid, 5a was transformed into a 4,5-
diphenylpyrrole 14 in 50% yield (Scheme 4b), which was the key
precursor of bifunctional antitumor agents [50]. Notably, after the
removal of N-tert-butyl group of 5a in the presence of TfOH, com-
pound 15 was successfully ammoniated with the utilization of O-
(2,4-dinitrophenyl)hydroxylamine and NaH [51], and then cyclized
with formamidine acetate to produce pyrrolo[2,1-f][1,2,4]triazine
17 in 79% yield [52], which is the analogue of the nucleobase of
Remdesivir, one of the most promising anti-COVID-19 medicines at
present. Besides, with the promotion of [Cp*RhCl,], and Cu(OAc),,
the cyclization of compound 15 could occur successfully with ethyl
acrylate, leading to the formation of 5H-pyrrolo[2,1-alisoindole 18

Ph N "SNHTs

Ph T ==
A

‘Bu—N=C* Tio™
2a
t,Bu
N+
Ph—\ 7
NHTs
B
2a
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in 83% isolated yield (Scheme 4b) [53]. All of the above transfor-
mations demonstrated that this protocol possessed extraordinary
reactivity towards various regents, allowing the efficient assembly
of diverse pyrrole derivatives and further application in multiple
fronts.

To gain insight into the possible intermediates and pathway
of this reaction, control experiments were performed (Scheme 5).
When 1a was subjected to the reaction in the absence of tert-
butyl isocyanide, an imine compound 19 could be isolated in 52%
yield (Scheme 5a), which could deliver the final product 3a in
65% yield under standard reaction conditions, indicating that the
imine 19 might be an intermediate of this reaction (Scheme 5b).
Various radical scavengers were then tried (Scheme 5c). The re-
action occurred smoothly with 1,4-dinitrobenzene as radical in-
hibitor and no significant decrease of yield was observed, while
addition of 2,2,6,6-tetramethylpiperidoxyl (TEMPO) and ethene-1,1-
diyldibenzene led to a moderate yield of product 3a. No cyclization
product was observed from the radical clock probe 20, along with
the formation of 3a in 58% yield (Scheme 5d). These above exper-
imental results suggested that the radical process might be ruled
out for this reaction at the current stage.

Although a detailed reaction pathway remains to be clarified, a
plausible mechanism for this reaction was proposed on the basis
of the above results, as depicted in Scheme 6. Initially, allyl com-
pound 1a was oxidized by DDQ to form an iminium intermedi-
ate A [54,55] or «,B-unsaturated imine compound 19, while the
iminium ion A could be further generated from the imine 19 in the
presence of TfOH. Further nucleophilic attack by isocyanide to the
iminium A afforded an intermediate B. Subsequently, the second
nucleophilic attack by another isocyanide molecule on the inter-
mediate B led to an intermediate C, which could be converted into
the intermediate D through the expulsion of isobutene, along with
the regeneration of TfOH to complete the catalytic cycle. Interme-
diate D was oxidized by DDQ again to generate another iminium
intermediate E. Ultimately, the desired product 3a might be pro-
duced through the Nazarov-type cyclization [56] of E and the fol-
lowing aromatization of F.

In summary, a facile oxidative isocyanide insertion was dis-
closed for the modular synthesis of 2-cyanopyrroles from easily
available allyl compounds. The given protocol featured a new for-
mal [3 +2] mode for pyrrole synthesis involving the regioselective
isocyanide insertion to the C(sp3)-H bond and utilizing isocyanide
as sources of critical "CN" and pyrrole moieties. Generally, broad
substrate scope, good functional group tolerance, and operational
simplicity enabled this approach promising and attractive for or-
ganic synthesis. The 2-cyanopyrrole products have been demon-
strated as versatile synthons and were converted into nucleobase

‘Bu
N \ CN

NHTs
DDQH cyc%
rBu

FHE
DDQH
NHTs
3
Ph— >N~ CN
'8u DDQH,
3a

Scheme 6. Plausible mechanism.
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analogue of Remdesivir and 5H-pyrrolo[2,1-alisoindole. Further ap-
plication of this method is underway in our laboratory.
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