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of pentasubstituted pyrroles and
hexasubstituted pyrrolines from propargyl
sulfonylamides and allenamides†

Changqing Ye,‡a Yihang Jiao,‡a Mong-Feng Chiou,a Yajun Li a and Hongli Bao *ab

Multisubstituted pyrroles are important fragments that appear in many bioactive small molecule

scaffolds. Efficient synthesis of multisubstituted pyrroles with different substituents from easily

accessible starting materials is challenging. Herein, we describe a metal-free method for the

preparation of pentasubstituted pyrroles and hexasubstituted pyrrolines with different substituents

and a free amino group by a base-promoted cascade addition–cyclization of propargylamides or

allenamides with trimethylsilyl cyanide. This method would complement previous methods and

support expansion of the toolbox for the synthesis of valuable, but previously inaccessible, highly

substituted pyrroles and pyrrolines. Mechanistic studies to elucidate the reaction pathway have been

conducted.
Pyrroles are molecules of great interest in a variety of
compounds including pharmaceuticals, natural products and
other materials. Pyrrole fragments for example are key motifs in
bioactive natural molecules, forming the subunit of heme,
chlorophyll and bile pigments, and are also found in many
clinical drugs, including those in Fig. 1a.1 Although many
classical methods of pyrrole synthesis, including the Paal–
Knorr condensation,2 the Knorr reaction,3 the Hantzsch reac-
tion,4 transition metal-catalyzed reactions,5 and multicompo-
nent coupling reactions,6 have been developed over many years,
the efficient synthesis of multisubstituted pyrroles is still chal-
lenging. In condensation syntheses of pyrroles, the major
problems lie in the extended syntheses of complex precursors
and limited substitution patterns that are allowed. Multicom-
ponent reactions are superior when building pyrrole core
structures with more substituents. Among these, the [2+2+1]
cycloaddition reaction of alkynes and primary amines is
attractive because of the readily available alkyne and amine
substrates and the ability to construct fully substituted
pyrroles.7 However, with the exception of some rare examples,8

most [2+2+1] cycloaddition reactions afford pyrroles with two or
more identical substituents. The synthesis of multisubstituted
Fig. 1 Previous reports and this work on propargylamides
transformation.
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pyrroles with all different substituents from simple starting
materials therefore remains a major challenge.

Easily accessible propargylamides are classical, privileged
building blocks broadly utilized for the synthesis of a large
variety of heterocyclic molecules such as pyrroles, pyridines,
thiazoles, oxazoles and other relevant organic frameworks.9 For
example, Looper10 et al. reported the synthesis of 2-amino-
imidazoles from propargyl cyanamides and Eycken11 reported
a method starting from propargyl guanidines which undergo
a 5-exo-dig heterocyclization as shown in Fig. 1b. Subsequently,
Wan12 et al. revealed the cyclization of N-alkenyl propargyl
sulfonamides into pyrroles via sulfonyl migration. Inspired by
these transformations and multi-substituted pyrrole synthesis,
we report herein a direct synthesis of pentasubstituted pyrroles
and hexasubstituted pyrrolines with all different substituents
from propargyl sulfonylamides and allenamides.

Previously, Zhu,13 Ji14 and Qiu13b,15 reported efficient
syntheses of 2-aminopyrroles from isocyanides. Ye16 and
Huang17 independently developed gold-catalyzed syntheses of 2-
amino-pentasubstituted pyrroles with ynamides. Despite the
many advantages of these methods, they all afford protected
amines, rather than free amines. The deprotection of these
amines may cause problems in further transformations of the
products. Our method delivers pyrroles with an unprotected
free amino group and are oen complementary to the previ-
ously well-developed classical methods.

Initially, the cyclization reaction ofN-(1,3-diphenylprop-2-yn-
1-yl)-N-ethylbenzenesulfonamide (1a) with trimethylsilyl
cyanide (TMSCN) was carried out with Ni(PPh3)2Cl2 as a catalyst,
Table 1 Optimization of the reaction conditionsa

Entry Cat. Base Solvent Yield

1 Ni(PPh3)2Cl2 Cs2CO3 DMF 67%
2 Pd(OAc)2 Cs2CO3 DMF 65%
3 Cu(OAc)2 Cs2CO3 DMF 65%
4 Co(OAc)2 Cs2CO3 DMF 63%
5 Cs2CO3 DMF 65%
6 KF DMF Trace
7 K3PO4 DMF Trace
8 K2CO3 DMF 48%
9 KOH DMF 52%
10 KOtBu DMF 46%
11 Et3N DMF Trace
12 Cs2CO3 CH3CN 18%
13 Cs2CO3 DME 23%
14 Cs2CO3 Toluene Trace
15 Cs2CO3 DCE Trace
16 Cs2CO3 Dioxane Trace

a Reaction conditions: 1a (0.1 mmol, 1 equiv.), TMSCN (0.3 mmol, 3
equiv.), cat. (0 or 10 mol%), base (0.3 mmol, 3 equiv.) and solvent (1
mL), at 80 �C for 10 h; isolated yield.

© 2021 The Author(s). Published by the Royal Society of Chemistry
a base (Cs2CO3) and DMF as a solvent. Different metal catalysts,
such as Ni(PPh3)2Cl2, Pd(OAc)2, Cu(OAc)2, and Co(OAc)2
provided the desired product with similar yields (Table 1,
entries 1–4), suggesting that this reaction probably does not
benet from a metal catalyst. The reaction without any metal
catalyst was conducted and as suspected, the same yield of 2a
was obtained (Table 1, entry 5). In order to further optimize the
reaction conditions, different bases, such as KF, K3PO4, K2CO3,
KOH, KOtBu, and Et3N were investigated but failed to deliver
a better result (Table 1, entries 6–11). Screening of solvents
indicated that DMF is optimal for this transformation (Table 1,
entries 12–16).

With the optimal reaction conditions in hand, we investi-
gated the scope of this reaction. As shown in Fig. 2, the trans-
formation tolerates a broad variety of substituted
propargylamides (1). The R1 group could be an aryl group
containing either electron-donating groups or electron-
withdrawing groups, and the corresponding products (2b–2h)
were obtained in yields of 62–80%. The substituent R1 could
also be an alkyl group such as 1-hexyl in which case the reaction
Fig. 2 Substrate scope of propargylamides. Reaction conditions: 1
(0.20 mmol, 1 equiv.), TMSCN (0.60 mmol, 3 equiv.), Cs2CO3

(0.60 mmol, 3 equiv.) and DMF (2 mL), at 80 �C for 10 h; isolated yield.

Chem. Sci., 2021, 12, 9162–9167 | 9163
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provided the corresponding pyrrole (2i) in 53% yield. Explora-
tion of the R2 substituent was also conducted. Electron-rich and
electron-decient substituents in the aromatic ring of R2 gave
the desired products (2j–2o) with yields of 70–81%. The product
bearing a furyl group (2p) can be produced in 61% yield.
However, when R2 group is an aliphatic group, the reaction
failed to provide the desired product. Substituent groups R3,
such as benzyl (2q) or 3,4-dimethoxyphenylethyl (2r) were also
compatible in the reaction, providing the corresponding prod-
ucts in moderate yields. Signicantly, this method has the
potential to produce core structures (for example 2s) similar to
that in Atorvastatin. Interestingly, when alkynyl substituted
isoquinolines (1t–1v) were used as the substrates, the reactions
smoothly afforded fused pyrrolo[2,1-a]isoquinoline derivatives
(2t–2v), members of a class of compounds that are found widely
in marine alkaloids and exhibit anticancer and antiviral
activity.18

Allenes are key intermediates in the synthesis of many
complex molecules.19 As a subtype of allenes, allenamines are
also useful as reaction intermediates.20 Although the trans-
formation of allenamides to multisubstituted pyrroles has not
been previously recorded, this reaction probably goes through
Fig. 3 Synthesis of substituted pyrroles from allenes.

Fig. 4 Substrate scope of tetrasubstituted allenamides. Reaction
conditions: 4 (0.10 mmol, 1 equiv.), TMSCN (0.30 mmol, 3 equiv.),
K2CO3 (0.30mmol, 3 equiv.) and DMF (1 mL), at 80 �C for 10 h, isolated
yield.

9164 | Chem. Sci., 2021, 12, 9162–9167
the allenamide intermediates which can be derived from
propargyl sulfonamides under basic conditions. To verify this
hypothesis, the trisubstituted allenamide (3) was synthesized
and subjected to the standard reaction conditions. A pyrrole
(2a) was isolated in 82% yield from this reaction (Fig. 3). This
result conrmed our assumption and raised a new question: is
it possible to build hexasubstituted pyrrolines from tetrasub-
stituted allenamides? A range of tetrasubstituted allena-
mides21 was tested under the standard reaction conditions,
and the hexasubstituted pyrrolines were obtained as is shown
Fig. 5 Synthetic applications.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in Fig. 4. The R1 group could be an aryl substituent or an alkyl
chain, and the corresponding products (5a–5e) were obtained
with good yields. Various aryl groups with either electron-
donating groups or electron-withdrawing groups in the
aromatic ring of R2 provided the desired products (5f–5k) in
62–83% yields. In addition, the diuoromethyl group can also
be replaced by a phenyl group, and the reaction provided the
corresponding product 5l in 82% yield. It is worth noting that
these pyrroline products are not easily accessible from other
methods.

Some synthetic applications of this method are shown in
Fig. 5. The amide is a naturally occurring and ubiquitous
functional group. When using benzoyl chloride to protect the
free amino group of the fully-substituted pyrrole (2a), a bis-
dibenzoyl amide (6) was obtained in the presence of a base,
triethylamine while the monobenzoyl protected amide (7) was
obtained in the presence of pyridine as the base (Fig. 5a). This
method also provides a straightforward approach to pyrrole
fused lactam structures (Fig. 5b). For examples, a ve-
membered lactam and a six-membered lactam were generated
separately in a one pot reaction, directly from, (8 and 10),
respectively. Taking advantage of this method, an analogue of
Fig. 6 Mechanistic studies and proposed mechanism.

© 2021 The Author(s). Published by the Royal Society of Chemistry
the drug Atorvastatin was synthesized in 5 steps (Fig. 5c),
demonstrating the synthetic value of the reaction.

Mechanistic experiments were performed (Fig. 6) to explore
the mechanism of the reaction. When 3 equivalents of TEMPO
were added, the reaction was not inhibited and the desired
product (2a) was formed in 62% yield (Fig. 6a). This result
suggested that the reaction might not involve a radical process.
To probe the reaction further, a kinetic study was conducted
(Fig. 6b). According to this study, the propargylamide (1a) was
completely converted to an allenamide (3a) in 10 min under the
standard conditions. The multi-substituted pyrrole (2a) was
then gradually produced from the intermediate allenamide and
no other reaction intermediates were observed or identied. On
the other hand, DFT calculations of substrates 3b and 4a were
carried out at the B3LYP-D3(SMD)/Def2-TZVP//B3LYP-D3/Def2-
SVP level of theory to identify the natural bond orbital (NBO)
charges on the carbons of the allene moieties. NBO charges on
the internal carbon in both 3b and 4a are 0.11 and 0.18,
respectively (Fig. 6c) indicating that the nucleophilic addition of
cyanide anion onto the internal carbon should be reasonable as
opposed to its addition onto the terminal carbon. Pathways of
the cyano addition to 3b were also calculated (Fig. 6d). The
Chem. Sci., 2021, 12, 9162–9167 | 9165
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transition state of cyano addition on the internal carbon (TS1),
is indeed much lower than addition on the terminal carbon
(TS2). The intermediate of internal carbon addition int1, is
more stable than int2, implying that the internal carbon addi-
tion pathway is not only kinetically but also thermodynamically
favoured.

Based on the results of thesemechanistic studies, a plausible
reaction mechanism for the synthesis of pentasubstituted
pyrroles and hexasubstituted pyrrolines is proposed and is
shown in Fig. 6e. First, under basic conditions, the prop-
argylamide isomerizes to an intermediate allenamide (A), which
can be attacked nucleophilically by the cyanide anion to afford
an intermediate imine (B) with release of the sulfonyl group.
Then, the second cyanide anion attacks the imine to form an
intermediate (C), which can undergo cyclization and proton-
ation to afford the fully substituted pyrrole (2). Similarly, the
hexasubstituted pyrroline product (5) can be obtained from
double nucleophilic attack of the intermediate (A) by the
cyanide ion.

Conclusions

In conclusion, we have developed a direct base-promoted
synthesis of pentasubstituted pyrroles and hexasubstituted
pyrrolines with all different substituents and a free amino group
from propargylamides and allenamides with TMSCN. TMSCN
serves as a C1 synthon for the construction of the pyrrole skel-
eton but also as a cyano group source. This method could
complement the previously established classical methods.
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