Open Access Article. Published on 15 April 2024. Downloaded on 3/19/2026 11:30:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 11986

Received 7th February 2024
Accepted 5th April 2024

DOI: 10.1039/d4ra00983e

Redox-neutral a-functionalization of pyrrolidines:
facile access to a-aryl-substituted pyrrolidines+

Feng-Xian Tian, Fan-Fan Liu, Jian Wei, Jia-Xi Xiao and Jin Qud*

a-Aryl-substituted pyrrolidine moiety is found in many natural alkaloids. Starting from pyrrolidine, we were
able to synthesize a-aryl-substituted pyrrolidines in one step using quinone monoacetal as the oxidizing
agent and DABCO as the base. We also discovered the reaction condition needed to efficiently remove
the N-aryl moiety from the a-arylated product. When the above reaction was carried out without the
addition of an aryl nucleophile, the reaction of pyrrolidine and quinone monoacetal in 2,2,2-
trifluoroethanol afforded octahydro-dipyrroloquinoline in high yield, which has the same skeleton as that
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Introduction

Pyrrolidine alkaloids are characterized by a five-membered
nitrogen-containing ring. Many of the alkaloids in this group
have good biological activity and are particularly well known for
their effects on the nervous system, with nicotine (also have
antioxidant, anti-inflammatory, and antihyperglycemic proper-
ties) being the most important pyrrolidine alkaloid. Substituted
pyrrolidines are one of the most widely used scaffolds in drug
molecules® and in recent years have been used as catalysts in
asymmetric organocatalysis.>

Pyrrolidine alkaloids can have one or two alkyl or aryl
substitutions at the two a-positions (Scheme 1). Alkylated
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Scheme 1 Representative natural alkaloids containing a-substituted
pyrrolidine moiety.

The State Key Laboratory and Institute of Elemento-Organic Chemistry, College of
Chemistry, Nankai University, Tianjin 300071, People's Republic of China. E-mail:
qujin@nankai.edu.cn

T Electronic supplementary information (ESI) available. CCDC 2292799. For ESI
and crystallographic data in CIF or other electronic format see DOIL
https://doi.org/10.1039/d4ra00983e

1986 | RSC Adv, 2024, 14, 11986-11991

of natural product incargranine B.

pyrrolidine (+)-preussin was an antibacterial and anticancer
alkaloid from the fermentation broth of bacterium Aspergillus
ochraceus®* Anisomycin is an antibiotic drug that inhibits
bacterial protein and DNA synthesis.* Simple arylated pyrroli-
dines such as nicotine have strong bioactivity. Radicamines A
and B (isolated from Lobelia chinensis) are glucosidase inhibi-
tors.® Incargranine B was first reported by Zhang and co-
workers® in 2010, and Lawrence's research group revised its
structure by total synthesis.”

Due to the strong bioactivity of substituted pyrrolidines,
extensive synthetic efforts have been devoted to the synthesis of
these compounds. Among these strategies, a non-traditional
and also more environmentally friendly way is the use of
redox-neutral intramolecular hydride transfer and subsequent
nucleophilic addition process,*® as no metal or very strong base
is involved as in other methods.* Seidel and co-workers opened
a new avenue for C-H functionalization of pyrrolidine by
introducing azomethine ylide as an intermediate."* Our group
previously reported an iterative synthesis of unsymmetrical 2,5-
disubstituted pyrrolidines from pyrrolidine by two rounds of
redox-neutral o-C-H functionalization, and we synthesized
(£)-preussin and its C(3) epimer using this strategy.'> Few
studies have been carried out in the literature on the redox-
neutral a-C-H arylation of pyrrolidine.’* Recently, we reported
a redox-neutral a-C-H arylation of pyrrolidin-3-ol with boronic
acid nucleophiles. The hydroxy group at the 3-position of pyr-
rolidine coordinated with the arylboronic acid and delivered the
aryl group to the a-position of pyrrolidine.* As a continuation of
this research project, here we have achieved o-C-H arylation of
unsubstituted pyrrolidine.

Results and discussion

We carried out initial investigations using 2,6-di-tert-butyl-1,4-
benzoquinone 1 as the oxidizing agent and B-naphthol as the
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nucleophile. We first tried the reaction in 2,2,2-trifluoroethanol
(TFE), which we had used in previous research,' but it turned
out that the reaction gave a complicated mixture of products
(entry 1, Table 1). After changing the reaction solvent to iso-
propanol or less polar solvent toluene, it was also found that
only trace amounts of the arylated pyrrolidine were formed
(entries 2 and 3). We thought that adding a base to the system
might help to abstract the a-C-H of pyrrolidine. When strong
base DBU was added to the reaction system, the reaction also
gave complicated products (entry 4). The addition of DABCO
increased the reaction yield to 30% (entry 5). We found that the
use of 4,4-dimethoxycyclohexa-2,5-dien-1-one 2 (p-quinone
monoacetal), in which one of the carbonyl groups of the
quinone is protected as a ketal, increased the motivation for
aromatization and made the reaction easier to proceed. Using
quinone monoacetal 2 as the oxidizing agent and adding 0.1
equivalent of DABCO, the reaction gave an increased yield of
59% (entry 6). Increasing the amount of DABCO to 0.2 equiva-
lent resulted in a further increase in yield to 84% (entry 7), but
increasing the amount of DABCO further to 0.5 equivalent
resulted in a decrease in yield (entry 8). We then carried out
further screening of the reaction solvent. The previously used
TFE was retested using DABCO as the base (entry 9), but only

Table 1 Evaluation of reaction condition for pyrrolidine a-arylation®

{J >
+ quinone 1 or 2 OH

N
H solvent or

OH
100}

base
60 °C

MeO OMe
OMe

Entry Quinone Base (equiv.) Solvent Yield

1 1 TFE 3a’ (trace)
2 1 i-PrOH 3a’ (trace)
3 1 PhCH; 3a’ (trace)
4 1 DBU (0.1) PhCH; 3a’ (trace)
5 1 DABCO (0.1) PhCH; Sa’ (30%)
6 2 DABCO (0.1) PhCH;, 3a (59%)

7 2 DABCO (0.2) PhCH;, 3a (84%)

8 2 DABCO (0.5) PhCH, 3a (64%)

9 2 DABCO (0.2) TFE 3a (trace)
10 2 DABCO (0.2) Bezene 3a (84%)

11 2 DABCO (0.2) p-Xylene 3a (80%)

12 2 DABCO (0.2) MeOH 3a (25%)

13 2 DABCO (0.2) EtOH 3a (37%)

14 2 DABCO (0.2) CH;CN 3a (30%)

15” 2 DABCO (0.2) PhCH;, 3a (91%)

“ Reactions were performed with pyrrolidine (0.33 mmol), B- naphthol
(0.45 mmol), and quinone monoacetal 2 (0.3 mmol) at 60 °C in
solvent (conc. = 0.3 M), isolated yield. ® Reaction was performed in
toluene (conc. = 0.5 M).

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

trace amounts of product were observed. The inapplicability of
TFE in this study may be due to the fact that this study requires
the base to assist in abstracting the a-C-H of pyrrolidine, the
acidic TFE being incompatible with the added base. The reac-
tion gave similar yields in benzene (entry 10) and p-xylene (entry
11). The reaction yields decreased in alcohols and acetonitrile
(entries 12-14). Increasing the concentration of the reaction
gave o-C-H arylated pyrrolidine in 91% isolated yield (entry 15).

Using the optimized reaction condition (Table 1, entry 15),
several aromatic nucleophiles were tested and most of them
were able to provide a-arylated pyrrolidines in moderate to high
yields (Scheme 2). The reactions proceeded with high efficiency
when using B- or a-naphthol as well as sesamol (3a-3c). Phenols
substituted with methoxyl groups could be attached to the o-
position of pyrrolidine with comparable yields (3d-3f). Amine
was compatible with the reaction condition, and the desired
products 3g and 3h were obtained in good yields. Replacement
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Scheme 2 Scope of aromatic nucleophiles. [a] Reactions were per-
formed with pyrrolidine (0.33 mmol), quinone monoacetal 2 (0.3
mmol), nucleophile (0.45 mmol), and DABCO (0.06 mmol) at 60 °C in
toluene (conc. = 0.5 M). [b] 4 A molecular sieve (100 mg) was added.
[c] Reactions were performed with pyrrolidine (1.5 mmol), quinone
monoacetal 2 (0.3 mmol), nucleophile (1.5 mmol), and DABCO (0.06
mmol) at 60 °C in toluene. [d] 15 mol% of Cul was added and the
reaction was performed at 80 °C.
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of naphthol with 8-hydroxyquinoline in 3i led to a decrease in
efficiency. Naphthol nucleophiles bearing a halogen atom
afforded products 3j and 3k in 66% and 95% yields respectively.
With 5,6,7,8-tetrahydro-1-naphthol as the nucleophile, product
31 could be obtained in a moderate yield. As expected, indole
derivatives showed good reactivity to give 3m and 3n in 56% and
60% yields respectively. Methylphenylacetylene could also be
introduced to form functionalized pyrrolidine 30 in 30% yield.

Under similar condition, o-substituted pyrrolidines were
evaluated (Scheme 3). The a-arylation of a-substituted pyrroli-
dines, such as those in 4a and 4b, took place only at the less
sterically hindered position in 70% and 50% yields, respec-
tively. The protons at the 2- and 5-positions of 4a and 4b do not
show correlation in their two-dimensional NOESY spectrum,
indicating a trans relationship between the substituents at these
two positions. The cis product was not observed in these reac-
tions. We used (S)-prolinol as the substrate in the preparation of
4b, the enantiomeric purity of 4b was determined to be >99%,
indicating that no racemization (due to the isomerization of the
iminium ion) took place at the a-carbon of (S)-prolinol under
the reaction condition. In the literature, the application of the
redox-neutral a-C-H functionalization methodology to the
functionalization of a piperidine is typically not as good as that
of a pyrrolidine, presumably due to the relatively lower reactivity
of a piperidine in the formation of the iminium intermediate."*
Tetrahydroisoquinoline was compatible with the reaction
conditions to give the corresponding product 4c in 39% yield.
This protocol can be applied to piperidine 4d and the 4-phenyl
substituted piperidine 4e, but with lower yields. The 2D NOESY
spectra of 4e suggest that the phenyl at the 4-position is in trans
with the naphthol at the 2-position.

Redox-neutral pyrrolidine o-functionalization usually gave
products with an alkyl or an aryl group attached to the nitrogen
atom. To obtain a-substituted pyrrolidines, it is necessary to
remove the functional group on the nitrogen atom. Several

DABCO
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4a, 70% 4b, 50%, >99% ee
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4d, 12% 4e, 23%

Scheme 3 o-Arylation of substituted pyrrolidines and piperidines. [a]
Reactions were performed with cyclic amine (0.33 mmol), quinone
monoacetal 2 (0.3 mmol), nucleophile (0.45 mmol), and DABCO (0.06
mmol) at 60 °C in toluene (conc. = 0.5 M).
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previous studies have not attempted to remove the functional
group on the nitrogen atom.**>%** We attempted to remove the
aryl group from B-naphthol-substituted pyrrolidine 3a in the
presence of oxidizing agent ceric ammonium nitrate (CAN) re-
ported in the literature,” but we did not isolate the desired
product. Our group developed a method to break the carbon-
nitrogen bond in the iodine-sodium hydroxide reaction
system.’” However, no cleavage product was obtained by direct
application of this method. Therefore, in the presence of boron
tribromide, we first converted the methoxy group in 3a to the
phenolic hydroxyl group in 5a and then used iodine-sodium
hydroxide system for the aryl group removal reaction. After
optimizing the reaction condition, B-naphthol substituted pyr-
rolidine 6a was obtained in 83% yield (Scheme 4).

We have also tested the reactions with benzene or naph-
thalene derivatives that do not have a phenolic hydroxyl group
on them, disappointingly, the desired a-arylated products were
not formed under the standard condition, suggesting that
phenolic hydroxyl group is crucial for the reaction.**” However,
a more complex product 7 was formed in these experiments. X-
ray analysis of 7 showed that it had an octahydro-
dipyrroloquinoline skeleton (entry 1, Table 2). Octahydro-
dipyrroloquinoline skeleton is a core structure found in
several biologically useful alkaloid natural products, such as
incargranine B*” and seneciobipyrrolidine.*® The azatetracyclic
7 is the epimer of the octahydro-dipyrroloquinoline skeleton in
incargranine B.

Although fast assembly of the octahydro-dipyrroloquinoline
skeleton has been achieved using several pyrrolidine derivatives
(most studies produced a mixture of equal amounts of syn and
anti dimerization diastereomers),"” there have been no report
using pyrrolidine as the starting material. Therefore, we also
optimized the reaction condition that can only lead to the syn
diastereomer 7 (Table 2). It was found that the yield of 7 was
significantly increased when the reaction was carried out at
a higher temperature (entry 2, Table 2). Reducing the amount of
pyrrolidine resulted in a further increase in yield (entry 3). Using
a stronger base such as DBU decreased the yield of the desired
product. We therefore chose to add relatively less basic DIPEA to
the reaction and obtained 7 in 60% yield, but the reactions took
72 hours to complete under these conditions (entries 1-5). The
formation of an iminium ion is more favorable in protic
solvents, so we tried the reaction in protic solvents such as
isopropanol or TFE and found that the reaction time was
considerably shorter in both cases, but the yield of 7 was only
35% in isopropanol (entry 6). The reaction time was reduced to
3 h with TFE as solvent, while the yield of 7 was increased to
63% (entry 7). We speculate that TFE may be able to stabilize the

@
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Scheme 4 Removal of the N-aryl moiety from the a-arylated
pyrrolidine.
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Table 2 Rapid assembly of octahydro-dipyrroloquinoline scaffold
starting from pyrrolidine®

o]

0 L) e

MeO OMe
2
Pyrrolidine
Entry  Base (eq.) (eq.) Solvent  Time (h) Yield (%)
1 DABCO (0.2) 5 PhCH; 72 16
2 DABCO (0.2) 5 PhCH; 72 43
3 DABCO (0.2) 1.1 PhCH;3 72 50
4 DBU (0.2) 1.1 PhCH; 72 24
5 DIPEA (0.2) 1.1 PhCH;3 72 60
6 DIPEA (0.2) 1.1 i-PrOH 8 35
7 DIPEA (0.2) 1.1 TFE 3 63
8 DIPEA (0.2) 1.1 TFE 3 71
9 DIPEA (0.5) 1.1 TFE 3 77
10° DIPEA (0.1) 1.1 TFE 3 82

% Reactions were performed with pyrrolidine, quinone monoacetal 2
(1.0 mmol), and base in solvent (3 mL) under reflux condition,
isolated yield. ? Reaction was performed at 60 °C. ° TFE (10 mL) was
used.

iminium ion intermediate in the reaction.’® We continued to
investigate the effect of concentration and amount of the base
on the reaction and finally obtained 7 in 82% yield with the
addition of 0.1 equivalent of DIPEA (entries 8-10).

Based on the mechanism studies of previously reported
redox-neutral a-alkylations of pyrrolidine and substituted pyr-
rolidines®*>"™ and the  preparation of octahydro-
dipyrroloquinoline scaffold with pyrrolidine derivatives,'’* the
mechanism for the formation of the arylated product and the
octahydro-dipyrroloquinoline scaffold is shown in Scheme 5.
The reaction of pyrrolidine with quinone monoacetal 2 resulted
in the formation of iminium ion I, which was transferred to
iminium ion II driven by aromatization (the hydrogen atom on
the a-carbon of pyrrolidine is abstracted by the applied base). If
iminium ion II was captured by an aromatic nucleophile, the
reaction produced an a-aryl-substituted pyrrolidine (path A). If
the aromatic nucleophile is poorly nucleophilic or the

[N> MeO OMe 2

—H,0

H

=0 Zz®
= \S
+ %:
°
2>
F|=
>

Scheme 5 Proposed mechanism.
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nucleophilic reagent is absent from the reaction system, the
cyclic iminium ion II will tautomerize to enamine III. The attack
of iminium ion II by enamine III gave intermediate IV, then an
intramolecular Pictet-Spengler type reaction of the newly
formed iminium ion gave octahydro-dipyrroloquinoline skel-
eton (path B).

Conclusions

In conclusion, we have achieved the direct arylation of pyrroli-
dine at the a-position in a one-pot method. In the absence of
aromatic nucleophile, the same reaction in TFE efficiently
constructed an octahydro-dipyrroloquinoline skeleton of the
natural product incargranine B in one step. In addition, we
could remove the N-aryl group from the a-arylated pyrrolidines
in a very high yield. As an alternative to metal-mediated pyrro-
lidine a-functionalization, our approach is a green and practical
method for the synthesis of a-aryl-substituted pyrrolidines.
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