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Polysubstituted pyrrolidines and azonanes bearing at least two (vicinal) stereocenters constitute the core of
several pharmaceuticals or advanced intermediates that directly lead to marketed drugs. Here, we leverage
our recently developed 1,3-azadiene-succinic anhydride annulation protocol to produce vicinally
functionalized allylic pyrrolidine methanols and explore their amenability to four-carbon homologation.
The success of the aza-Cope rearrangement hinges on the use of hexafluoroisopropanol (HFIP) as the
reaction medium. The method provides rapid, modular, and efficient access to highly customized

azonines. The ring expansion reaction of these sterically-imposing and vicinally functionalized a-styrenyl
Received 18th May 2025

Accepted 12th June 2025 pyrrolidine methanols proceeds with complete control of the E/Z geometries of the enamine and alkene

C=C double bonds resident in the 9-membered ring. Additionally, the approach furnishes sp*-rich nine-
DOI: 10.1039/d5ra03502c membered nitrogen heterocycles bearing at least two tetrahedral stereocenters, including a remote

rsc.li/rsc-advances benzylic stereocenter.

Introduction Despite the literature being inundated with well-defined

biological properties associated with small-sized nitrogen
The pyrrolidine motif is a privileged scaffold from the medicinal heterocycles such as pyrrolidines and piperidines, compounds
chemistry standpoint. For instance, it ranks first among the top ~ containing the 9-membered ring homologues are still under-
five most common five-membered non-aromatic nitrogen represented in the current pharmacopoeia. However, medium-
heterocycles and is prevalent in 37 drugs that have been sized nitrogen heterocycles such as azonanes are more flexible
approved by the United States (US) Food and Drug Adminis- compared to their small-sized congeners. They show the
tration (FDA).! Moreover, it constitutes the core of numerous propensity to more readily adopt a greater number of
chiral ligands and organocatalysts, and has also served as a key
intermediate for the synthesis of a broad range of alkaloids.” In
particular, polysubstituted allylic pyrrolidines and allylic 2-

oxopyrrolidines, which harbor at least two contiguous stereo- cl /\\N
centers, make up the core of advanced intermediates that S
directly lead to marketed drugs (Fig. 1, see A1 and A2). OI)\/
Several applications in the fields of medicinal chemistry, E
ocC

natural product synthesis, materials science, supramolecular A1, Precursorto A2, Precursor to
chemistry, catalysis, and nanotechnology rely on the synthesis Epibatidine Virosinine A
of functionalized medium-sized N-heterocycles (i.e., 8- to 11-
membered azaheterocycles).? Specifically, functionalized azo-
nanes are part of the core structure of several biologically active
molecules, including cleavamine, daphhimalenine A, and rha-
zilinam (Fig. 1).*

Rhazilinam
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+ Electronic supplementary information (ESI) available: Experimental procedures ~ Fig.1 Examples of bioactive allylic pyrrolidines and azonanes bearing
and spectroscopic data. See DOI: https://doi.org/10.1039/d5ra03502¢ tetrahedral stereocenters.
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A (our previous work): Stereocontrolled synthesis of allylic y-lactam
acids and subsequent post-diversification
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B (this work): Synthesis of allylic pyrrolidines and subsequent
four-carbon homologation to functionalized azonines bearing

benzylic stereocenters R™
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e Four-carbon ring expansion.

e Impeccable control of E/Z geometries of the skip dienes.

e Diastereocontrolled formation of nonadjacent tetrahedral
stereocenters.

e Non epimerizable bis-allylic and benzylic stereocenter.

Fig. 2 (A) Prior synthesis of allylic 2-pyrrolidinones using the 1,3-
azadiene-succinic anhydride annulation, (B) proposed plan for the
synthesis of highly customized 9-membered azaheterocycles by four-
carbon ring expansion of allylic pyrrolidine methanols.

conformations, which in turn increases the probability of
finding the ideal active site for a biological target.® This
conformational functionality makes azonanes and other
medium-sized azaheterocycles highly sought after in drug
discovery programs against less ‘druggable’ targets such as
protein—protein interactions.® The relative scarcity of medium-
sized nitrogen heterocycles can mainly be attributed to the
challenges associated with the efficient and modular construc-
tion of these motifs. These challenges include fragility (the ring/
bond angle (Bayer) strain for a 9-membered ring is approxi-
mately 12.6 kcal mol '), transannular strain, destabilizing
torsional (Pitzer) strain, and the unfavorable loss of entropy.”
The combination of these destabilizing factors make medium-
sized nitrogen-containing rings exponentially difficult to
access using conventional methods (e.g., ring-closing metath-
esis, lactamization, cycloaddition, and homologations).? In
order for more beneficial applications of medium-sized N-
heterocycles such as azonanes to be discovered, we reasoned
that a streamlined approach to construct them in a stereo-
controlled and atom-economical manner, and with as many

© 2025 The Author(s). Published by the Royal Society of Chemistry
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functional handles (vector points) as possible, represents an
important research objective.

It is well appreciated that a simple cyclic tertiary amine
containing N-alkenyl and o-amino vinyl substituents can
undergo a 3-aza-Cope rearrangement with electron-deficient
terminal and internal alkynes to afford a ring-expanded
product.® The reaction generally takes advantage of the
dipolar nature of the resulting zwitterionic conjugate amination
intermediate, which then undergoes relatively fast [3,3] sigma-
tropic rearrangement to furnish the four-carbon homologation
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Scheme 1 Synthesis of vicinally functionalized allylic primary
pyrrolidinols.
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product. Despite the rich history of this aza-Cope rearrange-
ment reaction, sterically imposing a-styrenyl tertiary pyrrolidine
methanols and vicinally functionalized allylic tertiary pyrroli-
dines are yet to be interrogated in this homologation protocol.

Recently, we reported that a formal cycloaddition reaction
between 1,3-azadienes of type 1 and succinic anhydride (2),
affords allylic 2-pyrrolidinones bearing contiguous stereo-
centers (Fig. 2A, see 3).' The transformation proved to be
readily scalable, thus, providing a unified platform that
expediates access to advanced sp® architectures through cata-
lytic halolactonization (see 4) or enolate alkylation (see 5). We
next sought to convert 3 to vicinally difunctionalized allylic
pyrrolidines such as 6/7 and interrogate the latter in a four-
carbon ring expansion protocol, in view of preparing highly
customized azonines of type 8 (Fig. 2B). The successful imple-
mentation of our ideals would lead to the construction of
medium-sized endocyclic dienamines with complete control of
the E/Z geometries of the enamine and alkene C=C double

View Article Online

Paper

bonds resident in the ring. Additionally, this approach would
furnish sp*rich nine-membered nitrogen heterocycles bearing
at least two tetrahedral sterocenters, including a remote
benzylic stereocenter. Efforts toward a succinct manifestation of
this ‘scaffold hopping’ concept, which skeletally remodels
sterically imposing and vicinally functionalized allylic pyrroli-
dine methanols to functionalized azonines are described
herein. The method takes advantage of the highly polar nature
of the initially formed aza-Michael intermediate in the reaction
of allylic cyclic amines and electron-deficient alkynes and
employs HFIP as the reaction medium.

Results and discussion

We initiated studies toward the skeletal remodelling of vicinally
functionalized allylic pyrrolidines to functionalized azonines by
attempting to synthesize the starting materials (i.e., 6 and 7). In
the event, we found that the annulation of 1 with 2 using our
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Performed on 1.0 mmol scale using 5 mL HFIP. Isolated yields are reported in all cases. Reaction times ranged from 48 to 72 h.
Diastereomeric ratios were determined by GC-MS and "H NMR analyses of the crude product. Relative configurations were established
through coupling constants, 1D-, and 2D-NOE analyses.

Scheme 2 Diastereoselective four-carbon homologation of alkenol-tethered pyrrolidines to highly customized azonines.
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previously reported conditions™ followed by lithium aluminum
hydride-assisted reduction of the allylic lactam acid proceeds
cleanly to furnish the vicinally functionalized allylic primary
pyrrolidinols 6 (Scheme 1). Tertiary pyrrolidinol 7a was
prepared by chemoselective addition of methylmagnesium
bromide 9a and subsequent reduction.

With an assorted wardrobe of vicinally functionalized allylic
pyrrolidinols in hand, we next sought efficient conditions for
the four-carbon ring expansion to sp*rich azonines bearing
benzylic stereocenters. The unique chemical and physical
properties that fluoroalkyl alcohols have in comparison with
their non-fluorinated analogues (e.g., high hydrogen bond
donor ability, low nucleophilicity values, high polarity and
ionizing power, and slightly acidic character), make them
reaction media for reactions involving ionic processes.
Recognizing the highly polar nature of the initially formed aza-
Michael intermediate in the reaction of allylic cyclic amines and
electron-deficient alkynes (see 10, Scheme 2), we surmised that
HFIP would be an ideal solvent for the envisioned aza-Cope
rearrangement of sterically encumbered a-styrenyl pyrrolidine
methanols. Thus, a mixture of allylic pyrrolidinol 6m (1 mmol)
in HFIP (5 mL, 0.05 M) and ethyl propiolate (2 equiv.) was
stirred at room temperature. After 48 h (based on GC-MS, TLC,
and NMR analyses), a single diastereomer of azonine 8a was
obtained in high yield after purification (Scheme 1). Other
solvents such as dichloromethane (DCM), 1,2-dichloroethane
(DCE), ethanol, methanol, trifluoroethanol, and isopropyl
alcohol were evaluated but they did not perform as well as HFIP.
Encouraged by this outcome, several allylic primary pyrrolidi-
nols were interrogated under the same reaction conditions. In
the event, some of the structurally diverse 9-membered azahe-
terocycles depicted in Scheme 1 were obtained (see 8a-lI).
Differentially N-substituted cyclic amines tend to display
diverse reactivity and biological activity profiles.”> The strategic
construction of azonines harboring the N-phenethyl group (see
8c-e) is noteworthy given that the latter is often employed as
a precursor to the indolizidine/quinolizidine/
tetrahydroisoquinoline scaffolds."”® Azonines bearing electron-
rich and electron-deficient aryl groups at the benzylic stereo-
centers have been assembled. The transformation displays
excellent chemoselectivity given that allylic pyrrolidines bearing
an N-allyl substituent reacts with ethyl propiolate to afford ring
expanded products 8l/m, without complications arising from
homologation at the kinetically more accessible allyl group.
This came as a surprise to us since there are several reports
describing the 3-aza-Cope rearrangement of N-allyl amines with
electron-deficient terminal and internal alkynes.”** These
studies have revealed that allylic pyrrolidines bearing haloge-
nated arenes are well tolerated (see 8e/i/j), which bodes well for
late-stage diversification since the halogen group may be
utilized as a requisite group for cross-coupling purposes. It is
noteworthy that N-benzyl substituents performed remarkably
well in the four-carbon ring expansion protocol given that the
benzyl group is easily removable under diverse reaction condi-
tions." These skip dienes are formed in impeccable E/Z ster-
eoselectivities at each of the alkene termini. This includes the
formation of trisubstituted alkenes (see 8f-m and 80-x), which

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are traditionally difficult to prepare in a stereoselective manner.
The reaction also proceeds with complete stereochemical
control at the benzylic stereocenter. Similar results are obtained
when the a-styrenyl pyrrolidine methanols are subjected to the
homologation protocol using methyl propiolate in place of ethyl
propiolate (see 8n-x). However, a current limitation of these
studies is that we are yet to find suitable reaction conditions for
the successful deployment of internal alkynes such as dimethyl
acetylenedicarboxylate (DMAD). These studies have revealed
that tertiary pyrrolidinol 7a reacts efficiently with ethyl propio-
late and methyl propiolate (see 8y/z).

Conclusions

In summary, we have leveraged the synthetic versatility of allylic
pyrrolidine methanols to develop a scaffold hopping strategy
that skeletally remodels vicinally functionalized allylic pyrroli-
dines to highly decorated azonines bearing benzylic stereo-
centers. The success of the protocol hinges on the use of a polar
solvent (i.e., HFIP) as the reaction medium, which served to
enhance the interaction with the highly charged zwitterionic
intermediate during the subsequent [3,3] sigmatropic rear-
rangement that furnishes the four-carbon homologation
product. These studies represent a significant advance over
existing strategies in that sterically imposing a-styrenyl tertiary
pyrrolidines and vicinally functionalized allylic tertiary pyrroli-
dines can now be ring-expanded efficiently. The resulting aza-
heterocyclic skip dienes are formed in impeccable E/Z
stereoselectivities at each of the alkene termini, which is note-
worthy given that unsymmetrical trisubstituted alkenes are
typically difficult to prepare in a stereoselective manner. The
stereochemical fidelity of the tetrahedral benzylic stereocenter
formed during the homologation reaction is quite impressive.
We anticipate that the scalable as well as operationally simple
natures of this protocol would endear it to the organic and
medicinal chemistry communities.
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