(J BEILSTEIN ARCHIVES

This open access document is posted as a preprint in the Beilstein Archives at https://doi.org/10.3762/bxiv.2026.37.v1 and is
considered to be an early communication for feedback before peer review. Before citing this document, please check if a final,
peer-reviewed version has been published.

This document is not formatted, has not undergone copyediting or typesetting, and may contain errors, unsubstantiated scientific
claims or preliminary data.

Preprint Title Azonanes from pyrrolidine: a double application of Hofmann-type
two-carbon ring expansion sequence

Authors Yulia V. Khoroshunova, Sergey A. Dobrynin, Tatyana V. Rybalova
and Igor A. Kirilyuk

Publication Date 14 Oct 2026
Article Type Full Research Paper
Supporting Information File1  8-13-14_structures_all_csd.cif; 2.5 MB
Supporting Information File 2 Support Information_final.docx; 1.7 MB

ORCID® iDs  Yulia V. Khoroshunova - https://orcid.org/0000-0003-2923-4241;
Tatyana V. Rybalova - https://orcid.org/0000-0003-2398-5271

License and Terms: This document is copyright 2026 the Author(s); licensee Beilstein-Institut.
BY

This is an open access work under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0). Please note that the reuse,
redistribution and reproduction in particular requires that the author(s) and source are credited and that individual graphics may be subject to special legal provisions.
The license is subject to the Beilstein Archives terms and conditions: https://www.beilstein-archives.org/xiv/terms.

The definitive version of this work can be found at https://doi.org/10.3762/bxiv.2026.37.v1



https://creativecommons.org/licenses/by/4.0
https://www.beilstein-archives.org/xiv/terms
https://doi.org/10.3762/bxiv.2026.37.v1
https://orcid.org/0000-0003-2923-4241
https://orcid.org/0000-0003-2398-5271

Azonanes from pyrrolidine: a double application of

Hofmann-type two-carbon ring expansion sequence

Yulia V. Khoroshunova™, Sergey A. Dobrynin'?, Tatyana V. Rybaloval, and Igor A.

Kirilyuk?!

Address: *N.N. Vorozhtsov Institute of Organic Chemistry SB RAS, Academician
Lavrentiev Ave. 9, Novosibirsk, 630090, Russian Federation and 2Novosibirsk State

University, Pirogova Str. 2, Novosibirsk, 630090, Russian Federation

Email: Yulia Vladislavovna Khoroshunova - horoshunova@nioch.nsc.ru

* Corresponding author

Abstract

Fused nitrogen-containing heterocycles with seven or more atoms form the structural
scaffold of many natural and synthetic molecules possessing diverse range of
biological activity. A series of new fused azepanes and azonanes have been
prepared via two sequential Hofmann-type cleavages of the endocyclic C—N bonds in
azetidinium rings of decahydro-1H,6H-biscyclopenta[2,3]azeto[1,2-a:2’1’-e]pyrrolium
system. The latter resulted from double intramolecular alkylation of pyrrolidine
nitrogen in (1R(S),5R(S),7R(S),8R(S))-6-azadispiro[4.1.4.2]tridecane-1,8-
diyldimethanol (7), which easily occurs under Appel reaction conditions. A simple 7-
step synthesis of 7 from 1-chloronon-8-en-4-one and unsubstituted hydroxylamine via
intramolecular 1,3-dipolar cycloaddition in a-pent-4-en-1-yl nitrones of pyrroline

series was described earlier.
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Introduction

Nitrogen-containing heterocycles with ring sizes of seven or more atoms have
attracted increasing interest among researchers, as they form the structural core of
numerous biologically important natural products as well as synthetic
pharmaceuticals [1-4]. The azonane ring, fused with various carbo- or heterocyclic
moieties, forms the core of many biologically active natural compounds. For example,
guebrachamine could affect the symptoms of BPH [5, 6], lycoposerramine B inhibits
acetylcholinesterase [7], vinblastine and rhazinilam block mitotic division, which is
used to suppress cancer cell growth [8, 9] (Figure 1). Nevertheless, despite the
importance of azonane derivatives in biological applications, their synthetic
analogues remain poorly available. Therefore, developing methodologies for the
efficient synthesis of structurally diverse azonanes remains a highly relevant and

urgent task [10, 11].
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Figure 1: Examples of biologically active compounds, containing azonane ring.

In contrast to the widely available and synthetically accessible 5- and 6-membered
nitrogen heterocycles — for which a variety of well-established synthetic protocols
exist — the preparation of their 7-membered analogues, and especially larger N-
heterocycles, is a challenging and non-trivial task. Among the general strategies for
constructing heterocycles containing seven or more atoms, two principal approaches
are commonly employed: intramolecular cyclization and ring expansion. However,
complex multistep sequences tailored specifically to the target molecule are often
required [12-14]. While both aforementioned strategies have been applied with
reasonable success to seven-membered rings, the formation of medium-sized rings
via direct cyclization is hampered by unfavorable transannular interactions and
transannular strain, leading to high enthalpic barriers. Moreover, ring closure through
cyclization is further disfavored by entropic factors [15].

In this context, ring-expansion methodologies represent a preferred route to medium-

sized nitrogen heterocycles [16]. One of the simplest example of such
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transformations involves cleavage of an endocyclic C-N bond in fused bi- or
polycyclic systems, where the nitrogen atom has been pre-activated — typically by
acylation or quaternization [17]. Ring expansion in these activated substrates can
proceed via nucleophilic substitution induced by external nucleophiles [18-23], via
reductive C—N bond cleavage [24-30], or through B-elimination processes [31-35].

In our previous work [36], we reported on the formation of cyclopenta[clazepines 1
from spirocyclic pyrrolidine derivatives — 6-(hydroxymethyl)-1-azaspiro[4.4]Jnonanes 3

(Scheme 1).
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Scheme 1: Synthesis of cyclopenta[c]azepines 1.

These reactions imply intramolecular alkylation of pyrrolidine nitrogen with the
formation of strained cyclopenta[2,3]azeto[1,2-a]pyrrole system 2 and subsequent C-
N bond scission in the azetidine ring via Hofmann elimination. The 6-
(hydroxymethyl)-1-azaspiro[4.4]nonanes 3, in turn, are easily accessible via addition
of pentenylmagnesium bromide to aldonitrones of pyrroline series 6 followed by
oxidation to nitrone 5, intramolecular 1,3-dipolar cycloaddition and reductive cleavage
of isoxazolidine ring [37].

In the present study, we extended the above strategy to the synthesis of fused 9-
membered nitrogen heterocycles — dicyclopenta[c,glazonines. Specifically, sequential
double application of the aforementioned protocol to dispirocyclic pyrrolidine 7 [38]
led — via a 7-membered azepane intermediate product — to the corresponding 9-

membered azonane derivatives.



Results and Discussion

When subjected to the Appel reaction conditions in the presence of excess DIPEA,

compound 7 [38] undergoes exhaustive intramolecular alkylation with the closure of

two azetidine rings (Scheme 2).
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Scheme 2: The synthesis of azonane derivatives 11-12 and their ammonium salts

13-14.

The resulting pentacyclic azetidinium salt 8 was isolated as a colorless crystalline
solid. The IR spectrum of 8 showed no absorption bands above 3100 cm~

indicating the absence of free OH or NH groups in the molecule. Both *H and 13C
NMR spectra were represented by a half of the signal set, as expected for a molecule
with  symmetrical structure. Full assignment of all NMR signals and the final

confirmation of this compound structure was achieved based on *H-*H COSY, H-



13C HMBC, and *H-13C HSQC experiments. Conclusive proof of the azetidinium salt 8

structure was obtained using single-crystal X-ray diffraction analysis (Figure 2).

Figure 2: The structure of azetidinium salt 8 according to X-ray diffraction data.

Treatment of azetidinium salt 8 with wet silver (I) oxide in the darkness effected
halide exchange, vyielding the corresponding tetraalkylammonium hydroxide.
Subsequent heating with alkali resulted in the formation of a mixture of two
compounds, 9 and 9a, inseparable by column chromatography. The multiplet at
5.20-5.29 ppm in the *H NMR spectrum of the major product 9 and the signals at
124.26 and 147.7 ppm in its 133C NMR spectrum indicated the presence of a >C=CH
fragment in the structure, typical for Hofmann elimination product. The signals of the
minor component 9a (Figure 3) apparently corresponded to a fully saturated
structure, presumably an amino alcohol, a typical byproduct under Hofmann
elimination conditions associated with the nucleophilic opening of the azetidinium ring

by hydroxide ion.

9a OH

Figure 3: Proposed structure of minor product 9a.

The pure 9 was isolated as a hydrochloride (Scheme 3).
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Scheme 3: Synthesis and atom numbering of 9*HCI.

A detailed analysis of the 2D 'H-'H COSY, 'H-13C HMBC, and 'H-3C HSQC NMR
spectra of the hydrochloride 9*HCI allowed us to confirm its structure and assign all
the signals. The HSQC spectrum revealed two pairs *H multiplets — two doublets of
doublets at 3.77 and 3.48 ppm — associated with the 13C carbon signal at 53.47 ppm,
and two doublets of doublets at 3.14 and 2.91 ppm, associated with the 3C carbon
signal at 57.62 ppm, which were assigned to the geminal methylene protons of the
4CH2- and ®CHz-fragments, respectively, both adjacent to the heteroatom. According
to the *H-'H COSY spectrum, the lower-field multiplet assigned to “CH: is the part of
the isolated spin system 4CH2-33CH-3CH2-°CH2-'CH2, with all hydrogen atoms
showing long-range HMBC interactions with the nodal carbon atom 2C. This pattern
is consistent with the annulated system of the cyclopentane and azetidine rings. The
higher-field multiplet assigned to 8CH2, in turn, is a part of the spin system 8CHo:-
6aCH-"CH2-8CH2-°CH=, where signals of all hydrogen atoms have cross-peaks with
the fully substituted carbon atom of the °*C=°CH double bond, according to 'H-13C
HMBC spectrum. Furthermore, an isolated spin system 'CH2-'°CH2 was observed in
the 1H-'H COSY spectrum, and HMBC correlations from these protons to both 12C
and °2C confirmed the presence of a fused 7- and 5-membered ring system. The

absence of long-range HMBC interactions between the nodal carbon atom 1*2C and



the hydrogen atom of the °CH= fragment indicates that the double bond is located in
the 5-membered ring rather than in the 7-membered one.

Compound 9 contains cyclopenta[2,3]Jazeto[1,2-a]lazepine system and can be
subjected to another ring expansion step. Amine 9 was treated with an excess of
methyl iodide to afford a colorless crystalline substance 10 (Scheme 2). The NMR
spectra of 10 were very similar to those of hydrochloride salt 9*HCI, with the
exception of a singlet of N-CHs group at 3.19 ppm in the 'H spectrum and
corresponding signal at 42.51 ppm in the 3C NMR spectrum. The high-resolution
mass spectrum supported the formation of quaternary salt, showing a peak
m/z=218.1903, corresponding to the cation [M-I]* with molecular formula CisH24N1*.
The salt 10 forms nice colorless crystals, but attempts to obtain X-ray data were
unsuccessful, presumably due to twinning.

Similarly to the above procedure, the salt 10 was converted to corresponding
hydroxide using wet Ag20 and then was heated with an alkali. Two amines 11 and 12
were isolated from the reaction mixture by column chromatography. According to *H
and ¥C NMR spectroscopy data, compound 11 contains a double bond of the
>C=CH type (a multiplet in the region of 5.30-5.38 ppm in the 'H spectrum and
corresponding signals at 125.43 and 151.15 ppm in the 3C spectrum) and shows a
half set of signals, which indicates its symmetrical structure.

Since the free amine 11 showed an evidence of decomposition upon storage, it was
treated with iodomethane to give stable quaternary salt 13 (Scheme 2), which was
fully characterized. The 'H and 3C NMR data for 13 supported its symmetric
structure. Analysis of 2D 'H-'H COSY, 'H-13C HMBC, and !H-13C HSQC NMR
spectra allowed us to confirm the structure of compound 13, as well as to accurately
assign all signals in its NMR spectra. Notably, in the 3C NMR spectrum, the signals

of the carbon atoms of methylene and methyl groups adjacent to heteroatom have a

~



Jcn constant with the nitrogen atom. The structure of 13 was unambiguously
confirmed by single-crystal X-ray analysis (Figure 4), revealing a symmetric tricyclic
system comprising a central 9-membered azonane ring annulated with two

cyclopentane rings, each bearing a double C=C bond.

Figure 4: The structure of azonane-based ammonium salt 13 according to X-ray

diffraction data.

In contrast, compound 12 contains a full set of signals in the *H and *C NMR

spectra, indicating its non-symmetric structure (Figure 5).
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Figure 5: The structure and numbering of carbon atoms of compound 12.

The presence of two different >C=CH double bonds is revealed by two multiplets in
the region of 5.24-5.32 and 5.35-5.40 ppm in the *H spectrum and signals at 120.34,
124.87, 144.71 and 149.91 ppm in the *3C spectrum. A detailed analysis of the *H-'H

COSY, H-13C HMBC, and 'H-13C HSQC NMR spectra of compound 12 allowed its
9



full structural elucidation. Thus, in the *H NMR spectrum, a singlet with an integrated
intensity of 3H is observed, which, according to the 'H-3C HSQC correlation, is
associated with a signal at 46.99 ppm in the **C NMR spectrum. These signals are
unambiguously attributed to the methyl group *?CHs at the nitrogen atom (Figure 5).
A spin system 8CH2-%2CH-"CH2-8CH2-°CH= is observed in the 'H-'H COSY spectrum,
and according to the *H-13C HMBC spectrum, these hydrogen atoms have long-range
interactions with the °2C= carbon atom. This indicates the presence of an annulated
5-membered ring containing %2C=°CH double bond in the compound 12. In another
spin system CH2-°CH2-3CH2-32CH-*CH2 observed in the *H-'H COSY spectrum, all
hydrogen atoms have long-range interactions with the ''2C carbon atom in the *H-13C
HMBC correlation. The ''2C carbon atom, according to the 'H-3C HMBC data,
interacts with the 'CH= hydrogen, indicating the presence of exocyclic double bond
Hac=11CH in the 5-membered ring. Since there are no interactions between the
hydrogen atoms of the 'CH= and °CH= fragments in the *H-'H COSY spectrum, and
there are no cross-peaks between the pairs of 1*2C carbon and °CH= hydrogen atom
and %2C carbon and *CH= hydrogen atom in the 'H-3C HMBC correlation, it can be
concluded that two isolated double bonds are present in the molecule 12. According
to 'H-13C HSQC data, the 1°C carbon atom is associated with a doublet of doublets at
3.01 and with a multiplet in the 2.81-2.91 ppm region in the *H spectrum. The latter,
in turn, have cross peaks with 1*CH= and °CH= in 'H-'H COSY spectrum, which
allows us to assign °CH2-group to the methylene fragment between two C=C bonds.
In addition, according to *H-3C HMBC data, one of the two methylene fragments at
the heteroatom (*CH2) has long-range interactions with the *2C= carbon, and the
second one (°CH2) — with %C=, and both fragments (*CHz and 8CH>) reveal cross

peaks between themselves, as well as with the methyl group 2CHs. The combination
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of these data clearly shows that 12 has an asymmetric structure, containing a 9-
membered azonane ring annulated with two 5-membered cycles.

Due to instability, 12 was also converted to its methylated ammonium salt 14,
isolated as colorless crystals. High-resolution mass spectrometry detected a peak
with m/z=359.1104, corresponding to the molecular ion [M]* and consistent with the
formula CisH26NI. That formula was also confirmed by elemental analysis data. Full
assignment of all NMR signals and confirmation of compound 14 structure was
achieved based on *H-'H COSY, *H-13C HMBC, and *H-3C HSQC experiments.
Unambiguous proof of the ammonium salt 14 structure was obtained using single-

crystal X-ray diffraction analysis (Figure 6).

Figure 6: The structure of azonane-based ammonium salt 14 according to X-ray

diffraction data.

Conclusion

In this work, we have demonstrated another example of how spirocyclic amines
bearing a hydroxymethyl moiety — readily accessible via the intramolecular 1,3-
dipolar cycloaddition of cyclic a-alkenylnitrones [37-40] — can be employed to access

fused cyclic amines with 7- or 9-membered rings. This approach may prove highly

11



convenient for the preparation of biologically and/or pharmacologically active

compounds.

Supporting Information

Detailed experimental procedures, representations of the IR, 'H and 3C NMR
spectra, and X-ray crystallographic data. Crystallographic data for structures 8, 13,
14 have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC 2591580-2591582 respectively.
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