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Electron-deficient nitrogen-containing aromatic heterocycles, particularly

pyridine derivatives, can be converted into all-carbon aromatic frameworks via
the ANRORC (Addition of Nucleophile, Ring-Opening, and Ring-Closing) ske-
letal editing process, providing a convenient tool for molecular diversification.
However, reported methods are mainly limited to nucleophilic modification of
ring-opening species. Herein, we report a distinct electrophilic modification
method, smoothly converting pyridines into arene-1,3-dialdehydes or naph-
thalene-1,3-dialdehydes.

The pyridine ring is a prevalent structural motif in natural products,
pharmaceuticals, dyes, pesticides, and functional materials'. Its func-
tional modification and derivatization are critical to drug discovery and
material science. Numerous well-established methodologies have been
developed for pyridine C-H activation®?°, while the skeletal editing of
pyridine has recently garnered attention and is recognized as a trans-
formative strategy towards achieving distinctive structural modifica-
tions from conventional functional modifications. Pyridine skeletal
editing can generally be categorized into two main types (Fig. 1A). One
type focuses on the skeletal editing of pyridine into nitrogen-containing
heterocycles via ring contraction/expansion or degenerate ring trans-
formation (DRT)*°. These types of transformations have been exten-
sively studied, and numerous reactions have been reported. On the
other hand, while significant advances have been made in nitrogen-atom
insertion into heteroarenes”*® or pyridine construction from cyclic
molecules through nitrene-mediated processes®*°, the reverse trans-
formation that converts pyridines into arene architectures via deni-
trogenation remains relatively underdeveloped” . One elegant
method is a cascade [4+2]/retro-[4+2] pathway (Fig. 1B, top), in which
the dearomatization of pyridine via cycloaddition or 1,2-addition reac-
tions generates a cyclic dieneamine intermediate that undergoes a [4+2]
cycloaddition with benzyne or substituted alkynes, followed by a retro-
[4+2] reaction to reconstruct aromatic ring. Representative examples
were reported by Studer*” and Boswell*®, respectively. Such a method
allows for the introduction of diverse substituents at adjacent positions

on the constructed phenyl ring. Another important method is the
addition of nucleophile, ring-opening, and ring-closing reaction of pyr-
idinium salt (ANRORC, Fig. 1B, bottom)**". During this process, a key
ring-opening intermediate is formed, including Streptocyanines, Zincke
imines, and Zincke aldehydes. These intermediates can be modified by
an extra nucleophile at an electrophilic position (Fig. 1C, path a), pro-
viding a broad array of substituted arenes. For instance, Kano et al.”>*
reported the conversion of pyridines into benzophenones, anilines, or
benzaldehydes through the utilization of Streptocyanine intermediates
with different functionalized carbon nucleophiles, while Greaney> used
malonates as soft nucleophiles to convert pyridines into benzoates via
Zincke imine intermediates. In addition, Glorious* utilized a Zincke
aldehyde in combination with a Wittig reagent to transform pyridine to
abenzene ring bearing a variety of versatile functional groups at the ipso
position that was originally occupied by the pyridine nitrogen atom.

Despite great progress achieved for the modification of ring-
opening intermediates with nucleophilic reagents, electrophilic mod-
ification of these intermediates with versatile electrophiles remains an
elusive challenge (Fig. 1C, path b). In consideration of the fact that
electrophilic modifications will occur at different positions from
nucleophilic modifications of ring-opening intermediates, leading to
totally different substituted aromatic rings, the development of an
electrophilic modification method would be in high demand.

Herein, we report an electrophilic modification of ring-opening
intermediates of pyridinium salts for a distinct type of pyridine skeletal
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Fig. 1| Pyridine skeletal editing reactions to arene compounds. A Pyridine skeletal editing. B Two general strategies for skeletal editing of pyridine to arene. C Two types
of modifications of ring-opening species in ANRORC. D This work: electrophilic modification of ring-opening species.
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Fig. 2 | Reaction optimization studies®. A N-Activating group screening; B Sec-
ondary amine evaluation; C Reaction condition optimization; D Investigation into
one-pot reactions. *Yield was determined by 'H NMR using 1,2-dichloroethane as
the internal standard; ®reaction conditions: 3-phenylpyridinium salt (0.1 mmol),

C. Optimization reaction conditions
(COCl),, A equiv.

Ph DMF, 1.0 mL LHO
| = d 0°C, t;
N Pyrrolidine, 2.2 equiv.
N™ CI
lIDNP Solvent, 1.0 mL, 25°C, 1 h Temperature, t, 1 CHO
1a, 0.1 mmol
Entry Af(eq.) t (h) solvent Temperature (°C) tp (h) NMR vyield (%)
1 10.0 1 CHCly 60 10 81
2 7.0 1 CHCl3 60 10 83
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pyrrolidine (0.2 mmol), (COCI), (10.0 equiv.), DMF (1.0 mL), CHCI; (1.0 mL), 60 °C,
10 h; °N-DNP 3-phenylpyridinium salt (0.1 mmol), HNR, (0.2 mmol) were used.
dpyrrolidine (0.02 mmol, 0.2 equiv.) was used; CHCI; = chloroform, DMF =N, N-
Dimethylformamide.

editing reaction, converting pyridines into arenes bearing two alde-
hyde functional groups at 1,3-positions of the formed aromatic ring
(Fig. 1D). In the reaction, the use of dual-electrophilic Vilsmeier reagent
efficiently modifies nucleophilic sites of ring-opening intermediates
derived from 3-aryl or 3-alkenylpyridinium salts.

Results

Optimization studies

We commenced our study, employing 3-phenylpyridinium salt as the
model substrate and pyrrolidine as a nucleophilic ring-opening
reagent in CHCl;. After the ring-opening step, the solution was

added to the prepared Vilsmeier reagent (10.0 equiv.), and the mixture
was heated at 60 °C for 10 h. Considering that the electron-deficient
pyridine was beneficial to ring-opening, we initially conducted a sys-
tematic examination of a series of electron-withdrawing activating
groups, including triflyl (Tf), nitroso (NO), 3-nitrophenyl, 2,4-dini-
trophenyl (DNP), and 2,6-dinitrophenyl (2,6-DNP) groups. Among
them, the 2,4-DNP activator gave the highest yield (80%) of naphtha-
lene-1, 3-dialdehyde 1, while the 3-nitrophenyl group afforded a mod-
erate yield (59%). The 2,6-DNP group showed lower reactivity (18%
yield), likely due to steric hindrance. The Tf group gave 13% yield, and
no product was observed with the NO group (Fig. 2A). Other secondary
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amines, such as dipropylamine, piperidine, 4-methylpiperidine, and 1-
methylpiperazine, did not give better results than pyrrolidine (Fig. 2B).
By increasing the amount of pyrrolidine to 2.2 equiv. (Supplementary
Table S3) and reducing the amount of Vilsmeier reagent to 7.0 equiv.,
the yield can be slightly increased to 83% (Fig. 2C, entry 2). Further
optimization found that the preparation time ¢; of Vilsmeier reagent
was reduced to 0.5 h, and the yield was further increased to 89% (entry
3). Reducing or increasing the preparation time ¢ resulted in a
decreased yield (Supplementary Tables S4 and S5). Additionally, the
change of either the reaction time ¢, or the reaction temperature
decreased the yield to some extent (entries 4-7). In contrast to the
superior performance of CHCl;, THF resulted in a negligible yield
(10%), whereas 1,4-dioxane achieved a viable but suboptimal yield of
75% (entries 8-9).

Efforts to establish catalytic conditions failed due to pyrrolidine
consumption by excess Vilsmeier reagent. Indeed, nearly quantitative
conversion of pyrrolidine to pyrrolidine-1-carbaldehyde (>95%) was
observed by 'H NMR analysis upon reaction completion (Supplemen-
tary Table S7). Consequently, the optimal reaction condition was as
following: The N-DNP 3-phenylpyridinium salt 1a (0.10 mmol) and
pyrrolidine (0.22 mmol, 2.2 equiv.) reacted at room temperature in
CHClI; (0.1 M) for 1h, and the resulting solution was then added into
the preformed Vilsmeier reagent (DMF 1.0 mL and 7.0 equiv. of oxalyl
chloride reacted at 0 °C for 0.5 h), and then reacted together at 60 °C
for 10 h (Fig. 2C, entry 3). Based on the optimal conditions, a one-pot
procedure was investigated. Following the ring-opening of 1a with
pyrrolidine, oxalyl chloride and DMF were added (instead of pre-
formed Vilsmeier reagent), affording 1in 60% yield—significantly lower
than under standard conditions (Fig. 2D, eq. 1). Notably, when oxalyl
chloride and DMF were added prior to 1a and pyrrolidine, the yield
dropped significantly to 2% (Fig. 2D, eq. 2). This dramatic decrease is
ascribed to the consumption of pyrrolidine (the ring-opening reagent)
by the Vilsmeier reagent, thereby suppressing the formation of the
ring-opened intermediate—the key species in this transformation (for
details, see Supplementary Table S8).

With the optimal conditions in hand, we investigated the sub-
strate scope of the reaction (Fig. 3). A variety of 3-(hetero) aryl pyr-
idinium salts were well compatible with this skeletal editing reaction,
providing the corresponding naphthalene-1,3- dialdehydes (Fig. 3A).
Pyridinium salts with substituents at the 4-position of the 3-aryl group,
including electron-donating group (e.g., alkyl, MeO, PhO, Ph) offered
moderate to good yield of desired product (2-7), while those bearing
electron-withdrawing groups (e.g., -F, -Cl, -CF3, -CO,Me and -SO,Me)
gave lower reactivity (8-12), in general requiring higher temperature
and prolonged reaction time, providing 6-substituted naphthalene-1,3-
dialdehydes in moderate yields (8-10). When a pyridinium salt with a
meta-substituent at the C3-aryl group was used, which has two possible
attacking positions available for the Vilsmeier reagent, the reaction
occurred preferentially at the less sterically hindered site to deliver the
7-substituted naphthalene-1,3-dialdehyde (13-18) in moderate yield.
However, ortho-substituents on the 3-aryl group of pyridine (e.g., Me,
F, vinyl) completely suppressed reactivity, likely due to steric hin-
drance and/or electronic destabilization of intermediates. 3,4-Dime-
thylphenyl pyridinium salt displayed high efficiency, delivering the
corresponding product 19 in 90% yield. 3,4-Disubstituted pyridinium
salt also underwent this transformation smoothly, giving a
2-substituted naphthalene-1,3-dicarbaldehyde, which is difficult to
access via other synthetic methods (20, 23% yield). Furthermore,
functional groups imposing strong electronic effects—including -NO,
-Ac, -CN, -CHO, and -OH—proved incompatible. These substituents
may deactivate the aromatic ring toward electrophilic attack or parti-
cipate in undesired side reactions (for details, see Supplementary
Fig. S7). 3-(Naphthalen-2-yl)pyridinium salt reacted with Vilsmeier
reagent exclusively at the a-position, affording phenanthrene-1,3-
dicarbaldehyde 21 in 73% yield. However, the pyridinium salts bearing

anthracenyl, phenanthracenyl, and pyrenyl groups at the 3-position
exhibit nearly no reactivity (for details, see Supplementary Fig. S8).
Pyridinium salts with 3-heteroaryls (furan-2-yl, thiophen-2-yl, and
benzofuran-2-yl) also reacted well, giving the heteroarenyl fused ben-
zene-1,3-dialdehydes (22-24) in 45-68% yields. Additionally,
3-alkenylpyridinium salts also underwent this skeletal editing reaction
to give arene-1,3-aldehyde successfully in moderate to good yields
(Fig. 3B, 25-31). Notably, the Z-isomer demonstrates enhanced reac-
tivity relative to the E-isomer of the alkenylpyridinium salts. For
example, the Z-28a, Z-29a, and Z-31a consistently afford significantly
higher yields of products 28, 29, and 31, respectively, when compared
to their E-isomer counterparts.

Substrates scope

The developed method can also be successfully extended to complex
bioactive molecules (Fig. 3C). For example, the reaction of bacillamide
analogs afforded the corresponding product in 60% yield (32), while
Canagliflozin, an SGLT2 inhibitor used in diabetes management, gave a
75% yield (33). Similarly, the method was effective in modifying abir-
aterone acetate, an androgen biosynthesis inhibitor used in prostate
cancer treatment, delivering 50% yield (34). Additionally, the reaction
of pirarifenamide analogs, JTK-853 and Estrone, produced the desired
products in 58% (35), 37% (36), and 40% (37) yield, respectively.
Despite the observed yield variations (ranging from moderate to good,
36%-75%), this methodology introduces a distinct reactivity pattern
that could effectively complement current strategies for late-stage
modification of pyridine-containing bioactive compounds, thereby
expanding options for structure-activity relationship studies and
pharmacological optimization.

To demonstrate the scalability of this reaction, a gram-scale
experiment of 1a was conducted, providing the desired product 1
without loss of reactivity (Fig. 4, 87% yield). The resultant product,
containing two formyl groups, proved to be a versatile synthetic pre-
cursor. For example, it can be transformed into a diverse range of
functional products, such as naphthalene-1,3-dimethanol 38 through
reduction in 90% yield, dinitrile 39 through oxidation amination in 38%
yield, and naphthalene-1,3-dicarboxylic acid 40 through oxidation in
48% yield. Furthermore, the product underwent Wittig olefination to
form olefins 41 in 55% yield or reacted with dimethyl (1-diazo-2-oxo-
propyl)phosphonate to offer dialkynes 42 in 80% yield. It was trans-
formed into dioxazole 43 in 68% yield through reaction with TosMIC
reagent in the presence of K,COs. Furthermore, by controlling the
reaction conditions, we can also obtain different functionalized
monoaldehyde compounds, such as 38a, 38b, 41a, 41b, 42a, 42b, in
synthetically useful yields. These compounds would otherwise be
difficult to synthesize. The aforementioned results clearly demon-
strated the good practicality of our newly developed method.

Mechanistic studies

A series of experiments were conducted to elucidate the reaction
pathway. Streptocyanine 1af as the starting material was dissolved it in
CHClI; with 7.0 equiv. of the Vilsmeier reagent and heated at 60 °C,
affording the desired product in 92% yield (Fig. 5A, eq. 1). However,
when N-DNP-Zincke imine 1ag was employed as the starting material,
the reaction proceeding via a similar procedure gave a significantly
decreased yield (18%, Fig. 5A, eq. 2). Kinetic isotope effect (KIE) was
measured via parallel experiments of 1a and 1a-D under the optimized
reaction conditions, revealing a small KIE (0.66, Fig. 5B, eq. 3). Simi-
larly, a KIE value of 0.67 was observed in a competition reaction
between 3-C¢Ds-pyridine and 3-phenylpyridine (Fig. 5B, eq. 4). These
results indicate that C-H bond cleavage might not be the rate-
determining step. In addition, a typical inverse secondary kinetic iso-
tope effect (KIE, 0.80) was obtained in a parallel experiments using
Vilsmeier reagents that were prepared from DMF-d; and DMF,
respectively (Fig. 5B, eq. 5). This result indicates that the formyl carbon
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of DMF may undergo a rehybridization process from sp? to sp? first and
then back to sp? during the reaction.

Based on these experiments, a plausible reaction mechanism®**’
was proposed in Fig. 5C. The reaction commences with the nucleo-
philic attack of a pyrrolidine on the N-DNP 3-phenylpyridinium chlor-
ide salt, leading to the ring-opening of the pyridine ring and the
formation of a Zincke imine IM-I. This intermediate then further reacts
with the second molecular pyrrolidine, generating a streptocyanine
IM-II, which then undergoes electrophilic addition with the Vilsmeier
reagent. The resulting IM-III eliminates one molecule of HCI to pro-
duce IM-IV. Subsequently, a 6m-electrocyclization or intramolecular
SgAr pathway occurs, yielding IM-V. The elimination of HNMe; results
in IM-VI, a new aromatic ring bearing two iminium moieties. Finally,
hydrolysis of IM-VI produces aromatic or naphthalene dialdehyde
compounds.

In summary, a unique electrophilic modification of the ring-
opening intermediates of Zincke quaternary ammonium salts by Vils-
meier formylation reagent has been developed, achieving an efficient
skeletal reconstruction of 3-aryl/alkenylpyridines into naphthalene
dialdehydes or benzenedialdehydes in up to 90% yield. This method
represents a significant advance in the field of molecular editing,
providing a distinct strategy for the modification of pyridine scaffolds,
a structure commonly found in numerous biologically active mole-
cules and pharmaceuticals. The direct transformation of pyridine
derivatives into more complex aromatic frameworks demonstrates
that the current approach can offer a convenient and rapid tool for the
modification of pyridine-containing bioactive molecules, which is
crucial for drug discovery and development. Further development of
other types of skeletal editing reactions of pyridines is underway in
our lab.

Methods

General procedure for the synthesis of Zincke salts

General procedure A. To an oven-dried 100 mL flask, equipped with a
magnetic stirrer, was charged with 3-bromopyridine (0.79 mL,

8.0 mmol), substituted phenylboronic acid (10.4 mmol, 1.3 equiv.),
Pd(PPh3), (0.28 mg, 0.24 mmol, 3%), and Na,CO3 (4.4 g, 32 mmol, 4.0
equiv.). The system was then purged with nitrogen through three
cycles of evacuation and backfilling using a balloon. Subsequently,
toluene (16.0 mL), water (16.0 mL), and ethanol (5.0 mL) were added to
the flask. The reaction mixture was heated under reflux conditions at
110°C for 24 h. Upon completion of the reaction, the mixture was
allowed to cool, followed by filtration and extraction with ethyl acetate
(3x15mL). The combined organic extracts were then dried over
anhydrous magnesium sulfate (MgS0,), filtered, and concentrated
under reduced pressure. The residue was purified by silica gel column
chromatography (petroleum ether/ethyl acetate, 10:1 to 1:1), to yield
the desired 3-arylpyridine product.

General procedure B. Under a nitrogen atmosphere, a solution
(c=1.0 M) of potassium tert butoxide (1.1g, 10.4 mmol, 1.3 equiv.) in
tetrahydrofuran was dropped into a solution (c=1.0 M) of phosphorus
ylides (9.6 mmol, 1.2 equiv.) in tetrahydrofuran at 0 °C. The mixture
was stirred at 0°C for 30 min, and then a solution (c=1.0 M) of
pyridine-3-carbaldehyde (0.78 mL, 8.0 mmol, 1.0 equiv.) in tetra-
hydrofuran was dropped at 0 °C in 15min. After 16 h of reaction at
room temperature, saturated NH,Cl aqueous solution (10.0 mL) was
added and stirred for 15 min. The organic phase was separated, and the
aqueous phase was extracted three times with ethyl acetate. The
organic phase was dried over anhydrous Na,SO,, filtered, and con-
centrated under reduced pressure. Using a mixture of petroleum
ether/ethyl acetate (20:1) as the eluent, the crude product was purified
by silica gel column chromatography to obtain the desired
3-vinylpyridine.

General procedure C. To the reaction vessel was added the
appropriate pyridine (5.0 mmol), 1-halo-2,4-dinitrobenzene (1.6 g,
8.0 mmol,1.6 equiv.), and acetone (15.0 mL) or ethanol (15.0 mL),
and the resulting mixture was heated at 60-80°C for 24h.
The mixture was allowed to cool to room temperature, and
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Fig. 5 | Skeletal editing of pyridines to aryldialdehydes. A Identification of key intermediate. B KIE experiments. C The proposed reaction mechanism.

concentrated in vacuo to yield the crude product, then washed
with ethyl acetate to yield the Zincke salt. Alternatively, EA (ethyl
acetate) and DCM/EtOH (1:1) could be used as the eluent; the
crude product was purified by silica gel column chromatography
to obtain Zincke salt.

General procedure for the synthesis of aryldialdehydes
General procedure D. To a tube 1 equipped with a stir bar was added
DMF (1.0 mL). Oxalyl chloride (59.2puL, 0.7 mmol, 7.0 equiv.) was
added dropwise, and the resulting solution was reacted at 0 °C (ice
water bath) for 0.5 h. To a tube 2 equipped with a stir bar was added the
appropriate Zincke Salt and CHCl; (0.1M). Pyrrolidine (18.0 pL,
0.22 mmol, 2.2 equiv.) was added dropwise, and the resulting solution
was reacted at 25 °C for 1 h. Then the streptocyanine from tube 2 was
added to tube 1 and reacted at 60 °C for 10 h. After cooling to room
temperature, the reaction solution was concentrated and purified by
thin layer chromatography (silica gel, petroleum ether/ethyl acet-
ate = 5:1) to obtain pure products.

Further experimental details are provided in the Supplementary
Information.

Data availability

The details of experimental procedures and the data about the findings
of this study are available within the article and its supplementary
information. All data are available from the corresponding authors
upon request.
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