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a b s t r a c t

A significant challenge in organic synthesis has been the direct transformation of azaarenes into synthet-

ically important aromatic aldehydes via formal nitrogen extrusion and carbon insertion. In this study, we

present an efficient approach to reshape easily accessible azaarene-based onium salts, such as isoquino-

liniums, pyridiniums, and pyrimidiniums, into functionalized multi-substituted aromatic aldehydes. This

strategy relies on the strategic use of an inverse-electron-demand [4+2] cycloaddition-inspired cascade

process with a wide tolerance of allenes, alkynes or alkenes as dienophiles. DFT calculations were con-

ducted to gain insight into the reaction mechanism, revealing the significant catalytic roles of Na2CO3

and H2O for aldehyde formation and deamination. The operational simplicity enables widespread appli-

cation of this strategy which has successfully been expanded towards the direct transformation of fused

pyridinium and isoquinolinium salts as well as naturally occurring pharmaceuticals berberine sulfate and

palmatine chloride into structurally novel atropisomeric N/P compounds. The resultant N/P compounds

have demonstrated their potential application as ligands.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Substituted aromatic aldehydes, particularly 1-naphthaldehydes,

are crucial raw materials with extensive applications in the fields

of material science, synthetic chemistry, and pharmaceuticals.

Moreover, they also serve as significant synthetic precursors

for chiral ligands and catalysts. However, only limited synthetic

strategies have been reported for their synthesis (Scheme 1A),

predominantly relying on peripheral modification of the naphtha-

lene core through the introduction of a formyl group via oxidation

of their alcohol and halide precursors [1–5] or formylation of

1-naphthyl halides or boronic acids [6–8]. Despite being efficient,

it remains highly challenging to prepare differently substituted

1-naphthaldehydes due to difficulties in obtaining the necessary

synthetic precursors and controlling regio- and chemoselectiv-

ities. Therefore, there is a pressing need to explore rapid and

efficient approaches for synthesizing various multi-substituted

1-naphthaldehydes using readily available materials under simple

conditions.
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E-mail addresses: ias_llzhao@njtech.edu.cn (L. Zhao), wangqilin@henu.edu.cn (Q.

Wang).
1 These authors contributed equally to this work.

Skeletal editing has emerged as a potent strategy for modifying

the inherent core skeleton at a profound level in recent years,

which could directly convert already-existing or easy-to-make

molecules into other challenging candidates, thereby avoiding

time- and labour-consuming multistep sequences from scratch

[9–49]. In view of the ready availability and ease functionalization

of azaarenes, ideally, it would be promising to transform them

into arenes via formal N-to-C transmutation. However, achiev-

ing this transformation remains highly challenging due to the

high aromatic stability energy, unstrained ring architectures, and

bond inertness. Only a few rare examples have been reported

in this regard. In 2013, Kozmin and colleagues developed an

inverse-electron-demand [4+2] cycloaddition between isoquino-

line N-oxides or isoquinolinium salts with siloxyalkynes [50,51].

These transformations were limited to siloxyalkynes as dienophiles

and required catalytic amounts of Au or stoichiometric amounts

of Ag for their activation. Kano’s group demonstrated an effective

approach by utilizing the Zincke reaction to eliminate nitrogen

atoms from azaarenes followed by precise insertion of carbon

atoms using suitable carbon sources [52–54]. Studer [55] and

Boswell [56] independently achieved the conversion of pyridines

into benzenes and naphthalenes through the transformation of

https://doi.org/10.1016/j.cclet.2025.112017
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Scheme 1. Approaches to 1-naphthaldehydes and our skeletal editing strategy.

electron-poor pyridines into electron-rich dihydropyridines as a

crucial step. Greaney and colleagues also accomplished the con-

version of pyridines into benzenes through a one-pot three-step

process [57]. More recently, Song [58] and Sorensen [59] individu-

ally presented a robust strategy to convert pyridine and quinoline

N-oxides into all-carbon arenes through a N-to-C single-atom swap

with sulfoxide as the carbon source. Wei’s group utilized phos-

phonium ylide as the carbon source to precisely swap the N-atom

for a CH unit, thus accomplishing the editing of C1-substituted

isoquinolines into naphthalenes [60]. Despite these remarkable

advancements, none of these achievements possess the capability

to reshape commercially available azaarenes into valuable but

difficultly accessible aromatic aldehydes.

Recently, our research group has been focused on exploring

novel reactivities of azaarenes in order to expand their chemi-

cal space [61–64]. In continuation of our research interests and

to address the challenges associated with synthesizing diverse 1-

naphthaldehydes, we present here a protocol for skeletal editing

of isoquinoliniums. These isoquinoliniums can be easily prepared

from commercially available isoquinolines through quaternization,

and subsequently transformed into synthetically valuable multi-

substituted 1-naphthaldehydes. As depicted in Scheme 1B, this

formal N-to-C transmutation strategy involves an initial inverse-

electron-demand [4+2] cycloaddition between isoquinolinium

salts and alkenes, leading to the formation of unstable strained

bridged species. Subsequent cleavage of these bridged interme-

diates, followed by aromaticity-driven deamination processes, en-

ables the generation of functionalized 1-naphthaldehydes. The key

aspect in our design lies in the selection of allenes as reaction

partners. The relatively electron-rich terminal olefin moieties serve

as unconventional dienophiles that generate transient strained

bridged rings containing an exocyclic C=C bond. This exocyclic C=C

bond then facilitates N-atom extrusion and subsequent aromati-

zation reactions. Interestingly, this strategy can also be extended

to reshape naturally occurring pharmaceutical compounds such as

berberine sulfate and palmatine chloride [65–67] into structurally

unique axially chiral N/P ligands that are otherwise challenging to

access (Scheme 1C) [68–75].

To begin our study, we choose N-benzyl isoquinolinilum salt

1, easily prepared from commercial isoquinoline and benzyl bro-

Table 1

Optimization of reaction conditions.a

Entry Variation from standard conditions Yield (%) b

1 None 91 (98) c

2 Water is omitted 73

3 Water (20 equiv.) 60

4 K2CO3 instead of Na2CO3 80

5 Cs2CO3 instead of Na2CO3 75

6 Na2HPO4 instead of Na2CO3 49

7 At room temperature (71) c ,d

8 In N2 atmosphere (96) c

9 CHCl3, EtOH, CH3CN instead of DMSO (75, 80, 82) c

a Reaction conditions: 1 (0.40mmol), 2 (0.20mmol), water (2.0mmol), Na2CO3

(0.20mmol), DMSO (1.0mL), 80 °C, 4 h.
b Isolated yields of 3 obtained by silica gel column chromatography.
c The data in the bracket refers to the isolated yield of 4 after stirring 3 with TFA

(0.40mmol) for 30min in the one-pot reaction system.
d 72 h.

mide by a simple filtration, and allenylphosphine oxide 2 as the

model substrates for the development of skeletal editing reac-

tions. The phosphine oxide moiety in allenes not only serves as an

orientating group for regioselective control, but also endows the

products some valuable functions, for example, behaving as use-

ful synthetic handle for further modifications or as precursors to

prepare various phosphine ligands. Gratifyingly, this reaction pro-

ceeded smoothly in the presence of Na2CO3 (1.0 equiv.) and water

(10.0 equiv.) in DMSO at 80 °C to produce 3 in 91% yield (entry

1, Table 1). The water is important for the synthetic efficiency. In

the absence of it, only a 73% yield of 3 was obtained. Increasing its

amount to 20.0 equiv. was also detrimental to the yield (60%). Sub-

sequent evaluation of bases indicated that replacement of Na2CO3

with other bases, such as K2CO3, Cs2CO3 and Na2HPO4, resulted in

inferior yields. Given the fact that the imine group in 3 is suscep-
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tible to hydrolysis, 2 equiv. TFA was added to the reaction system

after the skeletal editing process went completion, and the alde-

hyde 4 was afforded in 98% yield (footnote c, Table 1, entry 1).

The reaction could also proceed successfully at room temper-

ature, for which a prolonged time for required to deliver a 71%

yield of 4 (entry 7, Table 1). Conducting the reaction in nitrogen

atmosphere had marginally influence on the yield (entry 8, Table

1). Replacement the solvent with CHCl3, EtOH and CH3CN resulted

in inferior yields (entry 9, Table 1). Notably, in this skeletal edit-

ing reaction, we easily introduced two useful functional groups at

one time, a formyl group on the C1-position of naphthalene core

and a phosphinyl group, both of which are difficultly incorporated

by other conventional methods. These two functional groups pro-

vided a versatile platform for further synthetic manipulation and

functional development.

With the optimal conditions established, the compatibility of

this skeletal editing strategy was explored using this operationally

simple method (Scheme 2). Initially, we investigated the reactiv-

ity of various dienophiles, including allenes, alkynes and alkenes.

A wide range of allenylphosphine oxides with different aryl sub-

stituents were tolerated, irrespective of their electronic nature and

substitution positions, leading to 4–23 in 42%−98% yields. The al-

lenylphosphine oxides bearing ortho-substituents were also com-

petent substrates (19–21). Variation of substituted phenyl groups

with 2-naphthyl and 2-thienyl groups were also compatible (22,

23). The substituents on the phosphine oxide moiety were not lim-

ited to phenyl, cyclohexyl-, isopropyl- and ethoxy-substituted ones

were also amenable in this reaction (24, 84%; 25, 57 %; 26, 78%).

Unsubstituted and γ -phenyl substituted allenylphosphine oxide

could also participate in this skeletal editing reaction successfully,

to deliver 27 and 28 in 30% and 85% yields, respectively. Remark-

ably, the reaction sites changed for these two cases. The phos-

phine oxide group was not indispensable in this synthetic strategy.

Replacement of it with ester group and sulfonyl group was also

feasible (29, 68%; 30, 99%). Unfortunately, allenes with electron-

donating substituents failed to participate in this transforma-

tion (for details, see Supporting information). Apart from allenes,

ethoxyethyne and ynamine were also competent partners, which

smoothly produced 31 and 32 in 95% and 69% yields, respectively.

Both N-methyl-N-vinylacetamide and (vinyloxy)cyclohexane could

also participate in the reaction successfully, in which they served

as acetylene equivalent synthons, since the amino and the ether

groups were eliminated during the aromatization step to give 33.

Notably, when 2,3-dihydrofuran was used as dienophile, the skele-

tal editing strategy provided a rapid approach to 34 and 35 bearing

a transformable hydroxy group.

Then, we evaluated the scope of isoquinoliniums with vari-

ous substitution patterns. This skeletal editing reaction was not

sensitive to the electronic characters. Both electron-withdrawing

and electron-donating substituents were tolerable, leading to 36–

45 in 39%−98% yields. Among them, the 8-CHO (39) substituted

isoquinolinium exhibited poorer synthetic efficiency, which may

be caused by the steric bulkiness disfavoring the first [4+2] cy-

cloaddition. Apart from isoquinoliniums, we could also edit 2-

phenylpyridine and 4-phenylpyrimidine based onium salts into the

corresponding multisubstituted benzaldehyde (46, 47) and nicoti-

naldehyde (48, 49) via a formal N-to-C switch. Notably, fused pyri-

dinium and isoquinolinium were also suitable reaction partners,

producing QUINAP-type products 50 and 51, that are difficultly ac-

cessible by conventional methods, in 27% and 69% yields, respec-

tively [63–70]. We further demonstrated the developed skeletal

editing strategy is a reliable method for the direct late-stage modi-

fication of SGC707drug molecule, a potent, selective, and cell-active

allosteric inhibitor of PRMT3 [76], which smoothly afford 52 and

53 through a one-pot three-step operation (Scheme 2C). The syn-

thetic application of this strategy was further explored to prepare

drug analogue. As shown in Scheme 2D, after obtaining the iso-

quinoline precursor via a Pd-catalyzed Suzuki coupling from easily

accessible materials, we could edit it into adapalene analogue 54

in an overall 33% yield via a one-pot three-step sequence.

Motivated by the success of this skeletal editing strategy to

transform isoquinolinium salts into functionalized naphthalenes,

we further expanded its application to re-shape naturally occur-

ring pharmaceutical, berberines (Scheme 3). To our delight, the at-

tempt to edit commercially available berberine sulfate (CAS No.

633–66–9, 1.5 $/g) was proven to be quite successful, and a pair

of atropisomeric diastereoisomers 55 and 55′ were produced in

nearly quantitative yields (99%, 2.4:1 dr). Interestingly, we could

get the pure major diastereomer by a simple recrystallization. In-

spired by this promising result, we moved on to investigate the

substrate scope for the construction of various atropisomeric N/P

products (Scheme 3). This transformation could tolerate a wide

range of allenylphosphine oxides bearing different phenyl sub-

stituents (56/56′−68/68′). It did not show any discrimination on

their electronic characters. Both electron-withdrawing groups and

electron-donating groups gave excellent performance. Increasing

the bulkiness of the substituents was beneficial to improve the di-

astereoselectivity (67 vs. 64, 68 vs. 59 and 65). When 1-naphthyl

substituted allenylphosphine oxide was used as the substrate, only

one diastereomer 69 was afforded. Apart from aryl substituents,

methyl group (72/72′) was also amenable. Likewise, unsubstituted

allenylphosphine oxide turned out to be suitable reaction partner

to produce the aromatized product 73 in 24% yield. Consistent

with previous observation, the regioselectivity for γ -phenyl sub-

stituted allenylphosphine oxide preferred the phosphine-tethered

olefinic site, giving rise to 74 in 99% yield. In addition to the

phenyl substituent, dicyclohexyl-substituted phosphine oxide was

also amenable (75/75′ , 99%, 2:1 dr). Variation of the phosphine

oxide group with an ester group and a sulfonyl group was also ap-

plicable to produce 76 and 77/77′ in 87% and 99% yields, respec-

tively. This skeletal editing strategy was not limited to berberine

sulfate. It could also be used to remould another pharmaceutical,

palmatine chloride (CAS No. 10605–02–4, 1 $/g), and the desired

products 78/78′ were obtained in 98% yield with 3.4:1 dr.

To highlight the synthetic value of our method, initially, a 2.4-

mmol-scale preparation of 4 was carried out. Happily, this reaction

proceeded smoothly with excellent efficiency (Scheme 4A). Then,

some chemical transformations were performed based on the fruit-

ful reactivity of the formyl group in 4. A biologically active preg-

nenlone scaffold could be efficiently incorporated via a Wittig re-

action (79, 90%). The formyl group could be replaced by a hydroxy

group through the Dakin reaction (80, 44%). The aldehyde could

be reduced to primary alcohol by subjecting 4 to the reductive sys-

tem of NaBH4, thus delivering 81 in 89% yield. Subsequently, the

synthetic transformations of atropisomeric N/P products were con-

ducted (Scheme 4B). The phosphine oxide group could be easily

removed upon treatment of 55 with t-BuOK to produce 82 in 92%

yield. In addition, the dihydroisoquinoline core in 65 could be oxi-

dized by DDQ in toluene to generate atropisomeric azaheterobiaryl

product 83. It should be noted that, although heterobiaryl com-

pounds are of high value in catalysis, their synthesis remains trou-

blesome, relying on transition metal-catalyzed multi-step synthesis

from pre-functionalized materials [68–75]. Our strategy provides

an easily operable, convenient method to atropisomeric azaheter-

obiaryl compounds from readily accessible, cheap natural prod-

ucts. Furthermore, the potential of 83 as a new N/P ligand was

explored (Scheme 4C). The Pd-catalyzed allylic amination was at-

tempted and product 84 was obtained in 62% yield.

To elucidate the reaction mechanism, some isotope labeling

experiments were carried out by adding D2O instead of H2O

(Scheme 5). We found that 37% D was introduced on the naphtha-

lene ring and 45% D was incorporated into the CH adjacent to the

3
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Scheme 2. Substrate scope for editing azaarene-based onium salts into aromatic aldehydes.

phosphine oxide group (Scheme 5A). By using H2
18O, we found

that 12% 18O was introduced on the formyl group (Scheme 5B).

Treatment of 4 with D2O under basic conditions resulted in no

D incorporation (Scheme 5C). These three cases jointly suggested

water participated in the reaction as a nucleophile and the D

incorporation into the CH group vicinal to the phosphine oxide

was not originated from protonation. Similarly, to form 55, 39%

D was introduced to the CH close to the phosphine oxide group

and no D could be introduced using 55 as substrate under basic

conditions.

4
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Scheme 3. Substrate scope to re-shape naturally occurring, bioactive berberine alkaloids.

Scheme 4. Synthetic applications.

In addition, DFT calculations (see Supporting information for

details) were performed to elucidate the reaction mechanism, by

using the experimentally used N-benzyl 8-bromoisoqinolinilum

salt 1a and allenylphosphine oxide 2 as model substrates under

the catalytic effects of Na2CO3 and H2O, ultimately leading to the

formation of the final product 45. As depicted in Scheme 6, the

addition of Na2CO3 and H2O initially forms the slightly stable IM1

complex. After overcoming a barrier of 26.9 kcal/mol via a bridged

ring transition state TS1, the [4+2] cycloaddition of 1a and 2

occurs, yielding the thermodynamically more stable intermediate

IM2. The subsequent hydration step at the C1-center proceeds

smoothly with a barrier of 11.3 kcal/mol (i.e., IM2→TS2), leading

to the formation of intermediate IM3. On the other hand, we also

explored the reaction course for the hydration step at C1’-center.

However, the very high barrier of 43.2 kcal/mol (i.e., IM2→TS2’)

excluded such possibility. With the assistance of H2O molecule,

the free energy for the following hydrogen transfer step is pre-

dicted to be 13.7 kcal/mol (i.e., IM3→TS3), which is experimen-

tally feasible at mild conditions. Followed by the formation of the

aldehyde intermediate IM4, the successive two H-abstraction steps

(i.e., IM4→TS4, IM5→TS5) under the assistance of Na2CO3 can

be easily achieved leading to the Zwitterionic intermediate IM7,

and the two free energy barriers are predicted to be 24.5 and

7.2 kcal/mol, respectively. By crossing a small barrier of 5.4 kcal/mol

(i.e., IM6→TS6), the C–N bond is finally break down generating

the NH2Bn and IM7 intermediate with exergonic by 13.0 kcal/mol.

Subsequently, the H adjacent to the aldehyde group can be

readily abstracted by the base Na2CO3 giving the enol anion inter-

mediate IM8, which can subsequently capture a proton from H2O,

leading to the formation of the slightly unstable enol intermedi-

5
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Scheme 5. Mechanistic studies.

Scheme 6. Free energy profile for stage I at the M06–2X/6–311 G(d,p) (SMD, solvent = water)//M06–2X/6–31 G(d,p) (SMD, solvent = water) level of theory. The energies are

in kcal/mol.
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Scheme 7. Free energy profile for stage II at the M06–2X/6–311 G(d,p) (SMD, solvent = water)//M06–2X/6–31 G(d,p) (SMD, solvent = water) level of theory. The energies

are in kcal/mol.

ate IM9 (Scheme 7). Proceeding through a barrier of 20.0 kcal/mol

via the six-membered ring transition state TS9, the H-atom of the

hydroxyl group can be transferred to the neighboring phosphine-

bond C-center, ultimately generating the final product 45. On the

other hand, the NH2Bn species generated in the first stage can re-

act with IM9 easily via TS9’ giving the IM10 intermediate, followed

by water release step via TS10’ giving the IM11 intermediate. With

the assistance of H2O molecule, the H(NH)-atom can be readily

transferred to the C of imine via a barrier of 19.2 kcal/mol (i.e.,

IM11→TS11), yielding the experimentally observed intermediate

45′ As comparisons in Scheme 6, the formation of product 45 is

both kinetically and thermodynamically more favorable than that

of key intermediate 45′ , which explains very well the experimental

observations. Each step is kinetically and thermodynamically feasi-

ble under mild conditions. The final hydrogen transfer step, with a

barrier of 27.7 kcal/mol, serves as the rate-determining step (RDS)

throughout the entire reaction pathway. Moreover, the whole reac-

tion is exergonic by 19.2 kcal/mol, which can provide driving force

to reach the final product 45.

In summary, we have developed a skeletal editing strategy to

transform easily accessible azaarene-based onium salts, such as

isoquinoliniums, pyridinium and pyrimidinium, into functionalized

aromatic aldehydes through a formal N-to-C transmutation pro-

cess. DFT mechanistic studies were also conducted to gain in-

sight into the reaction mechanism, which established the signifi-

cant catalytic role of the Na2CO3 and H2O, and disclosed the rate-

determining step (RDS) throughout the whole catalysis. In addition,

we could expand the utility of this synthetic strategy to re-shape

natural products, such as berberine sulfate and palmatine chloride,

into structurally novel atropisomeric N/P compounds, that are diffi-

cultly accessed by other methods. Our strategy could also be used

to edit drug molecules and to prepare drug analogue. The salient

features of this strategy include easily accessible materials, mild

conditions, simple operation, and high value of products. This work

not only offers a practical method to convert azaarenes into arenes,

but also introduces a novel class of atropisomeric N/P ligands. We

believe the disclosure of this strategy will prompt more interesting

advances in molecular editing.
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