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Three-dimensional fused-ring frameworks, especially those incorporating heteroatoms, are fundamental to
expanding chemical space and unlocking unique properties critical for drug discovery and functional
materials, yet their synthesis remains a formidable challenge. Herein, we report for the first time the
union of two distinct azolium salts as an efficient synthetic platform to access tertiary amine-caged
frameworks under mild conditions. The strategy combines the masked nucleophilic and electrophilic
properties of isoquinolinium and pyridinium salts, and avails double dearomatization guided inverse
electron demand (4 + 2) or (3 + 2) annulation in a highly regio- and diastereoselective manner to

construct the nitrogen caged motifs. Our methodology creates two new rings and four new bonds in
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Accepted 25th March 2025 a single operation and transforms flat-aromatic compounds into structurally unprecedented three-
dimensional architectures with contiguous stereocenters in very high yields. DFT studies have shed light

DOI: 10.1035/d55c01527h on the reaction mechanism, indicating that the annulation step is rate-limiting, with (4 + 2) annulation

Open Access Article. Published on 26 March 2025. Downloaded on 11/28/2025 1:58:58 AM.

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

(cc)

rsc.li/chemical-science

Introduction

Transforming two-dimensional (2D) molecular frameworks into
three-dimensional (3D) architectures by incorporating out-of-
plane substituents can elevate the fraction of sp® atoms (F
sp®) in the resulting structures.! This enhancement is a crucial
design element in drug development, contributing to improved
clinical outcomes such as better solubility, enhanced receptor—-
ligand interactions, target selectivity, and efficacy."” In this
context, tertiary amine-containing caged-like molecular struc-
tures offer exciting possibilities in pharmaceutical science and
synthetic chemistry (Scheme 1a).* They serve as fundamental
backbones for various bioactive natural products, and many
derivatives find widespread application as reagents, ligands,
and catalysts in organic synthesis.** Therefore, developing
cogent strategies towards these intriguing, structurally complex
caged-amine frameworks from readily available starting mate-
rials through simple experimental procedures is highly
desirable.®
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proceeding stepwise and (3 + 2) annulation following a concerted pathway.

The aromatic heterocycles, specifically N-heterocycles, are
inexpensive building blocks and widely available in great
structural diversity.® We envisioned transforming these flat two-
dimensional molecules into three-dimensional architectures as
a synthetic maneuver to access tertiary amine caged-like
frameworks. This strategic blueprint involves a dearomatiza-
tion reaction, which is fundamental in the construction of
diverse molecular scaffolds in organic synthesis;” however,
literature precedent is rare in the production of tertiary amine
caged-like frameworks. The pioneering examples from Gin and
co-workers showcasing the dearomatization of oxidoisoquino-
linium and oxidopyridinium betaines stand alone in this realm
as a direct and concise protocol (Scheme 1b).*** However, this
strategy cannot be utilized with the less reactive parent iso-
quinolinium salt and is also restricted for intramolecular
processes.®™

Nature often adopts the union of two or more simplified
molecular progenitors in the form of cascade reactions to
dispense complex architectures, which provide great impetus in
devising biomimetic synthetic strategies.” We hypothesized that
an assembly of isoquinolinium (1) and pyridinium salts (2)
could be a convenient route to make tertiary amine caged-like
frameworks (Scheme 1b). In the presence of a base, the eno-
late thus generated from isoquinolinium salt 1 can react with
pyridinium salt 2 to give intermediate A which possesses all
characteristics to expedite an intramolecular inverse electron
demand Diels-Alder reaction. Subsequently, the iminium ion
intermediate B will be formed, which upon quenching with
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Scheme 1 Dearomatization strategies towards three-dimensional
cage amine scaffolds.

a suitable nucleophile would furnish the desired tertiary amine
caged scaffold 4. This design is unique as it endorses the
dearomatization event of both isoquinoline and pyridine

7552 | Chem. Sci,, 2025, 16, 7551-7559

View Article Online

Edge Article

heterocycles in a one-pot operation, which is so far unexplored.
Also, it maximizes the use of potential reactive sites of iso-
quinoline (C1, C3, and C4 centers) and pyridine (C4, C5, and C6
positions) heterocycles in a cascade fashion (Scheme 1b).
However, the successful execution of this plan must overcome
several challenges. The pyridinium salts 2 are prototypes of
ambident electrophiles and accept nucleophilic attack at C2,
C4, and C6 centers (Scheme 1b, below). Hence, maintaining
high regioselectivity during this cascade event is imperative to
facilitate the formation of the caged framework. Further,
ajudicious choice of nucleophile (Nu) is critical so that its direct
reaction with pyridinium salt as well as isoquinolinium salt can
be outcompeted. Also, mild reaction conditions is necessary to
suppress the potential self-dimerization process of iso-
quinolinium salt 1 and achieve high diastereoselectivity as the
successful cascade would embrace four new bond formations
with contiguous stereocenters.

Herein, we report the development of this approach and
demonstrate an unprecedented intermolecular annulative
double dearomatization cascade of isoquinolinium and pyr-
idinium salts to obtain tertiary cage amine scaffolds in high
yields with excellent regio- and diastereoselectivity. Notably, the
protocol can be performed as a one-pot five-component
coupling without compromising efficacy and selectivity, high-
lighting synthetic versatility.’* Through the substrate design, we
have also showcased the synthesis of the central aza-polycyclic
core of hetisine-type natural alkaloids. We also provide
a detailed elucidation of the reaction mechanism, supported by
DFT studies, offering valuable insights into this transformative
process.

Result and discussion

We began our investigation following the model reaction
between isoquinolinium salt 1a and pyridinium salt 2a
(Table 1). We consider ethyl alcohol as the reaction medium
owing to its inability to undergo nucleophilic addition to azo-
lium salts 1a and 2a; however, it could play the role of the third
component and react with the proposed iminium intermediate
to produce cage frameworks. Grounded on this understanding,
a mixture of 1a and 2a in EtOH solvent was exposed to Na,CO;
base at room temperature (entry 1).

To our satisfaction, the formation of the caged scaffold took
place, albeit the reaction was sluggish to render the desired
annulation product 4a in 36% yield after 30 h. When the
temperature was increased to 60 °C, the reaction was
completed within 12 h, and product 4a was isolated as a single
diastereomer with an improved yield of 83% (entry 2). At this
juncture, a minor amount of other regioisomer 4a’ (arising
from the initial Cé6-attack on 2a was also formed in 8% yield.
Further increase of the reaction temperature rendered detri-
mental yield which can be attributed to the initiation of various
undesired reactions as observed in the TLC (entry 3). The
choice of solvent was crucial to preserve efficacy and selectivity.
Examination of DCE, THF, and CH;CN solvents along with
a reagent amount of EtOH provided an almost 1: 1 mixture of
4a and 4a’ with poor yields (entry 4). The reaction was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of reaction conditions®
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EtOH (3a)
N32C03

O 60°C

Bt 12h

CO,Et
1a 2a

COgt COgEt

Ncm B0\ o o N B
\ﬁl + %/B /N / + —

|
) Bno' Bn NC

4a 4a'

Entry Deviation from the standard conditions Yield of 4a” (%) 4a:4a’
1 At rt for 30 h 36 —
None 83 >10:1
3 At 80 °C 70 >10:1
4° DCE/THF/CH;CN instead of EtOH 25/32/54 1:1
5 K,CO3/Li,CO3/Ag,CO; instead of Na,CO; 72/75/68 >10:1
6 DIPEA/GC/DBU instead of Na,CO; 77/64/41 >10:1
7 Without Na,CO; — —

“ Reaction conditions: 1a (0.24 mmol), 2a (0.2 mmol), base (0.4 mmol), and EtOH (1.5 mL), 12 h, under N, atmosphere. ” Isolated yields were
provided. ¢ Ethanol (0.24 mmol) was used. DCE: 1,2-dichloroethane, GC: guanidine carbonate.

productive with different inorganic bases such as Li,COs,
K,COs3, and Cs,COj3 (entry 5). Organic bases also can promote
this reaction. Hunig's base (‘Pr,NEt) and guanidine carbonate
(GC) gave 4a in 77% and 64% yields, respectively, while the
reaction yield was reduced to 41% for DBU (entry 6). None-
theless, the regioisomeric ratio remained >10:1 for all these
cases. Notably, the reaction completely shut down in the
absence of a base (entry 7). Compound 4a was also crystalized
and the single crystal X-ray analysis unambiguously confirmed
the caged structure with defined regio- and stereoselectivity
(Scheme 2, above).

With the optimized reaction conditions (Table 1, entry 2), we
then explored the substrate scope (Scheme 2). Initially, different
isoquinolinium salts (1) were examined. Isoquinolinium salts
obtained from various o-bromo esters of primary (4b-4d),
secondary (4e, 4f), and tertiary (4g) alcohols smoothly delivered
caged molecules in very high yields. The product with allyl ester
4h was also obtained in 74% yield. Similarly, isoquinolinium
salts prepared from phenacyl bromide and its derivatives
having electron-donating and electron-deficient functionalities
at meta- and para-positions in the aryl ring were suitable
substrates to offer 4i-4m in high yields. Also, substrates with
bulky 1-naphthyl ketone and heterocyclic thienyl ketone motifs
gave 4n and 4o in 62% and 64% yields, respectively. The
bromine functional group in the isoquinoline ring (4p) can also
be accommodated, leaving a synthetic handle for further
transformation. The protocol was also effective with phenolic
ester-embedded isoquinolinium salts; however, for these cases,
we observed concomitant transesterification with ethanol
solvent leading to 4a in high yields (Scheme 2). The generality of
other alcoholic solvents as a third component in this synthesis
was also examined. Linear alcohols such as propanol, butanol,
and branch alcohol isopropanol delivered 4q-4s in 70-77%
yields. With bulky alcohols, for example, tertiary butanol and
tert-amyl alcohol, desired products 4t and 4u were isolated in
good yields.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Next, the reaction scope was surveyed with different pyr-
idinium salts 2 (Scheme 2). A wide variety of N-benzyl analogs of
3-cyanopyridinium salts bearing electronically different substi-
tutions at ortho-, meta-, and para-positions of the aryl ring fur-
nished tertiary amine caged compounds 4v-4ae in uniformly
high yields (70-77%). Reactions of N-methyl (4af), ethyl (4ag),
butyl (4ah), and allyl (4ai) pyridinium salts also led to high
annulation yields. The 3-nitropyridinium salt also readily
participated in this reaction and the corresponding caged
amine product 4aj was isolated in 74% yield. It is worth noting
that an activated pyridinium salt was essential for the synthesis
of caged amine framework, while parent pyridinium salt
without any activating group was not productive (4ak). Satisfy-
ingly, all products were prepared as a single diastereomer with
>10: 1 regioselectivity.

To garner diversity in the synthesis, we employed 3-methyl
substituted isoquinolinium salts 5. We hypothesized that the
presence of methyl group could be beneficial to neutralize the
iminium ion intermediate C generating from the (4 + 2) annu-
lation process and thereby a tertiary amine cage framework
bearing an exocyclic double bond could be within reach
(Scheme 3). Accordingly, isoquinolinium salt 5a was reacted
with pyridinium salt 2a under standard reaction conditions
where desired product 6 was formed in 57% yield. The combi-
nation of other isoquinolinium salts 5b and 5¢ with pyridinium
salt 2a was also fruitful, albeit the process was associated with
a transesterification step leading to 6 in synthetically useful
yields (Scheme 3).

As an alternative route to cage tertiary amine framework, we
plan to alter the reaction modality from (4 + 2) annulation to (3 +
2) annulation. It was envisioned that incorporation of a suitable
electron-donating functionality at the C4 position of iso-
quinolinium salt will increase the nucleophilic character at the
C3 position and such a scenario is expected to favor (3 + 2)
annulation towards desired cage framework (Scheme 4a). In
view of that, isoquinolinium salt 7 having a methoxy group at C4

Chem. Sci., 2025, 16, 7551-7559 | 7553
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Scheme 2 Exploration of the reaction scopes. *Reaction conditions: 1 (0.24 mmol), 2 (0.2 mmol), Na,CO3 (0.4 mmol), and alcohol solvent 3 (1.5
mL), under N, atmosphere. Isolated yields were provided. °PReaction time was 18 h.

position was prepared and reacted with 2a under standard preceding section, indicating further substrate modification
reaction conditions. However, we observed formation of cage was required (Scheme 4b). Accordingly, the reaction was revis-
molecule 8 in 80% yield via (4 + 2) annulation discussed in the ited with isoquinolinium salt 9 bearing a free hydroxyl
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Scheme 3 Synthesis of cage tertiary amines with exocyclic double
bond.

functionality at C4 position. At this juncture, dearomatization
guided (3 + 2) annulation proceeded cleanly producing densely
functionalized cage molecule 10a in 70% yield as a single dia-
stereomer. A minor amount of other regioisomer 11a (arising
from the initial C6-attack on 2a) was also formed in 14% yield.
Reactions of other pyridinium salts (2) also led to the produc-
tion of 10b-10f in high yields with moderate regio-selectivity
(Scheme 4c). With ester based isoquinolinium salts 11a-11b,
reactions were also successful; however, as indicated above, the
concomitant transesterification took place to give 10a in high
yields (Scheme 4d).

To highlight synthetic expediency, a one-pot five-component
protocol was established. We recognized that synthesis of iso-
quinolinium salt proceeds at room temperature while the
preparation of pyridinium salts requires an elevated tempera-
ture. Such reactivity distinction suggested that these azolium
salts can be prepared sequentially and engaged in the synthesis
of tertiary amine cage scaffolds by controlling the reaction
temperature as depicted in Scheme 5a. First, isoquinoline and
ethyl bromoacetate were stirred in ethanol for 2 h at room
temperature. Then, 3-cyanopyridine, benzyl bromide, and
Na,CO; were added and the mixture was heated at 60 °C, where
the desired reaction also proceeded effectively to give 4a in 71%
yield without affecting the regio- and diastereoselectivity.

Following the same sequence, various cage scaffolds were
also made in good to high yields without compromising selec-
tivities (Scheme 5a). Scale-up was also suitable. A gram-scale
reaction rendered 4a in 75% yield as a single diastereomer
with >10: 1 rr (Scheme 5b).

To gain deeper mechanistic insights, we conducted density
functional theory (DFT) calculations (Scheme 6a). The forma-
tion of intermediate A from the reaction of enolate, generated in
situ from isoquinolinium salt 1a, with pyridinium salt 2a can
occur through two distinct pathways: one in which the iso-
quinoline motif is distal to the nitrile group of the pyridine
(blue line), and the other in which the isoquinoline motif is in
proximity to the nitrile group of the pyridine unit (red line). Our
calculations revealed that the former pathway, with a lower
activation barrier (TS1g = 4.75 kcal mol '), is more favorable
compared to latter (TS1g = 5.51 kcal mol ') and it can be
atributed to the distabilizing steric interaction of isoquinolium
ring with cyano group of the pyridinium salt. These pathways
lead to highly exergonic formation of intermediates Ag and Asg,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Structural tuning and dearomatization guided (3 + 2)
annulation for cage frameworks.

each releasing approximately 15 kcal mol " of energy. Next, the
intermediate Ag undergoes a (4 + 2) inverse electron demand
Diels-Alder reaction to yield iminium intermediate B. It is
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Scheme 5 One pot approach and gram—scale reaction.

interesting to note that this (4 + 2) cycloaddition reaction
proceeds in a stepwise manner rather than through a concerted
mechanism, and the activation barriers for the two carbon-
carbon bond formations 18.18 (TS2a) and 5.84
(TS2b) kcal mol ™, respectively.

Despite numerous attempts, a concerted transition state for
the (4 + 2) cycloaddition was not observed. As expected, the
subsequent nucleophilic attack of ethanol on the intermediate
B happens from the less hindered side, which is kinetically
more favorable (TS3p, 4.66 kcal mol™' wvs. TS3c,
22.46 kecal mol 1), leading to the selective formation of the
caged amine product 4a. Overall, the (4 + 2) cycloaddition step
is identified as the rate-limiting step for this reaction (Scheme
6a). When investigating the annulation reaction involving the
enolate arising from the isoquinolinium salt 9, which has an
electron-releasing hydroxy group, and the pyridinium salt 2a
(Scheme 6b), we found that the initial nucleophilic attack in
both pathways are energetically comparable (TS1x"°¢ =
2.25 kecal mol™* vs. TS1,"P¢ = 2.45 kcal mol ). It is only
marginally more favorable to produce the intermediate Ag""¢,
where the isoquinoline motif and the nitrile group of pyr1d1ne
are positioned distally from each other. However, unlike the
preceding (4 + 2) annulation reaction, a (3 + 2) annulation
predominates here, and it proceeds in a concerted fashion via

are
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the TS.“P¢ with an activation barrier of 24.34 kcal mol* to
give (3 + 2) cycloaddition product 10a, which is exothermic by
—34.96 kcal mol~'. The (3 + 2) cycloaddition step is also the
rate-limiting step for this annulation, as apparent from
Scheme 6b.

Conclusions

In summary, we have demonstrated a novel cascade strategy
featuring an unexplored intermolecular annulated coupling of
two distinct azolium salts derived from isoquinoline and pyri-
dine heterocycles. This innovative approach effectively trans-
forms flat 2D N-heterocycles into complex 3D molecular
frameworks with regio- and diastereoselectivity, facilitating the
synthesis of challenging caged tertiary amines. By capitalizing
on the inherent reactivity of these azolium salts and maximizing
their reactive sites, we expedite a double dearomatization-
guided (4 + 2) or (3 + 2) annulation reaction, yielding intricate
nitrogen-caged motifs, including aza-polycyclic cores akin to
hetisine-type alkaloids, in high yields. DFT studies have
provided insights into the underlying mechanism of the reac-
tion, revealing that the annulation step is rate-limiting, where (4
+ 2) annulation proceeds in a stepwise fashion while corre-
sponding (3 + 2) annulation follows a concerted reaction
pathway. To further streamline the synthetic process, we
developed a five-component one-pot sequential addition
strategy. Importantly, these maneuvers maintain the selectivity
of the reaction while emphasizing the efficient utilization of
resources (formation of two new rings and four new bonds) and
the pot economy. Applications of this concept to access other
three-dimensional high-value scaffolds are currently ongoing in
our laboratory.
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