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two imine units and subsequent modular assembly
of acridinium photocatalystst
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Herein, we disclose a novel reorganization/cycloaddition between two imine units catalyzed by In(OTf)s

Lewis acid that differs from the well-known [4 + 2] cycloaddition version via the Povarov reaction. By
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means of this unprecedented imine chemistry, a collection of synthetically useful dihydroacridines has

been synthesized. Notably, the obtained products give rise to a series of structurally novel and fine-
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Introduction

The cycloaddition reaction represents one of the most powerful
chemical tools to expeditiously assemble diverse polycarbocycle
or polyheterocycle frameworks from readily accessible precur-
sors in a single step.® A representative example is the Diels—
Alder reaction, which serves as a standard strategy to build six-
membered rings, especially distinguished by forging all-carbon
cyclohexenes.> Cycloaddition manipulation between N-aryl
imines and dienophiles is defined as the Povarov reaction, an
extremely significant part of the Diels-Alder reaction, which has
benefited academia and industry because of the powerful
capability of preparing widely utilized nitrogen-containing
cycles.* Although numerous marvellous reactions have been
discovered in this realm over the past decades, this type of
cycloaddition appears only feasible in C=C unsaturated
systems (Scheme 1a), which somehow restricts the potency to
create more contractually intriguing heterocycles.® In this
context, the analogous reactivity of imines with other unsatu-
rated moieties such as C=N has not been reported yet, which is
likely attributed to the instability of the envisaged dinitrogen
six-membered rings. During our research with imine chem-
istry,> we discovered an entirely novel reactivity of imine mole-
cules. In sharp contrast to the typical Povarov [4 + 2] cyclization
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tuneable acridinium photocatalysts, offering a heuristic paradigm for synthesis and efficiently facilitating
several encouraging dihydrogen coupling reactions.

version,® this observation unusually behaved as a formal [3 +2 +

1] interaction via the reorganization of multiple chemical
bonds. Herein, we will detail this unprecedented chemical
reactivity of imines, which leads to the modular assembly of
synthetically useful dihydroacridine derivatives under concise
reaction conditions (Scheme 1b).
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Scheme 1 Cycloaddition of imines and acridinium catalysts.
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Scheme 2 Substrate scope of dihydroacridines.? Ethyl alcohol was used as the solvent.

On the other hand, organic photoredox catalysts (OPCs) have
attracted considerable attention due to their more sustainable
superiority and the ability to fine-tune photophysical and elec-
tronical performance,” despite the fact that the well-known
polypyridyl ruthenium or iridium complexes have long stood
at the frontier of PCs in organic synthesis.? Acridinium salts,
seminally identified as OPCs by Fukuzumi® in 2001 due to their
high excited-state reduction potentials and further developed by
Nicewicz'® and others,' have evolved as the most robust and
promising cationic OPCs in photoinduced reaction systems
(Scheme 1c). Without a doubt, exquisite design is required to
afford these architecturally diverse acridinium salt counter-
parts. Recently, major developments have been made by Sparr*
and other groups,” which are mainly categorized into two
aspects. The first type refers to the construction of an acridi-
nium core through de novo synthesis and is the most main-
stream tactic currently (Scheme 1d, left). Despite their great
efficacy, the introduction of moisture-sensitive metal reagents
consequentially raised the challenge of modularly preparing
a broad spectrum of functionalized acridinium PCs. Alterna-
tively, several groups successively disclosed very elegant meth-
odologies through direct late-stage operation with acridinium
PCs (Scheme 1d, right).”* While it is efficacious to forge a variety
of well-functionalized ones, these issues necessitate the tedious

© 2023 The Author(s). Published by the Royal Society of Chemistry

pre-synthesis of the acridinium core. Overall, the existing
avenues to access acridinium PCs remain fairly few and, to
some extent, problematic.

From the viewpoint of retrosynthetic analysis, the hydro-
acridine scaffold as a raw material appears to be one of the most
versatile choices to access acridinium PCs due to the superiority
of the inherent high-functionalized aza-heterocycle units.
Accordingly, apart from communicating this novel chemical
reactivity with imines, in this paper, the subsequent procedure
for preparing acridinium PCs by decorating generated products
is also disclosed. Delightedly, modifying products could
conveniently assemble an array of architecturally novel acridi-
nium PCs (24 examples) that exhibit more outstanding photo-
physical properties (Scheme 1e).

Results and discussion

At the outset, the optimization of reaction conditions was
by choosing N-(naphthalen-2-yl}-1-
phenylmethanimine 1a (0.2 mmol) as a representative
substrate. After systematically screening several underlying
parameters, including commonly utilized Lewis acid catalysts,
the desired reaction

executed

solvents, and reaction temperatures,

conditions were ultimately identified: 20 mmol% loading of

Chem. Sci., 2023, 14, 5160-5166 | 5161
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Scheme 3 Insight into the reaction mechanism.

In(OTf); as the catalyst with environmentally friendly ethylene
glycol as the solvent (0.3 M) at 120 °C for 12 h under argon
atmosphere, wherein the structurally fascinating 14-phenyl-
7,14-dihydrodibenzo[a,jlacridine 2a was obtained in an 87%
isolated yield. As expected, the control experiment revealed that
the Lewis acid played a vital role in facilitating this target
transformation (details in ESIt).

Having ascertained the optimized reaction conditions, we
attempted to investigate the substrate scope of this method by
treating a suite of substituted imine starting materials (1a-z,
1a’-i). Overall, an assortment of intriguing structure-
symmetrical C14-arylated dihydroacridine molecules (2a-z,
2a’-i") were prepared smoothly under standard or slightly tuned
reaction conditions. Gratifyingly, two subunits with imine
reagents could be favorably decorated, as displayed in Scheme
2. With regard to the phenyl segment, the para-installed methyl
(2b), tertiary butyl (2¢), methoxy (2d), thiomethyl (2e), phenyl
(2f), chloro (2g), fluoro (2h), trifluoromethyl (2i, i), tri-
fluorothiomethyl (2j), nitrile (2k), nitro (2I), and triazole (2m)
groups, as well as the meta- or ortho-substituted bromo (2n, p)
and iodine (20) moieties, appeared to be quite suitable, deliv-
ering the corresponding adducts in 56-81% yields. Strikingly,
the more daunting substrate with the potentially reactive 2-
naphthyl fragment likewise proceeded to yield 2q in 56% yield.

5162 | Chem. Sci, 2023, 14, 5160-5166

Heterocycles such as the thienyl (2r) and benzofuryl (2s) groups
participated well in the target conversion, as expected.
Remarkably, the serial successes of electronically discrimi-
nating bi-substituted systems (2t-z) indicated that the electron
effects with aryl fragments were nearly unbiased. On the other
hand, the napththyl parent was also viable and able to accom-
modate methoxy (2a’), bromo (2b’ €'), methyl (2¢’), cyclopropyl
(2d’), phenyl (2f), and thienyl (2g/) functionalities. The archi-
tecturally more fantastic anthryl unit (2h) was amenable to the
title protocol appropriately. As expected, simultaneously
adjusting the aryl and naphthyl units also delivered target
molecule 2i’ with satisfactory yield. Meanwhile, products 2a and
2e were characterized by X-ray crystallography. Unsatisfactorily,
synthesis of the simple product 2a” with the phenyl unit was
blocked because of its more stable aromaticity than that of
naphthyl imines.

Considering this unprecedented reactivity of imine bond
recombination, additional exploration experiments were
implemented to illustrate the reaction mechanism of this
finding. As described in Scheme 3a, under the identified reac-
tion conditions, the intermolecular reaction between 2-naph-
thylamine and benzaldehyde remained feasible to generate the
anticipated product 2a but significantly diminished, which
indicated that the intramolecular interaction of the imine was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Substrate scope of acridinium PCs.

favored. To probe the intermediacy of unsaturated imines,
precursor 5 was employed in the corresponding conversion, and
unsymmetrical dihydroacridine 2j’ was obtained in a 77% yield
(Scheme 3b). More noteworthy, the involvement of 2-naphthol,
representing another nucleophile, detected the formation of
analogous 14-phenyl-14H-dibenzo[a,j]xanthene 7 in a yield of
17% (Scheme 3c). These above-outlined results unambiguously
demonstrated that the high-activity o, B-unsaturated imine
generated in situ likely played a vital role in the desired protocol.
A crossover experiment with two distinguished imine units gave
rise to four cross-counterparts (2a of 8%, 2i of 32%, 2i’ of 19%,
and 2¢’ of 24%) (Scheme 3d), which proved that the C=N bond
was subject to chemical reassociation. In addition, the incom-
patibility and non-interaction of the alkyl-attached imine 1K
illustrated a crucial function with the aryl fragment to realize
this envisioned process (Scheme 3e).

Based on these mechanistic observations and relevant liter-
ature about imine chemistry," a tentative reaction pathway for

© 2023 The Author(s). Published by the Royal Society of Chemistry

C=N bond reorganization/cyclization is proposed. As illus-
trated in Scheme 3f, depending on the double m-7 stacking
interaction of two imine substrates supported by the outcome of
Scheme 2e, an intermolecular [4 + 2] cycloaddition takes place
to generate the C-H/N-H cyclic adduct A in the version of the
Povarov reaction. Its imine-enamine tautomer B performs 67-
ring opening to deliver the key a, B-unsaturated imine C, which
further undergoes a Michael addition with 2-naphthamine from
imine hydrolysis with the assistance of In(OTf); Lewis acid and
gives rise to the formation of complex D. Then, intramolecular
condensation of species D provides polycycle-fused interme-
diate E, followed by an aromatization process to access the final
dihydroacridine product 2a through C-N dissociation. At the
stage of high-activity intermediate C, likewise, the assembly of
14-phenyl-14H-dibenzo[a,j]xanthene 7 is also -clarified via
a similar subsequent process.

As a logical but challenging extension, employing this new
tactic as a key step to expeditiously construct the invaluable

Chem. Sci., 2023, 14, 5160-5166 | 5163
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Table 1 Photophysical and electrochemical properties of PCs
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PC Eoo” (eV) E1,(PC/PC™)? (V vs. SCE) E45(PC*/PCT)° (V vs. SCE) 7(*PC)* (ns)
8a 2.68 —0.79 1.89 3.98
8b 2.68 —0.78 1.90 3.98
8c 2.70 —0.79 1.91 4.10
8d 2.53 —0.85 1.68 8.09
8e 2.34 —0.81 1.53 4.84
sf 2.64 —0.86 1.78 4.25
8g 2.65 —0.79 1.86 4.36
sh 2.63 —0.77 1.86 3.84
8i 2.44 —0.81 1.63 5.40
8j 2.85 -0.78 2.07 4.45
sk 2.06 —0.78 1.28 4.39
8l 2.66 —0.80 1.86 4.05
8m 2.52 —0.84 1.68 6.73
8n 2.38 —0.84 1.54 4.42
80 2.58 —0.80 1.78 7.14
8p 2.72 -0.81 1.91 4.20
8q 2.66 —0.77 1.89 3.88
8r 2.40 —0.81 1.59 3.93
8s 2.36 —0.80 1.56 3.86
8t 2.66 -0.79 1.87 4.22
8u 2.70 —0.82 1.88 4.15
8v 2.36 —0.82 1.54 4.17
8w 2.69 -0.79 1.90 4.06
8x 2.70 —0.78 1.92 4.00

% Determined at the intersection between normalized absorption and emission spectra, with E = 1240/. ? Ground-state reduction potentials
determined by cyclic voltammetry. ¢ Excited-state reduction potential, estimated with ground-state reduction potentials and excited-state
energies. ¢ Time-correlated single-photon counting technique, Ao = 340 nm.

acridinium salt PCs widely used in radical reactions was
attempted. After much design and endeavor, we were delighted
that the sequential Buckwald coupling of dihydronacidine 2a
with iodobenzene followed by one-pot DDQ oxidation and
anion exchange procedures was found practicable, which
provided a powerful synthetic platform to obtain acridinium
salt 8a in 79% yield (Scheme 4). Foreseeably, the diversity of the
PCs was able to significantly expand the chemical toolkit of
photo-catalytic reactions; thus, we began examining the
substrate scope and exploiting numerous acridinium PCs using
this novel procedure. To our delight, almost all the compounds
mentioned above were amenable to this run. This upgraded
protocol tolerates a broad spectrum of electronically and steri-
cally unbiased functional groups at both the phenyl ring and the
acridine skeleton, giving rise to the formation of highly func-
tionalized acridinium salt counterparts (8b-o) with decent
yields. Furthermore, as a key fragment, it is recognized that the
N-substituent of the acridinium salt significantly influences the
redox potential and excited-state lifetime. In this context, we
aimed to expand the library of acridinium catalysts by intro-
ducing a plethora of aromatic units at the nitrogen atom.
Collectively, the N-substituent could be diversely modified by
arenes bearing methyl (8p), chloro (8q), ester (8r), and nitro (8s)
groups. Remarkably, upon introducing several more electron-
rich (8t-u) or electron-poor (8v) bi-substituted units, and even
larger conjugated systems (8w-x), this target conversion
remained compatible. The reaction is currently incompatible
with the corresponding N-alkyl photocatalysts.

5164 | Chem. Sci, 2023, 14, 5160-5166

By virtue of the pre-existing great application potency of
acridinium PCs in modern organic reactions, we next examined
the relevant photophysical and electrochemical properties of
these structurally new ones (8a-x). As summarized in Table 1,
a comparative wide range of excited state redox potentials were
observed, from an E;,(PC*/P™) of +1.28 V (8k) to an E,;,(PC*/
PC™) of +2.07 V (8j), which lay in between the commercial
transition-metal-based ~ photocatalysts  [Ir[dF-(CFs)ppyl.(-
dtbbpy)]PF¢ [E1/,(PC*/PC™) = +1.21 V vs. SCE|"* and the Fuku-
zumi catalyst [MesMeAcr”-BF, "] [E1,(PC*/PC™) = +2.06 V vs.
SCE]."* In addition, in sharp contrast to the Fukuzumi acridi-
nium catalyst, these PCs exhibited longer fluorescence lifetimes
that were likely sufficient for photoredox catalysis. Collectively,
these data implied that our synthesized serial acridinium salt
PCs could theoretically facilitate more classes of photoinduced
organic conversions via tuning the substituents of the acridi-
nium core to match related reaction systems.

Indeed, to our delight, these new-scaffold acridinium cata-
lysts were capable of efficiently inducing several quite fantastic
and environmentally benign organic conversions under a blue
LED-irradiated system. For example, capitalizing on the acridi-
nium catalyst 8¢, the intramolecular dehydrogenation opera-
tion of 2-phenyl carboxylic acid 9 ran smoothly to deliver 6H-
benzo[c|chromen-6-one 10 in a 64% yield, in which our
synthesized catalyst gave tremendous catalytic potency
compared to the commercially available acridinium catalyst
(Scheme 5a). Additionally, catalyst 8c equally stimulated the
more elusive intermolecular dehydrogenation coupling reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Applicability studies and scale-up reaction.

between anisole and pyrazole, yielding biaryl 13 through C-N
bond creation (Scheme 5b). By using this catalyst, the oxidation
of methyl-benzyl alcohol 14 to acetophenone 15 was realized
successfully (Scheme 5c¢). In a desire to value the practicality of
our identified new methodology, a scale-up conversion with
imine 1a was first carried out. The experimental outcomes
showcased that the productivities of dihydronacridine 2a and
subsequent acridine salt PC 8a all behaved without significant
erosion (Scheme 5d). Finally, reacting imine 1b’ with naph-
thylamine could yield target molecule 11, followed by
proceeding smoothly through the identified cascade reaction
system to give unsymmetric acridinium photocatalyst 8y
(Scheme 5e).

Conclusions

In conclusion, we have disclosed unprecedented imine chem-
istry associated with C=N bond recombination catalyzed by
In(OTf); Lewis acid, wherein an intriguing class of dihy-
droacridines with excellent functional group compatibility was
synthesized. The obtained products can be exquisitely con-
verted into a collection of exceedingly invaluable acridinium
salt photocatalysts, which provides a robust and practical
synthetic technique for commercially high-priced acridinium
photocatalysts. Remarkably, the structurally new photocatalysts

© 2023 The Author(s). Published by the Royal Society of Chemistry
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exhibit outstanding catalytic performance and will present
many promising applications.
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