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The Mallory reaction, which involves the photocyclization of stilbenes/diarylethenes and their analogues
into polycyclic aromatics, is of significant synthetic importance. However, its application to tertiary
benzanilides has not been explored to date. Besides, most of the reported Mallory reactions require
ultraviolet irradiation. In this study, we show the first Mallory reaction of tertiary benzanilides promoted
by visible light via iminium intermediates formed in situ from tertiary benzanilide, Tf,O (triflic anhydride)

and pyridine. UV/vis absorption spectroscopy combined with density functional theory (DFT) calculations
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thereby enhancing visible light absorption. This study provides a rapid and practical approach for the
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Introduction

Since its discovery in 1964,“* the Mallory reaction has become
a powerful synthetic tool for the construction of polycyclic
aromatic hydrocarbons and heterocyclic analogues, from
simple phenanthrenes and their heterocyclic analogues to
complex polycyclic molecules (coronenes, helicenes, etc.) and
nanographenes/graphene nanoribbons.*”® The typical examples
of Mallory reactions are shown in Fig. 1B. Under UV irradiation,
stilbene or its derivatives undergo 6m-electrocyclization and
further oxidation or elimination, resulting in the formation of
phenanthrene derivatives.'**> Though the Mallory-type reaction
of benzamides (ArCONHAr) was first reported as early as
1967,*7'¢ the Mallory-type reaction of tertiary benzanilides
remains undeveloped with no clear reason given thus far
(Fig. 1B).

Phenanthridinone skeletons are important subunits found
extensively in natural products and pharmaceutical compounds
(Fig. 1A)."">® For example, they have been widely used as the
PARP inhibitor for anticancer therapies and as neurotrophin
activity enhancers for the treatment of nerve diseases.”**® Over
the past several decades, many approaches with the pre-
functionalization of the aryl groups of tertiary benzanilides have
been developed.”****® Recently, two fascinating examples of
C-C cross-coupling reactions involving benzanilides with two

State Key Laboratory of Anti-infective Drug Discovery and Development, School of
Pharmaceutical Sciences, Sun Yat-sen University, Guangzhou, 510006, China.
E-mail: zhaodp5@mail.sysu.edu.cn

t Electronic ~ supplementary  information available. See DOIL
https://doi.org/10.1039/d4sc03907f

1 These authors made equal contributions to this work.

(EST)

17210 | Chem. Sci., 2024, 15, 17210-17216

unactivated sp” hybridized C-H bonds were reported (Fig. 1C).*
However, in the first example of Pd-catalysed intramolecular
oxidative ortho-arylation of benzanilides, the substrate scope is
limited and, in particular, halogens are incompatible. In the
latter case of electrochemical intramolecular cross-coupling,®
the scope of the benzoyl moiety is strictly limited to electron-
rich aryls with two or more alkoxy groups (Fig. 1C). Given
such significance, the development of concise and versatile
methods to obtain these high-value skeletons remains a topic of
general interest.

Although previous studies,® including our NMR results,
indicate that the N-methylbenzanilide mainly exists in cis-
conformation which should facilitate its photocyclization,
attempts to induce its photocyclization under UV light have
remained unsuccessful. We inferred that the observed
phenomena can be attributed to the resonance of tertiary ben-
zanilides. Although tertiary benzanilide can be described as
a resonance between neutral and zwitterionic forms,**** the
zwitterionic form (which is a good 6w system) makes less
contribution to the whole structure (Fig. 1D), resulting in poor
photocyclization upon light irradiation. We reasoned that
increasing the C=N double bond character would enhance the
feasibility of 67 photocyclization. As tertiary benzanilides are
known to form the oxyiminium ion upon treating with Tf,0, our
initial study focused on the Tf,0O-mediated** photocyclization of
N-methylbenzanilide. To our delight, the desired product 2a
was obtained in 60% "H NMR yield under 310 nm UV light (see
ESIt page 14 for more details). Notably, due to the wide band
gaps between the valence and conduction bands, Mallory-type
reactions are constrained by their reliance on photoactivity
primarily within the UV region.*** Based on the previous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Background and design for the visible light-promoted cyclization.
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reports from our group***” and others on iminium salts in
photochemical reactions, we planned to investigate the photo-
chemical reactivities of iminium salts of tertiary benzanilide
promoted by visible light. We were delighted to find that the
iminium intermediate formed in situ from N-methylbenzanilide
1a, Tf,0 and Py (pyridine) exhibited a yellow colour, indicating
its absorption of visible light. We hypothesized that the imi-
nium intermediate might undergo a 6m cyclization under
visible light as a result of the small energy gap between the
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO), resulting in the formation of
2a upon oxidative aromatization. Herein, we demonstrate the
first Mallory-type reaction of tertiary benzanilide to construct
phenanthridinone scaffolds via iminium intermediates trig-
gered by visible light. This protocol was successfully applied to
the concise total synthesis of a natural alkaloid anhydrolycor-
inone 2v and an AChE inhibitor N-methylcrinasiadine 2d.%***
Density functional theory (DFT) calculation studies revealed
that a difference in the delocalization contributes to the
decrease in the HOMO-LUMO energy gap of the iminium
formed in situ.

Results and discussion

We commenced our investigation by irradiating N-methyl-
benzanilide 1a in 1,2-dichloroethane (DCE) at 25 °C with
425 nm blue light in the presence of Tf,0O (2.0 equiv.) and
pyridine (2.0 equiv.) for 20 h. We were pleased to find that the

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 1 Optimization of the reaction conditions®

(o)

pyridine, activator
solvent

10 W blue LEDs

Entry Pyridine (equiv.)

1 Pyridine (1.6) Tf,0 (1.1) DCE 27
2 Pyridine (2.0) Tf,0 (2.0) DCE 40
3 Pyridine (3.0) Tf,0 (3.0) DCE 65
4 Pyridine (3.0) Tf,0 (2.0) DCE  90°
5 Pyridine (3.0) TfOH (2.0) DCE  NR
6 Pyridine (3.0) S0Cl, (3.0) DCE NR
7 Pyridine (3.0) (cocl,) (2.0) DCE  NR
8 2-Acetylpyridine (3.0) Tf,0 (2.0) DCE NR
9 4-Methoxypyridine (3.0) Tf,O (2.0) DCE NR
10 2-Methylpyridine (3.0)  Tf,0 (2.0) DCE 25
11 Pyridine (3.0) Tf,0 (2.0) DCM 80
12 Pyridine (3.0) Tf,0 (2.0) EA 34
13 Pyridine (3.0) Tf,0 (2.0) MeCN 69
14 Pyridine (3.0) — DCE NR
15— Tf,0 (2.0) DCE  NR
169 Pyridine (3.0) Tf,0 (2.0) DCE  NR
17 Pyridine (3.0) Tf,0 (2.0) DCE 84

¢ Unless otherwise mentioned, all reactions were conducted w1th 1a (0.2
mmol) solvent (2.0 mL), 25 °C, N,, 10 W blue LEDs, 20 h. ? Isolated
yield. ¢ Identical yield was observed for 12 h. ¢ Under dark. ¢ Without
an inert gas atmosphere. 1,2-Dichloroethane (DCE), dichloromethane
(DCM), acetonitrile (MeCN), ethyl acetate (EA).
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desired phenanthridinone product 2a was indeed obtained in
40% yield (Table 1, entry 2). With these preliminary results in
hand, we then systematically screened the reaction conditions
to improve the yield. A notable enhancement was observed
employing 3.0 equiv. of Tf,O and pyridine, resulting in an
increase in the yield to 65% (entry 3). To our delight, on using
3.0 equiv. pyridine with 2.0 equiv. Tf,O, the yield increased
significantly from 65% to 90% (entry 4). Apart from Tf,0, no
desired product was detected when other activators such as
trifluoromethanesulfonic acid (entry 5), thionyl chloride (entry
6) or oxalyl chloride (entry 7) were used. Other substituted
pyridines were also tested; however, 2-acetylpyridine (entry 8)
and 4-methoxypyridine (entry 9) failed to yield the product, and

View Article Online
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2-methylpyridine (entry 10) provided 2a in a low yield (25%).
Therefore, we chose 2.0 equiv. of Tf,0 and 3.0 equiv. of pyridine
for further investigations of commonly used solvents, such as
dichloromethane (DCM), ethyl acetate (EA), and acetonitrile
(CH5CN). However, none of the above solvents could provide
higher yields than that of DCE (entries 11-13). Finally, control
experiments confirmed that light, Tf,O and pyridine are all
essential for this transformation. No product was observed in
the absence of these reaction components (entries 14-16). It is
worth noting that this reaction also proceeds without an inert
gas atmosphere with a slight decrease in yield (84%, entry 17).
Unfortunately, reducing the equivalents of Tf,0 (1.1 equiv.) and

o
L N N Tf,O (2.0 eq), pyridine (3.0 eq)
R'—
=z z N s DCE, 10 W blue LEDs, N,, 25 °C,12-20 h
TR
|
X

2a, 90% (860 mg, 82%)® 2b, 71%

2n, 62%

2u, 87%

2y, 65%P 2z, 65%° 2aa, 60%"

N-methylcrinasiadine

anhydrolycorinone
COOMe

2d, 66%

2k, 82%

21, 82%

2j, 90%

2v, 65%

2ab, 54% 2ad, 51%°

Scheme 1 Substrate scope of the photocyclization. Reaction conditions: 1 (0.2 mmol, 1.0 equiv.), Tf,O (0.4 mmol, 2.0 equiv.), pyridine
(0.6 mmol, 3.0 equiv.), DCE (2.0 mL), 25 °C, N, 10 W blue LEDs (425 nm), 12-20 h, yields of isolated product. 5.0 mmol scale, 36 h. *4.0 equiv.

Tf,O and 6.0 equiv. pyridine.
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pyridine (1.6 equiv.) resulted in a considerably lower yield of 2a
(27%, entry 1).

With the optimal conditions established, the substrate scope
was next explored to probe the generality of this reaction in the
synthesis of phenanthridinone derivatives (Scheme 1). Initially,
various electron-donating substitutions on the benzoyl deriva-
tives were tested in the photocyclization reaction. When
substrates with benzoyl derivatives bearing 4-methyl (1b), 4-
methoxyl (1c), piperonyl (1d), and 3,5-dimethyl (1e) were sub-
jected to the standard conditions, the cyclization products 2b,
2¢, 2d and 2e were afforded in good to excellent yields (71%,
65%, 66%, and 85%, respectively). Substrate (1f) with an
electron-withdrawing group (Cl) in the benzoyl moiety was
suitable for this transformation, affording 2f in a good yield
(75%). Subsequently, substrates with methyl (1g), methoxyl
(1h), halogens (1i-1k), cyano (11), acetyl (1m) and tri-
fluoromethyl (1n) with the aniline moiety were also examined,
and moderate to excellent yields were observed (62-95%).

View Article Online
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Substrates containing fluorine or trifluoromethyl groups, which
are commonly used in medicinal chemistry to enhance the
lipophilicity, are suitable for this reaction (2i and 2n).*® To our
delight, this iminium activation strategy was viable for both
benzoyl and aniline-substituted N-methylbenzanilide, affording
the annulation target 20-2q with satisfactory results (yields:
85%, 85% and 75%, respectively). It is evident that the presence
of both electron-donating and electron-withdrawing groups on
the N-methylbenzanilides does not considerably impact the
reaction yield. Encouraged by the above results, we next tested
our strategy of polycyclic or heterocyclic-substituted anilide
derivatives (1r-1t). Specifically, 2s and 2t were obtained in
relatively high yields (65% and 75%), whereas 2r was obtained
in 55% yield, which might be due to the instability of the
thiophene moiety under the reaction conditions.

To further explore the generality of this photocyclization, we
next examined the compatibility of N-substituents. When ben-
zanilides bearing five- or six-membered cyclic amine moiety

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Fig.2 UV/vis absorption spectra of (A) Tf,O and pyridine; 1a and pyridine (3.0 equiv.); 1a and Tf,O (2.0 equiv.); 1a, Tf,O (2.0 equiv.) and pyridine

(3.0 equiv.); 1ain DCE (5 x 10™> mol L~

1; (B): 1c; 1c, TH,O (2.0 equiv.) and pyridine (3.0 equiv.) in DCE (5 x 107> mol L™

1); (C) 1ac; 1ac, Tf,O (2.0

equiv.) and pyridine (2.0 equiv.) in DCE (5 x 10> mol L™Y); inset: colour changes of the corresponding substrate and mixture (5 x 10~° mol L™Y);
(D) *H NMR experiments: 1a (0.05 mmol) in CDzCN (0.5 mL); mixture of 1a (0.05 mmol), Tf,O (2.0 equiv.) and pyridine (3.0 equiv.) in CDsCN (0.5

mL); mixture of 1a (0.05 mmol) and Tf,O (2.0 equiv.) in CDsCN (0.5 mL).
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were subjected to the standard reaction conditions, the corre-
sponding polycyclic products (2u-2w) were afforded in
moderate to high yields (87%, 65% and 63%, respectively).
Likewise, the cyclization with benzanilides having linear
aliphatic N-substitutions, such as ethyl (1x), ‘propyl (1y), "butyl
(1z) and 4-butanoate (1aa), all furnished the corresponding
products 2x-2aa in moderate to high yields (85%, 65%, 65% and
60%, respectively), although 4.0 equiv. Tf,0 and 6.0 equiv.
pyridine were required for 1y-1aa. In addition, we evaluated the
performance of N,N-diaryl substituted benzanilides; both 1ab
(phenyl) and 1ac (4-methoxyphenyl) proved to be effective for
this protocol, affording products 2ab and 2ac in good yields
(54% and 72%). Finally, benzyl N-substituted substrate 1ad also
worked well under this protocol (51%), albeit with 4.0 equiv.
Tf,0 and 6.0 equiv. pyridine. To explore the practical utility of
this transformation in organic synthesis, a gram-scale experi-
ment of 1a (5.0 mmol, 1.05 g) was performed, which gave rise to
a satisfactory yield of the cyclization product 2a (0.86 g, 82%).
Notably, many of the annulation products, such as 2d and 2v,
are important subunits in biologically and pharmaceutically-
active phenanthridinone alkaloids or their analogues.>*>*

To probe the reaction mechanism and validate the involve-
ment of visible light in the Mallory reaction process, we con-
ducted UV/vis spectroscopy experiments. The UV/vis absorption
spectra of 1a, 1a/Tf,O/pyridine, 1a/Tf,0, 1a/pyridine, and Tf,0/
pyridine are shown in Fig. 2A. As expected, a new absorption
band at 360 nm appeared for the ternary mixture of 1a/Tf,0/
pyridine with the tail absorption extending until 425 nm, indi-
cating the formation of a new species (orange line, Fig. 2A). In
contrast, all the reagents or binary mixtures exhibit weak
absorption above 350 nm. Furthermore, Fig. 2A (inset) shows
the solution colour contrast from colourless to light-yellow,

indicating visible light absorption of the iminium

9

e =419eV

! AE__=3.67eV
; BB,
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Fig. 3 (A) Optimized molecular structure of cis-la and iminium
intermediate Il; (B) HOMO and LUMO orbital levels and energy gap of
cis-1a and iminium intermediate Il, calculated with DFT at the B3LYP-
D3(BJ)/def2-TZVP level using Gaussian 16.
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Fig. 4 (A) Radical trapping and (B) plausible reaction mechanism.

intermediate. Note that other iminiums formed in situ from
tertiary benzanilides (1c, 1k, 1l, 1s, 1u and 1ac), Tf,0 and
pyridine also exhibit visible absorbance bands (Fig. 2B, C and
Fig. S41). Additionally, to validate our strategy of iminium-
induced visible light absorption, 'H NMR spectroscopy
studies were performed to confirm the formation of the imi-
nium intermediate. As shown in Fig. 2D and S6,T when 1a was
treated with 2.0 equiv. Tf,0 and 3.0 equiv. pyridine in anhy-
drous CD;CN. To our delight, two new peaks of N-methyl
hydrogen were observed (4.15 and 4.43 ppm). Besides, in the
aromatic region, four new sets of signals of the iminium
intermediate were observed, indicating the formation of the
iminium intermediate (7.40-7.85 ppm). To gain an insight into
the reaction mechanism, gas chromatography (GC) was
employed to analyse the gases in the Schlenk tube of the reac-
tion of 1a under standard conditions. The results indicated that
hydrogen was generated during the reaction (see ESIt page 43
for more details). In addition, radical trapping experiments
were performed (Fig. 4A). The presence of radical scavengers
(TEMPO or BHT) did not drastically inhibit the formation of
product 2a, excluding the participation of radical species.

We further employed theoretical calculation to confirm that
the formation of the iminium intermediate causes intra-
molecular cyclization under visible light irradiation (see
Computational details in ESIt). The molecular minimized
structure of 1a and iminium II are shown in Fig. 3A and S1.t As
previously reported, the calculated stilbenes correspond to the
optimal cis conformation for the photocyclization reaction.>®
Fig. 3B shows the frontier molecular orbitals of the cis confor-
mation of 1a and iminium II, where red and green colours
indicate two opposite phases of orbitals, i.e., positive (or crest)
and negative (or trough) regions of molecular orbitals, respec-
tively. For single 1a, both the HOMO and LUMO are spread over
the entire molecule, as illustrated in Fig. 3B. However, in imi-
nium II, the HOMO mainly concentrates on the phenyl and N-
methylaniline, while the LUMO is located on the whole imi-
nium II. The evaluated energies of the HOMO-LUMO energy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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gap of 1a and iminium intermediate II were found to be 5.28
and 3.67 eV, respectively. The observed decrease in the HOMO-
LUMO energy gap can be attributed to differential delocaliza-
tion, where LUMO shows a more significant reduction during
the formation of iminium intermediates.”””® To analyse the
spatial distribution of the electron-hole after iminium II exci-
tation, the electron-hole excitation analysis of iminium II was
performed using Multiwfn.>**® The results showed charge
transfer (CT) excitation from the aniline (HOMO) to the pyridine
moiety (LUMO). This charge transfer state may prolong the
excited lifetime.*** This small HOMO-LUMO energy gap
accounts for the crucial electronic transitions decrease and the
absorption wavelength the bathochromic effect.
Furthermore, the E, , of iminium Il was also estimated from the
wavelength at the intersection point of the normalized UV-vis
absorption spectrum and the emission spectrum in solution
(367 nm, 3.37 eV, Fig. S5%). Additionally, we speculate that
intermolecular interactions might be responsible for the
absorption at ~425 nm, as confirmed by the calculation of the
HOMO-LUMO energy gap of the D-A complex 1a/iminium II
(Fig. S17).

Based on the above results and previous work,**** we
proposed a plausible reaction mechanism (Fig. 4B). Firstly,
iminium intermediate I was formed in situ.’>*® Subsequently,
iminium intermediate I was tautomerized into iminium inter-
mediate IL°** Followed by a photochemical 6w-electro-
cyclization under visible light conditions, iminium
intermediate III was generated by ring closure. Then, interme-
diate III was expected to undergo a suprafacial [1,5]-H shift,
affording intermediate IV, which is driven by the aromatiza-
tion.*>**% In the end, intermediate IV was converted to phe-
nanthridinone via oxidation or dehydrogenation and
hydrolysis.

shows

Conclusions

In summary, we report the first Mallory reaction of tertiary
benzanilides promoted by visible light via an iminium inter-
mediate. Experimental and theoretical analyses suggested that
the iminium intermediate formed in situ could considerably
decrease the HOMO-LUMO energy gap, resulting in visible
light-induced photocyclization. A wide range of substrates,
including  benzoyl-substituted,  aniline-substituted, = N-
substituted and heterocyclic benzanilide derivatives are
compatible with this method, giving the products in good to
excellent yields. In addition, this visible light-induced Mallory
reaction was successfully applied to synthesize a natural alka-
loid anhydrolycorinone 2v and an AChE inhibitor N-methyl-
crinasiadine 2d.
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