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ABSTRACT: We present an efficient one-pot photochemical skeletal editing \, . V.o

protocol for the transformation of pyridines into diverse bicyclic pyrazolines KT \f\\»"

and pyrazoles under mild conditions. The method requires no metals, A NB‘Z‘ o \N—NBGZ
N—

photocatalysts, or additives and allows for the selective removal of specific
carbon atoms from pyridines, allowing for unprecedented versatility. Our
approach offers a convenient and efficient means for the late-stage
modification of complex drug molecules by replacing the core pyridine 2
skeleton. Moreover, we have successfully scaled up this procedure in stop-
flow and flow-chemistry systems, showcasing its applicability to intricate
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transformations such as the Diels—Alder reaction, hydrogenation, [3 + 2]

cycloaddition, and Heck reaction. Through control experiments and DFT
calculations, we provide insights into the mechanistic underpinnings of this

skeletal editing protocol.

B INTRODUCTION

In the realm of medicinal chemistry, ongoing advancements in
synthetic methodologies are continually reshaping the land-
scape. One such concept, skeletal editing, facilitates the
modification, addition, or removal of molecular components
through mild and selective transformations. Skeletal editing
involves specific site modifications to a molecule’s skeleton
through selective insertion, deletion, or exchange of atoms while
preserving the core structure.'* This approach is particularly
advantageous for late-stage integration in drug discovery, as the
ability to fine-tune molecular skeletons can significantly
influence a drug’s properties and functionality.”~” For instance,
Avanafil, which features a pyrimidine nucleus, has demonstrated
superior relaxant effects on isolated rabbit corpus cavernosum
compared to its analogues with pyridine, thiazole, or triazine
nuclei (Figure 1A).” Other notable examples include the potent
covalent inhibitor of KRASG12C (AMG 510) and its analogues,
as well as COX-2 inhibitors etoricoxib and celecoxib (Figure
1B,C).%°

Pyridine, the second most common heterocycle found in
FDA-approved drugs, plays a E)revalent role in pharmaceuticals
containing N-heterocycles.'”"" Beyond its widespread presence
in biologically relevant molecules, pyridine also serves essential
functions in ligands and functional materials, driving the
demand for innovative methods to functionalize pyridine across
various disciplines.'”"> While many approaches to pyridine
editing have focused on peripheral C—H functionalization to
preserve the core skeleton, direct late-stage scaffold hopping of
pyridine remains underexplored.'™'® Recent advancements by
Levin and Sarpong have expanded the boundaries of this field,
inspiring further progress.'

© 2024 American Chemical Society

- ACS Publications

+ Skeletal editing of pyridines  # Mild conditions & easily handle

+ Edit complex drug molecules ¢ Flow and stop flow

Pyridine skeletal editing transformations can be categorized
into two strategies: ring expansion and ring contraction (Figure
1D). Typically, the nucleophilicity of the nitrogen atom of
pyridines is harnessed to prepare cationic pyridinium salts.'”~**
Pyridine expansion via N-functionalized pyridinium salt
(imidopyridine ylide) has been widely employed in synthetic
methodologies.m_36 Additionally, ring contractions via carbon
deletion under light or electricity have been documented,
yielding pyrroles or pyrazolines as exclusive products.””~**

Herein, we describe an efficient photochemical skeletal
editing protocol for converting the pyridine ring into three
distinct new skeletons, including bicyclic pyrazolines, pyrazoles,
and 1,2-diazepines under mild conditions. Operating at room
temperature without metal catalysts and photocatalysts, this
process tolerates numerous functionalities and yields products
readily convertible to corresponding high-value heterocyclic
compounds in a single step. Notably, selective carbon(3,4 or
4,5) deletion via bicyclic pyrazolines or carbon(2,3 or $,6)
deletion via 1,2-diazepines of pyridine rings generates ring
contraction pyrazole products. This one-pot photochemical
protocol can be successfully adapted to stop-flow or flow-
chemistry systems for large-scale applications. Further applica-
tions include late-stage skeletal modification of complex drug
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Figure 1. (A) Scaffold hopping of Avanafil. ICs, = half maximal effective concentration, and ECyy = 30% effective concentration. (B) AMG 510
analogues. (C) Etoricoxib and celecoxib. (D) Previous work. (E) This work: photochemical skeletal editing of pyridines.

compounds and more intricate transformations of skeletal
editing products. This method offers a potentially convenient
approach for late-stage drug molecule modification.

B RESULTS AND DISCUSSION

Previous work has shown that pyridinium salts are unstable
under light and will undergo a series of transformations.”*~*’ We
initiated an investigation into the photochemical skeletal editing
protocol using pyridinium salt as a model substrate (Table 1).
The cyclization product, bicyclic pyrazoline 1, was obtained in
20% yield with 69% of the ring expansion product, 1,2-diazepine,
as an intermediate when N-Bz pyridinium salt was irradiated
under 365 nm light-emitting diodes (LEDs) for 24 h (entry 1).
Other pyridinium salts did not yield better results: N-Ts
pyridinium salt did not produce the cyclization product, and the
—CO,Ph-, —CO,Bu-, and —CO,Bn-substituted pyridinium
salts resulted in lower yields (entries 2—35). After different light
sources and reaction times were screened, the best outcome was
achieved with 91% yield of the desired cyclization product 1
(entries 6—9). This was accomplished by irradiating with 365
nm light for 4 h, followed by 420 nm light for 72 h in
dichloromethane (DCM) under a N, atmosphere. Control
experiments confirmed that light irradiation was essential, as no
cyclization product was detected in the absence of either light
source (entries 10—11). Mechanistically, this approach exploits
two concurrent photochemical processes. Under 365 nm LEDs,
the N-functionalized pyridinium salt undergoes sequential ring
expansion via nitrogen insertion, yielding 1,2-diazepines.
Subsequently, under lower-energy 420 nm LEDs, excited-state
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Table 1. Condition Optimization”

.
s A 1) 10 W 365 nm LED (L) H, /s vial  Aos
|, DCM (1.0 mL), Ny, r.t. N
2 =6 > \ H N
N N—NR 2 3N-NR

| 2) 10 W LED (L
NR ) (L2) )

Pyridinium salt Cyclization 1,2-diazepine

entry R light (nm) and time (h) yield (%)?
L, T L, T,
1 Bz 365 12 365 12 20
2 Ts 365 12 365 12 ND
3 —CO,Ph 365 12 365 12 18
4 —CO,'Bu 365 12 365 12 7
S —CO,Bn 365 12 365 12 11
6 Bz 365 4 380 72 43
7 Bz 365 4 400 72 75
8 Bz 365 4 420 72 91
9 Bz 365 4 440 72 78
10 Bz dark 4 420 72 trace
11 Bz 365 4 dark 72 trace

“Pyridinium salt (0.1 mmol) in DCM (1 mL), N,, 365 nm LEDs
(L,), at room temperature; after completely consuming the
pyridinium salt, the tube was moved to the 420 nm LEDs (L,) for
the next step. “Isolated yields.

47 electrocyclization facilitates the folding of the compound into

rigid bicyclic pyrazoline 1, all within a single—pot reaction.
With the optimized conditions established (for more details,

see the Supporting Information), the scope of rearrangement
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Figure 2. Scope of rearrangement cyclization. Isolated yields. The regioselectivity ratio is determined by "H NMR analysis of the isolated product
mixtures. Rearrangement cyclization conditions: pyridinium salt (0.1 mmol), N, 365 nm LEDs, in DCM (1 mL) at room temperature; after
completely consuming the pyridinium salt, the tube was moved to the 420 nm light for rearrangement (method A). *The intermediate 1,2-diazepine
was isolated for the next step (method B).
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Figure 3. Scope of carbon(3,4 or 4,5) deletion. Isolated yields. The ratio is determined by 'H NMR analysis of the isolated product mixtures.
Carbon(3,4 or 4,5) deletion conditions: 1 (0.05 mmol), xanthone (0.5 equiv), EA (1 mL), 40 °C, N, 365 nm LEDs, 7 h (method C).

cyclization was summarized in Figure 2. Various pyridinium salts
with different substituents were all compatible with the reaction
and gave the corresponding bicyclic pyrazoline products (1a—d)
in moderate to high yields. We further explored the scope of
various pyridinium salts bearing electron-withdrawing or
electron-donating groups at the 2-, 3-, or 4-positions for this
rearrangement cyclization methodology. 2-substituted pyridines
proved to be suitable substrates in this one-pot reaction,
affording C2-functionalized bicyclic pyrazoline derivatives le—g
in generally good yields. Polysubstituted pyridinium salts were
also investigated to leverage the translational potential of the
strategy in assembling complex heterocycles. The 2,3-disub-
stituted substrates (1h, 1i) were compatible with the reaction,
delivering the corresponding products in good yield. Notably,
the polycyclic product 1h was obtained in a 63% yield from the
corresponding pyridine in a one-step reaction, a challenging
synthesis achievable through traditional methods. 4-substituted
pyridinium salts were successfully incorporated using this one-
pot protocol, yielding 1j—1m in generally satisfactory yields. 3-
substituted pyridines exhibited faster conversion to bicyclic
pyrazolines compared to 2- and 4-substituted pyridines,
completing the reaction in just a few hours. However, 3-
substituted pyridinium salts available for nitrogen insertion in
the rearrangement cyclization are nonequivalent, potentially
resulting in the formation of two isomeric products (‘path a’ or
‘path b’). The reaction rate of ‘path a’ predominates over ‘path b,
leading to the formation of products featuring synthetically
challenging all-carbon quaternary ring junctions. Notably, a
larger steric resistance group at the 3-position tends to favor the
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production of products from ‘path a’. Most of the two isomeric
pyrazole derivatives can be separated via column chromatog-
raphy. We believe that this strategy offers significant potential for
rapidly constructing compound libraries for biological explora-
tion. Halide-containing products (1r, 1s) were accessible in
moderate yields, offering opportunities for further functionaliza-
tion of the bicyclic pyrazoline scaffolds via cross-coupling
reactions. Additionally, functional groups such as CF; (1t),
ketone (1x), phosphonate (1m, ly), alkyne (1g, 1v), and
trimethylsilyl acetylene (1u) did not impede the reaction
process, readily participating in subsequent transformations and
delivering corresponding products in good yields. The one-pot
photochemical protocol could be successfully adapted to stop-
flow or flow-chemistry systems for rearrangement cyclization
under 365 and 420 nm simultaneous irradiation, yielding
corresponding products in moderate to high yields (1p—1r, 1h,
1i, laa). Gram-scale synthesis was conducted using a flow
reactor under 365 and 420 nm simultaneous irradiation, giving
the bicyclic pyrazoline product 1r in 61% yield.

While core skeletal editing by one-carbon deletion has been
previously reported,***™*" the conversion of pyridines into
pyrazoles by selective two-carbon deletion has not yet been
achieved. To our delight, the carbon[4,5] deletion product
pyrazole 2a was obtained in an acceptable yield when bicyclic
pyrazoline 1a was further irradiated under 365 nm light with the
addition of xanthone as a catalyst (Figure 3). Previous reports
have proven that the Paterno—Biichi reaction occurs between
the carbonyl compound and alkene to form oxetanes.**™>" We
considered that the photosensitive xanthone can accelerate the

https://doi.org/10.1021/jacs.4c03713
J. Am. Chem. Soc. 2024, 146, 21389—-21400
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Figure 4. Scope of ring expansion. Isolated yields. The regioselectivity ratio is determined by 'H NMR analysis of the isolated product mixtures.
Expansion conditions: pyridinium salt (0.1 mmol), N, in DCM (1 mL), and 365 nm LEDs at room temperature (method D).

C—C bond breaking through energy transfer, forming a [2 + 2]
transition state, producing the two-carbon deletion product
pyrazole in the transformation. Other carbonyl compounds were
also investigated, but no better results were obtained (for more
details, see the Supporting Information, Table S4). With the
optimized conditions in hand, the substrate scope of this carbon-
deleting method was next examined. Methoxyl on the benzene
ring (2b) and functional group ketone (2c) were well tolerated

in this method. The polycyclic pyrazole 1h can successfully
transform into bicyclic pyrazoline 2d in a moderate yield via
carbon[4,5] deletion. The 2,3-disubstituted pyrazole 2e was
obtained in an acceptable yield when bicyclic pyrazoline 1i was
subjected to the reaction. When the mixture of two isomers (1p
or 1q) was subjected to the reaction, two different deletion
products were observed via the carbon[3,4] and carbon[4,5]
deletion process. The double bond bearing substituents (such as

21393 https://doi.org/10.1021/jacs.4c03713
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Et, Bn, and Cl) had no effect on the outcome of the reaction,
yielding the corresponding pyrazole in reasonable yields.

The expansion products, diazepines, could be obtained as the
main products via nitrogen atom insertion when the pyridinium
salts were only irradiated under 365 nm LEDs. As illustrated in
Figure 4, various pyridine derivatives with electron-withdrawing
and -donating substituents at the 2-, 3-, and 4-positions (Cl, Br,
Me, OMe, and Ph), as well as heterocyclic rings (thiophene 3g
and pyridine 3h), were all compatible with the reaction and
yielded the corresponding diazepines in moderate to high yields
(39-95%). This method also tolerated various functional
groups such as CF; (3t), Br (3q), Cl (3r), CN (3l), olefine
(3k), alkyne (3f, 3v), phosphonate (3n, 3s), and ester (3m, 3y),
producing the corresponding products in high yields. For most
3-substituted pyridine derivatives, the expansion products were
obtained in a mixture of two isomers with 1:1 regioselectivity
(“path a” or “path b”). “Path a” was preferred when a large steric
resistance group was present at the 3-position (phosphonate 3s).
Single products were observed when the strong electron-
withdrawing group was at position 3 (acyl 3x and ester 3y). The
disubstituted pyridines 3w, 3z and 3aa also performed well in
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this method. Notably, our conditions allowed for the successful
expansion of 1-methyl isoquinoline with a high yield (3ab, 67%),
whereas no expansion product was observed for quinoline. For
trisubstituted-pyridine, quinoline, and 3-methoxy pyridine, the
a-amination products 3ac—3ae were obtained in moderate
yields, respectively. This expansion reaction could also be scaled
up using a flow photoreactor, with product 3a obtained in an
83% yield (1.64 g, for more details, see Supporting Information
$8.1).

To our delight, unlike the carbon(3,4 or 4,5) deletion process
from bicyclic pyrazolines, the 1,2-diazepine could be converted
to pyrazoles by selectively deleting carbon(2,3 or 5,6) at the
imine (C=N) side in the presence of acid TsOH-H,O (Figure
5). Generally, deletion via flow chemistry yielded better
outcomes compared to reactions in a batch reactor, avoiding
byproducts from polymerization. A series of diazepines with
different substituents on the benzene ring or N-protected groups
(4a—4f) were well tolerated in this method, yielding carbon-
[2,3] deletion products in moderate to high yields. In general, 4-
substituted pyridine-derived diazepine (4g) gave the carbon-
[2,3] deletion product. The corresponding 3-substituted

https://doi.org/10.1021/jacs.4c03713
J. Am. Chem. Soc. 2024, 146, 21389—-21400


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03713/suppl_file/ja4c03713_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03713?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03713?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03713?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03713?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03713?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Drugs and Natural Products

5 i 0 5 H EZ —
4 IR\ 6 ~ 4 . NBz
AcO N 7 N® <\>——\ r 8 N r !
AcO_ 2 l N N | e o | \NK NBz ol ;_I/ ol QN
2 6 | =N 2
2 N
5 6 1aa, 67%° 2h, 27% 3ag, 73%
Nicotinyl alcohol from Nicotinamide
¥ ¢
B 5
A\ 4 & 4 = H
% Noor LN N X
b= ﬂ\/\ i Me PN NBz
Bz Q \ H Bz =N
. 0/.a 0
tab, 21, 90% an,27% s Ob @ P—
= O = N
NBz [/ \l}l L cN NBz /7 "N
3\ /l\'l s~ NBz "Pr - 3 ~-N 33, NBZ
from Febuxostat p
3af, 2:1, 92%¢ 3ah, 3:2, 55%
5
4 | 6
OO A =2N Oy 0. _~* H Bz Bz Ez
2 N, — N oMl
K/N or ° \ /N or \ f‘\lBZ 74 ’}1 or 3\ /,
— 3 4 3 N & NBz 2
8
from Ibuprofen 1ad, 2:1, 89%? 2i, 27% 3ai, 2:1, 88%7 40, 25%°
4
PR ook L)
NBz 4 N\ \N 6 ‘ <
Q’\" or & —NNBZ /©/ o O 72 N-NBz
O
3aj, 45%¢ 1ae, 70%" @ 10 1af, 62%0 3ak, 69%¢
Pyriproxyfen
5 Me
4 | )6 BZN-N
s~ 2N N y
2
— O, R R LY
2 "N-NBz -
O O AcO OAc N\ / Me N\ /
AcO OAc
1" 2j, 34%° 3al, 73% d
" 3an, 69%
Bisacody! Abametaplr
BZ
N Me
i R : W P
5 5 5 2 | Me
AcO N L ) N a0 ;\.NBZ S N A =
K 3 _N K PSS N | _
2 Cl
3am, 89%¢ 4p, 41%° SO.Me SO,Me
12 14 3a0, 90%
from Tropicamide Etoricoxib
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pyrazoles were obtained via carbon[5,6] deletion in reasonable
yields when the isomers (“path b”) of 3-substituted pyridine-
derived diazepines were subjected to the reaction, including
both electron-donating and electron-withdrawing groups (4h—
41). Pleasingly, substrates with functional groups such as Cl
(4h), Br (41), benzene (4k), and alkyne (4j) were well tolerated
in this method. Diazepines bearing a methyl substituent at the
carbon[2,3] position (3d and 30) can undergo successful
deletion to form ring contraction products, albeit with lower
yields. Conversely, 2,3-disubstituted diazepine 3z did not

undergo any contraction reaction. Different from pyridine-
derived diazepines, the ring expansion product 3ab derived from
1-methylisoquinoline was contracted to the indole product 4m
through one carbon and one nitrogen atom deletion. Overall,
using two different photochemical skeletal editing protocols, we
can selectively delete carbon(3,4 or 4,5) via bicyclic pyrazolines
or carbon(2,3 or 5,6) via 1,2-diazepines of pyridines under mild
conditions to generate ring contraction pyrazole products,
providing a potential convenient approach for the late-stage
modification of drug molecules.
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We further demonstrated the practicality of this photo-
chemical skeleton editing strategy for the late-stage modification
of complex drug molecules containing pyridine moieties (Figure
6). Our study commenced with skeleton editing of nicotinyl
alcohol (5) and nicotinamide derivative (6) (3-substituted
pyridines), whereby three different new skeletons (including
bicyclic pyrazolines lab, 1lab’, laa, carbon[4,5] deletion
pyrazole 2h, carbon[S$,6] deletion pyrazole 4n, and 2-diazepines
3ag, 3af) could be readily constructed under mild conditions
using this photochemical skeleton editing strategy. More
complex drug derivatives such as the febuxostat derivative (7),
ibuprofen derivative (8), and canagliflozin intermediate (9)
were also well tolerated in this skeleton editing strategy, yielding
the corresponding products in acceptable yields. The insect
growth regulator pyriproxyfen (10) and stimulant laxative drug
bisacodyl (11) with 2-substituted pyridine, as well as
tropicamide derivative (12) with 4-substituted pyridine, were
also susceptible to our method, affording the corresponding
skeleton editing products in reasonable yields (such as bicyclic
pyrazolines 1af, lag, carbon[2,3] deletion pyrazole 4p, carbon-
[4,5] deletion pyrazole 2j, and 1,2-diazepines 3ak, 3al, and
3am). The polysubstituted bipyridine substrates abametapir

(13) and etoricoxib (14) yielded expansion products 3an and
3ao in high yields, with only one pyridine of them being edited.
However, this photochemical skeleton editing strategy has some
limitations when applied to complex compounds. For instance,
the carbon-deletion product pyrazole was not obtained for
febuxostat (7), canagliflozin (9), and pyriproxyfen (10).
Additionally, the bicyclic pyrazoline product was not accessible
for drug molecules 12, 13, and 14. These compounds constitute
bicyclic and ring-contracted variants of pyridines that are in and
of themselves worth pursuing in medicinal chemistry campaigns.
However, it is worth noting that the inclusion of a benzoyl group
is expected to significantly change the molecular architecture
such that a 1:1 comparison of physicochemical properties and
biological activity would be difficult to interpret.

The synthetic versatility of our protocol was further
demonstrated through the diversification of the skeleton editing
products (Figure 7). Diazepine, providing a 1,3-diene unit,
facilitated the Diels—Alder reactions. In the presence of
Cookson’s reagent, diazepine 3a underwent a Diels—Alder
reaction, yielding the tricyclic compound 15 in 65% yield.
Hydrogenation yielded product 16 in 95% yield in the presence
of Pd/carbon (10 mol %) at room temperature. The
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rearrangement product 2-aminated pyridine 17 was obtained
under base condition. For bicyclic pyrazoline la, the C=C
bond in the cyclobutene was successfully selectively reduced
using the same reduction conditions, affording product 18 in
excellent yield. Additionally, a reductive Heck reaction with 2-
bromopyridine yielded additional product 19 in a 91% yield. A
[3 + 2] cycloaddition with an azomethine ylide precursor
resulted in tricyclic product 20 in 59% yield. The light-induced

reaction of bicyclic pyrazoline la with 2-bromoacetonitrile
produced the coupling product 21 in an acceptable yield. These
transformations underscore the downstream reactivity of these
versatile intermediates.

To elucidate the mechanism of the photochemical skeletal
editing protocol, a series of control experiments were conducted.
UV—vis spectrum (Figure S4) suggests that the pyridinium salt
can be activated under 365 nm LED irradiation, initiating
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sequential ring expansion via nitrogen insertion. Subsequently,
the diazepine intermediate undergoes secondary excitation to
form the cyclization product under lower-energy 420 nm LED
irradiation. Control experiments indicate that H,O and HCl are
crucial for the carbon[2,3] deletion process, and the byproduct
acetaldehyde was formed during the transformation (Support-
ing Information $5.2.1). For the carbon[4,5] deletion process,
light and the catalyst xanthone play pivotal roles in the reaction.
Examination of the reaction mixture revealed the existence of a
four-membered ring intermediate, as identified through HRMS
analysis (Supporting Information $5.2.2). We speculate that this
deletion process proceeds through the formation of a four-
membered ring transition state, followed by bond cleavage via an
energy transfer process, ultimately forming the carbon[4,5]
deletion product. Cleavage of the C—N bond on the pyridine
leads to the ring expansion product III, while N—N bond
cleavage yields 2-aminopyridine IV. Cyclization of the bicyclic
compound is achieved through the rearrangement cyclization of
III under lower-energy 420 nm LED irradiation. For the
carbon[4,5] deletion process, direct excitation of xanthone to its
excited state leads to rapid decay to the triplet excited state.”>™>°
Energy transfer occurs between excited triplet photosensitizer
xanthone and VI (Supporting Information Table S4). The
formation of the four-membered ring transition state VII ([2 +
2]-like oxetane) between the carbonyl group of xanthone and
the C=C double bond of alkene occurs during the reaction. The
carbon[4,5] deletion product VIII is formed via bond cleavage
of intermediate VII and new C=C bond formation. Imine
hydrolysis in the presence of acid and water results in the
cleavage of the C—N bond and double bond, yielding
intermediate X. The carbon[2,3] deletion product XIII is
formed alongside the byproduct acetaldehyde via bond cleavage
(XI) and new C=N bond formation (XII).

DFT calculations were performed to support the proposed
mechanism. For ring expansion, which is shown in Figure 9A,
the reaction is initiated by the direct irradiation of pyridinium
ylide reactant Intl which then passes through a conical
intersection (CI) point CI-1 to the ground state, generating
bicyclic diazanorcaradiene Int2 or reverting to Int1 (see the PES
scan in Figure S13). Int2 is a highly unstable intermediate,
undergoing rapid 67 electrocyclization and ring expansion to
yield the stable diazepine intermediate Int3 (AG* = 3.6 kcal/
mol).” Int2 can also be excited to the first singlet excited state.
This leads to another CI point (CI-2) with an elongated N—N
bond (see the PES scan in Figure S14). De-excitation for this
point leads to iminol Int4. Int4 then tautomerizes to achieve
side-product IntS, where a H atom is transferred from carbon to
the carbonyl group to re-establish aromaticity. For the
photochemical process (Figure 9A), diazepine Int3 is first
excited to the S1 state. After relaxation, planar CI point CI-3 is
reached. At that planar geometry, all eight 7 electrons are forced
to have conjugation and thus form an antiaromatic ring.”” DFT
and CASSCEF calculations (Figure S18) have shown significant
diradical characteristics at CI-3 (Figure 8B), as well as a large
single electron distribution at the C3 and C6 positions.
However, for the formation of the product Int6, extra energy
is still needed for CI-3 to overcome the distortion and reach the
47 disrotatory electrocyclization transition state TS2 (see the
PES scan in Figure S17). Only Int6 is observed because the
product Int7 is extremely thermodynamically unstable.

The subsequent carbon[4,5] deletion is triggered by the
Paterno—Biichi reaction between Int6 and the excited triplet
photosensitizer xanthone (Figure 9C). The triplet photo-

sensitizer xanthone first attacks the C=C double bond using
the single electron in oxygen (TS4), generating a relatively
stable triplet diradical species, Int8.>® The intersystem crossing
(ISC) and radical recombination result in the formation of the
(2 +2) product Int10 which can be promoted to its T1 excited
state Int11 by energy transfer (EnT) from excited xanthone. In
Intll, the 7 electrons in the C=N bond are excited to two
single electrons. The radical on the carbon easily drives the
cleavage of the four-membered ring to release ring strain via
TS6, giving a relatively stable triplet diradical species Int12.
Singlet diradical Int13 is then formed through ISC. Via rapid
C—C bond cleavage (TS7), it decomposes into the final product
Int14 and oxetane Int1$, as observed experimentally by HRMS.
For the acid-catalyzed carbon[2,3] deletion (Figure 9D),
diazepine will first be protonated to give Int6. A mole of water
then adds to the iminium C=N bond and intramolecular
proton transfer, leading to carboxonium Int16. After the C—N
bond breaking and ring closing, Int17 readily undergoes a retro-
aldol transition state TS9 to generate the final product Int20 and
release acetaldehyde. The overall barrier of this process is 22.7
kcal/mol, which is spontaneous at room temperature.

B CONCLUSIONS

In conclusion, our study introduces an efficient approach to
skeletal editing, providing a versatile and effective strategy for
the late-stage modification of complex drug molecules
containing pyridine moieties. Leveraging photochemical pro-
cesses, we demonstrated the ability to rapidly construct diverse
scaffolds, including bicyclic pyrazolines, pyrazoles, and 1,2-
diazepines, all under mild conditions. The broad substrate scope
underscores the adaptability of our methodology across various
pyridine derivatives. The successful application of our strategy to
a range of drug derivatives underscores its potential impact on
pharmaceutical research and development. Moreover, our
findings offer valuable insights into the downstream reactivity
of the synthesized intermediates, laying the groundwork for
future exploration of their synthetic applications. Ongoing work
in our laboratory focuses on further exploring the synthetic
applications of skeletal editing reactions.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c03713.

Experimental setup, experimental procedures, prepara-
tion of starting material, optimization of reaction
conditions, control experiments, computational methods,
additional computational results, Cartesian coordinates of
calculated structures, full spectroscopic data for all new
compounds, and copies of 'H and *C NMR spectra
(PDF)

checkCIF/PLATON report (PDF)

Accession Codes

CCDC 23389SS contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/data_request/cif, or by emailing data
request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: +44 1223 336033.

https://doi.org/10.1021/jacs.4c03713
J. Am. Chem. Soc. 2024, 146, 21389—-21400


https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03713/suppl_file/ja4c03713_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03713/suppl_file/ja4c03713_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03713/suppl_file/ja4c03713_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03713/suppl_file/ja4c03713_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03713/suppl_file/ja4c03713_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03713/suppl_file/ja4c03713_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03713/suppl_file/ja4c03713_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03713/suppl_file/ja4c03713_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03713?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03713/suppl_file/ja4c03713_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.4c03713/suppl_file/ja4c03713_si_002.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2338955&id=doi:10.1021/jacs.4c03713
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03713?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

B AUTHOR INFORMATION

Corresponding Authors

K. N. Houk — Department of Chemistry and Biochemistry,
University of California, Los Angeles, California 90095-1569,
United States; © orcid.org/0000-0002-8387-5261;
Email: houk@chem.ucla.edu

Ke Zheng — Key Laboratory of Green Chemistry & Technology,
Ministry of Education, College of Chemistry, Sichuan
University, Chengdu 610065, China; © orcid.org/0000-
0002-3345-7715; Email: kzheng@scu.edu.cn

Authors

Jiajing Luo — Key Laboratory of Green Chemistry &
Technology, Ministry of Education, College of Chemistry,
Sichuan University, Chengdu 610065, China

Qingyang Zhou — Department of Chemistry and Biochemistry,
University of California, Los Angeles, California 90095-1569,
United States

Zhou Xu — Key Laboratory of Green Chemistry & Technology,
Ministry of Education, College of Chemistry, Sichuan
University, Chengdu 610065, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.4c03713

Author Contributions
%J.L. and Q.Z. contributed equally to this work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the Xiaoming Feng laboratory (SCU) for access to
equipment and Yugiao Zhou for single-crystal diffraction data.
We also thank the comprehensive training platform of the
Specialized Laboratory in the College of Chemistry at Sichuan
University for compound testing. K.Z. acknowledge support
from the Ministry of the Science and Technology (no.
2022YFC2303700), National Natural Science Foundation of
China (no. 22371195), Sichuan University (nos.
2020SCUNL204 and 2023SCUHO0081), and Fundamental
Research Funds for the Central Universities. K.N.H. acknowl-
edges the NSF CHE-2153972 for funding. KN.H. and Q.Z.
thank computation resources from Expanse at SDSC through
allocation CHE040014 from the Advanced Cyberinfrastructure
Coordination Ecosystem: Services & Support (ACCESS)
program.

B REFERENCES

(1) Jurczyk, J.; Woo, J; Kim, S. F.; Dherange, B. D.; Sarpong, R;
Levin, M. D. Single-atom logic for heterocycle editing. Nat. Synth. 2022,
1, 352—-364.

(2) Joynson, B. W.; Ball, L. T. Skeletal Editing: Interconversion of
Arenes and Heteroarenes. Helv. Chim. Acta 2023, 106,
No. €202200182.

(3) Liu, Z.; Sivaguru, P.; Ning, Y.; Wu, Y.; Bi, X. Skeletal Editing of
(Hetero)Arenes Using Carbenes. Chem.—Eur. J. 2023, 29,
No. €202301227.

(4) Liu, F.; Anand, L.; Szostak, M. Diversification of Indoles and
Pyrroles by Molecular Editing: New Frontiers in Heterocycle-to-
Heterocycle Transmutation. Chem.—Eur. J. 2023, 29,
No. €202300096.

(5) Pennington, L. D.; Collier, P. N.; Comer, E. Harnessing the
necessary nitrogen atom in chemical biology and drug discovery. Med.
Chem. Res. 2023, 32, 1278—1293.

(6) Pennington, L. D.; Moustakas, D. T. The Necessary Nitrogen
Atom: A Versatile High-Impact Design Element for Multiparameter
Optimization. J. Med. Chem. 2017, 60, 3552—3579.

(7) Yamada, K.; Sakamoto, T.; Omori, K.; Kikkawa, K. Successful Drug
Discovery; Fischer, J., Rotella, D., Eds.; Wiley, 201S; pp 71-76.

(8) Lanman, B. A,; Allen, J. R;; Allen, J. G.; Amegadzie, A. K.; Ashton,
K. S.; Booker, S. K.; Chen, J.J.; Chen, N.; Frohn, M. J.; Goodman, G.;
et al. Discovery of a Covalent Inhibitor of KRAS®'*¢ (AMG 510) for
the Treatment of Solid Tumors. J. Med. Chem. 2020, 63, 52—63.

(9) Flower, R.J. The development of COX2 inhibitors. Nat. Rev. Drug
Discovery 2003, 2, 179—191.

(10) Vitaku, E.; Smith, D. T.; Njardarson, J. T. Analysis of the
Structural Diversity, Substitution Patterns, and Frequency of Nitrogen
Heterocycles among U.S. FDA Approved Pharmaceuticals. J. Med.
Chem. 2014, 57, 10257—10274.

(11) Baumann, M.; Baxendale, I. R. An overview of the synthetic
routes to the best selling drugs containing 6-membered heterocycles.
Beilstein J. Org. Chem. 2013, 9, 2265—2319.

(12) Zakharychev, V. V.; Kuzenkov, A. V.; Martsynkevich, A. M. Good
pyridine hunting: a biomimic compound, a modifier and a unique
pharmacophore in agrochemicals. Chem. Heterocycl. Compd. 2020, 56,
1491—-1516.

(13) Zafar, M. N; Atif, A. H,; Nazar, M. F.; Sumrra, S. H,; Gul, E. S;
Paracha, R. Paracha R: Pyridine and related ligands in transition metal
homogeneous catalysis. Russ. J. Coord. Chem. 2016, 42, 1—18.

(14) Stolar, M.; Baumgartner, T. Functional conjugated pyridines via
main-group element tuning. Chem. Commun. 2018, 54, 3311—3322.

(15) Kallitsis, J. K,; Geormezi, M.; Neophytides, S. G. Polymer
electrolyte membranes for high-temperature fuel cells based on
aromatic polyethers bearing pyridine units. Polym. Int. 2009, S8,
1226—-1233.

(16) Holmberg-Douglas, N.; Nicewicz, D. A. Photoredox-Catalyzed
C-H Functionalization Reactions. Chem. Rev. 2022, 122, 1925—-2016.

(17) Josephitis, C. M.; Nguyen, H. M. H.; McNally, A. Late-Stage C-H
Functionalization of Azines. Chem. Rev. 2023, 123, 7655—7691.

(18) Bellotti, P.; Huang, H.-M.; Faber, T.; Glorius, F. Photocatalytic
Late-Stage C-H Functionalization. Chem. Rev. 2023, 123, 4237—4352.

(19) Bertuzzi, G.; Bernardi, L.; Fochi, M. Nucleophilic Dearomatiza-
tion of Activated Pyridines. Catalysts 2018, 8, 632.

(20) Bull, J. A;; Mousseau, J. J.; Pelletier, G.; Charette, A. B. Synthesis
of Pyridine and Dihydropyridine Derivatives by Regio- and Stereo-
selective Addition to N-Activated Pyridines. Chem. Rev. 2012, 112,
2642—-2713.

(21) Sowmiah, S.; Esperanga, J. M. S. S.; Rebelo, L. P.N.; Afonso, C. A.
M. Pyridinium salts: from synthesis to reactivity and applications. Org.
Chem. Front. 2018, S, 453—493.

(22) Yamada, S. Cation-r Interactions in Organic Synthesis. Chem.
Rev. 2018, 118, 11353—11432.

(23) Chen, Y,; Ly, L.-Q.; Yu, D.-G.; Zhu, C.-J.; Xiao, W.-J. Visible
light-driven organic photochemical synthesis in China. Sci. China:
Chem. 2019, 62, 24—57.

(24) Sasaki, T.; Kanematsu, K; Kakehi, A. Structures of the
photochemical isomerization products of pyridinium ylides. Diazepines
and their Diels—Alder adducts. J. Chem. Soc. D 1969, 0, 432—433.

(25) Balasubramanian, A.; McIntosh, J. M.; Snieckus, V. Photo-
isomerization of 1-iminopyridinium ylides to 1(1H), 2-diazepines. J.
Org. Chem. 1970, 3S, 433—438.

(26) Tsuchiya, T.; Enkaku, M.; Okajima, S. Photolysis of thieno-furo-
and pyrrolo-[b]pyridine N-imides: formation of 3H-1,3-diazepines. J.
Chem. Soc., Chem. Commun. 1980, 454—455.

(27) Kiguchi, T.; Schuppiser, J. L; Schwaller, J. C.; Streith, J.
Photochemical syntheses of 1,2-diazepines. 11. Regiospecific synthesis
of 1,2-dihydro-1,2-diazepin-3-ones. J. Org. Chem. 1980, 45, 5095—
5100.

(28) Kurita, J.; Kojima, H.; Tsuchiya, T. Studies on Diazepines. XVI.
Synthesis of Monocyclic 1, 3-Diazepines. (1). Thermolysis of 1,2-
Diazepines formed from Methylpyridine N-Imides. Chem. Pharm. Bull.
1981, 29, 3688—3695.

https://doi.org/10.1021/jacs.4c03713
J. Am. Chem. Soc. 2024, 146, 21389—-21400


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="K.+N.+Houk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8387-5261
mailto:houk@chem.ucla.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ke+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3345-7715
https://orcid.org/0000-0002-3345-7715
mailto:kzheng@scu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiajing+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qingyang+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhou+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c03713?ref=pdf
https://doi.org/10.1038/s44160-022-00052-1
https://doi.org/10.1002/hlca.202200182
https://doi.org/10.1002/hlca.202200182
https://doi.org/10.1002/chem.202301227
https://doi.org/10.1002/chem.202301227
https://doi.org/10.1002/chem.202300096
https://doi.org/10.1002/chem.202300096
https://doi.org/10.1002/chem.202300096
https://doi.org/10.1007/s00044-023-03073-3
https://doi.org/10.1007/s00044-023-03073-3
https://doi.org/10.1021/acs.jmedchem.6b01807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.6b01807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.6b01807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b01180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.9b01180?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrd1034
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm501100b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3762/bjoc.9.265
https://doi.org/10.3762/bjoc.9.265
https://doi.org/10.1007/s10593-020-02843-w
https://doi.org/10.1007/s10593-020-02843-w
https://doi.org/10.1007/s10593-020-02843-w
https://doi.org/10.1134/s1070328416010097
https://doi.org/10.1134/s1070328416010097
https://doi.org/10.1039/C8CC00373D
https://doi.org/10.1039/C8CC00373D
https://doi.org/10.1002/pi.2661
https://doi.org/10.1002/pi.2661
https://doi.org/10.1002/pi.2661
https://doi.org/10.1021/acs.chemrev.1c00311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00478?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/catal8120632
https://doi.org/10.3390/catal8120632
https://doi.org/10.1021/cr200251d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200251d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200251d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7QO00836H
https://doi.org/10.1021/acs.chemrev.8b00377?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11426-018-9399-2
https://doi.org/10.1007/s11426-018-9399-2
https://doi.org/10.1039/C29690000432
https://doi.org/10.1039/C29690000432
https://doi.org/10.1039/C29690000432
https://doi.org/10.1021/jo00827a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00827a030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c39800000454
https://doi.org/10.1039/c39800000454
https://doi.org/10.1021/jo01313a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo01313a016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1248/cpb.29.3688
https://doi.org/10.1248/cpb.29.3688
https://doi.org/10.1248/cpb.29.3688
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03713?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

(29) Kurita, J.; Kojima, H.; Enkaku, M.; Tsuchiya, T. Studies on
Diazepines. XVIL Synthesis of Monocyclic 1,3-Diazepines. (2).
Substituent Effects on the Thermal Ring-conversion of 1, 2-Diazepines
into 1, 3-Diazepines. Chem. Pharm. Bull. 1981, 29, 3696—3705.

(30) Herr, R. J., Product Class S: Seven-Membered Hetarenes with
Two or More Heteroatoms. In Science of Synthesis; Weinreb, S. M.,
Schaumann, E., Eds.; Thieme: Georg Thieme Verlag KG, 2004; pp
929-977.

(31) Feng, Z.; Allred, T. K.; Hurlow, E. E.; Harran, P. G. Anomalous
Chromophore Disruption Enables an Eight-Step Synthesis and
Stereochemical Reassignment of (+)-Marineosin A. J. Am. Chem. Soc.
2019, 141, 2274—-2278.

(32) Hurlow, E. E;; Lin, J. B.; Dweck, M. J.; Nuryyeva, S.; Feng, Z.;
Allred, T. K.; Houk, K. N.; Harran, P. G. Photorearrangement of [8]-
2,6-Pyridinophane N-Oxide. J. Am. Chem. Soc. 2020, 142, 20717—
20724.

(33) Mailloux, M. J.; Fleming, G. S.; Kumta, S. S.; Beeler, A. B. Unified
Synthesis of Azepines by Visible-Light-Mediated Dearomative Ring
Expansion of Aromatic N-Ylides. Org. Lett. 2021, 23, 525—529.

(34) Zhang, X;; Wang, X; Jiao, C; Zhao, J; Liu, X; Zhang, G.
Transition-metal-free, mild and efficient ring expansion of amino acid
derivatives: facile access to densely functionalized azepines. Org. Chem.
Front. 2022, 9, 5516—5522.

(35) Boudry, E.; Bourdreux, F.; Marrot, J.; Moreau, X.; Ghiazza, C.
Dearomatization of Pyridines: Photochemical Skeletal Enlargement for
the Synthesis of 1,2-Diazepines. J. Am. Chem. Soc. 2024, 146, 2845—
2854.

(36) Jin, S.; Wang, Q.; Hua, L.; Takahashi, T. Recent Advances in the
Dearomative Skeletal Editing of Mono-azaarenes. Synthesis 2024, S6,
55-=70.

(37) Fan, W,; Xiang, S.; Li, Y.; Zhang, W.; Guo, S.; Huang, D. Iodine-
Mediated Pyridine Ring Expansion for the Construction of Azepines.
Org. Lett. 2022, 24, 2075—2080.

(38) Fesenko, A. A.; Shutalev, A. D. Synthesis of Nitrogen-containing
Heterocyclic Compounds by Ring Enlargement Reactions through
Bicyclic Cyclopropane Intermediates (Review). Chem. Heterocycl.
Compd. 2013, 49, 827—848.

(39) Chen, M.; Chen, Y.; Sun, N.; Zhao, J,; Liu, Y,; Li, Y. Gold-
Catalyzed Oxidative Ring Expansion of 2-Alkynyl-1,2-Dihydropyr-
idines or -quinolines: Highly Efficient Synthesis of Functionalized
Azepine or Benzazepine Scaffolds. Angew. Chem., Int. Ed. 2015, 54,
1200—1204.

(40) Xu, K; Li, W,; Sun, R; Luo, L.; Chen, X;; Zhang, C.; Zheng, X;
Yuan, M.; Fu, H,; Li, R;; Chen, H. Synthesis of 2-Formylpyrroles from
Pyridinium Iodide Salts. Org. Lett. 2020, 22, 6107—6111.

(41) Tang, J.; Zhao, C; Li, S.; Zhang, J.; Zheng, X.; Yuan, M.; Fu, H.;
Li, R; Chen, H. Tandem Ring-Contraction/Regioselective C-H
Iodination Reaction of Pyridinium Salts. J. Org. Chem. 2023, 88,
2809—-2821.

(42) Peng, X.-J.; He, H.-P,; Liu, Q.; She, K.; Zhang, B.-Q.; Wang, H.-
S.; Tang, H.-T.; Pan, Y.-M. Photocatalyst-controlled and visible light-
enabled selective oxidation of pyridinium salts. Sci. China: Chem. 2021,
64, 753—760.

(43) Liu, X; Liu, C.; Cheng, X. Ring-contraction of hantzsch esters
and their derivatives to pyrroles via electrochemical extrusion of ethyl
acetate out of aromatic rings. Green Chem. 2021, 23, 3468—3473.

(44) Portillo, M.; Maxwell, M. A.; Frederich, J. H. Synthesis of
Nitrogen Heterocycles via Photochemical Ring Opening of Pyridazine
N-Oxides. Org. Lett. 2016, 18, 5142—5145.

(45) Borger, M.; Frederich, J. H. Pyridazine N-Oxides as Precursors to
2-Aminofurans: Scope and Limitations in Complexity Building
Cascade Reactions. Org. Lett. 2019, 21, 2397—2401.

(46) Borger, M; Callen, D. P.; Frederich, J. H. A Photoinduced
Cascade for the Synthesis of 1H-Indole-2-Acetamide Derivatives. Asian
J. Org. Chem. 2019, 8, 1111-1114.

(47) Bartholomew, G. L.; Carpaneto, F.; Sarpong, R. Skeletal Editing
of Pyrimidines to Pyrazoles by Formal Carbon Deletion. J. Am. Chem.
Soc. 2022, 144, 22309—-22315.

21400

(48) Bach, T. Stereoselective Intermolecular [2 + 2]-Photo-
cycloaddition Reactions and Their Application in Synthesis. Synthesis
1998, 1998, 683—703.

(49) D’Auria, M.; Racioppi, R. Oxetane Synthesis through the
Paterno-Biichi Reaction. Molecules 2013, 18, 11384—11428.

(50) Abe, M. Recent Progress Regarding Regio-Site-and Stereo-
selective Formation of Oxetanes in Paterno-Biichi Reactions. J. Chin.
Chem. Soc. 2008, 55, 479—486.

(51) Mateos, J.; Rigodanza, F.; Costa, P.; Natali, M.; Vega-Pefialoza,
A.; Fresch, E.; Collini, E.; Bonchio, M.; Sartorel, A.; Dell’Amico, L.
Unveiling the impact of the light source and steric factors on [2 + 2]
heterocycloaddition reactions. Nat. Synth. 2022, 2, 26—36.

(52) Oelgemsller, M.; Hoffmann, N. Studies in organic and physical
photochemistry - an interdisciplinary approach. Org. Biomol. Chem.
2016, 14, 7392—7442.

(53) Michelin, C.; Hoffmann, N. Photosensitization and Photo-
catalysis—Perspectives in Organic Synthesis. ACS Catal. 2018, 8,
12046—1205S.

(54) Mateos, J.; Vega-Pefialoza, A.; Franceschi, P.; Rigodanza, F.;
Andreetta, P.; Companyd, X.; Pelosi, G.; Bonchio, M.; Dell’Amico, L. A
visible-light Paterno-Biichi dearomatisation process towards the
construction of oxeto-indolinic polycycles. Chem. Sci. 2020, 11,
6532—6538.

(55) Biichi, G.; Inman, C. G.; Lipinsky, E. S. Light-catalyzed Organic
Reactions. I. The Reaction of Carbonyl Compounds with 2-Methyl-2-
butene in the Presence of Ultraviolet Light. J. Am. Chem. Soc. 1954, 76,
4327—4331.

(56) Ehlinger, E.; Magnus, P. Silicon in Synthesis. 10. The
(Trimethylsilyl)allyl Anion: A .beta.-Acyl Anion Equivalent for the
Conversion of Aldehydes and Ketones into .gamma.-Lactones. J. Am.
Chem. Soc. 1980, 102, 5004—35011.

(57) Bresien, J.; Eickhoff, L.; Schulz, A.; Zander, E. 1.04 - Biradicals in
main group chemistry: Synthesis, electronic structure, and application
in small-molecule activation. In Comprehensive Inorganic Chemistry III
(Third ed.); Reedijk, J., Poeppelmeier, K. R, Eds.; Elsevier: Oxford,
2023; pp 165—233.

(58) D’Auria, M. The Paternd-Biichi reaction - a comprehensive
review. Photochem. Photobiol. Sci. 2019, 18, 2297—2362.

https://doi.org/10.1021/jacs.4c03713
J. Am. Chem. Soc. 2024, 146, 21389—-21400


https://doi.org/10.1248/cpb.29.3696
https://doi.org/10.1248/cpb.29.3696
https://doi.org/10.1248/cpb.29.3696
https://doi.org/10.1248/cpb.29.3696
https://doi.org/10.1055/sos-SD-017-01473
https://doi.org/10.1055/sos-SD-017-01473
https://doi.org/10.1021/jacs.9b00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b00396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c09310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c04050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c04050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c04050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2QO01147F
https://doi.org/10.1039/D2QO01147F
https://doi.org/10.1021/jacs.3c14467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c14467?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/a-2013-9885
https://doi.org/10.1055/a-2013-9885
https://doi.org/10.1021/acs.orglett.2c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c00130?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10593-013-1318-x
https://doi.org/10.1007/s10593-013-1318-x
https://doi.org/10.1007/s10593-013-1318-x
https://doi.org/10.1002/anie.201410056
https://doi.org/10.1002/anie.201410056
https://doi.org/10.1002/anie.201410056
https://doi.org/10.1002/anie.201410056
https://doi.org/10.1021/acs.orglett.0c02178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c02178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c02472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c02472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11426-020-9958-6
https://doi.org/10.1007/s11426-020-9958-6
https://doi.org/10.1039/D1GC00487E
https://doi.org/10.1039/D1GC00487E
https://doi.org/10.1039/D1GC00487E
https://doi.org/10.1021/acs.orglett.6b02562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b02562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b02562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b00682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b00682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b00682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ajoc.201900201
https://doi.org/10.1002/ajoc.201900201
https://doi.org/10.1021/jacs.2c10746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10746?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-1998-2054
https://doi.org/10.1055/s-1998-2054
https://doi.org/10.3390/molecules180911384
https://doi.org/10.3390/molecules180911384
https://doi.org/10.1002/jccs.200800072
https://doi.org/10.1002/jccs.200800072
https://doi.org/10.1038/s44160-022-00191-5
https://doi.org/10.1038/s44160-022-00191-5
https://doi.org/10.1039/C6OB00842A
https://doi.org/10.1039/C6OB00842A
https://doi.org/10.1021/acscatal.8b03050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b03050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC01569E
https://doi.org/10.1039/D0SC01569E
https://doi.org/10.1039/D0SC01569E
https://doi.org/10.1021/ja01646a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01646a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01646a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00535a600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00535a600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00535a600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c9pp00148d
https://doi.org/10.1039/c9pp00148d
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c03713?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

