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Pyridines, quinolines, and their derivatives contribute to a big drug market.
However, most methods for quinoline synthesis usually initiate from aromatic
cycles rather than pyridines. Here, He et al. describe a visible-light-induced
catalytic construction of tricyclic quinolines or tetrahydroquinolines from
halopyridines.
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Visible-light-induced catalytic construction
of tricyclic aza-arenes from halopyridines

Gu-Cheng He,'? Ting-Ting Song,' Xiang-Xin Zhang,'? Yan Liu,"? Xiao-Yu Wang,'-? Boshun Wan,"?

Shi-Yu Guo,"* and Qing-An Chen'-?:3*

SUMMARY

Pyridines and quinolines are prevalent aza-arene motifs existing
in drugs and natural products. It is of great interest to develop a
more step- and atom-economy strategy for the construction of
quinolines from more accessible pyridines. Herein, a visible-light-
induced intermolecular cascade cyclization is developed for the
coupling of halopyridies with diynes or dienes to construct tricyclic
aza-arenes. Mechanistic studies indicate that the reaction processes
include pyridyl radical generation, radical cascade addition, and
cyclization processes. A series of fused-ring aza-arenes, such as
quinoline, isoquinoline, and 5,6,7,8-tetrahydroquinoline, could be
obtained via this protocol. Scale-up reaction and further transforma-
tions demonstrate the synthetic utility of this approach.

INTRODUCTION

As two important heterocycles, pyridines and quinolines play great roles in organic
synthesis, catalysis, natural product, pharmaceutical, materials, ete.”™* Among top
200 small molecule drugs by retail sales in 2022, pyridines, quinolines, and their de-
rivatives, such as Trikafta, Ibrance, Rexulti, and Lenvima, contributed a market of
more than $75 billion (Figure 1A). Given the abundance and importance of nitrogen
heterocycles, '? it is of great interest to construct quinolines directly from pyridines.
And from the point of view of their chemical structure, it should be easy to realize this
proposal. However, the relevant reports on converting pyridines to quinolines are
surprisingly very limited.

In 2002, Takahashi and co-workers reported coupling reactions of stoichiometric
amount of zirconacyclopentadienes with 2-bromo-3-iodopyridine to synthesize
quinolines (Figure 1B)."® And, the utilization of excess CuCl, n-BulLi, and DMPU
further limited its applicability. Until 2011, Li and co-workers reported Rh-catalyzed
oxidative annulation of pyridines to synthesize quinolines under 120°C (Figure 1C)."*
This strategy involved C—H activation and cyclization processes, which required
the assistance of pre-installed directing groups and the utilization of equivalent
copper(ll) oxidants. Considering the starting materials used above are not readily
available and considering the restriction of metal catalysis in handling nitrogen-con-
taining heteroarenes, it is of great importance to develop a new strategy for con-
struction of quinolines from more accessible pyridines.

The past decade has witnessed the development of photocatalysis in radical
cascade reactions.’>?° Photocatalytic pyridine functionalizations have also been re-
ported as a state-of-the-art technique in organic synthesis.”’ ’ The azolyl radicals
generation from halo-heteroaromatics via reductive quenching of photocatalysts

THE BIGGER PICTURE

Drugs containing skeletons of
pyridines or quinolines possess a
huge market among the top 200
small molecule drugs by retail
sales in 2022. Given the
abundance and importance of
nitrogen heterocycles, it is of
great interest to construct

quinolines directly from pyridines.

Here, a visible-light-induced
catalytic construction of tricyclic
quinolines or
tetrahydroquinolines from
halopyridines was reported. This
protocol featured the generation
of pyridyl radicals and the radical
cascade process. Quenching
experiments and cyclic
voltammograms showed the
significance of acid in the
reactions. Synthetic
transformations proved the
practicality of this protocol.
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Figure 1. Representative pyridines/quinolines and the strategies for quinoline synthesis from
pyridines

(A) Selective drugs containing pyridine and quinoline skeletons.

(B) Stoichiometric amount of Zr (IV) participated quinoline synthesis from halopyridines.

(C) Directing group assisted quinoline synthesis from pyridines under Rh catalysis.

(D) Visible light-induced construction of tricyclic aza-arenes from halopyridines.

were developed by Stephenson, Jui, Weaver, and others.?®**” Hydroarylation of al-
kenes/alkynes could be realized via these protocols. Inspired by these precedents
and our continued interest in photocatalysis,**> we envisioned that the quinolines
could be constructed from halopyridines under mild photocatalysis. Herein, we
report a visible-light-induced construction of quinolines straight from halopyridines
(Figure 1D). The pyridyl radicals could be generated under acidic environment via
photocatalytic activation of halopyridines. Further radical cascade with diynes/di-
enes could deliver vinyl radicals/alkyl radicals, which would undergo C3—C bond for-
mation with pyridines to provide the desired products. This strategy features redox

neutral, mild condition, C3 radical annulation, and aza-arenes construction. And it 1Dalian Institute of Chemical Physics, Chinese
54-62 Academy of Sciences, Dalian 116023, People’s
Republic of China

2University of Chinese Academy of Sciences,
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3Lead contact

provides an important complement for traditional quinoline synthesis.

Initially, 2-bromopyridine (1a) and diethyl 2,2-di(prop-2-yn-1-yl)malonate (2a)

. . *Correspondence:
were selected as the model substrates to test our hypothesis (Table 1). When using corlosguo 0@ dicp ac.cn (5.Y.G),
[Ir(ppy)2(dtbbpy)]PF4 as the photocatalyst, trifluoroacetic acid (TFA) as acid, and tri- gachen@dicp.ac.cn (Q.-A.C.)
fluoroethanol (TFE) as the solvent, the fused-ring construction could deliver the https://doi.org/10.1016/j.checat.2023.100793
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Table 1. Optimization of the reaction conditions

| X H . ::><002Et PC, Acid mCOQEt
NG =/ Co,Et Blue LEDs (427 nm) NG CO,Et

Br TFE (0.1 M), it

1a 2a 3a
Entry” Photocatalyst (PC) Acid Solvent Yield 3a (%)
1 [Ir(ppy)2(dtbbpy)]PFe TFA THE 56
2 [I(dF(CF3)ppy)2(dtbbpy)IBF, TFA TFE 27
3 Ir(ppy)s TFA TFE 18
4 Ru(bpy)sClz-6H,0 TFA TFE -
56 4CzIPN TFA TFE 16
6 [Ir(ppy)2(dtbbpy)]PF, PhCO,H TFE 18
7 [Ir(ppy)2(dtbbpy)IPFe TsOH TFE 23
8 [Ir(ppy)2(dtbbpy)IPF, TFA MeOH -
9 [Ir(ppy)2(dtbbpy)]PFe TFA MeCN =
10 [Ir(ppy)2(dtbbpy)IPF, TFA DCM -
1 [Ir(ppy)2(dtbbpy)IPFs TFA HFIP 48
12°¢ [Ir(ppy)2(dtbbpy)]PF, TFA TFE 77 (73)¢
13° = TFA TFE -
14° [I(ppy)2(dtbbpy)IPF, - TFE 27

®Reaction conditions: 1a (0.20 mmol), 2a (0.40 mmol), photocatalyst (2 mol %), acid (0.40 mmol), solvent
(2.0mL), blue LEDs (427 nm, 40 W), RT, 24 h, yields determined by GC-FID using 1,3,5-trimethoxybenzene
as the internal standard.

®5 mol % 4CzIPN.

“0.80 mmol 2a.

Ysolated yield.

product with 56% yield under the irradiation of blue LEDs for 24 h. Switching to other
photocatalysts, such as [Ir(dF(CF3)ppy)2(dtbbpy)IBFa4, Ir(ppy)s, Ru(bpy)sCly-6H20,
and 4CzIPN, the reactivity was inhibited (entries 1-5). Other Brensted acids like
PhCOH or TsOH delivered the target products with low yields (entries 6-7). After-
ward, the evaluation of solvent found that the reaction could not proceed in other
solvents like methanol, acetonitrile, or dichloromethane (entries 8-10). Similar to
TFE, hexafluoro-2-propanol (HFIP) could also be used as solvent for this reaction (en-
try 11). To our delight, a higher concentration of diyne 2a delivered desired product
3awith adecentyield of 77% (entry 12). Finally, control experiments were conducted
under the standard condition without photocatalyst or acid (entries 13 and 14). No
target product could be obtained in the absence of photocatalyst, which indicated
the indispensable role of photocatalysis. Interestingly, the reaction could also pro-
vide the product without the use of a Brensted acid, perhaps owing to the acidity
of strong protonic solvent TFE.

Subsequently, the scope of pyridines was investigated under the optimized condi-
tions (Figure 2). A wide range of substituted 2-halo-pyridines were applied and
transformed to target tricyclic aza-arene products (3a-30). Notably, when
2-bromopyridine (1a) was switched to chloro-substitution, only a moderate yield
could be achieved. And for 2-iodopyridine, the reaction was a mess, where only a
trace amount of product was observed. The methyl substituents at different posi-
tions of 2-bromopyridines were tolerated to deliver the desired products (3b-3d).
Bromopyridines with N-acetamide or methoxy groups also showed good perfor-
mance in this transformation (3f-3h, 3n, and 30). Especially, the utilization of cata-
lytic amount of aluminum chloride would deliver 3h with a higher yield (from 50%
to 65%). The product structure of 3h was confirmed by single crystal X-ray diffraction.

Chem Catalysis 3, 100793, November 16, 2023 3



Please cite this article in press as: He et al., Visible-light-induced catalytic construction of tricyclic aza-arenes from halopyridines, Chem Catalysis
(2023), https://doi.org/10.1016/j.checat.2023.100793

- ¢? CellPress

Chem Catalysis

H = o,
@( : \, [ippy):(dtbbpy)IPFs (2 moi%) @@32 X = Br (unless noted)
Sx =/ Blue LEDs (427 nm) = Z = O or C(CO,Et),
TFA, TFE, rt
1 2 3
Halo-pyridines scope
Me
SN CO,Et NP CO,Et Me o CO,Et
| | \“\/\O:>< | N CO,Et
IR IR 2N
CO,Et CO,Et N E P
N 2 Me” "N 2 N CO,Et N7 NF CO,Et
3a, X =Br, 73% 3b, 63% 3c, 78% 3d, 73%
X=Cl, 43%
X =1, trace
CO,Et Hae CO,Et CO,Et
X 2 XX 2 XX 2
P~ PR 2N
CO,Et CO,Et CO,Et
Br N 2 N4 52 CO,Et AcHN N 2 MeO”™ "N 2
3e, N.D. 3f, 55% 39, 75% 3h, 65% (50%")
| |
XX N A\ N '\~
CO,Et CO,Et
f:@:)o Y 2 Y 2
N Me OEt
3i, X=3-I,37% 3j, X=3-1,57% 3k, X = 3-1, 54% CCDC: 2270090

S FOE

N ANF~ co,Et

3l, X =4-Br, 73%
X = 4-|, trace

H1
Memcozﬂ
N ARA~co,et
3j (H") + 3m (H?), 53%
H': H?=2.3:1

T
N ANF~ okt
OMe

3n, X = 4-Br, 46%

NN CO,Et

N AN~ co,Et

NHAc
30, X=4-Br, 51%

Halo-pyridones scope®

= A = A =" = o
L _J_90 LI 9 P
<l 0O 'Tl/ (@] N
Et

|
o N =
O™ 'N Me”
I\I/Ie I\/\OH O
3p, 69% (15%)7 3q, 20% 3r: 67% 3s: 38%

Figure 2. Substrate scope with respect to pyridines
Conditions: 1 (0.20 mmol), 2 (0.80 mmol), [Ir(ppy)2(dtbbpy)]PFs (2 mol %), TFA (0.40 mmol), TFE (2.0 mL), blue LEDs (427 nm, 40 W), RT, 24 h. 2
(1.40 mmol), AICl5 (20 mol %) instead of TFA, 48 h. 248 h. €2 (1.0 mmol), Zn(OTH), (0.10 mmol). ¥ield in the parentheses was under the standard condition.

However, electron withdrawing groups, such as 2,6-dibromopyridine, were not
suitable in this condition (3e). Then, we turned to explore halo substituents at
meta or para positions. To our delight, 3-iodo-pyridines could be transformed to
corresponding quinoline or isoquinoline products in moderate yields (3i-3k).
Although 4-iodo-pyridine failed, 4-bromo-pyridine could react smoothly and gave
the desired product in 73% yield (3l). 4-Bromo-2-methylpyridine could deliver the
corresponding product with a low regioselectivity at 3 and 5 positions (3] and 3m).
These results also indicate a reaction tendency at the ortho position of EDG groups
rather than para position (3j-30). This regioselectivity probably resulted from the
stabilized effect of the ortho-EDG group on the generated dearomatized radical in-
termediate. Based on our previous experience,”’ we were delighted to find that pyr-
idone substrates could also deliver the target quinolinone products with the additive
of zinc triflate (3p-3s). The addition of zinc triflate could provide 3p with higher yield,
probably because the coordination of zinc ions could help the transformation from
pyridone to pyridinium cation.

4 Chem Catalysis 3, 100793, November 16, 2023



(2023), https://doi.org/10.1016/j.checat.2023.100793

Please cite this article in press as: He et al., Visible-light-induced catalytic construction of tricyclic aza-arenes from halopyridines, Chem Catalysis

Chem Catalysis

[Ir(ppy)2(dtbbpy)]PFe (2 mol%)

Pz I H RI— R3
+
SN R2::><R3 Blue LEDs (427 nm)
TFA, TFE, rt

Diynes scope

¢? CellPress

R1
= X R?
|
\N/ = R3
2
R 4

X
SN CN

o)
~ A OH
X1 oo
SN SN OH
0

4a, 73% 4b, 52%2 (37%)° 4c, 30%7 (19%)° 4d, 48%? (45%)°
DG, QUIXKX 4 g
\N OMe N/ (0] \N \N
4e, 53% 4f, 52% 4g, 43% 4h, N.D.
I\ CO,Et L CO,Et e
=
| o == | 2 = | 2 (mCOZEt
S ~ S
N N T CO,Et N T CO,Et N Coyet
4i, 73% 4j, 27%° 4k, Ar = 4-CN-CgH,, N.D.¢ 41, 49%
[
Ar \
SN CO,Et A SNTNF CO,Et
4m, Ar = 4-CN-CgHy, 54%¢ CCDC: 2270951 4n, 26%° CCDC: 2270112

Figure 3. Substrate scope with respect to alkynes

Conditions: 1a (0.20 mmol), 2 (0.80 mmol), [Ir(ppy)2(dtbbpy)IPF, (2 mol %), TFA (0.40 mmol), TFE (2.0 mL), blue LEDs (427 nm, 40 W), RT, 24 h. 2
(1.0 mmol), AICI3 (20 mol %) instead of TFA, 48 h. byields in the parentheses were under the standard condition. <2 (1.4 mmol). 92 (1.0 mmol).

The diynes scope was examined under the standard condition (Figure 3). Diynes with
dimethyl malonate group could deliver the desired product with 74% yield (4a). For
diynes with electron-deficient groups, such as cyano group, a medium yield could
also be achieved (4b) when switching to use a catalytic amount of aluminum chloride.
Substrate bearing indanedione group was also tolerated, providing a fused-ring quin-
oline with an additional spiro ring (4c). With respect to hydroxymethyl group or methox-
ymethyl group, the desired products could be obtained with moderate yields (4d and
4e). Another product with spiro ring (4f) could also be delivered smoothly. For 1,6-hep-
tadiyne, a lower yield was observed probably owing to the absence of Thorpe-Ingold
effect (4g). This method could not be applicable for 1,7-octadiyne because the radical
cascade process might be harder (4h). Propargyl ether could provide the corresponding
product with a higher yield (4, 73%) when comparing with 1,6-heptadiyne (4g, 43%). As
for substrates with internal alkynes (4j and 4k), they showed inhibited reactivity when
comparing with terminal alkynes. Interestingly, the method was successfully applied
to unsymmetric mono-substituted diynes (4] and 4m). The regio configuration of prod-
ucts 4l and 4m were unambiguously confirmed by single crystal X-ray diffraction. These
results showed that the initial generated pyridyl radical prefer to undergo addition onto
terminal alkyne rather than internal alkyne. Besides, it is interesting to find that cyano
groups could be applicable in the radical cascade process to deliver the 1,5-naphthyr-
idine product (4n).

Chem Catalysis 3, 100793, November 16, 2023 5



(2023), https://doi.org/10.1016/j.checat.2023.100793

Please cite this article in press as: He et al., Visible-light-induced catalytic construction of tricyclic aza-arenes from halopyridines, Chem Catalysis

¢? CellPress

H [Ir(ppy)2(dtbbpy)IPFe (2 mol%)
@ + Dienes
Sar Blue LEDs (427 nm), TFA
1 5 ZnS047H,0, TFE, rt

Dienes scope

X H | X
| P
N” > Br N
Standard condition 6b, 31%
1a 6a dr > 20:1°
w/o [Zn]: 6a, trace; 6a’, 60%
with [Zn]: 6a, 39%; 6a’, 25% 3
(2] i ° Br : =
AV NN | p P | N |
N N
5a 6a' 6d, 52%
=
Me 7~ MeO ~ HO™ N7 (\| o)
| | | N
X X \N
N N OMe
6f, 69% 69, 57% 6h, 58% 6i, 63%°

Figure 4. Catalytic construction of tetrahydro(iso)quinolines from dienes

Chem Catalysis

N7 CO,Et

6c, 27%

fm
|
Me N

6e, 70%

6j, 95%7

Conditions: 1 (0.20 mmol), 5 (1.0 mmol), [Ir(ppy)2(dtbbpy)IPF, (2 mol %), TFA (0.40 mmol), ZnSO4-7H,0O (10 mol %), TFE (4.0 mL), blue LEDs (427 nm, 40

W), RT, 24 h. Unless noted, the diastereoselectivity (dr) of 6 is 1:1~3:1. 748 h.

Next, we examined dienes scope (Figure 4). 2-Bromopyridine (1a) and 1,5-hexa-
diene (5a) were selected to test the protocol. The fused-ring construction could
not be observed under the former reaction condition due to the high ring strain
of the proposed product. However, a trace amount of the three-component
cascade product (6a) could be delivered along with the halopyridylation side prod-
uct (6a’). A Lewis acid such as zinc sulfate could promote the alkyl radical cascade
process and partially inhibit the formation of side product 6a’. The zinc ions might
coordinate with nitrogen atom and stabilize the desired reaction intermediate.
When switching to bisallyl ether, a moderate yield could be delivered with an
excellent diastereomeric selectivity (6b). Malonate group could also be tolerated
under this method (6¢c). When turning to octadiene, products could be obtained
with a moderate yield (6d). Methyl substitution on pyridines provided higher reac-
tivities (6e and 6f). Also, methoxy and hydroxymethyl groups could afford the
desired products with moderate yields (6g and 6h). Besides, tetrahydroisoquino-
lines could also be obtained when subjecting 4-bromo pyridines to this strategy
(6i and 6j).

With the intention to understand the mechanism of this protocol, preliminary mech-
anistic experiments were conducted (Figure 5). The light on/off experiments showed
the necessity of blue LED irradiation (Figure 5A). Then Stern-Volmer quenching ex-
periments were further carried out to figure out the quenching species (Figure 5B).
The protonated halopyridines (1a) could effectively quench the excited iridium pho-
tocatalyst with a Stern-Volmer constant of 5.99 mL/mmol, while diynes (2a) showed
no quenching effect. Due to the special fluorescence of the product (3a) under
the irradiation, ultraviolet-visible-light absorption experiments were conducted
(Figure 5C). Compound 3a exhibited a good absorption of ultraviolet light, while
the absorption curve of protonated 3a showed an obvious redshift to the visible-light
region, especially blue light. Subsequently, the absorption curve of iridium

6 Chem Catalysis 3, 100793, November 16, 2023
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Figure 5. Mechanistic investigations

(A) Light on/off experiments.

(B) Stern-Volmer quenching studies.

(C) UV-vis absorption spectrum.

(D) The feedback of 3a on the reaction efficiency.
(E) Radical trapping experiments.

(F) Cyclic voltammograms (vs. SCE).
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Figure 6. Proposed mechanism

photocatalyst (molar ratio of [Ir]: 3a = 2:100) indicated that product 3a might have a
competitive relationship with photocatalyst in terms of light absorption. Therefore,
parallel experiments with gradient addition of 3a were performed to evaluate the
product’s impact on reactivity (Figure 5D). As indicated by the results, the yield of
the reaction would be inhibited by the addition of 3a. The addition of extra TFA
could not fully restore the reactivity. These results suggest the strong product inhi-
bition effect on the reactivity probably resulted from its competition with the photo-
catalyst for light absorption.

Afterward, radical trapping reactions were completed (Figure 5E). The addition of
TEMPO or BHT would inhibit the reaction. And the pyridyl radical could be captured
by BHT to deliver compound 7a. Cyclic voltammograms were also conducted with
different species to gain mechanistic insight (Figure 5F). Bromopyridine 1a
(50.0 mM in TFE, with TBAPF, 0.10 M) exhibited an apparent peak with the redox
potential at —2.14 V (Figure 5F, orange curve). With the addition of TFA
(100.0 mM), the redox potential of 1a (50.0 mM in TFE, with TBAPF4 0.1 M) shifted
to —1.18 V (Figure 5F, blue curve). These results suggested that the protonation
of pyridines make it easier to be reduced.

Based on the experimental results mentioned above, a plausible mechanism
was proposed (Figure 6). Photosensitive Ir(lll) complex A is irradiated under blue
light to give excited Ir(lll)* species B. Protonated pyridine 1a is reduced by the
excited iridium photocatalyst B to generate the pyridyl radical D and oxidative
Ir(IV) C. The electrophilic intermediate D is captured intermolecularly by the diyne
2, forming the nucleophilic vinyl radical E. A subsequent intramolecular radical
cascade addition delivers a cyclized dearomatization intermediate F. And a final
oxidation of intermediate F by the high valent iridium complex C facilitates the
elimination of proton to provide the rearomatization product 3. Furthermore, the
corresponding quantum yield (®) has been subsequently determined as 0.85,
which might exclude the radical chain pathway (see the supplemental information
for details).
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Figure 7. Scale-up reaction and synthetic applications

Finally, scale-up reaction and synthetic transformations were performed to demon-
strate the synthetic utility of this protocol (Figure 7). A 3.0 mmol scale reaction us-
ing 2-bromo-6-methylpyridine and dipropargyl ether as substrate was conducted
to deliver product 8a in 60% yield. Quinoline N-oxide 8b could be easily obtained
with a high yield using m-CPBA under a mild condition.® From quinoline N-oxide,
a skeletal editing reaction could produce N-acylindole with a decent yield under
the irradiation of 390-nm LEDs (8¢).%* To our delight, a sp2 C—H activation at C8
position of quinoline could be conducted with 71% yield under rhodium
catalysis (8d).°> Through a sp®> C—H functionalization pathway, 2-methyl group
was alkenylated smoothly under palladium catalysis (8e).°*°” Meanwhile, the dihy-
drofuran ring could be opened via the activation of AlMe3 with single regioselec-
tivity (8f).°® The structure of 8f was unambiguously determined by single crystal
X-ray diffraction. As a supplement of our quinoline synthesis, 1,2,3,4-terahydroqui-
noline could be obtained through a selective transfer hydrogenation in the pres-
ence of Hantzsch ester (8g).°” Finally, 1.2,3,4-terahydroquinoline 8g could be
further selectively chlorinated by NCS (8h).”°

Conclusion

In conclusion, we have developed a protocol for step-economy construction of
quinolines from halopyridines under photocatalysis. Symmetric and unsymmetric
skipped diynes or dienes could be used to selectively trap the generated pyridyl
radical for the formation of fused rings. This strategy features redox neutral, mild
condition and C3 radical annulation of pyridines. Several tricyclic aza-arenes
including quinolines, isoquinolines, and 5,6,7,8-tetrahydroquinolines could be
obtained via this strategy. Scale-up reaction and transformations further

CCDC: 2270113
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demonstrated the synthetic utility of this protocol. Further investigation about pyr-
idyl radicals has been on the schedule in our laboratory.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Qing-An Chen (gachen@dicp.ac.cn).

Materials availability

Commerecially available reagents were used without further purification. Other sol-
vents were treated prior to use according to the standard methods. Unless otherwise
stated, all reactions were conducted under an inert atmosphere using standard
Schlenk techniques or in a nitrogen-filled glovebox. "H nuclear magnetic resonance
(NMR) and "*C NMR spectra were recorded at room temperature in CDCl3 on 400- or
700-MHz instruments with tetramethylsilane as the internal standard. Flash column
chromatography was performed on silica gel (200-300 mesh). All reactions were
monitored by thin-layer chromatography, NMR, or gas chromatography with
flame-ionization detection (GC-FID) analysis. High-resolution mass spectrometry
(HRMS) data were obtained with a Micromass HPLC-Q-TOF mass spectrometer
(electrospray ionization) or Agilent 6540 Accurate-MS spectrometer (quadrupole
time of flight [Q-TOF]).

Data and code availability

The authors declare that data supporting the findings of this study are available
within the article and the supplemental information. Crystallographic data for the
structures reported in this article have been deposited at the Cambridge Crystallo-
graphic Data Center (CCDC) under CCDC: 2270090 (3h), 2270112 (4l), 2270951
(4m), and 2270113 (8f). Copies of the data can be obtained free of charge from
https://www.ccdc.cam.ac.uk/structures/. More crystal details could be obtained in
the supplemental information (S27-S30) and individual files (3h.cif, 3h-checkcif.pdf,
4l.cif, 4l-checkcif.pdf, 4m.cif, 4m-checkcif.pdf, 8f.cif, 8f-checkcif.pdf). Details about
experimental procedures and characterization data of products (NMR, HRMS) can
be found in the supplemental information (§7-S15). Failed substrate scope can be
seen in supplemental information (S16). Mechanistic studies can be found in the sup-
plemental information (S17-523). Scale-up reaction and synthetic transformations
can be obtained in the supplemental information (§24-526). Copies of NMR spectra
can be seen in the supplemental information (531-594). All other data are available
from the lead contact upon reasonable request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.checat.
2023.100793.
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