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Abstract. A variety of chromeno[4,3-c]isoxazolidines were
prepared in good yields through visible light promoted
Chan-Lam reaction and [3+2] cycloaddition cascade reaction
in one pot. Mechanistic studies showed that visible light
promoted both Chan-Lam reaction and cycloaddition. The
obtained products were converted to various useful
chromenone derivatives. Moreover, the reaction was easily
performed at gram scales with the purification of products
without column chromatography and used to efficiently
synthesize estrone-derived chromeno[4,3-c]isoxazolidine.

Keywords: Visible light; Cycloaddition; Chan-Lam
reaction; Nitrone; Chromeno[4,3-c]isoxazolidine

Introduction

Carbon-nitrogen bonds and nitrogen-containing
heterocycles are ubiquitous in a wide range of
biologically active molecules, pharmaceuticals, and
natural products. In the last two decades, transition
metal-catalyzed cross-coupling  reactions have
emerged as one of the most important synthetic tools
for constructing carbon-nitrogen, carbon-oxygen and
carbon-carbon bonds.™! Since its discovery, the Chan-
Lam reaction,” namely the cross-coupling of
arylboronic acids with nucleophiles containing
heteroatoms, such as amines, alcohols, or mercaptans,
et al., has attracted significant attention in terms of
forming carbon heteroatom bonds owing to the mild
reaction conditions and open-flask chemistry (i.e.,
room temperature, weak base, ambient atmosphere).®!
In addition, this reaction has been successfully
employed for the total synthesis of natural products.
Recently, the Chan-Lam reaction has been used to
prepare N-aryl or N-vinyl nitrones by selective N-
functionalization through the cross-coupling of
oximes with aryl or alkenyl boronic acids.® Nitrones
are ubiquitous organic intermediates in the
production of  heterocyclic compounds via
cycloaddition.®! In 2012 Anderson and coworkers
pioneered a method to prepare N-vinyl fluorenone
nitrones by cross-coupling 9-fluorenone oximes with
alkenyl boronic acids in the presence of 1.0 or 2.0
equiv. of Cu(OAc)..[ Later, the Chan-Lam reaction

was used to prepare N-aryl/N-vinyl-a,B-unsaturated
nitrones from a,B-unsaturated oximes and aryl or
vinyl boronic acids (Scheme 1-A).[ These findings
demonstrated an elegant method for the preparation
of N-substituted-a,3-unsaturated nitrones; however,
these reactions often required copper salts (1.0 or 2.0
equiv.) and excess pyridine (10.0 equiv.). Although
these studies have showed that adding 2.0 equivalents
of 1,5-cyclooctadiene (COD) to the reaction could
reduce the required amount of Cu(ll) to 20 mol%, the
process was still inefficient and produced excess
COD waste. Several research groups have aimed to
develop systems using catalytic copper salts by
introducing various additives, strong oxidants, or
pyridine-based N-ligands, and using recyclable
heterogeneous catalysts or electrochemical catalytic
methods.®! However, these reactions were not green
and sustainable enough because excess additives and
complex ligands were required, or multi-step
synthesis of the heterogeneous catalysts, wasted time,
money, energy, and labor. Therefore, the
developement of a green and sustainable system to
carry out the Chan-Lam reaction is desirable.
Recently, the wuse of visible light as an
inexhaustible source of clean energy to promote
sustainable organic synthesis has attracted significant
attention.!% because it satisfies the requirements for
sustainable chemistry; specifically, it avoids waste
production (from ligands, additives, or by-products)
after the reaction is completed.l**l However, to date,
only two reports have described visible light
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promoted Chan-Lam reactions. First, in 2015,
Kobayashi and coworkers pioneered the visible-light
mediated Chan-Lam coupling reaction of aniline
derivatives with arylboronic acids by using a Cu(ll)
salt and an iridium-based photocatalyst. Importantly,
they elucidated the reactivity of electron-deficient
arylboronic acids in the cross-coupling reactions
(Scheme 1-B).[*2 Mechanistic studies revealed that
the visible light likely either promoted the conversion
of Cu(ll) to Cu(lll) intermediates or facilitated the
Cu(l) to Cu(ll) oxidation to complete the catalytic
cycle. Then, in 2021, Jia and co-workers developed a
copper-catalyzed photoredox dehydrogenative Chan-
Lam coupling reaction between free diaryl
sulfoximines and arylboronic acids in the presence of
visible light, showing that the C-N bond coupling
occurred in the absence of ligand, base and air
conditions (Scheme 1-C).I' Mechanistic studies
revealed that (i) visible light promoted the oxidation
of Cu(l) to Cu(ll) and (ii) the ligation of N-arylated
sulfoximines onto copper species enabled its
capability as photocatalysts.

A) Anderson's work, Chan-Lam reaction of oximes with aryl/alkenyl boronic acids

Cu(o 0.0r 2.0 equi 0.3~ Ar
ArB(OH) u(OAc), (1.0 or 2.0 equiv.) N
HO. 2 pyridine (10.0 equiv.) )I\
IN DCE, rt, air > RIORZ,
i) R
1 2 B(OH or Cu(OAc), (0.2 equiv.) o
RY "R _ (OH), COD (2.0 equiv.) O\@)\/R“
R4 R3 pyridine (10.0 equiv.) )N|\
One C-N bond formation R OR2

B) Kobayashi's work, visible-light promoted Chan-Lam reaction

Cu(OAc), (10 mol%) NHAr

B(OH),  myristic acids (20 mol%)
ANH,  + @ 2,6-Iutidine, toluene/MeCN (1:1) i X
TR f ac-[Ir(ppy)s] (1 mol%) J
Z blue LED, open air, 35 °C Z

i 43-100% vyields
One C-N bond formation

C) Jia's work, visible-light promoted Chan-Lam reaction
0. NH sunlight

. — A3

S t +  AfBOH) Cu(O,CCF3)*H,0 (10 moEA) Oy N—Ar

A A2 EtOH, rt, under Ar

N
At AR

One C-N bond formation

D) This work, visible-light promoted Chan-Lam reaction and [3+2] cycloaddition
R3

c . ®

o N ArBOOH): ¢ 0Ac), (20 mol%)
N R2 pyridine, DCE, open air, rt
| v R®
R! fl
Ar@®

o \IN,O

(T ¥

X, via

Scheme 1. New design for a cascade reaction of Chan-
Lam reaction and cycloaddition using visible light.

Intermediates containing N-O moieties were useful
as O- and N-sources to access complex building
blocks, such as amines, alcohols, or 1,3-amino
alcohols via N-O bond transformations.**! Our group
has developed several selective Chan-Lam reactions
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that are suitable for preparing nitrones or N-oxides by
the cross-coupling reaction of N-O moieties with
various aryl or alkenylboronic acids.® However,
stoichiometric amounts of Cu(ll) salts were also
required. Recently, we developed a metal-free
strategy to prepare N-aryl nitrones from oximes with
diaryliodonium salts,*¢! and also designed a metal-
free N-arylation/[3+2] cycloaddition/[3,3]-
rearrangement reaction that used alkynyl-tethered
oximes and diaryliodonium salts to prepare 2,3-fused
indoles.*”l However, these metal-free strategies often
produced iodobenzene waste and  required
purification by column chromatography after the
reaction was completed. Based on our group’s
investigations of cycloadditions powered by visible
light,1*®! we designed a visible light promoted Chan-
Lam reaction to generate N-aryl nitrone moieties, and
then catalyze the intramolecular [3+2] cycloaddition
of those N-aryl nitrone moieties with internal alkenes
to afford chromeno[4,3-c]isoxazolidines (Scheme 1-
D). Chromenoisoxazolidines are important molecular
scaffolds in drug discovery, with the properties
relevant for antidepressants, antipsychotics, and
antianxiolytics.['] The few available strategies for the
synthesizing these compounds rely on the
intramolecular cycloaddition of alkenyl-tethered
aldonitrones at high temperatures with harsh reagents
were reported, and only low or moderate efficiencies
were attained for alkenyl-tethered ketonitrones."!
Therefore, developing efficient and green methods
for the synthesis of chromenoisoxazolidines remains
an important synthetic goal. Herein, we report &
visible light promoted Chan-Lam reaction and [3+2]
cycloaddition cascade to prepare a series of
chromeno[4,3-c]isoxazolidines using a one pot
method.

Results and Discussion

Initially,  alkenyl-tethered oxime l1a and
phenylboronic acid 2a were selected as the model
substrates. As shown in Table 1, chromeno[4,3-
c]isoxazolidine 3aa was generated in 84% yield when
la and 2a reacted under the standard conditions:
Cu(OAc)2 (20 mol%), methylene blue (5 mol%), and
pyridine (pyr) (3.0 equiv.) in DCE (3.0 mL), using a
17 W white LED open to air at room temperature
(Table 1, entry 1). The structure of 3aa was
determined by X-ray diffraction analysis.?! No
reaction occurred in the absence of Cu(OAc); after 7z
h (Table 1, entry 2). Nitrone 4aa was the only
product obtained (35% vyield; 10:1 E/Z isomers) in
the absence of 17 W white LED light, and 3aa was
not observed, suggesting that visible light promoted
both the Chan-Lam reaction and the [3+2]
cycloaddition (Table 1, entry 3). Next, various copper
species were evaluated in the presence of visible light.
Other Cu(ll) salts, such as CuCl,, CuBr,;, and
Cu(OTf),, all catalyzed the reaction smoothly to
afford 3aa in vyields ranging from 29% to 45%,
whereas the addition of CuCl afforded 3aa in only
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6% yield (Table 1, entries 4-7). Interestingly, using
CuBr and Cul as catalysts gave 3aa in 15% and 30%
yields, respectively (Table 1, entries 8-9). These
results showed that the anion of Cu(l) salt had an
impact on the yield of 3aa. Product 3aa was not
obtained without methylene blue and that reaction
only afforded nitrone 4aa in 41% vyield (Table 1,
entry 10). However, when methylene blue was
replaced with the photoredox catalyst, Eosin Y, the
reaction generated 3aa in 62% vyield (Table 1, entry
11). Decreasing the amount of methylene blue to 1
mol% afforded 3aa in 65% vyield (Table 1, entry 12).
When the 17 W white LED was replaced with an 11
or 4 W white LED, the yield of 3aa was in 71% and
55%, respectively (Tablel, entries 13-14). Solvent
screening revealed that the reaction proceeded
smoothly in DCM, MeCN, THF, MeOH, and DMF,
affording 3aa in good yields (Table 1, entries 15-19).
Changing the amount of Cu(OAc); to 10 mol%
generated 3aa in 57% yield (Table 1, entry 20). When
the loading amounts of phenylboronic acid 2a were
reduced to 1.5 equiv. and 1.0 equiv., the yield of 3aa
was dropped to 59% and 45% vyield, respectively
(Table 1, entries 21-22). Therefore, the optimal
conditions ~ for  synthesizing  chromeno[4,3-
clisoxazolidine 3aa in a one pot reaction were:
Cu(OAc)2 (20 mol%), methylene blue (5 mol%), and
pyridine (3.0 equiv.) in DCE at room temperature,
open to air under 17 W white LED light.

Table 1. Optimization of reaction conditions.?

C
_OH

o ’\f Ph%OH)Z
(Y O e A
white LED (17 W)
la pyr, DCE, rt

entry  conditions 4aa%"
1 The standard conditions 84 -

2 Without Cu(OAC): - -

3 Without 17 W white LED <5 35
4 CuCl; instead of Cu(OAc); 45 -

5 CuBr; instead of Cu(OAc), 31 -

6 Cu(OTf); instead of Cu(OAC)2 29 -

7 CuCl instead of Cu(OAc); 6 -

8 CuBr instead of Cu(OACc)2 15 -

9 Cul instead of Cu(OAC): 30 -

10 Without methylene blue <5 41

11 Using Eosin Y as photosensor 62 -
12 Using methylene blue (1 mol%) 65 -

13 11 W instead of 17 W 71 -
14 4 W instead of 17 W 55 -
15 DCM instead of DCE 62 -
16 MeCN instead of DCE 79 -
17 THF instead of DCE 61 -
18 MeOH instead of DCE 69 -
19 DMF instead of DCE 65 -
20 Using 10 mol% of Cu(OAc): 57 -
21 Using 1.5 equiv of 2a 59

22 Using 1.0 equiv of 2a 45
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9 The standard conditions: 1a (0.3 mmol), 2a (0.6 mmol),

Cu(OAC)2 (20 mol%), methylene blue (5 mol%), DCE (3.0
mL), pyr (0.9 mmol, 3.0 equiv.), 17 W white LED, in air,
30 °C, 36-72 h;® isolated yield.

With the standard conditions in hand, various
arylboronic acids 2 were evaluated to determine the
scope of the reaction for preparing chromeno[4,3-
clisoxazolidines via the visible light promoted
cascade. As shown in Table 2, various arylboronic
acids with  electron-donating and  electron-
withdrawing groups at the para-, meta-, and ortho-
positions proceeded smoothly to produce the
corresponding chromeno[4,3-c]isoxazoles 3ac-3ap in
moderate to good yields. The one exception was 4-
methoxyphenylboronic acid 2b, which afforded 3ab
in only 26% vyield likely because of the facile
decomposition of 2b to 4-methoxyphenol under tha
visible light conditions. In general, arylboronic acids
tolerated the strongly electron-withdrawing CF; and
CO;Me groups at the para-positions, to give products
3ai and 3aj in 54% and 55% vyields, respectively.
Interestingly, arylboronic acid 2n with an ortho-
bromo substituted group afforded 3an in 51% vyield.
This product was more difficult to prepare using the
developed method compared with conventional
Chan-Lam reaction conditions without visible light.
Carbazole-derived boronic acids 20 and 2p both
delivered the desired products 3ao and 3ap in 76%
and 63% vyields, respectively. This visible light
promoted cascade strategy tolerated halides, ethers;
thioether, esters and carbazoles.

Table 2. Substrate scope of arylboronic acids 2. °

¢ /
o n°H CU(OAC), (20 mol%) o \
| + ArB(OH), methylene blue (5 mol%)_ N
[l \,
Z "Ph ) 17W white LED N
pyr, DCE, rt
1a Ph

X = OMe, 3ab, 26%
X = OPh, 3ac, 62%

X = SMe, 3ad, 56%
X = Me, 3ae, 70%

X =Cl, 3af, 71%

X = Br, 3ag, 68%

X =F, 3ah, 61%

X = CFj3, 3ai, 54%

X = CO,Me, 3aj, 55%

X = OMe, 3ak, 66%
X =Br, 3al,73%

3ap, 63%
3 Reaction conditions: la (0.3 mmol), 2 (0.6 mmol),
Cu(OAC)2 (20 mol%), methylene blue (5 mol%), DCE (3.0

3
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mL), pyr (0.9 mmol, 3.0 equiv.), 17 W white LED, in air,
30 °C, 36-72 h; P isolated yield.

Alkenyl-tethered oximes 1 were also studied to
further explore the scope of this cascade process. As
shown in Table 3, a variety of alkenyl-tethered
oximes reacted with 2a to afford the desired
chromeno[4,3-c]isoxazoles 3 in good vyields. When
the R? group comprised an aryl group bearing
electron-donating or electron-withdrawing groups at
the para, meta, or ortho-positions, the products 3ba-
3ha were obtained in good yields. Even the oxime 1i,
which had a furanyl substituent, gave the
corresponding product 3ia in 64% yield. The R!
group in the aryloxy moieties was not only
compatible with methoxy, fluoro, and bromo groups
but also with two methyl groups affording the
products 3ja-3ma in good yields. The R® group at the
terminal position of the alkene in the oxime could be
a benzyl or phenyl group, which provided 3na and
30a bearing three continuous stereocenters in 66%
and 84% vyields as single isomers, respectively. The
structure of compound 3oa was determined by X-ray
diffraction, which indicated that it was a cis-isomer
based on the relative configuration of its styrenyl,
proton, and phenyl groups.?1 The reaction also
tolerated various functional groups present in both
oxime and arylboronic acid and delivered the desired
cycloadducts 3pa, 3qgl, and 3el in good yields. In
addition to the R? group bearing styrenyl groups, the
R? group could also be present with phenyl group and
afford 3ra in 62% yield. However, when oximes 1s
with a methyl and 1t with a hydrogen at the R? group,
compounds 3sa and 3ra were not observed because
the Chan-Lam reaction of these types of oximes with
phenylboronic acid 2a did not occur.??

Table 3. Substrate scope of oximes 1.2°

10.1002/adsc.202100448

A i
H
( _OH Cu(OAc), (20 mol%) o
(¢} NI AIB(OH methylene blue (5 mol%) 0
B T
N T AT A e i g AL
RL— P 2 pyr, DCE, rt - R A
1 3

-OMe, 3ba, 70%

0 X=4 5
N/ X =4-Me, 3ca, 63% N
*Ph X =4-F, 3da, 59% -
N\ " X =4-CFy, 3ca 61% N
X = 3-OMe, 3fa, 68% i
=\ X=3Br 39a, 72% R Ph
N - X =2-Br, 3ha 62% R! = OMe, 3ja, 58%
1_
43 3ia, 640 R =F  3Ka 66%
H H Bn
0 o)
/O /O
N N
Ph Ph
Me N\ N
Me Ph Pr

3ma, 54% 3na, 66%

R2 = Ph, 3ra, 62%
Rz:Me, 3sa, 00%
3ql, 53% FECSEIV . R“=H, 3ta, 0%
9 Reaction conditions: 1 (0.3 mmol), 2 (0.6 mmol),
Cu(OAC)2 (20 mol%), methylene blue (5 mol%), DCE (3.u
mL), pyr (0.9 mmol, 3.0 equiv.), 17 W white LED, in air,
30 °C, 36—72 h; ® isolated yield.

To better understand the mechanism, control
experiments were performed (Scheme 2). Nitrone 4aa
could not be converted to 3aa in the presence of
Cu(OAcC), without 17 W white LED light whereas
3aa was obtained in 82% yield without Cu(OAc); in
the presence of 17 W white LED light (Scheme 2-1
and 2-2). These results indicated that visible light did
promote the cycloaddition while the copper additive
did not catalyze the cycloaddition. As shown in
Scheme 2-3, 20 mol% of Cu(OAc); delivered 4aa in
35% yield, although a 73% yield was obtained using
1.0 equiv. of Cu(OAc); and no white LED.
Combining Cu(OAc). with visible light afforded 3aa
in 80% vyield. These results suggested that visible
light promoted both the Chan-Lam reaction and the
cycloaddition step. When l1a and 2a were subjected to
the standard conditions in the presence of N, 4aa and
3aa were not detected, and only la was recovered,
demonstrating that the air played an important role
(Scheme 2-4). When 1.0 equiv. of 9110-
dimethylanthracene was added, the yield of 3aa
dropped to 56%, and the trapped product 9,10-
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dimethyl-9,10-dihydro-9,10-epidioxgeanthracene was
observed (Scheme  2-5). Because 9,10-
dimethylanthracene is a typical singlet oxygen
quencher, we proposed that singlet oxygen was the

key species promoting the oxidation of Cu(l) to Cu(ll)

to finish the catalytic cycle.

(0]

n i — x> o
©/V\Ph pyr, DCE, rt N\

3aa

( oD 17 W white LED
2 ] IN methylene blue (5 mol%)
DCE, 1t
©/K/\ 82% yield N\ Ph

conditions ( @ ©
methylene blue (5 mol%) ~N -0

Pyr DCE, rt
air

/
0% ? o
Ph@O  Cu(OAc), (20 mold) W

4aa 3aa
conditions yield yield
Cu(OAc), (20 mol%), without light 35% -
Cu(OAc), (1.0 equiv.), without light 73% -
Cu(OAc), (20 mol%), 17 W white LED <5% 80%
C ¢
_OH Cu(0Ac), (20 mol%) ©© o
0 ’\{ methylene blue (5 mol%) o P~-O
2) Pz +2 ———— > | +
Ph 17 W white LED A~p | N~
Pyr, DCE, 1t N0
N Ph™ ph
1a 2 4aa (<5%) 3aa (<5%)
=
Me
( _OH Cu(OAG), (20 molos)

methylene blue (5 mol%z 4

17 W white LED

5) { >z oh + 2a - aa + 3aa + O@O
Pyr, DCE, rt, air <5%  56%
Me Me

la observed

Me

Scheme 2. Mechanistic studies.

Although the mechanism was not definitely
elucidated, a reasonable mechanism for the formation
of 3aa from la and 2a was proposed (Scheme 3).
Initially, the Cu(ll) -catalyst undergoes ligand
exchange and transmetalation between oxime la and
phenylboronic acid 2a with pyridine (pyr) as base and
N-ligand to generate intermediate A.
Disproportionation of the Cu(ll) intermediate A in the
presence of air affords Cu(lIl) species B and releases
Cu(l) species, which undergoes reductive elimination
to give nitrone 4aa and a Cu(l) species.'? 2% The
Cu(l) species can then be reoxidized to a Cu(ll)
species by the singlet oxygen (*O,) produced by the
photosensitization with the excited state of methylene
blue *MB*. Concurrently, photoirradiation of ground
state methylene blue MB™ generates the triplet
excited state *MB™, which is reductively quenched by
nitrone 4aa, generating a radical cation C and a semi-
reduced MB radical (MB).?*l Then, C undergoes
intramolecular radical addition to form the
chromenoisoxazolidine radical cation D, which
rapidly undergoes single electron transfer reduction

10.1002/adsc.202100448

to produce 3aa and return the MB’ radical to the
ground state (i.e., MB).

/ / P
yry /Ph
\ oph \O "“C\“@o@ “v

Pyr_ Ph
= Ph \

Cu(”) o
M cuqn, 0 o

g w
= “Ph
photoredox A
catalysis Chan-Lam reaction
u(l)
la+2a+Pyr

*MB*

o hvMB* 10\{\_7
’l ‘I cu(ll

*MB* 302

Scheme 3. Proposed mechanism.

The operational simplicity of the one-pot Chan-
Lam reaction and cycloaddition cascade has
significant potenial for preparing
chromenoisoxazolidines with an economic and green
protocol, particularly if it could be scaled up. As
shown in Scheme 4, 1.0 mol of 1a (0.279 g) reacted
with 2a under the optimized conditions after 36 h.
Pure 3aa was obtained in 86% yield (0.305 Q)
following extraction and recrystallization procedures
without requiring flash column chromatography.
When 9 mmol of oxime la (2.5 g) was allowed to
react with 2a under the standard conditions, 2.099 g
of 3aa was obtained (66% yield) after purification by
the same method. This simple operation avoided
conventional purification procedures and provided &
green approach to reduce waste.

Cu(OAC), (20 mol%)

| + PhB(OH methylene blue (5 mol%)
ZPh zé )2~ ite LED 17wW)
pyr, DCE, rt

la

3aa
0.305 g, 86% yield
2.099 g, 66% yield

0.279 g, 1 mmol extraction and recrystallization
2.500 g, 9 mmol extraction and recrystallization

Scheme 4. Gram-scale preparation and purification of
product 3aa

To study the utility of chromenoisoxazolidines,
several reductive conditions were evaluated. As
shown in Scheme 5-1, treating 3aa with Fe/HOACc in
DCM at 40 °C afforded compound 5aa in 46% yield,
whereas compounds 6aa and 7aa were obtained in
72% and 12% vyields, respectively, after treating 3aa
with Zn/HOAc instead. Additionally, 3la and 3oa
were converted to the corresponding products 6la
(78% vyield) and 7la (21% vyield), and 60a (54% yield)
and 7oa (25% yield), respectively. It is known that
estrone-derived arylboronic acid 2q can be easily
prepared by Lee’s method in three steps.”® When
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arylboronic acid 2q and oxime la reacted under the
optimized conditions, the desired estrone-derived
chromenoisoxazolidine 8 was afforded in 74% vyield
with 1:1 diastereoselectivity (Scheme 5-2).

1) N-O bond cleavage of 3
2
H R

Fe/HOAC o o
DCM, 40 °C ~
Rl Ph P
5 \ RI=R?=H
. Ph 5aa, 46%
2
H ] R?
OH
Zn/HOAC o
o N
DCM, 40 Rl_l\ ph+
5NF
5

(2]

Rl=H, RZ=H, 6aa(72%), 7aa (12%)

R!=5-Br,R2=H, 6la (78%), 7la (21%)

Rl=H, R?=Ph,60a(54%), 70a (25%)
2) Modification of estrone

estrone

[Cul/white LED
8, 74% yield, 1:1 dr

Scheme 5. Applications of chromenoisoxazolidines.

Conclusion

We have identified a visible light promoted
cascade reaction that was suitable for the preparation
of various chromenoisoxazolidines in good yields.
These reactions proceeded through a Chan-Lam
reaction and subsequent [3+2] cycloaddition under
mild reaction conditions starting with alkenyl-
tethered oximes and arylboronic acids. The developed
method tolerated a variety of substrates with various
functional groups. The use of visible light promoted a
catalytic Chan-Lam reaction and enabled metal-free
cycloaddition. Overall, this method featured mild
reaction conditions, minimized waste and could be
scaled up without losing significant performance,
avoided stoichiometric amounts of copper salts, and
accommodated diverse chromenones and late-stage
modifications.

Experimental Section

General Procedure for the synthesis of chromeno[4,3-
clisoxazoles 3: A 25 mL reaction flask was charged with
oxime 1 (0.3 mmol%, arylboronic acid 2 (0.6 mmol, 2.0
equiv.), Cu(OAc)2 (20 mol%), methylene blue (5 mol%),
%I’Idlne (0.9 mmol, 3.0 equiv.), and DCE (3 mL) in air.

en, the reaction mixture was stirred and irradiated (17 W

10.1002/adsc.202100448

white LED) at room temperature for 36—72 h (monitored
y TLC). At this time, the solvent was removed under
reduced pressure and the crude product was purified by
flash colgmn_thomatography Sthe crude residue was dry
loaded with silica gel, 1/20 to 1/10, ethyl acetate/petroleum
ether as the eluent) to afford chromeno[4,3-c]isoxazole 3.

Acknowledgements

This work was supported by the financial support from NSFC
(21871062), and the “One Thousand Young and Middle-Aged
College and University Backbone Teachers Cultivation
Program” of Guangxi is greatly appreciated. We also thank
Suzanne Adam, PhD, from Liwen Bianji, Edanz Editing China
(www.liwenbianji.cn/ac), for editing the English text of this
manuscript.

References

[1] Recent reviews for cross-coupling reactions, see: a) K.
M. Korch, and D. A. Watson, Chem. Rev. 2019, 119,
8192; b) Y.-F. Zhang, and Z.-J. Shi, Acc. Chem. Res.
2019, 52, 161; c) R. Takise, K. Muto, and J.
Yamaguchi, Chem. Soc. Rev. 2017, 46, 5864; d) S.
Tang, L. Zeng, and A. Lei, J. Am. Chem. Soc. 2018,
140, 13128.

[2] @) D. M. T. Chan, K. L. Monaco, R.-P. Wang, and M. P.
Winters, Tetrahedron Lett. 1998, 39, 2933; b) D. A.
Evans, J. L. Katz, and T. R. West, Tetrahedron Lett.
1998, 39, 2937; c) P. Y. S. Lam, C. G. Clark, S.
Saubern, J. Adams, M. P. Winters, D. M. T. Chan, and
A. Combs, Tetrahedron Lett. 1998, 39, 2941; d) J.-Q
Chen, X. Liu, J. Guo, Z.-B. Dong, Eur. J. Org. Chem.
2020, 2414. e) Y. Cheng, X. Liu, Z.-B. Dong, Eur. J
Org. Chem. 2018, 815.

[3] Recent reviews for Chan-Lam reaction, see: a) M. J.
West, J. W. B. Fyfe, J. C. Vantourout, and A. J. B.
Watson, Chem. Rev. 2019, 119, 12491; b) R. A
Fernandes, A. Bhowmik, and S. S. Yadav, Org. Biomol.
Chem. 2020, 18, 9583; c) X.-P. Ma, F.-P. Liu, and D.-L
Mo, Chin. J. Org. Chem. 2017, 37, 1069; d) Handbook
of “Synthetic methods in drug discovery” P. Y. S. Lam,
RSC 2016, Ch. 7, Vol. 1, pp. 242; €) J.-Q. Chen, J.-H.
Li, Z.-B. Dong, Adv. Synth. Catal. 2020, 362, 3311.

[4] a) Y. Feng, D. Holte, J. Zoller, S. Umemiya, L. R.
Simke, and P. S. Baran. J. Am. Chem. Soc. 2015, 137,
10160; b) H. Li, C. Tsu, C. Blackburn, G. Li, P. Hales,
L. Dick, and M. Bogyo, J. Am. Chem. Soc. 2014, 136,
13562; ¢) P. J. Moon, S. Yin, and R. J. Lundgren, J. Am.
Chem. Soc. 2016, 138, 13826; d) H. Robinson, S. A.
Oatley, J. E. Rowedder, P. Slade, S. J. F. Macdonald, S.
P. Argent, J. D. Hirst, T. Mclnally, and C. J. Moody,
Chem. Eur. J. 2020, 26, 7678.

[5] &) T. W. Reidl, J. Son, D. J. Wink, and L. L. Anderson,
Angew. Chem. Int. Ed. 2017, 56, 11579; b) J. Son, K. H.
Kim, D.-L. Mo, D. J. Wink, and L. L. Anderson,
Angew. Chem. Int. Ed., 2017, 56, 3059.

[6] Selected reviews on cycloaddition of nitrones, a) W.-M.
Shi, X.-P. Ma, G.-F. Su, and D.-L. Mo, Org. Chem.
Front. 2016, 3, 116; b) L. L. Anderson, Asian J. Org.

This article is protected by copyright. All rights reserved.


https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Chen,+Jin-Quan
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Chen,+Jin-Quan
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Liu,+Xing
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Guo,+Jia
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Dong,+Zhi-Bing
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Cheng,+Yu
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Liu,+Xing
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Dong,+Zhi-Bing

Advanced Synthesis & Catalysis

Chem., 2016, 5, 9; ¢) S.-I. Murahashi and Y. Imada,
Chem. Rev. 2019, 119, 4684.

[7]1 D.-L. Mo, D. A. Wink, and L. L. Anderson, Org. Lett.
2012, 14, 5180.

[8] @) D.-L. Mo, and L. L. Anderson, Angew. Chem. Int.
Ed. 2013, 52, 6722; b) D. Kontokosta, D. S. Muller, D.-
L. Mo, W. H. Pace, R. A. Simpson, and L. L. Anderson,
Beilstein J. Org. Chem. 2015, 11, 2097.

[9] Selected recent examples of Chan-Lam reaction, see: a)
J. C. Vantourout, H. N. Miras, A. Isidro-Llobet, S.
Sproules, and A. J. B. Watson, J. Am. Chem. Soc. 2017,
139, 4769; b) S. Roy, M. J. Sarma, B. Kashyap, and P.
Phukan, Chem. Commun. 2016, 52, 1170; c¢) Y. Wang,
J. Li, Y. He, Y. Xie, HWang, Y. Pan, Adv. Synth.
Catal. 2015, 357, 3229; d) V. H. Duparc, G. L. Bano,
and F. Schaper, ACS Catal. 2018, 8, 7308; €) Y. Han,
M. Zhang, Y.-Q. Zhang, and Z.-H. Zhang, Green Chem.
2018, 20, 4891; f) R. P. Wexler, P. Nuhant, T. J. Senter,
and Z. J. Gale-Day, Org. Lett. 2019, 21, 4540; g) X.
Liu, and Z.-B. Dong, J. Org. Chem. 2019, 84, 11524, h)
X. Jia, and P. Peng, Org. Biomol. Chem. 2018, 16,
8984.

[10] For reviews on the visible light photocatalysis, see: a)
D. M. Schultz, and T.P. Yoon, Science 2014, 343,
1239176; b) C. K. Prier, D. A. Rankic, and D. W. C.
Macmillan, Chem. Rev. 2013, 113, 5322; c) J. Xuan,
and W.-J. Xiao, Angew. Chem. Int. Ed. 2012, 51, 6828;
d) T.-Y. Shang, L.-H. Lu, Z. Cao, Y. Liu, W.-M. He,
and B. Yu, Chem. Commun. 2019, 55, 5408. Some
recent examples, see: €) L.-Y. Xie, S. Peng, L.-H. Yang,
C. Peng, Y.-W. Lin, X. Yu, Z. Cao, Y.-Y. Peng, and
W.-M. He, Green Chem., 2021, 23, 374; f) K.-J. Liu, Z.
Wang, L.-H. Lu, J.-Y. Chen, F. Zeng, Y.-W. Lin, Z.
Cao, X. Yu, and W.-M. He, Green Chem., 2021, 23,
496; g) W.-B. He, L.-Q. Gao, X.-J. Chen, Z.-L. Wu, Y.
Huang, Z. Cao, X.-H. Xu, and W.-M. He, Chin. Chem.
Lett., 2020, 31, 1895; h) M. Zhu, H. Xu, X. Zhang, C.
Zheng, and S.-L. You, Angew. Chem. Int. Ed. 2021, 60,
7036.

[11] The principles of green and sustainable chemistry: a)
R. A. Sheldon, Chem. Soc. Rev. 2012, 41, 1437; b) R.
A. Sheldon, Green Chem. 2007, 9, 1273.

[12] W.-J. Yoo, T. Tsukamoto, and S. Kobayashi, Angew.
Chem. Int. Ed. 2015, 54, 6587.

[13] C. Wang, H. Zhang, L. A. Wells, T. Liu, T. Meng, Q.
Liu, P. J. Walsh, M. C. Kozlowski, and T. Jia, Nat.
Commun. 2021, 12, 932.

[14] Reviews on N-O bond cleavage, see: a) Y.-X. Jiao,
X.-P. Ma, G.-F. Su, and D.-L. Mo, Synthesis 2017, 49,
933; b) L. Lei, C.-J. Li, and D.-L. Mo, Chin. J. Org.
Chem. 2019, 39, 2989.

10.1002/adsc.202100448

[15] @) H.-Y. Bi, C.-J. Li, C. Wei, C. Liang, and D.-L. Mo,
Green Chem. 2020, 22, 5815; b) W.-M. Shi, F.-P. Liu,
Z.-X. Wang, H.-Y. Bi, C. Liang, L.-P. Xu, G.-F. Su,
and D.-L. Mo, Adv. Synth. Catal. 2017, 359, 2741; c)
C.-H. Chen, Q.-Q. Liu, X.-P. Ma, Y. Feng, C. Liang,
C.-X. Pan, G.-F. Su, and D.-L. Mo, J. Org. Chem. 2017,
82, 6417; d) H.-Y. Bi, F.-P. Liu, C. Liang, G.-F. Su,
and D.-L. Mo, Adv. Synth. Catal. 2018, 360, 1510; €)
X.-L. Mo, C.-H. Chen, C. Liang, and D.-L. Mo, Eur. J.
Org. Chem. 2018, 2018, 150.

[16] X.-P. Ma, W.-M. Shi, X.-L. Mo, X.-H. Li, L.-G. Li,
C.-X. Pan, B. Chen, G.-F. Su, and D.-L. Mo, J. Org.
Chem. 2015, 80, 10098.

[17] X.-P. Ma, K. Li, S.-Y. Wu, C. Liang, G.-F. Su, and
D.-L. Mo, Green Chem. 2017, 19, 5761.

[18] X.-P. Ma, C.-M. Nong, Y.-F. Liang, P.-P. Xu, X.-Y.
Guo, C. Liang, C.-X. Pan, G.-F. Su, and D.-L. Mo,
Green Chem. 2020, 22, 3827.

[19] a) M. Gomez-Canas, P. Morales, L. Garcia-Toscano,
C. Nvarrete, E. Munoz, N. Jagerovic, J. Fernandez-
Ruiz, M. Garcia-Arencibia, and M. R. Pazos,
Pharmacol. Res. 2016, 110, 205; b) A. Bonardi, M.
Falsini, D. Catarzi, F. Varano, L. D. C. Mannelli, B.
Tenci, C. Ghelardini, A. Angeli, C. T. Supuran, and V.
Colotta, Eur. J .Med. Chem. 2018, 146, 47; c) Y. Yin, S.
Sha, X. Wu, S.-F. Wang, F. Qiao, Z.-C. Song, and H.-L.
Zhu, Eur. J .Med. Chem. 2019, 182, 111630.

[20] a) C. J. Gerry, Z. Yang, M. Stasi, and S. L. Schreiber,
Org. Lett. 2019, 21, 1325; b) G. Haun, A. N. Paneque
D. W. Almond, B. E. Austin, and G. Moura-Letts, Org.
Lett. 2019, 21, 1388.

[21] CCDCs: 2072303 (3aa) and 2072304 (30a) contain
the supplementary crystallographic data for this paper-
These data can be obtained free of charge from The
Cambridge  Crystallographic Data  Centre via
www.ccdc.cam.ac.uk/data_request/cif.

[22] Although oximes 1s and 1t did not work in the Chan-
Lam reaction conditions, compound 3sa and 3ta were
obtained in 77% and 70% yields, respectively, from
other synthetic methods in the 17W white LED light.
Please see more details for the preparation of 3sa and
3ta in the Supporting Information.

[23] S.-Y. Moon, J. Nam, K. Rathwell, and W.-S. Kim,
Org. Lett. 2014, 16, 338.

[24] R. I. Patel, A. Sharma, S. Sharma and A. Sharma, Org.
Chem. Front. 2021, 8, 1694.

[25] Y. Baek, S. Kim, B. Jeon, and P. H. Lee, Org. Lett.
2016, 18, 104.

This article is protected by copyright. All rights reserved.


http://www.ccdc.cam.ac.uk/data_request/cif

Advanced Synthesis & Catalysis

10.1002/adsc.202100448

Visible Light Promoted Chan-Lam Reaction and
Cycloaddition to Prepare Chromeno[4,3-
c]isoxazolidines in One-pot Reaction

Adv. Synth. Catal. Year, Volume, Page — Page

Jie Zhao, Bing-Qing Huang, Bin-Can Zhu, Xiao-
Pan Ma*, and Dong-Liang Mo*

P
R3
H

(O N-OF @@ Q o
+ ArB(OH), ———— > /

N IR2 (OH)2 open air, rt 7 N

i Rl— )
R 0 & R?AI

Me

30 examples
26% - 84% yields

© 74% yield in one step

This article is protected by copyright. All rights reserved.



