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Carbenes as one of the most important class of intermediates have been widely utilized in various or-
ganic synthetic transformations. Carbene insertion-initiated ring-opening reactions of cyclic ethers offer
a valuable strategy for constructing new carbon-oxygen bonds. In comparison with traditional thermal
or metal-mediated carbene transfer reactions, visible-light-promoted multi-component reaction strategy
provides a mild and eco-friendly approach to access densely functionalized molecules. Recently, visible-
light-induced multi-component carbene transfer reactions of diazo compounds have been rapidly devel-
oped and attracted a great deal of research interest of chemists owing to their advantages of simple
operation, mild condition, high atom economy and rich structural diversity. This paper summarizes the
recent research progress on the visible-light-promoted multi-component carbene transfer reactions of di-
azo compounds via ring-opening of cyclic ethers with various nucleophiles. The reaction patterns of dif-
ferent nucleophiles and their corresponding mechanism are described in this review. The future research
direction and challenges in this area are also discussed.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The carbene transfer reactions have exhibited extensive applica-
tions in material science, drug discovery, and synthetic chemistry
[1-3]. The generation of free carbene from various carbene pre-
cursors such as diazo compounds, hydrazones, cyclopropenes, cy-
cloheptatrienes, enynones and fluoroalkylacylsilanes has been in-
creasingly explored in recent years [4-7]. As one kind of important
carbene precursors, diazo compounds have been widely utilized in
a number of carbene transfer reactions owing to their accessibil-
ity and the release of N, as the non-toxic byproduct [8-11]. The
chemistry of diazo compounds has been greatly studied through
thermal metal-catalyzed procedures, which have shown good reac-
tivity and chemo-selectivity in various transformations such as cy-
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cloaddition reactions [12-15], sigmatropic rearrangements [16], X-
H insertions [17-19] and cross-coupling reactions [20,21]. Although
such reactions allow access to highly reactive metal carbenes, the
use of toxic and expensive metal reagents or the relatively harsh
reaction conditions might sometimes give rise to problems with
the reactions.

Visible light is an abundant, clean and sustainable energy
source. During the past several decades, visible-light-mediated
reactions have become a powerful and promising protocol for
the construction of various functionalized compounds [22-35]. In
comparison with traditional thermal or metal-catalyzed methods,
visible light-promoted carbene transfer reactions of diazo com-
pounds provide a mild and eco-friendly approach to access organic
molecules with structural diversity [36-51]. Cyclic ethers such as
tetrahydrofuran and 1,4-dioxane are common solvents and starting
materials in organic chemistry [52-54]. Carbene insertion-initiated
ring-opening reactions of cyclic ethers offer a valuable strategy for
constructing new carbon-oxygen bonds and accessing a variety of
complex products. Recently, visible light-induced multi-component
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Scheme 1. Rhodium-catalyzed oxy-aminofluorination of diazoketones with tetrahy-
drofurans and NFSL

transformations involving the combination of carbene transfer and
ring-opening of cyclic ethers have emerged as powerful synthetic
tools for the efficient assembly of structurally diverse functional-
ized products, which are often challenging to synthesize through
conventional methods.

In this review, we summarize the recent advances in visible-
light-induced multi-component carbene transfer reactions of «-
diazoesters via ring-opening of cyclic ethers. The main achieve-
ments in this area are presented in terms of the reaction pattern
of different nucleophiles, including N, C, O, and S-nucleophiles. Se-
lected substrate examples and specific emphasis of reaction mech-
anism have been discussed in this review. Finally, a personal out-
look on future research is described to help researchers to develop
more sustainable and efficient synthetic methodologies.

2. N-Nucleophiles

Nitrogen-containing organic compounds such as (aza)uracils,
amines and N-heterocyclic molecules are widely used in material
science and drug chemistry, which have attracted considerable at-
tention of synthetic chemists owing to their potent biological and
pharmaceutical activities [55-58]. In 2016, Szabé and co-workers
reported metal-catalyzed ring opening of cyclic ethers with di-
azo compounds and N-fluorobenzenesulfonimide (Scheme 1) [59].
This reaction is compatible with various aromatic and aliphatic a-
diazoketones by using Rh,(OAc), as catalyst. Nevertheless, none of
the desired product was observed when ethyl phenyldiazoacetate
was used as substrate, which might be caused by the lower re-
activity of donor—acceptor carbenoids compared to acceptor car-
benoids.

In 2020, Koenigs and co-workers developed visible-light-
mediated method for the construction of fluoroamino etherifica-
tion products from aryldiazoacetates, NFSI and cyclic ethers un-
der the irradiation of 3W blue LEDs [60]. The reaction exhibited
a broad substrate scope and aryldiazoacetates with different sub-
stitution patterns at the ester group and the aromatic ring were
compatible with this reaction, affording the corresponding prod-
ucts in moderate to good yields (Scheme 2).

The possible mechanism is demonstrated as shown in
Scheme 3. First, aryl diazoacetate 5 was irradiated by visible light
to generate the carbene intermediate 8, which was trapped by 1,4-
dioxane to gain the oxonium ylide intermediate 9. Then, NFSI 2
underwent fluorination reaction with the oxonium ylide intermedi-
ate to yield 11. Finally, the nucleophilic addition of benzenesulfon-
imide negative ion to oxonium ylide intermediategave the desired
product 7.
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Scheme 2. Photochemical fluoro-amino etherification reactions of aryldiazoacetates
with NFSI and cyclic ethers.
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Scheme 3. The possible mechanism for photocatalytic fluoro-amino etherification
reactions of aryldiazoacetates with NFSI and cyclic ethers.
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Scheme 4. Visible-light-initiated three-component reactions of aryl diazoacetates,
1,4-dioxane/tetrahydropyran and N-heterocycles.

In 2021, Sen’s group established an additive-free visible-
light-promoted three-component amino etherification reaction
of aryl diazoacetates, 1,4-dioxane/tetrahydropyran (THP) and N-
nucleophiles such as pyrroles and indoles in water (Scheme 4) [61].
A number of aryl diazoacetates and N-heterocycles were tolerated
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Scheme 6. The preparation of the nine membered aza crown ethers.

in this reaction system, in which oxonium ylides could be formed
in aqueous medium without use of any metal or base.

It's worthy that the reaction of aryl diazoacetate with 1,4-
dioxane readily undergoes 1,4-dioxane ring expansion process in
the absence of external nucleophiles under irradiation of 3W blue
LEDs. Through this methodology, a series of seven-membered ring
expanded aryl 1,4-dioxepane carboxylates 14 were obtained in
good yields in water (Scheme 5).

The transformations of phthalimide derivatives have also been
carried out to show the utility of this visible-light-induced
amino etherification reaction. Phthalimide derivatives reacted with
NH;NH,-H,0 at 60°C in MeOH to easily construct the amine inter-
mediate 13’, which underwent intramolecular lactamization with
the ester moiety to access the dioxyazanonane 15 (Scheme 6). The
formed amino crown ethers have potential application as clinical
candidate against Hepatitis B infection, protein kinase inhibitors
and cation complexing agents.

In 2023, Murarka's group described a visible-light-induced
three-component imide alkylation of aryl diazoesters, azauracils
andcyclic ethers leading to substituted imide products [62]. This
alkylation reaction proceeded under mild conditions without re-
quiring any catalyst or additives. Aryl diazoesters with electron-
rich or electron-deficient substituents at the para-, meta- or ortho-
positions of the phenyl ring provided the desired products 17a-17f
in 80%—85% yields. Additionally, various azauracils bearing elec-
tronically and structurally varied N2-substituents afforded the cor-
responding products 17g-17m in 80 %—90 % yields. Pleasingly, azau-
ridine and uracils were also suitable for this method, providing the
desired products 17n and 170 in 60% and 65 % yields, respectively.
It should be noted that other cyclic ether such as tetrahydrofuran
was tolerated in this procedure to afford the desired product 17p
in 88% yield (Scheme 7).

The possible mechanism for this three-component reaction is
shown in Scheme 8. First, under the irradiation of blue light, «-
diazoester generated carbene intermediate 8, which was trapped
by 1,4-dioxane to gain oxonium ylide intermediate 9. Next, the
subsequent nucleophilic addition of azauracil to oxonium ylide in-
termediate 9 afforded carbon anion intermediate 18. Finally, the
intramolecular hydrogen transfer of 18 produced three-component
product 17.

In 2022, Jurberg reported a simple visible-light-induced amino
etherification reaction of aryl diazoesters with cyclic ethers and
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Scheme 8. The possible mechanism for three-component reaction of aryl dia-
zoesters, azauracils and cyclic ethers.

pyrazoles leading to substituted pyrazoles [63]. As demonstrated
in Scheme 9, a number of different aryl diazoesters and pyrazole
rings containing donor or electron-withdrawing groups allowed
the synthesis of compounds 20 in 63 %—93 % yields.

In 2023, Wang's group developed a visible-light-promoted
N-H functionalization reaction between diazoesters, THF and O-
substituted hydroxamic acid to construct corresponding three-
component products [64]. This reaction could be performed in the
absence of any catalysts. Meanwhile, when 1,4-dioxane was em-
ployed as the solvent, diazo esters and O-substituted hydroxamic
acid could proceed through direct N-H insertion reaction.

The possible mechanism for this transformation is demon-
strated in Scheme 10. Initially, blue light irradiation of «-
diazoester generated carbene intermediate 8. Meanwhile, N-
(benzyloxy)-2-bromo-2-methylpropanamide 21 was transformed
into N-(benzyloxy)methacrylamide 24 through the loss of one
molecular HBr in the presence of base. When this reaction was
carried out in 1,4-dioxane, the carben intermediate 8 was trapped
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by 24, affording the N-H insertion product 23. When this reaction
was performed in THF, carbene intermediate 8 was trapped by THF
to generate the oxonium ylide intermediate 25. Meanwhile, the in-
termediate 24 underwent a ring-opening reaction with the oxo-
nium ylide intermediate 25 yielding an anion intermediate 26 in
the presence of base. Finally, the protonation of anion intermedi-

ate 26 generated the final N-H functionalization product 22.

In 2022, Wei's group described a novel visible-light-initiated
three-component carbene transfer reaction for the synthesis of
organic azides [65]. The method involves the reaction of «-
diazoester, tetrahydrofuran, and TMSN3 to efficiently obtain di-
verse azidation products in the absence of any bases, strong oxi-
dants, external metal reagents and photocatalysts. The representa-
tive examples for this transformation are described in Scheme 11.
Aryl diazoesters with functional groups at the phenyl ring pro-
vided the corresponding products 28a-28d in 81%-89% yields.
Methyl 1-naphthyldiazoacetate was also tolerated well in this pro-
cess, affording the desired product 28e in 88% yield. In addition,
o-diazoesters with a range of substituents at the ester position in-
cluding isopentyl, allyl and benzyl groups were all suitable for the

reaction to form the expected products 28f-28h in good yields.
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In 2023, Xuan’s group reported visible-light-promoted multi-
component reaction of diazoalkanes, alkynes, and cyclic ethers to
synthesize poly-substituted pyrazoles (Scheme 12) [66]. This re-
action could be conducted under mild conditions using both cy-
cloaddition reactivity and the carbene reactivity of diazoalkanes
in one pot procedure. The detailed reaction pathway is presented
in Scheme 12. Initially, the [3 + 2]-cycloaddition of diazoalkane 29
and alkyne 30 afforded the 1H-pyrazole-3,4,5-tricarboxylate inter-
mediate 32. Meanwhile, the photolysis of diazoalkane generated a
free carbene, which will be trapped by cyclic ether to give oxo-
nium ylide intermediate 33. Then, the nucleophilic ring opening of
oxonium ylide 33 with 32 produced the multi-substituted pyrazole
31.

3. C-Nucleophiles

As a highly valuable nitrogen-containing heterocycles, pyrazoles
frequently exist in various natural products, functional materials,
and pharmaceutical molecues [67-69]. In 2022, Wei's group re-
ported a visible-light-promoted three-component carbene transfer
reaction of a-diazoesters with cyclic ethers and pyrazolones lead-
ing to multisubstituted pyrazoles [70]. A number of multisubsti-
tuted pyrazoles could be selectively obtained through this transfor-
mation at room temperature. The representative examples for this
reaction are described in Scheme 13. Various «-diazoesters includ-
ing the substituents at the ester and benzene ring positions were
all suitable for this reaction to provide products in moderate to
good yields. Phenyl unit with ortho-, meta- or para-substituent and
alkyl group on 1 and 3 positions of pyrazolone were all compatible
with this reaction providing the corresponding products 35i-35m
in good yields. Cyclic ethers such as 2,5-dihydrofuran and tetrahy-
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dropyran were also suitable substrates leading to the desired prod-
ucts 35n and 350 in relatively lower yields.

The possible reaction pathway for this method is described in
Scheme 14. First, «-diazoester generated its excited state 5* un-
der the irradiation of 3W blue LEDs. Excited state 5* would give
the free carbene intermediate 8 with the loss of N,. Subsequently,
the reaction of carbene intermediate 8 with THF produced oxo-
nium ylide intermediate 25 Meanwhile, enol intermediate 34 was
formed through the tautomerization of pyrazolone 36. Then, the
ring-opening of oxonium ylide 25 with enol intermediate 36 gave
intermediate 37, which underwent intramolecular hydrogen trans-
fer to give substituted pyrazolone 38. Finally, the desired pyrazole
35 was produced through rapid tautomerization.

Notably, when 1,3-dicarbonyl compound 39 was employed
in this reaction system, a number of substituted 1,3-dicarbonyl
derivatives 40 could also be efficiently obtained through visible-
light-mediated carbene transfer reaction of «-diazoesters with
cyclic ethers and 1,3-dicarbonyl compounds (Scheme 15).

In the same year, Wei and co-workers also reported an
additive-free visible-light-mediated three-component reaction of
«-diazoesters with cyclic ethers and TMSCN to access structurally
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cyclic ethers, and TMSCN.

diverse organic nitriles (Scheme 16) [65]. This reaction was con-
ducted at room temperature to afford organic nitriles by using TM-
SCN as nucleophile. It is worth noting that the resulting nitrile
products could be converted to other useful compounds such as
amide and phosphoramidate. A plausible reaction pathway is pro-
posed in Scheme 16. Initially, carbene intermediate 8 was gen-
erated from «-diazoester under visible-light irradiation. Subse-
quently, the carbene intermediate 8 was trapped by ether to form
the oxonium ylide intermediate 25. Then, the nucleophilic addition
of TMSCN 41 to oxonium ylide intermediate 25 gave intermediate
43. Finally, the protonation of intermediate 43 by water produced
the corresponding product 42.

4. 0-Nucleophiles

Carbon dioxide (CO,) is widely utilized as a C1 feedstock in or-
ganic synthesis due to its abundance, nontoxicity, and renewabil-
ity [71,72]. In 2020, Jiang’s group reported a visible-light-promoted
strategy for the synthesis of organic carbamates from carbon diox-
ide under catalyst- and additive-free conditions [73]. When THF
was used as the solvent in system, a number of organic carbamates
were obtained through visible-light-induced four-component car-
bene transfer reaction of «-aryldiazoesters with amines, carbon
dioxide and THF. However, when 1,4-dioxane/MeCN (1:1) mixed
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Scheme 17. Photolysis of «-aryldiazoesters to synthesize organic carbamates from
CO,.

solvent was used as the reaction medium, three-component cou-
pling reaction of «-aryldiazoesters, amines and carbon dioxide pro-
ceeded smoothly to construct various three-component organic
carbamates (Scheme 17).

As shown in Scheme 17, a variety of «-diazoesters were suit-
able for this four-component carbene transfer reaction generating
the expected products 46a-46g in moderate to good yields. A se-
ries of amines including secondary amines (cyclic or acyclic) and
aliphatic primary amines were also compatible with this procedure
to obtain the desired products 46h-460 in 63 %—85% yields. No-
tably, polycyclic amine was also a suitable substrate, and the cor-
responding product 46p could be obtained in 53 % yield, showing
the possible application of this strategy in drug discovery.

Oxime ethers are important organic compounds with applica-
tions in medicinal and synthetic organic chemistry [74,75]. In 2021,
Xuan and co-workers described a green and sustainable method
for the formation of oxime ethers via visible-light-promoted O-H
functionalization of oximes with aryldiazoesters [76]. When cyclic
ether was used as the solvent, visible-light-promoted cyclic ethers-
participated three-component ring-opening reaction underwent ef-
ficiently under mild conditions. The reaction demonstrates a broad
substrate scope and representative examples are demonstrated
in Scheme 18. «-Aryldiazoesters with different electron-neutral,
electron-donating, or electron-withdrawing substituents on the
phenyl ring were well-tolerated to provide the desired products
in good yields with broad functional group tolerance. Different
aryl-substituted aldoximes and acetophenone-derived oximes re-
acted well under the standard reaction conditions to give the cor-
responding oxime ethers in moderate to good yields. Heteroaryl-
substituted aldoximes and acetophenone-derived oximes all re-
acted well to provide the corresponding oxime ethers in moderate
to good yields. In addition to tetrahydrofuran, other cyclic ethers
such as 2,3-dihydrofuran, 2,3-dihydrofuran, tetrahydropyran, and
1,4-dioxane are also successfully applied in this procedure, and the
corresponding products are obtained in moderate yields.

In the same year, Jurberg’'s group also reported a similar
visible-light-promoted three-component carbene transfer reaction
of aryldiazoacetates, oximes, and cyclic ethers [77]. Meanwhile,
when DCM was utilized as the solvent, visible-light-mediated O-H
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Scheme 20. Visible light-promoted multi-component strategy for the synthesis of
trisubstituted hydroxylamines.

insertion reaction of oximes with aryldiazoacetates also under-
went smoothly to afford two-component oxime ether products
(Scheme 19).

In 2021, Xuan’s group reported an efficient and green strategy
for the synthesis of trisubstituted hydroxylamines through visible-
light-promoted multi-component reaction of aryldiazoacetates, 2-
nitrosopyridine and B-keto esters without additional catalysts or
additives [78]. As shown in Scheme 20, four-component products
and three-component products could be conveniently obtained in
moderate to good yields by simply changing the reaction solvents
under 24 W blue LED irradiation.

The possible reaction pathway for this reaction is described in
Scheme 21. First, B-keto ester 53 reacted with 2-nitrosopyridine
54 to generate product 57. Meanwhile, visible-light irradiation of
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aryldiazoacetate produced the reactive carbene species 8 with the
loss of N,. When the reaction was performed in DCM, carbene
8 underwent O-H insertion with 57 to obtain the corresponding
three-component product 56. Moreover, when the reaction was
performed in THF, the carbene 8 was trapped by THF to form the
active oxonium ylide intermediate 25. Finally, nucleophilic ring-
opening of oxonium ylide intermediate 25 by 57 yielded the corre-
sponding four-component product 55.

In 2022, Wei's group described a visible-light-initiated multi-
component carbene transfer reaction of o«-diazoesters, cyclic
ethers, and P(O)H leading to organophosphorus compounds un-
der air [79]. This multi-component reaction produced a variety
of phosphonates and phosphinates by using dioxygen as oxy-
gen source under mild and metal-free conditions, which exhibited
gram-scale synthesis and good functional group tolerance in or-
ganic synthesis (Scheme 22).

The possible mechanism for this transformation is demon-
strated in Scheme 23. First, methyl phenyldiazoacetate 5a formed
an excited state 5a* under visible-light irradiation, which under-
went denitrogenation to generate free carbene intermediate 8a.
Then, free carbene intermediate 8a was smoothly attacked by THF
to form oxonium ylide intermediate 25a. Meanwhile, free carbene
intermediate 8a abstracts the hydrogen atom from diphenylphos-
phine oxide 58a would give phosphinoyl radical 60a and carbon
radical 8b. Next, the reaction of phosphinoyl radical 60a with
dioxygen provided a peroxy radical intermediate 61a, which ab-
stracted a hydrogen atom from 58a to offer phosphinoyl radical
60a and phosphoryl hydroperoxide 62a. The reduction of phos-
phoryl hydroperoxide 62a by diphenylphosphine oxide 58a gen-
erated diphenylphosphinic acid 63a. Then, the nucleophilic reac-
tion of diphenylphosphinic acid 63a with oxonium ylide intermedi-
ate 25a and intramolecular hydrogen transfer afforded the desired
product 59a. On the other hand, the coupling of carbon radical 8b
and phosphoryloxy radical 64a could also give the product 59b.

Hydroxamic acid esters are important pharmacological com-
pounds with a broad spectrum of activities, including antibacterial,
antifungal, and anticancer properties [80,81]. In 2022, Xuan and
Koenigs provided a mild approach for the synthesis of hydroxamic
acid esters through visible-light-promoted NHC-catalyzed photo-
chemical multi-component carbene transfer reactions (Scheme 24)
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[82]. When cyclic ether was used as the solvent in this sys-
tem, the four-component reaction of aldehydes, nitrosoarenes, o-
diazoalkanes and cyclic ether underwent efficiently to deliver var-
ious biologically important hydroxamic acid esters 67 in moder-
ate to good yields. On the other hand, when DCM was used as
reaction medium, the reaction of aldehydes, nitrosoarenes and «-
diazoalkanes generated the expected three-component products 68
under the irradiation of 24 W blue LED. NHC-catalyzed formation
of hydroxamic acid and blue light-mediated generation of free car-
bene species are two key factors for both multi-component car-
bene transfer reactions.

Xuan and Koenigs propose the detailed mechanism as pre-
sented in Scheme 25. Under the standard reaction conditions, the
deprotonation of triazolium salt 69 generated the NHC catalyst 70,
which activated aldehyde to afford the nucleophilic Breslow inter-
mediate 71. Next, nucleophilic addition of the nucleophilic Breslow
intermediate 71 to nitroarenes afforded intermediate 72. Then, hy-
droxamic acid 73 was produced through the release of NHC cata-
lyst 70. Meanwhile, aryldiazoacetate 5 underwent denitrogenation
to generate free carbene intermediate 8 under blue LED. When the
reaction was performed in THF, this reaction would generate an
oxonium ylide intermediate 25, which reacted with 73 to produce
the four-component product 67. When the reaction was performed
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in DCM, free carbene intermediate 8 reacted with 73 to obtain the
three-component product 68 through O-H insertion.

In 2022, Wei's group reported a visible-light-induced method
for constructing cr-oxyimido esters through the denitrification oxy-
genation reaction of «-diazo esters with N-hydroxyphthalimide
(NHI) [83]. A number of «-oximide esters were synthesized effec-
tively in 1,4-dioxane at room temperature under irradiation of 3W
blue LED lamps in the absence of photocatalyst. When THF was
used as the solvent, three-component coupling products involving
ring-opening of tetrahydrofuran could be conveniently obtained.
The reaction could also be scaled up to gram scale, which pro-
vided a green and practical synthetic method to access «-oxyimide
esters. The possible reaction pathway involves the denitrogenation
process of «-diazoester under 3W blue LED irradiation, formation
of oxonium ylide intermediate and subsequent nucleophilic ring-
opening of oxonium ylide with NHI (Scheme 26).

In 2022, Jurberg and co-workers also reported a blue light-
induced three-component carbene transfer strategy for the synthe-
sis of aryl ethers and esters through the ring-opening of THF us-
ing phenols and carboxylic acids as nucleophiles [54]. This photo-
chemical reaction could be carried out under mild conditions to
afford a variety of products in the absence of metals and additives
(Scheme 27).

The control of regioselective C/O-alkylation of 1,3-dicarbonyl
compounds has been long-term research interest in synthetic
chemistry. In 2023, Li's group reported a novel visible-light-
promoted three-component alkylation reaction of 1,3-dicarbonyl
compounds, aryldiazoacetates and cyclic ethers [84]. This reac-
tion could undergo through selective O-alkylation of 1,3-dicarbonyl
compounds beyond C-alkylation, which provides an environmen-
tally benign and practical approach to construct highly stereose-
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lective enol ethers. The representative examples are demonstrated
in Scheme 28. Many 1,3-dicarbonyl compounds such as ethyl 3-
oxobutanoate, 3-oxo-3-(pyridin-2-yl)propanoate, and substrates in-
cluding other electron-withdrawing groups (COCF; and CN) all
worked well and delivered products 82a-82d in 42 %-85% yields. It
is worth noting that five- and six-membered 1,3-dicarbonyl com-
pounds were also suitable in this transformation, providing the
corresponding products 82e and 82f in 62 % and 55% yields.
tert-Butyl nitrite (TBN) is an inexpensive and readily available
material, which has been increasingly employed as a nitro reagent
in the construction of nitrate esters [85-87]. In 2024, Wei’s group
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established an additive-free and sustainable visible-light-induced
three-component reaction of «-diazoesters, cyclic ethers and t-
BuONO leading to nitrate esters in the presence of dioxygen (O;)
[88]. This reaction offers an efficient strategy for the synthesis of
various nitrate esters through aerobic nitrooxylation ring-opening
of cyclic ethers with TBN, which features the advantages of clean
energy source, green oxidant, simple operation and mild condition.

The possible reaction mechanism for this transformation is pro-
posed as shown in Scheme 29. First, t-BuONO underwent the hy-
drolysis with water to afford nitrous acid. The decomposition of
nitrous acid generated NO and NO,. Then, NO could be rapidly ox-
idized by dioxygen to form NO,, which reacted with H,O to ac-
cess HNO3 (path A). Another pathway B for the synthesis of HNO
was that t-BuONO generated NO under visible-light-irradiation.
The subsequent oxidation of NO by O, afforded -ONO,, which re-
acted with H,0 to give HNO3. Meanwhile, «-diazoesters 5 gener-
ated the excited state 5* under visible-light irradiation, which de-
composed to generate carbene intermediate 8. This carbene inter-
mediate 8 was trapped by THF to form oxonium ylide intermediate
25. Finally, intermediate 25 underwent nucleophilic reaction with
HNOj; to construct the desired product 84.

5. S-Nucleophiles

Sulfur-containing organic compounds are widely present in
bioactive molecules and functional materials, which exhibit impor-
tant application value in the fields of the chemical industry, agro-
chemistry, and pharmaceutical research [89-91]. Therefore, the de-
velopment of efficient and selective methods for the construction
of organosulfur compounds from simple and readily available ma-
terials is of great importance in organic synthesis [92-96].

In 2022, He's group reported a facile visible-light-induced strat-
egy for the synthesis of N,S-dialkyl dithiocarbamates through
multi-component reaction of «-diazoesters, amines, CS, and
tetrahydrofuran [97]. This transformation could rapidly and effi-
ciently obtain various structurally diverse four-component coupling
products with the assembly of the ring-opening of THF by sim-
ply using DBU as the additive (Scheme 30). The reaction exhibited
a broad substrate scope at room temperature. «-Diazoesters with
diverse substituents, including electron-deficient or electron-rich
groups at varying positions on the phenyl moiety, reacted rapidly
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to afford the diverse N,S-dialkyl dithiocarbamates 87a-87f in excel-
lent yields. w-Diazoesters with different ester groups such as ethyl,
benzyl and isopropyl groups were all suitable substrates, generat-
ing the corresponding products 87g-87i in good yields. The scope
of amines was also investigated. Apart from pyrrolidine, cyclic
amines such as morpholine and 4-methylpiperidine were compati-
ble with the reaction, delivering the desired products 87j and 87k
in 79% and 75% yields. In addition, acyclic secondary amines such
as dimethylamine and dibenzylamine also participated reaction ef-
fectively, affording the corresponding products 871 and 87m in 72 %
and 85% yields.

Other cyclic ethers such as tetrahydropyran and 1,4-dioxane
were also examined in this reaction system. As shown in
Scheme 31, when tetrahydropyran was used as the solvent, the re-
action afforded the mixture of three-component dithiocarbamate
88a and four-component product 88a’ with the ring-opening of
tetrahydropyran. When 1,4-dioxane was employed as the solvent,
three-component dithiocarbamate 88a was obtained as main prod-
uct and four-component product dithiocarbamate 88a” was iso-
lated with a low yield.
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phosphorothioates.

Elemental sulfur is cheap, low-toxic, and odorless sulphur
source, which has been increasingly utilized for the synthesis of
sulfur-containing molecules in organic synthesis. In 2022, Wei and
Yue established a metal-free strategy for the synthesis of S-alkyl
phosphorothioates through visible-light-mediated four-component
reactions of «-diazoesters, elemental sulfur, cyclic ethers and
H-phosphonates [98]. Notably, three-component products of -
diazoesters, elemental sulfur and H-phosphonates could be effi-
ciently obtained by changing the solvent. This methodology fea-
tures an environmentally benign energy source, no metal-catalyst
and good functional group tolerance.

The possible reaction mechanism is proposed as shown in
Scheme 32. First, the reaction between elemental sulfur 89 and
H-phosphonates 90 produced phosphorothioic acid 93, which was
deprotonated by DBU to form sulfur anion 94. Meanwhile, o-
diazoesters generated carbene intermediate 8 with the release of
N, under visible-light irradiation. When 1,4-dioxane was used as
the reaction medium, sulfur anion 94 reacted with carbene inter-
mediate 8 to form anionic intermediate 95. The protonation of an-
ionic intermediate 95 with DBU-H* would lead to the formation
of S-alkyl phosphorothioate 91. On the other hand, when THF was
used as the solvent, carbene intermediate 8 was trapped by THF
to obtain oxonium ylide intermediate 25, which was attacked by
sulfur anion 94 to afford intermediate 96. Finally, intermediate 96
underwent rapid protonation to yield product 92.

In the same year, Wei's group developed a visible-light-
induced DBU (10 mol%) catalyzed four-component reaction of -
diazoesters, elemental sulfur, cyclic ethers and TMSCN [99]. This
reaction exhibited a broad substrate scope, which avoided the
use of metal catalysts, strong oxidants and harsh reaction condi-
tions. «-Diazoesters bearing either electron-donating or electron-
withdrawing substituents at various positions of the aromatic ring
all reacted effectively under the standard conditions, affording the
desired products 98a-98f in 77 %—89% yields. Next, the effect of
ester substituents in aryldiazoacetates was investigated. Besides
methyl group, other groups including ethyl, benzyl and isopropyl
groups were all compatible with the reaction system, yielding the
corresponding products 98g-98i in 79 %—92 % yields. Other cyclic
ether such as tetrahydropyran was also well tolerated to form the
corresponding product 98j in 64 % yield. The proposed mechanism

10
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involved the reaction of elemental sulfur with TMSCN to gener-
ate thiocyanate anion 99 and its subsequent nucleophilic attack
on oxonium ylide intermediate 25 to give organic thiocyanate 98
(Scheme 33).

Shortly afterward, Wei and Zhong also proposed a green and
environmentally three-component visible-light-promoted reaction
of «-diazoesters, cyclic ethers and NaSCN to access the organic
thiocyanate [100]. In this system, «-diazoesters bearing various
substituents on both the aromatic ring and ester group reacted
smoothly under the standard conditions, affording the desired
products in 52%—-70% yields. Notably, heteroaryl «-diazoester was
also suitable substrate to yield the corresponding product 98j in
47 % yield (Scheme 34).

Thioethers frequently exist in various pharmaceutical and
bioactive molecules. In 2023, Wei’s group reported an additive-free
visible-light-induced three-component carbene transfer reactions
of «-diazoesters, cyclic ethers and thiols to access thioethers [101].
This multi-component reaction could be conducted under mild
conditions to access various thioethers in moderate to good yields.
The proposed mechanism is presented in Scheme 35, visible-light
irradiation of «-diazoester 5 generated the excited state 5% which
underwent denitrification to form carbene intermediate 8. Subse-
quently, carbene 8 was captured by THF to form oxonium ylide in-
termediate 25. Nucleophilic attack of thiols 102 on oxonium ylide
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25 gave the carbanion intermediate 104. Finally, the carbanion
intermediate 104 underwent intramolecular hydrogen transfer to
produce the desired product 103 (Scheme 35).

In 2024, Yi and Wei developed a green and additive-free pho-
tochemical four-component reaction of «-diazoesters, aryl isoth-
iocyanates, amines and cyclic ethers to synthesize S-substituted
isothioureas (Scheme 36) [102]. This strategy has the advantage
of mild reaction conditions, simple operation, high efficiency, and
good functional group tolerance, which demonstrates its potential
for application in organic synthesis and medicinal chemistry. Rep-
resentative examples are presented in Scheme 35, w-diazoesters
bearing various substituents on both the aromatic ring and the es-
ter group reacted efficiently under the standard conditions, pro-
viding the corresponding products 107a-107i in 47 %—97 % yields.
Aryl isothiocyanates with various groups at different positions of
the aryl rings also showed good reactivity, affording the desired
four-component products 107j-1070 in good yields. Furthermore,
secondary aliphatic amines such as diethylamine and N-methyl-
1-phenylmethanamine were compatible with this procedure, gen-
erating the corresponding products 107p and 107q in 85% and

1
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Scheme 37. The mechanism for visible-light-initiated multi-component reaction to
obtain S-substituted isothioureas.

95% yields. However, when a secondary aromatic amine such as
diphenylamine was used in this reaction system, no transformation
was observed. In addition, other cyclic ethers including tetrahy-
dropyran and 2,5-dihydrofuran also participated effectively to af-
ford the desired products 107s and 107t in moderate yields.

The corresponding reaction mechanism is demonstrated in
Scheme 37. First, carbene intermediate 8 was formed from the ex-
cited state 5* under visible-light irradiation. Then, carbene inter-
mediate 8 reacted with THF to give oxonium ylide 25. On the other
hand, the addition of amine 106 to aryl isothiocyanate 105 gave
thiourea 108. Next, the tautomerization of thiourea 108 afforded
isothiourea 109, which underwent the nucleophilic addition to ox-
onium ylide intermediate 25 and further ring-opening reaction af-
forded intermediate 110. Finally, the four-component product 107
was produced through the intramolecular H-transfer process.

6. Conclusions

In summary, visible-light-induced multi-component carbene
transfer reactions of diazo compounds through ring-opening of
cyclic ethers have been increasingly studied in recent years. This
mild and metal-free multi-component strategy has emerged as an
attractive and powerful protocol for the synthesis of various com-
plex molecular architectures, which have been historically inacces-
sible or commonly achieved by using metal reagents. In this re-
view, the reaction pattern of different nucleophiles, selected sub-
strate examples and specific emphasis on reaction mechanism have
been discussed. The sustainable generation of highly reactive car-
benes and subsequent ring-opening reactions of oxonium ylides to
form valuable molecules hold significant application potential in
synthetic chemistry, pharmaceutical research, and fine chemical in-
dustry.

Although some significant advancements have been made in re-
cent years, there are still some opportunities and challenges wait-
ing to be explored. For example, most carbene precursors are lim-
ited to the use of aryl w-diazoesters. The exploration of photo-
chemical reactions involving other types of diazo alkanes and hy-
drazones to yield carbenes with unique reactivities and selectiv-
ities will expand the synthetic potential of these reactions. Fur-
thermore, deeper insights into the conversion of carbenes to ox-
onium ylides need to be further studied by the combining of com-
putational and experimental methods, which will aid in designing
more efficient and selective multi-component carbene transfer re-
actions. Additionally, late-stage modifications and asymmetric re-
action modes have not been fully disclosed, which is expected to
be developed in the near future. It is strongly believed that ongo-
ing research in this field will make this multi-component reaction
strategy become one of the most practical and valuable protocols
in synthetic and pharmaceutical chemistry.
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