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Benziodazole-triflate, as a novel heterocyclic hypervalent iodine(Ill) reagent, was prepared from the reac-
tion of hypervalent chloroiodine(Ill) with silver triflate under mild conditions. The structure of this new
reagent was elucidated by NMR spectroscopy and X-ray crystallography, and its reactions with diverse
a-electron withdrawing group substituted carbonyl compounds were investigated. The results implied
that benziodazole-triflate could be selectively used as both a 2-iodobenzamido-transfer reagent for the
synthesis of oxazole compounds, and a triflate-transfer reagent for the triflation of B-keto-sulfones. lonic
mechanistic pathways, supported by density functional theory (DFT) calculations, were proposed to ac-
count for the divergent selectivities of the transformations.

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

Medica, Chinese Academy of Medical Sciences.

Over the past few decades, hypervalent iodine chemistry has
witnessed remarkable progress [1-15], which was partially sus-
tained by the emergence and application of novel hypervalent io-
dine reagents [16-25]. Among the vast category of these reagents,
heterocyclic iodine(Ill) compounds [26-30], compared to their non-
cyclic analogues, have demonstrated the merit of higher thermal
stability and unique reactivities. Accordingly, a great deal of ef-
forts have been devoted to investigating various heterocyclic io-
dine(Ill) reagents bearing versatile ligands including azido [31-
35], cyano [36-40], trifluoromethyl [41-48] and triflate groups [49-
52]. The most famous and best-investigated heterocyclic iodanes
are benziodoxoles, which have achieved significant advances in
their preparation, structure determination, and synthetic applica-
tions [53-68]. In contrast, benziodazoles, an analogous heterocyclic
iodane reagent of benziodoxoles, have received relatively less at-
tention [69-74]. To the best of our knowledge, there was a lim-
ited number of benziodazole reagents that have been reported till
now (Fig. 1a), and only three known transformation patterns me-
diated by these existing benziodazole reagents 1a-h have been es-
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tablished (Fig. 1b). In the majority of these transformations, ben-
ziodazoles were employed as ligand- or atom-transfer reagents
for various functionalization reactions including azidation [75-78],
trifluoromethylthiolation [79,80], aroylation [81], fluorination [82],
and alkynylation [83] as shown in Fig. 1b, type 1. As an illustra-
tion, Zhang's group reported the design and synthesis of hyperva-
lent fluoroiodane(Ill) reagent 1e, which was capable of perform-
ing the intramolecular ring expansion/fluorination of unactivated
cyclopropanes to afford a diverse array of 4-fully substituted fluo-
ropiperidines [82]. In addition, benziodazoles can also enable the
oxidative coupling reactions as solely an oxidant, without incorpo-
rating any structural moieties into products (Fig. 1b, type 2). For
instance, Wang and coworkers developed a rhenium-catalyzed de-
hydrogenative olefination of C(sp?)—H bonds mediated by alanine-
derived hypervalent iodine(Ill) reagents 1g, which is crucial for oxi-
dizing Re(n) catalyst species from low oxidation states to high ones
[84]. Furthermore, benziodazoles may display high electrophilic re-
activity and more than one structural moieties can be introduced
into the corresponding product (Fig. 1b, type 3). For example,
Waser’s group demonstrated that both components (alkyne lig-
and and benziodazole skeleton) of ethynylbenziodazolones (EBZs)
1h can be found in imidate products, which was produced from
the oxyalkynylation of diazo compounds mediated by EBZs 1h
[85].

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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(a) Reported benziodazole-type hypervalent iodine reagents 1a-h.
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(b) Existing three transformation patterns mediated by reagents 1a-h, and representive examples.
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Fig. 1. (a) Established benziodazole-type hypervalent iodine reagents 1a-h. (b) Three transformation patterns mediated by reagents 1a-h and representative examples. (c)
Selective 2-iodobenzamido- and triflate-transfer reactions enabled by benziodazole-triflate reagent 1i.

However, despite the above advances that have been made in
the field of benziodazole-type hypervalent iodine reagents, the
development of new-type benziodazole reagents and research on
their reactivities are still highly desired. To our knowledge, no for-
mer reports have described benziodazole-triflate reagent and in-
vestigated its reaction reactivity. In this communication, we re-
ported the first synthesis of benziodazole-type hypervalent triflate-
iodine reagent 1i (Scheme 1) and its unique application as both
a 2-iodobenzamido-transfer reagent for the synthesis of poly-
substituted oxazoles from diverse a-electron withdrawing group
substituted carbonyl compounds and a triflate-transfer reagent for
the first access to a-triflate B-keto-sulfones via triflation of S-
keto-sulfones (Fig. 1c, type 1). Differing from the above benzioda-
zole reagents, this new benziodazole-type reagent 1i can not only
facilitate the ligand-transfer reaction (Fig. 1c, type 1) that well cor-
responds to the first type of the three known transformation pat-
terns, but also enable a new transformation pattern, namely, in-
corporating the 2-iodobenzamido moiety of the hypervalent iodine
reagent into products (Fig. 1c, type 4).

Oxazole ring, a privileged five-membered heterocyclic motif, is
commonly found in a variety of biologically active natural prod-
ucts and pharmaceuticals [86-90], including the anti-diabetic agent

Q o)
ap g
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—_— =
0 CHClg, rt, Ny, o b (w
overnight .
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Scheme 1. Preparation of benziodazole-triflate reagent 1i.

AD-506 [91], the nonsteroidal anti-inflammatory drug oxaprozin
[92], the anti-mycobacterial natural product texaline [93], and the
anti-pancreatic cancer agent PC-046 [94]. The construction of ox-
azole skeleton has been continuously studied for decades, lead-
ing to numerous significant achievements. Traditional methods for
the synthesis of oxazole compounds include the 2-acyl aminoke-
tone Robinson-Gabriel dehydration [95-98] and Cornforth rear-
rangement [99]. In recent years, more diverse synthetic methods
have been reported for the assemblage of oxazole framework [100-
107]. As metal or Lewis acid catalysts remain virtually indispens-
able for these reactions, it should be highly desirable to develop
novel additive-free synthetic method for the synthesis of oxazoles.
In this research, we demonstrated an alternative straightforward,
catalyst-free approach to accessing oxazole derivatives through a
benziodazole-triflate-mediated oxidative cyclization of diverse «-
electron withdrawing group substituted carbonyl compounds.

The benziodazole-type hypervalent-iodine reagent 1i could be
readily prepared in 85% yield as a white, microcrystalline solid,
from the ligand exchange reaction between hypervalent chloro-
iodine(Ill) compound 2 and silver triflate (AgOTf) in chloroform
under N, atmosphere condition (Scheme 1). It is noteworthy that
reagent 1i can also be accessed on a large-scale of ten grams with-
out significant diminishment of the yield. Furthermore, this new
reagent 1i is bench stable and can be stored in a dry environment
at room temperature for months without decomposition.

Benziodazole-triflate reagent 1i was characterized by 'H, 13C,
and F NMR spectroscopy. The 3C NMR chemical shift of the
C-I ipso-carbon (117.4 ppm) had a positive incremental deshielded
shift of about 24ppm from that of iodoarene, which is con-
sistent with the typical characteristics of the reported benzio-
dazole compounds [75-85,108-112]. Thermogravimetry-differential
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thermal analysis (TG-DTS) showed that reagent 1i decomposed at
154°C to form a brown tar (see Supporting information for de-
tails). This reagent exhibited good solubility in common organic
solvents including dimethyl sulfoxide, acetonitrile, tetrahydrofuran,
chloroform, toluene, etc. A single crystal of 1i (CCDC: 2172493) was
grown in the chloroform at room temperature, and X-ray crystal-
lography showed that 1i has an approximate T-shaped structure
(010-1-N9 bond angle 164.22°) and a I(IlI)-OTf bond (2.391A)
[113], indicating the larger bond interactions beyond the ordinary
van der Waals attraction.

With reagent 1i in hand, we initially envisaged that it can be
used as a potential triflate-transfer reagent for introduction of the
triflate moiety by reacting with an appropriate nucleophile. To our
surprise, when reagent 1i (0.65 mmol, 1.5 equiv.) was treated with
the commercially available ethyl benzoylacetate (3a, 0.5 mmol, 1.0
equiv.) in acetonitrile at 80 °C, an exclusive oxidative cyclization
reaction occurred to give ethyl 2-(2-iodophenyl)—4-phenyloxazole-
5-carboxylate 4a as crystalline solids in 56% yield, rather than the
expected triflated product (Table 1, entry 1). The structure of com-
pound 4a was undoubtedly established by X-ray crystal crystallog-
raphy (Table 2, 4a, CCDC: 2207130). This outcome clearly indicated
that in this transformation, the benziodazole-type hypervalent-
iodine reagent 1i was used as a 2-iodobenzamido-transfer reagent,
rather than the predicted triflate-transfer reagent.

Motivated by this appealing finding, we then continued our in-
vestigation by optimizing the reaction conditions, using ethyl ben-
zoylacetate 3a as model substrate (Table 1). Solvents screening in-
dicated that aprotic solvents were generally superior to protic sol-
vents, with toluene proved to be the best one in promoting the
formation of the poly-substituted oxazole 4a (entries 1-7). Subse-
quent temperature testing revealed that either increasing or de-
creasing temperatures from 80 °C was not beneficial for this trans-
formation (entries 8 and 9). To our delight, increasing the load-
ing of reagent 1i from 15 equiv. to 1.75 equiv. can further im-
prove the yield of product 4a to 81% (entry 10). Extra attempts
to improve the reaction outcome by employing additives including
AgOTf, Cu(OTf),, and BF5-Et;0 turned out to be unfruitful (entries
11-13).

With the optimized conditions established (Table 1, entry 10),
we then investigated the generality and scope of this newly es-

Table 1
Optimization of the reaction conditions.?

Q 1
o o
©)‘\/U\OEt . TfOfl—N)\\ conditiong @(;NAK@ woa
@0 o oTf
EtO
4a N.D.

3a 1i

Entry Oxidant (equiv.) Solvent Temp. (°C) Addtive Yield (%)°
1 1i (1.5) MeCN 80 None 56
2 1i (1.5) DCE 80 None 31
3 1i (1.5) THF reflux None 49
4 1i (1.5) DMSO 80 None 64
5 1i (1.5) MeOH reflux None N.D.
6 1i (1.5) AcOH 80 None N.D.
7 1i (1.5) Toluene 80 None 77
8 1i (1.5) Toluene 50 None 72
9 1i (1.5) Toluene 110 None 70
10 1i (1.75) Toluene 80 None 81
11¢ 1i (1.75) Toluene 80 AgOTf 75
12¢ 1i (1.75) Toluene 80 Cu(OTf), 72
13¢ 1i (1.75) Toluene 80 BF;-Et,0 70

@ Reaction conditions (unless otherwise specified): 3a (0.26 mmol), solvent (5mL),
12h.

b Isolated yield. N.D.=not detected.

¢ 2.0 equiv. of the additive was used.
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tablished transformation by testing various «-electron withdraw-
ing group- substituted carbonyl compounds (Scheme 2). First, vari-
ous aryl S-keto esters with electron-rich or electron-poor benzene
rings were evaluated, and it was found that they were all success-
fully converted to corresponding poly-substituted oxazole products
4b-4f in moderate to good yields. In addition, the incorporation
of halogens into the ortho-, meta- or para-positions of the aro-
matic ring in substrates exhibited good compatibility to this ap-
proach, with the corresponding products 4g-4n obtained in sat-
isfactory yields. Interestingly, the method was equally applicable
to substrates bearing heteroaromatic R substituents such as furyl-
or thienyl-groups, conveniently affording the desired products 40
and 4p, albeit with deteriorated efficiency. Furthermore, the «-
aromatic ring in substrates is not indispensable and can be re-
placed by a methyl or a cyclohexyl group, with the correspond-
ing alkyl-substituted oxazole products 4q and 4r achieved in ac-
ceptable yields. The substrate scope for this exclusive oxidative
cyclization methodology could be further extended to alternative
types of carbonyl compounds bearing different a-electron with-
drawing groups including cyano, amido, and acyl groups, realizing
the access to more abundant substituted oxazoles 4s-4z in accept-
able yields. The structure of amide-substituted oxazole product 4w
(CCDC: 2301016) was further corroborated by X-ray crystal anal-
ysis. It is worth noting that when the alkyl-substituted carbonyl
substrate, i.e., 1-phenyl-2-propanone was subjected to the standard
conditions, the reaction did not afford the expected oxazole or tri-
flated product.

Intriguingly, when tosylacetophenone (Scheme 3, 5b), a car-
bonyl compound substituted with an «-electron-withdrawing sul-
fone group was treated with reagent 1i under the same opti-
mized conditions, a triflation reaction occurred smoothly to pro-
vide «-triflate substituted product 6b in 64% yields, with the iso-
lation of the oxazole product in only trace amount. This excep-
tional result suggested that reagent 1i can not only serve as a
2-iodobenzamido-transfer reagent but also as a triflate-transfer
reagent, depending on the categories of the substrates being em-
ployed.

Motivated by this finding, we then came to investigate the
scope and utility of this direct triflation method (Scheme 3). The
results manifested that diverse B-keto-sulfones 5 bearing either
electron-donating or electron-withdrawing group on the benzene
ring were viable substrates for the method, furnishing the cor-
responding «-triflate-substituted products 6a-60 in moderate to
good yield. The structure of 6b (CCDC: 2256361) was unambigu-
ously determined by X-ray crystal analysis. Remarkably, this proto-
col could also be extended to the substrate bearing a thiophene
ring, a representative motif of the heteroaryl fragments, deliver-
ing the corresponding thienyl-containing product 6p in accept-
able yield. Notably, substrates substituted with a strong electron-
withdrawing CF; group on either of the two aromatic rings were
also converted to the corresponding triflated products 6d and 6m,
albeit in relatively lower yields.

To gain insight into the mechanisms of the exclusive oxidative
cyclization and the triflation reaction mediated by reagent 1i, rad-
ical scavenger TEMPO was introduced into the above two reaction
systems under standard conditions, respectively (Schemes 4a and
b). For the reaction between reagent 1i and ethyl benzoylacetate
3a, the formation of desired oxazole product 4a was fully inhibited
with the employment of 2 equiv. of TEMPO (Scheme 4a). Instead,
the cross coupling adduct 7a was separated in 89% yield and the
other adduct 8 was detected by high resolution mass spectroscopy
(HRMS). Similar outcomes were observed for the reaction between
reagent 1i and tosylacetophenone 5b, with product 6b formed in
trace amount and the cross-coupling products 9a and 8 detected
by HRMS (Scheme 4b). However, further control experiments in-
dicate that the reaction of substrates 3a and 5b with TEMPO in
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Scheme 2. Synthesis of poly-substituted oxazoles via reagent li-mediated oxidative cyclization. Reaction conditions: substrate 3 (0.5mmol, 1.0 equiv.), reagent 1i
(0.875 mmol, 1.75 equiv.) in toluene (10 mL) at 80 °C for 12 h.
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Scheme 3. Synthesis of a-triflated S-keto-sulfones via reagent 1li-mediated triflation. Reaction conditions: substrate 5 (0.5mmol, 1.0 equiv.), reagent 1i (0.875 mmol, 1.75
equiv.) in toluene (10 mL) at 80 °C for 12 h.
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the absence of benziodazole-triflate reagent 1i also afforded the
corresponding adduct 7a and 9a, respectively (Schemes 4c and d).
Thus, the results from the above radical scavenger experiments
cannot provide convincing evidence that the reaction undergoes
radical pathways. Furthermore, BHT was introduced as an alterna-
tive radical scavenger to the corresponding reaction of substrates
3a and 5b under standard conditions. It was found that products
4a and 6b could be achieved in 54% and 58% yield, respectively
(Schemes 4e and f). Additionally, a radical clock experiment was
also designed and conducted. When (2-propenyl)-3-oxobutanoate
3aa was subjected to the standard conditions, it was oxazole prod-
uct 4aa rather than any radical cyclized product that was obtained
(Scheme 4g). These outcomes might indicate that both reactions
did not undergo radical pathway and ionic mechanism is more ap-
plicable for the two transformations.

To gain an insight into the mechanism of above reactions, we
performed DFT calculations on the reaction of the new hyperva-
lent iodine reagent 1i and 3a, as well as the reaction of 1i and
5a, and the corresponding calculated Gibbs free energy profiles are
depicted in Figs. 2 and 3, respectively.

As to the reaction of 1i and 3a, the calculation results show that
the reaction is triggered by the coordination of IM1 with the elec-
trophilic iodine(Ill) atom of 1i, where IM1 is formed by the tau-
tomerization of 3a. The ligand exchange step needs to overcome
an energy barrier of 21.3 kcal/mol, and IM2 is generated via ligand
exchange with the OTf anion still remaining around the iodine(1III)
center. Subsequently, an intramolecular proton shift occurs to give
IM3, which leads to a decrease in energy of 9.2 kcal/mol. The OTf
anion attacks the activated carbon atom bonded to I to form

IM4, where the formed imide and «-oxytriflated S-ketone ester
are connected through the hydrogen bonding interaction. The Hir-
shfeld charge analysis of IM4 shows that the more positive charge
(0.16) is concentrated on the carbonyl carbon atom (C1) rather
than the a-carbon atom (C2, 0.05), which indicates that the car-
bonyl carbon would be more favorable for the nucleophilic attack
of the imide nitrogen. The nitrogen atom attacks the carbonyl car-
bon to form IM5 via TS3, which needs to overcome an energy bar-
rier of 18.7 kcal/mol. After that, the oxygen on the benzoyl group
attacks the a-carbon atom connecting OTf group to give IM6 via
TS4 with an activation energy of 28.0 kcal/mol relative to IM4; this
process is the rate-limiting step in the reaction. Then, an addition-
elimination step occurs to remove the acetyl group and gener-
ate the by-product TfOAc. Finally, the product 4a is obtained by
a dehydration process. The Gibbs free energy profile of the over-
all reaction shows that the formation of 4a is highly exergonic by
27.3 kcal/mol.

For another reaction (Fig. 3), it starts with the coordination of
IM1s to the electrophilic iodine(Ill) atom of 1i, with an activa-
tion energy of 27.5 kcal/mol, to give IM2g; this process is the rate-
limiting step in the reaction. Subsequently, the OTf anion attacks
the activated carbon atom bonded to I'! to form IM4s with an en-
ergy barrier of 23.5 kcal/mol.

To understand the origin of the different chemoselectivity of
two reactions, we calculated the energy barrier of the inter-
molecular cyclization process for IM4s. The nitrogen atom on the
imide attacks the carbonyl group and this step would lead to
the formation of IM5s. Then, the oxygen atom on the benzoyl
group of the imide attacks the carbon atom bonded to OTf group
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Fig. 3. DFT-computed potential energy profile of the reaction of 5a and 1i (standard state: 25 °C, 1 mol/L).

through TS4s, which has to overcome an activation energy bar-
rier of 35.7 kcal/mol relative to IM4s. It is a too high barrier to
climb under the used reaction conditions. We think that the high
energy barrier of TS4s is caused by the steric hindrance of the
sulfonyl group adjacent to the «-carbon linking the OTf group.
In TS4s, the 03-04 bond length is 2.63 A, which is shorter than

the 01-02 bond length (2.85A) in TS4. It illustrates that com-
pared to TS4, the nucleophilic attack of oxygen atom at the car-
bon atom bonded to OTf in TS4s requires overcoming greater steric
hindrance.

In order to demonstrate the synthetic utility of the obtained ox-
azole products and «-triflate B-keto-sulfones, 4a and 6a were cho-
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sen as representative compounds to perform some further deriva-
tization reactions (Schemes 5a and b). By reacting with sodium
hydroxide in methanol, the ester-substituted oxazole 4a could un-
dergo alcoholysis give to the corresponding carboxylic acid 10a
in 94% yield [114]. In addition, as an organic halide, iodine-
containing 4a is also a suitable precursor for further transition
metal-catalyzed cross-coupling reactions. Specifically, treating 4a
with methylboronic acid and potassium carbonate in the pres-
ence of bis(triphenylphosphine)palladium(II) chloride smoothly ini-
tiated a Suzuki-Miyaura cross-coupling reaction, providing prod-
uct 11a in 80% yields [115]. Moreover, Pd/C mediated hydrode-
functionalization of 4a in hydrogen atmosphere with the catalysis
of DABCO could reductively remove the iodine atom on the ben-
zene ring in the substrate, affording deiodinated product 12a in
75% yields [116]. This final transformation clearly indicated that
the iodine atom in all products could be readily removed by hy-
drogenative reduction, thus addressing the concern that the iodine
atom in the products might be a redundant substituent. Further-
more, when 6a was treated with potassium phtalimide, resulting
in the substitution of the triflate group with a phthalimide group,
this transformation could achieve the formation of 2-(2-oxo-
2-phenyl-1-(phenylsulfonyl)ethyl)isoindoline-1,3-dione 13 in 48%
yield.

In conclusion, we realized the preparation of a novel
benziodazole-triflate reagent 1i and had its typical A3-iodane T-
shaped structure confirmed by X-ray crystallography. The fea-
ture of this new reagent was that it can be used as both a 2-
iodobenzamido- and a triflate-transfer reagent, reacting with di-
verse «a-electron withdrawing group substituted carbonyl com-
pounds to produce a series of poly-substituted oxazoles or -
triflate B-keto-sulfones. The ionic mechanisms with selectivity
were proposed and testified by both control experiments and DFT
calculations. This work not only supplements the type of hyper-
valent iodine reagents, but also represents an exclusive transfor-
mation pattern mediated by benziodazole-type hypervalent iodine
reagents. Further studies on the application of this reagent 1i as
well as the mechanism on its divergent reactivities are still in
progress in our labs.

Chinese Chemical Letters 36 (2025) 110338
Declaration of competing interest

We herein declare that all authors (Yadong Li, Feng-Huan Du,
Junjie Li, Jun Xu, Zhifang Yang, Shanshan Li, Chi Zhang and Yunfei
Du) have seen and approved the submission of this manuscript and
there is no interest conflicts between/among all authors.

CRediT authorship contribution statement

Yadong Li: Writing - original draft, Methodology, Formal anal-
ysis, Data curation. Feng-Huan Du: Writing - original draft, Soft-
ware, Methodology, Formal analysis, Data curation. Junjie Li: Writ-
ing - original draft, Software, Methodology, Formal analysis, Data
curation. Jun Xu: Software, Formal analysis, Data curation. Zhifang
Yang: Formal analysis, Data curation. Shanshan Li: Formal analy-
sis, Data curation. Chi Zhang: Writing - review & editing, Supervi-
sion, Resources, Project administration, Methodology, Funding ac-
quisition. Yunfei Du: Writing - review & editing, Supervision, Re-
sources, Project administration, Funding acquisition, Conceptualiza-
tion.

Acknowledgments

We acknowledge the National Natural Science Foundation of
China (Nos. 22071175, 22071116) and Tianjin Graduate Research
and Innovation Project (No. 2021YJSB196) and for financial sup-
ports.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.cclet.2024.110338.

References

[1] A. Varvoglis, Organic Chemistry of Polycoordinated lodine, VCH, New York,
1992.

[2] M. Ochiai, Chemistry of Hypervalent Compounds, VCH, New York, 1999.

[3] J.K. Michael, Hypervalent lodine Chemistry: Modern Developments In Organic
Synthesis, Springer-Verlag, Berlin, Heidelberg, New York, 2003.

[4] V.V. Zhdankin, Hypervalent lodine Chemistry: Preparation, Structure and Syn-
thetic Applications of Polyvalent lodine Compounds, John Wiley & Sons Ltd,
New York, 2013.

[5] PJ. Stang, J. Org. Chem. 68 (2003) 2997-3008.

[6] R.M. Moriarty, J. Org. Chem. 70 (2005) 2893-2903.

[7] T. Wirth, Angew. Chem. Int. Ed. 44 (2005) 3656-3665.

[8] EC. Kiipper, M.C. Feiters, B. Olofsson, et al., Angew. Chem. Int. Ed. 50 (2011)
11598-11620.

[9] V.V. Zhdankin, J.D. Protasiewicz, Coord. Chem. Rev. 275 (2014) 54-62.

[10] D.P. Hari, P. Caramenti, ]. Waser, Acc. Chem. Res. 51 (2018) 3212-3225.

[11] A. Parra, Chem. Rev. 119 (2019) 12033-12088.

[12] R. Zhao, L. Shi, Angew. Chem. Int. Ed. 59 (2020) 12282-12292.

[13] EV. Singh, S.E. Shetgaonkar, M. Krishnan, T. Wirth, Chem. Soc. Rev. 51 (2022)
8102-8139.

[14] A. Yoshimura, A. Saito, V.V. Zhdankin, Adv. Synth. Catal. 365 (2023)
2653-2675.

[15] A. Maity, B.L. Frey, D.C. Powers, Acc. Chem. Res. 56 (2023) 2026-2036.

[16] K. Kiyokawa, T. Kosaka, T. Kojima, S. Minakata, Angew. Chem. Int. Ed. 54
(2015) 13719-13723.

[17] T. Hokamp, L. Mollari, L.C. Wilkins, R.L. Melen, T. Wirth, Angew. Chem. Int.
Ed. 57 (2018) 8306-8309.

[18] J. Kalim, T. Duhail, T.N. Le, et al., Chem. Sci. 10 (2019) 10516-10523.

[19] K. Kiyokawa, D. Okumatsu, S. Minakata, Angew. Chem. Int. Ed. 58 (2019)
8907-8911.

[20] C. Wang, Y. Tu, D. Ma, C. Bolm, Angew. Chem. Int. Ed. 59 (2020) 14134-14137.

[21] G. Zhang, Y. Wang, ]. Xu, et al., Chem. Sci. 11 (2020) 947-953.

[22] R. Calvo, A. Le Tellier, T. Nauser, et al., Angew. Chem. Int. Ed. 59 (2020)
17162-17168.

[23] L. Li, K. Deng, Y. Xing, et al., Nat. Commun. 13 (2022) 6588.

[24] B.L. Frey, M.T. Figgins, G.P. Van Trieste III, R. Carmieli, D.C. Powers, J. Am.
Chem. Soc. 144 (2022) 13913-13919.

[25] X. Cheng, Q. Yin, Y. Jiang, et al., Angew. Chem. Int. Ed. 62 (2023) e202302521.

[26] J. Charpentier, N. Friih, A. Togni, Chem. Rev. 115 (2015) 650-682.

[27] A. Yoshimura, V.V. Zhdankin, Chem. Rev. 116 (2016) 3328-3435.



Y. Li, E-H. Du, J. Li et al.

[28] Y. Li, D.P. Hari, M.V. Vita, ]. Waser, Angew. Chem. Int. Ed. 55 (2016)
4436-4454.

[29] EL. Vaillant, J. Waser, Chimia 71 (2017) 226-230.

[30] X. Wang, A. Studer, Acc. Chem. Res. 50 (2017) 1712-1724.

[31] V.V. Zhdankin, A.P. Krasutsky, CJ. Kuehl, et al,, J. Am. Chem. Soc. 118 (1996)
5192-5197.

[32] V.V. Zhdankin, R.M. Arbit, BJ. Lynch, P. Kiprof, V.G. Young, ]J. Org. Chem. 63
(1998) 6590-6596.

[33] Q. Deng, T. Bleith, H. Wadepohl, LH. Gade, J. Am. Chem. Soc. 135 (2013)
5356-5359.

[34] M.V. Vita, J. Waser, Org. Lett. 15 (2013) 3246-3249.

[35] W. Liu, M. Py, ]. He, et al., ]. Am. Chem. Soc. 143 (2021) 11856-11863.

[36] V.V. Zhdankin, CJ. Kuehl, A.P. Krasutsky, et al., Tetrahedron Lett. 36 (1995)
7975-7978.

[37] R. Frei, T. Courant, M.D. Wodrich, ]. Waser, Chem. Eur. J. 21 (2015) 2662-2668.

[38] T. Nagata, H. Matsubara, K. Kiyokawa, S. Minakata, Org. Lett. 19 (2017)
4672-4675.

[39] ELe Vaillant, M.D. Wodrich, J. Waser, Chem. Sci. 8 (2017) 1790-1800.

[40] C. Souilah, S.A.V. Jannuzzi, D. Demirbas, et al., Angew. Chem. Int. Ed. 61
(2022) e202201699.

[41] P. Eisenberger, S. Gischig, A. Togni, Chem. Eur. ]. 12 (2006) 2579-2586.

[42] L Kieltsch, P. Eisenberger, A. Togni, Angew. Chem. Int. Ed. 46 (2007) 754-757.

[43] R. Zhu, S.L. Buchwald, J. Am. Chem. Soc. 134 (2012) 12462-12465.

[44] Y. Li, A. Studer, Angew. Chem. Int. Ed. 51 (2012) 8221-8224.

[45] W. Kong, M. Casimiro, E.b. Merino, C. Nevado, J. Am. Chem. Soc. 135 (2013)
14480-14483.

[46] B. Zhang, C. Miick-Lichtenfeld, C.G. Daniliuc, A. Studer, Angew. Chem. Int. Ed.
52 (2013) 10792-10795.

[47] X. Liy, E. Xiong, X. Huang, et al., Angew. Chem. Int. Ed. 52 (2013) 6962-6966.

[48] F. Wang, X. Qi, Z. Liang, P. Chen, G. Liu, Angew. Chem. Int. Ed. 53 (2014)
1881-1886.

[49] V.V. Zhdankin, CJ. Kuehl, A.P. Krasutsky, M.S. Formaneck, J.T. Bolz, Tetrahe-
dron Lett. 35 (1994) 9677-9680.

[50] M. Ochiai, T. Sueda, K. Miyamoto, P. Kiprof, V.V. Zhdankin, Angew. Chem. Int.
Ed. 45 (2006) 8203-8206.

[51] B. Wu, J. Wu, N. Yoshikai, Chem. Asian J. 12 (2017) 3123-3127.

[52] MJ. Harper, EJ. Emmett, ].F. Bower, C.A. Russell, ]. Am. Chem. Soc. 139 (2017)
12386-12389.

[53] G.A. Rabah, G.E. Koser, Tetrahedron Lett. 37 (1996) 6453-6456.

[54] V.V. Zhdankin, A.Y. Koposov, B.C. Netzel, et al., Angew. Chem. Int. Ed. 42
(2003) 2194-2196.

[55] K.C. Nicolaou, CJ.N. Mathison, T. Montagnon, J. Am. Chem. Soc. 126 (2004)
5192-5201.

[56] J.P. Brand, D.F. Gonzailez, S. Nicolai, ]. Waser, Chem. Commun. 47 (2011)
102-115.

[57] Y. Li, J. Waser, Angew. Chem. Int. Ed. 54 (2015) 5438-5442.

[58] A. Yoshimura, K.C. Nguyen, S.C. Klasen, et al, Chem. Commun. 51 (2015)
7835-7838.

[59] J. Waser, Synlett 27 (2016) 2761-2773.

[60] T. Yang, H. Zhu, W. Yu, Org. Biomol. Chem. 14 (2016) 3376-3384.

[61] M. Garreau, F. LeVaillant, J. Waser, Angew. Chem. Int. Ed. 58 (2019)
8182-8186.

[62] R. Tessier, R.K. Nandi, B.G. Dwyer, et al, Angew. Chem. Int. Ed. 59 (2020)
10961-10970.

[63] N. Declas, J. Waser, Angew. Chem. Int. Ed. 59 (2020) 18256-18260.

[64] S.G.E. Amos, D. Cavalli, E.Le Vaillant, J. Waser, Angew. Chem. Int. Ed. 60 (2021)
23827-23834.

[65] A.K. Mishra, R. Tessier, D.P. Hari, J. Waser, Angew. Chem. Int. Ed. 60 (2021)
17963-17968.

[66] D.P. Hari, G. Pisella, M.D. Wodrich, et al., Angew. Chem. Int. Ed. 60 (2021)
5475-5481.

Chinese Chemical Letters 36 (2025) 110338

[67] T.M. Milzarek, ]. Waser, Angew. Chem. Int. Ed. 62 (2023) e202306128.
[68] X. Liu, X. Ji, C. Heinis, . Waser, Angew. Chem. Int. Ed. 62 (2023) e202306036.
[69] W. Wolf, L. Steinberg, Chem. Commun. (1965) 449-449.
[70] Y. Kita, S. Akai, T. Okuno, M. Egi, H. Tohma, Heterocycles 42 (1996).
[71] V.V. Zhdankin, R.M. Arbit, M. Mcsherry, B. Mismash, V.G. Young, J. Am. Chem.
Soc. 119 (1997) 7408-7409.
[72] V.V. Zhdankin, J.T. Smart, P. Zhao, P. Kiprof, Tetrahedron Lett. 41 (2000)
5299-5302.
[73] V.V. Zhdankin, A.Y. Koposov, L. Su, et al., Org. Lett. 5 (2003) 1583-1586.
[74] Y. Akira, M.T. Shea, C.L. Makitalo, et al., Beilstein ]J. Org. Chem. 14 (2018)
1016-1020.
[75] S. Alazet, J. Preindl, R. Simonet-Davin, et al, J. Org. Chem. 83 (2018)
12334-12356.
[76] V. Smyrnov, B. Muriel, J. Waser, Org. Lett. 23 (2021) 5435-5439.
[77] X. Yang, F. Dy, J. Li, C. Zhang, Chem. Eur. ]. 28 (2022) e202200272.
[78] Y. Chen, T. Huo, Q. Yin, et al., Org. Lett. 25 (2023) 2739-2744.
[79] X. Yang, K. Zheng, C. Zhang, Org. Lett. 22 (2020) 2026-2031.
[80] X. Yang, ]. Li, F. Du, Y. Cheng, C. Zhang, Org. Lett. 25 (2023) 2964-2969.
[81] M.T. Shea, G.T. Rohde, Y.A. Vlasenko, et al., Molecules 26 (2021) 7355.
[82] J. Ren, F. Du, M. Jia, et al., Angew. Chem. Int. Ed. 60 (2021) 24171-24178.
[83] J. Huang, L. Chen, Z. Chen, Org. Lett. 24 (2022) 5777-5781.
[84] H. Gu, C. Wang, Org. Biomol. Chem. 13 (2015) 5880-5884.
[85] D.P. Hari, L. Schouwey, V. Barber, et al., Chem. Eur. ]. 25 (2019) 9522-9528.
[86] P. Wipf, Chem. Rev. 95 (1995) 2115-2134.
[87] R.A. Hughes, CJ. Moody, Angew. Chem. Int. Ed. 46 (2007) 7930-7954.
[88] J. Zhang, M.A. Ciufolini, Org. Lett. 11 (2009) 2389-2392.
[89] S. Heng, KR. Gryncel, ER. Kantrowitz, Bioorg. Med. Chem. 17 (2009)
3916-3922.
[90] Z. Jin, Nat. Prod. Rep. 28 (2011) 1143-1191.
[91] Y. Momose, T. Maekawa, T. Yamano, et al., J. Med. Chem. 45 (2002) 1518-1534.
[92] PA. Todd, R.N. Brogden, Drugs 32 (1986) 291-312.
[93] T. Chatterjee, J.Y. Cho, EJ. Cho, ]. Org. Chem. 81 (2016) 6995-7000.
[94] TH. Landowski, B.K. Samulitis, RT. Dorr, Invest. New. Drugs 31 (2013)
1616-1625.
[95] R. Robinson, J. Chem. Soc. 95 (1909) 2167-2174.
[96] S. Gabriel, Chem. Ges. 43 (1910) 1283-1287.
[97] P. Wipf, C.P. Miller, ]. Org. Chem. 58 (1993) 3604-3606.
[98] AJ. Phillips, Y. Uto, P. Wipf, M.J. Reno, D.R. Williams, Org. Lett. 2 (2000)
1165-1168.
[99] J.W. Cornforth, RH. Cornforth, J. Chem. Soc. (1947) 96-102.
[100] H. Jiang, H. Huang, H. Cao, C. Qi, Org. Lett. 12 (2010) 5561-5563.
[101] C. Wan, L. Gao, Q. Wang, J. Zhang, Z. Wang, Org. Lett. 12 (2010) 3902-3905.
[102] 1. Cano, E. Alvarez, M.C. Nicasio, PJ. Pérez, ]. Am. Chem. Soc. 133 (2011)
191-193.
[103] Z. Xu, C. Zhang, N. Jiao, Angew. Chem. Int. Ed. 51 (2012) 11367-11370.
[104] CW. Cheung, S.L. Buchwald, J. Org. Chem. 77 (2012) 7526-7537.
[105] T. Selvi, K. Srinivasan, Chem. Commun. 50 (2014) 10845-10848.
[106] B. Luo, Z. Weng, Chem. Commun. 54 (2018) 10750-10753.
[107] Y. Weng, W. Lv, J. Yu, B. Ge, G. Cheng, Org. Lett. 20 (2018) 1853-1856.
[108] V.V. Zhdankin, A.E. Koposov, J.T. Smart, et al., J. Am. Chem. Soc. 123 (2001)
4095-4096.
[109] E. Le Du, T. Duhail, M.D. Wodrich, et al., Chem. Eur. J. 27 (2021) 10979-10986.
[110] M. Elsherbini, A. Osi, H. Alharbi, F. Karam, T. Wirth, Synthesis 55 (2021)
307-314.
[111] J. Ren, M. Jia, F. Du, C. Zhang, Chin. Chem. Lett. 33 (2022) 4834-4837.
[112] Z. Yang, F. Sun, ]. Xu, et al,, Adv. Synth. Catal. 365 (2023) 2730-2736.
[113] A. Bondi, ]J. Phys. Chem. 68 (1964) 441-451.
[114] KJ. Hodgetts, M.T. Kershaw, Org. Lett. 4 (2002) 2905-2907.
[115] M.G. Woll, H. Qi, A. Turpoff, et al., ]. Med. Chem. 59 (2016) 6070-6085.
[116] N. Faucher, Y. Ambroise, J.C. Cintrat, et al., J. Org. Chem. 67 (2002) 932-934.





