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Chiral cyclic amides are an important class of molecular scaf-
folds that exhibit versatile biological activity. Along with the 
β-lactams that are widely present in ground-breaking anti-

biotics1, five-membered lactams with a γ-chiral centre have been 
recognized as a functional core unit in both natural compounds 
and effective clinical drugs, including anticancer agents (Fig. 1a)2. 
Although tremendous efforts have been made to develop efficient 
and selective methods to construct this structural motif3–5, synthetic 
challenges to the installation of the chiral centres have impeded 
their advancement. Classical approaches to chiral γ-lactams mostly 
rely on laborious derivatization procedures starting from glutamic 
acids, where harsh reaction conditions limit their utility mainly to 
early-stage applications6. Only recently have a number of asym-
metric protocols been developed for the direct construction of the 
chiral centres. Representative examples include enantioselective 
cyclization of allyl alcohols7, hydrogenation of unsaturated lac-
tams8 and C−H activation of N-pyridyl lactams9. However, all of 
these approaches require the pre-installation of multiple functional 
groups in the substrates, thus diminishing the atom economy and 
cost efficiency.

Our initial proposal for this problem was that the most efficient 
way to construct chiral γ-lactams from otherwise unactivated mate-
rials would be a direct C–H amidation of acyclic amide derivatives 
(Fig. 1b). This elusive retrosynthetic route is particularly interesting 
because the aliphatic amides can be prepared easily from feedstock 
chemicals such as carboxylic acids and esters. The key technology 
in this proposition is centred on the asymmetric C–H functional-
ization reaction10–12. In the last two decades, a number of research 
groups have reported the synthesis of chiral azacyclic compounds 
such as sulfamidates, sulfonamides and carbamates through C–H 
amidation reactions (Fig. 1c)13. Early findings by the Che group 
showcased that ruthenium catalysts bearing chiral porphyrins 
allow enantioselective synthesis of chiral sulfamidates14. This first 
demonstration inspired further developments, and chiral catalysts 

including dirhodium complexes with amino-acid- or carboxami-
date-based ligands15,16, ruthenium–oxazoline species17, iridium–
metallosalen complexes18 and engineered metalloenzymes19–21 have 
been reported. Despite those efforts, concurrent developments are 
mostly confined to the cyclization of sulfonyl- or carbamate-based 
substrates. This is mainly due to the easy accessibility and robust-
ness of the utilized nitrene precursors such as iminoiodinanes and 
organic azides13,22–24, and the absence of notable side reaction path-
ways from highly reactive metal–nitrenoid intermediates. In sharp 
contrast, asymmetric C–H amidation for chiral lactam synthesis has 
been elusive so far because of several unsolved issues: (1) robust, 
but reactive carbonylnitrene precursors are underdeveloped25, (2) 
suppression of undesired decomposition of the key metal–nitrenoid 
intermediates to isocyanates is challenging26,27 and (3) a stereo-
chemical model for asymmetric induction is poorly understood. 
Overall, enantioselective construction of chiral lactams remains to 
be achieved.

We now introduce a new array of organometallic catalysts that 
overcome those challenges and produce chiral γ-lactams in unpro-
tected forms from acyclic carboxylic acid derivatives (Fig. 1d). 
Taking advantage of recently developed robust precursors28, new 
iridium-based chiral catalysts that can be readily prepared from 
commercially available ligands have been developed that display 
excellent reactivity and enantioselectivity through C–H amidation 
technology. Comprehensive mechanistic investigations indicate that 
the critical component for excellent stereoselectivity is a transient 
intramolecular hydrogen bonding that stabilizes key intermediates 
and transition states selectively.

Results
Reaction design and mechanistic challenges. In 2015, our group 
reported that 1,4,2-dioxazol-5-one compounds are thermally stable, 
yet highly reactive nitrene precursors for C–H amidation under 
pentamethylcyclopentadienyl (Cp*)-based metal catalysis28,29. 
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Based on a number of studies to pinpoint the origin of the reactiv-
ity30,31, we recently elaborated the dioxazolones to construct racemic 
γ-lactams by introducing bidentate anionic ligands in Cp*Ir(iii) 
catalysts32. We envisioned that this technology could be utilized as 
an effective handle for chiral lactam production by creating a chiral 
environment at the metal centre. However, significant challenges 
were found in the asymmetry-inducing processes (Fig. 2).

In our previous report32, we proposed that the first step to enter 
the catalytic cycle is the formation of a substrate-bound adduct spe-
cies B from the coordinatively unsaturated 16-electron complex A. 
Four distinctive diastereomers are possible on binding of the sub-
strate to the chiral catalysts, where each conformation might lead 
to different stereochemical outcomes. While this first step does 
not determine the enantioselectivity, a diastereoselective coordi-
nation is necessary to reduce the number of accessible intermedi-
ates and transition states (vide infra). The selective complexation 
would then induce a facile decarboxylation from the corresponding 
diastereomeric adduct to give an Ir–carbonylnitrenoid species C, 
which is the key intermediate for the subsequent C–H amidation. 
The sophisticated reactivity control of C is another challenge due 
to the facile Curtius-type deconstruction to undesired isocyanates 
provoked by its highly electrophilic nature26,27. This undesired side 

pathway needs to be effectively prevented to achieve enantioselec-
tive nitrenoid insertion into a prochiral C–H bond. In addition, the 
resulting chiral amide has a free N–H bond, which could potentially 
lead to product inhibition or catalyst poisoning33.

Reaction development. Based on the above mechanistic consider-
ations, we designed and prepared a set of catalysts bearing chiral 
anionic donors, as shown in Table 1. We initially sought to test N,O- 
and N,N′-bidentate chiral ligands, which might effectively suppress 
the Curtius-type rearrangement based on our previous observa-
tion32. Common N,O donors, such as amino acids (Ir1, Ir2) and 
amino alcohols (Ir3), were devised as potential candidates for the 
chiral ligand. d-Prolinamide (Ir4), an N,N’ donor analogue of pro-
line, and chiral diamines (Ir5, Ir6) that were highly effective for the 
previous asymmetric transfer hydrogenation reactions34 were also 
chosen for the initial assessment.

At the outset, the reactivity and selectivity towards asymmetric 
C–H amidation were evaluated by subjecting catalytic amounts of 
chiral iridium complexes and sodium organoborate into a solution 
of a model substrate 1 in 1,1,2,2-tetrachloroethane-d2. Formation of 
the desired product 2 was indeed observed with the N,O-dentating 
catalysts, but only in low levels of enantioselectivity along with the 
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significant formation of the undesired isocyanate 3 (entries 1–3). 
In sharp contrast, N,N′-donors suppressed the side pathway more 
effectively and, to our delight, dramatic increases in enantioselec-
tivity were achieved with the chiral diamine scaffolds. For instance, 
the diamine catalyst bearing (1S,2S)-1,2-diaminocyclohexane (Ir5) 
gave chiral 2 in 87:13 e.r. (entry 5). An excellent enantioselectivity 
was observed using N-protected diphenylethylenediamine catalyst 
(Ir6) along with a complete suppression of the isocyanate forma-
tion (98:2 e.r., entry 6). Motivated by these initial findings, we also 
synthesized derivatives of Ir6 to interrogate structural impacts on 

the catalytic performance. While perturbation on the N-sulfonyl 
group did not give a notable improvement in product yields (entries 
7–9), replacing the phenyl moieties on the ethylene backbone with 
dimesityl groups (Ir10) dramatically enhanced the product yield 
(>95%) without erosion of the stereochemical fidelity. The increase 
in product yield might be understood as a beneficial effect of mesi-
tyl groups to preclude product inhibition or catalyst decomposi-
tion, as discussed in the Supplementary Discussion. The absolute 
configuration of 2 was determined as (S) by comparing the optical 
rotation with reported values35. Further evaluation of the reaction 
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Table 1 | Catalyst development of iridium-catalysed asymmetric C–H amidation
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Entry Catalyst Yield of 2 (%) e.r. of 2 Yield of 3 (%) 
1 Ir1 19 53:47 28 
2 Ir2 24 51:49 24 
3 Ir3 39 51:49 22 
4 Ir4 40 59:41 35 
5 Ir5 19 87:13 5 
6 Ir6 31 98:2 <5 
7 Ir7 25 91:9 <5 
8 Ir8 19 94:6 <5 
9 Ir9 12 96:4 <5 
10 Ir10 >95 98:2 <5 
11a Ir10 >95 (96b) >99:1 <5 
12c Ir10 <5 - 73 

Conditions: 1 (0.1 mmol), catalyst (4 mol%) and sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (NaBArF
4, 4 mol%) in 1,1,2,2-tetrachloroethane-d2 (TCE-d2, 0.5 ml) at 50 °C for 12 h. Yields were 

determined by 1H NMR analysis using 1,1,2-trichloroethane as an internal standard. Values of e.r. were determined by HPLC analysis. aRun at 35 °C for 24 h. bIsolated yield. cWithout NaBArF
4.
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parameters, including temperature, time and solvent, resulted in the 
optimal conditions to afford 2 in 96% isolated yield and >99:1 e.r. 
(entries 11 and 12 and Supplementary Table 5). Notably, a sharp 
decrease in enantioselectivity was observed when polar protic sol-
vents such as ethanol, trifluoroethanol and hexafluoroisopropanol 
were used, suggesting the potential involvement of a non-covalent 
interaction during the asymmetric catalysis (vide infra). It is worth 
noting here that the diamine ligands are commercially available, 
highlighting the easy accessibility of our new catalyst.

Stereochemical origin of the enantioselectivity. Considering the 
presupposed mechanism in Fig. 2, it was surprising to see that 
catalyst Ir10 overcame the various mechanistic challenges and dis-
played such high enantioselectivity. We therefore sought to under-
stand how the chiral diamine scaffold enables C–H bond amidation 
with such stereoselectivity. Our particular goal was to establish a 
stereochemical model to show how (S)-configured lactam 2 is selec-
tively formed. To evaluate the kinetic accessibility of the possible 
states, density functional theory (DFT) calculations were performed 

for the potential reaction pathways, and the results are displayed in  
Fig. 3. Because enantiomeric ratios obtained with catalysts Ir6  
and Ir10 were essentially same, the structure of complex Ir6 was 
utilized in mechanistic studies to reduce the computational and 
experimental costs.

We hypothesized that a prerequisite for selective C–H insertion 
would be predominant generation of diastereomeric adduct and 
carbonylnitrenoid species. Interestingly, quantum chemical calcula-
tions reveal notable thermodynamic differences between four pos-
sible diastereomeric adduct species: chiral (1S, 2S) diamine ligand 
makes complex II-1, with the (S)-configuration at the metal centre, 
as the most stable conformer36, while (R)-configured II-4 is desta-
bilized by 11 kcal mol−1 more than II-1. Another (S)-configured 
diastereomer, II-2, is higher in energy than the analogous II-1 by 
5.9 kcal mol−1, and this difference is probably a consequence of 
interaction between the 1O atom of 1,4,2-dioxazol-5-one and the 
ligand, as shown in the optimized geometries in Supplementary 
Fig. 34. While the 1O moiety shows a repulsive interaction with the 
Ts group in II-2, a weak hydrogen bonding between the 1O atom 
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and the N–H hydrogen of the catalyst was observed in II-1 with an 
atomic distance of 2.0 Å. Interestingly, this thermodynamic stability 
of II-1 further leads to facile decarboxylation by traversing tran-
sition state TS-1 with 17 kcal mol−1 of overall reaction barrier and 
affords the Ir–carbonylnitrenoid complex III. On the other hand, 
as fully illustrated in Supplementary Fig. 36, decarboxylative tran-
sition states from intermediates II-2, II-3 and II-4 require much 
higher energy barriers of 27, 22 and 31 kcal mol−1 through TS-2, TS-
3 and TS-4, respectively, suggesting that decarboxylation would be 
operative selectively from II-1 in this catalytic system.

The electrophilic nature of singlet III subsequently induces 
a nitrene insertion into a γ-C–H bond through a six-membered 
half-chaired transition state with determination of absolute stereo-
chemistry. Four distinctive transition states for this C–H insertion 

step were identified, and the lowest-lying transition states leading 
to (S)- and (R)-forms were TS-S1 and TS-R2, which required 6.95 
and 9.54 kcal mol−1 of insertion barriers from III, respectively. As 
shown in Fig. 3b, conformational differences between TS-S1 and 
TS-R2 were located on a six-membered ring with staggered- and 
eclipsed-half-chair forms, respectively. Computation predicted 
a predominant formation of (S)-lactam through this TS-S1 by 
2.6 kcal mol−1 of energy difference, and indeed this value is fully 
consistent with the experimentally observed enantioselectivity of 
99:1 e.r. (2.7 kcal mol−1).

By closely analysing the optimized geometries, we identified 
intramolecular hydrogen bonding interactions between the catalyst 
and the substrate in a few key structures. As highlighted in Fig. 3a, 
a putative nitrenoid intermediate III clearly displayed a hydrogen 
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bond between the amide oxygen and N–H hydrogen of the cata-
lyst, with an atomic distance of 1.8 Å. Moreover, as shown in Fig. 3b,  
this interaction is much amplified in the C–H insertion transition 
state (TS-S1), with a hydrogen bond distance of 1.7 Å, implying 
that this non-covalent interaction would be closely related to the 
stereochemical outcomes. In sharp contrast, TS-R2 does not have 
this extra interaction, which rather tilts the amide moiety upwards 
to release the steric congestion with the Cp* fragment. Thus, the 
computational analysis led us to conclude that the intramolecular 
hydrogen bonding might be operative only in TS-S1, eventually 
making the (S)-configured lactam in a more selective manner.

Experimental evidence for the hydrogen bonding interaction. 
Intrigued by the computational insight into the hydrogen bond-
ing in key steps, we further sought to validate this with experimen-
tal support. Although spectroscopic observation of the supposed 
hydrogen bond in III is most compelling, this species was predicted 
to easily undergo an intramolecular C–H insertion with a kinetic 
barrier of only 7 kcal mol−1 according to the DFT calculations  
(Fig. 3a), suggesting that its detection might be very challenging. 
We thus devised a catalytically inactive, yet structurally analogous 
complex that allows an interrogation of the geometric signatures of 
III. We proposed that the neutral Ir–amido complexes in Fig. 4a 
would be suitable for this purpose because of the similarity in the 
coordination environment to III. Indeed, the computationally opti-
mized geometry of the Ir–amido species in Supplementary Fig. 35 
clearly contained an analogous hydrogen bond, as expected.

Based on this hypothesis, we attempted to synthesize such com-
plexes utilizing reported procedures. Inspired by previous pro-
tocols37,38, the targeted Ir–amido complexes Ir12 and Ir13 were 
successfully synthesized from a 16-electron complex Ir11 (Fig. 4b). 
1H NMR analysis clearly showed the formation of a single diaste-
reomeric adduct and also the presence of intramolecular hydrogen 
bonding in solution phase, as witnessed by a significant downfield 
shift of an amine N–H bond (Fig. 4c). The solid-state geometry of 
Ir13 further confirmed the viability of the hydrogen bond (Fig. 4d, 
Supplementary Table 4 and Supplementary Note 2), with the atomic 
distances and angles between the hydrogen donor and acceptor 
indicating a two-centred, medium-strength hydrogen bonding39. 
This observation suggested that the Ir–nitrenoid III might also dis-
play similar interactions as the analogous Ir12.

In addition to this structural evidence, the involvement of a 
hydrogen bond in our catalytic reaction was further evaluated with 
modified catalysts (Fig. 4e). Because the hydrogen bond strength 
might be altered upon derivatization of the parent amino group 
of the catalysts40, we predicted that N-alkylation of the ligand 
would result in significant erosion of the enantioselectivity. We 
therefore prepared mono- and di-methylated Ir catalysts to assess 
the direct impact of the N–H moieties. Indeed, catalysts Ir14 and 
Ir15 afforded lactam 2 in significantly decreased enantioselectivi-
ties (81:19 and 40:60 e.r.) compared to the reaction with the par-
ent catalyst (Ir6, Fig. 4f). This result clearly demonstrates that the 
stereo-determining process is critically influenced by the supposed 
intramolecular hydrogen bond. Of note, an extra steric influence 
created by dimethyl substitution in Ir15 presumably resulted in 
inversion of the absolute configuration.

Substrate scope and utility of the method. We subsequently 
explored the general applicability of our approach to various types of 
substrate (Fig. 5). Robust carbonylnitrene precursors, 3-substituted 
1,4,2-dioxazol-5-ones, were prepared readily from the correspond-
ing carboxylic acids in two steps with high efficiency. A series of 
3-arylpropyl dioxazolones were first examined under the optimized 
conditions using Ir10. The corresponding chiral lactam products 
were obtained in high yields and excellent enantioselectivities up 
to >99:1 e.r. Functional group tolerance was observed to be high, 

including for various substituents such as fluoro, chloro, bromo and 
iodo groups, without much affecting the stereochemical outcomes 
(4–7). The absolute configuration of 6 was further confirmed as the 
(S)-isomer by X-ray analysis, with an absolute structure parameter 
of 0.04 (Supplementary Table 1)41. While electron-deficient trifluo-
romethyl (8) and donating methyl or tert-butyl substituents (10, 11) 
gave rise to excellent results, reductions in reactivity and enantiose-
lectivity were observed with a nitro group (9). Although electronic 
variation of the aryl moiety did not much affect its benzylic C–H 
insertion process, the positions of the substituents were found to 
be more critical for the stereo-outcomes. When methyl or chloro 
groups are substituted at the ortho-position, the e.r. drops to 85:15 
or 80:20, respectively (14, 15). An extended π-system, such as the 
2-naphthyl moiety, was also successfully applicable to the present 
catalyst system (16). Of note, the reaction is convenient to carry out 
under air without precautions, and a tenfold larger-scale reaction 
also gave essentially the same result.

The current approach to γ-lactams could be readily applicable 
to functionalizing aliphatic secondary C(sp3)–H bonds with high 
to excellent enantioselectivity. Dioxazolones bearing 4-cyclohex-
ylbutyl (17), 5-phenylpentyl (18) and 5-imido (19) groups were 
converted to the corresponding chiral pyrrolidinones with >95:5 
e.r. Interestingly, high regioselectivity towards the γ-position was 
observed even in the presence of potentially more reactive benzylic 
or tertiary δ-C–H bonds (20, 21). The observed regioselectivity pat-
tern is significantly distinct from the known asymmetric amidation 
catalysis, where six-membered cyclization at the δ-position is highly 
efficient14,16–18,42. The reaction of a dioxazolone substrate having an 
adamantyl moiety at the β-position provided an optically enriched 
γ-lactam (22) in moderate yield. Naturally abundant and bioactive 
fatty acids such as myristic, oleic and elaidic acids were readily con-
verted to the corresponding chiral lactams with a good to high level 
of stereochemical fidelity (23–25). Other C–H bonds at the propar-
gylic and allylic positions were also amidated under the present cat-
alytic conditions albeit with moderate enantioselectivities (26, 27).

We next wondered whether our procedure might also be appli-
cable to desymmetrization of meso-substrates containing an enan-
tiotopic tertiary- or quaternary-carbon for the production of chiral 
lactams with two consecutive stereogenic centres in a single trans-
formation43. To our delight, a substrate containing four benzylic 
C–H bonds at the γ-position was effectively desymmetrized with 
an excellent level of enantioselectivity and diastereoselectivity to 
afford 28 in high yield. Two sets of equivalent C–H bonds in an 
indane ring were also selectively distinguished to furnish a tricyclic 
chiral lactam 29 in excellent yield and enantioselectivity. Moreover, 
a dioxazolone substrate, easily prepared from a top-selling anti-epi-
leptic drug Neurotin, was successfully subjected to the present cata-
lytic conditions, and quantitatively produced a bicyclic lactam 30 
bearing a quaternary chiral carbon centre in moderate enantiose-
lectivity. On the other hand, the stereoselectivity was significantly 
increased with a cyclopentyl analogue of Neurotin to give rise to 
a bicyclic lactam 31, thus showcasing the potential utility of our 
method in a fine chemical industry.

The obtained chiral γ-lactams could be further transformed 
to a number of important scaffolds with biological relevance. 
Representative lactam 2 (98:2 e.r.), which was obtained from a 
large-scale reaction, was successfully converted to give chiral 
N-arylated lactam 32, thioamide 33, chiral pyrrolidine 34 and 
non-natural γ-amino acid 35 without erosion of enantiopurity. 
These synthetic derivatives serve as important pharmacophores, as  
illustrated in Fig. 5.

Conclusions
We have introduced an iridium-based catalyst system for asym-
metric C–H amidation that enables facile construction of chiral γ- 
lactams starting from commodity chemicals such as carboxylic acid 
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derivatives. A series of Cp*Ir-based catalysts were tested on the basis 
of mechanistic considerations, and chiral diamines were discovered 
to be excellent ligand scaffolds for this asymmetric transformation. 
A wide range of dioxazolone substrates, easily prepared in two steps 
from the corresponding carboxylic acids, were successfully applied 
to furnish γ-lactam products in high product yields with excellent 
enantioselectivity. Various types of secondary C−H bond, for exam-
ple positioned at the benzylic, unactivated aliphatic, propargylic and 
allylic sites, were all smoothly reacted in a regio- and stereoselective 
manner. Extension of the current protocol to desymmetrization 
of meso-substrates was also achieved with excellent enantioselec-
tivity to introduce two consecutive stereogenic centres in a single 
transformation. To understand the key factors for achieving such 
high enantioselectivity, computational evaluations of the plausible 
pathways were performed, which identified a unique hydrogen 
bonding between the substrate and catalyst that might play a piv-
otal role in the enantioselectivity-determining process. This com-
putationally guided insight led us to carry out further experimental 
elaboration to confirm the importance of the hydorgen bond during 
catalysis. In particular, structural analogues of the highly reactive Ir– 
carbonylnitrenoid intermediate were successfully synthesized, and 
spectroscopic signatures of the hydrogen bonding were unambigu-
ously observed. Consistent with this rationale, significant erosion 
in enantioselectivity was observed when the degree of the hydro-
gen bond interaction was weakened by the catalyst modification. 
We anticipate that the present approach will find broad applications 
in synthetic and medicinal chemistry, and the mechanistic insights 
may provoke further developments in related asymmetric catalysis.

Methods
Preparation of Ir3, and Ir5 to Ir10. [Cp*IrCl2]2 (200 mg, 0.25 mmol), ligand 
(0.50 mmol) and triethylamine (101 mg, 1.00 mmol) in dichloromethane (10 ml) 
were stirred for 30 min at room temperature. After completion, the crude mixture 
was purified by flash chromatography (eluent: CH2Cl2/MeOH = 20:1) to afford the 
desired complexes.

Preparation of Ir12 and Ir13. Organic amide (0.072 mmol) and Ir11 (50 mg, 
0.072 mmol) in dichloromethane (2 ml) were stirred at 50 oC for 15 min. After 
completion, the solvent was removed under reduced pressure to afford analytically 
pure product. Further slow diffusion of pentane into saturated solution in 
chloroform at −30 oC gave fine yellow crystals for X-ray analysis.

Preparation of 3-substituted 1,4,2-dioxazol-5-ones. To a stirred solution 
of hydoxamic acid (5.0 mmol) in dichloromethane (50 ml) was added 
1,1′-carbonyldiimidazole (0.81 g, 5.0 mmol) in one portion at room temperature. 
After stirring for 30 min, the reaction mixture was quenched with 1 N HCl (30 ml), 
extracted with dichloromethane three times (50 ml ×3) and dried over MgSO4.  
The solvent was removed under reduced pressure. The crude mixture  
was filtered through a pad of silica and washed with dichloromethane. The filtrate 
was concentrated under reduced pressure to afford 3-substituted 1,4,2-dioxazol- 
5-ones28.

General procedure for Ir-catalysed enantioselective C–H amidation reaction. To 
a 4 ml reaction vial were added Ir10 (8.1 mg, 5 mol%), NaBArF

4 (8.9 mg, 5 mol%), 
anhydrous TCE (0.4 ml), which were stirred with a magnetic stir bar under an 
Ar atmosphere. To another vial were added 1,4,2-dioxazol-5-one (0.2 mmol) and 
TCE (0.2 ml). After stirring for 5 min at room temperature, the substrate solution 
was transferred to the reaction vial, and an additional 0.4 ml of TCE (0.2 ml ×2) 
was used to ensure complete transfer. The reaction mixture was vigorously stirred 
in a pre-heated aluminium block at 35 °C for 24 h. After completion, solvent was 
removed under reduced pressure, and the desired product was obtained by flash 
chromatography (eluent: n-hexane/10% methanol in EtOAc, 4:1).

Procedure for the large-scale reaction. To a 50 ml round-bottom flask were added 
Ir10 (65 mg, 4 mol%), NaBArF

4 (71 mg, 4 mol%) and anhydrous TCE (10 ml) under 
an Ar atmosphere. After stirring for 5 min at room temperatures, 1 (2.0 mmol, 
410 mg) was directly added, and the reaction mixture was vigorously stirred in a 
pre-heated oil bath at 50 oC for 24 h. After completion, solvent was removed under 
reduced pressure, and the desired product was obtained by silica chromatography 
(eluent: n-hexane/10% methanol in EtOAc solution, 4:1). A product yield of 94% 
and e.r. of 98:2 were obtained.

Full experimental details, characterization of new compounds and 
computational details are provided in the Supplementary Methods.

Data availability
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