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Selective functionalization of ubiquitous C-H bonds in organic molecules

provides a straightforward and efficient approach to construct complex
molecules with fewer synthetic steps and high atom economy, thus promoting
more sustainable and economical chemical synthesis. A formidable challenge
in the field is to increase the turnover numbers (TONSs) for catalytic C-H
functionalization reactions reported in the literature (generally <10,000) to
reasonably high levels to reduce the cost of the reaction. Another challenge is
the selective functionalization of less reactive primary C(sp®)-H bonds com-
pared to other types of more reactive C-H bonds. We now demonstrate an
efficient iridium porphyrin-catalysed asymmetric carbene insertion into pri-
mary N-adjacent C(sp®)-H bond of N-methyl indoline and N-methyl aniline
derivatives. Using chiral iridium porphyrin as a catalyst, chiral -amino acid
derivatives have been obtained with very high yields and excellent ee values
(up to 99%), and TONs as high as 84,000 to 1,380,000. The reaction can be
readily performed on a 100 g scale while retaining its high efficiency and
selectivity. We also show that this iridium catalysis can efficiently access oli-
gomers and polymers of B-amino acid derivatives via stepwise C-H insertion,
demonstrating its potential applications in materials science via C-H bond
functionalization reactions.

Efficient and highly selective catalytic chemical transformation reac-
tions are the ‘Holy Grail’ of organic synthesis and play a pivotal role in
modern society' . These reactions are crucial for efficiently producing
valuable compounds with minimal waste, driving sustainable practices
in the modern chemical industry. For example, transition metal-
catalysed asymmetric hydrogenation reactions have revolutionised
modern synthetic chemistry and have had far-reaching impacts**. This
powerful synthetic approach enables stereo-selective reduction of
double bonds in starting materials via hydrogenation, resulting in

efficient production of value-added products. The large-scale indus-
trial application of asymmetric hydrogenation is attributed to its
exceptional attributes, including high product turnover number
(TON), which is usually hundreds of thousands to millions, coupled
with excellent stereo-selectivity, often in excess of 95% enantiomeric
excess (ee) and high atom-economy® ', Catalytic C-H bond functio-
nalization (Fig. 1a) via C-H bond activation®™ or C-H bond
insertion’*** provides a direct route to convert C-H bonds into new
chemical bonds. This makes it possible to install valuable functional

'Shanghai-Hong Kong Joint Laboratory in Chemical Synthesis, Shanghai Institute of Organic Chemistry, Shanghai, PR China. State Key Laboratory of
Synthetic Chemistry, Department of Chemistry, The University of Hong Kong, Hong Kong SAR, PR China. 3Laboratory of Beam Technology and Energy
Materials, Advanced Institute of Natural Sciences, Beijing Normal University, Zhuhai, PR China. “These authors contributed equally: Zong-Rui Li, Kun Zhan.

e-mail: xuzhenjiang@sioc.ac.cn; cmche@hku.hk

Nature Communications | (2025)16:3311


http://orcid.org/0000-0003-3574-917X
http://orcid.org/0000-0003-3574-917X
http://orcid.org/0000-0003-3574-917X
http://orcid.org/0000-0003-3574-917X
http://orcid.org/0000-0003-3574-917X
http://orcid.org/0000-0003-3292-8893
http://orcid.org/0000-0003-3292-8893
http://orcid.org/0000-0003-3292-8893
http://orcid.org/0000-0003-3292-8893
http://orcid.org/0000-0003-3292-8893
http://orcid.org/0000-0002-2554-7219
http://orcid.org/0000-0002-2554-7219
http://orcid.org/0000-0002-2554-7219
http://orcid.org/0000-0002-2554-7219
http://orcid.org/0000-0002-2554-7219
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58316-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58316-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58316-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-58316-1&domain=pdf
mailto:xuzhenjiang@sioc.ac.cn
mailto:cmche@hku.hk
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58316-1

a Catalytic C-H functionalization reported in the literature

R! R!

Primary C-H insertion
TON: up to 1,380,000
up to 99% ee

H Cat. @
= =7
DG DG
TON: generally <1,000
RU_H Cat. R ¢
R? R?
R® R®
TON: generally <10,000
b This work R1—:\ N
Z N
- Ir(D4-Por)(diCIPh)
111 N -
R'— _ ) >
N N
\ N 0._CCly
R21L
|
Z e}
N
R'— —O Aromatic C-H
Z N

—Q Secondary C-H
—Q Primary C-H

Previous work

B

Iridium cat.
N2

Ar CO,Me Secondary C-H insertion
TON <100

up to 97% ee

Ir(D4-Por)(diCIPh)

Fig. 1| Metal-catalysed asymmetric C-H functionalization. a Functionalization of C(sp®)-H bonds with or without directing groups (DG). Inset: our previous work. b Ir-

catalysed carbene insertion into primary C(sp)-H bonds in this work.

groups and complex moieties in target molecules. Given the ubiquity
of C-H bonds in organic molecules, this method provides a direct and
efficient way to construct complex molecules with fewer synthetic
steps and higher atom economy, thus facilitating more sustainable and
economical chemical synthesis. In this regard, catalytic C-H bond
functionalization has garnered widespread attention and there has
been much effort devoted to its application in late-stage modification
of complex molecules** . Transition-metal-catalysed asymmetric
carbene insertions into C-H bonds with site- and stereo-selectivity offer
an attractive and direct approach to this field. It is worth noting that
most of the selective carbene C-H insertion reactions reported so far
rely on dirhodium catalysis, through the combination of different
chiral rhodium catalysts and carbene precursors. On the other hand,
there are few examples of using other transition metal catalysts'*?°>,

Despite significant advances in catalytic C-H functionalization,
there are still some key challenges that need to be resolved before
further large-scale applications. A particularly pressing issue in this
area is how to improve the relatively low product TON in reported
examples® (generally <10,000; 98,000 in one example®) to rea-
sonable high levels to reduce reaction costs while minimising the
impact of catalyst contamination on product. The second challenge is
to selectively functionalise specific C-H bonds in target molecules that
have multiple C-H bonds of similar reactivity’®”’, as well as primary
C(sp®)-H bonds that are less reactive relative to other more reactive
C-H bonds**,

Natural enzymes have a remarkable ability to catalyse C-H func-
tionalization of specific substrates under mild conditions, with high
activity and selectivity*>*. However, the difficulty in obtaining natural
enzymes in large quantities means that they are generally expensive
and not widely available*>**, In addition, the substrate scope of enzy-
matic reactions is often limited, and the catalytic results are sensitive
to multiple factors such as pH and temperature. To address these
challenges, various bio-mimetic metal complexes have been devel-
oped to catalyse C-H functionalization. Although the complexes

reported so far are easier to prepare and modify than natural enzymes,
their activity and selectivity are often difficult to match the efficiency
of natural enzymes. Therefore, the development of robust metal cat-
alysts that can efficiently and selectively catalyse C-H functionalization
over a wide range of substrates is beneficial for unlocking the practical
and large-scale application of C-H functionalization reactions in pre-
cision organic synthesis. Previously, we demonstrated that chiral iri-
dium porphyrins can catalyse asymmetric intermolecular carbene
insertions into O-adjacent secondary C-H bonds in tetrahydrofuran
using donor-acceptor diazo compounds as carbene precursors**®
(Fig. 1a, inset). Here, we report an efficient iridium porphyrin-catalysed
asymmetric carbene insertion into primary N-adjacent C(sp®)-H bonds
of N-methyl indoline and N-methyl aniline derivatives. Using chiral
iridium porphyrin as a catalyst, chiral -amino acid derivatives were
obtained with very high yields and excellent ee values, with product
TONSs ranging from 84,000 to 1,380,000 (Fig. 1b). Notably, the reac-
tion can be easily carried out on a 100 g scale while retaining its high
efficiency and selectivity. In addition, this iridium catalysis can effi-
ciently produce oligomers and polymers of 3-amino acid derivatives
through stepwise C-H insertion, demonstrating its potential applica-
tion in materials science through C-H bond functionalization reactions.

Results and discussion

Carbene insertion into C(sp®)-H bonds of N-methyl indolines
Iridium porphyrin catalysis was initiated by exploring the catalytic
carbene insertion of N-methyl indoline 1a, which has three types of C-H
bonds susceptible to carbene insertion: N-adjacent primary and sec-
ondary C(sp®)-H bonds, as well as the aryl C(sp?)-H bonds. Notably,
under common conditions, primary C-H insertion is preferred among
these options (Supplementary Tables 1 and 2). Using the donor-
acceptor diazo compound 2a as the carbene precursor, rapid screen-
ing studies show that iridium porphyrin complexes can selectively
afford the primary C-H insertion product 3a (Supplementary Table 1).
Encouraged by this result, chiral iridium porphyrin complexes were
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used as catalysts in the reaction. To our delight, 0.5 mol% of Ir(D4-Por)
(CO)CI proved sufficient to carry out the reaction and the desired
primary C(sp®)-H insertion product 3a was obtained in 70% NMR yield
and 97% ee, and the double insertion product 6 was obtained in 16%
NMR yield within 24 h (Supplementary Table 2, entry 1). As expected,
Ir(D4-Por)Me with an axial methyl group, showed significantly higher
activity due to the strong trans effect of the methyl group, resulting in
the reaction being completed within 5 min; the NMR yield of 3a was
67%, although the ee value of 90% is slightly lower (Supplementary
Table 2, entry 2). Interestingly, we serendipitously discovered that a
simple modification of the separation procedure in the preparation of
the iridium porphyrin catalyst could significantly improve the catalytic
reaction (with Ir(D4-Por)(CO)CI catalyst), thereby reducing the reac-
tion time from 24 h to 2h (Supplementary Table 2, entry 3). The
‘activated Ir(D4-Por)(CO)CI’ was compared with normal Ir(D4-Por)(CO)
Cl by various analytical methods, and no significant difference was
found between the two. This suggests that the ‘activated Ir(D,-Por)
(CO)CI" may contain trace amounts of ‘highly active iridium porphyrin
species’ that may be the ‘actual catalyst’ responsible for the observed
efficient and selective catalysis of the C-H insertion reactions. In view
of our previous findings that axial ligands may have a significant effect
on the catalytic activity of metalloporphyrin-catalysed reactions***¢,
and the literature reports that iridium complexes with axial methyl*
or aryl ligands® are highly active catalysts for carbene transfer reac-
tions, we hypothesised that trace amounts of ‘highly reactive iridium
porphyrin species’ may be formed during the preparation of Ir(D,-Por)
(CO)Cl in 1,2,4-trichlorobenzene. To test our hypothesis, we success-
fully synthesised the axially arylated iridium porphyrin Ir(D4-Por)
(diCIPh) (diCIPh = 3,4-dichlorophenyl) and confirmed its structure by
X-ray single crystal analysis. As expected, the complex showed high
catalytic activity in promoting C-H insertion reactions to produce 3ain
moderate yields and excellent enantioselectivity (Supplementary
Table 2, entries 4-5). Notably, the NMR yield of 3a increased to 83% by
reducing the amount of diazo compound used to suppress the for-
mation of the double insertion product (Supplementary Table 2, entry
6). In addition, the reaction showed excellent tolerance to a variety of
common organic solvents, affording 3a in moderate-to-good yields
with exceptional enantioselectivity (Supplementary Table 2, entries
7-15). Among the solvents examined, cyclohexane and chloroform
performed the best in terms of product yield and enantioselectivity.
Strikingly, optimisation of the catalytic reaction by reducing the
amount of catalyst (Supplementary Table 2, entries 16-22) showed
that, with the use of 0.0004 mol% (4 ppm) Ir(D4-Por)(diCIPh) catalyst
in cyclohexane at 40 °C and acetic acid as additive, 70% isolated yield,
96% ee and a high product TON of 175,000 were obtained for 3a
despite the longer reaction time (Supplementary Table 2, entry 22).
The high activity of Ir(D4-Por)(diCIPh) is attributable to the strong
trans effect of a phenyl group, coupled with introduction of two
electron-withdrawing chloro-substituents on the phenyl group, which
enhances the electrophilicity of the carbene group. Moreover, the
large steric hindrance of diCIPh combined with the chiral pocket
structure of D,-Por may better protect the catalytic centre and greatly
improve the stability of the catalyst. We speculate that this interplay of
electronic and steric effects enables Ir(D4-Por)(diCIPh) to efficiently
catalyse asymmetric C-H insertion reactions even at very low catalyst
loading.

Under optimised reaction conditions, the asymmetric C-H inser-
tion reaction of various N-methyl indoline derivatives and donor-
acceptor diazo compounds was investigated; the corresponding pro-
ducts are shown in Fig. 2. Highly efficient and selective primary C-H
insertion of various substituted N-methyl indoline derivatives was
achieved; the corresponding insertion products were obtained with
good-to-excellent isolated yields (66-93%), excellent enantioselec-
tivities (90-96% ee), and very high product TONs (88,000-330,000)
(Figs. 2, 3a-g). Interestingly, this reaction is sensitive to the steric

hindrance of N-methyl indoline and no primary C-H bond insertion
reaction was detected for 7-bromo substituted N-methyl indoline 1h
(Figs. 2, 3h). This reaction tolerates a range of different substituted
donor-acceptor diazo compounds, and provides the corresponding
insertion products (3i-3m) in moderate-to-good yields (60-90%) with
excellent enantioselectivities (93-96%) and high TON from 60,000 to
226,000. Similar steric hindrance sensitivity was also observed when o-
bromo substituted diazo compounds were used as the carbene source,
and the desired insertion product 3n was not detected in the reaction.
N-Methyl tetrahydroquinoline also reacts to form 30, with a yield of
82%, an ee value of 94% and a TON of up to 205,000. The reaction of
N-methyl benzomorpholine was also successful, providing the desired
insertion product 3p in 84% yield and 89% ee with a TON of 84,000.

Carbene insertion into C(sp®)-H bonds of N-methyl anilines
Subsequently, the reaction was extended to various N-methyl aniline
derivatives using the donor-acceptor diazo compound 2a as carbene
source, and the results are summarised in Fig. 3. Compared to N-methyl
indoline, N,N-dimethyl aniline showed higher reactivity; product 8a was
formed in 85% yield and 90% ee with a TON of 428,000. Fluoro sub-
stituted N,N-dimethyl aniline derivatives showed high reactivity in the
reaction, and the corresponding insertion products 8b-8d were
obtained in good yields (60-83%), with excellent enantioselectivity
(93-99% ee) and high product TONs (600,000-1,380,000). To our
knowledge, this is the highest TON reported to date for a C-H insertion
reaction. N,N-Dimethyl aniline with ClI, Br, methyl or ester group on the
phenyl ring was also found to be a suitable substrate in the reaction, and
the corresponding primary C-H insertion products 8e-8i were obtained
in high yields (81-94%), excellent enantioselectivity (89-94% ee) and
high TON of 207,000-236,000. N-Ethyl, benzyl or ethyl acetates were
also well tolerated in the reaction and afforded 8j-81 with high efficiency
and selectivity. Interestingly, when 7k with a benzyl substituent was used
as substrate, the more reactive secondary benzylic C-H bond remained
intact, and the desired N-methyl insertion product 8k was obtained in
80% yield and 95% ee; this further demonstrated the high selectivity of
this iridium catalysis. The reaction can be extended to N,N-dimethyl
aminonaphthalene and affords 8m and 8n in moderate-to-good yields
and good-to-high enantioselectivities. It is worth noting that methyl
substituted diazo compounds, such as methyl 2-(4-bromophenyl)-2-
diazoacetate, are also suitable for this reaction; compound 80 was
obtained with a yield of 80% and an ee of 89% with a TON of 267,000.
These values for compound 8o are lower than those for 8a obtained
using the 2,2,2-trichloroethyl substituted counterpart 2a. This is con-
sistent with previous report that 2,2,2-trichloroethyl aryldiazo-acetates
outperform their methyl counterparts in metal-catalysed carbene C-H
insertion reactions™.

We also explored the reactivity of several amine-substituted pyr-
idine compounds, including dimethylaminopyridine (DMAP) and its
derivatives. Using 4-DMAP or its N-oxide as substrate, no desired
insertion products 8p or 8q were detected (Supplementary Fig. 1). This
is attributed to the coordination of the pyridine or N-oxide groups to
the catalyst Ir(D4-Por)(diCIPh), which prevents the formation of the
corresponding metal-carbene intermediate required for the C-H
insertion reaction. We then used sterically hindered 4- or 2-DMAP
derivatives as substrates to mitigate the pyridine coordination; the
corresponding reactions gave C-H insertion products 8r and 8s with
80% ee (40% yield) and 94% ee (69% yield), respectively, despite the
higher catalyst loading (1 mol%) (Supplementary Fig. 1).

The Ir(D4-Por)(diCIPh)-catalysed highly enantioselective primary
C(sp’)-H insertion reaction of N-methyl indolines and N-methyl ani-
lines (Figs. 2 and 3) is significantly different from the non-porphyrin
metal-catalysed reaction between N,N-dialkyl aniline and diazo com-
pounds reported in the literature; the latter was found to lead to the
insertion of carbene into aryl C(sp?)-H bonds (TONs: <100)***. For the
cytochrome P411 enzyme- or chiral Ir(Por)(CO)(Cl)-catalysed primary

Nature Communications | (2025)16:3311


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58316-1

! R2wih
Z N (F o]

T o
3l O/\cm3
3b Br

Y:79%, 95% ee, TON: 160,000

N
o ~CCk

40 °C. Y: 70%, 96% ee, TON: 175,000 (4 ppm, 3 d)
60 °C. Y: 78%, 90%ee, TON: 195,000 (4 ppm, 1 d)

F

N o TCCh

Y: 91%, 93% ee, TON: 228,000 (4 ppm, 2 d)
Y: 66%, 93% ee, TON: 330,000 (2 ppm, 3 d)

0

o CCla

Y: 88%, 96% ee, TON: 88,000
(10 ppm, 1 d)

Y: 60%, 93% ee, TON: 60,000
(10 ppm, 3 d)

AN
N 10
2 ()IF(D4-Por)(diCIPR) (X ppm) T i;[,} o

AcOH (0.3 equiv)

(5 ppm, 2d)
Br

C 5
.
(0]

CCly

Br
Y: 88%, 94% ee, TON: 88,000
(10 ppm, 1 d)

N o CCls
Y: 90%, 95% ee, TON: 226,000

(4 ppm, 2d)

N o CCls

ND

cyclohexane, 40 °C. time

Cl

T s
O/\CCI3
3c Br
Y: 91%, 95% ee, TON: 228,000
(4 ppm, 2d)

PRy
Br O/\CCI3
Br

Y: 93%, 93% ee, TON: 93,000
(10 ppm, 1 d)

Y: 81%, 93% ee, TON: 202,000
(4 ppm, 2d)

(X,

07 >cel,

30 Br

Y: 82%, 94% ee, TON: 205,000
(4 ppm, 1d)

o ~CCk

Y: 87%, 95% ee TON: 220,000
(4 ppm, 2d)

N (e}
o/\CCI3
Br

VAR
o CCls

Y: 86%, 96% ee, TON: 215,000
(4 ppm, 2d)

0
N O
0" >cel
3p Br

Y: 84%, 89% ee, TON: 84,000
(10 ppm, 2 d)

Fig. 2 | Scope of N-methyl indoline and donor-acceptor diazo compounds. The reactions were conducted in cyclohexane at 40 °C in the presence of iridium porphyrin

catalyst (-)Ir(D4-Por)(diCIPh). Results for the reaction of 1a and 2a catalysed by (-)Ir(D4-Por)(diCIPh) at 60 °C are also shown.

C(sp*)-H insertion of N,N-dialkyl anilines using diazo compounds, the
TON was as high as 2330* or <100°%, respectively. There is also a report
on the metal-catalysed reactions of N,N-dialkyl anilines and N-alkyl
indolines with TrocNHTs, leading to the insertion of nitrenes into
primary C(sp®-H bonds, giving products with TON of <20%°.

Large scale reactions

To further demonstrate the high efficiency of this iridium catalysed
asymmetric primary C(sp®)-H insertion reaction, two 100-gram scale
reactions were performed (Fig. 4a). The reaction of N-methyl indoline
1a and diazo compound 2a can also proceed smoothly in cyclohexane
in the presence of 4 ppm (-)Ir(D,4-Por)(diCIPh) at 40 °C; the desired
insertion product was obtained in 96% ee, 71% isolated yield and
177,500 TON. Similarly, p-fluoro-N-dimethylaniline 7b reacted
smoothly with 2a in the presence of 1 ppm (-)Ir(D4-Por)(diCIPh) to give
8b, with an isolation yield of 90% (equivalent to 900,000 TON) and an
enantioselectivity of 93% ee. Notably, the large-scale reaction is easy to

perform and maintains high efficiency and selectivity, which is of great
value for potential practical applications.

Applications in organic synthesis

The insertion product 3a could be easily converted into other valuable
compounds (Fig. 4b). After treatment of DDQ, the corresponding
dehydrogenated product 9 was obtained in 88% yield and 94% ee.
When compound 3a was treated with excess Zn in acetic acid, chiral
acid 10 could be obtained in 68% yield, which was further converted
into chiral amides 11 and 12. When 10 was treated with N-hydro-
xyphthalimide, 13 was obtained in 83% yield. The absolute structure of
13 was determined to be S via single crystal X-ray structure analysis and
the structures of the other products were assigned accordingly.

This iridium catalysis can be easily used for late-stage modifica-
tion of complex molecules (Fig. 4c). When estrone derivative 14 was
treated with 2a in the presence of iridium porphyrin catalyst, the
corresponding insertion product could be obtained in high yield.
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Fig. 3 | Scope of N-methyl aniline derivatives. For the reaction producing 80, methyl 2-(4-bromophenyl)-2-diazoacetate, instead of 2,2,2-trichloroethyl 2-(4-bromo-

phenyl)-2-diazoacetate (2a), was used.

Notably, no competitive O-H insertion products were detected in the
reaction, and the absolute structure of the insertion product can be
fully controlled by the chiral catalyst to selectively and exclusively
provide 15 or 16 with high efficiency (Fig. 4c). Subsequently, dihy-
droartemisinin derived substrate 17 was also tested in the reaction, and
the desired C-H insertion product 18 was obtained with high efficiency
and selectivity, retaining the chemically sensitive peroxide bridge
motif (Supplementary Fig. 2).

Application in polymerisation reactions
Inspired by the high efficiency and selectivity of chiral iridium por-
phyrin in catalysing asymmetric carbene insertion of N-methyl anilines,

we set out to try polymerisation reaction via sequential stepwise
intermolecular carbene insertion of C-H bonds, which is a challenging
task. Although the participation of carbenes in polymerisation reac-
tions through X-H insertion (X =N, O) has been reported, to the best of
our knowledge, the corresponding C-H insertion examples have not
been reported. This may be attributed to the high barrier for C-H bond
activation/insertion. In this regard, compound 19 bearing both the
donor-acceptor diazo and N,N-dimethyl aniline moieties was designed
and synthesised. To our delight, when 19 was treated with an iridium
porphyrin catalyst, the polymerisation reaction proceeded smoothly
to produce oligomers or polymers of amino acid ester derivatives
under mild conditions (Supplementary Fig. 3). When cyclohexane was
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bioactive compounds.
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Fig. 5 | Iridium porphyrin-catalysed polymerisation reactions. a polymerisation of diazo 19. b polymerisation of bisdiazo 21 with 7a.

used as a solvent, 20 (probably due to its low solubility in cyclohexane)
was obtained as an oligomer through which up to 7 units were
linked. Strikingly, the use of Ir(TMP)(diCIPh) as a catalyst in DCM gave
20 with a Mn of 8375; using ()Ir(D4-Por)(diCIPh) as a catalyst,
higher Mn values such as 17242 were obtained (Fig. 5a). This may be
due to the larger steric hindrance of the D4-Por structure, which leads
to higher selectivity of the corresponding iridium carbene inter-
mediate. Subsequently, the polymerisation reaction of the bisdiazo
compound 21 with N,N-dimethyl aniline 7a in the presence of iridium
catalyst was studied. The reaction proceeded smoothly to afford
polymer 22 with a M,, of 51390 (Fig. 5b) via a double C-H insertion
mode. These results demonstrated that by combining robust and
selective iridium catalyst with carefully designed substrates, C-H
insertion reactions can serve as powerful tools for polymerisation
reactions, opening another door for the development of synthetic
methods for polymer chemistry.

Mechanistic studies

To elucidate the reaction mechanism, deuterated N-methyl indoline 23
was employed as the substrate; the isolated yield of corresponding
deuterated product 24 was 68% and the ee was 96% (Supplementary
Fig. 4a). When equal amounts of 1a and 23 were reacted with 2a in the
presence of (-)Ir(D4-Por)(diCIPh), a mixture of 3a and 24 was with a k/
kp value of 3.54 (Supplementary Fig. 4b), thus indicating that the
insertion step can be rate-determining step. When 5 equivalents of
TEMPO were added to the reaction mixture, 3a could still be obtained
in 61% yield and 96% ee (Supplementary Fig. 4c), so the radical pathway
may not be involved in the reaction.

DFT calculations

DFT calculations were performed to give an energy landscape of the
catalytic reaction, providing more insight into the unusual selectivity
and the results are summarised in Fig. 6. Using the donor-acceptor
diazo compound 2a as the carbene source, an Ir-carbene intermediate
(Int2) with axial diCIPh group was formed. The Gibbs free energy of
activation (AG*) is 14.6 kcal/mol, and the relative Gibbs free energy of
Int2 is -21.6 kcal/mol. Int2 exists as a singlet Ir-carbene, and the energy
of its corresponding triplet Ir-carbene is 13.3 kcal/mol higher. Using
N-methyl indoline 1a as substrate, the calculation results show that
primary C(sp®)-H can be easily activated by Int2 with a barrier of
5.3 kcal/mol (TS2) in a concerted insertion manner, giving 3a as the
major product. For the generation of its enantiomer, the calculated

AG* is 8.1 kcal/mol (TS2'), which is higher. Based on the transition state
energy difference (2.8 kcal/mol), the calculated ee is 98%, which is
consistent with the experimental results. The transition states for the
formation of minor products 4 and 5 (Supplementary Table 2) were
also calculated. For other more feasible aromatic C(sp?)-H bond acti-
vations to give 4, the electrophilic addition mechanism was examined
and the calculated transition state energy (4-TS, Fig. 6¢) was 7.2 kcal/
mol. However, the 2 °C-H insertion is the least favourable, with a AG* of
8.6 kcal/mol (5-TS, Fig. 6¢).

To better understand the energy differences of these transition
states that determine the enantioselectivity and regioselectivity of the
reaction, non-covalent interaction (NCI) analysis was further per-
formed. As shown in Fig. 6, the transition state involves attractive -,
C-H--0 and C-H-mt interactions as well as steric repulsion. The most
favourable primary C-H activation involves (i) a strong 1=t interaction
between the phenyl group of the carbenoid and the aromatic ring of
the indoline (3.69 A), (ii) C-H--O (212A) interaction between the
methyl group of 1a and the carbonyl oxygen of carbenoid, and (iii) C-
H-Tt (2.28 A) interaction between the methyl group of 1a and the
porphyrin macrocycle. Meanwhile, the steric hindrance between 1a
and D,-Por was determined to be minimal, as revealed by the longer
H--H distances (212A and 2.30 A). While for TS2', general weak
attractive interactions were calculated (-t interaction 4.28 A, C-H--O
236 A and C-H--1t 2.52 A). In addition, the H--H distances in TS2' are
1.94 A and 219 A, respectively, so there is a larger steric repulsion.
Therefore, both strong attractive interactions and weak repulsive
steric hindrance contribute to the high enantioselectivity. For aromatic
C-H activation, although the -1 distance is calculated to be 3.37 A
due to the electrophilic addition nature of the transition state, the
displacement (twist) between the carbene phenyl and aromatic indo-
line rings reduces the overlap. Therefore, the -1t interaction is still
weak. For the generation of 5, the H-H distances in the DFT-optimised
transition state structure are relatively close, 2.16 A, 2.20 A and 2.25 A,
respectively, which determines the steric repulsion caused by these
three sites, showing that the 2° C-H insertion is the most sterically
unfavourable. Overall, the primary C-H activation TS2 is the most
stable through attractive interactions and fits spatially into the cata-
lytic pocket yielding the most prevalent product 3a. The presence of
multiple attractive NCls synergistically lowers the activation barrier for
C-H activation, making the reaction feasible and selective under mild
conditions while also ensuring a high product turnover number for the
catalyst.
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Fig. 6 | DFT calculations of reaction mechanism and selectivity. a Energy profiles
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¢ Geometrical analysis of attractive and repulsive interactions in transition states

that determine the selectivity. H--H distance (<2.4 A) between the C-H of substrate
(1a) and D4-Por ligand in the space-filling diagrams are shown to quantitatively
reveal the steric repulsion interactions.

In summary, we have developed an efficient and practical iridium
porphyrin-catalysed asymmetric intermolecular primary C(sp®)-H
bond insertion reaction for a variety of N-methyl indoline and
N-methyl aniline derivatives. Using ppm-level loading (-)Ir(D4-Por)
(diCIPh) as the catalyst and a donor-acceptor diazo compound as the
carbene source, the corresponding insertion product was obtained
with high yield and excellent enantioselectivity. The product TON of
1,380,000 represents the highest TON reported to date in asymmetric
C-H insertion reactions. Importantly, the insertion reaction could be

easily performed on a 100-gram scale while maintaining high selec-
tivity and efficiency. In addition, we also successfully demonstrated the
promising examples of donor-acceptor diazo compound polymerisa-
tion to synthesise poly-B-aminoester through stepwise carbene inser-
tion into primary C(sp)-H bonds. This result may hold promise for the
development of functional polymers with a variety of applications.
Overall, our results represent a significant advance in the field of C-H
bond functionalization and highlight the potential of iridium por-
phyrin catalysis for scalable and selective synthesis of valuable chiral
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compounds and for expanding the scope of C-H insertion reactions in
materials science.

Methods

General procedure for carbene C-H insertion of indoline and
donor-acceptor diazo compounds

Under argon protection, 1 (0.2 mmol), acetic acid (0.06 mmol, 0.3
equiv) and catalyst (4-10 ppm) were dissolved in anhydrous cyclo-
hexane (ImL) in a Schlenk tube, and the diazo compound 2
(0.22 mmol, 1.1 equiv.) was added into the Schlenk tube in one portion.
The tube was placed in a pre-heated 40 °C oil bath and the mixture was
stirred and monitored by TLC until complete consumption of 1. The
solvent was removed under reduced pressure. The desired product 3
was purified by silica gel flash column chromatography using ethyl
acetate/petroleum ether (1:300 v/v) as the eluent.

General procedure for carbene C-H insertion of N-methyl
aniline and donor-acceptor diazo compounds

To a solution of 7 (0.2 mmol), acetic acid (0.06 mmol, 0.3 equiv.) and
catalyst (1-10 ppm) in anhydrous cyclohexane (1 mL) was added diazo
compound 2 (0.22mmol) under argon atmosphere. The reaction
vessel was placed in a pre-heated 60 °C oil bath; the mixture was then
stirred. The reaction was monitored by TLC until complete con-
sumption of 7. Solvent was removed under reduced pressure. The
desired product 8 was purified by silica gel flash column chromato-
graphy using ethyl acetate/petroleum ether (1:300 v/v) as eluent.

Data availability

The authors declare that the data supporting the findings of this study,
including synthetic procedures, characterisation data, further details
of computational studies and NMR spectra, are available within the
article and the Supplementary Information file, or from the corre-
sponding authors upon request. The X-ray crystallographic coordi-
nates for structures reported in this study have been deposited at the
Cambridge Crystallographic Data Centre (CCDC) under deposition
numbers CCDC 1976736 (for catalyst Ir(D4-Por)(diCIPh)) and
CCDC2045506 (for compound 13). These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via https://
www.ccdc.cam.ac.uk/structures/. Source data are provided with
this paper.
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