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ABSTRACT: A heterogeneous iridium single-atom site catalyst
(Ir-SA) was synthesized and investigated in catalyzing the carbene
insertion reaction with challenging α-alkyl diazo ester substrates.
With only 0.23 mol % catalyst loading, our Ir-SA demonstrated
remarkable performance in heterogeneous carbene N−H bond
insertion reactions involving various (hetero) aryl amines coupled
with α-alkyl diazo esters. Notably, in the case of using a chiral
diamino substrate with two reactive sites, Ir-SA exhibited high
selectivity toward single carbene N−H insertion, leading to the
generation of a class of unsymmetric chiral diamino ligands.
Further mechanism study revealed that the lower activation barrier
associated with the single N−H bond insertion step, as compared
to either β-hydride elimination or downstream dual N−H bond
insertion, accounted for the remarkable selectivity observed in this carbene insertion reaction catalyzed by Ir-SA.
KEYWORDS: heterogeneous, carbene insertion, iridium, selectivity, catalysis.

Heterogeneous catalysts with well-defined structures have
been proven to exhibit excellent reactivity, high

selectivity, and substantial turnover numbers in numerous
important organic transformations.1−8 Notably, the utilization
of heterogeneous catalysis has been extensively explored in
Suzuki−Miyaura cross couplings9−12 selective addition of
unsaturated compounds,13−19 alkylation reaction,20−25 hydro-
genation, and oxidation.26−29 These investigations highlight
the potential of this new class of heterogeneous homogeneous
catalytic systems. Single-atom site catalysts (SACs) stand out
due to their characteristic structures, achieved through precise
control during preparation.30−36 Different preparative con-
ditions would affect the chemical properties of SACs, including
their oxidant state, the coordinating structure, as well as the
chemical environments. The resulting diversity in the structure
serves as an effective means to significantly boost catalytic
performance in the sense of activity and selectivity. The ability
to finely tailor these catalysts at the atomic level opens an
avenue for the development of heterogeneous catalytic organic
transformations.37,38 Previously, we have demonstrated a
single-atom site Ir catalyst being effective for selective carbene
O−H insertion, while the substrates feature multiple
nucleophilic reactive sites.60 Importantly, the origin of
selectivity was addressed by the fact of the lower oxidative
state of the Ir atom relative to that of analogous homogeneous
IrCO(TTP)Cl, thereby reducing the electrophilicity of the
generated metal carbene. In the alternative, a seminal example

reported by Zhang et al. showcased an efficient additive-free
hydroboration of alkenes/alkynes catalyzed by Cu SACs. In
this case, enhanced activity can be obtained by tuning the
polarity of the Cu−O bond on the ceria support.39

Additionally, capitalizing on the strong electronic metal−
support interaction could also be essential. For instance, Li et
al. successfully demonstrated the control of regioselectivity in
the hydroboration of alkynes using the TiC-supported Cu
catalyst.40 Therefore, SACs have proven to be an efficient and
potential class of catalysts, offering promising solutions to
address the challenges of reactivity and selectivity in organic
synthesis.
Transition-metal-catalyzed carbene insertion into N−H

bonds has emerged as a robust method for constructing C−
N bonds, enabling the synthesis of diverse nitrogen-containing
bioactive compounds and pharmaceuticals.41−50 While numer-
ous successful examples exist, the exploration of α-alkyl diazo
esters as carbene precursors remains limited (Scheme 1). The
competitive β-hydride elimination pathway often hinders the
desired reactions under homogeneous conditions, resulting in
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low yields of the desired products.51−59 Inspiringly, the Zhou
group reported on the strategy using achiral metal complexes
combined with chiral phosphoric acids for asymmetric carbene
N−H insertion.57,58 while the Feng group achieved catalytic
asymmetric homologation of ketones using α-alkyl diazo esters,
with chiral scandium(III) N,N′-dioxide as a Lewis acid
catalyst.51−54 These significant research results encouraged us

to explore the carbene insertion reaction with this type of a
challenged substrate via heterogeneous catalysis.
Recently, we developed a practical preparation method for a

heterogeneous iridium single-atom site catalyst (Ir-SA) in
which iridium atoms are coordinated with four nitrogen atoms,
distributed evenly on a sulfur- and phosphorus-doped carbon
support.60 The primary catalytic study demonstrated that Ir-SA
exhibited high reactivity and regioselectivity in carbene

Scheme 1. Background of Carbene N−H Insertion with α-Alkyl Diazo Ester

Figure 1. Structural characterizations of Ir-SA. (a) HAADF-STEM image of the Ir-SA catalyst. (b) AC HAADF-STEM image of the Ir-SA catalyst.
(c) Enlarged AC HAADF-STEM image of the Ir-SA catalyst. (d) HAADF-STEM image and element maps. (e) Comparison of Ir L3-edge XANES
spectra of Ir-SA, Ir foil, and IrO2 samples. (f) Ir L3-edge k3-weighted FT spectra of the Ir-SA, Ir powder, and IrO2 samples. (g) Corresponding
EXAFS R-space fitting curves. Inset: the schematic model of Ir-SA (Ir, brown; C, gray; N, blue; S, yellow; P, orange).
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insertion into C(sp3) O−H bonds in the presence of the
C(sp2) O−H bond. Mechanistic investigations indicated that
the relatively lower oxidation state of iridium reduced the
electrophilicity of the generated metal carbene, facilitating
selective insertion into more nucleophilic O−H bonds.
Building upon these promising results, we aim to develop a
heterogeneous catalytic system for carbene N−H bond
insertion reactions with more challenging α-alkyl diazo ester
substrates in combination with (hetero) aromatic amines.

■ PREPARATION OF Ir-SA
The fabrication process and structural confirmation of the Ir-
SA catalyst are processed according to the modified version of
our developed method.60 First, iridium(IV) chloride and the
monomers of poly(cyclotriphospazene-co-4,4′-sulfonyldiphe-
nol) (PZS) were mixed with prepared zeolite imidazolate
frameworks-8 (ZIF-8) in methanol. Afterward, trimethylamine
(TEA) was added to initiate polymerization to generate ZIF-8/
Ir@PZS composites (Figure S1). At last, pyrolysis of the
obtained ZIF-8/Ir@PZS at 950 °C under an argon atmosphere
led to the desired Ir-SA catalyst.

■ CHARACTERIZATION OF Ir-SA
As shown in the STEM bright-field image (Figure S2) and
STEM secondary electron image (Figure S3), the morphology
of the Ir-SA catalyst remains consistently hollow. Moreover,
the high-angle annular dark-field scanning TEM (HAADF-
STEM) image showed that no obvious iridium nanoparticles
were illustrated (Figures 1a and S4), which is further
confirmed with the X-ray diffraction pattern (XRD) of Ir-SA
(Figures S5). The individual bright dots in Figure 1b and the
enlarged image in Figure 1c, marked with yellow circles, are
clearly distinguishable from the support. These bright dots
indicate the presence of single Ir atoms in Ir-SA without metal
agglomeration. The energy-dispersive spectroscopy (EDS)
images of Ir-SA confirmed a good dispersion of Ir (in red),
C (in orange), N (in pink), P (in blue), and S (in bright
purple) elements in the hollow layer (Figures 1d and S4). X-
ray photoelectron spectroscopy (XPS) of N, P, and S in Ir-SA

was carried out to confirm the binding states and the chemical
environment of Ir-SA (Figure S6−S8).
Furthermore, atomic structure analysis of Ir-SA was carried

out by a series of X-ray absorption fine structure (XAFS)
investigations. First, in the Ir L3-edge X-ray absorption near-
edge structure (XANES) curve (Figure 1e), the white-line peak
of Ir-SA is located between that of an Ir foil and IrO2,
indicating that the oxidative state of Ir in Ir-SA is positive.
Figure 1f shows the comparison of different catalysts on the
Fourier transform (FT) extended X-ray absorption fine
structure (EXAFS) curve, in which it could be figured out
that the maxim peak attributed by Ir−N interaction in Ir-SA is
different from peaks contributed by Ir−Ir bonds or Ir−O
bonds, implying the existence of Ir atomic sites in Ir-SA. Lastly,
the EXAFS fitting curve of Ir-SA is depicted in Figure 1g, in
which themaximum peak results from the first shell of Ir−N
scattering (more details and fitting parameters are shown
Figures S9−S14 and Table S1). Combined with these results
and the DFT study, the structure of Ir-SA was confirmed to be
four N-ligated Ir single atoms well dispersed on heteroatom-
doped carbon support.

■ CATALYSIS STUDY
To initiate the condition screening for the proposed carbene
N−H bond insertion using the heterogeneous Ir-SA catalyst,
benzyl 2-diazobutanoate (1a) and aniline (2a) were chosen as
model substrates.
At the outset, the reaction concentration in terms of aniline

was optimized, and 0.2 M was found to be the optimal
concentration, outperforming 0.1 and 0.05 M (Table 1, entries
1−3). Additionally, reducing the catalyst loading from 0.46 to
0.23 mol % resulted in a slightly lower yield of the desired
insertion product (entries 3 and 4). The molar ratio of diazo to
aniline also influenced the product yield, with a 1.5:1 ratio
demonstrating improved results compared to 1:1 (entries 4
and 5). A significant decrease in the yield was observed when
the reaction temperature was lowered to room temperature
(entry 6). Performing the reaction under ambient air led to the
formation of only 20% of the desired product, indicating the

Table 1. Optimization of Catalysis Conditionsa

entry subst. ratio 1a:2a conc. of 2a (M) catal. loading (mol %) yield of 3aa (%) yield of 4aa (%)

1 1:1 0.05 0.46 47 22
2 1:1 0.1 0.46 48 17
3 1:1 0.2 0.46 63 17
4 1:1 0.2 0.23 50 18
5 1.5:1 0.2 0.23 80 45
6b 1.5:1 0.2 0.23 7 -
7c 1.5:1 0.2 0.23 20 19
8d 1.5:1 0.2 0.23 0 0
9e 1.5:1 0.2 0.23 0 -

aReaction conditions: diazo ester 1a, aniline 2a (0.1 mmol), Ir-SA (4 mg as a catalyst loading of 0.46 mol % or 2 mg as a catalyst loading of 0.23
mol %), 1,2-dichloroethane, and a N2 atmosphere. The yield of the product was determined by 1H NMR spectra, using 1,3,5-trimethoxylbenzene as
the internal standard. bReactions performed under room temperature. cReactions performed in ambient air. dReactions performed with commercial
Ir/C catalyst. eReactions performed without catalyst.
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requirement of an inert atmosphere (entry 7). Interestingly, a
commercial heterogeneous Ir/C catalyst was tested for
comparison, but no desired insertion product was observed,
indicating the superior potential of Ir-SA with SAC character as
an alternative heterogeneous catalyst for industrial applications
(entry 8). Moreover, no product was generated in the absence
of a catalyst (entry 9). Finally, the optimized conditions for the
subsequent substrate scope study were determined as follows:
a 1.5:1 molar ratio of diazo to aniline, a 0.2 M concentration of
aniline, a 0.23 mol % catalyst loading of Ir-SA, an inert
atmosphere, and 1,2-dichloroethane as the solvent. In addition

to condition screening, the catalyst-recycling experiments as
well as the hot-filtration test have also been performed. The
catalyst-recycling results showcase that the yields of reactions
decreased after each recycling, while a slight increase in the
insertion product was observed after 4 h after hot-filtration
(details see SI, Figure S15). These results collectively indicate
that the leaching of the catalyst occurred in a very limited
amount, similar to observations in our previous work.60

With the optimized reaction conditions in hand, we
proceeded to investigate the substrate scope of the
heterogeneous Ir-SA-catalyzed carbene N−H bond insertion

Figure 2. Substrate scope of developed heterogeneous Ir-SA-catalyzed carbene N−H bond insertion. Reaction conditions: diazo esters 1 (0.15
mmol), amine 2 (0.1 mmol), Ir-SA (1 mg, catalyst loading is 0.12 mol %), 1,2-dichloroethane (0.5 mL, 0.2 M), and a N2 atmosphere. *Ir-SA (2 mg,
catalyst loading is 0.23 mol %). The yield of the product was determined by 1H NMR spectra, using 1,3,5-trimethoxylbenzene or 1,3-
dinitrobenzene as an internal standard.
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(Figure 2). Initially, we examined various aromatic amines,
including anilines bearing both electron-donating and electron-

withdrawing groups. Anilines with para-substituents such as
methoxy, fluoro, iodo, tert-butyl, and trifluoro groups reacted

Figure 3. Comparison of heterogeneous Ir-SA with the most commonly used homogeneous catalysts for carbene N−H insertion of diamine
substrate 2u. Reaction conditions: diazo ester 1a (0.15 mmol), diamine 2u (0.1 mmol), catalyst loading (Ir-SA and Ir−N4 with 0.23 mol %,
homogeneous catalysts with 0.2 mol %), 1,2-dichloroethane (0.5 mL, 0.2 M), and a N2 atmosphere. The yield of the product was determined by 1H
NMR spectra, using 1,3,5-trimethoxylbenzene as an internal standard.

Figure 4. Reaction energy profiles and the structure of intermediates in the DFT study.
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very efficiently with benzyl 2-diazobutanoate (3ab−3af, 88 to
>99% yield). Notably, substrates containing alkene and alkyne
moieties are also adaptable, resulting in the formation of
selective N−H insertion products (3ag−3ah). Moreover, the
meta position was found to be flexible, as demonstrated by the
successful reactions of 3-methylaniline and 3-bromoaniline
under the optimized conditions (3ai and 3aj). Interestingly,
the ortho-position was observed to be sensitive to steric
hindrance, as evidenced by the lower activity of 2-tert-
butylaniline compared to 2-bromoaniline and 2-iodoaniline
(3ak−3am). Furthermore, both 2,6-dimethylaniline and 2,4,6-
trimethylaniline provided moderate yields, indicating the
compatibility of this heterogeneous system with multi-
substituted anilines (3an−3ao). Encouragingly, other aromatic
and heteroaromatic amines, such as naphthalenyl, quinolinyl,
pyridinyl, and indole derivatives, were also amenable to the
reaction system (3ap−3at). Building on these promising
results, we further explored various diazo substrates. It was
observed that the heterogeneous Ir-SA catalytic system offered
moderate to high yields when employing diazo esters
composed of methyl, propyl, allyl, but-3-en-1-yl, and benzyl
groups (3ba−3ga).
Encouraged by the broad substrate scope demonstrated by

our heterogeneous Ir-SA catalyst, we proceeded to test a more
challenging chiral diamine substrate, (R)-[1,1′-binaphthalene]-
2,2′-diamine (2u, (R)-BINAM), under the optimized con-
ditions. For the reaction between (R)-BINAM and 2-
diazobutanoate (1a), selectivity on single insertion and double
insertion was taken into account for the reaction manner. In
parallel, we also examined the structurally similar homoge-
neous catalyst IrCO(TTP)Cl, as well as copper and rhodium
catalysts, which are commonly used in carbene insertion
reactions. As shown in Figure 3, the heterogeneous Ir-SA
catalyst achieved the highest efficiency for single insertion,
leading to the desired production of the monofunctionalized
diamine ligand 3au in an 81% yield (3au/3au′ = 81:19). We
also tested the Ir-SA catalyst without sulfur and phosphorus
doping on carbon support (denoted as Ir−N4, which exhibited
a much lower catalytic activity, giving 3au in a 31% yield. In
comparison, IrCO(TTP)Cl exhibited lower activity and poor
selectivity, yielding a similar amount of single-insertion product
3au (52%) and dual-insertion product 3au′ (36%). Fur-
thermore, Cu2O, Cu(OAc)2, and Rh(OAc)2 salts all gave 3au
with low efficiency, with yields of 41, 27, and 16%, respectively.
These reaction outcomes prompted us to investigate the
mechanism and the source of selectivity in the heterogeneous
carbene N−H insertion further using density functional theory
(DFT) studies.

■ MECHANISTIC STUDIES
To gain further insights into the carbene N−H bond insertion
enabled by our heterogeneous catalyst, we performed
subsequent mechanistic investigations using DFT calculations
to analyze the energy barriers involved in the reaction between
(R)-BINAM (2u) and 2-diazobutanoate (1a) under heteroge-
neous conditions (Figure 4). The atomic configuration of the
Ir-SA catalyst is described in our previous study.60 The
elementary steps, including the formation of a metal carbene
(C = Ir) through the decomposition of the diazo ester, the
subsequent insertion of the N−H bond into the metal carbene
intermediate, and β-hydride elimination, were considered to
elucidate the selectivity between single N−H bond insertion,
dual N−H bond insertion, and alkene formation. Initially, a

regular iridium carbene formation step was observed with an
activation barrier of 0.93 eV (Int-1). Interestingly, we observed
an unexpected step where the carbene species shifted from the
Ir metal center to the phosphorus atom near the metal,
overcoming a small barrier of 0.54 eV. This intermediate,
known as the carbon-shifting intermediate (Int-2), showed a
preference for the single N−H bond insertion step, leading to
3au (represented by the black curve), rather than the β-H
elimination step, leading to the alkene side product 4a
(represented by the blue curve). Moreover, the dual-insertion
step (represented by the red curve) leading to 3au′ was
disfavored, exhibiting a much higher barrier of 2.43 eV.
Taking all of these steps into consideration, it can be

concluded that the N−H carbene insertion employing our
heterogeneous Ir-SA catalyst likely proceeds through an inner-
sphere mechanism. In this process, the carbene shifts from the
carbon atom to the phosphorus atom, generating a phosphorus
ylide for subsequent addition by Ir−N species. Furthermore,
the achieved high selectivity toward single N−H insertion can
be rationalized by the different activation barriers leading to
the three possible products.

■ CONCLUSIONS
The robust heterogeneous iridium single-atom site catalyst (Ir-
SA), featuring coordination of four nitrogen atoms distributed
on heteroatom (phosphorus and sulfur)-doped carbon, was
studied for its catalytic activity in carbene N−H bond insertion
reactions using α-alkyl diazo esters and (hetero)aromatic
amines as reactants. In the scope study, our heterogeneous
catalytic system exhibited both high activities, with turnovers
up to 7000, and excellent substrate compatibility. Notably,
when benzyl 2-diazobutanoate (1a) and the chiral diamine
substrate (R)-BINAM (2u) were employed, Ir-SA demon-
strated the highest selectivity for single N−H bond insertion,
leading to the formation of a novel asymmetric diamine ligand.
Mechanistic studies revealed that the relatively lower activation
barrier for single N−H bond insertion accounted for the
observed high activity while minimizing the occurrence of β-H
elimination, leading to alkene byproducts or downstream dual
N−H bond insertion. The promising preparation method and
favorable catalytic outcomes underscore the potential
application of heterogeneous single-atom site catalysts in
various organic transformations.
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