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a b s t r a c t

Density functional theory calculations were performed to investigate the iridium-catalyzed atroposelec-

tive intermolecular C–H silylation of 2-arylisoquinolines. The Ir(III) hydride species was identified as the

active catalyst species of the reaction. The computations show that the reaction occurs through the

Ir(III)/Ir(V) catalytic cycle. The C(sp2)-H oxidative addition represents the rate- and enantioselectivity-

determining step. The distortion/interaction and structural analyses reveal that the BINEPINE skeleton of

the PSiSi ligand creates an axially chiral pocket for the C–H oxidative addition, providing a ligand-enabled

axial chirality transfer strategy responsible for the observed enantioselectivity. The match/mismatch in

axial chirality between reacting 2-arylisoquinolines and the BINEPINE skeleton of the PSiSi ligand plays a

key role in governing enantioselectivity.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chiral silicon-containing organic compounds have attracted sig-

nificant interest due to their unique properties in chemistry,

physics, biology, and stereoelectronics, enabling diverse applica-

tions in materials science, pharmaceuticals, and agricultural sci-

ences [1–3]. Therefore, the development of efficient methodolo-

gies for the synthesis of these compounds is of paramount signifi-

cance in organic synthesis [4–7]. In this context, transition metal-

catalyzed enantioselective C–H silylation reactions have emerged

as one of the most atom-economical and straightforward ap-

proaches, attracting substantial research interest over the years [8–

16]. Nonetheless, while considerable research has been devoted

to the intramolecular C–H silylation reactions [17–24], the inter-

molecular C–H silylation reactions [25–28], particularly in terms

of variations in stereoselectivity, remains a relatively unexplored

area and presents a significant challenge in this field (Scheme

1). In this context, He, Zhang, and co-workers in 2022 reported

the rhodium-catalyzed enantioselective intermolecular C–H sily-

lation of thiophenes with silacyclobutanes (Scheme 1a, up) [25].

In parallel, He and co-workers realized a first example of the

rhodium-catalyzed enantioselective intermolecular dehydrogena-

tive C–H silylation of thiophenes and furans (Scheme 1a, below)
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[26]. Later, Chen, Huang, and co-workers also established a similar

strategy for the enantioselective synthesis of acyclic monohydrosi-

lanes via rhodium-catalyzed intermolecular dehydrogenative C–H

silylation with heterocyclic compounds [27].

Although rapid progress has been made, these studies have

been limited to the asymmetric synthesis of acyclic, silicon-

stereogenic silanes (Scheme 1a). Very recently, C. He and co-

workers developed the first iridium-catalyzed atroposelective in-

termolecular C–H silylation of 2-arylisoquinolines, offering a pow-

erful protocol for accessing a series of axially chiral silanes with

exceptional yields and enantioselectivities (Scheme 1b) [28]. The

key to the success of this transformation lies in the use of

the novel chiral PSiSi-ligand. It was found that with a com-

bination of [Ir(OMe)(cod)]2 and chiral PSiSi ligand L3, using

the 3,3-dimethylbut-1-ene (TBE) as a hydrogen acceptor, the 2-

arylisoquinolines 1 undergo atroposelective C–H silylation with hy-

drosilanes 2 to afford products 3 in high yields (up to 99%) and ex-

cellent enantioselectivities (up to 99% ee). To gain a better under-

standing of the reaction mechanism, parallel kinetic isotope effect

(KIE) experiments were conducted, showing that the Si-H bond

cleavage does not occur in the rate-determining step, whereas C–H

bond activation is involved in this critical step.

Despite the significant advancement in enantioselective C–H

silylation, the mechanistic studies in this area remain scarce and

are primarily focused on the intramolecular reactions [29–31]. For
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Scheme 1. Rh- and Ir-catalyzed enantioselective intermolecular C(sp2)-H silylation.

instance, we previously reported a computational investigation of

iridium-catalyzed intramolecular silylation of unactivated C(sp3)–

H bonds, wherein the in situ generated iridium(III) silyl dihydride

species was found to be the active catalyst [29]. More recently,

He and co-workers conducted a combined experimental and com-

putational study on the rhodium-catalyzed intramolecular enan-

tioselective C–H silylation with dihydrosilanes [30]. Following our

continuous interest in this field, we therefore decided to inves-

tigate the title reaction by means of density functional theory

(DFT) calculations [32–42]. Interestingly, the computations unveil

a ligand-enabled axial chirality transfer strategy responsible for

the observed enantioselectivity, arising from the match/mismatch

in axial chirality between the reacting 2-arylisoquinolines and the

BINEPINE skeleton of the PSiSi ligand.

All the calculations were performed using Gaussian 09 package

[43]. The geometry optimizations were carried out at the B3LYP-

D3(BJ) [44–46]. Level of theory with a mixed basis set of SDD for Ir

and 6–31G(d) for all other atoms. Frequencies were computed ana-

lytically at the same level of theory to confirm whether the struc-

tures are minima (no imaginary frequencies) or transition states

(only one imaginary frequency). Selected transition-state structures

were confirmed to connect the correct reactants and products by

intrinsic reaction coordinate (IRC) calculations [47,48]. To obtain

better accuracy, energies for the optimized geometries were re-

calculated with M06 functional [49,50]. using the solution-phase

single-point calculations with a larger basis set, which is SDD for

Ir and 6–311+G(d,p) for all other atoms. Solvation effects (sol-

vent= toluene, ε=2.3741) were taken into account by performing

single-point calculations with the SMD model [51]. The final free

energies reported in the article are the large basis set single-point

energies corrected by gas-phase Gibbs free energy correction (at

298.15K). All 3D structures of the optimized geometries were gen-

erated using CYLview [52].

The experimentally used 1-(naphthalen-1-yl)isoquinoline 1a

and dimethyl(phenyl)silane 2a were selected as the model sub-

strates in the calculations. Experimentally, the stoichiometric reac-

tions suggest that the Ir(III) catalyst complex IM1, generated in situ

by the reaction of Ir(I) precursor [Ir(cod)OMe]2 with chiral PSiSi-

ligand L3 via a dehydrogenative process, is the plausible catalyst

species of the reaction [6]. Therefore, the Ir(III) catalyst complex

IM1 was used as the starting point of the calculations. The sum of

the free energies of IM1 and substrates were chosen to be the zero

on the relative free energy scale (Fig. 1).

Fig. 1. Calculated energy profile for the formation of active catalyst species IM4.

At the outset, the formation of the iridium(III) hydride inter-

mediate IM4 was considered (Fig. 1). The process begins with the

coordination of 2a to the Ir(III) center of IM1 to form intermediate

IM2, which was calculated to be endergonic by 3.7 kcal/mol. Then,

the σ -bond metathesis was found to occur via transition state

TS1 with an energy barrier of 14.6 kcal/mol relative to IM1, giving

rise to intermediate IM3 The subsequent dissociation of methoxy-

dimethyl(phenyl)silane 4a from the Ir(III) center leads to irid-

ium(III) hydride intermediate IM4. The computations show that the

formation of intermediate IM4 is highly exergonic by 18.9 kcal/mol.

Notably, the intermediate IM4 is identified as the active catalyst

species of the reaction (vide infra). It is also worth mentioning

that the iridium(III) hydride intermediate has previously been pro-

posed as the active catalytic species in the related Ir-catalyzed in-

tramolecular C–H silylation reactions [7].

The calculated energy profile of the most favorable pathway

for the intermolecular C–H silylation catalyzed by active catalyst

species IM4 is depicted in Fig. 2. Other possible reaction pathways

starting from intermediate IM4 were deposited in Fig. S2 (Sup-

porting information). Starting from IM4, the coordination of the

C=C double bond of TBE to the Ir(III) center delivers π-complex

IM5, which was calculated to be exergonic by 9.4 kcal/mol. Then,

IM5 undergoes the 2,1-migratory insertion of C=C double bond

into the Ir−H bond via transition state TS2, with an energy bar-

rier of 10.6 kcal/mol relative to IM5. The alternative 1,2-migratory

insertion was also considered, but it was found to be significantly

higher in energy compared to the 2,1-migratory insertion (Fig. S1

in Supporting information for details). The resulting intermediate

IM6 is much less stable than IM5 by 9.5 kcal/mol. With the in-

coming 2a, the ensuing Si-H oxidative addition takes place through

transition state TS3 to furnish iridium(V) silyl hydride species IM7,

requiring an energy barrier of 11.4 kcal/mol relative to IM6 (i.e.,

20.9 kcal/mol relative to IM5). The iridium(V) silyl hydride species

IM7 was found to be relatively unstable, and can readily un-

dergo the C–H reductive elimination via transition state TS4 to

form iridium(III) silyl species IM8 and release 2,2-dimethylbutane,

with an energy barrier of only 3.7 kcal/mol relative to IM7. The

computations show that formation of iridium(III) silyl species IM8

from iridium(III) hydride intermediate IM4 is thermodynamically

favored by as much as 24.9 kcal/mol. This substantial energy dif-

ference provides the driving force for the overall reaction, under-

scoring the critical role of TBE in promoting this transformation.

Upon formation of iridium(III) silyl species IM8, the next step

of the reaction is the C–H oxidative addition, other possible C–H

oxidative addition starting from intermediate IM8 (see Fig. S4 in

Supporting information for details). The coordination of the incom-

ing 1a to the Ir(III) center gives intermediate IM9. The subsequent

C–H oxidative addition occurs via transition state TS5, giving rise

to iridium(V) intermediate IM10. The computations show that this

step is endergonic by 19.0 kcal/mol. Finally, the catalytic cycle is
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Fig. 2. Calculated energy profile of Ir-catalyzed atroposelective intermolecular C-H silylation of 1a.

completed by the C−Si reductive elimination to form the C(sp2)−H

silylation product 3a. However, the C-Si reductive elimination can-

not take place directly from IM10, since the H ligand occupies

the coordination site between the aryl group and the silyl ligand.

Therefore, an isomerization step for the positional change of the

hydride ligand is required prior to the C-Si reductive elimination.

The computations show that isomerization process is kinetically

feasible (Fig. S3 in Supporting information for details). The result-

ing intermediate IM11, in which the aryl group is adjacent to the

silyl ligand, was found to be more stable than IM10 by 5.2 kcal/mol.

Then, IM11 can undergo the C-Si reductive elimination via tran-

sition state TS6 to afford product-coordinated intermediate IM12,

from which the ligand exchange with TBE results in the formation

of product 3a and Ir(III) complex IM5.

The computations reveal that the C–H oxidative addition consti-

tutes the rate- and enantioselectivity-determining step of the over-

all reaction, which is in accordance with the KIE experiments. The

computed energy difference of 2.9 kcal/mol between TS5 and TS5′
(−18.8 versus −15.9 kcal/mol) corresponds to a predicted ratio of

99:1 at the reaction temperature, which aligns well with the exper-

imentally observed excellent enantioselectivity. The optimized ge-

ometries of transition states TS5 and TS5′ are displayed in Fig. 3a.

It was found that the key bond distances in two transition states

are very different. In particular, the breaking C–H bond in TS5 is

greater than that in TS5′ by 0.25 Å (1.72 versus 1.47 Å), implying

that transition state TS5 is significantly later than TS5′.
To further elucidate the origins of the enantioselectivity, the

distortion/interaction analysis along the reaction pathway was con-

ducted, using the breaking C–H bond distances as a reaction coor-

dinate (Fig. 3b) [53]. The results show that the interaction energies

of TS5′are constantly greater than that of TS5 along the reaction

pathway, while the distortion energies of TS5′ are higher than that

of TS5, being the dominant factor that contributes to the enan-

tioselectivity. Further analysis reveals that the difference in distor-

tion energies primarily arises from 1-(naphthalen-1-yl)isoquinoline

1a moiety (Fig. S5 in Supporting information for details). Thus,

the geometric changes of 1a along the reaction pathway play a

critical role in determining enantioselectivity. The structural anal-

ysis of IM8 moiety shows that the silyl group and the PSiSi lig-

and on the Ir atom create a compact environment for incoming

1a (Fig. 3c). Importantly, an axially chiral pocket was generated by

Fig. 3. (a) Optimized geometries of transition states TS5 and TS5′ . (b) Distor-

tion/interaction analysis along the reaction pathway. (c) Structural analysis of IM8

moiety. The energies and bond distances are given in kcal/mol and Å, respectively.
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the BINEPINE skeleton of the PSiSi ligand. In TS5, 1a adopts the

same axial chirality as the BINEPINE skeleton, requiring minimal

geometric adjustment. By contrast, in TS5′, the axial chirality of 1a

is opposite to that of the BINEPINE skeleton, necessitating a larger

geometric change to reach the transition state structure. Conse-

quently, the axial chirality of the PSiSi ligand is directly transferred

to the reaction, dictated by the match/mismatch in axial chirality

between 1a and the BINEPINE skeleton of the PSiSi ligand.

To summarize, we have presented a mechanistic study on

the iridium(III)-catalyzed intermolecular C–H silylation of 2-

arylisoquinolines by means of DFT calculations. The computations

show that the iridium(III) hydride species is the active catalyst

of the reaction. The reaction was found to proceed through the

Ir(III)/Ir(V) catalytic cycle, consisting of five major steps: (1) Mi-

gratory insertion of TBE into the Ir–H bond, (2) Si-H oxidative

addition to form iridium(V) silyl hydride species, (3) C–H re-

ductive elimination to generate the iridium(III) silyl species, (4)

C(sp2)-H oxidative addition to yield the iridium(V) complex, and

(5) C-Si reductive elimination to deliver the final silylation prod-

uct. The C(sp2)-H oxidative addition constitutes the rate- and

enantioselectivity-determining step of the overall reaction. The dis-

tortion/interaction and structural analyses reveal a ligand-enabled

axial chirality transfer strategy responsible for the observed enan-

tioselectivity. Specifically, the BINEPINE skeleton of the PSiSi lig-

and creates an axially chiral pocket for the C–H oxidative addi-

tion. The match/mismatch in axial chirality between reacting 2-

arylisoquinolines and the BINEPINE skeleton of the PSiSi ligand

plays a pivotal role in controlling enantioselectivity. The compu-

tations should provide important implications for a better under-

standing of the related C–H silylation reactions and the develop-

ment of new catalytic systems.
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