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Abstract: Enantioselective C� H activation has surfaced
as a transformative toolbox for the efficient assembly of
chiral molecules. However, despite of major advances in
rhodium and palladium catalysis, ruthenium(II)-cata-
lyzed enantioselective C� H activation has thus far
largely proven elusive. In contrast, we herein report on a
ruthenium(II)-catalyzed highly regio-, diastereo- and
enantioselective C� H alkylation. The key to success was
represented by the identification of novel C2-symmetric
chiral imidazolidine carboxylic acids (CICAs), which are
easily accessible in a one-pot fashion, as highly effective
chiral ligands. This ruthenium/CICA system enabled the
efficient installation of central and axial chirality, and
featured excellent branched to linear ratios with gen-
erally >20 :1 dr and up to 98 :2 er. Mechanistic studies
by experiment and computation were carried out to
understand the catalyst mode of action.

Introduction

In recent years, ruthenium(II)-catalyzed C� H activation has
emerged as an increasingly-powerful strategy for efficient
molecular synthesis.[1,2] Thus, seminal contributions on
ruthenium(II)-catalyzed C� H transformations by Oi and
Inoue,[2f] Ackermann,[2d] as well as Bruneau and Dixneuf,[1a]

demonstrated its distinct reactivity and selectivity. Despite
these indisputable advances, full selectivity control for
ruthenium(II)-catalyzed enantioselective C� H activations
continues to be underdeveloped,[3–10] with to date only a few
examples being described. Hence, Cui[4] and Wang[5] devel-
oped ruthenium(II)-catalyzed enantioselective intramolecu-
lar C� H activation/hydroarylation through the use of a
chiral transient directing group (cTDG) albeit only in an
intramolecular fashion (Scheme 1A). As an alternative, the
combination of chiral carboxylic acids (CCAs) with tran-

sition metals has emerged as a powerful platform for
enantioselective C� H activations. Key insights by Reutov on
palladium-mediated stereoselective C� H activation were
followed by subsequent studies by Yu.[11] In contrast, group
9 transition metals (TM=cobalt,[12] rhodium,[13] iridium[14])
were devised for enantioselective C� H activations by among
others Ackermann, Cramer, Matsunaga, Shi, and He. In this
context, the use of chiral imidazolidine carboxylic acids
(CICAs) in ruthenium catalysis was also disclosed by our
group, thus achieving an enantioselective intramolecular
hydroarylation.[7] Subsequently, Shi[8] and Matsunaga[9] real-
ized ruthenium(II)-catalyzed enantioselective C� H activa-
tion/annulation of sulfoximines using chiral binaphthyl
monocarboxylic acids. Therefore, the design and exploration
of novel CCAs to overcome the major existing challenges of
ruthenium(II)-catalyzed intermolecular enantioselective
C� H transformations is highly desired.

Axially chiral molecules have been recognized as ubiq-
uitous structural motifs in biologically-active natural prod-
ucts, chiral recognition reagents, and material sciences.[15]

Transition metal-catalyzed enantioselective C� H functional-
izations provided a versatile platform to establish axial
chirality.[15–17] However, these catalysis systems have largely
relied on cost-intensive palladium, rhodium, and iridium
catalysts.[17] In addition, these studies focused on the
preparation of atropisomers with a single stereogenic
element. In contrast, the simultaneous installation of central
and axial chirality continues to be rare, owing to the
significant challenges in assembling multiple chiral elements
with high diastereo-, and enantiocontrol.[18–22] Cramer ele-
gantly reported the iridium(III)-catalyzed enantioselective
C� H activation of phosphine oxides and couplings with
diazides to construct phosphorus centered chirality and axial
chirality.[18] Likewise, iridium-catalyzed highly regio-, dia-
stereo-, and enantioselective hydroarylation of vinyl ethers
or bicycloalkenes, along with efficient construction of
central and axial chirality, was developed by Lassaletta.[19] In
addition, the chiral rhodium(III)-catalyzed enantioselective
[3+2] annulation of arylnitrones with alkynes was disclosed
by Li for the synthesis of axially and centrally chiral
indenes.[20a] These findings indicated the potential of a single
catalytic enantioselective C� H functionalization process for
multiple chirality control in the synthesis of more complex
chiral molecular scaffolds.

Within our continuous interest in ruthenium(II)-cata-
lyzed C� H activation, we, hence, questioned whether
ruthenium(II)-catalyzed enantioselective intermolecular hy-
droarylation would enable the creation of central and C� N
axial chirality in a single step. It is noteworthy that in
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comparison with axially chiral C� C atropisomers, C� N
atropoisomers are considerably more difficult to realize due
to the relatively lower rotational barriers.[23] Owing to the
formidable challenges associated with the exact tuning of
the chiral environment of CCAs for regio-, diastereo- and
enantio-selectivity for possible 6 isomers, this transformation
has not been reported to date (Scheme 1B). As a conse-
quence, we became interested in the design of novel CCAs
and exploring ruthenium-catalysis systems to overcome
these formidable challenges.[24] As a result of our studies, we
have now identified a ruthenium(II)-catalyzed diastereo-
and enantio-selective C� H functionalization enabled by a
CICA ligand (Scheme 1C), on which we report herein.
Salient features of our findings include (a) ruthenium(II)-
catalyzed enantioselective C� H activation for axial and
central chirality, (b) the first enantioselective C� H activa-
tion/hydroarylation of vinyl silanes, (c) a one-pot synthesis
of novel chiral carboxylic acids, and (d) key mechanistic
insights by experiment and computation.

Results and Discussion

Optimization of the Reaction Conditions

We first chose N-isoquinoline indole 1 and allylbenzene 2 as
the model substrates for the envisioned ruthenium(II)-
catalyzed twofold-enantioselective C� H activation
(Scheme 2 and Table S1 in the Supporting Information).
With [RuCl2(p-cymene)]2 as the catalyst and AgSbF6 as the
additive in toluene at ambient temperature, the impact of
various chiral acids was probed. Initially, C2-symmetrical
chiral imidazolidine carboxylic acid (CICA) L1 was tested.
L1 selectively provided the branched product 3 in 63% yield
with promising enantioselectivity of 85.5 : 14.5 er. Therefore,
we set out to prepare novel CICAs. The new CICAs L5 and
L6 with thiophene-2-carbonyl imidazolidine scaffolds proved
optimal, leading to a high enantiocontrol of up to
94.5 :5.5 er. The use of AgPF6 as additive resulted in a
slightly improved enantioselectivity (95.5 :4.5 er). In sharp

Scheme 1. Ruthenium(II)-catalyzed enantioselective C� H activation/hydroarylation.
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contrast, amino acid L7 as chiral ligand led to significantly
lower yield. N-protected amino acid L8 afforded product 3
in good yield, but with poor enantioselectivity (60 :40 er). It
is worth noting that the novel CICA ligands were easily
accessible in a one-pot fashion from chiral diphenylethylene-
diamine.

Substrate Scope

With the optimized novel ligands in hand, we next explored
their generality in the ruthenium(II)-catalyzed enantioselec-
tive C� H alkylation (Scheme 3). A broad range of indoles
proved compatible, with high elements of enantioselectiv-
ities (94 :6–98 :2 er) and excellent diastereoselectivities (>
20 :1 dr) (Scheme 3A). Various electrophilic functional
groups, including methoxyl, methyl, ester, trifluoromethyl,
nitro, fluoro, chloro and bromo, were well tolerated,
affording the products 4–12 with high yields, enantioselectiv-
ity and diastereoselectivity. Next, we probed the effect of
substituents on the isoquinoline (Scheme 3B). The halogen-
functional groups in different positions did not significantly
affect the diastereoselectivity or enantioselectivity (15–18).
Noteworthily, nitro-substituted isoquinoline also gave the
corresponding product 19 in good yield and high er.
Subsequently, we explored the viable scope of alkenes
(Scheme 3C). Allyl arenes with different functionalities,
such as bromo (20, 33), fluoro (21), methoxyl (22), chloro
(24–25), naphthyl (23), trifluoromethyl (27), trifluorometh-
oxy (28), ethoxycarbonyl (29), were well compatible. The

reaction of pyrroles proceeded efficiently to give the
alkylated products 31–32 with excellent diastereoselectiv-
ities, albeit with slightly reduced enantioselectivities. The
absolute configuration of product 33 was unambiguously
verified by single-crystal X-ray diffraction analysis (CCDC
2165781), featuring a (Ra,R)-configuration.

[25] Non-activated
alkyl-substituted alkenes were also identified as feasible
substrates, generating products 34–35. However, lower
enantioselectivities were obtained as compared to allylben-
zene derivatives. These results imply that the π-chelating
interaction between the CICA ligand and alkenes may play
a pivotal role for the enantiocontrol. The ruthenium(II)-
catalyzed hydroarylation showed a good tolerance to diverse
functional groups and provided an attractive strategy for the
facile modification of natural products or drug molecules.
Allyl arenes S36–S37 derived from Gemfibrozil and Estrone
were subjected to the reaction, affording the products 36–37
in good yields with high stereoselectivities, respectively.
Moreover, gaseous alkenes were also suitable partners for
this transformation. Hence, ethylene provided the desired
ethylated product 38 in 66% yield with 65 :35 er. Likewise,
propylene afforded the isopropylated products 39–40 with
an enantioselectivities of 84 :16 er.

Chiral organosilanes represent key structural motifs in
numerous natural products and drug candidates.[26] How-
ever, only a limited number of methods for the catalytic
enantioselective synthesis of chiral silanes is thus far
available.[26c] Hence, we wondered whether our ruthenium-
(II)/CICAs system would be suitable for the challenging
hydroarylation of vinyl silanes to prepare chiral organo-

Scheme 2. Optimization of ruthenium(II)-catalyzed enantioselective C� H functionalization. Reaction conditions: 1 (0.10 mmol), 2 (0.30 mmol),
[RuCl2(p-cymene)]2 (5 mol%), ligand (20 mol%), AgSbF6 (20 mol%), toluene (1.0 mL), room temperature (23 °C). Yield and b:l values were
determined by 1H NMR. The er value was determined by HPLC analysis. b:l is the ratio of branched/linear product. aAgPF6 (20 mol%) as additive.
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silanes (Scheme 4). To our delight, these transformations
exhibited excellent diastereo- and enantio-selectivities. Tri-
arylvinylsilanes bearing various electron-donating groups
(Me, tBu, or OMe) or inductively electron-withdrawing
group (Cl) were coupled with indoles/pyrroles, yielding the

desired products (41–51) in good yields with up to
97.5 :2.5 er and >20 :1 dr. The reaction of vinyl trimethyl
silane gave the product 52 with excellent diastereoselectiv-
ity, albeit with somewhat reduced enantioselectivity. To the
best of our knowledge, these are the first examples of

Scheme 3. Scope of ruthenium(II)-catalyzed enantioselective C� H functionalization.
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enantioselective C� H activation/hydroarylation of vinyl
silanes.

The stereochemical stabilities of the axially chiral
products were evaluated using experimental methods
(Scheme 5). First, no diminished diastereoselectivities of the
products were observed after their storage in a freezer for a
several months. Second, we determined the rotational
barriers of the representative compounds 3 and 41 in
toluene-d8 at 70 or 80 °C. The rotational barriers and half-
life for epimerization of 3 and 41 are summarized in
Scheme 5.

Mechanistic Studies

In order to shed light on the operative catalysis of the
ruthenium(II)-catalyzed enantioselective C� H functionaliza-
tion, the kinetic isotope effect (KIE) experiment was
performed by parallel reactions of substrates 1D and 1 with
2 (Scheme 6A). The KIE of kH/kD�1.3 was indicative of the
C� H scission not being involved in the rate-determining
step. Next, the catalytic hydroarylation of 1 was performed

in the presence of isotopically labeled CD3CO2D (Sche-
me 6B). H/D incorporation was observed at the methyl
group of product 2 and H/D exchange occurred in the
substrate 1, which further demonstrate that the C� H
activation step is reversible. Furthermore, a linear correla-
tion was observed by nonlinear-effect (NLE) studies on the
enantiomeric composition of chiral acid L5 and 3 (Sche-
me 6C). Monitoring the reaction by 1H NMR showed that
only about 10% of free p-cymene (based on [RuCl2(p-
cymene)]2) were released during the entire period of the
reaction (Scheme 6D), implying the (p-cymene)ruthenium-
(II) species being the key intermediates.

Scheme 4. Scope of vinyl silanes.

Scheme 5. Experimental determination of the rotational barrier and
half-life for epimerization of 3 and 41.

Scheme 6. Key mechanistic Findings.
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Computational Studies

Subsequently the catalyst mode of action, was assessed by
means of DFT calculations carried out at the PW6B95-D4/
def2-TZVPP-SMD(toluene)//PBE0-D3BJ/def2-SVP level of
theory, between the C� H activation and the proto-demeta-
lation elementary steps (Figure 1).[27] These studies ex-
plained the two most energetically favourable pathways for
the (Ra,R)- and (Sa,S)-enantiomers. C� H activation were
found to be facile for both enantiomers with the (Ra)-
atropoenantiomer transition state TS(2–3) being energeti-
cally favoured over the (Sa)-atropoenantiomer by
2.1 kcalmol� 1, being in good agreement with the experimen-
tal studies (Scheme 5A). Interestingly, the axial chirality
seems to be already imposed in intermediate I-1. Migratory
insertion for the (Ra,R)-atropoenantiomer proceeds through
TS(4–5) with a barrier of 23.6 kcalmol� 1, whereas for the
(Sa,S)-atropoenantiomer this transition state is destabilized
by 1.0 kcalmol� 1. Proto-demetalation proceeds upon the
coordination of the CICA L5 through TS(6–7) favouring the
(Ra,R)-atropoenantiomer over the (Sa,S)-atropoenantiomer
pathway by 5.9 kcalmol� 1. This stabilization largely results
from weak attractive non-covalent interactions between the
phenyl moiety prevenient from allylbenzene and the pocket
defined by the side-chain and the phenyl backbone moiety
of the CICA, which are absent in the TS(6–7) for (Sa,S)-
atropoenantiomer (Figure 2). The assessment of the energy

Figure 1. Computed relative Gibbs free energies (ΔG298.15 K) in kcalmol� 1 between the C� H activation and proto-demetalation elementary steps at
the PW6B95-D4/def2-TZVPP-SMD(toluene)//PBE0-D3BJ/def2-SVP level of theory for both enantiomers. [Ru]=Ru(p-cymene), and RCO2H=L5. For
clarity only the structures for the preferred pathway are shown. In the transition state structures non-relevant hydrogens were omitted.

Figure 2. a) 3D structures for the transition states involved in the
proto-demetalation step for both (Ra,R)- and (Sa,S)-enantiomers.
b) respective visualisation of the non-covalent interactions calculated
with the help of the NCIPLOT program. In the plotted surfaces, red
corresponds to strong repulsive interactions, while green and blue
correspond to weak and strong interactions, respectively.
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profiles point at a difference in the rate-determining step
from migratory insertion to proto-demetalation for the
(Ra,R)- versus the (Sa,S)-atropoenantiomer. In order to
evaluate the effect of dispersion forces in the catalyst mode
of action the same studies were conducted in the absence of
dispersion corrections (Figure S6), demonstrating that dis-
persion forces present a relevant role in the migratory
insertion and proto-demetalation steps, being crucial in the
stabilization of the later.

Proposed Catalytic Cycle

Based on our detailed experimental and computational
findings, a plausible catalytic cycle is depicted in Scheme 7.
Initially, [RuCl2(p-cymene)]2 reacts with AgPF6 and CICA
L5 to generate CICA coordinated cationic ruthenium
complex A. Then, ruthenium species B is generated by
carboxylate-assisted C� H bond cleavage. Upon alkene
coordination, transition state C involving non-covalent
interactions between the allylbenzene and thiophene of L5
is proposed. The ligand-assisted migratory insertion into the
ruthenium-carbon bond proceeds next to form intermediate
D. Finally, intermediate D undergoes proto-demetalation
with CICA L5 to deliver the desired product 3.

Conclusion

In summary, we have reported on a highly chemo-, regio-,
diastereo- and enantioselective ruthenium(II)-catalyzed

C� H alkylation. The design and synthesis of novel C2-
symmetric chiral imidazolidine carboxylic acids was the key
for outstanding levels of efficiency and selectivity. A broad
range of terminal alkenes, including functionalized allyl
arenes, simple olefins as well as even gaseous propylene and
ethylene, were efficiently converted, constructing central
and axial chirality in a single catalytic process. Moreover,
chiral organosilanes were thereby accessed with high levels
of enantioselectivities and diastereoselectivities. Experimen-
tal and computational studies provided strong support for a
reversible C� H activation with migratory insertion being the
rate-determining step for the major (Ra, R)-enantiomer.
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