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Abstract:  

Development of chiral ligands is the most fundamental task in metal-catalyzed asymmetric synthesis. In 

the last 60 years, various kinds of ligands have been sophisticatedly developed. However, it remains a 

long-standing challenge to develop practically useful chiral η6-arene ligands, thereby seriously hampering 

the asymmetric synthesis promoted by arene-metal catalysts. Herein, we report the design and synthesis 

of a class of facilely tunable, C2 symmetric chiral arene ligands derived from [2.2]paracyclophane. Its 

ruthenium(II) complexes have been successfully applied in the enantioselective C-H activation to afford 

a series of axially chiral biaryl compounds (up to 99% yield and 96% ee). This study not only lays chemists’ 

longstanding doubts about whether it is possible to use chiral arene ligand to stereocontrol asymmetric C-

H activation, but also opens up a new avenue to achieve asymmetric C-H activation. 
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Main Text:  

Transition-metal-catalyzed asymmetric C-H activation is of great scientific significance and practical 

values in modern organic chemistry.1 It aims to convert simple and easily available feedstocks to high-

value-added enantiomerically enriched chiral compounds via inert C-H bond activation and subsequent 

functionalization, which features high atom- and step-economy. Over the past decades, palladium,2,3 

rhodium4,5 and ruthenium6,7 turn out to be three most prominent transition metals to catalyze C-H 

activation. Nevertheless, in terms of their related asymmetric catalyzed C-H activation, ruthenium has 

lagged far behind palladium1,8,9 and rhodium1,10, and actually largely undeveloped except for the classical 

C-H bonds insertion reactions.11 As early as 2000, Murai and coworkers reported an atropselective 

alkylation of naphthyl pyridines and naphthyl quinolines by ruthenium-catalyzed C–H/olefin coupling (up 

to 49% ee).12 It is not until recently that some breakthroughs have been made by taking advantage of chiral 

transient directing group13,14 or employing chiral carboxylic acid15-17, in which [RuCl2(p-cymene)]2 was 

used as catalyst. However, despite these encouraging achievements, the above strategies may find 

restricted applications because of their specific mechanistic features. 

Given the fact that currently the ruthenium catalysts applied in C-H activation are mostly derived 

from [RuCl2(p-cymene)]2, it would be natural to imagine that development of effective chiral arene ligands 

should be a universally viable strategy to realize a vast number of ruthenium(II)-catalyzed asymmetric C-

H activation (Figure 1a). However, it is a formidable challenge, and no precedent has been accomplished 

so far. The possible reasons are as follows. Firstly, it is well known that in many catalytic processes arene 

ligands dissociate from metals,18 which may largely discourage researchers from developing chiral arene 

ligands for asymmetric catalysis since such dissociation would result in catalyst deactivation or non-

stereoselective background reactions. Secondly, preparation of ruthenium complexes with a chiral arene 

ligand is not a trivial task.19-26 Most of their syntheses are associated with handling air-sensitive 

ruthenation reagents, using large excess of chiral arene ligands, or conducting chiral resolution of 

ruthenium complexes. Consequently, their availability, diversity, and tunability are greatly restricted. 

Therefore, it may be difficult to identify a catalyst possessing a satisfied chiral environment for 

asymmetric catalysis. In addition, another difficulty for designing effective chiral arene ligands is that 

most of the privileged chiral scaffolds (e.g., BINOL, SPINOL) contain arene motifs, which may interfere 

the ligand synthesis, and arouse site- and stereo-selectivitive issues during metal complexation process. 

Herein, we wish to report a class of easily tunable chiral arene ligand, and the first example of ruthenium-

catalyzed asymmetric C-H activation enabled by a chiral arene ligand. 

In order to conquer the afore-mentioned challenges, we rationally designed a class of C2 symmetric 

planar chiral pseudo-ortho-disubstituted [2.2]paracyclophanes as chiral arene ligands, in which the 

benzene rings constituted the chiral skeletons are considered to be used as η6-coordinating groups. As 

shown in Figure 1b, structure I, although there are two benzene rings and thereby four benzene faces in 

each ligand, owing to the unique structure of [2.2]paracyclophane, only the two external benzene faces of 

[2.2]paracyclophanes are accessible by coordinating metals. Moreover, these two accessible benzene faces 

are related by a C2 symmetric axis and therefore homotopic, which can completely avoid the generation 

of regio- and stereo-isomers during complexation. To create a good chiral environment around the metal 

center, we speculated that the substituents on [2.2]paracyclophane would be suitably as alkyl groups. As 

depicted in Figure 1b, structure II, the functional group R’ at lower place was anticipated to turn towards 

the metal side owing to the prominent steric hindrance posed by the upper non-coordinated benzene ring. 

And the chiral environment around the metal should be convenient to tune by varying the R’ substituent. 

In addition, the arene metal complexes were expected to have improved stability because of the protection 

of the coordinated benzene ring from any possible nucleophilic attack by the upper non-coordinated 
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benzene ring,27 as well as by the unique transannular electronic interactions between the two benzene rings 

in the paracyclophane structures (Figure 1b, structures III and IV).28,29 

As shown in Scheme 1a, the designed ligands were synthesized from the enantiomerically pure 

aldehyde 1, which was prepared from commercially available racemic 4,12-dibromo[2.2]paracyclophane 

either by a literature protocol30 or our newly developed method (see Supplementary Materials). Reacting 

1 with Grignard reagent produced the corresponding alcohols 2a-c, which were reduced with triethylsilane 

in the presence of BF3·Et2O to give ligands 3a-c. For ligands 3b-c, the products were contaminated with 

a small amount of dehydrated products. Pure products could be obtained by simply treating the crude 

products with H2 in the presence of Pd/C, under which conditions the alkenes could be fully reduced into 

the desired products. Besides, ligands 3d-f with a different substituting pattern were synthesized. Firstly, 

the aldehyde 1 was oxidized to the corresponding ester 4 by iodine in methanol. Then it was transformed 

to the tertiary alcohols 2d-f by treating with Grignard reagent or organolithium reagent. Finally, the 

ligands 3d-f were generated in 45-82% yield by following the same afore-mentioned reductive 

deoxygenation protocol.  

Subsequently, as shown in Scheme 1b, starting from the arene ligands 3a-f, we synthesized an 

array of chiral arene ruthenium dichlorides (6a-f, 50-90% yields) by modifying a literature procedure 

described by Boekelheide and coworkers.31,32 Then, their catalytic performance was evaluated. 

Encouragingly, all the complexes proved catalytically active for the C-H activation reaction of N-

methoxyl benzamide 7a with the alkyne 8a,33 affording the axially chiral biaryl product 9aa in almost 

quantitative yields (Figure 2). It was found that the enantioselectivity of the reaction was significantly 

influenced by the alkyl substituents on the chiral arene ligands, which was fully consistent with our design 

(Figure 1b, structure II). In general, the catalysts with branched alkyl substituents on benzene rings gave 

superior enantioselectivity. The catalyst (Sp)-6d bearing two isopropyl groups provided the best 

enantioselectivity of 91% ee. However, extending the branched methyl groups of isopropyl to ethyl ((Rp)-

6e) or n-butyl groups ((Sp)-6f) could not further enhance the enantioselectivity. With the optimal catalyst 

(Sp)-6d, we further investigated various substituted amides 7 and alkynes 8 as reactants. To our delight, 

excellent yields and enantioselectivities were observed for most of the substrates possessing substituents 

with diverse electronic properties as well as in different substitution fashions (Figure 2). The absolute 

configuration of product 9aa and 9ac were assigned to be S by comparison of specific optical rotations 

(for details, see Supplementary Materials). 

To learn more details about how alkyl substituents affected chiral environment around metal center in 

catalyst, we resorted to single crystal X-ray diffraction technology. Despite all attempts to grow single 

crystals of ruthenium dichloride failed, we successfully obtained single crystals of two bis-arene 

ruthenium complexes (Rp)-5a and (Rp)-5g. X-Ray crystallography revealed that the distances between the 

two centroids of benzene rings of paracyclophane motif were 2.993 Å and 2.923 Å respectively for (Rp)-

5a and (Rp)-5g (Figure 3a). They were manifestly shorter than that of [2.2]paracyclophane (3.101 Å),34 

implying the existence of transannular electronic interaction that should benefit the catalyst stability. To 

understand why better enantioselectivity was achieved by the isopropyl substituted catalyst than that by 

the ethyl substituted one (91% ee vs 65% ee), steric map analysis35 was performed. However, they 

exhibited very similar stereochemical environment around ruthenium (Figure 3). By spectating the crystal 

structures, we found the distance of the two benzylic carbon was 4.397 Å for the ethyl substituted ligand 

and 4.918 Å for the isopropyl substituted ligand, and the dihedral angle between the two benzene rings 

was 0.662° for the former and 7.754° for the latter. It suggests a strong steric interaction exist between the 

two isopropyl groups, which restrains the rotation of isopropyl group at the metal-coordinated benzene 

ring and hence results in a more confined chiral environment around the metal center. 
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In conclusion, a class of facilely tunable chiral arene ligand derived from [2.2]paracyclophane has 

been designed and synthesized. Owing to its unique structure, only two of the four benzene faces are 

accessible by metal for complexation. Moreover, these two accessible benzene faces are related by a C2 

symmetry axis and thus homotopic, hence avoiding generation of stereoisomers during complexation. 

Significantly, with this chiral arene ligand, a ruthenium-catalyzed enantioselective C-H activation has 

been successfully accomplished, furnishing a series of axially chiral biaryl compounds in up to 99% yield 

and up to 96% ee. It worth noting that the described ligand represents the first example of chiral 

[2.2]paracyclophane ligand that coordinates to metals by its arene ring rather than heteroatoms to generate 

chiral η6-arene metal complexes. Moreover, this work also represents the first case of asymmetric C-H 

activation stereocontrolled by a chiral η6-arene ligand. It not only lays chemists’ longstanding doubts 

about whether it is possible to use chiral arene ligand to stereocontrol asymmetric C-H activation, but also 

opens up a new and appealing avenue to achieve catalytic asymmetric C-H activation that is now largely 

dominated by palladium and rhodium catalysis. Apart from its charming scientific significance, 

ruthenium-catalyzed asymmetric C-H activation is also of great practical values in view of the much lower 

price of ruthenium than those of palladium and rhodium. Further application of chiral [2.2]paracyclophane 

complexes in other asymmetric C-H activation reactions are underway. 
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Figure 1. Research background and design of chiral arene ligand.  
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Scheme 1. Synthesis of chiral arene ligands and their ruthenium complexes.  
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Figure 2. Application of chiral arene ruthenium catalysts in asymmetric C-H activation. a7a (0.05 

mmol), 8a (0.06 mmol), 6 (2.5 mol%), LiOAc·2H2O (20 mol%) in HFIP/EtOAc (2/1, v/v, 0.15 mL) at 40 
oC for 20 h. Yields were determined by 1H NMR analysis using CH2Br2 as internal standard. b7 (0.1 mmol), 

8 (0.12 mmol), (Sp)-6d (2.5 mol%), LiOAc·2H2O (20 mol%) in HFIP/EtOAc (2/1, v/v, 0.3 mL) at 40 oC 

for 20 h. Regioselectivity >20:1 for all cases. Isolated yields were reported. cHFIP as solvent.  
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Figure 3. Single crystal structures of chiral arene ruthenium complexes, steric maps, and 

characteristic distances and angles.  


