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Abstract: Planar-chiral cycloalkenes are challenging synthetic targets due to the medium-sized 

ring and the trans-configured olefin. Asymmetric resolution of racemic E-cycloalkenes, UV-

induced asymmetric isomerization of Z-cycloalkenes, and asymmetric intramolecular cyclization 

of olefinic substrates are known as the limited approaches to these scaffolds. However, these 20 

methods usually suffer from tedious synthesis, harsh conditions, and insufficient structural 

diversity. Here, we present a novel palladium-catalyzed asymmetric [7+2] cycloaddition to 

facilitate the modular synthesis of planar-chiral 9-membered cycloalkenes from readily available 

chemicals. Excellent selectivity for planar chirality was achieved by retaining the trans-2H 

configuration of the π-allyl-Pd species throughout the whole process. Mechanistic studies were 25 

performed to elucidate the pivotal role of hydrogen bonding from the chiral ligand in enhancing 

both reaction efficiency and stereocontrol. In addition, synthetic transformations of planar chiral 

cycloalkene products and their applications in the identification of anticancer agents and selective 

bioimaging of cancer cells demonstrated the synthetic value of this new methodology. This 

research provides a promising way to access synthetically valued planar-chiral cycloalkenes. 30 

One-Sentence Summary: A modular platform for synthesizing planar-chiral cycloalkenes via 

trans-retentive trapping of π-allyl-Pd dipoles with ketenes is reported. 
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lanar chirality, caused by breaking the symmetry of a plane, is an important member of 

molecular chirality and has attracted increasing interest from the synthetic community, 

medicinal chemists, and materials scientists (Fig. 1A, 1-6). Compared with central 

chirality (7) and axial chirality (8), planar chirality is still underdeveloped and in 

particular, the asymmetric catalytic synthesis of planar-chiral cycles is much less 5 

studied (1, 9-14) than metallocenes (15-17). Recently, Collins et al. (18) reported a 

biocatalytic synthesis of planar-chiral macrolactones from benzylic-substituted diols and diacids 

(Fig. 1B, left). Almost simultaneously, Morinaka et al. (19) reported an enzymatic crosslinking of 

a tryptophan-containing linear peptide to form an indole-bridged planar-chiral cyclophane (Fig. 

1B, right). In comparison, rigid cycloalkenes bearing medium-sized rings and trans-configured 10 

olefins are more unreachable owing to unfavorable entropic factors (20), challenging planar 

chirality, and stereochemical lability (1). Limited methods to approach these scaffolds include the 

asymmetric resolution of E-cycloalkenes (21), UV-induced asymmetric isomerization of Z-

cycloalkenes (22), and intramolecular asymmetric cyclization of elaborate olefinic substrates (Fig. 

1C, 9, 23). However, an efficient modular platform for the synthesis of significant planar-chiral 15 

cycloalkenes (24, 25) from readily available starting materials is still largely unfulfilled. 

Palladium-catalyzed cycloadditions involving π-allyl-Pd dipolar intermediates (ab. dipoles) 

have been identified as a powerful tool for the synthesis of cyclic molecules (26, 27). In particular, 

owing to Zhao’s important finding in 2017 (28) that the regioselectivity of Pd-catalyzed 

intramolecular allylic substitution can be switched from the usual branched selectivity (29, 30) to 20 

linear selectivity, a number of medium-sized cis-cycloalkenes have been successfully prepared via 

cis-π-allyl-Pd dipoles (Fig. 1D, top, left, 31-36). Following our research interest on heterocycle 

synthesis (33, 35, 37-40), we recently wondered whether asymmetric Pd-catalyzed cycloaddition 

via trans-π-allyl-Pd dipoles could be realized while retaining the linear selectivity and the trans-

2H-configulation of π-allyl-metal (Fig. 1D, top, right,41). Thus, we were able to obtain planar-25 

chiral cycloalkenes with high efficiency and selectivity. As shown in Fig. 1D (bottom), we 

proposed an asymmetric [7+2] cycloadditions between oxindole-derived vinyl cyclopropanes (ab. 

VCPs) and diazo reagents under the sequential Rh and Pd catalysis. This research documents our 

efforts on this topic, not only producing a variety of structural diverse indole-fused cycloalkenes 

with excellent enantio- and diastereoselectivities, but also disclosing unprecedented reaction mode 30 

of reactive π-allyl-Pd dipolar species. 

Design plan 

A detailed design plan for the Pd-catalyzed [7+2] cycloaddition is depicted in Fig. 2A. First, 

the oxidative addition of oxindole-derived VCPs 1 to Pd(0) was conducted to form π-allyl-Pd 

dipole I with a 2H-trans-configuration. This process was supported by the recently reported Pd-35 

catalyzed [3+2] cycloadditions of VCPs 1 with Michael acceptors (42). However, unlike these 

known cycloadditions, the key O-addition of the enol unit to ketene II, generated in situ from 

diazoacetate reagents 2 by Rh-catalyzed Wolff rearrangement (43), was unknown and assumed 

here based on our recent research (44). Next, the corresponding adduct III was subjected to 

intramolecular allylic substitution to produce the desired 9-membered cycloalkenes 3, leaving the 40 

trans-olefinic configuration. To achieve this goal, we need to overcome three potential challenges 

on selectivity control: 1) the chemoselectivity resulting from the competitive C-atom addition to 

the ketene (40) and eventually affording byproduct A; 2) the periselectivity associated with Pd-

catalyzed allylic substitutions (linear selectivity to yield the desired product 3 or branched 

selectivity to yield the byproduct B); and 3) the stereoselectivity on the control of planar chirality, 45 

as well as chiral quaternary stereocenters (45, 46). 

P 
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Condition optimization 

To examine the feasibility of the designed [7+2] cycloaddition, an initial study was performed 

using oxindole-derived VCP 1a’ and diazoacetate 2a’ as model substrates, Rh2(OAc)4 as the 

catalyst for ketene formation, and a combination of Pd2(dba)3∙CHCl3 and chiral bisphosphine 

ligand L1 as the catalyst for cycloaddition (Fig. 2B). In a one-pot stepwise operation, a solution of 5 

highly reactive ketene intermediates was prepared in situ from substrate 2a’, which was then 

exposed to a solution of the Pd catalyst and substrate 1a’ in CH2Cl2. To our delight, the desired 

medium-sized cycloalkene 3a’ was obtained in 18% yield and with 43% ee and 2:1 dr after another 

24 h without the formation of byproducts A and B (Fig. 2B, entry 1). Encouraged by this promising 

result, we investigated other chiral phosphine ligands in order to improve the reaction outcome. 10 

The enantioselectivity was significantly improved with biphosphine ligand L3, which was 

attributed to hydrogen-bonding interactions (entry 3: 17% yield, 86% ee, and 4:1 dr). However, 

the use of similar chiral ligand L4 did not result in any conversion of starting material 1a’ (entry 

4). In addition, variation in the reaction medium did not improve the enantioselectivity (entries 5–

7). Replacing the methyl group of the VCP substrate (1a’) with a Boc group (1a) improved the 15 

reaction efficiency because of the higher reactivity of the latter, albeit with a slight loss of 

stereoselectivity (entry 8: 50% yield, 80% ee, and 3:1 dr). The absolute configurations of these 

two stereoisomers, 3a’’ and 3a1’’, were determined by X-ray diffraction of the corresponding 

single crystals. Performing the reaction at low temperatures can improve the enantio- and 

diastereoselectivities (entries 9 and 10). The use of chiral biphosphine ligand L5 (entry 11) and 20 

benzyl ester-substituted diazoacetate 2a (entry 12) further improved the results. Finally, the 

optimal reaction conditions were identified (entry 12) and chiral product 3a was obtained in 75% 

isolated yield with >99% ee and >19:1 dr. 

Substrate scope 

Next, we began to explore the scope of this asymmetric [7+2] cycloaddition. In general, a 25 

variety of VCPs and alkenyl-substituted diazoacetates were well suited for this transformation (Fig. 

3). Variations in the electronic properties and substitution mode of the indole ring of the VCP 

substrates were tolerable, and the corresponding products were generally obtained in good yields 

with high enantio- and diastereoselectivities (Fig. 3, 3a-3f: 51-76% yields, up to >99% ee 

and >19:1 dr). The replacement of the protecting group Boc with Cbz, Bz and Me, or avoidance 30 

of the protecting group were proved feasible, affording the desired products with good 

stereocontrol (3g-3j: 58-78% yields, up to 96% ee, and >19:1 dr). In addition, other alkenyl-

substituted diazoacetates were investigated under the optimal reaction conditions. Variations in 

the ester moiety (Et, i-Pr, and t-Bu) or the use of 1-propenyl and (thiophen-2-yl)vinyl moiety were 

found to be compatible and afforded structurally diverse cycloalkene products 3k-3m in 68-74% 35 

yields with high enantioselectivities ranging from 87% to >99% ee and excellent 

diastereoselectivities. In addition to alkenyl-substituted diazoacetates, aryl-substituted 

diazoacetates have been used in asymmetric cycloadditions. A series of VCPs reacted with phenyl-

substituted methyl diazoacetate 4a, affording structurally varied cycloalkenes in moderate to good 

yields with generally excellent enantio- and diastereoselectivities (5a-5f: 44-84% yields, 90-96% 40 

ee and >19:1 dr). Subsequently, we investigated various aryl-substituted diazoacetate substrates 

and found that in addition to methyl esters, n-butyl and t-butyl esters can also be applied to this 

catalytic system, affording the corresponding planar-chiral cycloalkenes 5g and 5h with excellent 

enantio- and diastereoselectivities. Moreover, diazoacetates with electron-rich and electron-

deficient phenyls, heteroaryls, and even ferrocenyl groups were found to be successful in this 45 

cycloaddition, producing the corresponding products 5i–5s in moderate to good yields with 
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excellent enantio- and diastereoselectivities (45-85% yields, up to >99% ee and >19:1 dr). 

Furthermore, a biester-substituted diazo compound was also examined by switching the Rh-

catalyzed Wolff rearrangement to a photo-Wolff rearrangement. Promisingly, product 5t with a 

single planar chirality was successfully obtained in 38% yield and 73% ee. 

Mechanistic investigations 5 

To better understand the origin of this stereochemistry, both experimental and computational 

studies of the Pd-catalyzed asymmetric [7+2] reaction were conducted. First, a control experiment 

was performed using N-methylated Trost ligand (2Me-L3) under the standard conditions. As 

shown in Fig. 4A, no reaction occurred with oxindole-derived VCP 1a remained unconsumed, 

indicating the important role of hydrogen bond in catalytic efficiency. To further shed light on the 10 

stereoinduction mechanism, detailed DFT calculations were performed employing the 

ωB97XD/SMD/6-311+G** (SDD for Pd)// ωB97XD/6-31G* (lanl2dz for Pd) level of theory. As 

shown in Fig. 4B, four pre-reaction intermediates (A–D) were captured in different binding modes 

with the catalyst. Interestingly, the cyclopropane ring was still closed in A and C, while it was 

open in B and D because of the H-bonding interaction between the amide in the chiral ligand and 15 

the carbonyl group in the substrate, which stabilized the negative charge on the carbonyl oxygen 

after ring opening. Starting from these four intermediates, eight reaction pathways were fully 

explored, the details of which can be found in Section 7 of the Supplementary Information (SI). 

We focused on the four optimal reaction pathways leading to the four stereoisomers, as shown in 

Fig. 4B. All pathways involved two main steps: an ester-formation step (O-addition of the enol 20 

moiety to the ketene), followed by a ring-formation step (intramolecular allylic substitution of the 

newly formed enol moiety). For pathways starting from A and C, the first step (TS1 and TS2) was 

a concerted step in which C–O bond formation was accompanied by cyclopropane ring opening, 

unlike the ester-formation step starting from B and D (TS3 and TS4, respectively), in which the 

cyclopropane ring was already open. Consequently, the energies of TS3 and TS4 were 25 

significantly lower than those of TS1 and TS2. 

As shown in Fig. 4C, further NCI analysis revealed that the hydrogen bond between the amide 

of the chiral ligand (50) and the oxygen atom of the enol intermediate could still be found in TS3, 

but not in any other ester-formation transition states, including TS4. We suggested that such H-

bonding interaction stabilizes TS3 and further lowers the energy barrier from B to K. The π-π 30 

stacking interaction between the phenyl group in ligand and the indole group in the substrate 

located by NCI also provided some stabilization effect for TS3. Therefore, the overall energy 

barrier of the B-K pathway (TS7 instead of TS3, 18.3 kcal/mol) was lower than that of A-I (TS1, 

25.2 kcal/mol), C-J (TS2, 27.6 kcal/mol), and D-L (TS4, 20.0 kcal/mol). K was predicted to be 

the major product, in good agreement with the experimentally observed major product (Sp, S)-3a, 35 

which explained >90% ee and >19:1 dr values. We conclude that the well-positioned H-bond is a 

crucial source of Pd-catalyzed [7+2] cycloaddition stereoselectivity by stabilizing the ring-opening 

intermediates and favoring the transition state for the ester-formation step. Notably, we also 

investigated the ring size selectivity and found that the nine-membered ring product was 

significantly favored over the seven-membered ring product because of the relatively low steric 40 

repulsion in the former (see Section 7.2 in SI for more details). In conclusion, the results presented 

herein not only open a new avenue for the asymmetric synthesis of planar-chiral cycloalkenes, but 

also significantly expand the frontier of Pd-catalyzed higher-order cycloadditions. 
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Demonstrating the utility and generality of present strategy 

The results reported herein represent an efficient and straightforward method for the modular 

synthesis of planar-chiral 9-membered cycloalkenes from readily available starting materials. To 

further demonstrate the utility of this methodology, a scale-up reaction between VCP 1a and 

phenyl-substituted diazoacetate 4a was performed, affording the desired product 5a almost with 5 

the same efficiency and stereoselectivity. Following, several synthetic transformations were 

performed using product 5a. First, strongly acidic condition was used to remove the Boc protecting 

group on the indole moiety, affording the desired N-H product 6a in 84% yield without affecting 

the labile planar chirality of the cycloalkene (Fig. 5A, Eq. 1). Second, we demonstrated that planar-

chiral cycloalkenes can serve as synthetically valuable handles to access other central-chiral 10 

functional groups (Fig. 5A, Eqs. 2-4). For example, the Diels–Alder reaction between cycloalkene 

5a and a tetrazine derivative (47) afforded the new chiral medium-sized heterocycle 6b in 95% 

yield. Epoxidation and cyclopropanation reactions were performed according to previously 

reported procedures (48, 49) to afford corresponding products 6c and 6d in 99% and 81% yields, 

respectively. The enantio- and diastereo-purities of these products were nearly retained during the 15 

conversion from planar chirality to central chirality, and the stereochemistry was established by 

analyzing the X-ray crystal structure of chiral product 6c.  

Furthermore, this cycloaddition strategy for planar-chiral cycloalkenes was successfully 

extended beyond oxindole-derived VCPs. Under similar catalytic conditions, the pyrrole-derived 

cyclic allylic ester 7 was suitable for the Pd-catalyzed [7+2] cycloaddition with a variety of diazo 20 

reagents 2 in the presence of a catalytic amount of Rh2(OAc)4. Enantioenriched pyrrole-fused 

cycloalkenes 8a-8d can be afforded in 56-71% yields with up to 97% ee and >19:1 dr (Fig. 5B, 

Eq. 1). In addition, the β-naphthol-derived linear allylic ester 9 can be used for this higher-order 

cycloaddition with diazo reagents 4 by simply optimizing the reaction conditions. Naphthyl-fused 

cycloalkenes 10a-10c were prepared in 50-74% yields with up to 92% ee and >19:1 dr (Fig. 5B, 25 

Eq. 2). These results demonstrate the generality of higher-order cycloaddition strategy for the 

modular synthesis of planar-chiral cycloalkenes. 
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Fig. 1. Strategies to access planar-chiral cycloalkenes. (A) Selected examples of planar-chiral 

functional molecules. (B) Selected examples of planar-chiral macrocycles. (C) Synthetic strategies 

for planar-chiral cycloalkenes. (D) This work: modular synthesis of planar-chiral cycloalkenes via 

asymmetric cycloaddition. 5 
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Fig. 2. Reaction design and condition optimization. (A) Reaction blueprint of Pd-catalyzed 

asymmetric [7+2] cycloadditions. (B) Condition optimization for the Pd-catalyzed asymmetric 

[7+2] cycloaddition. Bn, benzyl; Boc, tert-butyloxycarbonyl; ee, enantiomeric excess; Me, methyl; 

ND, not determined; NR, no reaction. 5 
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Fig. 3. Scope of asymmetric [7+2] cycloadditions. Bz, benzoyl; Cbz, carbobenzoxy; Et, ethyl; 

i-Pr, iso-propyl. 
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Fig. 4. Mechanism investigation of the asymmetric cycloaddition. (A) Control experiment to 

determine the function of hydrogen bond. (B) DFT calculations and stereochemical analysis. Data 

in parentheses is the calculated relative energy in reference to compound A. (C) Optimized 

geometry of TS3 and its NCI (non-covalent interaction) analysis. These analysis reveals the vital 5 

H-bond between the chiral ligand amide and the substrate carbonyl group as well as π-π stacking 

in TS3. In NCI plot, the blue region indicates attraction, green region represents for Van der Walls 

interaction, and red region denotes repulsive interaction. 
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Fig. 5. Demonstration of the utility and generality of synthetic strategy. (A) Scale-up reaction, 

deprotection (-Boc) and conversion of planar chirality to central chirality. (B) Extension to the 

asymmetric [7+2] cycloaddition of pyrazole and naphthalene derivatives. 
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