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a b s t r a c t

The development of enantioselective C–H macrocyclizations to efficiently access structurally diversified

macrocycles is highly desirable, but remain a big challenge. Herein, we reported the first rhodium(III)-

catalyzed asymmetric intramolecular C–H macrocyclization, enabling the efficient synthesis of structurally

diverse enantioenriched macrocycles. This robust enantioselective C–H macrocyclization has a broad

functional group tolerance, excellent enantioselectivities (up to 98.5:1.5 e.r.) and a mild reaction con-

dition, releasing CO2 as the single by-product. More significantly, the resulting unique enantioenriched

19-membered macrocycle 2f was found to demonstrate a potent in vitro anti-Zika virus (ZIKV) activity

without obvious cytotoxicity. Further investigation revealed that the anti-ZIKV activity is presumably at-

tributed to an autophagy inhibition in the early stage of viral infection by down-regulating the expression

of autophagy related gene Atg12.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Macrocycles widely exist in natural products, biologically ac-

tive compounds and marketed drugs, and macrocyclic compounds

have their advantages, such as the ability to selectively bind to un-

druggable targets, improved metabolic stability and passive mem-

brane permeability [1–7]. Among them, macrocycles bearing an

enantioenriched dihydrobenzofuran scaffold are an important class

of compounds and exhibit a wide range of biological activities,

such as anti-cancer, antivirus, anti-inflammatory, and antimicrobial

(Fig. 1) [8–11]. Despite these valuable functions, the difficulty of re-

supply and synthesis largely hampers the sustainability, the explo-

ration of the chemical space and the systematic structure-activity

relationship investigations. Thus, the development of efficient syn-

thetic strategies to expeditiously access and enrich diverse enan-
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tioenriched dihydrobenzofuran-based macrocycles is highly desir-

able.

So far, several elegant macrocyclizations such as macrolac-

tonization, lactamization, transition-metal-catalyzed cross-coupling

reactions, and ring-closing metathesis (RCM) have been devel-

oped (Scheme 1a) [12–19]. Despite great progress, the majority

of macrocyclizations rely on cyclizations of linear precursors pos-

sessing two terminal reactive functional groups. Macrocyclization

through a direct C–H activation approach would be very desir-

able in terms of atom-and step-economy. Recently, several elegant

macrocyclizations via a transition-metal-catalyzed C–H activation

have been developed (Scheme 1b) [20–31]. Despite considerable

efforts in this area, all these protocols are non-enantioselective and

limited to synthesis of racemic macrocycles. Therefore, the devel-

opment of enantioselective C–H macrocyclizations to access enan-

tioenriched macrocycles remain a big challenge but is highly desir-

able.

https://doi.org/10.1016/j.cclet.2024.109574

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Representative bioactive macrocycles bearing an enantioenriched dihydrobenzofuran scaffold.

Scheme 1. Synthesis of macrocyclic compounds.

Alkene is an important prochiral functional group and 1,2-

difunctionalization of alkenes, especially in a catalytic and enan-

tioselective fashion, is a highly efficient and attractive method, en-

abling fast increase in molecular complexity and direct access to a

series of densely functionalized chiral building blocks from sim-

ple starting materials [32–41]. Recently, some elegant examples

of transition-metal-catalyzed asymmetric 1,2-difunctionalization of

O-tethered-alkenes have been reported to access enantioenriched

2,3-dihydrobenzofurans [42–53]. Stimulated by those pioneering

studies and our interest in developing C–H functionalizations [54–

56], we envisioned that a “an asymmetric intramolecular 1,2-

carboamination of a O-bearing olefin-tethered arenes via a C–H ac-

tivation strategy” strategy could hold promise for a new approach

to access structurally diverse enantioenriched dihydrobenzofuran-

based macrocycles (Scheme 1c).

However, besides the optimization of the chiral catalysts, there

are four challenging issues to be addressed in these scenarios: (a)

The intramolecular annulative C–H arylation must be faster than

the undesired intramolecular competitive C–H amidation. (b) There

are two ortho C–H bonds that can be activated. Activation of an-

other undesired C–H bond followed by an intramolecular or in-

termolecular amidation would provide several undesired byprod-

ucts. (c) The C(alkyl)-M intermediate resulting from intramolecular

annulative C–H arylation is liable to undergo protonation [44,51].

Thus, the subsequent intramolecular amidation of the C(alkyl)-M

intermediate must be faster than protonation. (d) The C(alkyl)-M

intermediate can also be trapped through a competitive undesired

intermolecular amidation reaction.

Herein, we report the first rhodium(III)-catalyzed enantios-

elective intramolecular 1,2-carboamidation of aromatic tethered

alkenes, enabling the efficient synthesis of structurally diverse

enantioenriched dihydrobenzofuran-based macrocycles (Scheme

1c). More significantly, the enantioenriched 19-membered macro-

cycle 2f was found to exhibit decent in vitro anti-Zika virus (ZIKV)

activity without obvious cytotoxicity, which can be attributed to an

autophagy inhibition.

To examine the feasibility of this reaction, amide 1a was cho-

sen as the model substrate. Chiral cyclopentadienyl Rh(III) catalysts

have emerged as one of the most powerful catalysts in asymmetric

C–H functionalization [57–62] as pioneered by Cramer [60] and Ro-

vis [61]. We first investigated the effect of a famous chiral rhodium

catalyst Rh1 (R=OMe) in the presence of various additives in DCE

at 60 °C (Table 1, entries 1–4). The acetate additives were shown

to play a critical role to afford the desired macrocyclic product

2a and Cu(OAc)2 was identified as the superior additive, providing

the 2a in 58% yield (entry 4) with a low enantioselectivity (75:25

e.r.). A further screen of previously reported chiral catalysts Rh2–

5 (entries 5–8) revealed that a 3,3′-phenyl substitution was cru-

cial to offer a good enantioselectivity (93:7 e.r.) (entry 8). Consid-

ering that the benzene ring of the Rh5 can form a vertical sur-

face with the BINOL skeleton, we reasonably designed and synthe-

sized a series of new chiral ligands with further substitution on the

phenyl ring (Rh6, Rh7 and Rh8) (entries 9–11). The novel catalyst

Rh8 provided the best enantioselectivity (98:2 e.r.) also with an ac-

cepted yield of 68% at 60 °C (entries 11–13). This macrocyclization

reaction does not proceed in 1,4-dioxane, toluene and CH3CN.

Under the optimal reaction conditions, the substrate scope

was investigated (Scheme 2). This reaction could allow to ac-

cess even larger 15- to 20-membered macrocycles (2b–g) with

good yields and excellent enantioselectivities (up to 98:2 e.r.).

The reaction of substrate 1a bearing various electron-donating

or electron-withdrawing substituents at para or meta position of

the arene ring proceeded smoothly, affording compounds 2h–p

with good yields and excellent enantioselectivities (97:3–98.5:1.5

e.r.). The absolute configuration of the product 2p was estab-

lished by X-ray crystallographic analysis (CCDC: 2059282). When

2-naphthalenecarboxamide was used, the corresponding product

2q was generated in good yield with excellent enantiomeric ratios

(98:2 e.r.). Various substituted allyl groups such as ethyl, bulky cy-

clopentyl, phenyl, and phenoxymethyl groups also afford the corre-

sponding product (2r–u) with excellent enantioselectivities (up to

98:2 e.r.).
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Table 1

Optimization of reaction conditions.a

Rh1
Rh1
Rh3
Rh4
Rh5
Rh6

Rh8
Rh7

Entry Catalyst Additive Solvent Yield (%) e.r.

1 Rh1 Ag2CO3 DCE 0 /

2 Rh1 Zn(OAc)2 DCE 23 74:26

3 Rh1 AgOAc DCE 30 75:25

4 Rh1 Cu(OAc)2 DCE 58 75:25

5 Rh2 Cu(OAc)2 DCE 38 67:33

6 Rh3 Cu(OAc)2 DCE 40 65:35

7 Rh4 Cu(OAc)2 DCE 44 75:25

8 Rh5 Cu(OAc)2 DCE 50 93:7

9 Rh6 Cu(OAc)2 DCE 55 94.5:5.5

10 Rh7 Cu(OAc)2 DCE 45 90.5:9.5

11 Rh8 Cu(OAc)2 DCE 68 98:2

12b Rh8 Cu(OAc)2 DCE 50 98.5:1.5

13c Rh8 Cu(OAc)2 DCE 61 96.5:3.5

Conditions:
a 1a (0.1mmol), catalyst (5 mol%), AgSbF6 (20 mol%) and additive (50 mol%) in solvent (1mL) at 60 °C for 48h. Yield isolated by column chromatog-

raphy and e.r. determined by chiral HPLC.
b Reaction was performed at 50 °C.
c Reaction was performed at 70 °C.

Scheme 2. Substrate scope. Conditions: 1 (0.1mmol), Rh8 (5 mol%), AgSbF6 (20

mol%), Cu(OAc)2 (50 mol%) in DCE (1mL) at 60 °C for 48h. Isolated yield. The enan-

tiomeric ratio (e.r.) of the products were determined by chiral HPLC in comparison

with the authentic racemate.

Fig. 2. The molecular shape diversity of the macrocyclic library.

To evaluate the degree of the overall structural diversity of our

macrocyclic library, we compared these macrocycles with approved

market drugs: (1) 21 synthesized macrocycles, (2) 21 macrocycles

with opposite configuration, and (3) 2388 known drugs. Based on

the calculations of the lowest energy conformations of these com-

pounds, normalized ratios of principal moment-of-inactiveia (PMI)

molecular shape descriptors were drawn on a two-dimensional

triangular graph [63]. As shown in Fig. 2, all of the compounds

were classified as rods, discs, and spheres to characterize the shape

and the distribution of this library around the triangle exhibited

the molecular structural diversity. The result demonstrated that

most of approved drugs are either disklike or rodlike [64], while

these macrocyclic compounds show a considerably higher number

of dislike and spherical molecules that are rare in conventional

compound libraries, highlighting the advantage of this synthetic

method in terms of product diversity.

ZIKV is an emerging flavivirus that causes microcephaly and

other severe brain injury in fetuses during pregnancy and also

causes neuroinflammatory Guillain-Barré syndrome, neuropathy
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and myelitis in adults [65]. In 2016, ZIKV outbreak was declared as

a public health emergency of international concern by the World

Health Organization (WHO), and over 2 billion people were threat-

ened by ZIKV infection globally [66]. Despite a huge threaten, there

are currently no approved treatments or vaccines for ZIKV [67].

Therefore, there is an urgent need for the development of anti-

ZIKV drug.

Applying the above method, we created a screening library of

various macrocycles and these macrocycles were further evaluated

by using various phenotypic assays, including a cytopathic protec-

tion assay to investigate the anti-ZIKV activity. To our delight, the

results revealed that 19-memebered macrocycle 2f exhibited a de-

cent cytopathic protection of ZIKV infection in Vero (African green

monkey kidney) cell and the ring size of macrocycles is crucial to

the inhibitory effect (Table S1 in Supporting information).

Encouraged by the preliminary results, the antiviral activity

and mechanism of compound 2f were further investigated. First,

macrocycle 2f showed no cytotoxicity at the concentration up to

50μmol/L after 24h treatment (Fig. 3A). To further evaluate the

antiviral activity of 2f, we next examined the inhibition of ZIKV

infection in Vero cells with multiplicity of infection (MOI)=1 un-

der the treatment of 2f for 24h. Intracellular viral RNA levels, viral

protein expression levels and virus progeny in supernatants were

determined by quantitative real-time PCR polymerase chain reac-

tion (qRT-PCR), Western blot and plaque assay respectively. Com-

pound 2f decreased viral RNA expression with 50% effective con-

centration (EC50) of 20.67 μmol/L (Fig. 3B). The genome of ZIKV

encodes 10 genes that are translated into three structural pro-

teins (C, prM, and E) and seven non-structural proteins (NS1, NS2A,

NS2B, NS3, NS4A, NS4B, and NS5). The real-time PCR revealed that

2f decreased ZIKV NS1 gene (Fig. 3C) and Western blot showed

that 2f decreased ZIKV NS1 and NS3 protein expression (Figs. 3D

and E). Meanwhile, Plaque assay directly reflected the reduction of

progeny yield by 2f treatment (Figs. 3F and G). More importantly,

these results showed that 2f was more potent than ribavirin, a

broad-spectrum antiviral drug that has good anti-ZIKV activity and

suppresses viremia in ZIKV-infected signal transducer and activator

of transcription 1 (STAT1)-deficient mice [68]. Immunofluorescence

assay also showed that 2f inhibited anti-flavivirus group antigen

(4G2) expression in a dose-dependent manner (Fig. 3H). Collec-

tively, our data clearly demonstrated that 2f inhibited ZIKV infec-

tion presented by the reduced production of viral RNA and viral

protein and the decreased virion yield in vitro.

To further explore the underlying mechanism of the inhibitory

action of 2f on ZIKV infection, we performed a quantitative com-

parison for the Vero cells treated and untreated with compound 2f

by a high-sensitivity label-free quantitative proteomics mass spec-

trometry approach. In this study, four biological replicates were

conducted for each group (control and treat) to ensure the relia-

bility of the results (Figs. S1A and B in Supporting information).

The results showed that a total of 8879 proteins were preliminary

monitored, among which 8513 proteins with quantitative informa-

tion were identified. Interestingly, the expression of protein p62

(SQSTM1), an important selective autophagy receptor, increased by

134% with a P-value of 2.28E-7 in response to 2f treatment (Fig.

S1C in Supporting information). The deposition of p62 has been

widely utilized as a marker for autophagy inhibition or abnormali-

ties in autophagic degradation [69], suggesting that the stimulation

Fig. 3. 2f Inhibits ZIKV infection in Vero cells. (A) Cytotoxicity of 2f in Vero cells. Vero cells were treated with different concentrations of 2f for 24h, and viability was

determined by cell counting kit-8 (CCK8) assays. (B) Antiviral activity of the 2f against ZIKV. Vero cells were treated with 2f at different concentrations and were infected

with ZIKV at an MOI=1. The anti-ZIKV activity of 2f was quantified by qRT-PCR with a primer designed for the NS1 gene. Percentage (%) were calculated as the 2f treatment

viral genome load vs. the virus control. (C) Viral RNA was measured by qRT-PCR with a positive control ribavirin (Riba) at 50 μmol/L as well. (D) Western blot analyzed

the expression of ZIKV-NS1, ZIKV-NS3 after infection for 24h with or without 2f. (E) Image analysis and quantitation for Western blot by using ImageJ software. (F) ZIKV

titers from cell supernatants were determined by infecting Vero cells for 4 days with an agarose overlay and the plate was photographed. The plates were analyzed for

plaque-forming units per mL (PFU/mL). (G) Virus yield was assessed by plaque-forming unit assay. (H) Immunofluorescent staining for 4G2 in Vero cells. Scale bar: 75 μm.

Data are shown as the (means ± SD) of three independent experiments. Statistical significance was analyzed from one-way-ANOVA compared with the ZIKV group. ∗∗P <

0.01 vs. the virus control. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DAPI, 4′ ,6-diamidino-2-phenylindole; ns, no significance.
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Fig. 4. 2f Suppresses autophagy by reducing Atg12 expression. (A) Western blot analysis of p62 and LC3B expression levels in Vero cells infected with ZIKV and treated with

2f. (B, C) Quantification results of p62 protein expression, LC3B-II:I ratio levels (n=3 independent experiments). (D) Western blot analysis of Atg12, Atg12–Atg5 complex

protein expression levels in Vero cells infected with ZIKV and treated with 2f. (E, F) Quantification results of Atg12 protein expression, Atg12–Atg5 levels (n=3 independent

experiments). Data are shown as the means ± SD of three independent experiments. Statistical significance was analyzed from one-way-ANOVA compared with the ZIKV

group, ∗P < 0.05, ∗∗P < 0.01 vs. the virus control.

from compound 2f could influence the physiological processes in-

volved in autophagy.

Autophagy, which is involved in the degradation and recycling

of cellular components, was reported to promote the replication

of ZIKV and dengue virus [70–72]. In autophagy, cytoplasmic com-

ponents are engulfed by autophagosomes and delivered to lyso-

somes for degradation. Microtubule-associated proteins light chain

3 (LC3) is considered as indicators of autophagy when LC3 I con-

verses to LC3 II [73]. Encouraged by the above findings, we further

detected LC3 II/I and p62 protein involved in autophagy. As shown

in Figs. 4A–C, LC3 II level was decreased and autophagy substrates

p62 expression level was increased with the treatment of 2f in a

dose-dependent manner, indicating that the cell autophagy was in-

hibited. The Atg12 ubiquitin-like binding system plays an impor-

tant role in the formation of autophagosomes. It has also been

shown that the complex may contribute to the initial tethering

of vesicle precursors during autophagosome formation. To exam-

ine whether 2f affects the activity of Atg5–Atg12 complex to in-

hibit the autophagy process, we examined the protein expression

level of the Atg5–Atg12 complex and its monomers (Figs. 4D–F).

The results showed that 2f significantly down-regulated the pro-

tein expression level of Atg5–Atg12 complex and its monomer, es-

pecially for Atg12. Taken together, these results demonstrated that

during the infection of ZIKV in Vero cells, 2f inhibited the lipida-

tion of LC3 by down-regulating the expression of Atg12, preventing

the process of autophagy and inhibiting the replication of the ZIKV

on Vero cell.

In summary, we have demonstrated for the first time that an

enantioselective intramolecular 1,2-carboamidation of alkenes is

a feasible enantioselective macrocyclization leading to enantioen-

riched macrocycles. This robust asymmetric C–H macrocyclization

proceeds with a broad functional group tolerance under mild reac-

tion conditions, affording structurally diverse dihydrobenzofuran-

based macrocycles with excellent enantioselectivity (up to 98.5:1.5

e.r.). The synthesized compounds were more dislike and spher-

ical in shape than previous macrocyclic drugs, thus expanding

the chemical space of macrocycles. More significantly, the unique

enantioenriched 19-memebered macrocycle 2f was found to po-

tently inhibit ZIKV infection in Vero cells without obvious cytotoxi-

city. Further mechanism investigation revealed that 2f could inhibit

the occurrence of autophagy in the early stage of viral infection by

down-regulating the expression of autophagy related gene Atg12,

which provides a new idea and experimental basis for anti-ZIKV

drug development.
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