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Multicomponent coupling and macrocyclization
enabled by Rh(III)-catalyzed dual C–H activation:
Macrocyclic oxime inhibitor of influenza H1N1

Hao Wang,1,2,7 Zhongyu Li,1,2,3,7 Xiangyang Chen,4,7 Jonathan J. Wong,4,7 Tongyu Bi,1,2,7

Xiankun Tong,1,2 Zhongliang Xu,1,2 Mingyue Zhen,1,2 YunhuiWan,1,2 Li Tang,1,2 Bo Liu,1,2,5 Xinlei Zong,6

Dandan Xu,1,5 Jianping Zuo,1,2 Li Yang,1,2,* Wei Huang,1,2,5,* Kendall N. Houk,4,*

and Weibo Yang1,2,5,6,8,*
THE BIGGER PICTURE

Although the synthesis of

structurally diverse macrocyclic

compounds is highly desirable

due to their diverse activities, it

poses a marked challenge.

Arguably, condensation, alkyne-

azide cycloaddition, and ring

closing metathesis (RCM) are the

most frequently practiced

reactions for the synthesis of

macrocycles. Nonetheless, the

development of new reactions

and strategies for accessing

structurally diverse macrocycles

remains highly desirable. Ideally,

a straightforward route for the

construction of macrocycles
SUMMARY

Herein, we describe a practical streamlined two-component dual
C–H activation macrocyclization strategy entailing an in situ-gener-
ated directing group. The reaction mode is based on Rh(III)-cata-
lyzed three-component coupling involving cascade C(sp3)–H/
C(sp2)–H bond dual activation. The process is facilitated by readily
obtainable amidation reagents, namely, aryl-substituted 1,4,2-diox-
azol-5-ones, which can be transformed into amide directing groups
via a rhodium-nitrene intermediate. DFT calculations revealed that
the C–N versus C–C bond formation chemoselectivity was highly
controllable. The synthetic utility of this multicomponent reaction
is highlighted by the late-stage C–H functionalization of various
complex natural macrocyclic compounds, triterpenoids, biologically
active molecules, and drugs. Moreover, the developed method en-
ables the expedient and diversified synthesis of complex macrolac-
tams, and phenotypic screening indicated several unique oxime-
containing macrolactams accessed via this strategy showing potent
anti-Flu (H1N1) activity with no overt cytotoxic effects.
would entail multiple C–H

activation and two- or

multicomponent

macrocyclization, which can

tolerate several different types of

reactions. Such a method would

allow for the facile access to a

diverse array of macrocycles in a

step- and atom-economic way,

ultimately facilitating drug

discovery.
INTRODUCTION

Macrocyclic compounds occupy an important position in medicinal chemistry and

supramolecular materials sciences.1–3 For instance, cyclic peptides have shown a

unique capacity for modulating challenging protein-protein interactions, which is

challenging to achieve using other small molecules due to relatively shallow pro-

tein binding surfaces.4 Macrocyclic cages have been used in host-guest molecular

recognition based on hydrogen bond interactions.5 The efficient preparation of

these macrocyclic molecules via a modular strategy has been of sustained interest.

Schreiber et al. proposed a pioneering build/coupling/pair (B/C/P)-based strategy,

and Spring et al. used this strategy to generate structurally diverse macrocycle li-

braries.6–10 Recently, our group constructed a variety of pseudo-natural macro-

cycles via an efficient modular biomimetic assembly strategy.11–14 Notably, macro-

cyclization reactions and modular strategies have an equally important and crucial

role in the synthesis of macrocycles. During the past decades, condensation,

alkyne-azide cycloaddition, and ring closing metathesis (RCM) have been the

most frequently practiced and important reactions for realizing macrocycliza-

tion.15–18 However, the development of new reactions and strategies for accessing

structurally diverse macrocycles remains highly desirable. Ideally, a more
Chem 9, 1–17, March 9, 2023 ª 2022 Elsevier Inc. 1
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straightforward route for the construction of macrocycles would be multiple C–H

activation and two- or multicomponent macrocyclization, which can tolerate

several different types of reactions.

Fragment-based drug design (FBDD) is an attractive strategy and is widely used in

both academia and the pharmaceutical industry to generate drug candidates.19–22

In particular, natural product (NP)-derived fragments have been frequently utilized

due to their diverse structures and biological activities. For example, salicylihala-

mides and zearalenone bearing a benzannulated scaffold show immunosuppressive

activity.23–25 Roxithromycin tethered with an oxime fragment exhibits antibacterial

activity (Figure 1A).26 Inspired by NP-derived fragments and privileged scaffolds

coupled with our interest in constructing macrocycles, we envisaged the construc-

tion of benzamide-embedded oxime-substituted macrocycles via a modular strat-

egy. Our retrosynthetic analysis indicated that a two-component dual C–H activation

macrocyclization would furnish the target macrocycles using an oxime-substituted

precursor and aryl-substituted 1,4,2-dioxazol-5-ones (Figure 1B).

Recently, transition-metal-catalyzed C–H activation intramolecular macrocyclization

has emerged as a powerful synthetic tool for forging linear precursors into macrocy-

clic molecules, benefiting from step and atom economy.27,28 Significant contribu-

tions in this field have been made by the James,29 Albericio/Lavilla,30 Chen,31

Wang,32 and Ackermann33 groups, among others, who utilized a pre-installed pep-

tide backbone or heterocycles as directing groups. Inspired by the C–H activation

intramolecular macrocyclization reaction mode,27,28 which originates from a two-

component reaction, we concluded that a three-component reaction using editable

linkers could be harnessed to achieve dual C–H activation macrocyclization. Addi-

tionally, C–H functionalization via three-component reactions represents an ideal

synthesis, applicable for the assembly of simple and inexpensive building blocks

into structurally diverse molecules of significantly higher value. However, there are

three challenging issues to be addressed in this scenario. First, efficient transition-

metal-catalyzed two-component dual C–H activation macrocyclization remains

elusive due to low reactivity and the tendency for dimerization.31 If successful,

such a protocol would not only provide a practical alternative synthetic macrocycli-

zation route but would also promote further structural diversification of macrocycles.

Second, aryl-substituted 1,4,2-dioxazol-5-ones as metal nitrene precursors have

been widely studied in metal-catalyzed intermolecular or intramolecular C–H amida-

tions.34–43 It is noteworthy that the absence of such metal nitrenes in macrocycliza-

tion strategies that operate via dual C–H activation is puzzling. Third, although pre-

installed or transient reversible directing group strategies have been widely utilized

for two-component coupling of inactive C(sp3)–H,44–47 the three-component exten-

sion thereof remains an unanswered challenge due to the chemoselectivity issue.

Herein, we report the successful realization of these ideas via a new in situ-generated

directing group strategy, which utilizes a readily obtainable amidation reagent and

aryl-substituted 1,4,2-dioxazol-5-ones to form amide groups that efficiently pro-

mote Rh(III)-catalyzed two-component dual C–H activation macrocyclization and

multicomponent coupling (Figures 1B and 1C).

Results and discussion

To verify the feasibility of two-component dual C–H activation macrocyclization, we

first investigated three-component coupling involving inactive C(sp3)–H bonds us-

ing our new in situ-generated directing group strategy (Figure 2A). Oxime (1),

aryl-substituted 1,4,2-dioxazol-5-one (2), and alkene (3) were applied as the
2 Chem 9, 1–17, March 9, 2023
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Figure 1. Multicomponent coupling inspired Rh(III)-catalyzed two-component dual C–H activation macrocyclization

(A) Natural product (NP)-derived fragments and their application for the synthesis of pseudo-NP macrocycles via a modular strategy.

(B) Retrosynthetic analysis of benzamide-embedded oxime-substituted macrocycles entailing a two-component dual C–H activation macrocyclization.

(C) This work: Rh (III)-catalyzed three-component coupling of inactive C(sp3)–H.
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Figure 2. C–H activation intermolecular macrocyclization originates from three-component reaction

(A) Proposed mechanism of the three-component coupling involving an inactive C(sp3)–H bond.

(B) DFT studies of the chemoselectivity in the three-component coupling involving a C(sp3)–H bond.

(C) Mechanistic studies of the three-component coupling.
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substrates. As depicted in Figure 2B, the process commences with anti-anion

exchange to form the active catalytic species, which then induces C(sp3)–H bond

activation of oxime (1) to generate 5-membered ring metal complex I. Next, aryl-

substituted 1,4,2-dioxazol-5-one (2) coordinates to the metal center of I and pro-

duces cyclic nitrene intermediate II upon release of CO2, followed by migratory

insertion to afford amidation intermediate III or amidation intermediate product

5.34 Subsequently, the catalytic species could continuously induce C(sp2)–H bond

activation of 5 assisted by the in situ-generated amide directing group to form fused

5–6-membered ring intermediate IV. Intermediate IV is expected to react with

various alkenes (3), followed by protodemetallation, b-O elimination or b-H elimina-

tion. Ultimately, structurally diverse products were constructed via appropriate alkyl-

ation, allylation, and olefination (Figure 3 in the main text). Very recently, the Ellman

andGlorius groups have demonstrated the power of Rh(III) catalysis in elegant three-

component C(sp2)–H bond cascade reactions.48,49 Inspired by these works, through

extensive reaction condition optimization (see Tables S1–S4 for more details), it was

identified that [Cp*RhCl2]2/AgSbF6 was the optimal catalyst and proved to be

compatible with a number of synthetically useful cascade C–H functionalizations,

including C–H alkylation, allylation, and olefination. It should be noted that the order

of the C–N/C–C bond formations of these cascade reactions is distinct from that in

Ellman’s work, wherein they described an intriguing Cp*Rh(III)-catalyzed three-

component C(sp2)–H bond cascade C–C/C–N reaction. We surmised that the choice

of C–H substrates herein, instead of alkenes, was the major reason for the distinct

reaction order. The C(sp2)–H bond in the substrates reacted more readily with al-

kenes via alkene insertion than the C(sp3)–H bond.We also conducted control exper-

iments. The reaction between the oxime and a, b-unsaturated ketone did not pro-

vide any products, but the reaction between the oxime and dioxazolone readily

generated the C–H activation amidation product. The excellent chemoselectivity

and distinctive pathway were further evidenced by DFT calculations at the M06/

SDD (Rh, Ag, Sb), 6-311++G(d, p), SMD (DCE)//B3LYP-D3/LANL2DZ(Rh, Ag, Sb),

and 6-31G(d) level of theory. The computational details and full free energy profiles

are shown in the supplemental information. Dissociation of the Rh precatalyst dimer

and coordination of both the acetate and oxime substrate results in the formation of

reactant complex IN1 with an exothermic energy change of 4.3 kcal/mol (Figure S7).

The concerted metalation deprotonation (CMD) process is reversible with a free en-

ergy of 12.6 kcal/mol and forms IN2. As shown in Figure 2C, the coordination of the

dioxazolone and extrusion of acetic acid generates IN3. The subsequent formation

of nitrene intermediate IN4 occurs via CO2 release through TS2 with a low free en-

ergy of 5.9 kcal/mol. Migratory insertion of the a, b-unsaturated ketone through

TS2-B is less favorable with a much higher free energy of 23.1 kcal/mol. This may

be because the dioxazolone coordinates much more strongly to the metal center

than the ketone. The ensuing nitrene insertion to form the amidation intermediate

IN5 through TS3 occurs readily with a free energy barrier of 10.5 kcal/mol.

Then, C(sp2)–H bond activation proceeds via TS4 with a free energy barrier of

13.1 kcal/mol to form fused 5–6-membered ring intermediate IN7 (Figure S8). Sub-

sequent alkene insertion via TS5 is the rate-determining step with a total free energy

barrier of 28.7 kcal/mol. Finally, the product is formed through protodemetallation

aided by an external acetic acid through TS6. b-Hydride elimination via TS6-B results

in a positive charge on the exceptionally electron-deficient a-carbon, resulting in
Chem 9, 1–17, March 9, 2023 5
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Figure 3. Three-component coupling enabled by Rh(III)-catalyzed dual C–H activation

Yields are based on a 0.1 mmol scale reaction after silica gel chromatography. m, mono; d, di; c, cyclized. aOxime (0.2 mmol, 2.0 equiv), dioxazolone

(0.1 mmol, 1.0 equiv), and alkylation reagent (0.15 mmol, 1.5 equiv). bChiral Rh(III) catalyst was used instead of [Cp*RhCl2]2, the condition was shown in

supporting information. cOxime (0.2 mmol, 2.0 equiv), dioxazolone (0.1 mmol, 1.0 equiv), and allylation reagent (0.15 mmol, 1.5 equiv). dPerformed with

Cs2CO3 (20 mol %) instead of AgOAc. eAgF (40 mol %) was used instead of AgOAc. fHeterocycle (0.15 mmol, 1.5 equiv), dioxazolone (0.1 mmol, 1.0

equiv), allylation reagent (0.2 mmol, 2.0 equiv), and AgOAc (10 mol %). gOxime (0.2 mmol, 2.0 equiv), dioxazolone (0.1 mmol, 1.0 equiv), alkenylation

reagent (0.15 mmol, 1.5 equiv). hOxime (0.15 mmol, 1.5 equiv), dioxazolone (0.1 mmol, 1.0 equiv), olefin (0.2 mmol, 2.0 equiv), [CpERhCl2]2 (5 mol %),

AgSbF6 (20 mol %) and Cu(OAc)2 (20 mol %), and DCE/HFIP = 4/1 (1.0 mL), 100�C, air, 12 h. DCE: dichloroethane, DCM: dichloromethane, HFIP:

hexafluoroisopropanol.
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3.9 kcal/mol higher energy than that of the protodemetallation pathway. Interest-

ingly, intermediate 5 was detected by LC-MS and isolated in 52% yield after 2 h (Fig-

ure 2C-1). To further prove that intermediate 5 could be transformed into 4 via

C(sp2)–H bond alkylation, we first synthesized 5 in a yield of 65%, then reacted it

with 3 under standard conditions to give the final product 4 in 78% yield (yield

over two steps was 51% versus one-pot yield 62%) (Figure 2C-2). Additionally, a par-

allel kinetic experiment using 5 and its isotopically labeled derivative 5-d provided a

kinetic isotope effect (KIE) of kH/kD = 1.4 (Figure 2C-3). This result indicated that C–H

activation may not be the rate-determining step, which is consistent with the DFT

calculations.

With the optimized conditions in hand, we first assessed the ketoxime scope of the

three-component coupling involving inactive and active C(sp3)–H bonds. As shown

in Figure 3, a range of ketoximes bearing a variety of substituents were found to be

suitable substrates in the cascade C–H amidation/alkylation (4 and 6 to 14), allylation

(15 to 26), and olefination (27 to 38) reactions. However, acyclic ketoximes containing

ana-hydrogen atom reacted sluggishly andgave lower yields becauseof thepresum-

ably more flexible nature of the acyclic conformers. Therefore, we were pleased to

find that cyclic ketoximes containing an a-hydrogen atom reacted smoothly to

form 16 and 28 in good yield, reinforcing the conformation effect. Furthermore, ke-

toxime derivatives prepared from the natural perfume (D)-carvone, (L)-carvone, and

santonin, a versatile pesticide, all reacted smoothly to afford the desired products in

high yields (15 and 27). Furthermore, the use of a chiral Rh catalyst (see supplemental

information) facilitated an enantioselective reaction, and enantioenrichedmaleimide

product 14 was obtained in moderate yield and e.r.

Although the cascade C–H amidation/alkylation process was slightly hampered in

the case of ortho bromo-substituted 1,4,2-dioxazol-5-ones, these substrates under-

went efficient cascade C–H amidation/olefination or allylation and provided the

desired products in 55% and 66% yield (22 and 33), respectively. It is worth

mentioning that a mixture of mono- or di-olefination (32, 34, and 35) and mono-

or di-allylation products (21) was observed in the case of meta-or para-substituted

1,4,2-dioxazol-5-ones. Interestingly, when the ortho-Br, meta-Me, or -Br, para-Br

substituted 1,4,2-dioxazol-5-ones were subjected to the standard cascade C–H ami-

dation/olefination conditions, an unexpected cascade cyclization product was

formed along with the desired products (32–35).

Furthermore, we assessed the alkene and alkyne scope, and the optimized reac-

tions proved general for various electronically and sterically differentiated a, b-un-

saturated ketones, acrylates, styrenes (29 and 38), and alkynes (30 and 31). For

example, CF3-substituted a, b-unsaturated ketones underwent the cascade C–H

amidation/alkylation process smoothly, affording a previously inaccessible class

of novel CF3-substituted amides, which may also have interesting biological prop-

erties.14,50 Importantly, various native heterocyclic directing groups, such as
Chem 9, 1–17, March 9, 2023 7
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pyrazole (26) and pyridine (24 and 25), were compatible with the multicomponent

C(sp3)–H coupling protocol, and the amidation reagent is not limited to aryl-

substituted groups, being extended to alkenyl substituted 1,4,2-dioxazol-5-

ones (23).

Having successfully developed an efficient three-component coupling method

involving an inactive C(sp3)–H bond, we sought to apply it to the late-stagemodifica-

tion of readily available natural products51 and two-component dual C–H activation

macrocyclization. Alpha-methyl ketone or beta-methyl alcohol are commonly occur-

ring structural motifs in various complex natural macrocyclic compounds, triterpe-

noids, biologically active molecules and drugs. Although conventionally, these

frameworks have been modified via semi-synthesis, this approach is inherently

limited because typically only a few positions or active sites can be modified effec-

tively, which curtails the exploration of their structure-activity relationship (SAR).

For example, a general and effective method for the selective modification of the

challenging b-C(sp3)–H position of the ketone in the aforementioned sophisticated

molecules has not been developed. As shown in Figure 4, the present Rh-catalyzed

multicomponent cascade reaction allowed for the streamlined incorporation of an

a, b-unsaturated ester into several structurally complex natural products and drugs,

including Baccatin III, Moxidectin, Eprinomectin, Milbemycin oxime, and Betulinic

acid. The 2015Nobel Prize in physiology ormedicine was awarded for the novel ther-

apy against infections caused by roundworm parasites using avermectins. Notably, a

series of avermectin analogs are accessible via the developed coupling protocol.

Subsequently, we returned to the original question of whether this in situ-generated

directing group strategy could be used to generate benzamide-embedded oxime-

substituted macrocycles via two-component dual C–H activation macrocyclization.

As illustrated in Figure 5, this strategy demonstrated remarkable tolerance for

two-component macrocyclization via C–H amidation/alkylation, allylation, and olefi-

nation. Moreover, two-component macrocyclization reactions using ketoximes teth-

ered with different linkers, such as sterically bulky t-butyl, aliphatic ester (63 to 76),

heteroaryl (60), and ether (48 to 62), all proceeded smoothly, providing the corre-

sponding 15- to 24-membered macrolactams in synthetically useful yields. The rela-

tive configuration of 48 was unambiguously assigned employing X-ray crystal struc-

ture analysis. Gratifyingly, the reaction was also compatible with a biaryl moiety (59),

which is commonly encountered in natural macrocycles that display unique biolog-

ical properties.52 To our delight, a ketoxime containing an a-hydrogen atom also

proved to be a suitable coupling partner and its successful conversion tomacrocyclic

products considerably expands the scope of the C–H activation intermolecular mac-

rocyclization method. Next, we evaluated the scope of the aryl-substituted 1,4,2-di-

oxazol-5-ones in three different types of macrocyclization reactions. Aryl groups with

electron-donating and withdrawing substituents at the ortho-, meta-, and para-po-

sitions were efficiently accommodated to yield cascade C–H activation macrocycli-

zation products in moderate yields. The allylation protocol was also applicable to

bromo-substituted substrate (67), which can serve as a useful synthetic handle for

various cross-couplings. Additionally, naphthyl-substituted 1,4,2-dioxazol-5-one

also underwent C–H amidation/alkylation and allylation/macrocyclization smoothly,

affording the corresponding products in 47%, and 36% isolated yield (56 and 71),

respectively.

Interestingly, the orientation of the double bond could be controlled by choosing

suitable alkene coupling partners. Exo-alkene products were obtainable via

Rh-catalyzed C–H amidation/allylation macrocyclization, whereas endo-alkene
8 Chem 9, 1–17, March 9, 2023



Figure 4. Late-stage diversification of complex molecules

Yields are based on a 0.1 mmol scale reaction after silica gel chromatography. Reaction conditions are not the same for different substrates. If reaction

conditions for specific substrates were needed, please refer to the supplemental information.
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products were generated via Rh-catalyzed C–H amidation/olefination macrocycli-

zation. This differentiation is likely due to the distinct b-O and b-H elimination

pathways.53,54

The preparation of complex macrocycles via the streamlined C–H functionalization

of readily accessible, simple feedstocks, such as ketones, alcohols, and carboxylic
Chem 9, 1–17, March 9, 2023 9



Figure 5. Scope of Rh(III)-catalyzed macrocyclization

Yields are based on a 0.1 mmol scale reaction after silica gel chromatography. Reaction conditions are not the same for different macrocyclizations. If

reaction conditions for specific substrates were needed, please refer to the supplemental information.
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Figure 6. Further expanded scope of Rh(III)-catalyzed macrocyclization

Yields are based on a 0.1 mmol scale reaction after silica gel chromatography. Reaction conditions are not the same. If reaction conditions for specific

substrates were needed, please refer to the supplemental information.
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acids, is highly attractive to chemists. Given the success of the two-component dual

C–H activation macrocyclization of ketone derivatives, we turned our attention to

investigating the generality of our strategy by employing alcohol and carboxylic

acid derivatives. As depicted in Figure 6, we found that these linear precursors

can be smoothly macrocyclized using aryl-substituted 1,4,2-dioxazol-5-ones

(78–81), highlighting the excellent compatibility of the developed in situ-generated

directing group strategy. Furthermore, we demonstrated the robustness and prac-

ticality of the developed Rh-catalyzed intermolecular macrocyclizations by perform-

ing gram scale reactions without erosion of the yields.
Chem 9, 1–17, March 9, 2023 11
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Figure 7. Principle moment-of-inactiveia plot and bioactivity studies

(A) The molecular shape diversity of the macrocyclic library (red squares), 87 unsynthesized macrocycles (filled blue triangles), and comparison with

2,402 approved drugs (open green dots). For further details, see supplemental information.

(B) The tested compounds ameliorated the cytopathic effects (cell rounding, degeneration, and sloughing) of H1N1 infection and improved cell

survival.

(C) The compounds significantly decreased the signal for the nucleoprotein of H1N1. immunofluorescence, nucleoprotein (green); nucleus (4’,6-

diamidino-2-phenylindole, DAPI, blue). See also Table S5 and Figure S4.
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In addition, the identification of lead compounds greatly benefits from FBDD strate-

gies. Therefore, to optimize lead compounds and highlight the potential application

of this Rh-catalyzed two-component dual C–H activation macrocyclization in the

construction of drug-like molecules, the privileged scaffold, FKBP-binding domain

(FKBD) was initially extracted from Rapamycin.55,56 Subsequently, this privileged

scaffold was combined with suitably designed linkers to form a linear precursor (Fig-

ure 6E). Finally, an expedient synthesis of its analog was realized employing the

developed protocol (83).

To assess the degreeof the overall structural diversity attained in ourmacrocyclic library,

we compared our set of macrocycles with approved drugs: (1) a set of 25 macrocycles

from the synthesized library, (2) a set of 87 unsynthesizedmacrocycles potentially acces-

sible through the current method, and (3) a set of 2,402 known drugs. Based on our cal-

culations of the lowest energy conformations of all the depicted molecules, normalized

ratios of principal moment-of-inactiveia (PMI) molecular shape descriptors were plotted

on two-dimensional triangular graphs and then used to compare the structural space

covered by different compound sets to rapidly assess and visualize the diversity in the

molecular structures associated with a given compound set.57,58

As shown in the PMI plot (Figure 7A; see also Figure S5), all of the molecules were

classified as rods, discs, or spheres to characterize the shape and distribution of

the library around the triangle, which demonstrated the molecular structural diver-

sity of the compound library. This figure shows that the vast majority of approved

small molecule drugs are either rodlike or disklike,59,60 whereas the current macro-

cyclic library discretely populates the third dimension in structural space, suggesting

that it contains a considerably higher number of scaffold types and spherical mole-

cules that are rare in conventional compound libraries, highlighting the advantage of

this modular synthetic method in terms of product diversity.

Applying the above method, we created a screening library of various macrocycles.

The benzamide-embedded oxime-substituted products were further investigated in

various phenotypic assays to evaluate their influence on various biological pro-

cesses; anti-inflammatory and anti-tumor effects and inhibitory activity against influ-

enza A viruses were evaluated. Interestingly, the quantitative real-time PCR and

cytopathic effect (CPE) inhibition assay revealed that several members of the collec-

tion inhibited the multiplication of H1N1 (strain: A/PR/8/34) and significantly

increased cell survival after viral infection.

The SAR analysis of these novel macrocycles is presented in Table 1. Surprisingly, the

CF3-substitutedmacrocycles obtained via the cascade C–H amidation/alkylation route

displayed minimal inhibitory activity against the multiplication of H1N1. However, the

incorporation of a, b-unsaturated esters into the macrocycles through cascade C–H

amidation/allylation significantly increased the inhibitory potency in most cases—the

a, b-unsaturated ester as a Michael acceptor is known to be an irreversible inhibitor

in drug discovery. Arylamides bearing electron-withdrawing groups (R4) exhibited bet-

ter potency than arylamides containing electron-donating groups in 15-membered
Chem 9, 1–17, March 9, 2023 13



Table 1. Inhibitory activities of benzamide-embedded oxime-substituted macrocycles against influenza A H1N1 and structure-activity relationship

analysis

Entry Compound CC50 (mM) EC50 (mM) SI (CC50/EC50)

1 48 26.29 NA –

2 52 >100 NA –

3 53 >100 NA –

4 55 45.61 NA –

5 56 100 NA –

6 61 45.61 36.65 1.24

7 63 >100 NA –

8 65 210.6 2.30 91.57

9 65-1 >100 NA –

10 65-2 >100 NA –

11 66 >100 NA –

12 69 >100 9.84 >10.17

13 70 >100 0.57 >176.1

14 71 >100 2.15 >46.43

15 73 44.0 4.42 9.95

16 75 >100 1.78 56.27

17 76 >100 NA –

18 77 >100 NA –

See also Table S6.
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oxime-substituted macrocycles (65 versus 66). Removal of the oxime or masking the

Michael acceptor as a thioether in macrocycle 65 produced macrocyclic ketone 65-1

and oxime 65-2, respectively, which completely shut down the inhibitory activity. These

results suggested that the oxime group and a, b-unsaturated ester were crucial macro-

cyclic components required for retaining the activity against influenza A and should be

further investigated in drug design strategies against H1N1 infection. Remarkably,

replacement of the R5 methyl group of 65 with a hydrogen afforded 70, which dis-

played enhanced potency with an IC50 value of 0.57 mM with an SI (selection index)

value of >176. Based on the SAR analysis, representative compounds 65 and 73

were chosen for the CPE inhibition assay and immunofluorescence studies

(Figures 7B and 7C; see also Table S5; Figures S3 and S4).61 The signal strength for

the nucleoprotein of infected Madin-Daby canine kidney (MDCK) cells decreased

significantly after treatment with these compounds.
14 Chem 9, 1–17, March 9, 2023
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Conclusions

We report an in situ-generated directing group strategy and a two-component dual

C–H activation macrocyclization mode that enables modular, versatile, and poten-

tially enantioselective construction of various macrocycles, which may be of interest

in medicinal chemistry and materials science. Using the developed method, a small

screening library was rapidly obtained and assessed for potency against the H1N1

virus, showing promising results. The synthesized molecules were more spherical

in shape than previous examples of macrocyclic drugs, expanding the chemical

space of such molecules and opening up the possibility of future exploration

through this synthetic method.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Weibo Yang (yweibo@simm.ac.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All original data reported in the paper is available in the paper’s supplemental

information.
General procedure for the Rh(III)-catalyzed three-component coupling

A screw-capped vial was charged with the respective oxime (0.2 mmol, 2.0 equiv),

dioxazolone (0.1 mmol, 1.0 equiv), alkene or alkyne (0.15 mmol, 1.5 equiv),

[Cp*RhCl2]2 (5 mol %), AgSbF6 (20 mol %) and AgOAc (20 mol %) in 1.0 mL solvent

(DCM or DCE, 1.0 mL, see the supplemental information for more details) under an

air atmosphere. The reaction mixture was mixed uniformly, then stirred at 80�C for

12 h. After that, the vial was cooled to r.t., quenched with saturated brine and ex-

tracted with DCM. The combined organic layers were dried over anhydrous

Na2SO4, filtered and concentrated in vacuo to give the residue. The residue was pu-

rified by flash chromatography on silica gel to afford the corresponding target

product.
General procedure for the Rh(III)-catalyzed macrocyclization

A teflon-capped vial was charged with the respective linear precursor (0.2 mmol, 2.0

equiv), dioxazolone (0.1 mmol, 1.0 equiv), [Cp*RhCl2]2 (5 mol %), AgSbF6 (20 mol %),

and AgOAc (20 mol %) in 10 mL DCM under an air atmosphere. The reaction mixture

was mixed uniformly, then stirred at 80�C for 24 h. After that, the vial was cooled to

r.t, quenched with saturated brine, and extracted with DCM. The combined organic

layers were dried over anhydrous Na2SO4, filtered, and concentrated in vacuo to

give the residue. The residue was purified by flash chromatography on silica gel to

afford the corresponding target macrolactam.

Full experimental procedures are provided in the supplemental information.
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