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Redox-neutral rhodium(III)-catalyzed divergent synthesis of 
tetrasubstituted 1,3-enynes and alkynylated benzofurans† 

Xin Gong,‡a Na Yu,‡b Linghui Gu,a Zheyu Li,*a Wenbo Ma*a and Fei Zhao*a 

With the assistance of the acetamido directing group (DG), a rhodium-catalyzed C−H alkenylation/DG migration cascade for 

the synthesis of tetrasubstituted 1,3-enynes from N-phenoxyacetamides and 1,3-diynes has been achieved in this work. 

Alternatively, a rhodium-catalyzed [3+2] annulation for the synthesis of alkynylated benzofurans from the same set of 

substrates has also been achieved by simply changing the reaction conditions. This work highlights the tunable divergent 

synthesis of valuable compounds triggered by C−H activation.

Introduction 

Transition-metal (TM)-catalyzed C−H functionalization assisted 

by directing groups (DGs) has become a powerful tool for the 

efficient and straightforward construction of carbon–

carbon/heteroatom bonds in recent decades.1 Initially, DGs are 

designed as auxiliary groups, which coordinate with TM and 

then help to activate the ortho-C−H bond to give the active 

nucleophilic metallacycle that couples with diverse coupling 

partners (CPs) (Scheme 1a).2 Thus, DGs usually stay at their 

original positions when reactions complete in most cases or 

further undergo intramolecular annulation in situ in some 

cases.3 However, it should be noted that the chemical traces of 

DGs may not be desired in the products and may block further 

transformations, and extra steps are often needed to 

disconnect them, thus leading to poor atom- and step-economy. 

Apparently, further synthetic merits and utilities of DGs would 

be provided if they could play more roles than auxiliary groups, 

such as migrating functional reagents if they could migrate onto 

the CPs after the step of C−H functionalization, thus achieving 

excellent step- and atom-economy and simultaneously 

increasing the diversity of the products. It is quite fascinating 

but also challenging to achieve the migration of DGs, mainly 

because of the challenge in identifying suitable substrates 

carrying a matching DG which has a dual role of auxiliary group 

and migrating functional reagent. Nevertheless, the synthetic  

 

Scheme 1 TM-catalyzed C−H alkenylation/DG migration with 

alkynes or 1,3-diynes. 

 

community has made their pioneering efforts in developing C−H 

functionalization/DG migration cascades.4 In particular, the C−H 

alkenylation/DG migration with alkynes via Co(III),5 Ru(II),6 

Rh(III)7 and Ir(III)8 catalysis has been well studied for the 

synthesis of tetrasubstituted alkenes (Scheme 1b). By contrast, 

the C−H alkenylation/DG migration with 1,3-diynes, which carry 

two adjacent carbon–carbon triple bonds, was seldom explored 

(Scheme 1c). This is mainly because of the inherent challenges 

of achieving high levels of chemo-, regio- and stereoselectivity 

in the step of migratory insertion of 1,3-diynes into the 

nucleophilic metallacycle, as well as the selectivity between 

mono- and difunctionalization of the two alkyne moieties.9 To  
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Fig. 1 Representative bioactive molecules carrying the 1,3-

enyne or benzofuran scaffolds. 

 

the best of our knowledge, only two examples involving the C−H 

alkenylation/DG migration with 1,3-diynes have been reported 

to date. Our group firstly disclosed a rhodium-catalyzed C−H 

alkenylation/carbamoyl DG migration between N-carbamoyl 

indoles and 1,3-diynes very recently.10a Soon afterwards, the 

group of Kanchupalli reported a similar cascade but focused on 

aromatic substituted 1,3-diynes.10b Based on our experience in 

functional group migration11 and interest in C−H 

functionalization,12 and inspired by the emerging strategy of DG 

migration,4 herein we reveal a C−H alkenylation/acetamido DG 

migration between N-phenoxyacetamides13 and 1,3-diynes for 

the synthesis of more challenging tetrasubstituted 1,3-enynes 

with the catalytic system of [Cp*RhCl2]2/Zn(OAc)2/MeOH 

(Scheme 1d). Of note, the acetamido DG not only works as an 

auxiliary group, but also acts as an internal amidation reagent 

that migrates onto the alkene unit of the products after the step 

of C−H alkenylation. Very interestingly, a [3+2] annulation for 

the assembly of C2-alkynylated benzofurans occurs instead 

from the same set of substrates with the catalytic system of 

[Cp*RhCl2]2/NaOPiv∙H2O/CH2Cl2. Considering the large 

presence of the 1,3-enyne and benzofuran scaffolds in bioactive 

molecules (Fig. 1),14 our method is quite appealing as it allows 

the tunable divergent synthesis of the challenging 

tetrasubstituted 1,3-enynes and C2-alkynylated benzofurans 

via rhodium catalysis by simply switching the reaction 

conditions. This protocol features complexity- and diversity-

generation and tunable product selectivity. 

Results and discussion 

N-phenoxyacetamide 1aa and deca-4,6-diyne 2aa were used as 

model substrates to optimize the reaction conditions (Table 1). 

 

Table 1 Optimization of the reaction conditionsa 

 
Entry Catalyst Additive Solvent Yield of 3aa (%)b Yield of 4aa (%)b 

1 MnBr(CO)5 CsOAc MeOH 0 0 

2 Pd(OAc)2 CsOAc MeOH 0 0 

3 [Cp*IrCl2]2 CsOAc MeOH 0 <10 

4 [RuCl2(p-cym)]2 CsOAc MeOH 0 0 

5 [Cp*RhCl2]2 CsOAc MeOH 78 trace 

6 [Cp*RhCl2]2 CsOAc Toluene <10 33 

7 [Cp*RhCl2]2 CsOAc CH2Cl2 0 40 

8 [Cp*RhCl2]2 CsOAc 1,4-dioxane 14 32 

9 [Cp*RhCl2]2 CsOAc CH3CN 41 <10 

10 [Cp*RhCl2]2 CsOAc DMF 65 0 

11 [Cp*RhCl2]2 NaOAc MeOH 71 trace 

12 [Cp*RhCl2]2 KOAc MeOH 69 trace 

13 [Cp*RhCl2]2 Zn(OAc)2 MeOH 86 trace 

14 [Cp*RhCl2]2 Na2CO3 MeOH 70 0 

15 [Cp*RhCl2]2 NaOH MeOH 59 0 

16 [Cp*RhCl2]2 NaOPiv∙H2O MeOH 71 trace 

17 [Cp*RhCl2]2 KF MeOH 57 trace 

18 [Cp*RhCl2]2 NaOAc CH2Cl2 <10 40 

19 [Cp*RhCl2]2 KOAc CH2Cl2 <10 39 

20 [Cp*RhCl2]2 Zn(OAc)2 CH2Cl2 21 18 

21 [Cp*RhCl2]2 NaHCO3 CH2Cl2 14 43 

22 [Cp*RhCl2]2 NaOH CH2Cl2 45 trace 

23 [Cp*RhCl2]2 NaOPiv∙H2O CH2Cl2 trace 63 
a Reaction conditions: 1aa (0.25 mmol), 2aa (0.275 mmol), catalyst (5 mol%), additive (0.25 mmol), solvent (4.0 mL), 25 oC, 24 h. b 

Isolated yields. 



Journal Name  ARTICLE 

This journal is ©  The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

At first, substrates 1aa and 2aa were treated with various metal 

catalysts in MeOH at 25 oC for 24 h employing CsOAc as the 

additive (entries 1-5). To our delight, [Cp*RhCl2]2 could catalyze 

the C–H alkenylation/DG migration highly regio- and 

stereoselectively (entry 5), providing the cis-adduct 3aa with 

the phenyl moiety exclusively located at the less hindered 

position as the only isomer in a good yield (78%). Then, with 

[Cp*RhCl2]2 and CsOAc as the catalyst and additive, respectively, 

diverse solvents were screened. Very interestingly, the C–H 

alkenylation/DG migration product 3aa was found to be 

preferred in polar solvents such as CH3CN, MeOH, EtOH and 

DMF, while the [3+2] annulation product 4aa was favoured 

instead in nonpolar or medium polar solvents such as Toluene, 

CH2Cl2, DCE, THF, acetone and 1,4-dioxane (entries 6-10).15 Of 

note, MeOH was proved to be the best choice for the exclusive 

production of 3aa with 78% yield, while CH2Cl2 was found to be 

the most suitable solvent for the selective preparation of 4aa 

with 40% yield. Subsequently, a series of additives were 

screened in MeOH to further improve the yield of product 3aa 

(entries 11-17), and Zn(OAc)2 turned out to be the best additive, 

with which product 3aa was isolated in 86% yield exclusively 

(entry 13).16 Similarly, an investigation of various additives in 

CH2Cl2 (entries 18-23) revealed that NaOPiv∙H2O was the 

optimal additive, with which product 4aa was obtained 

selectively in 63% yield (entry 23).17 Finally, blank experiments 

showed that both the catalyst and additive are crucial for the 

title C–H alkenylation/DG migration and [3+2] annulation  

 

Table 2 Substrate scope of the Rh(III)-catalyzed C–H 

alkenylation/DG migrationa,b 

 
a Reaction conditions: 1 (0.25 mmol), 2 (0.275 mmol), 

[Cp*RhCl2]2 (5 mol%), Zn(OAc)2 (0.25 mmol), MeOH (4.0 mL), 25 
oC, 24 h. b Isolated yields. c Combined yield. 

(entries 15-18, Table S1). 

With the optimal reaction conditions identified, we explored 

the substrate scope of the Rh(III)-catalyzed C−H 

alkenylation/DG migration (Table 2). In general, a broad range 

of N-phenoxyacetamides bearing diverse substituents at R1 

could react with 1,3-diynes carrying various substituents at R2 

to give the desired tetrasubstituted 1,3-enynes with excellent 

regio- and stereoselectivity in good to high yields. At first, the 

scope of N-phenoxyacetamides with 2aa as the model coupling 

partner was explored. The reaction of N-phenoxyacetamide 

carrying a Me group at the ortho-position worked well to 

provide product 3ab with a good yield (67%). The reactions of 

N-phenoxyacetamides having electron-donating group (Me), 

halogens (Cl, Br) or electron-withdrawing groups (CF3, NO2) at 

the meta-position took place smoothly at the less hindered 

position irrespective of the electronic nature of the substituents, 

affording products 3ac-3ag in 71-82% yields. Likewise, N-

phenoxyacetamides possessing electron-donating groups (Me, 

t-Bu), halogens (F, Cl, Br) or electron-withdrawing groups (Ph, 

CO2Me, CF3) at the para-position could also undergo this 

reaction to give products 3ah-3ao in 66-80% yields. Of note, the 

structure of compound 3al was unambiguously confirmed by X-

ray crystallography.18 In addition, despite of the steric 

hindrance, 3,5-di-Me and 3,5-di-F substituted N-

phenoxyacetamides were also converted into the 

corresponding products 3ap and 3aq in 47% or 85% yields, 

respectively. To our delight, this transformation was compatible 

with N-(naphthalen-2-yloxy)acetamide, which underwent the 

reaction at the less hindered position to produce product 3ar in 

72% yield. Then, the scope of 1,3-diynes was examined with 1aa 

as the reaction partner. For example, the reactions of 

symmetrical 1,3-diynes bearing alkyl groups (n-Bu, n-Pent, n-

Hex) happened successfully to assemble products 3as-3au in 

64-87% yields. Similarly, this reaction could also be extended to 

symmetrical 1,3-diynes carrying aryl groups, which reacted with 

1aa to give products 3av-3ax in 42-63% yields. A representative 

unsymmetrical alkyl/aryl 1,3-diyne, namely octa-1,3-diyn-1-

ylbenzene, was also converted into the desired product 3ay, 

albeit with a slight amount of regioisomer 3ay'. It is worth 

noting that products 3aa-3ax were obtained as single isomers, 

indicating the exclusive regio- and stereoselectivity of this 

Rh(III)-catalyzed C−H alkenylation/DG migration.  

Next, the scope of the Rh(III)-catalyzed [3+2] annulation was 

checked (Table 3). Overall, various N-phenoxyacetamides 

bearing substituents at R1 and 1,3-diynes carrying substituents 

at R2 turned out to be suitable substrates, and the desired 

benzofurans were prepared in moderate to good yields with 

excellent regioselectivity. For instance, the reactions of non-

substituted or ortho-substituted N-phenoxyacetamides with 

2aa took place smoothly to afford products 4aa-4ac in 40-63% 

yields. Notably, meta-substituted N-phenoxyacetamides could 

undergo this reaction with 2aa highly regioselectively at the less 

hindered position irrespective of the electronic nature of the 

substituents, delivering products 4ad-4af in 42-49% yields. As 

expected, the reactions of para-substituted N-

phenoxyacetamides with 2aa occurred smoothly to furnish 

products 4ag-4ak in 45-58% yields. With respect to 1,3-diynes,  
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Table 3 Substrate scope of the Rh(III)-catalyzed [3+2] 

annulationa,b 

 
a Reaction conditions: 1 (0.25 mmol), 2 (0.275 mmol), 

[Cp*RhCl2]2 (5 mol%), NaOPiv.H2O (0.25 mmol), CH2Cl2 (4.0 mL), 

25 oC, 24 h. b Isolated yields. 

 

representative symmetrical 1,3-diynes possessing alkyl groups 

or aryl groups could be converted into products 4al-4ap in 20-

59% yields. It is noteworthy that all the indicated products 

showed in Table 3 were observed as single regioisomers, 

suggesting the excellent regioselectivity of this Rh(III)-catalyzed 

[3+2] annulation. 

To further prove the synthetic application of this 

methodology, the Rh(III)-catalyzed C–H alkenylation/DG 

migration between 1aa and 2aa was scaled up (Scheme 2a). 

Impressively, the corresponding product 3aa was still obtained 

with a comparable yield (82%) as the small-scale reaction, 

indicating the potential industrial application of this reaction. In 

addition, products 3 and 4 could also undergo further 

downstream transformations. For example, the hydrogenation 

of the alkyne moiety of product 4aa afforded compound 5aa in 

84% yield (Scheme 2b). Additionally, a preliminary biological 

screening of the obtained tetrasubstituted 1,3-enynes 3 and 

alkynylated benzofurans 4 to evaluate their inhibitory activities 

against human cancer cell lines A549 and HL-60 was also carried  

 

 
Scheme 2 Synthetic applications. 

 
Scheme 3 Mechanistic studies. 

 

out. Unfortunately, most compounds showed poor inhibition 

rates at the concentration of 10 uM (Table S2 and S3, 

Supporting Information). 

To probe the reaction mechanism, a series of mechanistic 

studies were performed. Deuterium incorporation experiments 

were conducted at first (Scheme 3a). Treating 1aa in CD3OD 

under standard conditions for 5 minutes resulted in 19% 

deuteration at the ortho-position. Additionally, the reaction of 

1aa and 2aa in CD3OD under the same reaction conditions gave 

deuterated 3aa with 16% deuteration at the ortho-position of 

the hydroxyl group. These results suggested the step of C−H 

bond cleavage is reversible. Besides, the kinetic isotope effect 

(KIE) study through intermolecular competition experiments 

gave a KIE value of 2.45, suggesting the step of the C−H bond 

cleavage could be the rate-limiting step (Scheme 3b). At last, 

intermolecular competition experiments between electron-rich 

N-phenoxyacetamide 1ah and electron-deficient N-

phenoxyacetamide 1ao resulted in a ratio of 2/1 of the 

corresponding products 3ah/3ao (Scheme 3c), indicating 

electron-rich N-phenoxyacetamides were favoured. 

Based on the preliminary mechanistic studies and literature 

reports,13a,19 a plausible reaction mechanism was proposed in 

Scheme 4. At first, DG-assisted C–H activation at the ortho-

position occurs to give rhodacycle A. The following 

regioselective migratory insertion of the 1,3-diynes into the 

Rh−C bond of rhodacycle A gives intermediate B. The product 

selectivity in different solvents could be explained by the 

coordinating ability of the solvents. On the one hand, 

intermediate B could be stabilized by weakly coordinating 

solvents (e.g. MeOH), which may coordinate with the rhodium 

to form an 18-electron species. In this case, intermediate B 

undergoes a sequential 1st reductive elimination/oxidative  
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Scheme 4 Proposed reaction mechanism. 
 

addition/2nd reductive elimination to provide tetrasubstituted 

1,3-enynes 3 with the regeneration of the rhodium catalyst 

(pathway a). On the other hand, when the reaction is performed 

in noncoordinating solvents (e.g. CH2Cl2), intermediate B 

prefers to undergo protonation to provide intermediate E, 

which subsequently undergoes an intramolecular substitution 

to deliver C2-alkynylated benzofurans 4 with the release of the 

rhodium catalyst (pathway b). 

Conclusions 

In conclusion, we have developed the tunable divergent 

synthesis of tetrasubstituted 1,3-enynes and alkynylated 

benzofurans via rhodium-catalyzed C−H alkenylation/DG 

migration and [3+2] annulation, respectively. This protocol is 

characterized by excellent regio- and stereoselectivity, excellent 

monofunctionalization over difunctionalization, broad 

substrate scope, good functional group tolerance, moderate to 

high yields, and mild redox-neutral conditions. The features of 

complexity- and diversity-generation and tunable product 

selectivity highlight the potential of this methodology in the 

synthesis of tetrasubstituted 1,3-enynes and alkynylated 

benzofurans. Further biological studies of these compounds are 

currently undergoing in our laboratory. 
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