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ABSTRACT: By virtue of a synergistically dual directing groups (the O–NHAc part and the hydroxyl group)-assisted strat-
egy, the efficient and practical Rh(III)-catalyzed regioselective redox-neutral C–H functionalization of diverse N-
phenoxyacetamides with propargyl alcohols has been realized, which led to the divergent synthesis of privileged 
benzofuran and chalcone frameworks in a solvent-controlled chemoselective manner. Experimental and computational 
studies reveal that the formation of the hydrogen bonding between dual directing groups and the subsequent coordina-
tion interaction between the hydroxyl group and the Rh(III) catalyst play a decisive role in promoting the regioselective 
migratory insertion of the alkyne moiety. Thereafter, two solvent-controlled switchable reaction pathways which respec-
tively involve tandem β–H elimination/hydrogen transfer/oxidative addition/C–O bond reductive elimination/oxidation 
(for low-polar solvents: path I-Ia via a RhIII-RhI-RhIII pathway) and oxidative addition/β–H elimination/hydrogen trans-
fer/protonolysis (for high-polar solvents: path II-IIb via a RhIII-RhV-RhIII pathway), are followed to deliver the correspond-
ing products with excellent chemoselectivity. Taken together, our results presented here not only give a remarkable 
and  meaningful expansion in the area of  O–NHAc-directed C–H activations but also provide a rational basis for future 
development of synergistic dual DGs-enabled C–H functionalization reactions.  
KEYWORDS:  Rh(III) catalyst, N-phenoxyacetamides, propargyl alcohols, benzofurans, chalcones, experimental and com-
putational studies 

 

INTRODUCTION 

The directing group (DG)-assisted and transition metal 
(TM)-catalyzed C–H functionalization has become a pow-
erful, straightforward and regioselective approach that 
relies on simple and readily available starting inputs for 
the construction of a variety of  organic building blocks 
via the cleavage of inert C–H bond and the final formation 
of new C–C or C–X bonds.1 In direct C–H bond functional-
ization, the chelation-assisted ortho-metalation is typical-
ly involved to yield a nucleophilic metallacycle complex as 
the active intermediate, which adds across with a valuable 
coupling partner (CP) to generate an ideal and functional-
ized product. Up to date, a large number of versatile DGs 
as well as CPs have been developed for the diverse C–H 
bond transformations.2-3 Despite the remarkable advances 
in this field, further exploration of novel chelation-
assisted strategy for achieving the effective and character-
istic C–H functionalization is still highly desirable, espe-
cially for the direct construction of  privileged structural 

motifs. In this regard, recently developed bidentate che-
lating auxiliaries4-7 have emerged as one of the most at-
tractive strategies to realize some elegant and important 
transformations with the controllable regioselectivity, in 
which the conventional monodentate DG remains un-
solved. Indeed, such strategy can confer to the new prop-
erty of the metallacycle complex, thus leading to the dis-
covery of novel and regioselective C–H activation mode 
(Scheme 1a). Unfortunately, the bidentate chelating auxil-
iaries reported in TM-catalyzed C–H functionalization are 
limited to N,N-,4d,5 N,O-6 or N,S-based7 skeletons and of-
ten need strict spatial dimension for achieving the coor-
dination with the TM, which lead inevitably to relatively 
poor product diversity in comparison with monodentate 
DGs.    

To address these drawbacks, very recently a synergetic 
dual DGs-directed strategy containing both a convention-
al monodentate DG and a traceless DG attached in the 
CPs has been developed by Glorius group8 to furnish the 
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expected bidentate coordination (Scheme 1b). In principle, 
the conventional monodentate DG enables chelation-
assisted C–H activation, and the introduction of the se-
cond traceless DG at the CP moiety plays a crucial role in 
controlling the regioselectivity and/or improving the reac-
tivity. However, to the best of our knowledge, very few 
TM-catalyzed examples8,9 that only used Mn(I) or Ir(III) 
as the catalyst have been reported so far. To a certain ex-
tent, it might be due to the lack of a clear and basic mech-
anism for understanding such synergetic strategy-based 
C–H activation mode and action. 

  

 

Scheme 1. Chelation-Assisted TM-Catalyzed C-H Acti-
vation 

   In a search for appropriate CPs equipped with chelating 
auxiliaries, we turned our attention to propargyl alcohols, 
which are easily accessible and have been precedently 
proven to be good reactants for TM-catalyzed C–H func-
tionalization.10 Moreover, because of the binding affinity 
potential of the hydroxyl group with the TM catalyst, they 
can be viewed as promising chelating CPs. In our previous 
work, we have revealed the switchable [3+2] and [4+2] 
annulations of oximes with using tertiary propargyl alco-
hols as the CPs, in which the hydroxyl group provided 
distinctive interactions with different TM catalysts to af-
fect the regio- and chemoselectivity of the reaction.9a Fur-
ther expansion of the versatile CPs to the N-
phenoxyacetamide substrates has also been achieved un-
der the Ir(III) catalysis.9b  

On the basis of the above information and in continua-
tion of our interest in Rh(III)-catalyzed C–H functionali-
zation, herein, we aim to report the first Rh(III)-catalyzed, 
solvent-controlled, redox-neutral, regioselective C–H 
functionalization of N-phenoxyacetamides with new type 
of chelating propargyl alcohols (readily available primary 
or secondary propargyl alcohols) using a synergetic dual 
DGs-enabled regioselective strategy for the divergent and 
chemoselective synthesis of benzofurans and chalcones, 
two privileged core structural motifs widely found in nat-
ural products, organic materials and biologically active 
compounds.11 Through a series of experimental investiga-
tions together with detailed theoretical studies, the role of 

the hydroxyl group in propargyl alcohols and the origin of 
the chemoselectivity were clarified. Besides, the distinc-
tive catalytic modes for the divergent synthesis of the re-
lated products by following two novel and differ-
ent reaction pathways (respectively named path I-Ia (via a 
RhIII-RhI-RhIII pathway) and path II-IIb (via a RhIII-RhV-
RhIII pathway) were also deduced rationally.  

RESULTS AND DISCUSSION 

 

Scheme 2. Rh(III)-Catalyzed Divergent C–H Func-
tionalization of N-Phenoxyacetamides with Tunable 
Selectivity 

Solvent-Controlled Divergent C–H functionaliza-
tion of N-Phenoxyacetamides with Propargyl Alco-
hols. Method Development.  The O–NHAc part repre-
sents one of the versatile oxidizing directing groups 
(ODGs) for the redox-neutral coupling with various rea-
gents including alkynes,12 alkenes,13 diazo compounds,14 
and other CPs.15 Precedent literatures have well-addressed 
the divergent C–H functionalization of N-
phenoxyacetamides with proper CPs via selective C–N or 
C–O bond reductive elimination.12-15 Based on these and 
inspired by the emerging synergistically dual DGs-
directed strategy, we herein employ readily available 
propargyl alcohols as the chelating partners to react with 
N-phenoxyacetamides bearing a monodentate –ONHAc 
ODG, expecting to develop the novel reaction mode and 
obtain the interesting product structure. At the outset of 
our investigation, N-phenoxyacetamide (1a) and 1-
phenylbut-2-yn-1-ol (2a) were chosen as the model sub-
strates and the reaction was carried out under the Rh(III) 
catalysis (see Tables S1 and S2 in the Supporting Infor-
mation for details). To our delight, with methanol being 
the solvent, the reaction proceeded smoothly under the 
initial conditions to deliver a free hydroxyl-substituted 
chalcone 3a in the presence of [Cp*RhCl2]2 and CsOAc. 
Very interestingly, further screening of various experi-
mental parameters indicated that the solvent exerted a 
crucial influence on the reaction outcome. With the high-
polar solvents being the reaction medium such as metha-
nol and CH3CN, the chalcone derivative 3a was obtained 
as the main product via the ortho-alkenylation, while an 
alternative [3+2] annulation process was achieved by 
simply switching the solvents to low-polar DCE or DCM, 
leading to the efficient synthesis of benzofuran derivative 
4a (Scheme 2). Noteworthily, further examination indi-
cated that 3a could not be converted to 4a under the reac-
tion conditions, revealing that two different mechanisms 
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might be involved in the solvent-controlled divergent C–
H functionalization reactions. 

 

Table 1. Examinations of the Solvent Effecta 

 

Entry Catalyst (x mol %) Solvent 
Yield

b 
(%) 

3a 4a 
1 [Cp*RhCl2]2 (5) MeOH 36 / 
2 [Cp*RhCl2]2 (5) EtOH 41 / 
3 [Cp*RhCl2]2 (5) iPrOH 30 <5 
4 [Cp*RhCl2]2 (5) dioxane 51 <5 
5 [Cp*RhCl2]2 (5) DMA 27 / 
6 [Cp*RhCl2]2 (5) THF 53 <5 
7 [Cp*RhCl2]2 (5) acetone 55 <5 
8 [Cp*RhCl2]2 (5) CH3CN 57 <5 
9 [Cp*RhCl2]2 (5) toluene 26 36 
10 [Cp*RhCl2]2 (5) DCE 24 47 
11 [Cp*RhCl2]2 (5) DCM 10 53 
12c [Cp*RhCl2]2 (5) CH3CN 81 / 
13d,e [Cp*RhCl2]2 (5) DCM / 84 
14 [Cp*IrCl2]2 (5) CH3CN/DCM NR 
15 Cp*Co(CO)I2 (10) CH3CN/DCM NR 
16 [CyRuCl2]2 (5) CH3CN/DCM NR 
17 Mn(CO)5Br (10) CH3CN/DCM NR 
a
Reaction conditions: 1a (0.2 mmol), 2a (0.2 mmol), 

[Cp*RhCl2]2 (5 mol %) and CsOAc (1 equiv) in solvent (0.1 M) 
at room temperature for 24 h under air. 

b
Isolated yield. 

c
2 

equiv of 2a was used. 
d
1.5 equiv of 2a was used, the reaction 

was conducted at 50 
o
C. 

e
NaOAc (1 equiv) was used instead of 

CsOAc. 

   Enlightened by the tunable selectivity and the synthetic 
utility potential for the efficient construction of chalcones 
and benzofurans, we next screened the experimental pa-
rameters systemically to figure out the optimal reaction 
conditions as well as the effect of the solvent.16 As shown 
in Table 1, a series of organic solvents including alcohols, 
ethers and halohydrocarbons were tested, showing that 
chalcone derivative 3a was obtained as the dominant 
product in most of the high-polar solvents, among which 
CH3CN resulted in the highest yield up to 57% (entry 8). 
However, when the low-polar solvents such as toluene, 
DCE and DCM was respectively subjected to the reaction 
conditions with the same substrates, a mixture of 3a and 
cyclized benzofuran product 4a was obtained, among 
which DCM gave the best chemoselectivity, affording 4a 
in 53% yield (entry 11). Further screening of additives, re-
action temperature as well as the proportion of substrates 
resulted in the optimal conditions for both products, thus 
providing an efficient solvent-controlled strategy for the 
divergent synthesis of chalcone and benzofuran deriva-
tives (entries 12 and 13). As a comparison, other TM cata-
lysts which showed good reaction activities and diversities 
in precedent literatures17 including Ir(III), Ru(II), Co(III) 
and Mn(I) species were also screened and seemed to be 
totally ineffective (entries 14-17), reflecting the high effi-

ciency and indispensability of [Cp*RhCl2]2 for these trans-
formations. 

Scope of the C–H Alkenylation Reaction for the Syn-
thesis of Chalcone Derivatives. With the optimal reac-
tion conditions established, we started to investigate the 
scope and generality of this methodology for the efficient 
synthesis of chalcones by screening a series of substrates 
bearing kinds of functional groups with different steric 
and electrical properties. Firstly, a variety of substituted 
N-phenoxyacetamides were assessed for this transfor-
mation by using CH3CN as the solvent (Scheme 3). Grati-
fyingly, the developed Rh(III)-catalyzed system proved to 
be broadly applicable, and various commonly encoun-
tered functional groups including alkyl- (3b-c, 3j, 3l-m), 
halogens- (3d-g, 3k), cyano- (3h) and ester-substituted N-
phenoxyacetamides (3i) were well tolerated to deliver the 
corresponding products in moderate to good yields. 
Summarizing all these substrates, a significant electronic 
effect could be deduced qualitatively since N-
phenoxyacetamides bearing the electron-withdrawing 
group gave relatively low yields compared with those 
bearing the electron-donating group. Of note, when meta-
substituted N-phenoxyacetamides were employed, the 
reaction proceeded smoothly and provided the desired 
products in good yields with exclusive regioselectivities 
toward the less-hindered site (3j-l), while ortho-methyl-
substituted N-phenoxyacetamide 1m led to a low yield of 
the corresponding chalcone derivative, demonstrating 
that the position of substituent on the phenyl ring had a 
clear influence on the reactivity. Moreover, naphthalene 
substrate was compatible to the reaction conditions, fur-
nishing the desired product 3n in 61% yield. 

 

 
Scheme 3. Scope of Substrates for the Synthesis of 
Chalcones. Reaction conditions: 1 (0.2 mmol), 2 (0.4 mmol), 
[Cp*RhCl2]2 (5 mol %) and CsOAc (1 equiv) in CH3CN (0.1 M) 
at room temperature for 24 h under air; isolated yields were 
reported. 

b
DCM was used as the solvent instead of CH3CN.
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Subsequently, the scope of propargyl alcohols for the 
synthesis of chalcones was explored. The results demon-
strated that aryl (3o), thienyl (3p) and alkyl groups (3q 
and 3r) could be all well tolerated for this transformation, 
affording the corresponding chalcone derivatives in mod-
erate yields. Interestingly, 3-phenylprop-2-yn-1-ol also 
reacted smoothly, leading to the desired ortho-
hydroxylphenyl-substituted phenylacrylaldehyde product 
3s. Considering the mild reaction conditions, excellent 
regioselectivity and good functional group tolerance, we 
were next intrigued to apply the present method for the 
late-stage C-H modification of complex bioactive com-
pounds. Pleasantly, the derivatives of dopamine and L-
tyrosine underwent the coupling with 2a smoothly to 
yield the desired chalcone products 3t and 3u in moderate 
yields, which illustrated profound potentials for the rapid 
synthesis of drug derivatives and the construction of 
complex structures. 

Scope of the Alternative [3+2] Annulation for the 
Synthesis of Benzofurans. Having established the effi-
cient and practical approach for the synthesis of chalcone 
derivatives via Rh(III)-catalyzed C–H alkenylation, we 
next examined the substrate scope for the construction of 
benzofuran skeleton. As shown in Scheme 4a, various N-
phenoxyacetamides bearing different substituents at ei-
ther para-, meta- or ortho-position were fully tolerated, 
delivering the desired benzofurans in moderate to good 
yields (4a-p). Notably, trifluoromethyl- and ester-
substituted N-phenoxyacetamides seemed to be less reac-
tive, affording the desired benzofurans in relatively low 
yields (4i and 4j). The result implied that the electrical 
property of the substituent might be crucial for determin-
ing the reaction outcome. No obvious difference on the 
yield was observed in terms of the substituted position on 
phenyl ring, which fully testified that this transformation 
had a broad substrate scope. Remarkably, the reaction 
also showed good compatibility with several natural 
products or drug derivatives such as dopamine, L-tyrosine 
and estrone skeletons, providing the corresponding 
benzofurans as new analogs of such structures (4q-s). 

To better probe the versatility of this protocol for the  
chemoselective synthesis of benzofurans, a diverse array 
of propargyl alcohols were then examined under the 
standard conditions (Scheme 4b). In general, the reaction 
was compatible with various 1-arylpropargyl alcohols re-
gardless of the electrical property of the substituent on 
the phenyl ring (5a-c). Notably, thienyl- and furyl-
substituted propargyl alcohols were also good reactants 
for this transformation, giving the corresponding products 
5d and 5e in good yields. Moreover, we were pleased to 
find that long-chain alkyl- and cycloalkyl-substituted 
propargyl alcohols readily participated in the [3+2] annu-
lation, furnishing the desired benzofuran procducts 5f and 
5g in 74%  and 65% yields, respectively. Besides the 1-aryl 
substituted propargyl alcohols, 4-phenylbut-3-yn-2-ol was 
also found to be a productive substrate for this transfor-
mation, thus delivering the desired 5h in a moderate yield. 
It is necessary to note that terminal propargyl alcohols (R2 

= H) were not tolerated under our conditions for the syn-
thesis of either chalcones or benzofurans. 

 

 

Scheme 4. Scope of Substrates for the Synthesis of 
Benzofurans. Reaction conditions: 1 (0.2 mmol), 2 (0.3 
mmol), [Cp*RhCl2]2 (5 mol %) and NaOAc (1 equiv) in DCM 
(0.1 M) at 50 

o
C for 24 h under air; isolated yields were re-

ported. 

   Mechanistic Studies. Given the novel and distinctive 
reaction modes enabled by the synergetic dual DGs-
directed strategy and the tunable selectivity controlled by 
the solvent, we were next intrigued to design a set of 
mechanistic experiments including the experimental in-
vestigations as well as the density functional theory (DFT) 
studies to figure out the reaction mechanism, in particular, 
to clarify the role of the hydroxyl group and the origin of 
the chemoselectivity uniquely controlled by the solvent. 

Experimental investigations to probe the reaction 
mechanism. To gain a better mechanistic understanding, 
a series of experimental investigations were first carried 
out (Scheme 5). Control experiments between 1a and but-
1-yn-1-ylbenzene 2k resulted in the ortho-hydroxylphenyl-
substituted enamide 6 and benzofuran 7 with the contrary 
regioselectivities compared with propargyl alcohols 
(Scheme 5a). These results revealed that the hydroxyl 
group in propargyl alcohol was indispensable for tuning 
the site- and regioselectivity of these approaches, and its 
introduction probably led to the totally reversal of the 
regioselectivity and different pathways to form unprece-
dented novel skeletons.18 In addition, compound 8 was 
prepared and subjected to the Rh(III)-catalyzed [3+2] an-
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nulation conditions (Scheme 5b). The result displayed 
that 85% of 8 was recovered and only trace product 4a was 
observed, thus ruling out the presumption that the 
benzofuran product 4a was derived from the alcohol pre-
cursor. Another coupling reaction of 1a with 2a under N2 
atmosphere resulted in the formation of (3-methyl-2,3-
dihydrobenzofuran-2-yl)(phenyl)methanone intermediate, 
which could be easily converted into the final benzofuran 
product 4a in 78% yield, verifying that 4a was generated 
by further oxidation of the dihydrobenzofuran precursor. 
Further control experiments showed that the addition of 
methanol could switch the selectivity from [3+2] annula-
tion to ortho-alkenylation gradually; to the end, the cy-
clization pathway could be totally prevented in the pres-
ence of 30% of methanol (Scheme 5c). The results exposed 
an obvious solvent effect that existed in these parallel ex-
periments, and also suggested that the introduction of 
methanol was detrimental to the formation of the cycliza-
tion product, probably due to the protonation effect. 

 

 
Scheme 5. Control Experiments 

 Deuterium-labeling experiments were next conducted 
to define the reversibility of the C–H activation process. 
As shown in Scheme 6a, no deuterium incorporation was 
observed in the recovered starting material 1a under both 
conditions. Moreover, both chalcone product 3a and 
benzofuran derivative 4a could be obtained smoothly in 
the presence of deuterated methanol and showed no ob-
vious deuterium incorporation at the ortho-position of the 
DG. These results indicated that the C–H metalation step 
was irreversible.19 Besides, approximately 38% deuteration 
at the alkenyl moiety of 3a was detected, suggesting that 
an active hydrogen transfer might be involved in the or-
tho-alkenylaition. Furthermore, the primary KIE values of 
the two divergent  transformations were determined to be 
1.73 and 1.34 from the independent, side-by-side experi-
ments by measuring the initial rates of different reactions 
using 1a and [D]5-1a as the substrates under standard 
conditions, implying that the C–H cleavage process might 

be not involved in the rate-determining step (Scheme 6b). 
Finally, the effort to capture the potent intermediate was 
achieved by treating 1a with stoichiometric amount of 
[Cp*RhCl2]2 to give the desired five-membered 
rhodacycle complex A (Scheme 6c). The following cou-
pling of rhodacycle A with 2a facilely conversed into the 
final chalcone and benzofuran products, which provided 
adequate evidence to support the two C–H activation pro-
cesses involving the formation of the five-membered 
rhodacycle A as the active intermediate. 

 

 
Scheme 6. Experimental  Investigations 
 
Computational studies to further uncover the reac-
tion mechanism. To elucidate our experimental results 
and further cast light on details of the mechanism, com-
putational studies were performed with density functional 
theory (DFT) calculations. Briefly, all the structures were 
optimized at the M06 level20 in experimental solvents 
(DCM and methanol, respectively) to further reveal: 1) the 
origin of the chemoselectivity; 2) why the introduction of 
the hydroxyl group into the alkyne has a unique property 
for controlling the regioselectivity? 3) how the solvent 
uniquely switches the reaction outcome for the tunable 
synthesis of benzofurans and chalcones, respectively? 
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Figure 1. Computed Gibbs free energy changes of the reaction pathways for N–H deprotonation, C–H activation, and   
migratory insertion of propargyl alcohols in DCM (in methanol). 

 
  To address these issues, the proposed mechanism was 
divided into 4 key steps: N–H deprotonation, C–H activa- 
tion, migratory insertion of propargyl alcohols, and the 
tunable formation for the products including the solvent 
effect for controlling such chemoselectivity. To the end, 
our results revealed two novel favorable mechanisms that 
was significantly different from that of the reported com-
putational investigations,21 in which the O–NHAc part was 
employed as the ODG. Therefore, the present DFT results 
provide insights into the mechanistic understandings for 
future development of synergistic dual DGs-directed C–H 
functionalization reactions. 
    N–H deprotonation, C–H activation, and migratory 
insertion of propargyl alcohols. Figure 1 shows the 
computational results for the formation of a seven-
membered rhodacycle in both DCM and methanol solvent 
model. The complex Cp*Rh(OAc)2 (Cat.) was selected as 
the starting point. With DCM being the solvent, it is 
found that both of the N–H and C–H activation occur via 
a concerted metalation-deprotonation (CMD) mecha-

nism,22 through transition states TS-1 (G
≠ = 14.7 kcal/mol) 

and TS-2 (G
≠ = 18.4 kcal/mol), respectively. Thereafter, 

the regioselective insertion of the alkyne part proceeds via 

TS-3 (G
≠ = 17.2 kcal/mol), leading to the seven-membered 

rhodacycle intermediate INT-7 with a free energy of -8.7 
kcal/mol. A similar reaction pathway proceeds with a 
higher energy profile (values in the brackets) in methanol 
than that in DCM, which is consistent with the previous 
reported similar Rh(III)-catalyzed system.21a,23 
   By analyzing the data from Figure 1, the regioselectivity 
in migratory insertion of propargyl alcohols is worth not-
ing. Our calculations showed that: a) a relatively low ki-

netic barrier is required for the regioselective insertion 
through the formation of the hydrogen bonding between 
dual directing groups (17.2 kcal/mol for TS-3 vs 21.1 
kcal/mol for TS-3'), and then, b) a stable seven-membered 
rhodacycle intermediate (INT-7) is yielded with a low free 
energy of -8.7 kcal/mol compared with the INT-7' (-2.9 
kcal/mol), which should be ascribed to both the extra 
coordination interaction between the hydroxyl group and 
the catalyst metal together with the preceding formation 
of the hydrogen bonding. Taken together with the exper-
imental observations, these results give a clear evidence 
for clarifying the remarkable role of the hydroxyl group in 
controlling the regioselectivity. 
    Chemoselective product formation pathways in 
DCM (via a RhIII-RhI-RhIII pathway). We first computed 

the feasibility of –H elimination from the complex INT-7 

in DCM (Figure 2). The –H elimination and subsequent 

hydrogen transfer occur via the transition state TS-4 (G
≠

= 10.0 kcal/mol), leading to a hydride intermediate INT-8. 
It should be emphasized that, the hydrogen transfer tunes 
the coordination mode of C–Rh–N moiety and converts 
the N–Rh covalent bond into coordination bond. Thereaf-
ter, the Rh–H bond is cleaved and the hydride is trans-
ferred to the carbon atom (via TS-5) with a low energy 
barrier, which leads to the stable intermediate INT-9 with 
a free energy of -13.3 kcal/mol. Then, further hydrogen 
transfer proceeds via TS-6 with a free energy barrier of 
28.4 kcal/mol, yielding the Rh(I) species INT-10. 
   From INT-10, two possible pathways have been pro-
posed to elaborate the chemoselectivity. In path Ia, the
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Figure 2. Computed Gibbs free energy changes of the reaction pathway in DCM. 
 
migration of NAc from O to Rh occurs at first via a N–O 
cleavage transition state (TS-7) with a free energy of 7.6  
kcal/mol, giving the Rh(III) intermediate INT-11 in an 
irreversible manner. Thereafter, the species INT-11 under-
goes a reductive elimination via TS-8, leading to INT-12. 
Finally, the product PC1 is generated along with the re-
lease of the active Rh(III) catalyst through the ligand ex-
change with HOAc. As an alternative catalytic cycle (path 
Ib), the hydrogen transfer via a H-bonding transition state 
TS-9 with a free energy of 2.8 kcal/mol is occurred to give 
the intermediate INT-13. Then, another hydrogen transfer 
via the transition state TS-10 with a free energy of 16.6 
kcal/mol is conducted to provide the intermediate INT-14.  
Thereafter, INT-14 undergoes an intramolecular hydrogen 
bond dissociation via TS-11 to generate the intermediate 
INT-15. Obviously, the highest free energy barrier of path 
Ia is 11.8 kcal/mol (from INT-10 to TS-7) that is far lower 
than that of path Ib (18.7 kcal/mol, from INT-13 to TS-10), 
suggesting that the path Ia is more favorable, which is 
agreement well with the experimental observation that 
the benzofuran product (PC1) is delivered as the major 
product when  DCM is used as the solvent. 
   Besides, the highest free energy barrier (28.4 kcal/mol, 
from INT-9 to TS-6) in the whole favorable catalytic cycle 
is far higher than that of the C–H activation step (18.4 
kcal/mol, from Cat. to TS-2), indicating that the C-H acti-
vation is not the turn-over limiting step. The result is also 
in line with our kinetic isotope experiments that a small 

KIE value is detected. 
  Chemoselective product formation pathways in 
methanol (via a RhIII-RhV-RhIII pathway). Instead of the 

–H elimination, firstly, we computed the oxidative addi-
tion to the O−N bond from complex INT-7 in methanol 
(Figure 3). Initially, the migration of NAc from O to Rh 
occurs via the N–O cleavage transition state (TS-12) with a 
free energy of 27.1 kcal/mol, providing the intermediate 
INT-16. It can further form a more stable Rh(V) nitrenoid 
intermediate INT-17 via TS-13 with a free energy of 25.9 
kcal/mol. 
   Following INT-17, two possible pathways have been 
proposed to elaborate the chemoselectivity. In path IIa, 
INT-17 undergoes the reductive elimination via TS-14 with 
a free energy of 19.4 kcal/mol, leading to INT-18. Subse-
quently, hydrogen transfer occurs via TS-15 and TS-16, 
respectively. Finally, the ligand exchange with HOAc gen-
erates the product and regenerates the Rh(III) catalyst. 
On the other hand, In path IIb, the first hydrogen transfer 
of INT-17 delivers an intermediate INT-20 via the transi-
tion state TS-17 with a free energy of 16.7 kcal/mol, fol-
lowed by the second hydrogen transfer via the transition 
state TS-18 with a low free energy of -47.9 kcal/mol to give 
an intermediate INT-21, which further approves our deu-
terium-labeling result that obvious deuterium 
incorportion is observed at the alkenyl moiety of product 
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Figure 3. Computed Gibbs free energy changes of the reaction pathway in methanol. 
 
3a. Subsequently, INT-21 affords the intermediate INT-22 
with  the addition of HOAc. Further intramolecular hy-
drogen transfer in INT-22 via the transition state TS-19 
with a free energy of -58.2 kcal/mol offers the intermedi-
ate INT-23. Finally, the ligand exchange with HOAc gen- 
erates the product with extrusion of the Rh(III) catalyst. 
Obviously, the free energy barrier for formation of INT-18 
in path IIa is 17.1 kcal/mol (from INT-17 to TS-14) that is 
higher than that of path IIb (14.4 kcal/mol, from INT-17 to 
TS-17), suggesting that the path IIb is more favorable, 
which is agreement well with the experimental observa-
tion that the chalcone derivative (PC2) presents as the 
preferential product with methanol being the solvent. 
Moreover, our computational results show that, even if 
the INT-18 is formed, it is still difficult to yield the PC1 via 
TS-16 due to the existence of a higher barrier (more than 
30.0 kcal/mol, from INT-19 to TS-16), which further vali-
dates our experimental observation that compound 8 
cannot be transformed into the corresponding 
benzofuran product under the current Rh(III)-catalyzed 
reaction conditions.  
   Moreover, the highest free energy barrier (27.4 kcal/mol, 
from INT-7 to TS-12) in the whole favorable catalytic cy-
cle pathway is higher than that of the C–H activation step 
(23.0 kcal/mol, from Cat. to TS-2), revealing that the N–O 
cleavage process rather than the C–H activation step is 
the rate-determining step, which is consistent with the 

observed small experimental KIE value in the preceding 
C–H cleavage process. 
  Tunable chemoselectivity controlled by the solvent. 
To better expose the solvent effect in determining the 
chemoselectivity, an overall comparison for the changes 
of the free energy in different solvents was investigated by 
using the representative DCM and methanol as the media 
model.24       

Figure 4. An overall comparison for the changes of the free 
energy in different solvents in determining the reactivity and 
chemoselectivity.

  

   As summarized in Figure 4, our calculated results show 
that: a) the favorable pathway is path I in DCM, in which 
the rate-determining step barrier of 28.4 kcal/mol is sig-
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nificantly lower than that of 33.5 kcal/mol in path II, b) in 
contrast, in methanol the favorable pathway is path II 
since the rate-determining step barrier of 27.4 kcal/mol is 
lower than that of 29.5 kcal/mol in path I, c) from path I, 
the path Ia is adopted preferentially over the path Ib, due 
to the involvement of lower free energy barrier (11.8 
kcal/mol vs 20.8 kcal/mol), and however, d) following 
path II, the path IIb is prior to the path IIa since a lower 
free energy barrier of 14.4 kcal/mol (17.4 kcal/mol for path 
IIa) was involved in path IIb.  
   We further calculated the electrostatic potential surfac-
es of the transition states (TS-12) for the determining step 
(N-O bond cleavage step) in path II as well as their pre-
intermediate (INT-7) in both solvents (DCM and MeOH, 
respectively, see Figure S3 in the Supporting Information 
for details). In INT-7, the electron densities of the N-O 
bond are almost the same in both solvents, however, 
higher charge dispersion in TS-12 is observed in MeOH 
than that in DCM. The obvious charge dispersion change 
indicates that the high-polar solvent decrease the barrier 
of TS-12, thus making the path II become a more favora-
ble pathway in MeOH (different from that of path I in 
DCM), which leads to the chemoselective products. 
   Based on these, we can conclude that the low-polar sol-
vents such as DCM favors the β–H elimination/hydrogen 
transfer/oxidative addition/C–O bond reductive elimina-
tion pathway (path I-Ia, via a RhIII-RhI-RhIII pathway), 
leading to the chemoselective synthesis of benzofuran 
product via a [3 + 2] annulation. However, the high-polar 
solvents such as methanol prefers to follow the oxidative 
addition/β–H elimination/hydrogen transfer/protonolysis 
pathway (path II-IIb, via a RhIII-RhV-RhIII pathway), re-
sulting in the chemoselective construction of chalcone 
product via the ortho-alkenylation, which goes well with 
the experimental observations. 
    Mechanistic proposal. On the basis of these computa-
tional and experimental studies, a plausible mechanism 
involving the synergistic O–NHAc part and hydroxyl 
group-directed regioselective C–H activation process is 
proposed (Scheme 7). Initially, the active Cp*Rh(OAc)2 is 
generated through anion exchange, followed by facile 
irreversible ortho-rhodation via a CMD mechanism to 
deliver the five-membered rhodacycle intermediate A 
(INT-5). Subsequent regioselective migratory insertion of 
the alkyne moiety of 2a into the Rh–C bond of A forms 
the seven-membered intermediate B (INT-7), which is 
stabilized by the Rh–O coordination and the hydrogen 
bonding interaction. Thereafter, there are two distinct 
reaction pathways depending on the polarity of the sol-
vent. For the low-polar solvents (e.g. DCM and DCE), a 
plausible β–H elimination and subsequent hydrogen 
transfer are involved to afford the intermediate E (INT-9). 
Further intramolecular hydrogen transfer occurs that is 
used as the rate-determining step with a free energy bar-
rier of 28.4 kcal/mol (from INT-9 to TS-10) to generate 
the Rh(I) intermediate F (INT-10), which then undergoes 
sequential oxidative addition/C–O bond reductive elimi-
nation to provide the cyclized dihydrobenzofuran skele-
ton H (PC1) along with the release of the active Rh(III) 
catalyst. Further oxidation of H under air25 provides the 
final benzofuran product 4a. Alternatively, B undergoes a 

turnover-limiting oxidative addition process (27.4 
kcal/mol, from INT-7 to TS-12) in the high-polar solvents 
(e.g. methanol and CH3CN) to give the Rh(V) species C 
(INT-17). Further β–H elimination of C and then hydro-
gen transfer yield an intermediate D (INT-21), followed 
by the protonolysis of D with the aid of HOAc to deliver 
the chalcone derivative 3a and regenerate the active 
Rh(III) catalyst.  

 
Scheme 7. Summary of the Proposed Mechanism 

CONCLUSION 

   In summary, by employing the synergetic dual DGs-
directed strategy, we have developed for the first time the 
mild rhodium(III)-catalyzed and solvent-controlled re-
dox-neutral C–H functionalization of N-
phenoxyacetamides with new type of primary or second-
ary chelating propargyl alcohols for the divergent synthe-
sis of chalcone and benzofuran derivatives with exclusive 
regioselectivity, tunable chemoselectivity, and good sub-
strate/functional group compatibility. The role of the hy-
droxyl group, the distinct catalytic mode, the rate-
determining step, the origin of the chemoselectivity, as 
well as two solvent-controlled chemoselective reaction 
pathways are rationally clarified by a combined experi-
mental and DFT study. Taken together, our present re-
sults not only give a remarkable and meaningful expan-
sion in the area of TM-catalyzed and O–NHAc-assisted 
C–H activations but also provide a rational basis for fu-
ture development of synergistic dual DGs-directed C–H 
functionalization reactions. Furthermore, recognizing the 
great importance of the obtained product skeletons in 
organic synthesis, medicinal chemistry and materials sci-
ence, we believe that the two versatile transformations 
should have attractive prospects for the synthetic utility. 
Further expansion of this synergetic dual DGs-directed 
strategy to develop the more diverse transformations is in 
progress. 
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Supporting Information. For the summary results, please 
see figure 4. 
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