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Comprehensive Summary  

 

Ligand-directed divergent synthesis (LDS) has emerged as a powerful chemical tool for the formation of miscellaneous molecular 
frameworks from common reactants. Consequently, the rational development of ligands is of great concern. Previously, N,N-ligands 
were shown to direct the reaction pathways of palladium(II)-catalyzed cascade cyclization of alkyne-tethered cyclohexadienones with 
acetic acid, thus forming two types of cis-hydrobenzofuran products. In this work, we have reported 6-methoxypyridine-benzoxazole 
ligand-directed palladium(0)-catalyzed hydroacetoxylative cyclization of alkyne-tethered cyclohexadienones with carboxylic acids, 
providing the structurally novel cis-hydrobenzofurans with high yields and broad substrate scope. In this process, carboxylic acids not 
only serve as hydrogen sources but also act as nucleophiles. Mechanistic investigations and DFT calculations revealed that this reac-
tion was a palladium(0)-catalyzed hydroacetoxylative cyclization, the hydrogen source was from the proton of the carboxylic acid and 
the low σ-donor ability of 6-methoxypyridine-benzoxazole ligand proved to be crucial for palladium-catalyzed hydrogen transfer from 
carboxylic acids to alkynes and nucleophilic acetoxylation of the palladium enolate. 
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Background and Originality Content 

Divergent synthesis has been an influential toolbox for the 
construction of molecular scaffolds with structural diversity and 
distinction, providing compound libraries with different biological 
activities.[1] As an effective and attractive branch of divergent syn-
thesis, ligand-directed divergent synthesis (LDS) enables the effi-
cient preparation of structurally diverse molecular scaffolds from 
the same starting materials by varying ligands around the common 
metal centers.[2] This strategy has the potential to widen the 
chemical space and to develop novel modes of metal catalysis. 
Thus, it has been highly sought after in the fields of methodology 
development and organic synthesis. Proverbially, ligands can mod-
ulate the steric and electronic properties of metal complexes and 
may create a vast difference in the mechanistic pathways of reac-
tions, including regioselectivity, chemoselectivity, and product- 
selectivity.[2] Therefore, the design and synthesis of exquisite and 
competent ligands would be of significant importance for the 
development of original LDS applications. 

cis-Hydrobenzofurans are broadly present in bioactive mole-
cules, natural products, and pharmaceuticals.[3] Palladium-cata-
lyzed cascade cyclization of alkyne-tethered cyclohexadienones 
with acetic acid represents one of the prominent approaches for 
the assembly of cis-hydrobenzofurans.[4] Noteworthily, guided by 
the nature of N,N-ligands within the palladium complexes, inter-
esting divergent transformations of alkyne-tethered cyclohexadi-
enones with acetic acid were realized, giving two types of 
cis-hydrobenzofuran products (Scheme 1a). The palladium catalyst 
with 2,2’-bipyridine ligand led to protoacetoxylative cyclization, 

including nucleophilic trans-acetoxypalladation of the alkyne 
under activating of the Pd(II) catalyst, subsequent migratory inser-
tion of the intramolecular double bond and protonolysis of the 
resulting palladium enolate.[4a] In contrast, the palladium catalyst 
embellished with the low σ-donor ligand spiro-bis(isoxazoline) 
(SPRIX) preferred to undergo diacetoxylative cyclization involving 
an unusual nucleophilic attack on the palladium enolate as the 
termination step instead of protonolysis of the palladium enol-
ate.[4c] Both of the pathways featured the identical nucleophilic 
acetoxypalladation of the alkyne as the initial step. In fact, carbox-
ylic acids can not only act as nucleophiles[4-5] but also serve as 
hydrogen sources, and have been successfully introduced in 
transfer hydrogenation of alkenes[6] and hydrometallation of al-
kynes.[5i,7] In light of our interest in the palladium-catalyzed cas-
cade cyclization, we previously disclosed palladium-catalyzed 
highly enantioselective protoacetoxylative cyclization of alkyne- 
tethered cyclohexadienones with carboxylic acids enabled by the 
newly synthesized planar-chiral oxazole-pyridine N,N-ligand.[4d] 
Considering the versatile properties of carboxylic acids, we envis-
aged the development of a novel pyridine-benzoxazole ligand to 
facilitate the unprecedented Pd(0)-catalyzed hydroacetoxylative 
cyclization of alkyne-tethered cyclohexadienones, initiated by 
Pd(0)-catalyzed hydrogen transfer from carboxylic acids to alkynes 
and terminated by nucleophilic attack on the palladium enolate 
(Scheme 1b). 

For the proposed Pd(0)-catalyzed hydroacetoxylative cycliza-
tion of alkyne-tethered cyclohexadienones, the rational modifica-
tion of pyridine-benzoxazole ligand should be indispensable to 
make the interaction between the ligand and the palladium center  

Scheme 1  N,N-Ligands-directed divergent synthesis of cis-hydrobenzofurans via palladium-catalyzed cascade cyclization of alkyne-tethered 

cyclohexadienones with carboxylic acids 
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appropriate. As far as we know, Liu’s group has demonstrated that 
the introduction of a sterically hindered substituent into the 
C6-position of the pyridine ring in pyridine-oxazoline (Pyox) 
N,N-ligand is able to weaken the PyN-Pd bond.[5e-h,8] Therefore, we 
envisioned decorating the relatively electron-poor pyridine-ben-
zoxazole ligand with a suitable substituent at the C6-position of 
the pyridine moiety, which would promote the formation of the 
Pd(0)-alkyne-carboxylic acid complex for hydrogen transfer and 
the final nucleophilic acetoxylation via reducing the electronic 
density of the corresponding Pd center. Herein, we demonstrate 
6-methoxypyridine-benzoxazole ligand-directed unprecedented 
palladium-catalyzed hydroacetoxylative cyclization of alkyne- 
tethered cyclohexadienones with carboxylic acids. Mechanistic 
investigations and DFT calculations provided detailed insights into 
the origin of fine-tuning in this Pd(0)-catalyzed hydroacetoxylative 
cyclization reaction pathway. 

Results and Discussion 

Following the above-mentioned strategy, we first sought to 
identify the optimal pyridine-benzoxazole ligand via the reaction 
of alkyne-tethered cyclohexadienone 1a and acetic acid 2a at 
80 °C in toluene using Pd(OAc)2 as the metal precursor and CuI as 
the additive. To our delight, L1 with benzyl group at the C6-posi-

tion of the pyridine moiety resulted in the hydroacetoxylative 
cyclization, giving the desired product 3aa in 26% yield (Table 1, 
entry 1). The α-oxy benzofuranone in 3aa represents a privileged 
structural motif present in natural products.[9] In accordance with 
our prediction, pyridine-benzoxazole ligand with a substituent at 
the C6-position of the pyridine moiety played a vital role in fine- 
tuning of the reaction pathway. 

To further improve the yield, a series of 6-substituted pyri-
dine-benzoxazole ligands were evaluated. 6-Methoxypyridine- 
benzoxazole ligand (L2) dramatically improved the yield of 3aa to 
78% (entry 2). When methoxy group at the C6-position of the 
pyridine ring was replaced by tert-butoxy group, comparable re-
sults were obtained (entry 3). As for L4 bearing hydroxyl group, it 
caused erosion of the yield of 3aa. Besides, both the reductive 
cyclization product 4aa and the diacetoxylative cyclization product 
5aa increased slightly (entry 4). It was noteworthy that not only 
alkoxy groups but also amino groups exhibited good performances 
(entries 5‒6). However, no desired product was detected as 
methoxy group was changed to the C4-position of the pyridine 
moiety (entry 7), and L8 with unsubstituted pyridine gave product 
3aa in only 7% yield (entry 8). These results indicated that a sub-
stituent at the C6-position was essential for the hydroacetoxyla-
tive cyclization. With regard to substituents on the benzoxazole 
moiety, there was no significant effect on the yield (entries 9‒10).  

Table 1  Conditions optimizationa 

 

entry L solvent 
Yieldb/% 

3aa 4aa 5aa 6aa 

1 L1 Toluene 26 <5 <5 — 

2 L2 Toluene 78 <5 <5 — 

3 L3 Toluene 78 5 5 — 

4 L4 Toluene 49 11 7 — 

5 L5 Toluene 73 <5 <5 — 

6 L6 Toluene 77 <5 <5 — 

7 L7 Toluene — — — — 

8 L8 Toluene 7 <5 <5 — 

9 L9 Toluene 73 5 5 — 

10 L10 Toluene 79 <5 5 — 

11 L11 Toluene — 7 — 53 

12 L12 Toluene 7 7 — 5 

13 L13 Toluene — <5 — 9 

14 L14 Toluene — — — <5 

15c L2 Toluene 57 10 8 — 

16 L2 EA 71 6 6 — 

17 L2 DCE 48 <5 <5 — 

18 L2 MTBE 64 8 7 — 

19d L2 Toluene 80 (80)e 5 5 — 
a Reaction conditions: 1a (0.10 mmol), acetic acid 2a (0.10 mL, 1.7 mmol), Pd(OAc)2 (4.0 mol%), L (4.4 mol%), CuI (10 mol%), solvent (0.90 mL), 80 oC, 1-21 

h. b Yield was measured by analysis of 1H NMR spectra using 1,3,5-trimethoxybenzene as the internal standard. c without CuI. d The reaction was conducted 

on a 0.20 mmol scale. e Isolated yield.  
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2,2’-Bipyridine ligand (L11) was ineffective in promoting the hy-
droacetoxylative cyclization, affording the protoacetoxylative 
cyclization product 6aa as the major product instead (entry 11). 
While employing L12 as the ligand enabled the hydroacetoxylative 
cyclization, the yield of 3aa was only 7% (entry 12). Pyridine-oxa-
zoline ligands were also not applicable (entries 13‒14). Notably, 
the use of an additive CuI, which might activate the alkynyl and 
the carbonyl group, proved to be positive for the protocol (see 
Table S1 in the Supporting Information for screening of additives). 
In the absence of additive, the hydroacetoxylative cyclization 
showed the diminished selectivity, giving the desirable product 
3aa in 57% yield (entry 15). Eventually, the examination of sol-
vents disclosed that toluene was obviously better than other sol-
vents. Using ethyl acetate (EA) or methyl tert-butyl ether (MTBE) 
as the solvent, yields of side products 4aa and 5aa rose slightly 
(entries 16 and 18). After the careful optimization of reaction pa-
rameters, the reaction with Pd(OAc)2 (4.0 mol%), L2 (4.4 mol%), 
and CuI (10 mol%) in toluene at 80 °C furnished the best result, 
providing cis-hydrobenzofuran 3aa in 80% isolated yield (entry 
19). 

With the establishment of the optimized conditions, we next 
explored the generality of the hydroacetoxylative cyclization with 
regard to alkyne-tethered cyclohexadieneones 1 using acetic acid 
2a. As summarized in Scheme 2, the methyl substituent at differ-
ent positions of the phenyl ring on the alkyne moiety was well 
tolerated. However, alkyne-tethered cyclohexadienone 1b bearing 
the ortho-methyl substituent showed no reactivity under the 
standard conditions. Delightedly, by changing the additive and 
increasing the catalyst loading, the desired product 3ba was ob-
tained in 76% yield. Satisfactory efficiencies were obtained when 
alkyne-tethered cyclohexadienones 1 containing various elec-
tron-donating or electron-withdrawing functional groups at the 
para-position of the phenyl ring were tested (1f‒1j). Moreover, 
the reaction could be applicable for the substrate with 2-thienyl 
(1k) or cyclohexyl (1l) substituent at the terminal of the alkyne, 
albeit in moderate yield for product 3ka. When 4-(but-2-yn-1- 
yloxy)-4-methylcyclohexa-2,5-dien-1-one with a methyl substitu-
ent at the terminal of the alkyne was employed as the substrate, 
the reaction was disordered and no target product was detected. 
This Pd-catalyzed hydroacetoxylative cyclization also exhibited 
remarkable compatibility with a wide range of substituents on the 
prochiral quaternary carbon center of alkyne-tethered cyclohexa-
dienones, including phenyl (1m), benzyl (1n), ethyl (1o), n-propyl 
(1p), iso-propyl (1q) and an alkyl chain with TBSO group (1r). Sig-
nificantly, the reaction could be extended to substrates 1s and 1t 
with a NTs linkage, delivering the corresponding products 3sa and 
3ta in 54% and 61% yields, respectively. The relative configuration 
of 3aa was assigned by X-ray diffraction analysis (see the Support-
ing Information for details).[10] 

Encouraged by the broad substrate scope and promising func-
tional group compatibility of this strategy, we further examined 
the reaction of alkyne-tethered cyclohexadienone 1a with other 
carboxylic acids. It was found that a variety of aliphatic and aro-
matic carboxylic acids proved to be feasible, and the desired prod-
ucts were afforded in modest to excellent yields even at a lower 
loading of carboxylic acids. Additionally, carboxylic acids derived 
from pharmaceuticals such as indometacin and aspirin underwent 
the hydroacetoxylative cyclization with 1a smoothly, furnishing the 
target products 3ag and 3ah in 71% and 63% yields, respectively. 

To demonstrate the robustness of this synthetic methodology, 
the hydroacetoxylative cyclization of 1a with acetic acid 2a was 
conducted on a gram-scale under the standard conditions, giving 
3aa in 82% yield comparable to that of the 0.2 mmol scale 
(Scheme 3a). Subsequently, we investigated the potential utility of 
cis-hydrobenzofurans 3aa and 3ra. The hydrolysis of the acetate of 
3aa promoted by potassium carbonate in a mixture of tetra-
hydrofuran and water produced alcohol 6 in 78% yield. The treat-
ment of alcohol 6 with methanesulfonic anhydride and then  

Scheme 2  Substrate scope: alkyne-tethered cyclohexadienones 1 and 

carboxylic acids 2 

 
a Reaction conditions for cis-hydrobenzofurans 3aa‒3ta: 1 (0.20 mmol), 2a 

(0.20 mL, 3.4 mmol), Pd(OAc)2 (4.0 mol%), L2 (4.4 mol%), CuI (10 mol%), 

toluene (1.8 mL), 80 °C, 1‒96 h; reaction conditions for cis-hydrobenzo-

furans 3ab‒3ah: 1a (0.20 mmol), 2 (2.0 mmol), Pd(OAc)2 (4.0 mol%), L2 

(4.4 mol%), CuI (10 mol%), toluene (2.0 mL), 80 °C, 1‒6 h; all products 3 

were obtained in >20 : 1 dr. b Pd(OAc)2 (8.0 mol%), L2 (8.8 mol%). c NIS (10 

mol%). d 100 °C. e Aspirin (1.0 mmol). 

sodium azide accidentally provided enaminone 7 in 59% yield. Diol 
8 was obtained in excellent yield via 1,2-reduction of the α,β-unsa-
turated carbonyl group (Scheme 3b). Finally, the deprotection of 
the silyl group of 3ra with tetrabutylammonium fluoride (TBAF) 
under the acidic conditions followed by an intramolecular 
oxa-Michael addition reaction generated the tricyclic product 9 in 
66% yield (Scheme 3c). 

To shed light on the detailed mechanism, we designed several 
experiments, as shown in Scheme 4. First, a deuterium labeling 
experiment was performed with 100 equivalent of D-acetic acid, 
and product D-3aa was acquired with 96% D incorporation, which 
implied that the hydrogen source was from the proton of acetic 
acid (Scheme 4a). Using Pd(dba)2 as the metal precursor under the 
standard reaction conditions, product 3aa was generated in 65% 
NMR yield, demonstrating that this reaction was a Pd(0)-catalyzed 
hydroacetoxylative cyclization (Scheme 4b). In addition, a small  
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Scheme 3  Experiment at gram-scale and synthetic transformations 

 

Scheme 4  Experiment evidence of the mechanism 

 

amount of the reductive cyclization product 4aa and the diacet-
oxylative cyclization product 5aa could be monitored by thin layer 
chromatography and 1H NMR analysis, suggesting Pd(0)-Pd(II) 
reductive cyclization and Pd(II)-Pd(0) diacetoxylative cyclization 
promoted each other. To further verify the generation of the active 

Pd(0) species from the Pd(II) catalyst via Pd(II)-Pd(0) diacetoxy-
lative cyclization, the experiments utilizing Pd(OAc)2 and Pd(dba)2 
as metal precursors were carried out at low conversion, respec-
tively. When Pd(OAc)2 was used as the metal precursor, cyclization 
products 3aa and 5aa could be detected at 20% conversion of 1a 
(Scheme 4c). For Pd(dba)2, only product 3aa was produced, and no 
diacetoxylative cyclization product 5aa was detected at nearly the 
same conversion (Scheme 4d). Both outcomes evidently identified 
that the active Pd(0) species was formed by the initial Pd(II)-Pd(0) 
diacetoxylative cyclization. Moreover, the reaction of 4aa under 
the standard conditions failed to give product 3aa, indicating that 
4aa was not an intermediate in the reaction (Scheme 4e). 

Density functional theory (DFT) calculations were performed 
to elucidate the reaction mechanism and origin of fine-tuning in 
this Pd(0)-catalyzed hydroacetoxylative cyclization. The reaction of 
alkyne-tethered cyclohexadienone 1a and acetic acid 2a catalyzed 
by Pd(OAc)₂/L2 in the absence of CuI (Table 1, entry 15) was cho-
sen as the model system for this mechanistic investigation (com-
putational details were given in the Supporting Information). The 
calculated energy profile and key optimized transition state struc-
tures were shown in Figure 1 while alternative reaction pathways 
were provided in the Supporting Information. 

As illustrated in Figure 1, the reaction initiates from the Pd(0) 
species Int0, with substrate 1a coordinating to the palladium cen-
ter through its alkenyl and alkynyl groups in a bidentate fashion 
while the pyridine moiety of L2 remains dissociated. This structur-
al feature aligns with the expectation that the sterically hindered 
methoxy group weakens the PyN-Pd bond, decreasing the elec-
tronic density of the Pd(0) center. This electron deficiency 
strengthens the interaction between 1a and the Pd(0) center, 
promoting subsequent transformations. Dissociation of 1a from 
Int0 results in a sharp free energy increase of 43.8 kcal/mol (Int0-1, 
Figure S4). The coordination of one toluene molecule to the Pd(0) 
center lowers the energy to 25.5 kcal/mol, as in intermediate 
Int0-1A (Figure 1a). The addition of a second toluene (Int0-1B, 
Figure S4) raises the energy slightly, by 0.8 kcal/mol relative to 
Int0-1A. These results underscore the highly favorable coordina-
tion between 1a and the Pd(0) center. 

From Int0, the reaction proceeds with a ligand exchange event, 
wherein the alkenyl group in Int0 is replaced by acetic acid 2a, 
yielding Int1, the precursor for hydrogen transfer. This trans-
formation (Int0→Int1) is endergonic by 10.6 kcal/mol. Next, lig-
and-to-ligand hydrogen transfer (LLHT) occurs via TS1 (Figure 1b), 
transferring a hydrogen atom from the ligated acetic acid to the 
alkynyl group, furnishing the vinyl palladium species Int2 (1.1 
kcal/mol). This LLHT step was calculated to have an overall energy 
barrier of 22.2 kcal/mol. Alternative mechanisms involving oxida-
tive addition of 2a to the Pd(0) center were considered but found 
to be disfavored due to the higher energy barriers (see Figure S4). 

At Int2, a structural reorganization enables the alkenyl group 
to coordinate to the Pd(II) center while the ligated acetate is stabi-
lized by an additional acetic acid molecule via hydrogen bond, 
generating Int3 (2.4 kcal/mol). Int3 then undergoes migratory 
insertion via TS2 with a relatively low total barrier of 8.7 kcal/mol, 
indicating a facile transformation. Computations reveal that mi-
gratory insertion encounters the higher energy barrier without the 
second acetic acid molecule (see Figure S5), highlighting its crucial 
stabilizing role. An alternative migratory insertion pathway, in 
which ligand L2 remains bidentate, is found to be significantly less 
favourable, as the corresponding transition state TS2A is 13.1 
kcal/mol higher in energy than TS2. This emphasizes the crucial 
role of the MeO-substituted ligand (L2), whose weak σ-donor abil-
ity allows for the necessary ligand dissociation during the trans-
formation. Following TS2, Int4 is delivered, with the transition 
from Int3 to Int4 being exergonic by 20.7 kcal/mol. 

Nucleophilic acetoxylation of Int4 via TS3 requires overcoming 
a total barrier of 28.6 kcal/mol, and the coordination of the pyri-
dine moiety to the Pd(II) center further increases the barrier to   
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Figure 1  (a) Calculated free energy profile (kcal/mol) for the Pd(0)-catalyzed hydroacetoxylative cyclization of 1a at the theoretical level of 

(SMD-toluene)-B3LYP-D3(BJ)/def2-TZVPP//B3LYP-D3(BJ)/6-31g(d,p)-SDD(Pd). (b) Selected optimized transition state structures were shown; the imaginary 

frequencies were indicated as well. Distances were given in Ångström. 

30.3 kcal/mol (TS3A). However, the coordination of another 1a to 
the Pd(II) center lowers the total barrier to 26.2 kcal/mol (TS4), 
likely due to the stabilization of the electron-deficient Pd center 
through the interaction with the alkynyl group of the second 1a 
molecule. Downhill from TS4, product 3aa is released, and Int0 is 
regenerated for the next catalytic cycle. The overall reaction is 
calculated to be exergonic by 22.6 kcal/mol, confirming its ther-
modynamic feasibility. 

As shown in Figure 1b, the transition state TS4 adopts an an-
ti-displacement mode, with the acetate group positioned trans to 
the vinyl group. A syn displacement pathway was investigated but 
found to have a significantly higher energy barrier than TS4 (see 

Figure S6), demonstrating that nucleophilic acetoxylation is stere-
ospecific. This result is consistent with experimental observations, 
which show the exclusive formation of the trans product 3aa. 
Protonolysis as an alternative termination step was also con-
sidered. Computational results suggest that protonolysis has a 
barrier of about 11.6 kcal/mol (see Figure S6), corresponding to 
the energy difference between Int4 and Int4C. However, the for-
mation of the protonolysis product is endergonic by 2.4 kcal/mol 
and less thermodynamically favourable than the nucleophilic ace-
toxylation pathway. 

Based on the computational results, the energy barrier of nu-
cleophilic acetoxylation (TS4, 26.2 kcal/mol) is 4.0 kcal/mol higher 
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than that of LLHT (TS1, 22.2 kcal/mol), which identifies nucleo-
philic acetoxylation might be the rate-determining step in the 
overall transformation. The computed activation barrier for TS4 
(26.2 kcal/mol) agrees well with the reaction conditions (80 °C). 
Notably, the electron-deficient nature of the Pd center, modulated 
by the ligand, plays a pivotal role in facilitating the catalytic cycle, 
enabling the efficient hydroacetoxylative cyclization. 

Experimental studies and DFT calculations demonstrated that 
this Pd(0)-catalyzed hydroacetoxylative cyclization was a ligand- 
directed reaction, and 6-methoxypyridine-benzoxazole ligand fine- 
tuned the elementary steps, including Pd(0)-catalyzed hydrogen 
transfer from carboxylic acids to alkynes as the initial step and 
nucleophilic attack on the palladium enolate as the termination 
step. Compared with the widely explored control of regioselectivi-
ties and chemoselectivities by ligands,[2] this reaction supplements 
the existing LDS. 

We have also briefly explored the Pd-catalyzed asymmetric 
version of this hydroacetoxylative cyclization. Using the newly 
developed [2.2]paracyclophane-based planar-chiral oxazole-6- 
MeO-pyridine ligand (COXPY (Rp)-L15), the reaction of 1a with 
benzoic acid 2d delivered product 3ad in 67% yield and moderate 
35% ee (Scheme 5). Although the enantioselectivity was not satis-
fying, it demonstrated the potential for the asymmetric hydroace-
toxylative cyclization. 

Scheme 5  Palladium-catalyzed asymmetric hydroacetoxylative cyclization 

of alkyne-tethered cyclohexadienone 1a with benzoic acid 2d 

 

Conclusions 

In summary, we have realized the 6-methoxypyridine-ben-
zoxazole ligand-directed original palladium(0)-catalyzed hydroace-
toxylative cyclization of alkyne-tethered cyclohexadienones with 
carboxylic acids, in which carboxylic acids are used as both hydro-
gen sources and nucleophiles, furnishing a myriad of the structur-
ally novel cis-hydrobenzofurans. Mechanistic investigations and 
DFT calculations proved that the newly developed 6-methoxy-
pyridine-benzoxazole ligand fine-tuned the reaction pathway via 
the promotion of the initial hydrogen transfer from carboxylic 
acids to alkynes and the final nucleophilic acetoxylation. We hope 
that this work will stimulate the development of wider ligand- 
directed divergent synthesis. 

Experimental 

General procedure for cyclization with acetic acid. Under a 
nitrogen atmosphere, a solution of palladium acetate (0.0080 
mmol, 1.8 mg, 4.0 mol%), L2 (0.0088 mmol, 2.1 mg, 4.4 mol%) and 
acetic acid 2a (HOAc, 0.20 mL, 3.4 mmol) in toluene (1.8 mL) was 
stirred at room temperature for 2 h. Thereafter, alkyne-tethered 
cyclohexadienones 1 (0.20 mmol) and cuprous iodide (0.020 mmol, 
3.8 mg, 10 mol%) were added sequentially, and the mixture was 
stirred at 80 °C (oil bath temperature) until substrates 1 were fully 
consumed. After the completion of the reaction, the volatiles were 
removed under the reduced pressure. The crude residue was di-
rectly purified by flash column chromatography on silica gel using 
hexanes/acetone as eluent to give the desirable cyclization prod-
ucts 3. 

General procedure for cyclization with other carboxylic acids. 

Under a nitrogen atmosphere, a solution of palladium acetate 
(0.0080 mmol, 1.8 mg, 4.0 mol%), L2 (0.0088 mmol, 2.1 mg, 4.4 
mol%) and carboxylic acids 2 (2.0 mmol) in toluene (2.0 mL) was 
stirred at room temperature for 2 h. Thereafter, alkyne-tethered 
cyclohexadienone 1a (0.20 mmol, 47.7 mg) and cuprous iodide 
(0.020 mmol, 3.8 mg, 10 mol%) were added sequentially, and the 
mixture was stirred at 80 °C (oil bath temperature) until substrate 
1a was fully consumed. After the completion of the reaction, the 
volatiles were removed under the reduced pressure. The residue 
was dissolved in ethyl acetate and quenched with the saturated 
aqueous solution of sodium bicarbonate (15 mL). After separation, 
the aqueous phase was extracted with ethyl acetate (5.0 mL × 3). 
The combined organic phase was dried over anhydrous sodium 
sulfate, filtered and concentrated under the reduced pressure. 
The crude residue was purified by flash column chromatography 
on silica gel using hexanes/acetone as eluent to give the desirable 
products 3. 
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