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a b s t r a c t

Heck/Tsuji-Trost reaction and cyclization reactions have been established as efficient and practical strate-

gies for constructing nitrogen-containing heterocyclic compounds. However, it is challenging to achieve a

direct cascade of Heck/Tsuji-Trost and 6-endo cyclization reactions in one-pot synthesis, primarily due to

the reactivity of intermediates and the regioselectivity control of the reaction. In this work, a palladium-

catalyzed, Heck/Tsuji-Trost and 6-endo cyclization tandem reaction of aryl iodides, vinylacetic acid, and

aryl amines has been developed, providing an effective approach for one-pot synthesis of substituted

quinolines in moderate to good yields. The broad functional group tolerance, high regioselectivity, gram-

scale experiments, and successful late-stage modification of natural products and pharmaceuticals proved

the versatility and practicality of this method. Additionally, mechanistic experiments demonstrate that

the branched amination product serves as a key intermediate in this reaction.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nitrogen-containing heterocycles are important organic com-

pounds existing in various pharmaceuticals [1–3], agricultural

chemicals [4], natural products [5–7], and functional materials [8].

Therefore, the development of methods for the efficient synthe-

sis of nitrogen-containing heterocyclic is of great interest and has

been long sought [9–13]. Tandem reactions have emerged as one of

the most efficient methods for the delivery of different types of ni-

trogen containing molecules due to their high synthetic efficiency,

avoiding the isolation of intermediates, and reducing the produc-

tion of waste. Among them, the elegant combination of the classi-

cal coupling reaction with other reactions (such as cyclization) rep-

resents an efficacious synthetic strategy, facilitating the construc-

tion of target nitrogen-containing heterocyclic compounds through

the regulation of reaction selectivity.

As a classic example of transition-metal-catalyzed reactions,

Heck-type reactions have become a robust and versatile tool in or-

ganic synthesis [14–17], especially for constructing structurally di-

verse and densely functionalized linear molecules through three-

component tandem Heck and Tsuji-Trost reactions [18–21]. In these

transformations, alkenes are commonly used as substrates, yet its

potential for subsequent transformations (especially cyclization-

integrated reactions) remains underexplored. Of particular signif-

icance, the 6-endo cyclization offers a versatile platform for fur-
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ther transformation of alkenes [22–24], which can be effectively

integrated with Heck and Tsuji-Trost reactions to access nitrogen-

containing heterocyclic compounds.

However, concatenating these two reaction to construct nitroge-

nous heterocyclic compounds remains challenging because: (1) The

Heck/Tsuji-Trost tandem reaction usually results in linear com-

pounds [18], which are relatively simple in structure and lack ac-

tive sites or functional groups required for further reactions (Fig.

1a). At the same time, the generated intermediates may not be

compatible with the conditions required for the subsequent re-

actions, which makes it difficult for them to directly participate

in the subsequent cyclization. (2) Achieving 6-endo cyclization has

been a difficult process, because it usually requires the formation

of larger-sized metallacycles [25,26], which is energetically unfa-

vorable. In contrast, both the 5-endo and 6-exo cyclization pref-

erentially form thermodynamically stable products, owing to its

lower transition-state energy barriers (Fig. 1b) [27–29]. Based on

previous work [30–37], we propose that the regulation of reaction

regioselectivity is crucial for overcoming these challenges. If the

branched-chain compound can be obtained in the Tsuji-Trost re-

action, the presence of terminal olefins in branched products not

only provides active sites for subsequent reactions but also en-

ables the formation of desired cyclic compounds through 6-endo

cyclization under suitable reaction conditions. Herein, we report

a three-component tandem Heck/Tsuji-Trost and 6-endo cycliza-

tion reactions (Fig. 1c). The branched allylic aniline is generated
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Fig. 1. (a) Heck/Tsuji-Trost reaction. (b) Selective C–H cyclization of alkenes. (c) Desired approach: tandem Heck/Tsuji-Trost and 6-endo cyclization reactions.

Table 1

Optimization of reaction conditions.a

Entry Deviation from the standard conditions Yields (%)b

1 None 52

2 L2 instead of L1 40

3 L3 instead of L1 48

4 L4 instead of L1 21

5 L5 instead of L1 Trace

6 L6 instead of L1 Trace

7 L7 instead of L1 Trace

8 L8 instead of L1 Trace

9 Ag3PO4 (4.5 equiv.) instead of Ag3PO4 (1.5 equiv.) 67

10 CsOPiv (3.5 equiv.) instead of CsOPiv (1.0 equiv.) 78 (73)

11 Without Pd(TFA)2 n.d.

12 Without Ag3PO4 n.d.

13 Without Ligand 38

14 Without CsOPiv 45

15 Conducted under N2 8

a Reaction conditions: 1a (2.4 equiv.), 2a (0.25mmol), 3a (2.1 equiv.), Pd(TFA)2
(10 mol%), L1 (20 mol%), Ag3PO4 (1.5 equiv.), CsOPiv (1.0 equiv.) in HFIP/HOAc (1:1,

1mL), at 90 °C under O2 atmosphere for 24h.
b Yield was determined by LC of the crude product using 9-chloroanthracene as

internal standard.

in situ through the Heck/Tsuji-Trost reaction and subsequently un-

dergoes 6-endo cyclization to afford quinolines. We initially em-

ployed iodobenzene 1a, vinyl acetate 2a, and aniline 3a as model

substrates to optimize the reaction conditions (Table 1). To our de-

light, the desired product could be obtained in 52% yield with in

the presence of Pd(TFA)2 (10 mol%), L1 (20 mol%), Ag3PO4 (1.5

equiv.) and CsOPiv (1.0 equiv.) in HFIP/HOAc (1:1, 1mL) at 90 °C
under O2 atmosphere for 24h (entry 1) (see Tables S1–S7 in Sup-

porting information for details). In pursuit of higher yields, we

screened various substituted o-phenanthroline ligands and found

that those with less sterically hindered such as L2, L3, L4, and

L5 exhibited inhibitory effects on the reaction (entries 2–5). Other

bidentate nitrogen ligands, for instance, L6, L7 and L8, generated

merely trace quantities of the desired products (entries 6–8). In-

creasing the Ag3PO4 loading from 1.5 equiv. to 4.5 equiv. resulted

in a significant yield improvement from 52% to 67%, which we as-

cribe to the multifunctional nature of silver phosphate serving as:

(i) An oxidant, (ii) a decarboxylation facilitator, and (iii) a precipi-

tant for iodide ions from iodobenzene (entry 9). Finally, the target

product was obtained in 78% LC yield and 73% isolated yield un-

der the following reaction conditions: Pd(TFA)2 (10 mol%), L1 (20

mol%), Ag3PO4 (4.5 equiv.), and CsOPiv (3.5 equiv.) in HFIP/HOAc

(1:1, 1mL) at 90 °C under O2 atmosphere for 24h (entry 10). Con-

trol experiments confirmed that the reaction failed to proceed in

the absence of palladium and Ag3PO4 (entries 11 and 12). The ab-

sence of Ligand and CsOPiv were found to decrease the yield (en-

tries 13 and 14). Additionally, Oxygen is an essential condition for

the reaction (entry 15).

With optimized conditions established, we subsequently inves-

tigated the substrate scope (Fig. 2). A range of aryl iodides bearing

either electron-withdrawing or electron-donating groups on the

aromatic ring at para-, meta-, and ortho-positions were converted

to the corresponding products 4b-4j in moderate to good yields.

The disubstituted aryl iodides afforded the corresponding prod-

ucts 4k-4m. Moreover, the transformation was compatible with

strongly electron-donating substrate, affording the corresponding

product 4n in good yields. Products incorporating naphthalene

4o, thiophene 4p and pyridine 4q moieties formed in 46%, 55%

and 60% yields, respectively. Significantly, this methodology en-

ables late-stage functionalization modifications of drug molecules,

as demonstrated by the efficient conversion of Celecoxib analogue

4r in 74% yield. Next, various para-substituted anilines were effi-

ciently converted to the corresponding products 4s-4x under the
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Fig. 2. The substrate scope of substituted aryl iodides and anilines, isolated yields on 0.25mmol scale.

standard conditions. Electron-deficient aniline substrates 4v-4x ex-

hibited significantly reduced reactivity. Substrates bearing diverse

transformable functional groups, including an ester 4t, chlorine

atom 4w, and bromine atom 4x, were readily tolerated, affording

the corresponding products. The meta–tert–butyl–substituted ani-

line underwent highly regioselective transformation to afford the

desired product 4y. Anilines with ortho-substitution produced the

target compounds 4z-4za in moderate yields. Disubstituted aro-

matic amine substrates 4zb-4zc participated in the reaction but ex-

hibited poor regioselectivity. Finally, both substituted aryl iodides

and anilines were efficiently transformed to afford the correspond-

ing target compounds 4zd-4zg. Notably, the l-menthol-derived ani-

line underwent efficient late-stage modification to afford the de-

sired product 4zh in 48% yield, demonstrating the utility of this

methodology for natural product functionalization.

To investigate the reaction mechanism, a series of control ex-

periments were conducted (Fig. 3). In the standard reaction, the

introduction of 2-methylbut-3-enoic acid 2b instead of the viny-

lacetic acid 2a led to the formation of the corresponding product

4zi with a yield of 35%, which demonstrated that all three carbon

atoms of vinylacetic acid 2a were involved in the reaction and con-

firmed the positioning of the carbon atoms (Fig. 3a). To probe the

reaction initiation pathway and possible intermediates, substrate

5 was subjected to reaction with iodobenzene 1a under standard

conditions. However, the desired product 4a was not detected by

GC–MS, implying that the reaction may be initiated through a

Heck-type coupling between iodobenzene 1a and 3-butenoic acid

2a (Fig. 3b). Furthermore, when the Heck reaction product 3c was

subjected to subsequent coupling with aniline 3a under standard

Fig. 3. Mechanistic experiments.

conditions, the target compound 4a was obtained in 53% yield,

thereby confirming the proposed Heck reaction-driven initiation

pathway (Fig. 3c). We propose that the Heck reaction product 2c

3



X. Zhuo, X. Tan, Y. Wang et al. Chinese Chemical Letters 37 (2026) 111777

Fig. 4. Proposed mechanism.

Fig. 5. Synthetic applications of quinolines. (a) Pd(PPh3)4 (6mol%), K3PO4 (3.2 equiv.), 2-(4-bromophenyl)quinolone (0.1mmol, 1 equiv.), phenylboronic acid (2.2 equiv.), 1,4-

dioxane (1.0mL), and H2O (0.1mL) with N2 under 110 °C for 12h; (b) Pd(PPh3)4 (60mol%), CuI (120mol%), 2-(4-bromophenyl)quinolone (0.1mmol, 1 equiv.), DIPEA (2.0mL),

and ethynyltrimethylsilane (2.2 equiv.) with N2 under 80 °C for 12h; (c) Pd(OAc)2 (10mol%), PtBu3 (20mol%), Cs2CO3 (8.0 equiv.), 2-(4-bromophenyl)quinolone (0.1mmol, 1

equiv.), 9H-carbazole (2 equiv.), and toluene (2.0mL) with N2 under 110 °C for 36h.

undergoes a Tsuji-Trost reaction to generate the key intermedi-

ate 6, which subsequently undergoes cyclization to form the target

compound. To validate this hypothesis, the synthetic intermediate

6 was subjected to the reaction under standardized conditions. The

reaction proceeded smoothly, yielding the target compound 4a in

70% isolated yield and demonstrating the critical role of interme-

diate 6 in the reaction pathway. In addition, control experiments

demonstrate that the palladium catalyst is essential for the reac-

tion to proceed and that the cyclization process is independent

of silver phosphate (Fig. 3d). The intramolecular kinetic isotope

effect (KIE) study using deuterium-labeled aniline D-3a yielded

a KIE value of 0.67, indicating that C(sp2)-H bond cleavage does

not dominate the rate-determining step under the current catalytic

conditions (Fig. 3e) (see Supporting information for more details).

Building upon our mechanistic investigations and prior litera-

ture [38–46], a plausible mechanism has been illustrated in (Fig.

4). The catalytic cycle initiates through aniline-assisted reduction

of PdII to Pd0, which subsequently undergoes oxidative addition

with iodobenzene 1a to form the PdII-aryl intermediate 7. Mi-

gratory insertion between the PdII-aryl intermediate 7 and 3-

butenoic acid 2a is triggered, yielding intermediate 8, whereupon

β-hydrogen elimination occurs to afford intermediate 2c along-

side a PdII-hydride complex. The PdII-hydride complex undergoes

reductive elimination in the presence of silver phosphate, regen-

erating the active Pd0 catalyst and thereby completing the Heck

catalytic cycle. Subsequently, mediated by either silver phosphate

(Ag3PO4) or cesium pivalate (CsOPiv), intermediate 2c undergoes

oxidative addition concerted with decarboxylation, generating a π-

allylpalladium(II) complex 9. Nucleophilic attack of aniline 3a on

the π-allylpalladium intermediate 9 forms intermediate 6 with

concomitant release of a palladium hydride species. The Pd-H in-

termediate undergoes base-assisted reductive elimination, facili-

tated by cesium pivalate (CsOPiv), regenerating the active Pd0 cat-

alyst and thereby closing the Tsuji-Trost catalytic cycle. Finally, in-

termediate 6 undergoes Pd0-mediated intramolecular C(sp2)-H ac-

tivation followed by 6-endo cyclization, delivering the target prod-

uct 4a.

The obtained products were further employed in diverse syn-

thetic applications (Fig. 5), see Supporting information for more

details. Initially, the reaction was scaled up to 5mmol under stan-

dard conditions, successfully affording 0.76 g of product 4a in 74%

isolated yield and 0.59 g of product 4f in 58% isolated yield (Fig.

5a). Subsequently, to further prove the synthetic practicality of

this methodology, the brominated product 4f was successfully em-

ployed as a coupling partner for the construction of functionalized

quinoline scaffolds. Using phenylboronic acid as the coupling part-

ner, the Suzuki-Miyaura cross-coupling reaction afforded the ary-

lated product 4zj in 85% yield (Fig. 5b). Besides, by performing

Sonogashira coupling with trimethylsilylacetylene, the alkynylated

product 4zk was delivered in 65% yield (Fig. 5c). The Ullmann type

C–N bond coupling with carbazole also demonstrated good com-

patibility, furnishing corresponding product 4zl in 75% yield (Fig.

5d).

In conclusion, we have reported a palladium-catalyzed tan-

dem Heck/Tsuji-Trost and 6-endo cyclization reaction method for

synthesizing substituted quinolines from aryl iodides, vinylacetic

acid, and aryl amines. The mechanistic experiments demonstrated

that the presence of a branched amination product is essential

for this tandem reaction, as it provides active sites for subse-

quent transformations. The practicality of this strategy has been

validated through a broad substrate scope and a wide range of

functional group compatibility, high regioselectivity, scale-up ex-

periments, and the late-stage modification of natural products

and drug molecules. These findings offer valuable insight for

the future synthesis of complex nitrogen-containing heterocyclic

compounds.
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