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a b s t r a c t

Polycyclic heterocycles are prevalent in medicines, functional materials and natural products, mak-

ing their synthesis a significant focus in modern organic chemistry. Herein, we present a Lewis acid-

mediated cascade annulation of 1,6-enynols with o-aminobenzonitriles for the chemoselective synthe-

sis of oxepino[3,4,5-de][1,6]naphthyridine and chromeno[2,3,4-de][1,6]naphthyridine derivatives. This re-

action design enables selective control over the carbon-heteroatom and carbon-carbon bond formation in

an efficient, atom-economical manner, allowing the one-step synthesis of rare [6-6-7] and [6-6-6] core

polycyclic heterocycles containing three heteroatoms. Density functional theory (DFT) calculations and

control experiments reveal that the reaction’s high selectivity is achieved by modulating the reactivity of

electron-rich alkenyl groups in the enynols, which selectively directs the intramolecular dehydroaromati-

zation and cyclization processes.

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

Medica, Chinese Academy of Medical Sciences.

Polycyclic heterocycles exist in many natural products, agro-

chemicals, drug molecules, and materials [1–6]. Among them, ni-

trogen and oxygen-containing functionalized heterocycles have at-

tracted significant attention due to their high pharmaceutical value

and role as efficient building blocks of functional materials [7–11].

In particular, incorporation of heteroatoms increases the diversity

of drug discovery libraries by adding key pharmacophores [12–17].

These heterocyclic core structures show significant biological activ-

ities, including roles as natural lignan products [12], DNA binders

[13], telomerase inhibitors [14], anti-tumor agents, and antiplas-

modial agents (Fig. 1a) [15]. Thus, it is necessary to develop concise

and convenient methods to construct structurally novel polycyclic

heterocycles.

Building polycyclic heterocycles is generally based on stepwise

processes, including Diels-Alder cycloadditions [18–21], dehydro-

genative cyclizations [22–24], oxidative C-H annulations [25–27],
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and cross-couplings [28–31]. Furthermore, multi-step assembly and

cyclization of heteroatom-containing alkenyl or alkynyl substrates

represent an effective construction method for polycyclic heterocy-

cles, but suffer from poor atom and step economy (Fig. 1b) [32–

40]. Recently, single-atom skeletal editing has emerged as a pow-

erful tool for modifying individual carbocyclic skeletons in mono-

cycles or fused rings into heterocyclic structures (Fig. 1c) [41–56].

Despite the elegant work already done, methods for incorporat-

ing multiple heteroatoms into polycyclic compounds is less de-

veloped. Designing simple, readily accessible acyclic functionalized

substrates for the one step construction of polycyclic heterocycles

containing tricyclic cores and multiple heteroatoms represents an

ideal approach (Fig. 1d). However, there are challenges with this

approach: (i) Controlling regio- and stereoselectivity; (ii) compet-

itive inter- and intra-molecular reactions; (iii) efficiently introduc-

ing multiple heteroatoms while constructing the polycycles.

https://doi.org/10.1016/j.cclet.2025.111718

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Background and motivation for the synthesis of polycyclic heterocycles.

Propargyl alcohol derivatives are widely used important syn-

thons in organic synthesis due to their versatile reactivity, allow-

ing the construction of diverse functionalized acyclic and cyclic

compounds [57–61]. Additionally, electron-rich olefins serve as

useful synthetic feedstocks for high value products [62–74]. The

strong electronegativity of the nitrogen, oxygen or sulfur atoms

in electron-rich olefins and their lone pairs of electrons can in-

fluence reaction sites by coordinating with transition metals or

Lewis acids, thereby controlling insertion reactivity and selectiv-

ity. We envisioned that a novel enyol substrate containing both

propargyl alcohol and electron-rich alkenyl groups would have en-

hanced reactivities under Lewis acid activation. The propargyl al-

cohol moiety could react with a nucleophile to form a functional-

ized allene intermediate, followed by a cascade cyclization to gen-

erate polycyclic alkenyl heterocycles [75–80]. At the same time,

the electron-rich moiety could participate in ring formation fa-

cilitated by Lewis acids. Herein, we report a Lewis acid-mediated

cascade cyclization of 1,6-enynols with o-aminobenzonitriles for

the chemodivergent synthesis oxepino[3,4,5-de][1,6]naphthyridine

and chromeno[2,3,4-de][1,6]naphthyridine derivatives. In this reac-

tion, o-aminobenzonitrile serves as both a nucleophile and the sole

nitrogen source (Fig. 1e). This strategy enabled the first synthe-

sis of novel polycyclic heterocycles containing [6-6-7] and [6-6-

Table 1

Screening of reaction conditions.a

Entry Lewis acid (equiv.) Solvent T (°C) Yield (%)

3a b 4a c

1 Cu(OTf)2 (0.2) DCE 80 33 Trace

2 Zn(OTf)2 (0.2) DCE 80 n.d. n.d.

3 Al(OTf)3 (0.2) DCE 80 n.d. n.d.

4 AgOTf (0.2) DCE 80 8 Trace

5 B(C6F5)3 (0.2) DCE 80 n.d. n.d.

6 BF3 ·Et2O (0.2) DCE 80 n.d. n.d.

7 Cu(OTf)2 (0.1) DCE 80 20 Trace

8 Cu(OTf)2 (0.3) DCE 80 30 12

9 Cu(OTf)2 (0.2) DCE 70 24 Trace

10 Cu(OTf)2 (0.2) DCE 110 63 Trace

11 Cu(OTf)2 (0.2) DCM 110 30 Trace

12 Cu(OTf)2 (0.2) MeCN 110 n.d. n.d.

13 Cu(OTf)2 (0.2) DMSO 110 Trace n.d.

14 Cu(OTf)2 (0.2) Dioxane 110 32 Trace

15 Cu(OTf)2 (0.2) THF 110 75 Trace

16 Cu(OTf)2 (0.4) DCE 80 25 32

17 Cu(OTf)2 (0.5) DCE 80 8 51

18 Cu(OTf)2 (1.0) DCE 80 Trace 83

a All reactions were performed with 1a (0.10 mmol), 2a (0.11 mmol), Lewis acid

(20 mol%), solvent (1 mL). n.d.=not detected.
b Isolated yield. The dr was determined by 1H NMR, and all dr > 20:1.
c Isolated yield.

6] tricyclic cores bearing three heteroatoms by selectively control-

ling the construction of multiple carbon-hetero bonds and carbon-

carbon bonds. This reaction features high atom economy, high

chemoselectivity, high stereoselectivity and high regioselectivity, as

well as mild conditions and a broad substrate scope.

Our investigation began with 1,1-diphenyl-3-(2-

(vinyloxy)phenyl)prop-2-yn-1-ol (1a) and o-aminobenzonitrile

(2a) as the model substrates to establish the optimal reaction

conditions (Table 1). Initially, the reaction was carried out with

20 mol% Cu(OTf)2 catalyst in DCE at 80 °C which provided the

oxepino[3,4,5-de][1,6]naphthyridine product 3a in 33 % yield

with a diastereomeric ratio (dr) > 20:1. A series of Lewis acids,

Zn(OTf)2, Al(OTf)3, AgOTf, ZnCl2, B(C6F5)3 and BF3·Et2O, were

investigated (Table 1, entries 2-6). The results show that only the

amount of Cu(OTf)2 did not improve the yield (Table 1, entries

7 and 8). Optimizing the reaction temperatures showed AgOTf

showed catalytic activity delivering 3a in 8 % yield, whereas all

the others failed to promote the reaction. Adjusting the maximum

yield of 3a (63 %) was obtained at 110 °C (Table 1, entries 9 and

10). Solvent screening showed that THF gave the maximum yield

of 3a (75 %) (Table 1, entries 11-15). Interestingly, when increasing

the amount of Cu(OTf)2 at 80 °C in dichloroethane, the yield of

product 4a significantly increased accompanied by a decrease in

the yield of 3a (Table 1, entries 16-18). The highest yield of 4a

(83 %) was formed when 1 equiv. of Cu(OTf)2 was present (Table

1, entry 18; see Supporting information for details).

After establishing the optimum conditions, the substrate scope

was investigated using a broad range of 1,6-enynols 1 and

various substituted o-aminobenzonitriles 2 for the synthesis

of oxepino[3,4,5-de][1,6]naphthyridine derivatives 3 (Scheme 1).

Phenol-linked 1,6-enynols 1a-t with different substituents were

tested, and the corresponding products 3a-t obtained inmoderate

2
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Scheme 1. Standard conditions A: 1 (0.1 mmol), 2 (0.15 mmol), Cu(OTf)2 (20 mol%), THF (1 mL), under air at 110 °C for 12 h. Isolated yield. The dr was determined by 1H

NMR, and all dr > 20:1. a Cu(OTf)2 (5 mol%), 24 h.

to good yields. The relative configuration of 3a was determined by

X-ray diffraction analysis (XRD; see Supporting information for de-

tails). Phenol skeletons substituted at the 4-position with either

electron-donating (-Me, -tert-Bu, -OMe) or electron-withdrawing

groups (-F, -Cl, -Br, -CF3) were well tolerated, providing the [6-6-

7] polycyclic-heterocycle products 3b-3h in 56 %-75 % yields. No-

tably, substrates with electron-donating groups exhibited higher

reactivity than those with electron-withdrawing groups, indicating

that the electronic effects played an important role in this process.

In addition, 1,6-enynols with the phenol skeleton substituted at

the 3-, 5- and 6-positions reacted smoothly providing the desired

products 3i-n in 38 %-80 % yields. Comparing the yields of 3b, 3i,

3k and 3n reveals that 3n yield was the lowest, suggesting that

steric hindrance substantially effects the naphthyridine ring forma-

tion, whereas the impacton oxepane construction was considerably

less pronounced. Additionally, the reaction with naphthol-linked

1,6-enynol provided the corresponding product 3o (41 %). The 1,6-

enynols (1p-1t) containing the propargyl alcohol moiety with two

equivalently substituted aromatic rings were efficiently converted

to the target products (3p-3t) in moderate yields. Investigating the

scope of substituted o-aminobenzonitriles 2, led to the formation

of [6-6-7] polycyclic heterocyclic products 3u-3aa in moderate to

good yields. Of particular interest, the thiophenol-linked 1,6-enynol

1ab was a suitable substrate forming the corresponding product

3ab in 58 % yield. It should be noted that the 1,6-enynol 1ac with

a methyl substituted alkenyl terminus was transformed to the the

desired product 3ac in moderate yield. However, 1,6-enynols hav-

ing asymmetric aliphatic alkyl chains at the α-positon of the alco-

hol were incompatible with this reaction system.

The suitability of substrates for synthesizing chromeno[2,3,4-

de][1,6]naphthyridine derivatives 4 was examined (Scheme 2). The

1,6-enynols containing monosubstituted phenol skeletons (-Me,

-tert-Bu, -OMe, -F, -Cl, -Br, and -CF3), were excellent substrates

for the transformation, yielding the corresponding products 4a-

4m in good yields. The structure of product 4a was confirmed

by XRD (see Supporting information for details). In addition, 1,6-

enynols 1n-1r containing a para- or meta-substituted aromatic

ring attached to the α-positon of the alcohol were converted
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Scheme 2. Standard conditions B: 1 (0.1 mmol), 2 (0.11 mmol), Cu(OTf)2 (0.1 mmol), DCE (1 mL), under air at 80 °C for 12 h. n.d.=not detected. Isolated yield.

into the desired products 4n-4r, in yields ranging from 48 % to

72 %. Furthermore, substrates with various substituents attached

to the o-aminobenzonitriles 2 led to the [6-6-6] heterocyclic prod-

ucts 4s-4z in moderate to good yields. However, the 3-Me substi-

tuted, naphthol-linked and thiophenol-linked 1,6-enynols did not

provide the target products, likely due to spatial and electronic

effects.

To demonstrate the efficiency and practicality of this approach,

the reaction was carried out on a 1 mmol scale and the cor-

responding products 3a, 3y and 4a were obtained in the yields

of 60 %, 52 % and 65 % respectively (Scheme 3a). A series of

product decorations were then explored (Scheme 3b). For exam-

ple, the amino group of 3a was replaced by different substituents

in the presence of K2CO3, providing the methylated product 5 in

82 % yield and the acrylated product 6 in 73 % yield. Additionally,

3y readily underwent the Heck, Sonogashira and Suzuki-Miyaura

cross-coupling reactions to afford the conjugated products 7-9 in

good yields, suggesting potential applications in materials science.

Furthermore, when the [6-6-6] polycyclic heterocycle 4a was sub-

stituted with methyl or alkenyl groups, it efficiently transformed to

the desired products 10 or 11, thus providing a handle for future

modification of these complex nitrogen heterocycles.

To gain more insight into the reaction mechanism, several con-

trol experiments were conducted (Scheme 4). Isotope labeling and

kinetic experiments were performed (Schemes 4a-c). When the

1,6-enynol 1a-D bearing fully deuterated aromatic rings α to the

alcohol reacted with 2a under standard conditions A, the deuter-

ation rate of the methyl group in product 3a-D exceeded 99 %,

indicating that the methyl protons originate from the substrate’s

aryl hydrogen. The parallel experiments of 1a and 1a-D found that

the kH/kD value was 1.07, while no kinetic isotope effect was ob-

served in the intermolecular competitive experiment (kH/kD =1.0),

suggesting that the capture of aryl hydrogens by the alkenyl group

is not the reaction’s rate-determining step. Moreover, no deuter-

ated product 3a was detected when D2O was added to the reac-

tion system, which indicates H2O is not involved in the formation

of 3a.

An attempt to capture the reaction intermediates resulted in

the isolation of two compounds, 12 (45 % yield) and 13 (36 % yield)

(Scheme 4d), whose structures were confirmed by XRD (see Sup-

porting information for details). Compound 12 was also obtained

in 10 % yield under standard conditions A (Scheme 4e). When 12

was used as the substrate under conditions A or B, product 3a was

not detected but 4a was afforded in 87 % yield (Scheme 4f). How-

ever, when using 13 as the reaction partner, neither product 3a

nor 4a was made (Scheme 4g). These results imply that 12 is an

important intermediate in the formation of 4a, while 13 is not in-

volved in either process. 1H nuclear magnetic resonance (NMR) of

4
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Scheme 3. The scale-up experiments and synthetic applications: (i) MeI, K2CO3,

DMF, 60 °C, 12 h; (ii) 3-bromoprop-1-ene, K2CO3, DMF, 60 °C, 12 h; (iii)

ethylacrylate, Pd(PPh3)2Cl2, Et3N, DMF, N2, 90 °C, 24 h; (iv) ethynylbenzene,

PdCl2(PPh3)2, CuI, THF/Et3N (1:1), N2, 100 °C, 30 h; (v) (4-methoxyphenyl)-boronic

acid, Pd(PPh3)4, K2CO3 (2.0 mol/L in H2O), toluene, N2, 110 °C, 24 h. See Supporting

information for details.

12 revealed that the addition of 1.0 equiv. of Cu(OTf)2 increased

12’s alkenyl hydrogen chemical shift indicating the alkenyl group’s

electron density decreases, thus corroborating Cu(OTf)2’s prefer-

ential coordination to 12’s enol ether oxygen (Scheme 4h). When

the 1,6-enynol alkenyl group was replaced by hydrogen, prod-

uct 4a was not detected under standard conditions B. However,

when the alkenyl group was substituted with TBS, 4a was pro-

duced, and TBSOH and (TBS)2O were detected via GC-MS (Scheme

4i). Of note, when the reaction of 1a and 2a was conducted un-

der standard conditions B, both hydrogen and acetaldehyde gases

were detected by GC (Scheme 4j). This indicates that the substrate

undergoes dehydrogenation to produce hydrogen during the re-

action, while acetaldehyde is generated from the alkenyl groups

dissociation.

Based on these results and previous reports [62–74,81–86], a

plausible reaction mechanism is proposed in Scheme 5. First, 1,6-

enynol 1a and o-aminobenzonitrile 2a undergo a Cu(OTf)2 acti-

vated cationic rearrangement to form an allene cationic intermedi-

ate A. This is then attacked by the nucleophilic amino group of 2a

to give intermediate B, and the release of one H2O molecule. Next,

the Cu(OTf)2 activated intermediate B undergoes an intramolecu-

lar [4+2] cycloaddition reaction to afford intermediate C. The oxy-

gen heterocycle formation is selectively controlled by the amount

of copper salt and the solvent. In Path A, under the treatment of

catalytic copper salt, intermediate C undergoes an intramolecular

dehydroaromatization, to form intermediate D. Density functional

theory (DFT) calculations of TS1 indicate that the alkenyl group in

intermediate C and the aryl hydrogen, are in close proximity (1.42

Å). This alkenyl group serves as the hydrogen receptor, facilitating

the completion of dehydroaromatization. The energy requirement

for dehydroaromatization is 21.9 kcal/mol, a crucial factor that sig-

nificantly impacts the reaction’s temperature and product’s high

diastereoselectivity (see Supporting information for details). The

solvent, tetrahydrofuran (THF), can also coordinate with copper,

weakening the copper‘s effect on the electron-rich alkenyl group

in intermediate C. Intermediate D subsequently cyclizes to produce

intermediate E, which is aromatized to yield product 3a. Alterna-

tively, in the presence of a full equivalent amount of Cu(OTf)2, the

Lewis acid coordinates with intermediate C’s alkenyl ether’s oxy-

gen atom, as shown in Path B. This interaction weakens the alkenyl

group’s electron-donating ability, prompting the intramolecular de-

hydrogenative aromatization of C to form 12, which can be iso-

lated. Then the intermediate F formed by the coordination of 12

with Cu(OTf)2 is hydrolyzed, resulting in a molecule of acetalde-

hyde and intermediate G. Finally, protonation of G affords the [6-

6-7] cyclization product 4a.

In conclusion, we have developed a novel methodology for the

copper-mediated reaction of 1,6-enynols with o-aminobenzonitriles

to chemoselectively synthesize oxepino[3,4,5-de][1,6]naphthyridine

and chromeno[2,3,4-de][1,6]naphthyridine derivatives. These trans-

formations efficiently construct polycyclic heterocycles containing

[6-6-7] or [6-6-6] core skeletons, while providing high selectivity,

efficiency, and atom economy. The reaction conditions are mild,

and the substrate scope is broad. Control experiments and DFT cal-

culations suggest that the key to the reaction’s high stereoselectiv-

ity and chemoselectivity lies in the Lewis acid’s control of the sub-

strate’s active site. This approach offers a new design concept to

construct novel heterocyclic compounds, thereby inspiring further

innovative synthetic designs of polycyclic heterocycles.
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Scheme 4. (a) H/D transfer experiments. (b) Intermolecular KIE experiments. (c) H source experiment. (d) Synthesis of compounds 12 and 13. (e) Isolation of compound 12

in standard conditions A. (f) Conversion of compound 12 in standard conditions A or B. (g) Conversion of compound 13 in standard conditions A or B. (h) Intermediate 12

with copper coordination effect. (i) The alkenyl group of substrate 1 was replaced with hydrogen or TBS reacts with 2a under standard conditions B. (j) Detection of gas

by-products of the reaction between 1a and 2a under standard conditions B.

6



Z. Chen, Y. Wang, Y. Zhou et al. Chinese Chemical Letters 37 (2026) 111718

Scheme 5. (a) Proposed mechanism. (b) Density functional theory (DFT) calculation of TS1.
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