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a b s t r a c t

MeOTf-catalyzed formal [4 + 2] annulation of styrene oxides with alkynes to afford polysubstituted naph-

thalenes has been realized, which undergoes sequential electrophilic cyclization/ring expansion. A range

of substrates were tolerated in the formation of naphthalene derivatives with high regioselectivity in sat-

isfactory yields. The reaction could also be carried out on gram scale.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Polysubstituted naphthalenes are found in a wide variety of bi-

ologically active molecules [1–7]. They have also been employed in

a range of optical and electronic materials [8–10]. Owing to the im-

portant application of the naphthalenes, their synthesis have been

extensively studied [11–33]. Among them, catalytic construction of

the second aromatic ring of the naphthalene frame through the

incorporation of two carbons of alkene or alkyne unit via a for-

mal [4 + 2] process with aryl compounds is irrefutably straightfor-

ward [34–42]. For example, gold(I)-catalyzed intramolecular annu-

lations of aryl alkenyl carbonyl compounds (Scheme 1A-a) [34] or

aryl enynes (Scheme 1A-b) [35] to afford substituted naphthalenes.

Examples on catalytic intermolecular transformations including Pd-

catalyzed annulation of 1-phenylalken-2-yl halides or triflates or

metals with alkynes (Scheme 1B-c)] [38] and/or metal-catalyzed or

promoted condensation of α-aryl substituted carbonyl compounds

with alkynes (Scheme 1B-d) [39–41] have been reported. Arylethy-

lene oxides are versatile and valuable synthetic building blocks for

the synthesis of organic molecules due to their ready availability

and high reactivity to undergo different organic transformations

[43–52]. For example, Au- or Ga-catalyzed reaction of aryl ethylene

oxides with alkynes to afford naphthalenes through Meinwald re-

arrangement/electrophilic cyclization (Scheme 1C, path a) [51,52].
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Despite these progresses, developing metal-free reaction for the

synthesis of naphthalenes is still highly desirable, especially metal-

free reaction in the drug scanning process is of great interest since

removing potentially toxic trace metals from the end products are

omitted. Inspired by great progress on the annulation of aryl ethy-

lene oxides and our ongoing project on methyltriflate (MeOTf)-

promoted cyclization, we herein describe a MeOTf-catalyzed inter-

molecular formal [4 + 2] annulation of aryl ethylene oxides with

alkynes to afford polysubstituted naphthalenes. This reaction un-

dergoes an electrophilic cyclization of arylepoxides with alkynes

followed by ring-expansion to afford polysubstituted naphthalenes

with high regioselectivity (Scheme 1C, path b), although few exam-

ples on HNTf2-catalyzed benzannulation of epoxides with prop–1-

yn-1-ylbenzene to afford the corresponding naphthalene have been

reported [41,42].

In the preliminary experiment, we chose 2-phenyloxirane 1a

and 1,2-diphenylethyne 2a as substrates for model reaction. In-

spired by our previous studies on the MeOTf-catalyzed annu-

lation reactions [53–55], we initially investigated the reaction

in dichloroethane (DCE) as solvent under different temperature

(Table 1, entries 1–4). The results revealed that the best reaction

temperature is 110 °C. Then, the ratio of 1a and 2a was adjusted

(entries 5–7), the optimal ratio of the 2-phenyloxirane 1a and the

diphenylacetylene 2a was 1.2: 1.0, in which product 3aa was ob-

tained in 57% yield (entry 6). Furthermore, the effect of reaction

time was examined (entries 6, 8–10), the best yield of product was
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Table 1

Optimization of the reaction condition.a

Entry Temp. ( °C) Solvent Ratio 1a/2a Time (h) Additive (equiv.) Yield (%)b

1 60 DCE 1:1 18 – trace

2 90 DCE 1:1 18 – trace

3 110 DCE 1:1 18 – 46

4 130 DCE 1:1 18 – 35

5 110 DCE 1.1:1 18 – 51

6 110 DCE 1.2:1 18 – 57

7 110 DCE 1.3:1 18 – 46

8 110 DCE 1.2:1 12 – 32

9 110 DCE 1.2:1 24 – 64

10 110 DCE 1.2:1 30 – 60

11 110 DCM 1.2:1 24 – 35

12 110 CHCl3 1.2:1 24 – 43

13 110 n-hexane 1.2:1 24 – trace

14c 110 DCE 1.2:1 24 4Å 76

15 110 DCE 1.2:1 24 p-toluoyl chloride (1.1) 87

16 110 DCE 1.2:1 24 Tosyl chloride (1.1) 96(92)

17d 110 DCE 1.2:1 24 Tosyl chloride (1.1) –

a Reaction conditions: 2-phenyloxirane 1a (0.36 mmol 1.2 equiv.), 1,2-diphenylethyne 2a (0.3 mmol), MeOTf (0.015 mmol, 5 mol%), in 0.5 mL solvent.
b NMR yield based on CH2Br2 as internal standard, isolated yield in parenthesis.
c Molecular sieves (4 Å), 50 mg.
d 5 mol% HOTf instead MeOTf.

Scheme 1. Catalytic formal [4 + 2] benzannulation approaches to naphthalenes.

obtained for the reaction proceeding for 24 h (entry 9). Screening

the solvent such as dichloromethane (DCM), chloroform (CHCl3),

and n-hexane for this reaction (Table 1, entries 6, 11–13), DCE is

confirmed as a superior solvent in this reaction (entry 9). Based

on the structure of the product 3aa, we envisioned that water is

another product in this reaction, which may restrain the reaction.

Additives such as molecular sieves (4 Å), p-toluoyl chloride, and

tosyl chloride were employed as water-remover, respectively (en-

tries 14–16). To our delight, the yield of the product 3aa was im-

proved to 96% when 1.1 equiv. of the tosyl chloride used as ad-

ditive in this reaction (entry 16). In the cases of using p-toluoyl

chloride and tosyl chloride as water-removers in the reaction and

4-methylbenzoic acid 4-methylbenzenesulfonic acid were detected

by GC–MS, respectively. Notably, HOTf (5 mol%) was used instead

of MeOTf as catalyst in this reaction and the desired product was

not observed (entry 17) as well as the starting materials remained.

On the basis of the above results, the optimal conditions are shown

in entry 16.

With the optimized conditions in hand (Table 1, entry 16), a

range of aryl ethylene oxides have been firstly employed to look

into substrate scope, and the representative results are summa-

rized in Scheme 2. Generally, the substituted aryl ethylene ox-

ides containing electron-donating and electron-withdrawing sub-

stituents in the benzene ring could be easily proceed to afford sub-

stituted naphthalenes in excellent yields. For instance, arylepoxides

containing substituents, such as -Me (for 1a-1c, 1n), iPr (for 1d), -

OMe (for 1f), Ph (for 1o), and naphthyl (for 1e), -Br (for 1g and

1j), -F (for 1h), and -CF3 (for 1i) on the benzene ring displayed

greater reactivity and the corresponding products 3 were obtained

in high yields. When 1,2-disubstituted aryl ethylene oxides such as

1k, 1l, and 1m were employed and the corresponding product 3ka,

3la, and 3ma were formed in 88%, 83%, and 85% yield, respectively.

In addition, when 1,1-disubstituted styrene oxides such as 1n and

1o were used in the reaction and the corresponding product 3na

and 3oa, were obtained in 89% and 88% yield, respectively. Notably,

when 2-heteroaryl ethylene oxides such as 1-methyl-2-(oxiran-2-

yl)−1H-pyrrole, 2-(oxiran-2-yl)furan, and 2-(thiophen-2-yl)oxirane

were used and the reactions did not proceed as well as the start-

ing materials remained.

Furthermore, the substrate scope of alkynes for the annu-

lation was investigated. The representative results are shown

in Scheme 3. First, we tested some asymmetrical disubstituted

arylacetylenes. For example, prop–1-yn-1-ylbenzene 2b, hex–1-

yn-1-ylbenzene 2d, trimethyl(phenylethynyl)silane 2e, and (bro-

moethynyl)benzene 2f were employed in this reaction and the

corresponding products were afforded in excellent yield with a

high regioselectivity. Then, terminal arylalkynes bearing electron-

donating groups such as methyl (for 2i) and methoxyl (for 2j) as

well as electron-withdrawing groups such as chloro (for 2k) and

fluoro (for 2l) at the para-position were used and the reactions also
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Scheme 2. The scope of aryl ethylene oxides. Reaction conditions: aryl ethylene ox-

ides 1 (0.36 mmol, 1.2 equiv.), 1,2-diphenylethyne 2a (0.3 mmol, 1.0 equiv.), MeOTf

(0.015 mmol, 5 mol%), tosyl chloride (0.33 mmol, 1.1 equiv.) in 0.5 mL DCE under

N2; all yields are of isolated product 3.

proceeded smoothly to give the corresponding product 3ai, 3aj,

3ak and 3al in satisfied yields. When 1-ethynylnaphthalene 2n was

applied in the reaction and 1,1′-binaphthalene 3an was isolated

in 93% yield. Oct-1–yne 2o was employed and the correspond-

ing product 3ao was also obtained in 84% yield. Nevertheless, the

electron-withdrawing alkynes such as methyl 3-phenylpropiolate

and 4-phenylbut-3-yn-2-one were employed and the reactions did

not proceed and the starting materials remained. In addition, oct–

4–yne was used in the reaction and desired product was not ob-

served along with the starting materials remained.

Scheme 4. Gram-scale reactions.

In order to certify the practicability of this reaction, two ex-

amples have been selectively amplified to 5.0 mmol and 8 mmol

scale of alkynes to afford 1,2-diphenylnaphthalene 3aa in 83% yield

(1.16 g) and the 1,1′-binaphthalene 3an in 78% yield (1.59 g), re-

spectively (Scheme 4).

To understand the reaction pathway, we performed control ex-

periments. First, MeOH (5 mol%) and HOTf (5 mol%) were used as

co-catalyst instead of MeOTf (5 mol%) under the optimized con-

ditions. The product 3aa was obtained in 62% yield (Scheme 5a).

This result indicates that the MeOH and HOTf were in situ gen-

erated and followed formation of MeOTf. As reported that metal

could catalyze epoxides into carbonyls via rearrangement to result

carbonyl compounds [56], which could be reacted with alkynes

to afford naphthalene in the presence of catalysts. Thus, we con-

ducted a reaction of 2-phenylacetaldehyde 4a with 2a under the

optimized conditions and the desired product was not obtained

and starting materials remained (Scheme 5b). Furthermore, reac-

tion of (E)-(2-methoxyvinyl)benzene 5a isolated by reported liter-

ature [54] with 2a in the presence of HOTf (1.2 equiv.) did not af-

ford the desired product (Scheme 5c). These results indicate that

the formation of naphthalene skeleton did not undergo aldehyde-

alkyne coupling. During the scope of alkynes, a trace of 3-hexyl-

1-(methoxymethyl)-1H-indene 6ao was observed by GC–MS when

the reaction of 1a with oct–1–yne 2o was conducted under opti-

mal conditions in 24 h. We envisioned that 6ao maybe the inter-

mediate in our reaction. Thus, the 3-hexyl-1-(methoxymethyl)-1H-

indene 6ao, which was isolated in the reaction of 1a (1.2 equiv.),

2o (1 equiv.), and MeOTf (1.2 equiv.) at 110 °C for 24 h was treated

Scheme 3. The scope of alkynes. Reaction conditions: phenyl ethylene oxide 1a (0.36 mmol, 1.2 equiv.), alkynes 2 (0.3 mmol, 1.0 equiv.), MeOTf (0.015 mmol, 5 mol%), tosyl

chloride (0.33 mmol, 1.1 equiv.) in 0.5 mL DCE under N2, all yields are of isolated product 3.
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Scheme 5. Control experiments.

 

Scheme 6. A plausible mechanism of the reaction.

with 5 mol% of HOTf under the standard conditions and a quanti-

tative yield of 3ao was obtained (Scheme 5d). This result indicates

that 6ao is likely the intermediate in the reaction for naphthalene

formation.

Based on the above results and previous reports [53–61], a

plausible mechanism is shown in Scheme 6. First, methylation of

aryl ethylene oxide 1 using MeOTf forms oxonium ion A or its res-

onance carbocation B, whose high electrophilicity would initiate

the regioselective nucleophilic attack of the alkyne 2. The result-

ing vinylic carbocation C would then undergo an intramolecular

electrophilic cyclization with the proximal phenyl ring leading to

a 1-(methoxymethyl)-1H-indene 4. The in situ generated HOTf me-

diated a rearrangement of the compound 4 to form intermediate

E via protonated intermediate D with releasing MeOH. The inter-

mediate E undergoes elimination of proton to afford naphthalene

product 3 together with the regeneration of HOTf. The HOTf reacts

with MeOH to regenerate catalyst MeOTf and release H2O as only

byproduct. The resulting H2O be moved away by the tosyl chloride

to promote the reaction.

In summary, we have developed a MeOTf-catalyzed intermolec-

ular formal [4 + 2] cyclization of 2-aryl ethylene oxide and alkynes

to afford polysubstituted naphthalenes through sequential elec-

trophilic cyclization/ring expansion. The reaction proceeds with

high regioselectivity. A study of the scope of this reaction has been

realized with a wide variety of 2-aryl ethylene oxides and alkynes

in satisfied yields.
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