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ABSTRACT: For the first time, the selective oxidative trans-
formation of 2-naphthols with terminal alkynes is disclosed,
which enables the straightforward synthesis of 2-arylnaphtho[2,1-
b]furans in satisfactory yields under metal-free conditions.
Mechanistic study suggests that the reaction proceeds via free-
radical-mediated sp2-C−H bond activation, C−C coupling, and
C−O cyclization.

Furan derivatives, especially for arene ring-fused furans, are an
important class of structural motifs in a large number of

natural products,1 synthetic drugs, and biologically active
compounds,2 as well as organic materials.3 These compounds
are commonly prepared by transition-metal-catalyzed annulation
of alkynyl-substituted phenols4 or tandem reaction of o-
halophenols with terminal alkynes5 via cross-coupling and
subsequent annulation.6,7 Recently, direct oxidative functional-
ization of phenols with alkynes has attracted significant interest
because of the employment of simple and accessible phenols for
straightforward synthesis of these compounds, and some notable
advances have been made (Scheme 1).8 Sahoo and co-workers8a

explored a Pd-catalyzed oxidative annulation of phenols with
internal alkynes to give 2,3-diarylbenzo[b]furans. Subsequently,
the Cu-8b and Rh-catalyzed8c systems were also successfully
developed by Jiang and Shi, respectively.
However, despite these achievements,8 these protocols are not

compatible with terminal alkynes because the homocoupling of
terminal alkynes is favored, and it cannot be suppressed under
transition-metal-catalyzed oxidative conditions.8a,9 Furthermore,
facile oxidation of phenols to C−C coupling products and ortho-
quinones, together with further decomposition, also makes it
very difficult to control the chemoselectivity under such

conditions.10 Thus, the synthesis of these compounds direct
from terminal alkynes with phenols still remains a significant
challenge. Moreover, transition metals are not environmentally
benign and must be carefully removed from the products due to
their toxicity, especially for the drug industry.
Herein, we describe a metal-free strategy for the synthesis of 2-

arylnaphtho[2,1-b]furan via acid-catalyzed selective oxidative
radical annulation between 2-naphthols and terminal alkynes, in
which terminal alkynes are first successfully employed as
substrates, and the homocoupling of alkynes is completely
suppressed. Naphthofurans represent unique scaffolds in a
number of pharmacologically and biologically active com-
pounds,2g,11 and thus the development of new methods to
construct such frameworks is highly relevant for drug discovery.
We commenced our investigation with the treatment of 6-

bromonaphthalen-2-ol (1a) with phenylacetylene (2a, 4.0 equiv)
in the presence of BF3·Et2O (5 mol %) and DDQ (1.2 equiv) in
toluene at 80 °C, and annulation product 7-bromo-2-
phenylnaphtho[2,1-b]furan (3a) was observed in a 54% GC
yield (Table 1, entry 1). Based on this finding, a variety of Lewis
acid catalysts, such as FeCl3, AlCl3, Zn(OTf)2, and In(OTf)3,
were examined, and BF3 was found to be the best choice (Table
1, entries 2−5). The acid catalyst was crucial for this reaction;
only a trace amount of the desired product was detected in its
absence (Table 1, entry 6), whereas greater catalyst loading did
not increase the reaction performance (Table 1, entry 7). DDQ
also showed a unique effect on this reaction, and other chemical
oxidants such as BQ (1,4-benzoquinone), oxygen, Na2S2O8, and
DTBP (di-tert-butylperoxide) were found to be ineffective
(Table 1, entries 8−11). These results show that BF3 and
DDQ were essential ingredients for the reaction, and their
interaction probably favored the selective oxidative trans-
formation (vide infra).12 Solvent also played an important role
in the reaction. When p-xylene, PhCl, and CHCl3 were used as
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Scheme 1. Direct Annulation of Free Phenols with Alkynes
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solvents, desired product 3a was obtained in 40, 58, and 35%
yields, respectively (Table 1, entries 12−14). The yield of 3a was
significantly improved by the use of the mixed toluene and
CHCl3 (72%, Table 1, entry 17). The reaction temperature was
also examined.When the reaction temperature was reduced to 60
°C, only a 52% yield of 3a was obtained (Table 1, entry 18). No
promotion was observed by increasing the temperature to 100
°C (Table 1, entry 19). Notably, excess phenylacetylene could
suppress the undesired oxidation of 1a and accelerate the
selective transformation of 1a to the desired product (Table 1,
entries 20 and 21). When the 8.0 molar equiv of 2a was loaded,
80% yield of 3a was obtained. Redundant 2a could survive in the
oxidative system and was well recovered (97%).
Next, the scope and generality of this reaction were

investigated. Reaction of 1a and 4.0 equiv of 2a gave 3a in a
69% isolated yield. For terminal alkynes, electron-donating
groups such as methyl and t-butyl, regardless of their positions on
the phenyl ring, resulted in excellent yields of the desired
products (87−93%, Scheme 2, 3b−e). The excellent reactivity is
probably attributed to the high stability of the vinyl radical
intermediate (vide infra). The electron-withdrawing group
remarkably lowered the catalytic efficiency, and 3f was produced
in only 50% yield (Scheme 2, 3f). 1,4-Diethynylbenzene worked
well for this transformation, and desired product 3g was
produced in a 75% yield with one alkynyl group untouched.
The heteroaromatic alkyne containing thiophene also reacted
with 1a to produce the corresponding product 3h in a 36% yield

(Scheme 2, 3h). The diminished reactivity is probably due to the
detrimental interaction between sulfur and BF3. In contrast,
electron-withdrawing groups in 2-naphthols facilitated the
reaction, and the corresponding naphthofurans were obtained
in 72−93% yields (Scheme 2, 3i−k). Despite relatively low
efficiency for 2-naphthol, satisfactory yields could be achieved
using excess alkynes (51−83%, Scheme 2, 3l−p). Electron-
donating groups such as CH3O− and Ph− in naphthols gave
moderate yields of the corresponding products (Scheme 2, 3q,r).
The reaction showed high regioselectivity, and 1-naphthol was
not applicable for the annulation reaction. Unfortunately, the
reaction proceeded sluggishly using phenol and biphenol (2,6-

Table 1. Optimization of the Reaction Conditionsa

entry catalyst oxidant solvent yield (%)b

1 BF3·Et2O DDQ toluene 54
2 FeCl3 DDQ toluene 12
3 AlCl3 DDQ toluene 18
4 Zn(OTf)2 DDQ toluene 7
5 In(OTf)3 DDQ toluene 32
6 DDQ toluene trace
7c BF3·Et2O DDQ toluene 53
8 BF3·Et2O BQ toluene nd
9 BF3·Et2O O2 toluene nd
10 BF3·Et2O Na2S2O8 toluene nd
11 BF3·Et2O DTBP toluene nd
12 BF3·Et2O DDQ p-xylene 40
13 BF3·Et2O DDQ PhCl 58
14 BF3·Et2O DDQ CHCl3 35
15d BF3·Et2O DDQ PhCl/CHCl3 55
16d BF3·Et2O DDQ p-xylene/CHCl3 45
17d BF3·Et2O DDQ toluene/CHCl3 72
18d,e BF3 Et2O DDQ toluene/CHCl3 52
19d,f BF3·Et2O DDQ toluene/CHCl3 71
20d,g BF3·Et2O DDQ toluene/CHCl3 45
21d,h BF3·Et2O DDQ toluene/CHCl3 80

aReaction conditions: 1a (0.2 mmol), 2a (0.8 mmol, 4.0 equiv),
catalyst (5 mol %), oxidant (0.24 mmol, 1.2 equiv), solvent (2 mL),
N2, 80 °C, 2 h. bGC yield using dodecane as an internal standard.
cWith 10 mol % of BF3·Et2O.

dRatio of mixed solvent is 4:1 (v/v). e60
°C. f100 °C. g2a (0.4 mmol, 2.0 equiv). h2a (1.6 mmol, 8.0 equiv).

Scheme 2. Substrate Scopea,b

aReaction conditions: 1 (0.2 mmol), 2 (0.8 mmol, 4.0 equiv), BF3·
Et2O (5 mol %), DDQ (0.24 mmol, 1.2 equiv), toluene (1.6 mL),
CHCl3 (0.4 mL), N2, 80 °C, 2 h. bIsolated yields. c2 (1.6 mmol, 8.0
equiv).
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dihydroxynaphthalene) as substrates (Scheme 2, 3s,t), and the
desired products were not observed nor was 1-hexyne because an
alkyl group could not stabilize the reactive vinyl radical
intermediate (Scheme 2, 3u).13 Compared with terminal alkynes,
the internal alkyne did not show any reactivity under the reaction
conditions (Scheme 2, 3v). Therefore, the procedure offers a
complementary alternative to current methodologies.8

To investigate the potential utility of this transformation, a
scale-up reaction was conducted (Scheme 3, eq 1). Gram-scale

synthesis was successfully achieved (1.05 g, 65% yield) by
treatment of 1a (5 mmol) with 2a (20 mmol) under similar
conditions. Halo-heteroarenes are important organic intermedi-
ates for the synthesis of complex compounds through the
transition-metal-catalyzed cross-coupling. For example, reaction
of 3a with phenylacetylene could give a more functionalized
compound 4a in 93% yield (Scheme 3, eq 2) under Pd-catalyzed
coupling conditions. The above results verify that this convenient
method is practical for the synthesis of complex organic
intermediates (see Supporting Information for details).8

To gain insight into the mechanism of the reaction, control
experiments were conducted. At first, reaction of a deuterium-
labeled phenylacetylene 2a-d with 1a under the optimized
conditions produced corresponding product 3a-d in 70% yield
with deuterium incorporated quantitatively (D content: >98%),
revealing that the dehydrogenation of phenylacetylene is not
involved in the reaction, but the addition reaction between the
alkyne and 2-naphthol takes place (Scheme 4, eq 1). Radical

inhibitors such as TEMPO and BHT (butylated hydroxyl
toluene) could thoroughly block the reaction, and no desired
product was detected (Scheme 4, eq 2). Therefore, the reaction
probably proceeds via a vinyl radical pathway, which is consistent
with the electron effect of the substituent of alkynes.
On the basis of above results and literature reports,6g,12−14 a

possible mechanism is proposed (Scheme 5). Initially, 2-

naphthol 1 is oxidized by DDQ under the oxophile Lewis acid
BF3 to form naphthol radical I with concomitant generation of a
radical DDQH−BF3 complex.

12 Naphthol radical I tautomerizes
to C-radical II. Then intermediate II undergoes a radical addition
to the terminal alkyne 2 that could also be activated by BF3 to
generate vinyl radical III.13,14 Vinyl radical III is highly reactive,
and it attacks the oxygen atom to form intermediate IV.6g Finally,
the desired product naphthofuran 3 is produced by the
dehydrogenation of IV under the radial DDQH−BF3 complex,
and the release of BF3 closes the catalytic cycle.
In summary, we have developed for the first time a metal-free

selective oxidative transformation of naphthols with terminal
alkynes to 2-arylnaphtho[2,1-b]furans. Other than the reported
reaction mechanisms of the annulation of phenols with internal
alkynes, the reaction probably proceeds via free radical C−C
coupling and C−O cyclization, initiated by selective oxidative
activation of an ortho-C−H bond of naphthols. This efficient and
metal-free synthesis can be easily scaled up and is practical for the
preparation of synthetically useful organic intermediates.
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