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Abstract: Oxidative transformations of phenols have at-

tracted significant attention of chemists due to their im-
portance in biological process and organic synthesis. In

contrast to the relatively well-developed oxygenation and
coupling reactions of phenols, the highly efficient and se-

lective oxidative ring cleavage of phenols is under-repre-

sented. This work describes a novel CuCl-catalyzed
tandem homocoupling/skeletal rearrangement of phenols

that realizes the cleavage of the phenol ring by using air
or Ag2CO3 as the oxidant. Interestingly, simply changing

the oxidant to K2S2O8 results in the oxidative coupling/cyc-
lization of phenols to give dibenzofurans. These results set

an important precedent of oxidant-controlled catalytic
transformations of phenols.

The oxidative transformations of

phenols have attracted signifi-
cant attention from chemists,
due to their importance in bio-

logical process and organic syn-
thesis.[1] These reactions include

oxygenation,[2] cross- and homo-
coupling reactions,[3] and ring
cleavage of phenol rings[4–8] de-

pending on the substrates and
the oxidants employed. In con-

trast to the relatively well-devel-
oped oxygenation and coupling
reactions of phenols, the oxida-
tive ring cleavage of phenols is

under-represented. A pioneering

study by Tsuji and Takayanagi ac-
complished the stoichiometric
CuCl-promoted transformation
of catechol to cis,cis-muconate

in the presence of molecular
oxygen.[5] The metallic copper-

mediated ring contraction of phenol was realized by using

high-pressure O2 (3 atm) as the oxidant.[6] The copper-catalyzed
ring expansion of phenols to benzoxepines was initially report-

ed by Kushioka.[7] Unfortunately, these transformations often
suffer from poor selectivity, limited substrate scope, and unsat-

isfactory yields. Thus, it is desirable to develop highly efficient

and selective ring cleavage reactions of phenols under mild re-
action conditions. To this end, Lumb and co-workers modified

Kushioka’s procedure and realized an elegant aerobic ring ex-
pansion of phenols by using CuCl as the catalyst alongside

N,N’-di-tert-butylethylenediamine (DBED) as the ligand
(Scheme 1 A).[8]

In an effort to realize the chemo- and regioselective aerobic

oxidative coupling of phenols,[9] we observed an unprecedent-
ed tandem reaction under air atmosphere or with Ag2CO3 as

oxidant, which involved the sequential homocoupling of phe-
nols and skeletal rearrangement of in situ-formed biphenyl-

diols with the cleavage of a benzene ring (Scheme 1B).[10] Inter-
estingly, an essentially different reaction occurred to afford di-

benzofurans when using the inexpensive, stable, and easy-to-
handle K2S2O8 as the oxidant, which involved the tandem oxi-

dative homocoupling/cyclization of phenols.

Scheme 1. Highly efficient and selective copper-catalyzed cleavage of phenol rings.
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Initially, we attempted to perform homocoupling of 2,4-di-

tert-butylphenol 1 a in the presence of 50 mol % of CuCl in
MeOH under air atmosphere. To our surprise, 3-furyl-2-methoxy

benzofuran 2 a was obtained in 33 % yield instead and the de-
sired homocoupled product 3,3’,5,5’-tetra-tert-butyl-[1,1’-bi-

phenyl]-2,2’-diol 5 was not observed (Table 1, entry 1). The

structure of 2 a was confirmed by 1H and 13C NMR spectrosco-
py, high-resolution mass spectrometry (HRMS), and single crys-
tal X-ray analysis (Figure 1).[11] A control experiment showed
that no reaction happened in the absence of CuCl (Table 1,

entry 2). When dry air was bubbled through the reaction mix-
ture, 2 a was obtained in higher, albeit irreproducible yields

(32–60 %; Table 1, entry 3). Pleasingly, the addition of 1.0 equiv-

alent of AcOH to the reaction mixture delivered 2 a in a repro-
ducible yield of 40 % (Table 1, entry 7). A similar result was ob-
tained when undried air was directly bubbled into the solution
(Table 1, entry 8). Further optimization showed that the yield
of 2 a could be improved to 59 % by employing 0.3 equivalents
of AcOH as an additive (Table 1, entry 9). The competent enol
or lactone derivative was not formed when 10.0 equivalents of
H2O was added to the reaction mixture (Table 1, entry 10). De-

creasing the amount of CuCl to 25 mol % and changing the ox-
idant from air to molecular oxygen afforded 2 a in slightly
lower yields of 47 % and 40 %, respectively (Table 1, entries 12
and 13). Using other copper(I) or copper(II) salts, such as CuBr,
CuI, CuCl2, Cu(OAc)2, and Cu(NO3)2·3H2O, as the catalyst could

not deliver 2 a, although the homocoupled product 5 was ob-
tained in some cases (Table 1, entries 14–18). The final opti-

mized reaction condition was as follows: 50 mol % of CuCl as

the catalyst and 30 mol % of AcOH as the additive in MeOH so-
lution with air bubbling through the reaction mixture.

Benzofuran derivatives are frequently found in natural prod-
ucts,[12] bioactive molecules, pharmaceuticals,[13] and organic

materials.[14] With the optimized reaction conditions in hand,
we next investigated the substrate scope. As summarized in

Table 2, phenols bearing alkyl substituents at the C2 and C4

positions reacted smoothly with methanol and ethanol to give
the corresponding products 2 under the optimized reaction

conditions (Table 2, 2 a–d). Other alcohols, such as isopropanol,
benzyl alcohol, and allyl alcohol, only afforded the homocou-

pled product and the desired benzofurans were not formed.
However, when the C4 position of phenols was substituted

with an aryl group, the desired products were obtained, albeit

in less than 20 % yields. Consequently, other oxidants such as
1,4-benzoquinone (BQ), 4,5-dichloro-3,6-dioxocyclohexa-1,4-

diene-1,2-dicarbonitrile (DDQ), 2-(tert-butylperoxy)-2-methyl-
propane (DTBP), 2-hydroperoxy-2-methylpropane (TBHP),

Ag2CO3, and K2S2O8 were screened to improve the product
yields. Using 2.0 equivalents of Ag2CO3 as the oxidant was
found to efficiently promote the reactions and the desired

benzofuran products were obtained in 50–70 % yields (Table 2,
2 e–j). Both electron-withdrawing and electron-donating
groups on the phenyl ring could be tolerated (Table 2, 2 f–i).
Notably, a bulky 2-alkyl group was crucial for the smooth oc-

currence of these reactions. Even the oxidative homocoupling
reaction was not observed in the absence of such a bulky

group.

Surprisingly, when K2S2O8 was used as the oxidant, dibenzo-
furans instead of benzofurans were obtained. Considering that

dibenzofuran derivatives are an important class of naturally oc-
curring products and have wide applications in a variety of

fields,[15, 16] we then used 1 b as the model substrate to opti-
mize the reaction conditions (see the Supporting Information,

Table S1). The desired dibenzofuran 3 a was obtained in the

highest yield of 65 % by using 25 mol % CuCl as the catalyst
and 2.0 equivalents of K2S2O8 as the oxidant in MeOH at 80 8C

for 24 h [Eq. (1)] . This catalytic reaction did not occur in the ab-
sence of CuCl, demonstrating the crucial role of CuCl for the

smooth occurrence of the reaction (see the Supporting Infor-
mation, Table S1, entry 3).

Table 1. Optimization of the Cu-catalyzed oxidative coupling/skeletal re-
arrangement of 2,4-di-tert-butylphenol 1 a.[a]

Entry Catalyst (mol %) Oxidant Additive (equiv) Yield [%][b]

1 CuCl (50) air none 33
2 none air none 0
3 CuCl (50) dry air none 32–60
4 CuCl (50) dry air K2HPO4 (1.0) 0
5 CuCl (50) dry air K2CO3 (1.0) 0 (49)
6 CuCl (50) dry air CF3COOH (1.0) 0 (10)
7 CuCl (50) dry air AcOH (1.0) 40[c]

8 CuCl (50) air AcOH (1.0) 41
9 CuCl (50) air AcOH (0.3) 59
10 CuCl (50) air AcOH (0.3) 42[d]

11 CuCl (20) air AcOH (0.3) 45
12 CuCl (25) air AcOH (0.3) 47
13 CuCl (25) O2 AcOH (0.3) 40
14 CuBr (25) air AcOH (0.3) 0 (19)
15 CuI (25) air AcOH (0.3) 0
16 CuCl2 (25) air AcOH (0.3) 0 (4)
17 Cu(OAc)2 (25) air AcOH (0.3) 0 (9)
18 Cu(NO3)2·3H2O (25) air AcOH (0.3) 0

[a] Reaction conditions: 2,4-Di-tert-butylphenol 1 a (1.0 mmol), catalyst, air
or O2 (bubbling), additive, and MeOH (10 mL) at 65 8C for 12 h. [b] Yield
of isolated product. The yield of 5 is given in parenthesis. [c] An average
of three runs. [d] 10.0 equivalents of H2O were added.

Figure 1. ORTEP representations of 2 a (left) and 4 a (right) with thermal el-
lipsoids drawn at 50 % probability level. Hydrogen atoms were omitted for
clarity.
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We then investigated the substrate scope of this dibenzo-
furan-forming reaction (Table 3). We found that various alkyl

and aryl substituted phenols could react with alcohols to
afford dibenzofurans in moderate to good yields, although the

nature of the R2 group had a significant effect on the subtle
structure of the resultant dibenzofurans. When R2 was a bulky

substituent, such as tert-butyl or tert-amyl, it was easily re-

moved to afford 8-alkoxydibenzofurans 4 (Table 3, 4 a–c ;
Figure 1).[17] When R2 was a small alkyl group, 1-alkoxydibenzo-

furans 3 were obtained (Table 3, 3 a–f). When R2 was a phenyl
group, both 1-alkoxydibenzofuran 3 g and 2-alkoxydibenzo-

furan 3 g’ were obtained in a 1:4 ratio. Besides methanol, other
alcohols such as ethanol and n-propanol also participated in

the reaction (Table 3, 3 b, 3 c, and 3 e). Notably, unlike the syn-

thesis of benzofurans 2, which requires the installation of
a large alkyl group at the ortho position, phenols with a small
methyl or a phenyl group at the ortho position were also suit-

able for the transformation (Table 3, 3 d, 3 e, and 4 b).
We next performed a series of control experiments to gain

some insights into the mechanism of the benzofuran-forming
reaction. Exposure of the independently synthesized biphenyl-

diol 5 to the CuCl/air reaction system delivered benzofuran 2 a
in 54 % yield [Eq. (2)] , which clearly demonstrated the involve-

ment of 5 as an intermediate. Upon addition of 30 mol % of

2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) to the reaction
mixture, the reactions of 1 a and 5 were completely shut down

[Eqs. (3) and (4)] , which implied that both the oxidative homo-
coupling of phenols and the skeletal rearrangement of the in

situ-formed biphenyldiols proceed through a free-radical path-
way.

Table 2. CuCl-catalyzed oxidative coupling/skeletal rearrangement of
phenols.[a]

[a] Conditions A: phenol 1 (1.0 mmol), CuCl (50 mol %), air, AcOH
(30 mol %), and ROH (10.0 mL) at 65 8C for 12 h; condition B: phenol
1 (0.5 mmol), CuCl (50 mol %), Ag2CO3 (2.0 equiv), and MeOH (1.5 mL) at
65 8C for 12 h; yields of isolated product are given.

Table 3. CuCl-catalyzed oxidative coupling/cyclization of phenols.[a]

[a] Reactions conditions, unless otherwise stated: Phenol 1 (0.5 mmol),
CuCl (25 mol %), K2S2O8 (2.0 equiv), and ROH (1.5 mL) at 80 8C for 24 h;
yields of isolated product are given. [b] CuCl (50 mol %) was used. [c] The
reaction time was 48 h. [d] CuBr (50 mol %) was used. [e] 3.0 equivalents
of K2S2O8 were used.
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The copper-catalyzed oxidative homocoupling of phenols is
well documented in literature.[18] Herein, a tentative mecha-
nism of the ring cleavage of biphenyldiols is proposed on the

basis of the above observations in combination with previous
investigations (Scheme 2).[19] Initially, copper(I) is oxidized by di-

oxygen to afford the copper(II) peroxide radical, which then
abstracts the hydrogen of biphenyldiol A to form the copper(II)

hydroperoxo species B and the radical intermediate C. The

electron transfer oxidation of C by B leads to the formation of
cation D, which is attacked by MeOH to afford the intermedi-

ate E. Next, the sequential hydrogen abstraction from E by the
copper(II) peroxide radical, intramolecular radical cyclization,

electron transfer oxidation, and 1,2-hydrogen shift lead to the
formation of cation I. I is then attacked by an additional meth-

anol molecule to deliver inter-
mediate J. The sequential elec-

trocyclic ring opening of J and
tautomerism of the resulting K
afford the ketone intermediate
L. Finally, an intramolecular cycli-

zation of L gives 2 with the elim-
ination of methanol.

Subsequently, the mechanism

of the K2S2O8-promoted forma-
tion of dibenzofurans was inves-
tigated. The reaction of biphe-
nyldiol 6 with MeOH afforded
the desired dibenzofuran 3 a in
68 % yield in the presence of

50 mol % of CuCl and K2S2O8

[Eq. (5)] . However, only 7 % yield
of 3 a was obtained in the ab-

sence of CuCl. These results
clearly showed that the dibenzo-

furan-forming reaction involved
a biphenyldiol as the key inter-

mediate and CuCl played a vital

role in the cyclization step. In ad-
dition, the yield of 3 a dropped

dramatically when 1.0 equivalent
of TEMPO or 2,6-di-tert-butyl-4-

methylphenol (BHT) was added
to the reaction mixture of 1 b [Eq. (6)] . However, these radical

scavengers had negligible effect on the cyclization of biphenyl-

diol 6 [Eq. (7)] . Thus, we concluded that the K2S2O8-promoted
homocoupling of phenols may go through a radical process,[9]

and a radical pathway can be excluded in the subsequent cyc-
lization reaction. Based on the above results, a plausible mech-

anism for the conversion of biphenyldiols to dibenzofurans 3
and 4 is proposed in Scheme 3. The product is dependent on

the structure of substituent R2 : 1) When R2 is a small group,

the sequential conjugate addition of MeOH to intermediate E
and elimination of MeOH afford O. Subsequent intramolecular
cyclization, protonation of the hydroxy group, and elimination

Scheme 2. Proposed mechanism for the conversion of biphenyldiols to benzofurans.
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of water afford dibenzofuran 3 ;
2) when R2 is a bulky tert-butyl

or tert-amyl group, E would first
undergo intramolecular cycliza-

tion to afford L. Protonation of L
and subsequent C¢C bond

cleavage of the resulting M with
removal of water afford 4 and

a tertiary carbenium ion, which

then eliminates a hydrogen
atom to deliver the correspond-

ing alkene.
Finally, the synthetic applica-

tions of these protocols were
demonstrated. As shown in
Scheme 4, the tert-butyl and

methyl groups of 4 a were easily
removed by AlCl3 in refluxing

toluene, affording dibenzofuran-
2-ol 7 in 91 % yield. Compound

7 is an important intermediate
for the synthesis of many bioac-

tive substances, such as HeLa

(cervix adenocarcinoma) and
TCC-SUP (bladder transitional

cell carcinoma) cells inhibitor
8,[20] HeLa and MDA MB231

(breast adenocarcinoma) cells in-
hibitor 9,[21] and H37Rv (myco-

bacterium tuberculosis) growth

inhibitor 10.[22]

In summary, a novel copper-

catalyzed tandem oxidative ho-
mocoupling/skeletal rearrange-

ment of phenols that involves
the cleavage of a benzene ring

under mild reaction conditions

has been realized by using air or
Ag2CO3 as the oxidant. Interest-

ingly, simply changing the oxi-
dant to cheap K2S2O8 led to the
tandem oxidative coupling/cycli-
zation of phenols. These two

transformations can offer struc-
turally important benzofuran
and dibenzofuran derivatives, re-
spectively. Further studies to
clarify the reaction mechanisms

and to find more synthetic appli-
cations are currently underway

in our laboratory.
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