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ABSTRACT

The Brønsted acid catalyzed rearrangement of tert-butyl peroxides provides a new strategy to construct 2,3-disubstituted furans via 1,2-aryl
migration. In addition, tert-butyl peroxides could also be transformed into 2,3,5-trisubstituted or 2,5-disubstituted furans through a sequence of
base-catalyzed Kornblum�DelaMare rearrangements and acid-promoted Paal�Knorr reactions.

1,2-Alkyl or aryl migrations to oxygen have been exten-
sively studied in connection with the Criegee solvolysis of
peresters1 and the Baeyer�Villiger oxidation of ketones.2

The acid-catalyzeddecompositionof cumenehydroperoxide

first reported by Hock and Lang3 is the basis of the
industrial synthesis of phenol and acetone (Scheme 1a).
Hock cleavage of allylic hydroperoxides has also at-
tracted much attention from both biochemistry,4 which
relates to the oxidative degradation of organic molecules
especially lipids, and synthetic chemistry.5 In 1951, Korn-
blum andDelaMare6 found that dialkyl peroxides having
a hydrogen on the carbon attached to the peroxide
linkage will undergo decomposition in the presence of
base, forming ketones and alcohols (Scheme 1b). The
base-catalyzedKornblum�DelaMare rearrangement has
been also successfully employed as one of the key steps in
the total synthesis of natural products.7

Furan as an important class of five-membered hetero-
cycles can be found in many natural compounds, pharma-
ceuticals, and biochemicals. Polysubstituted furans play an
important role in organic chemistry due to not only their
wide occurrence as key structural units in many natural
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products8 but also their usefulness as building blocks in
synthetic chemistry.9 For these reasons, the exploration of
new methods for the synthesis of polysubstituted furans
continues to attract the interest of chemists.10 Herein, we
would like to disclose a novel method to construct 2,3-
disubstituted furans throughan efficient and selective acid-
catalyzed 1,2-aryl migration of tert-butylperoxides. Base-
catalyzed Kornblum�DelaMare rearrangement followed
by acid-promoted Paal�Knorr furan formation for the
synthesis of 2,3,5-trisubstituted or 2,5-disubstituted furans
was also investigated.
To continue our exploration on the synthesis and appli-

cations of functionalized organic peroxides,11 a series of
γ-carbonyl peroxides were prepared by the Co-catalyzed
three-component reactions of alkenes, tert-butyl hydro-
peroxide (TBHP), and diones or β-ketone esters.12 Initi-
ally, the tert-butylperoxyl compound 1a was selected as a
model substrate to investigate the transformation. The
furan product 2a was obtained in 21% yield together with
a 54% yield of phenol 3a by the use of 1.0 equiv of
TsOH 3H2O in CH3CN at 85 �C for 1 h (Table 1, entry 1).
Further investigations showed that the efficiency of the
furan formation is affected by the acidity of the acids

(Table 1, entries 2 and 3) and the use ofTfOH led to a 65%
yield of 2a (Table 1, entry 3). To our delight, the yield of
2awas improved up to 81% in the presence of 0.3 equiv of
TfOH (Table 1, entry 5). Other solvents such as toluene,
DCE, and DMF retarded this transformation (Table 1,
entries 7�9). It should be noted that the yields of phenol
3a were higher than the yields of the furan 2a in all cases,
indicating that the migration of the phenyl group is prior
to the formation of 2a.

Subsequently, the different migration groups were ex-
plored for this transformation in the presence of 0.3 equiv
of TfOH (Scheme 2). To our delight, we found that a vari-
ety of aryl groups could migrate smoothly, and the furan
product 2a and the corresponding phenolic compounds 3
were obtained in good to excellent yields. Substrates with
electron-donating (1b and 1c) or electron-withdrawing (1d
and 1e) groups on the aryl ring all proceededwell under the
optimized reaction conditions. Notably, bulky phenol 3f
could also be obtained in 83% yield through this TfOH
catalyzed 1,2-arylmigration reaction.Moreover, 2-naphthyl
substituted peroxide 1g also gave the furan 2a and
2-naphthol 3g in good yields.
Encouraged by the successful transformation of 1a to

furan 2a, we then extended the reaction to a range of
substituted γ-carbonyl peroxides, and a variety of 2,3-
disubstituted furans 2 were obtained in moderate to good
yields (Table 2). Methyl-substituted tert-butylperoxide 1h
gave the corresponding furan 2b in moderate yield
(Table 2, entry 1). Both isomers of the expected furans,
2c and 2c0, were obtained when the unsymmetric substate
1iwas used (Table2, entry 2). β-Benzoyl ester derived tert-
butylperoxides1j�1mall proceededwell andgave the2-aryl-
3-ester furans 2d�2g in good yields (Table 2, entries 3�6).
To our satisfaction, 2-alkyl-3-ester furans 2h�2k could
also be synthesized smoothly from the corresponding

Scheme 1. Rearrangements of Organic Peroxides

Table 1. Optimization of the Reaction Conditions for
Acid-Promoted Rearrangement of 1aa

entry acid (x equiv) solvent 2a (%)b 3a (%)b

1 TsOH 3H2O (1.0) MeCN 21 54

2 H2SO4 (1.0) MeCN 49 56

3 TfOH (1.0) MeCN 65 84

4 TfOH (0.5) MeCN 70 90

5 TfOH (0.3) MeCN 81(80) 87

6 TfOH (0.1) MeCN 62 74

7 TfOH (0.3) toluene 56 70

8 TfOH (0.3) DCE 47 63

9 TfOH (0.3) DMF trace <5

aConditions: 1a (0.2 mmol), solvent (2.0 mL), 85 �C, 1 h. bNMR
yields were determined by 1HNMR using an internal standard; isolated
yield was given in parentheses.
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β-alkyl ester derivatives 1n�1q (Table 2, entries 7�10). In
addition, a cyano group could also be introduced to the
furan product 2l in a reasonable yield (Table 2, entry 11).

With the success of acid-catalyzed rearrangement/
cyclization of the functional peroxides, base-catalyzed
Kornblum�DelaMare rearrangement was also inves-
tigated (Table 3). The expected 1,4-dicarbonyl products 4
were smoothly obtained from the corresponding peroxides
by the use of DBU as a catalyst. Followed by Paal�Knorr
furan synthesis,13 2,3,5-trisubstituted and 2,5-disubsti-
tuted furans 5 were obtained in excellent yields. This
sequence protocol provides an additional approach for
the synthesis of multisubstituted furans.
In order to gain further insights into the acid-catalyzed

rearrangement/cyclization reaction, the functional perox-
ides 6 and 9 were prepared and submitted to the reaction
under the optimized conditions (Scheme 3, eqs 1 and 2).
Phenol-tethered furan 7 was obtained together with the
elemination product 8 (Scheme 3, eq 1). Interestingly,
dihydrofuran14 11 was generated in 52% yield along with
the desired furan 10 when tertiary peroxide 9 was con-
ducted under optimized reaction conditions (Scheme3, eq 2).
On the basis of the above results and literature reports,

possible pathways of the transformation of the peroxides
are proposed (Scheme 4). Both oxygen atoms in the peroxy
group could be protonated.4f If the oxygen adjacent to the
tert-butyl group is protonated, the phenyl group will
proceed in a 1,2-migration to the oxygen and t-BuOH is
released simultaneously (Scheme 4, Path a). The inter-
mediate I undergoes an intramolecular cyclization to form

the intermediate II. Followed by the elimination of phenol
and a proton, furan is generated. On the other hand, when
the other oxygen atom in the peroxyl group is protonated,
a carbocation III is generated by the release of TBHP
(Scheme4,Pathb).Wehypothesized that the generation of
a stable tertiary carbocation intermediate drives the reac-
tion in this manner. Dihydrofuran is obtained by an
intramolecular cyclization of III. In the case of base
conditions, hydrogen abstraction leads to 1,4-dione via
Kornblum�DelaMare rearrangement (Scheme 4, Path c).
FollowedbyPaal�Knorr furan synthesis, 2,3,5-trisubstituted
or 2,5-disubstituted furan is synthesized.

Table 2. Examples for Acid-Catalyzed Rearrangement of 1a

aConditions: 1 (0.2 mmol), TfOH (0.06 mmol), MeCN (2.0 mL),
85 �C, 1 h. bNMRyields were determined by 1HNMRusing an internal
standard; isolated yields were given in parentheses. c 1/1 diastereomers.
d 0.5 equiv of TfOH was used.

Scheme 2. Efficiency of Aryl Migrationsa

aNMR yields were given.
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In summary, we demonstrated a novel acid-catalyzed
1,2-aryl migration/intramolecular cyclization reaction of
functional peroxide, which provides a direct and efficient
tool for the synthesis of 2,3-disubstituted furans as well as
2,3-dihydrofuran in one step. In addition, the functional
peroxides could also be efficiently transformed into 2,3,5-
trisubstituted or 2,5-disubstituted furans via a sequence of
base-catalyzed Kornblum�DelaMare rearrangements and
acid-promoted Paal�Knorr furan syntheses. Further un-
derstanding and applications of the transformation of func-
tionalizedorganicperoxides areunderway inour laboratory.
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Scheme 4. Possible Pathways for Synthesis of Furans from
tert-Butyl Peroxides

Scheme 3. Acid-Catalyzed Rearrangement of 6 and 9a

aNMR yields were given.

Table 3. Base-Catalyzed Rearrangement/Acid-Promoted
Condensation for Multisubstituted Furan Formationa,b

aConditions of step 1: 1 (0.5 mmol), DBU (0.1 mmol), MeCN
(2.0 mL), 85 �C, 0.5 h. bConditions of step 2: 4 (0.2 mmol), TfOH
(0.2 mmol), MeCN (2.0 mL), 85 �C, 1 h. cNMR yields were determined
by 1H NMR using an internal standard; isolated yields were given in
parentheses.
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