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ABSTRACT: A nitrite-catalyzed ring contraction reaction of
substituted tetrahydrofurans by oxidation of bromide under aerobic
conditions as a dehydrogenative dual functionalization was developed
to provide 2-acyltetrahydrofurans in good yields. On the other hand,
the oxidation reaction of 1-substituted isochromans occurred via the
bromohydroxylation to give 1-(dibromoalkyl)-1-hydroxyisochromans
in high yields.

In fine organic synthesis, the ring contraction reaction of
organic molecules is one of the elegant transformations that

proceeds with high atom economy.1 This reaction occurs via
the rearrangement of some covalent bonds, representative
examples of which include the Favorskii rearrangement, the
Demjanov rearrangement, the Wolff rearrangement, and the
pinacol rearrangement. In particular, the use of oxygen-
containing heterocyclic compounds in this reaction is an
ingenious methodology to construct substituted cyclic ethers in
spite of the availability of various synthetic methods for
substituted cyclic ethers2 found in biologically active
compounds and pharmaceuticals.3 In regard to the formation
of ring-contracted cyclic ethers via the ring contraction of
cyclic ethers, the transformation of dihydropyrans into 2-
carbonyl tetrahydrofurans using hypervalent iodine com-
pounds, such as PhIO or PhI(OTs)OH, was reported as a
ring-contraction reaction of unsaturated cyclic ethers (Scheme
1A, eq 1).4 Likewise, the reaction of protected glycals with an
excess amount of thallium(III) nitrate was developed to obtain
tetrahydrofuran dimethyl acetals (Scheme 1A, eq 2).5 The
synthesis of 2-vinyltetrahydrofurans by the Au(III)-catalyzed
ring contraction of aryl ether C-glycosides was also
demonstrated (Scheme 1A, eq 3).6 Recently, Larionov et al.
reported a photoinduced carboborative ring contraction of
unsaturated cyclic ethers (Scheme 1A, eq 4).7 Tetrasubstituted
diazofuranones have also been employed in the photochemical
ring contraction (Scheme 1B).8 All of the above-mentioned
studies required cyclic ethers containing reactive groups, such
as alkene and diazo groups, for the ring contraction to proceed.
On the other hand, we have been working on the dual

functionalization of organic molecules, especially, the retained
dual functionalization9 and the dehydrogenative dual function-
alization, using halogen reagents.10 Through the development
of our dual functionalization chemistry, an activated bromine

generated via umpolung of bromide by a nitrite-catalyzed
aerobic oxidation efficiently promoted the transformation of
inert ethers.10 Therefore, we envisioned that bromine activated
by a nitrite catalyst would promote the ring contraction of
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Scheme 1. Ring Contraction of Cyclic Ethers
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saturated tetrahydropyrans to furnish 2-acyltetrahydrofurans
by a formal multistep transformation through various oxidation
manners (Scheme 1C). We report herein the ring contraction
of substituted tetrahydropyrans by nitrite-catalyzed double
activation of bromine as a dehydrogenative dual functionaliza-
tion of inert organic molecules.
First, we chose the transformation of 2-phenyltetrahydro-

pyran (1a) into 2-benzoyltetrahydrofuran (2a) as an example
of the ring contraction and screened for the amount of HBr,
the temperature, and the reaction time on the basis of the
previously reported reaction conditions10 (Table 1). Treat-

ment of 1a with aq HBr (5.0 equiv) in the presence of co-
catalysts of NaNO2 (10 mol %) and p-NO2C6H4SO2NH2 (10
mol %) in MeCN at 60 °C increased the yield of 2a by
shortening the reaction time (entries 1−3). By adjusting the
reaction temperature, we found that the reaction at 50 °C is
the most suitable to yield the desired product (entries 4−6).
The use of air and HBr in AcOH solution instead of O2 and aq
HBr and the absence of NaNO2 in the reaction failed to yield
the desired product (entries 7−9), whereas the reaction
without p-NO2C6H4SO2NH2 slightly decreased the yield of 2a
(entry 10). Use of 4.0 equiv of aq HBr did not affect the
efficiency of the ring contraction, whereas decreasing the
amount of aq HBr decreased the yield of 2a (entries 11−13).
Therefore, we found that the optimum conditions were 1a, aq
HBr (4.0 equiv), NaNO2 (10 mol %), and p-
NO2C6H4SO2NH2 (10 mol %) in MeCN at 60 °C under O2
by interrupting light (entry 11).
To explore the substrate scope of the ring contraction, 2-

aryltetrahydropyrans (1) were examined under the optimum
reaction conditions (Scheme 2). When para-substituted
phenyltetrahydropyrans bearing hydrocarbon (1b−e), halogen
(1g and 1h), and heterofunctional groups (1f, 1i, and 1j) were
used in the reaction, the corresponding products (2b−j) were
obtained in high yields (78−98%). Meta-substituted and
disubstituted phenyltetrahydropyrans (1k−m) also gave the
desired products (2k−m) in high yields.

Moreover, the ring contraction of di- and trisubstituted
tetrahydropyrans was also examined via the nitrite-catalyzed
aerobic oxidation of bromide (Scheme 3). 2,4-Substituted
tetrahydropyrans (1n and 1o) furnished 2-acyl-3-substituted
tetrahydrofurans (2n and 2o) as a single diastereomer in good

Table 1. Screening for Ring Contraction of 1a

entry x temp (°C) time (h) conv (%) yield (%)

1a 5.0 60 24 >99 0
2a 5.0 60 12 >99 75
3a 5.0 60 6 >99 69
4 5.0 60 6 >99 72
5 5.0 50 6 >99 92
6 5.0 40 6 >99 72
7b 5.0 50 6 13 0
8c 5.0 50 6 >99 0
9d 5.0 50 6 0 0
10e 5.0 50 6 >99 88
11 4.0 50 6 >99 91
12 3.0 50 6 >99 88
13 1.0 50 6 >99 80

aUnder daylight conditions. bIn air. cHBr in AcOH solution was used.
dAbsence of NaNO2.

eAbsence of p-NO2C6H4SO2NH2.

Scheme 2. Ring Contraction of 2-Aryltetrahydropyrans (1)

aAqueous HBr (5.0 equiv). bAt 60 °C. cNaNO2 (20 mol %). dFor 8
h. eAt 70 °C.

Scheme 3. Ring Contraction of Multisubstituted
Tetrahydropyrans (1)

aNaNO2 (20 mol %). bAt 60 °C. cFor 24 h.
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yields. The reaction of 2,3-substituted (1p and 1q) and 2,4,4′-
substituted (1r and 1s) tetrahydropyrans also gave tetrahy-
drofurans with a quaternary carbon center (2p and 2q) and 2-
acyl-4,4′-disubstituted tetrahydrofurans (2r and 2s) in good
yields. Fortunately, we succeeded in determining the structure
of 2s by X-ray crystal structure analysis.11

Next, we tried to accomplish the dual functionalization of 1-
substituted isochromans (3) as tetrahydropyran derivatives
using this reaction (Scheme 4). Unexpectedly, the reaction of

1-methylisochroman (3a), 1,7-dimethylisochroman (3b), and
1-ethylisochroman (3c) occurred via bromohydroxylation and
not ring expansion to give 1-(dibromoalkyl)-1-hydroxyisochro-
mans (4a−c) in high yields, respectively.
To elucidate the reaction mechanism in the ring contraction

of substituted tetrahydropyrans (1) via the nitrite-catalyzed
aerobic oxidation of bromide, we investigated some mecha-
nistic studies in this reaction. For the ring contraction of 1a
with molecular bromine (Br2), which is considered to be
produced by the aerobic oxidation of bromide, the required
reagents for this reaction were explored (Table 2). When

NaNO2 (10 mol %), Br2 (1.2 equiv), and H2O (5.8 equiv)
were used under O2 atmosphere in this reaction of 1a, the ring
contraction smoothly occurred to give 2a in 74% yield (entry
1). The reaction in the absence of Br2 or O2 did not produce
2a at all, and 1a was recovered in a large amount, whereas the
absence of H2O produced 2a in low yield (entries 2−5).
Together, the results indicate that all the reagents are essential
for the late catalytic cycle, that is, the activation of Br2, to
promote the ring contraction.

In addition, the reactions of 5-hydroxy-1-phenylpentan-1-
one (5) and 2-phenyldihydropyran (8) with Br2 were
performed under aerobic conditions to clarify the possible
intermediates of the ring contraction (Scheme 5). The reaction

of 2-phenyldihydropyran (8) with NaNO2 (10 mol %), Br2
(1.2 equiv), and H2O (5.8 equiv) provided 2a in 54% yield
(Scheme 5, eq 6), whereas that of 5-hydroxy-1-phenylpentan-
1-one (5) gave not a ring contraction product but brominated
products 6 (41% yield) and 7 (13% yield) (Scheme 5, eq 5).
We suggest that the ring contraction takes place with 8 and not
5 via the ring-opening reaction with bromine or acid12 as
intermediate, as observed in the transformation of 1a by
bromine.
We propose a reaction mechanism in Scheme 6 on the basis

of the above experiments in the reaction mechanism study and
our previous research of the dual functionalization of ethers.10

The aerobic oxidation of bromide with NaNO2 and O2 occurs
to generate of Br2, which is the inert source for the present

Scheme 4. Dual Functionalization of 1-Alkylisochromans
(3)

Table 2. Reagents for Ring Contraction of 1a with Br2

entry NaNO2 Br2 H2O O2 yield (%)

1 ○ ○ ○ ○ 74
2 × ○ ○ ○ 0 (86)a

3 ○ × ○ ○ 0 (100)a

4 ○ ○ × ○ 36 (8)a

5b ○ ○ ○ × 0 (75)a

aNumber in parentheses indicates the recovery of 1a. bThe reaction
was carried under Ar.

Scheme 5. Possible Intermediates in Ring Contraction

Scheme 6. Plausible Reaction Mechanism
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reaction. On the contrary, the NaNO2 catalyst activates Br2
under aerobic conditions to generate a bromo radical by single-
electron transfer (SET) on a nitrite radical, which is generated
via the reoxidation of NO with O2.

13 The bromo radical reacts
with 1 to obtain α-radical intermediate (A) via abstraction of
the H atom at the α-position of the ether group, and A is
converted into β-bromo hemiacetal (B) via one-electron
oxidation, the bromination of dihydropyran, and the addition
of H2O. The bromination of dihydropyran with the
bromonium ion species is slightly accelerated by the p-
NO2C6H4SO2NH2 catalyst. In the case of 3-bromo-2-
hydroxytetrahydropyran, the 1,2-rearrangement rapidly pro-
ceeds through the overlap of an antibonding orbital on the C−
Br bond (σ*C−Br) and a bonding orbital on C−O of the ether
group (σC−O) to obtain ring contraction product (2). In
contrast, the reaction of 1-substituted isochromans (3)
proceeds through the dibromination of 2-bromo hemiacetal
(C), which favors the generation of 2-bromovinyl ether (D) via
the formation of the oxonium cation intermediate, followed by
the formation of vinyl ether (red arrow) rather than the 1,2-
rearrangement (blue dashed arrow) of 1-hydroxyisochromans
as the 7-membered ring expansion is extremely slow.
Therefore, the reaction of isochromans (3) via nitrite-catalyzed
dual functionalization provides 1-(dibromoalkyl)-1-hydroxyi-
sochromans (4). It is noteworthy that the NaNO2 catalyst
functions as a double-activation catalyst in the ring contraction,
namely, the oxidation of bromide and the activation of Br2,
under aerobic conditions to promote the inert C−H activation
of tetrahydropyrans.
To demonstrate the synthetic utility of the ring-contraction

products, 2-benzoyltetrahydrofuran (2a) was used to derive
various tetrahydrofuranyl compounds (Scheme 7). The

transformation into tetrahydrofuranyl alcohol (9) by reduction
with NaBH4 and α,β-unsaturated tetrahydrofuranyl ester (10)
through C−C bond formation by the Wittig reaction14 was
successful. In regard to the synthesis of amino-containing
tetrahydrofuranyl compounds, the nucleophilic addition of
hydroxylamine converted 2a into corresponding oxime (11) in
quantitative yield. This was followed by hydrogenative
reduction with palladium catalyst and protection with Boc2O
to furnish protected amine (12) in 80% yield with a
diastereomeric ratio of 67:33.
In conclusion, we have developed a nitrite-catalyzed ring-

contraction reaction of tetrahydropyrans via dehydrogenative
dual functionalization by the double activation of bromine, that
is, the oxidation of bromide followed by the activation of

molecular bromine, to obtain 2-acyltetrahydrofurans in good
yields. In addition, the reaction of 1-alkylated isochromans
proceeded via bromohydroxylation and not a ring-expansion
reaction to give 2,2′-dibromo-1-hydroxyisochroman derivatives
in high yields. Work on the nitrite-catalyzed direct trans-
formation by activation of an inert C−H bond on hetero
compounds is underway in our laboratory.
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