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ABSTRACT

Wehave established the first catalyticC�CandC�Nbond formation reactionsofO-heterocycles (e.g., tetrahydrofuran, phthalane, and lactonederivatives)
using iron trichloride as a catalyst in the presence of TMSN3 or allylsilanes accompanied by the ring opening of O-heterocycles. The reactions smoothly
proceeded at room temperature to give the corresponding primary saturated alcohols from the 2-substituted tetrahydrofurans, ortho-substituted benzyl
alcohols from phthalanes, and saturated carboxylic acids from lactones in high yields.

The tetrahydrofuran ring represented asO-heterocycles
can be a useful organic backbone source composed of four
carbons and one oxygen atom, namely the 1-butanol unit,
by cleavage of the carbon (C)�oxygen (O) bond of the
tetrahydrofuran ring due to the easy availability of various
tetrahydrofuran derivatives.1�5 However, a very small
number of carbon and nitrogen (N) atom introduction

reactions accompanied by the ring opening (C�O bond
cleavage) of tetrahydrofurans have been reported in the
literature and required more than a chemical equivalent
of Lewis acids and/or harsh reaction conditions [TiCl4
(1.2 equiv) at�78 �C,6 Sc(OTf)3 (2 equiv) at 100 �Cusing a
microwave apparatus7] in the presence of allylslilanes
or TMSN3 as a nucleophile. We now report the efficient
andmild iron(III) chloride catalyzed C�NandC�Cbond
formations of tetrahydrofuran derivatives (e.g., 2-aryl,2

alkenyl,3 andalkynyl2 substituents), additionallyphthalanes4

and lactone5 derivatives associated with the ring-opening
reaction.Thepresentmethod couldafford the corresponding
highly functionalized alcohols and carboxylic acids at room
temperature.
Wehave recently discovered thatLewis acids, suchas the

AuCl3 or FeCl3 catalyst, could activate the C�O bond of
2-aryl-2,5-dihydrofuran substructure-containing substrates
to give the ring-opened intermediate, and the subsequent
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functionalizations using allylTMS and TMSN3 efficiently
provided the corresponding useful unsaturated linear or
arene products.8 Our next challenge was the application of
these methodologies to the ring-opening C�C and C�N
bond formations using the thermodynamically more stable
tetrahydrofurans in a catalytic manner. The azidative9 ring
opening of 2-phenyltetrahydrofuran (1a) using TMSN3

(4 equiv) was first examined in the presence of 10 mol %
of a Lewis acid in CH2Cl2 at room temperature (Table 1).
HAuCl4 3 3H2O and AuCl3 as gold(III) catalysts, which are
effective catalysts for the ring opening of dihydrofurans,8a

effectively promoted the desired azidation within 5 min to
give the 4-azido-4-phenylbutan-1-ol (2a) in high yields
(entries 1 and 2).10 The use of (Ph3P)AuCl/AgSbF6 as a
Au(I) species, AgOTf, BF3 3Et2O, TMSOTf, ZnCl2, and
FeCl2 3 4H2OasLewis acids, andTFAasaBrønstedacid led
to low or no reaction efficiencies (entries 3�9). It is note-
worthy that FeCl3 and FeBr3 as cheaper iron(III) catalysts
most effectively facilitated the azidative ring-opening
reaction to give 2a in efficient yields (entries 10 and 11).
Additionally, the decrement of FeCl3 (5mol% from10mol
%) and TMSN3 (1.5 equiv from 4 equiv) could also retain
the reaction efficiency to give 2a in a high yield (entry 12).
The reaction using NaN3 or diphenylphosphoryl azide
(DPPA) as an azido source never proceeded (entries 13
and 14), and the use of other solvents (e.g., CHCl3, toluene,
dioxane, and THF) was less effective for promoting the
present reaction (see Supporting Information).
The FeCl3-catalyzed ring-opening azidation could

be adapted to various substrates (Table 2).11 While the
2-aryltetrahydrofurans (1b�d) bearing electron-donating
and -withdrawing groups on the aromatic ring efficiently
underwent the azidative ring-opening reaction to give the
4-azidated linear primary alcohols at room temperature
(2b�d) (Table 2, entries 1�3), the 2-alkylated tetrahydro-
furan (1e) never reacted with TMSN3 even under higher
temperature conditions (entry 4).12 The 2,2-disubstituted
tetrahydrofuran (1f) was also transformed into the tertiary
azido product (2f) regardless of the bulkiness of the sub-
strate (entry 5). Furthermore, the 2-alkenyl and alkynyl
tetrahydrofurans (1g�i) efficiently and regioselectively
underwent the azidative ring opening at the 2 position to

give the corresponding allylic and propargyl azides (2g and
2i) (entries 6�8). It is noteworthy that the mixture of E- and
Z-alkenyl tetrahydrofurans (1h) was completely transformed
into the corresponding E-alkenyl azide (2g) (entry 7).13 The
present method was applicable to the azidative ring opening
of 2-phenyl tetrahydropyran (1j) by the addition of TMSCl
as a co-Lewis acid (entry 9).14 The reaction using 1,4-epoxy-
tetrahydronaphthalene (1k) as a substrate allowed the dou-
ble azidation at the 1 and 4 positions to give the 1,4-diazido
product (2k) in high yield (entry 10).15 Furthermore, the
present reactions could be adapted for the azidation of the
phthalane and lactone derivatives (entries 11�14). 1-Phenyl
and alkenyl phthalanes (1l and 1m) were efficiently trans-
formed into ortho-substituted benzylalcohols (2l and the

Table 1. Lewis Acid Catalyzed Azidative Ring Opening of
2-Phenyltetrahydrofuran (1a)

entry catalyst

azido

source time

yield

(%)

1 HAuCl4 33H2O TMSN3 5 min 81

2 AuCl3 TMSN3 5 min 79

3 (Ph3P)AuCl/

AgSbF6

TMSN3 1 h 38

4 AgOTf TMSN3 24 h NR

5 BF3 3Et2O TMSN3 24 h trace

6 TMSOTf TMSN3 24 h trace

7 ZnCl2 TMSN3 24 h 68

8 FeCl2 34H2O TMSN3 24 h 53

9 TFA TMSN3 24 h trace

10 FeCl3 TMSN3 5 min 87

11 FeBr3 TMSN3 5 min 88

12a,b FeCl3 TMSN3 15 min 85

13 FeCl3 NaN3 24 h NR

14 FeCl3 DPPA 24 h NR

a 5mol%of FeCl3 and 1.5 equiv of TMSN3were used.
bReactions in

other solvents (e.g., CHCl3, toluene, dioxane, THF) gave inefficient
results (see Supporting Information).
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mixture of 2ma and 2mb,16 entries 11 and 12),17 and also
azidated saturated carboxylic acids (2n and 2o) were effi-
ciently obtained by the use of 1-phenyl γ-butyro- and δ-
valerolactone (1n and 1o) as substrates (entries 13 and 14).17

Moreover, the allylative ring-opening reaction of var-
ious tetrahydofuran derivatives, which could construct the
highly functionalized C7 linear alcohol skeletons bearing
an olefin functionality at the opposite terminal against the
hydroxyl group, was investigated (Table 3).11 The reaction

Table 2. Scope and Limitation of Ring-Opening Azidation

aFeCl3 (5 mol %) and TMSN3 (1.5 equiv) were used.
bFeCl3 (5 mol

%) and TMSN3 (2 equiv) were used.
cFeBr3 (10 mol %) and TMSN3 (3

equiv) were used at 0 �C. dFeCl3 (10 mol %), TMSN3 (3 equiv), and
TMSCl (20 mol%) were used. eFeCl3 (10 mol%) and TMSN3 (2 equiv)
were used at�40 �C to rt. fFeCl3 (10mol%) and TMSN3 (3 equiv) were
used. gFeCl3 (1.1 equiv) and TMSN3 (3 equiv) were used.

hThe quench
using TBAF was not necessary.

Table 3. Allylative Ring Opening

aFeCl3 (10mol%) and allylsilane (3 equiv) were used. bFeCl3 (5mol
%) and allylsilane (2 equiv) were used. cFeCl3 (50mol%) and allylsilane
(2 equiv) was used. dFeCl3 (50 mol %) and allylsilane (3 equiv) were
used. eFeCl3 (10mol%), allylsilane (3 equiv), andTMSCl (1 equiv) were
used. fFeCl3 (20 mol %) and allylsilane (4 equiv) were used. gFeCl3
(10mol%) and allylsilane (4 equiv)were used. hThequench usingTBAF
was not necessary.
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using 2-phenyltetrahydrofuran (1a) with various allylsi-
lane derivatives, such as allylTMS, 2-phenyl and bromo-
substituted allylsilanes, and [2-(trimethylsilyl)ethylidene]-
cyclohexane, was efficiently catalyzed by FeCl3 as the case
with the azidation to give the corresponding 6-hepten-1-ols
(3a�d) (entries 1�4) in moderate to excellent yields. The
2-alkynyl tetrahydrofuran (1i) could be transformed into
1,5-eneyne18 products bearing a primary hydroxyl group
(3e�g) (entries 5�7). Furthermore, the ring-opening ally-
lation of the phthalane and lactone derivatives could also
proceed to give the corresponding allylated ortho-benzy-
lalcohol (3h) and saturated carboxylic acid (3i) derivatives
(entries 8 and 9).17

In conclusion, we have established the first catalytic
C�C and C�N bond formations associated with the
ring-opening reaction of the thermodynamically stable

tetrahydrofuran derivatives. The azidation using TMSN3

and allylation using various allylsilanes was efficiently
catalyzed by FeCl3 as a cheap and universal iron catalyst
at room temperature to afford the corresponding azidated
linear primary alcohols in excellent yields. Furthermore,
the phthalane and lactone derivatives also underwent
the FeCl3-catalyzed ring-opening allylation and azidation
to give the corresponding ortho-substituted benzylalcohols
and the saturated carboxylic acids. These azidated and
allylated products can be valuable as small synthetic
precursors for a wide variety of functional materials.
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