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ABSTRACT: A metal-free and efficient approach to N-aryl-
substituted azacycles from arylamines and cyclic ethers is
described. In this synthesis, the synergistic effect between
Lewis and Brønsted acids is crucial to the ring-opening of
cyclic ethers and the subsequent cyclization. The use of
B(C6F5)3 enabled the formation of frustrated Lewis pairs
(FLPs) from the reactants, and the resulting FLPs allowed
ready access to the N-arylazacycles in moderate to good yields
via further cyclization. Water is the sole waste resulting from
the reaction, thereby making it an environmentally benign
process.

N-Substituted azacycles are important structural motifs that are
featured prominently in pharmaceuticals, agrochemicals, and
organic materials.1 For example, the most common N-
arylpyrrolidines have received much attention because of their
diverse useful biological activities (Figure 1).2 In addition, N-
arylpyrrolidines also frequently serve as versatile synthetic
building blocks for the construction of complex molecules.3−5

They have attracted broad research interests from different
areas, especially in organic synthesis and medicinal synthesis.
To date, there are many synthetic methods to form these
compounds, for example, using dihalides with primary
arylamines or nitrobenzene,6 using diols with primary aryl-
amines,7 reductive amination of dicarbonyl compounds,8 using
aryl halides with N-unsubstituted azacycles through a cross-
coupling reaction,9 as well as using cyclic ethers with primary
arylamines (Scheme 1, a).10 Among them, the preparation of
N-arylpyrrolidines from cyclic ethers and primary arylamines
represents an appealing approach due to the formation of water
as the sole waste product. To our knowledge, there are several
systems involved in the construction of N-aryl-substituted
pyrrolidines using the cyclic ether methods. Minkina and co-
workers described the first approach to N-phenylpyrrolidine
using tetrahydrofuran and aniline over activated alumina at 400

°C.10a Subsequently, various metal-based protocols, including
aluminum oxide,10b aluminum trichloride,10c and titanium(IV)
oxide,10d have been established. Recently, Lee and Korbad
developed the synthesis of N-aryl-substituted azacycles
promoted by AlMe3 via the dimethylaluminum amide pathway,
tolerating a wide scope of arylamines and cyclic ethers.10e

Despite the progress that has been made in this field, the
aforementioned methods generally require the use of
stoichiometric metal-based promotors. Further, with increasing
concerns on the development of green methodology in
synthetic chemistry, a metal-free catalytic process toward the
synthesis of N-arylpyrrolidines is still highly desirable. As such,
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Figure 1. Representative N-aryl-substituted pyrrolidines.

Scheme 1. Synthesis of N-Substituted Pyrrolidines
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Table 1. Screening the Reaction Conditionsa

entry 1a/B(C6F5)3/acid
b acid temp (°C) yieldc (%)

1 10:2:0 180 17
2 10:2:1 MSA 180 60
3 10:2:1 AA 180 45
4 10:2:1 pTSA·H2O 180 80
5 10:0:1 pTSA·H2O 180 10
6 10:2:2 pTSA·H2O 180 84
7 10:1:2 pTSA·H2O 180 73
8d 10:2:2 pTSA·H2O 180 81
9 10:2:2 pTSA·H2O 160 65

aThe reactions were carried out with 1a (0.25 mmol), B(C6F5)3 (10
mol % or 20 mol %) and acid (10 mol % or 20 mol %) in 2 mL of
THF at specified temperature for 24 h under Ar atmosphere. bMolar
ratio of components 1a/B(C6F5)3/acid.

cIsolated yield based on
aniline. dThis reaction was carried out for 20 h. MSA =
methanesulfonic acid, AA = acetic acid, pTSA = p-toluenesulfonic acid.

Table 2. Evaluation of Anilines with THFa

aThe reactions were carried out at 180 °C with aniline 1 (0.25 mmol), B(C6F5)3 (20 mol %), and pTSA·H2O (20 mol %) in 2 mL of THF under
argon for 24 h. bIsolated yield based on aromatic amine. cThe product was 1-phenylpyrrolidine (3a).

Scheme 2. Evaluation of Cyclic Ethersa,b

aThe reactions were carried out at 180 °C with aniline 1 (0.25 mmol),
B(C6F5)3 (20 mol %), and pTSA·H2O (20 mol %) in 2 mL of cyclic
ether 2 under argon for 24 h. bIsolated yield based on aromatic
amines. cNot detected.
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we describe herein a metal-free and efficient approach to N-
aryl-substituted azacycles from arylamines and cyclic ethers via
B(C6F5)3-mediated frustrated Lewis pair (FLP) pathway
(Scheme 1, b). Water is the sole waste product from the
reaction, thereby making it an environmentally benign process.
Recently, the advent of frustrated Lewis pair chemistry

provides an important approach for the metal-free homoge-
neous catalysis.11 A variety of small molecules including
molecular hydrogen, olefins, as well as THF can be activated
by FLP catalysts.12,13 Ring-opening of THF mediated by
B(C6F5)3 in combination with either nitrogen- or phosphorus-
based Lewis bases to form FLPs has been reported.14

Accordingly, we envisioned that B(C6F5)3 may lead to the
ring opening of cyclic ether with arylamine to form FLPs, and
the resulting FLPs could further coordinate to provide the
desired N-arylpyrrolidines (Scheme 1, b). To test our
hypothesis, initial reaction development employed THF and
aniline 1a in the presence of B(C6F5)3. Initially, N-phenyl-
pyrrolidine 3a was formed in a 17% yield in the presence of 20
mol % of B(C6F5)3 at 180 °C for 24 h (Table 1, entry 1). It was
found that the addition of various Brønsted acids could
improve the reaction outcome (Table 1, entries 2−4). When 10
mol % of pTSA·H2O was employed as an additive, the reaction
provided the desired azacycle 3a in an 80% yield (Table 1,
entry 4). The yield was increased to 84% using 20 mol % of
pTSA·H2O (Table 1, entry 6). A poor result was observed
using pTSA·H2O as the only catalyst in the absence of
B(C6F5)3 (Table 1, entry 5). Shortening reaction time or

lowering reaction temperature led to the decrease in the yield
of N-phenylpyrrolidine 3a (Table 1, entries 8 and 9).
With the optimized reaction conditions in hand, we turned to

examine the scope of arylamines and cyclic ethers. First, a
variety of arylamines were evaluated (Table 2). The arylamines
bearing electron-donating and -withdrawing groups were
tolerated well under the reaction conditions, affording the
desired N-arylpyrrolidines in 50% to 88% yields. However, the
p-methoxy-substituted aniline resulted in a moderate yield
(Table 2, entry 6). The steric hindrance of substituted anilines
displayed a noteworthy impact on the reaction outcome; the
reaction of p-t-Bu-substituted aniline (1l) only provides a 50%
yield, while the p-toluidine (1g) leads to a 77% yield. As
expected, ortho-substituted anilines usually afforded lower yields
than those of the para- and meta-substituted anilines (Table 2,
entries 3−5 and 7−9). 2,6-Disubstituted anilines 1j and 1k
could also give the corresponding products 3j and 3k, although
inferior yields were obtained because of the bulky substituents
(Table 2, entries 10 and 11). 1-Naphthylamine also reacted
with THF smoothly and gave the corresponding product in a
50% yield (Table 2, entry 13). To our surprise, 1-phenyl-
pyrrolidine (3a) was produced as the only product in a 47%
yield when N-methylaniline (1n) was employed under the
reaction conditions (Table 2, entry 14). Clearly, a demethy-
lation reaction occurred during the reaction.
Next, the reaction of different cyclic ethers including 2-

methyltetrahydrofuran, 1,3-dihydroisobenzofuran, and tetrahy-
dropyran was also investigated. 2-Methyltetrahydrofuran
showed less reactivity in comparison with that of THF and
gave corresponding products in low yields, probably owing to
its steric hindrance (Scheme 2, 4a−c). To our delight, 1,3-
dihydroisobenzofuran could serve as a good cyclic ether partner
to readily access the N-arylpyrrolidines in good yields (Scheme
2, 4d, 4e). When a six-membered cyclic ether, tetrahydropyran,
was employed, no appreciable reaction occurred at all (Scheme
2, 4f).
After an exploration of the substrate scope, we turned our

attention to elucidating the mechanism. To our knowledge,
addition of THF to the reaction mixture of 2,6-lutidine and
B(C6F5)3 resulted in the ring opening of THF to give
compound 5 (Scheme 3, I).14b On the basis of this finding, a
plausible mechanism for the formation of N-aryl-substituted
pyrrolidines, via a FLP pathway from aniline (1a) and THF
(2a) in the presence of B(C6F5)3, is depicted in Scheme 3 (II).
First, B(C6F5)3 reacted with aniline 1a to provide the adduct
[(C6F5)3B(C6H7N)] 6, which could be isolated after treatment
of aniline with B(C6F5)3 and confirmed by crystal X-ray and
NMR (Figure 2 and Figure S1, SI).14b Next, THF 2a
coordinated with adduct 6, and the ring opening took place
to provide the species 7, which could be generated in situ under
the reaction conditions and then confirmed by NMR (Figure
S2, SI).14b Afterward, B(C6F5)3 was removed 7 to provide the
intermediate 8. Then the dehydration and cyclization of the
resulting species 8 occurred to give the desired 1-phenyl-
pyrrolidine 3a in the presence of pTSA·H2O.

15

In summary, we describe a metal-free and efficient synthetic
method for the preparation of N-aryl-substituted azacycles from
arylamines and cyclic ether catalyzed by B(C6F5)3 and pTSA·
H2O via the FLP pathway. The synergistic effect between
B(C6F5)3 and pTSA·H2O is crucial to this reaction outcome.
Notably, water is the sole waste product resulting from the
reaction, and a metal-free method is involved, thereby making it
an environmentally benign process. Further studies are

Scheme 3. Plausible Mechanism for B(C6F5)3-Mediated
Synthesis of N-Aryl-Substituted Azacycles from Arylamines
and THF

Figure 2. Crystal structure of [(C6F5)3B(C6H7N)] 6 (CCDC-
1441903). Atom colors: green, F; pink, B; blue, N; light gray, C;
dark gray, H.
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underway to fully acquire the role of B(C6F5)3 and to expand
the reaction scope.
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