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Lewis acid-mediated highly regioselective SN2-type ring-
opening of 2-aryl-N-tosylazetidines with alcohols to afford
various 1,3-amino ethers in excellent yields with good
enantiomeric excess is described. Similar SN2-type ring-
opening of chiral 2-phenyl-N-tosylaziridine with various
alcohols produces the corresponding nonracemic 1,2-amino
ethers in excellent yields and good ee. The mechanism of
the ring-opening of aziridines and azetidinesVia an SN2
pathway is supported by the formation of nonracemic amino
ethers.

Aziridines and azetidines are valuable building blocks in
organic synthesis because of their ability to undergo ring-
opening,1 cycloaddition,2 and fragmentation3 reactions. We have
recently reported Lewis acid (LA)-mediated nucleophilic ring-
opening and cycloaddition of 2-aryl-N-tosylazetidines and
aziridines to provide nonracemic products, and a mechanism
was proposedVia an SN2-type pathway to rationalize the

formation of nonracemic products.4 We anticipated LA-mediated
ring-opening of aziridines and azetidines to follow SN2 pathways
which would enable the design of enantioselective ring-opening
reactions of chiral aziridines and azetidines toward enantiopure
targets.

During our synthetic and mechanistic investigations on LA-
mediated ring-opening of azetidines, we have developed an
efficient strategy for nucleophilic ring-opening of 2-aryl-N-
sulfonylazetidines followed by (i) a novel rearrangement to
allylamines5a and (ii) [4 + 2] cycloaddition with carbonyl
compounds to nonracemic 1,3-oxazinanes.5b Our observations
provide convincing evidence that the rearrangement or the
cycloaddition proceeds through an SN2-type pathway, instead
of a 1,4-dipole as invoked earlier.2e-g We have also demon-
strated the ring-opening of chiral 2-phenyl-N-tosylaziridine
followed by cycloaddition with carbonyl compounds to give a
variety of nonracemic 1,3-oxazolidinesVia an SN2-type pathway.5c

To rule out the SN1 pathway through the intermediacy of a stable
1,4-dipole, the nucleophilic ring-opening of 2-aryl-N-tosylaze-
tidines1 in polar and protic alcohol (methyl, benzyl, propargyl,
etc.) medium was studied where the solvent served as the
nucleophile. We report, herein, an expedient approach for a
direct access to nonracemic 1,3-amino ethers with excellent
yields and high ee (up to 90%) by the regioselective nucleophilic
ring-opening of chiral 2-phenyl-N-tosylazetidine with alcohols.
Biologically active amino ethers of general structure2 (Figure
1) are widely used for the treatment of anxiety and depression
and their analogues belong to a class of potent and selective
serotonin and norepinephrin reuptake inhibitors.6-9

Although few reports are available in the literature for the
synthesis of 1,3-amino ethers,10 there is no report for the
synthesis of these amino ethersVia LA-mediated nucleophilic
ring-opening of 2-aryl-N-tosylazetidines with alcohols. Chiral
1,2-amino ethers as essential fragments in many glycopeptide
antibiotics11 and ether-containing peptide bond surrogate units12

are important for several biological processes. Alkoxide- or
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Bronsted acid-mediated alcoholyses of aziridines has been
reported by Stamm et al. where a borderline SN2-type mecha-
nism was mentioned.13aSimilar opening ofN-nosyl aziridine13b

by MeOH is reported by Maligres et al. There are few reports
known for KSF clay13c or LA-mediated13d ring-opening of
aziridines with alcohols to racemic 1,2-amino ethers without
illustrating proper mechanism of the reaction.13c,dSome amino
ethers prepared from other methods have been effectively used
as chiral ligands for asymmetric transformations.14 In this article,
we describe a direct route to nonracemic 1,2-amino ethers (up
to 92% ee) by LA-mediated regioselective nucleophilic ring-
opening of chiral 2-phenyl-N-tosylaziridine5 with alcoholsVia
an SN2 pathway.

Our study began with the ring-opening of enantiomerically
pure (S)-2-phenyl-N-tosylazetidine1A (ee >99%)15 in polar
protic solvents, such as various alcohols. When (S)-1A was
treated with MeOH in the presence of LA, to our great pleasure,
we observed the formation of nonracemic 1,3-amino ether3a
in good yield with excellent ee (86-90%) (Scheme 1). Ring-
opening of1A with MeOH in the presence of Cu(OTf)2 was

found to be highly regioselective and only one regioisomer3a
was formed as indicated by the1H NMR of the crude reaction
mixture.

Formation of the other regioisomer4a from the terminal
attack of1A was not observed. To demonstrate the general value
of this strategy, ring-opening of (S)-1A was studied with a
number of alcohols (allyl, benzyl, propargyl, etc.), and the results
are summarized in Table 1. (S)-1A gave ring opened product
3c in 91% yield with 76% ee within 10 min at 0°C when
propargyl alcohol was used in the presence of Cu(OTf)2. The
reaction time was reduced to 5 min for the same reaction
performed in CH2Cl2 as the solvent with 5 equiv of the alcohol;
however, the enantioselectivity was found to be poor (ee 44%).
A little variation of ee was observed when BF3·OEt2 or Zn-
(OTf)2 was used as the LA.1A was found to be less reactive
with secondary alcohol (iPrOH) and a reduced yield of the
corresponding amino ether3ewas obtained at ambient temper-
ature. Under similar reaction conditions, more sterically crowded
tbutyl alcohol failed to give any ring-opening product with1A.
The reaction did not proceed well with catalytic amount (0.3
equiv) of LA and 1 equiv of catalyst was required for completion
of the reaction. To broaden the scope of this strategy, the ring-
opening of a number of substitutedN-tosylazetidines1B-E with
various alcohols was studied, and the corresponding 1,3-amino
ethers 3f-m were obtained in excellent yields (Table 2).
Azetidines1D,E (entries 7, 8, Table-2) reacted slowly with
propargyl alcohol in comparison with1A-C (entry 3 Table 1
and entries 1, 5, Table 2). All azetidines reacted faster with
propargyl and benzyl alcohols compared to other alcohols.
However, 2-benzyl-N-tosylazetidine reacted slowly (10 h) with
propargyl alcohol to produce 4-phenyl-3-(prop-2-ynyloxy)-N-
tosylbutan-1-amine in 51% yield.16 The reaction was found to
be more facile in CH2Cl2 instead of alcohols serving as the
solvent. Usingo-cresol in CH2Cl2, 1A furnished regioisomers
3i and4i in a 1:1 ratio. The formation of other regioisomer4i
can be ascribed to the steric repulsion caused by methyl group
in o-cresol during nucleophilic attack at benzylic position.
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FIGURE 1. Representative biologically active amino ethers.

SCHEME 1. Lewis Acid-Mediated Regioselective
Nucleophilic Ring-Opening of 2-Aryl-N-tosylazetidines with
Alcohols

TABLE 1. Cu(OTf)2-Mediated Regioselective Nucleophilic
Ring-Opening of 2-Phenyl-N-tosylazetidine with Alcoholsa

a In all the cases the alcohol served as the solvent.b Yield of isolated
product after column chromatographic purification.c Determined by chiral
HPLC. d 90% ee was obtained at 40°C. e At 0 °C reaction was completed
in 10 min and 76% ee was obtained.f 20% CH2Cl2 in iPrOH was used as
the solvent.
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After successful demonstration of the strategy for the ring-
opening of azetidines, we envisaged that a straightforward
approach to nonracemic 1,2-amino ethers6 would be realized
by the ring-opening of enantiomerically pure (R)-2-phenyl-N-
tosylaziridine5 (ee >99%) with alcohols in the presence of
LA (Scheme 2). We have studied the ring-opening of (R)-5 with
various alcohols, and in all the cases corresponding amino ethers
6 were obtained in high yields with good to excellent ee (Table
3). When (R)-2-phenyl-N-nosylaziridine (>99% ee) was reacted
with methanol, the reaction was completed in 2.5 h to produce
the corresponding amino ether in 91% yield with 94% ee.16 The
nucleophilic ring-opening of 2-phenyl-N-tosylaziridines with
alcohols was found to be more facile compared to 2-phenyl-
N-tosylazetidines. This is probably because of more inherent
strain present in the aziridine nucleus in comparison with
azetidine.

The full mechanistic interpretations for the ring-opening of
optically active (S)-2-phenyl-N-tosylazetidine1A and (R)-2-
phenyl-N-tosylaziridine5 with alcoholsVia SN2 pathways have
been firmly established by the generation of nonracemic amino
ethers (3a and6a, respectively) with inverted absolute configu-
rations. In order to determine the absolute configuration of the
major enantiomer of3a obtained from the nucleophilic ring-
opening of (S)-1A with MeOH, it was converted into (R)-3-
methoxy-N-methyl-3-phenyl-N-tosylpropan-1-amine and its ab-
solute configuration was assigned by comparing optical rotation
and chiral HPLC analysis with an authentic sample17 prepared
from (S)-mandelic acid with ee>99%. Similarly, the absolute

configuration of 1,2-amino ether6a was ascertained.18 On the
basis of the above facts, we suggest that the ring-opening of
chiral 2-phenyl-N-tosylazetidine and aziridine with alcohols
proceedsVia an SN2 pathway as depicted in Scheme 3. LA is
coordinated to the azetidine1 (n ) 2) or aziridine5 (n ) 1)
nitrogen, generating a highly reactive species8, which undergoes
nucleophilic attack by alcohols in an SN2 fashion to provide
nonracemic3 or 6, respectively.

It is clear that the reaction does not proceed through a stable
benzylic carbocation intermediate9 from which a racemic
product could be expected either from enantiomerically pure
(S)-1A or (R)-5. We rationalized that the reduced enantiose-
lectivity in all the cases was due to partial racemization of
starting azetidine or aziridine (through the interconversion of
1/5 and9) before the nucleophilic ring-opening step as shown
in Scheme 3. This mechanistic proposal is supported by the
formation of racemized amino ether4i (38-54% ee) from the
reaction of (S)-1A with varying amount ofo-cresol in CH2Cl2
where enantiomerically pure4i could be expected from enan-
tiomerically pure (S)-1A (Scheme 4). Furthermore, (S)-1A was
found to be racemized in the presence of Cu(OTf)2 without any
nucleophile.16

(17) The absolute configuration of 1,3-amino ether prepared from (S)-
mandelic acid and that obtained from (S)-2-phenyl-N-tosylazetidine is the
same. Details of the preparation of authentic compound are provided in the
Supporting Information.

(18) The absolute stereochemistry for the major enantiomer of6a was
determined by compairing optical rotation and chiral HPLC analysis of an
authentic compound (ee 98%) prepared from (S)-mandelic acid (ee> 99%).
The absolute configuration of 1,2-amino ether prepared from (S)-mandelic
acid and that obtained from (R)-2-phenyl-N-tosylaziridine is the same.
Details of the preparation of authentic compound for (S)-6a is provided in
the Supporting Information.

TABLE 2. Cu(OTf)2-mediated Nucleophilic Ring-Opening of
Racemic 2-Aryl-N-tosylazetidines with Alcoholsa

a In all the cases CH2Cl2 served as the solvent.b Yield of isolated product
after column chromatographic purification.c Determined by1H NMR.
d Additionally 30% of4i were received.

SCHEME 2. LA-Mediated Regioselective Nucleophilic
Ring-Opening of (R)-5 with Alcohols

TABLE 3. Cu(OTf)2-Mediated Regioselective Nucleophilic
Ring-Opening of 2-Phenyl-N-tosylaziridine with Alcoholsa

a In all the cases the alcohol served as the solvent.b Yield of isolated
product after column chromatographic purification.c Determined by chiral
HPLC. d Nonracemic6b is inseparable in both AD and OD HPLC columns.

SCHEME 3. Mechanism for the LA-Mediated
Ring-Opening of 2-Phenyl-N-tosylazetidines and Aziridine
with Alcohols
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In conclusion, we have demonstrated that the nucleophilic
ring-opening of 2-aryl-N-tosylazetidines or aziridines does
proceed through an SN2 pathway instead of a stable 1,4- or 1,3-
dipolar intermediate, respectively. We report a direct synthesis
of optically active 1,3- and 1,2-amino ethers from enantiopure
N-tosylazetidine and aziridine, respectively. Utilizing this ap-
proach, biologically active amino ether precursors could be
obtained easily. Further applications of this methodology are
under investigation in our laboratory.

Experimental Section

General Procedure for the Cu(OTf)2-Mediated Ring-Opening
of 2-Aryl- N-tosylazetidine and -aziridine with Alcohols (method
A). A solution of the azetidine (0.087 mmol, 1.0 equiv) or azirdine
(0.091 mmol, 1.0 equiv) in 1.0 mL of alcohol was added to
anhydrous Cu(OTf)2 (1.0 equiv) at an appropriate temperature under
an argon atmosphere. The mixture was stirred for an appropriate
time (Table 1/Table 3), and then the reaction was quenched with
saturated aqueous NaHCO3 solution. The aqueous layer was
extracted with CH2Cl2 (3 × 5.0 mL) and dried over anhydrous Na2-
SO4. The crude product was purified by flash column chromatog-
raphy on silica gel (230-400 mesh) using 15% ethyl acetate in
petroleum ether to provide the pure nonracemic products. Important
note: In CH2Cl2 reaction was completed in a shorter time with
better yields; however, the enantioselectivity was reduced. General
experimental method B is described in the Supporting Information.

(R)-3-Phenyl-3-(prop-2-ynyloxy)-N-tosylpropan-1-amine(3c).
The general method A described above was followed when (S)-
1A reacted with propargyl alcohol to afford3c as a dense liquid in
91% yield; [R]D25 +67.5 (c 0.126 in CHCl3) for a 76% ee sample
(ee 82% when the reaction was performed at-25 °C for 1.5 h).
Optical purity was determined by chiral HPLC analysis (Chiralcel

OD-H column), hexane-2-propanol, 90:10; flow rate) 1.0 mL/
min; TR(1): 18.12 min (major),TR(2): 23.84 min (minor).Rf 0.28
(EtOAc:petroleum ether, 3:7); IRνmax (film, cm-1) 3286, 2923,
2856, 2117, 1598, 1325, 1159, 1091, 813,702, 634;1H NMR (400
MHz, CDCl3): δ 7.69 (d, 2H,J ) 8.0 Hz), 7.26-7.19 (m, 5H),
7.10 (dd, 2H,J ) 7.3, 1.2 Hz), 5.03 (t, 1H,J ) 5.9 Hz), 4.48 (dd,
1H, J ) 9.0, 4.4 Hz), 4.02 (dd, 1H,J ) 15.9, 2.4 Hz), 3.70 (dd,
1H, J ) 15.9, 2.2 Hz), 3.11-3.06 (m, 1H), 3.05-2.96 (m, 1H),
2.37 (s, 3H), 2.36-2.35 (m, 1H), 1.83-1.74 (m, 2H);13C NMR
(100 MHz, CDCl3): δ 143.2, 139.9, 136.9, 129.6, 128.6, 128.2,
127.1, 126.5, 79.6, 79.1, 74.7, 55.5, 40.7, 36.8. 21.5, ESI-MSm/z
) 344 (M+ + 1); Anal. Calcd (%) for C19H21NO3S: C, 66.45; H,
6.16; N, 4.08; Found (%) C, 66.39; H, 6.29; N, 4.29.

(S)-2-Methoxy-2-phenyl-N-tosylethanamine(6a). The general
method A described above was followed when (R)-5 reacted with
MeOH to afford6a as a white solid in 82% yield, mp 105°C;
[R]D25 +89.8 (c 0.345 in CHCl3) for a 92% ee sample. Optical
purity was determined by chiral HPLC analysis (Chiralcel AD-H
column), hexane-2-propanol, 95:5; flow rate) 1.0 mL/min;TR-
(1): 26.04 min (minor),TR(2): 28.08 min (major).Rf 0.34 (EtOAc:
petroleum ether, 3:7); IRνmax (KBr, cm-1) 3284, 2910, 2820, 1600,
1448, 1321, 1160, 1074, 900, 812, 761, 700, 548;1H NMR (400
MHz, CDCl3): δ 7.70 (d, 2H,J ) 8.3 Hz), 7.34-7.17 (m, 7H),
4.94 (br m, 1H, NH), 4.17 (dd, 1H,J ) 9.3, 3.7 Hz), 3.21-3.16
(m, 1H), 3.15 (s, 3H), 2.95-2.89 (m, 1H), 2.40 (s, 3H);13C NMR
(100 MHz, CDCl3): δ 143.4, 138.2, 136.8, 129.8, 128.6, 128.4,
127.0, 126.5, 82.4, 56.8, 49.3, 21.5; Anal. Calcd (%) for C16H19-
NO3S: C, 62.93; H, 6.27; N, 4.59; Found (%) C, 62.65; H, 6.19;
N, 4.55.
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SCHEME 4. LA-Mediated Ring-Opening of (S)-1A with
o-Cresol
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