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ABSTRACT

Lanthanide iodo binaphtholates are efficient enantioselective catalysts for the ring opening of meso -epoxides by various aromatic amines.
The study of the influence of temperature on the ring opening of cyclohexene oxide by o-anisidine catalyzed by the samarium complex shows
an isoinversion effect with the maximum enantiomeric excess at −40 °C. Reactions of aniline, o-anisidine, or p-anisidine with five- or six-
membered ring epoxides at this temperature allow the preparation of â-amino alcohols with enantiomeric excesses up to 93%.

Enantiopureâ-amino alcohols are highly important molecules
both as building blocks for biologically active compounds1

and for their applications as chiral auxiliaries or ligands in
numerous enantioselective reactions.2 The enantioselective,
catalyzed ring opening of epoxides with amines affords an
easy route to asymmetricâ-amino alcohols, but, up to now,
this process has been scarcely studied.3 Catalytic enantiose-
lective ring opening of epoxides has been the focus of recent
studies4 and studies using silylated derivatives5 or various

nucleophiles leading to the formation of C-O, C-S, or C-C
bonds.6 Enantioselective ring opening of epoxides by ali-
phatic amines using binaphthol and titanium has been
described, but this catalytic system is efficient for eight-
membered ring epoxides with ketal groups only.3a Recently,
aminolytic kinetic resolution of aromatic epoxides with
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aromatic amines and carbamates catalyzed by chromium
salen complexes has been reported as an efficient synthesis
of anti-â-amino alcohols with high enantiomeric purity.3c,d

Enantioselective reactions catalyzed by lanthanides are
now the concern of increasing interest,7 but after the first
reports on the catalytic activity of lanthanide chlorides,
cyanides, or triflates for opening of epoxides,8 only scarce
examples of asymmetric ring opening of epoxides catalyzed
by lanthanides have been published. Jacobsen has performed
with high enantioselectivity the opening ofmeso-epoxides
by trimethylsilyl cyanide catalyzed by ytterbium chloride
coordinated with pybox.9 Several lanthanide catalysts for
enantioselective aminolysis of epoxides have been reported.
Wu has preparedâ-amino alcohols using samarium trichlo-
ride as a catalyst and realized asymmetric reactions by
preparing in situ the catalysts from (R)-binaphthol and
lanthanide chlorides with low enantiomeric excesses.10

Ytterbium triflate in the presence of (R)-binaphthol and
diphenyl benzylamine afforded higher enantiomeric excesses
in the same reaction.11 Shibasaki has studied an in situ-
prepared catalytic system based on Pr(O-iPr)3, (R)-BINOL,
and Ph3PdO, which performed ring opening of cyclic
epoxides byo-anisidine with up to 65% ee.3b The method
was applied to the formal synthesis of 4-demethoxydauno-
mycin. Recently, the use of scandium triflate coordinated
with chiral bipyridine ligand was reported for the catalysis
of enantioselective opening ofmeso-epoxides by alcohols
and amines with higher enantiomeric excess in reactions
involving alcohols.3e

Our previous studies investigated the activity of samarium
diiodide as an efficient Lewis acid catalyst for a wide range
of reactions such as Mukaiyama aldol reactions, Diels-Alder
reactions, or tandem Mukaiyama Michael-aldol reactions.12

We also found that in the presence of catalytic amounts of
samarium diiodide, epoxides react with various nucleophiles
such as trimethylsilyl azide, trimethylsilyl cyanide, and
amines leading to the corresponding opening products under
mild conditions.13 Recently, we reported the transformation
of cyclic meso-epoxides inâ-amino alcohols by aromatic
amines.13b We checked that samarium diiodide as well as
other lanthanide iodides display higher activities than
chlorides or bromides.12aWith the aim to develop asymmetric
catalysts based on lanthanides, we have prepared lanthanide
iodo binaphtholates, which are active catalysts for Diels-
Alder reactions, albeit with low enantioselectivities.14 These

complexes afforded high enantiomeric excesses for an
iminoaldol reaction involving glyoxylic imine.15 Herein, we
present our results concerning ring opening ofmeso-epoxides
by aromatic amines catalyzed by lanthanide iodo binaph-
tholates that allows the preparation of highly enantiomerically
enrichedâ-amino alcohols.

We formerly reported the preparation of ytterbium, sa-
marium, and lanthanum iodo binaphtholate by reaction of
the binaphthol potassium salt (obtained from KH and
binaphthol) with the corresponding lanthanide triiodides
(Scheme 1). By this method, precipitation of potassium
iodide facilitates the metathesis reaction leading to lanthanide
iodo binaphtholates. Samarium and lanthanum complexes
furnished higher enantiomeric excesses than ytterbium for
Diels-Alder reactions.14 For iminoaldolization reactions
catalyzed by samarium iodo binaphtholate, careful optimiza-
tion of the reaction conditions was necessary to obtain high
enantioselectivity.15 We thus carried out some preliminary
experiments to test the ring opening of epoxides with amines
and studied first the activity of samarium iodobinaphthoxide
1a in dichloromethane at room temperature with molecular
sieves in the reaction of cyclohexene oxide2a with aniline
using 10% catalyst.16 When aniline was added to the catalyst
before the epoxide,â-amino alcohol was isolated with 20%
enantiomeric excess, while a racemic product was obtained
for the reverse order of addition of substrates. The presence
of aniline has been shown to have a dramatic influence on
asymmetric induction in the imino aldol reaction, which
could be explained by a modification of the structure of the
catalyst by the amine ligand.15 Introduction of amine prior
to epoxide could produce the same effect for aminolysis of
epoxides. We then compared samarium and lanthanum
iodobinaphthoxides1a and 1b for the ring opening of
cyclohexene oxide2aby several amines at room temperature
(Scheme 2). Results are collected in Table 1.
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The reaction of cyclohexene oxide with aniline led to
â-amino alcohol4a-1 with total conversion, and the enan-
tiomeric excess was higher with lanthanum complex1b than
with samarium complex1a (entries 1 and 2). Reactions of
cyclohexene oxide witho-anisidine gave the same enantio-
meric excess for4a-2 with both complexes (entries 3 and
4). The samarium complex was more enantioselective in the
reaction of cyclohexene oxide withp-anisidine (entries 5 and
6). Reaction of cyclohexene oxide with benzylamine cata-
lyzed by samarium complex allowed isolation of the corre-
sponding amino alcohol in good yield but as an almost
racemic product.

The highest enantiomeric excess (58%) has so far been
obtained with samarium iodobinaphthoxide1a, and the
further studies have been realized with this catalyst. The
synthesis of catalyst1awas improved by a different method
of preparation for the binaphthol potassium salt (since the
binaphthol potassium salt is insoluble in THF, excess
potassium hydride must be avoided), involving the use of
potassium diphenyl methide. This derivative is isolated as
an orange powder, and its preparation has been reported in
the literature.17 Replacement of the potassium source allows
adjustment of the stoichiometry, which is indicated by a
change of color from orange to white at the end of the
formation of potassium bis binaphthoxide (Scheme 3).
Complex 1a is then obtained by reaction of potassium
bisbinaphthoxide with samarium triiodide.14

We next examined the influence of temperature on
selectivity for aminolysis of cyclohexene oxide byo-anisidine
catalyzed by complex1a. The results are indicated in Table

2. We found that variation of the enantiomeric excesses was
not monotonic with the temperature. The enantiomeric excess
increased first when the temperature was decreased to reach
a maximum value of 91% at-40 °C. Reactions performed
at lower temperatures gave lower asymmetric inductions.
Such variations of enantioselectivity have been already
described.18 The Eyring plot for this reaction is represented
in Figure 1 and shows a nonlinear behavior, consisting of
two linear regions intersecting at the inversion temperature
(Tinv). This intersection corresponds to a value of-39 °C in
Figure 1.

Inversion temperatures can be explained by a reaction
pathway with at least two enantioselective steps weighted
differentially according to the temperature. Cainelli proposed
Tinv as the temperature value for the interconversion betweeen
two different solvation clusters behaving as two different
molecules.18e,f In the aminolysis of epoxides catalyzed by
samarium iodo binaphtholate, the inversion temperature could
be explained similarly. Several catalytic species with variable
numbers of THF molecules and/or amines coordinated can
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Scheme 2

Table 1. Aminolysis of Epoxides Catalyzed by Samarium and
Lanthanum Complexes1 at Room Temperature

entry catalyst epoxide amine producta yield (%)b ee (%)c

1 1a 2a aniline 4a-1 55 20
2 1b 2a aniline 4a-1 90 40
3 1a 2a o-anisidine 4a-2 70 52
4 1b 2a o-anisidine 4a-2 85 52
5 1a 2a p-anisidine 4a-3 55 58
6 1b 2a p-anisidine 4a-3 80 51
7 1a 2a benzylamine 4a-4 60 6

a Absolute configuration of the major enantiomer (1R,2R) was assigned
by comparison of the rotation values in the literature or by analogy.
b Reaction time was 18 h; yield of isolated product (100% conversion).
c Determined by HPLC (see Supporting Information).

Scheme 3

Table 2. Influence of Temperature on Enantiomeric Excess

T (°C) 20 0 -20 -40 -50 -60 -80
t (h) 18 18 18 48 48 48 72
ee (%) 52 66 83 91 90 82 68
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be envisaged. Further studies, especially those concerning
the structure of active species involved in enantioselective
catalysis, are necessary to understand the inversion phenom-
enon.

We then performed various enantioselective aminolysis
reactions in the conditions optimized for the preparation of
amino alcohol 4a-2, i.e., temperature of-40 °C, and
samarium iodo binaphtholate1a as a catalyst, as indicated
in Table 3. Three epoxides have been examined, six- and
five-membered ring epoxides2a and2b, respectively, and
cyclohexene monoxide2c, along with three aromatic amines,
aniline, ortho-anisidine, andpara-anisidine. In all cases, a
total conversion was observed after one night at-40 °C.
Good to high asymmetric inductions were observed with
enantiomeric excesses up to 93%. It is noteworthy that the
determination of the inversion temperature for one aminolysis
reaction has allowed the achievment of high enantioselec-
tivity in other reactions performed at the same temperature.
We examined also the reaction of 2,5-dihydrofuran oxide
2d with o-anisidine under the same conditions. Interestingly,
we observed the formation of amino alcohol4d-2, albeit with
reduced activity and enantioselectivity. Lewis base groups
do not inhibit catalytic activity, and optimization of this
reaction is under study. Acyclic substrates are less reactive,
and samarium iodo binaphtholate catalyzes aminolysis ofcis-
stilbene oxide byo-anisidine at room temperature to give
the corresponding amino alcohol after 24 h with very low
enantiomeric excess. Samarium iodo binaphtholate appears
to be more active and more enantioselective than the catalysts
formerly described in similar reactions. For aminolysis
reactions catalyzed by ytterbium triflate in the presence of
binol, an enantiomeric excess of 80% was obtained only for
the reaction leading to amino alcohol4a-1,11 and the ring

opening of cyclic epoxides byp-anisidine catalyzed by the
system Pr(O-iPr)3, (R)-BINOL, and Ph3PdO has been
performed in toluene at 50°C with lower enantiomeric
excesses.3b Since the deprotection of nitrogen substituted by
ortho- andpara-methoxy phenyl groups has been described
in the literature,19 the amino alcohols that we have isolated
with high enantiomeric excesses in reactions involvingortho-
anisidine andpara-anisidine can be useful for the preparation
of ligands or chiral synthons.

In conclusion, we have found that samarium iodobinaph-
thoxide catalyzes enantioselective aminolysis of cyclicmeso-
epoxides, producingâ-amino alcohols with high enantiomeric
excesses. We are currently extending the scope of enantio-
selective epoxide ring-opening reactions and studying their
synthetic applications.
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Figure 1. Eyring plot for aminolysis of cyclohexene oxide with
o-anisidine catalyzed by samarium complex1a.

Table 3. Enantioselective Aminolysis of Epoxides Catalyzed
by Samarium Complex1a at -40 °C

a Absolute configuration of the major enantiomer (1R,2R) was assigned
by comparison of the rotation values in the literature or by analogy.b Yield
of isolated product (100% conversion).c Determined by HPLC (see
Supporting Information).d Conversion) 15% (at room temperature, 40%
conversion after 18 h, 30% isolated yield, 43% ee) .
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