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ABSTRACT

A chiral bis(isoxazoline) ligand (SPRIX) containing a rigid spiro skeleton was designed and synthesized via a double intramolecular nitrile
oxide cycloaddition. The optically pure SPRIX greatly accelerated the Cu(acac)2-catalyzed asymmetric reaction of diisopropylzinc with
cyclohexenone to give the Michael adduct with 49% ee. This is the first example of the use of an isoxazoline ligand for a transition metal-
catalyzed reaction. The X-ray crystallographic analysis of the hexacoordinated copper complex of SPRIX confirmed the ligand character.

In recent years isoxazolines have become important com-
pounds in organic synthesis because of their utility as
synthetic intermediates for functionalized building blocks.1

Although the isoxazoline ring has a rigid five-membered ring
containing two heteroatoms (nitrogen and oxygen) which
serve as Lewis bases, to the best of our knowledge, no study
of isoxazolines as ligands for organic reactions has been
reported.2,3 Isoxazolines seemed promising as ligands for
transition metal-promoted reactions for several reasons. The

ab initio calculations indicated that an isoxazoline could
coordinate to metals as shown in Figure 1.4 The extent and
shape of the nitrogen p-orbital of an isoxazoline were similar
to that of an oxazoline5 and we also expected that optically
active isoxazoline derivatives would act as ligands for
asymmetric synthesis.

We have designed novel bis(isoxazoline) compounds
containing a spiro backbone (SPRIXs) (Figure 2).6 SPRIXs
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Figure 1. The next HOMO orbitals of isoxazoline and oxazoline.
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would be efficiently prepared by means of double intramo-
lecular nitrile oxide cycloaddition, which constructs four rings
and a spiro backbone in one step. Recently, spiro compounds
have been investigated as possible chiral ligands for catalytic
asymmetric reactions.7 The rigid spiro backbone could reduce
the conformational obscurity in the transition state in metal-
catalyzed reactions, and such compounds containing the spiro
backbone seem to make up a new group of chiral ligands.
In this paper, we report the first synthesis, characterization,
and application of chiral bis(isoxazoline) compounds as a
novel class of asymmetric ligands.

The synthesis of SPRIX is shown in Scheme 1. Diethyl
dibut-3-enylmalonate (1)8 was reduced with LiAlH4 to afford
the diol product2. After the oxidation of2, the resulting
dialdehyde was directly used in the next dioxime formation
step. The dioxime3 was prepared as a single isomer in 87%
yield from2. All the possible diastereomers of SPRIXs4-6
were easily synthesized via double intramolecular nitrile
oxide cycloaddition from3 in 74% yield (4 ) 36%, 5 )
13%, and6 ) 25%). These SPRIXs could be prepared in
multigram quantities. All ligands are stable to air and
moisture at room temperature, and stable even under acidic,
basic, and oxidative conditions.9 After the separation of each
diastereomer using silica gel column chromatography, we
obtained single crystals for each diastereomer. The structures
of 4-6 were unequivocally determined by X-ray crystal-
lographic analyses as shown in Figure 3.10 (M,S,S)-SPRIX

4 has the shortest distance (3.17 Å) and the smallest torsion
angle (45.6°) between the two nitrogens. Enantiomerically
pure 4-6 were easily obtained by separation with chiral
stationary phase column chromatography.11

The coordination ability of4-6 to transition metals was
briefly examined by mixing SPRIXs with metal salts such
as Cu(OTf)2, CuOTf, CoCl2, NiCl2, and Pd(OAc)2 in organic
solvents such as MeOH, EtOH, CH2Cl2, or toluene. In all
cases, the mixture of SPRIX and metal ions showed
characteristic color changes. These results indicate a spon-
taneous and tight metal complex formation with SPRIX.
Using optically pure SPRIX4 and Cu salts, we were able to
obtain preliminary results regarding the application of SPRIX
as a chiral ligand. The reaction of diisopropylzinc with
cyclohexenone was greatly accelerated with a catalytic
amount of4-Cu(acac)2 complex (the mixing ratio of4:Cu
) 1.2:1.0) to give the michael adduct in 79% yield with 49%
ee (Scheme 2).12,13 This is the first reported use of an
isoxazoline ligand in asymmetric synthesis.
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Figure 2. Design of spiro bis(isoxazoline) ligands (SPRIXs).

Scheme 1. Synthesis of the Spiro Bis(isoxazoline) Ligands
(SPRIXs)a

a (a) LiAlH4, THF: 94%; (b) (COCl)2, DMSO, Et3N, CH2Cl2,
-78 °C; (c) NH2OH-HCl, Py; 87% (2 steps); (d) NaOCl, CH2Cl2;
74% (4) 36%,5 ) 13%,6 ) 25%).

Figure 3. X-ray structures and N-N distances in SPRIXs.
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This result stimulated us to carry out further experiments
to obtain structural information of the SPRIX-Cu complex.
Fortunately, single crystals grew from an ethanol solution
of the chiral4-Cu(OTf)2 complex.14-16Surprisingly, X-ray
crystallographic analysis showed three molecules of4
coordinated to a Cu(II) cation.17 This hexacoordinated copper
complex illustrated for us that4 has the bidentate interaction
with copper. Selected bond lengths and angles are listed in
Figure 4. The four nitrogens and Cu are coplanar, and the
lengths of these four N-Cu bonds are about 2.0 Å. The two
transN-Cu bonds were longer than the other N-Cu bonds.
In addition, we succeeded in determining the absolute
configuration of4 by X-ray crystallographic analysis of this
copper-containing complex. Although we cannot comment
on the structure of the active catalyst for the Michael reaction
in solution, the information obtained from this complex
should be useful in the design of other novel ligands
containing an isoxazoline unit.

In conclusion, the first chiral spiro bis(isoxazoline) ligands
(SPRIXs) have been prepared, characterized, and shown to
act as chiral ligands for asymmetric synthesis. The strong
ligand-acceleration ability is very promising for further

studies of other catalytic asymmetric reactions. For the
construction of more effective asymmetric environments,
introduction of aryl and/or alkyl substituents to isoxazoline
rings of SPRIXs is also in progress. Moreover, from the
isoxazoline rings in SPRIX, several different kinds of
transformations are possible, resulting in efficient chiral spiro
ligands such asγ-amino alcohol and/orâ-hydroxy ketone.
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Scheme 2. Asymmetric Catalytic Michael Reaction of
Diisopropylzinc Using Cu-SPRIX Complex

Figure 4. A hexacoordinated Cu complex of (M,S,S)-SPRIX.
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