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ABSTRACT

An efficient one-step synthesis of the optically active bifunctional BINOL ligand ( S)-3 has been developed. It was found that ( S)-3 in combination
with Me 2AlCl is a highly enantioselective catalyst for the addition of TMSCN to aliphatic aldehydes of diverse structures and is also among
the most practical ones. A remarkable positive nonlinear effect was found for this chiral ligand.

In recent years, a number of 1,1′-bi-2-naphthol (BINOL)-
based bifunctional chiral catalysts that contain both Lewis
acidic and basic sites have been successfully applied in asym-
metric reactions.1-3 For example, the aluminum complexes
of chiral ligands (S)-12aand (S)-22b have been used to catalyze
the enantioselective reaction of aldehydes with trimethylsi-
lylcyanide (TMSCN) to generate the synthetically useful
chiral cyanohydrins. These bifunctional ligands require either
a six-step synthesis from the optically active BINOL2a or
optical resolution in a multistep synthesis from a naphthalene
derivative.2b Although the synthesis of the 3,3′-bis(alkylami-
nomethyl)-substituted BINOLs from the reaction of BINOL
with R-alkoxyamines was reported by Cram et al.,4 the high
temperature of this reaction (160°C) prohibited the prepara-
tion of the optically active ligands. Herein, we wish to re-
port an efficient one-step synthesis of the optically active
3,3′-bismorpholinomethyl-substituted BINOL (S)-3 (Scheme

1) and its application in the highly enantioselective cyano-
hydrin synthesis.

As shown in Scheme 1, we conducted the direct reaction
of (S)-BINOL with morpholinomethanol.5 This one-step
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Scheme 1. One-Step Synthesis of the Optically Active (S)-3
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reaction at 110( 2 °C under∼30 psi nitrogen produced
the optically active (S)-3 with 55% yield and 75% ee.
Separation of the racemic crystals from the solution in CH2-
Cl2/CH3OH (3:1) led to the optically pure (S)-3(>99% ee,
37% from BINOL). The specific optical rotation of (S)-3
was [R]D -152.1 (c1.0, CH2Cl2). At lower temperatures, a
much longer reaction time was needed, and lower yields were
achieved; higher temperatures led to the completely racem-
ized product. The side product of this reaction was the
monomorpholinomethyl-substituted compound (S)-4, which
could be converted to (S)-3by further treatment with
morpholinomethanol.

With the readily available (S)-3, we examined the use of
its aluminum complex in the catalytic asymmetric reaction
of TMSCN with aldehydes (Scheme 2). The silyl ether

product (5) of this reaction was converted to the acetate6 for
ee determination with a GC-â-cyclodextrin column. Ap-
plying the conditions developed by Saá and co-workers for
(S)-2,2b we first tested the use of (S)-3 for the reaction of
benzaldehyde with TMSCN in the presence of Me2AlCl
(Table 1, entry 1). This gave an excellent result (95% ee)
similar to the use of (S)-2. We also found that changing the

additive Ph3PO to HMPA greatly accelerated this reaction
while still maintaining the high enantioselectivity (Table 1,
entry 2).

Although (S)-2 was previously reported to be highly
enantioselective for the reaction of aromatic aldehydes with
TMSCN, it gave much lower ees for the reaction ofaliphatic
aldehydes.2b For example, even at-40 °C, (S)-2catalyzed
the addition of TMSCN to heptaldehyde with only 66% ee.
In general, very few catalysts could give consistently good
results for the asymmetric reaction ofaliphatic aldehydes
with TMSCN despite a good number of highly enantiose-
lective catalysts for the reaction of aromatic aldehydes.2,6,7

Therefore, we explored the application of (S)-3 for the
asymmetric reaction ofaliphatic aldehydes with TMSCN.
In entries 3-10 of Table 1, the results for the reaction of
octyl aldehyde with TMSCN in the presence of (S)-3 and
Me2AlCl under various conditions are summarized. In these
reactions, HMPA replaced Ph3PO as the additive because it
offered a higher reaction rate. In toluene solution, (S)-3
showed up to 91% ee for this reaction (entry 3). Changing
the solvent to THF reduced the ee (entry 4). In diethyl ether,
however, a significant enhancement in ee was observed (97%
ee, entry 5). Without the additive HMPA, a somewhat lower
ee was observed (entry 6). Absence of molecular sieves led
to a large reduction in enantioselectivity (entry 7). The room
temperature reaction gave a lower but still significant ee
(entry 8). Increasing the amount of molecular sieves at room
temperature greatly decreased the enantioselectivity even
with the increased amount of the chiral catalyst (entry 9).
Changing the solvent to hexanes at room temperature
diminished the enantioselectivity (entry 10).

We applied the optimized conditions of entry 5 in Table
1 for the reaction of a variety of aliphatic aldehydes with
TMSCN. As the results summarized in Table 2 show, in the

Scheme 2. Asymmetric Reaction of Aldehydes with TMSCN
Catalyzed by (S)-3+Me2AlCl

Table 1. Asymmetric Addition of TMSCN to Benzaldehyde
and Octyl Aldehyde in the Presence of (S)-3and Me2AlCl a

a Following procedure was used unless otherwise indicated: (S)-3 (0.025
mmol, 10 mol %), 4 Å molecular sieves, and Me2AlCl (10 mol %, 1 M in
hexanes) in a solvent (1 mL) were stirred under nitrogen at room temperature
for 3 h. The mixture was then combined with the additive HMPA (40 mol
%) and cooled to-20 °C. TMSCN (3.0 equiv) and an aldehyde were added.
b Ph3PO was used as the additive.c No additive.d Reaction at room
temperature.e Performed with 20 mol % (S)-3and 20 mol % Me2AlCl.

Table 2. Asymmetric Addition of TMSCN to Aliphatic
Aldehydes in the Presence of (S)-3and Me2AlCl

a Freshly distilled.b For the acetates6.

2382 Org. Lett., Vol. 7, No. 12, 2005



presence of (S)-3 (10 mol %) and Me2AlCl (10 mol %), high
enantioselectivities have been achieved for the reactions of
TMSCN with diverse aliphatic aldehydes, including linear
(entries 1-3), branched (entries 4-7), R,â-unsaturated
(entries 8 and 9), and functionalized substrates (entries 10
and 11). The absolute configurations of the products from
hydrocinnamaldehyde and cinnamaldehyde were determined
to be R by comparing their optical rotations with those in
the literature.

The effect of the optical purity of (S)-3on the ee of the
asymmetric cyanation product was studied. A large positive
nonlinear effect was observed for the reaction of octyl
aldehyde with TMSCN in the presence of (S)-3 and Me2-
AlCl (Figure 1). As shown in Figure 1, a chiral ligand of

only 40% ee could generate the product of the same high ee
as that by the ligand of high optical purity. This finding
further demonstrates the practical value of this chiral ligand
and its efficient one-step synthesis. The remarkable nonlinear
effect also indicates that the catalytic process may involve
intermolecularly aggregated Al complexes.

When (S)-3was treated with Me2AlCl in toluene-d8, the
1H NMR spectrum showed a complete disappearance of the
signals of the ligand accompanied with the formation of a
white precipitate, indicating the aggregation of the produced
aluminum complexes. A singlet atδ 0.16 in the spectrum
was attributed to methane generated from the protonation
of Me2AlCl by the chiral ligand. Further mechanistic study
will be conducted in order to better understand the catalysis
by (S)-3.

We tested the use of the optically pure 3-monosubstituted
BINOL ligand (S)-4 to catalyze the reaction of TMSCN with
both benzaldehyde and octyl aldehyde. Under the same
conditions as the use of (S)-3, only diminished enantiose-
lectivity was observed (7-20% ee). Thus, both the 3,3′-
morpholinomethyl substituents of (S)-3are very important
for the observed high enantioselectivity.

In summary, we have developed an efficient one-step
synthesis of the optically active bifunctional BINOL ligand
(S)-3. We have discovered that (S)-3 in combination with
Me2AlCl is a highly enantioselective catalyst for the addition
of TMSCN to aliphatic aldehydes of diverse structures and
is also among the most practical ones. A remarkable positive
nonlinear effect was found for this chiral ligand.

Acknowledgment. Support of this work from the Na-
tional Institutes of Health (R01GM58454/R01EB002037) is
gratefully acknowledged.

Supporting Information Available: Synthesis and char-
acterization of (S)-3, (S)-4, and the catalytic reaction
products. This material is available free of charge via the
Internet at http://pubs.acs.org.

OL050660E

(5) (a) Morpholinomethanol was in situ generated from the addition of
morpholine to paraformaldehyde. 2,2′-Biphenol was reacted with morpholi-
nomethanol: Fabris, F.; Lucchi, O. D.; Lucchini, V.J. Org. Chem.1997,
62, 7156-7164. (b) A partially hydrogenated BINOL was reacted with
morpholinomethanol: Liu, L.; Pu, L.Tetrahedron2004,60, 7427-7430.

(6) Reviews: (a) North, M.Tetrahedron: Asymmetry2003,14, 147-
176. (b) Brunel, J.-M.; Holmes, I. P.Angew. Chem., Int. Ed. 2004, 43,
2752-2778.

(7) Selected recent reports on asymmetric cyanohydrin syntheses: (a)
Ryu, D. H.; Corey, E. J.J. Am. Chem. Soc.2004,126, 8106-8107. (b)
Tian, S.-K.; Hong, R.; Deng, L.J. Am. Chem. Soc.2003,125, 9900-9901.
(c) Deng, H.; Isler, M. P.; Snapper, M. L.; Hoveyda, A. H.Angew. Chem.,
Int. Ed.2002,41, 1009-1012. (d) Chen, F. X.; Zhou, H.; Liu, X. H.; Qin,
B.; Feng, X. M.; Zhang, G. L.; Jiang, Y. Z.Chem. Eur. J.2004,10, 4790-
4797. (e) Belokon, Y. N.; North, M.; Maleev, V. I.; Voskoboev, N. V.;
Moskalenko, M. A.; Peregudov, A. S.; Dmitriev, A. V.; Ikonnikov, N. S.;
Kagan, H. B.Angew. Chem., Int. Ed.2004,43, 4085-4089. (f) Liang, S.;
Bu, X. R. J. Org. Chem.2002,67, 2702-2704.

Figure 1. Correlation of the ee of (S)-3and that of its catalytic
product from the reaction of octyl aldehyde with TMSCN.
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