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Combinatorial chemistry has been well recognized as a
useful strategy for the discovery and optimization of bioactive
drugs, coordination complexes, and solid-state materials.[1] Of
the split-and-mix and parallel-matrix strategies, the latter is
more employable for lead optimization, and high-throughput
screening (HTS) is essential for tuning a variety of modifica-
tions.[2] However, only a limited number of investigations has
so far been reported on the optimization of chiral ligands for
metal complexes.[3] With HPLC or gas chromatography (GC)
on chiral columns, it takes a tediously long time to separate
enantiomeric products and then to determine the enantiose-
lectivity of the reactions. The application of a detection
system based on circular dichroism (CD) to HPLC on
nonchiral stationary phases allows the simultaneous monitor-
ing of the CD signal De, the absorption e, and their ratio g�
De/e. The dissymmetry factor g is independent of concen-
tration and is linearly related to the enantiomeric excess.[4]

With this technique, the enantiomeric excess of the product
could be determined within minutes without separation of the
enantiomeric products. Therefore, combined application of
the combinatorial chemistry (CC) factory (Dainippon Seiki,
DNC) for reactions and HPLC-CD provide a highly efficient
screening system, which we refer to as the super high
throughput screening (SHTS) system, for finding the most
effective catalyst through asymmetric activation.

Asymmetric activation of a chiral catalyst with a chiral
additive may enhance the levels of catalyst efficiency and
enantioselectivity.[5] The advantage of this approach over the
deactivation strategy[6] is that the activated catalyst can
produce a greater enantiomeric excess in the products than
can the enantiomerically pure catalyst on its own. Sharpless
et al. emphasized the importance of ªchiral ligand accelationº
through the construction of an asymmetric catalyst from an
achiral precatalyst by ligand exchange with a chiral ligand.[7]

Chiral catalysts thus obtained with chiral ligands (L1*, L2*,. . .)
may be further evolved with chiral activators (A1*, A2*,. . .)
into the most catalytically active and enantioselective chiral
catalysts (Scheme 1).
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Scheme 1. General principle for the creation of a catalyst system by
asymmetric activation.

We now report the SHTS of parallel solution libraries of
chiral ligands and activators for diol ± zinc catalysts in the
addition of diethylzinc to aldehydes by using the CC factory
and HPLC-CD. For CÿC bond forming reactions, enantiose-
lective addition of diorganozinc reagents to aldehydes con-
stitutes one of the most important and fundamental asym-
metric reactions.[8] Since the initial report by Oguni and
Omi,[9] various chiral ligands, including b-amino alcohols,
have been used for this type of reaction.[10±12] However, less
attention has been paid to C2-symmetric chiral diols, probably
due to their lower catalytic activity and enantioselectivity for
the reaction.[13] Only very recently, some derivatives of 2,2'-
dihydroxy-1,1'-binaphthyl (BINOL) were found to be effec-
tive,[14] but the simple BINOL itself is very inert to the
reaction.

It is reasonable to assume that the active catalyst in the
addition of diethylzinc to aldehydes is a monomeric zinc
alkoxide; the cleavage of the higher aggregates could result in
an activation of overall catalyst system.[15] As shown in
Scheme 2, for activation of the diol ± zinc catalyst system,
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Scheme 2. Asymmetric activation of diol ± zinc catalysts by nitrogen
ligands.

addition of a chiral nitrogen ligand is most efficient because of
its ability to coordinate so strongly to the zinc cation. As a
result, a monomeric zinc complex is expected to be formed in
a manner similar to that of a chiral salen ± zinc complex
(salen�N,N'-bis(salicylidene)ethylenediamine dianion).[16]

Furthermore, bimolecular combination of chiral activators
with the diol ± zinc complexes should be more convenient
than the unimolecular combination. Thus, we initially exam-
ined the primary combinatory library of chiral ligands (L1* ±
L5*) and chiral activators (A1* ± A5*), from which the lead
compound could be further optimized for the next generation
of the chiral ligands and activators.

The reactions were carried out as described in the
Experimental Section. As shown in Figure 1, under the
experimental conditions we observed an effect of the activa-
tion in terms of catalyst efficiency (Figures 1 a and b).
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Enantioselectivity of the reaction is also increased by matched
combination of diol ligands and nitrogen activators (Figure
1 c). For example, L1* and A4* promote the reaction to give
(S)-1-phenylpropanol with 8.2 % ee (54 % yield) and 1.1 % ee
(64 % yield), respectively. However, the combined use of L1*
and A4* quantitatively provides the product with 37.4 % ee
(S). The substitution of the 3- and 3'-positions with bulky
phenyl groups further prevents the aggregation of BINOL/Zn
and increases the enantioselectivity, the best combinations
were found to be L5*/A4* and L5*/A5* to provide (S)-1-
phenylpropanol with up to 65 % ee and in quantitative yields.

On the basis of the results derived from primary combina-
torial libraries, we then created a new library of diimines
(activators; A4* ± A15*) with 12 members by simple con-
densation of enantiopure 1,2-diphenylethylenediamine or 1,2-
diaminocyclohexane with two equivalents of aromatic alde-
hydes respectively. As shown in Figure 2, all library members
significantly activate the Zn(L5*) complex and produce
1-phenylpropanol in higher yields and with higher enantiose-
lectivities than those complexes obtained by only using the
ligands themselves. The reaction could be completed within
minutes in the case of L5*/A9*. The chirality of the nitrogen
activators has little effect on the configuration of the product,
but may influence the enantioselectivity, particularly in the
cases of L5* with A8*, A9*, A12*, or A13*. Therefore, the
absolute configuration of product is determined primarily by
that of the diol, which is consistent with the empirical rule
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Figure 1. Random screening of chiral ligands L0 ± L5* and activators A0 ±
A5* for the hydrogenation of aldehydes 1 to alcohols 2 and 3. a) Con-
version x of 1; b) selectivity y of 2 versus 3 ; c) enantiomeric excess of 2.
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Figure 2. Screening of the second-generation library of chiral activators
A0 ± A15* in combination with chiral ligand L5* for the hydrogenation of
aldehydes 1 to alcohols 2 and 3. a) Conversion x of 1; b) selectivity y of 2
versus 3 ; c) enantiomeric excess of 2.

drawn by Noyori.[8a] The steric hindrance of the chiral
activators was found to be crucial, and hence activator A9*
provides the best results (100 % yield, 90 % ee)

The reaction catalyzed by the best combination L5*/A9*
was further optimized by lowering the reaction temperature
toÿ78 8C. We were pleased to find that (S)-1-phenylpropanol
was obtained with 99 % ee and in quantitative yield (Table 1).
Even when 2 mol% of L5*/A9* was used for the reaction, (S)-
phenylpropanol can be obtained with 97 % ee and in 100 %
yield. Under the optimized conditions, the combination of
L5* and A9* is proven to be extremely effective for the
addition of diethylzinc to a range of aldehydes (Table 1).
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In summary, we have successfully developed a new strategy
for super high throughput screening of chiral ligands and
activators by employment of the CC factory and HPLC-CD.
This SHTS technique combined with our concept of asym-
metric activation will provide a very powerful methodology
for finding the best activated catalyst.[17]

Experimental Section

General procedure for SHTS: All reactions were performed under
nitrogen. Weighed amounts of chiral ligands L* (0.01 mmol) or chiral
activators A* (0.01 mmol) or both (0.01 mmol each) were introduced into
1-mL polypropylene microtubes. CH2Cl2 (100 mL) and Et2Zn (200 mL, 1m in
hexane) were added with micropipetters. The microtubes were then set up
in the CC factory to maintain the temperature at 0 8C for 30 min, and finally
benzaldehyde (11 mL, 0.1 mmol) was introduced. After agitation for 20 h at
0 8C, the tubes were opened. The programed quench with water and
extraction with ethyl acetate were performed by the CC factory. The
product mixtures were then submitted to a JASCO CD-995 instrument with
an autosampler on a CrestPak C18S column (4.6� 150 mm) with CH3CN/
H2O (1/1) as eluent. The retention time for 1-phenylpropanol is 3.0 min.
Based on the dissymmetry factor g measured for 1-phenylpropanol with
known enantiomeric excesses at 275 nm, the enantiomeric excesses of the
products could be calculated conveniently.

Optimized procedure: Under argon to a predried flask were added L5*
(44 mg, 0.1 mmol), A9* (47 mg, 0.1 mmol), CH2Cl2 (1 mL), and diethylzinc
(2 mL of 1m solution in hexane, 2 mmol) at room temperature. The flask
was cooled to ÿ78 8C, and then benzaldehyde (106 mg, 1 mmol) was
introduced dropwise by a microsyringe. After the reaction mixture was
stirred atÿ78 8C for 4 h and then atÿ20 8C for 1 h, water (2 mL) was added
to quench the reaction. The aqueous layer was extracted with diethyl ether,
and the combined organic phase was washed with brine and then dried over
anhydrous MgSO4. After removal of the solvent, the residue was analyzed
by 1H NMR spectroscopy to determine the benzaldehyde conversion and
product ratio. The crude product was purified by column chromatography
on silica gel with EtOAc/hexane (1/5) as eluent to give pure 1-phenyl-
propanol as a colorless liquid in quantitative yield and with 99 % ee ; HPLC
on Daicel OD-H column: eluent hexane/2-propanol (99/1); flow rate
0.8 mL minÿ1; UV detection at l� 254 nm; retention time� 22.9 min
(R enantiomer), 26.0 min (S enantiomer).
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1 phenyl 100 99.0 S
2 phenyl[d] 100 97.0 S
3 p-methoxyphenyl 100 98.5 n.d.
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5 p-chlorophenyl 99 98.5 S
6 p-tert-butylphenyl 100 99.0 n.d.
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8 a-naphthyl 93 91.5 S

[a] Yield of isolated 2 based on the consumed aldehydes. [b] Determined by
HPLC on a Daicel OD-H column unless otherwise noted. [c] Assigned by
comparison of chiroptical values with those in the literature. n.d.�not
determined. [d] 2 mol % of L5*/A9* was used. [e] Determined by HPLC
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COMMUNICATIONS

Angew. Chem. Int. Ed. 1999, 38, No. 4 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 1433-7851/99/3804-0501 $ 17.50+.50/0 501

A 1-Aza-2-silacyclobut-3-ene and an Alkyne
from [Li{Si(SiMe3)3}(thf)3] and the Isocyanide
2,6-Me2C6H3NC
Peter B. Hitchcock, Michael F. Lappert,* and
Marcus Layh

The interaction of a trimethylsilylmethyllithium reagent
Li[CH3ÿn(SiMe3)n] (n� 1, 2, or 3) and an a-H-free nitrile
R'CN can yield a 1-azaallyl-, b-diketiminato-, or 1,3-diazaal-
lyllithium, depending on n, the nature of R', the stoichiometry,
and the absence or presence of a neutral coligand. Examples
of such products from LiCHR2 (R� SiMe3) and PhCN are
A,[1] B,[2] C,[3] or D,[1] each formed by initial insertion of PhCN
into the LiÿC bond of Li(CHR2) and a 1,3-Me3Si shift from C
to N, followed for B ± D by insertion of a further PhCN
molecule into an LiÿN or LiÿC bond of A and a final 1,3-
Me3Si N!N or C!N shift. This chemistry was extended to
the lithium silyl and germyl congeners of LiCR3. Thus,
[Li(SiR3)(thf)3] with 2,6-Me2C6H3CN (ArCN) yielded the
zwitterionic 3-sila-b-diketiminatolithium complex E, a
process involving a hitherto unprecedented 1,3-Me3Si shift
from Si to N.[4] We also previously demonstrated that from
LiCHR2 and an isocyanide R'NC, a similar diversity of

products F ± H is available, each formed via successively the
1:1 adduct and the lithioaldimine I.[1] Compound I, by a 1,2-
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