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Engineering Catalysts for Enantioselective
Addition of Diethylzinc to Aldehydes with
Racemic Amino Alcohols: Nonlinear Effects in
Asymmetric Deactivation of Racemic
Catalysts**
Jiang Long and Kuiling Ding*

ªAsymmetric amplificationº or the ªpositive nonlinear
effectº ((�)-NLE) is a very attractive phenomenon in
catalytic asymmetric processes, since it gives enantioselectiv-
ities which are improved with respect to the expectations
based on the ee value of the auxiliary.[1±7] Therefore, because
of asymmetric amplification, high-enantiopurity chiral ligands
need not necessarily be applied to achieve high enantiopur-
ities of product. Nevertheless one has to make a partial
resolution of the chiral ligands from their racemic forms.
Interestingly, asymmetric catalysis with racemic catalysts has
been successfully achieved by ªchiral poisoningº[8] or ªasym-
metric activationº[9] strategy.

After the first report on the nonlinear effect in asymmetric
catalysis by Kagan and co-workers,[2] the early experiments
with strong asymmetric amplification were demonstrated by
Oguni et al. in 1988 and by Noyori et al. in 1989 for
enantioselective addition of diethylzinc to aldehydes.[3] In
this type of alkylation, the asymmetric amplification is well
recognized to be a consequence of an in situ increase in the ee
value of the active catalyst, since racemic ligand is trapped in
the more stable, unreactive meso species.[7] The recent treat-
ment by Noyori and co-workers [7b] of the systems involving
the dynamic monomer ± dimer equilibria where the mono-
mers are active species is complementary to the MLn models
of Girard and Kagan.[1b] In principle, if racemic ligands are
used alone, the reaction will definitely give racemic product.
The addition of an alternative nonracemic additive (which
should be cheap and easily obtainable) to the racemic catalyst
system may enantioselectively generate a new species of
dinuclear zinc complex with one enantiomer of racemic ligand
through ªnon-self-recognitionº[7a] to release the opposite
enantiomer of catalyst for asymmetric catalysis. To exemplify
this strategy, we choose Oguni et al.�s racemic amino alcohols
to carry out asymmetric catalysis by adding nonracemic
additives. In this contribution, we report our results on the
first example of highly enantioselective addition of diethyl-
zinc to aldehydes with the catalysis of racemic amino alcohols
in the presence of chiral additives.

electrospray ions. A voltage of ÿ2500 V was applied to the electrospray
needle, which was held 1 ± 3 cm away from the inlet to the vacuum.
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We began this work by investigating the effect
of various random chiral additives, such as amino
acids, tartaric acid, diols, diamine, diimine, and
simple amino alcohols, on the enantioselectivity
of ethylation of benzaldehyde (1 a) with dieth-
ylzinc catalyzed by racemic DB1. In some cases,
we could really see the influences of the chiral
additives on the asymmetric induction of the
reaction. For example, (R)-1,1'-bi-2-naphthol (BI-
NOL) alone catalyzed the reaction to give the R
product (8.2 % ee), but the addition of (R)-
BINOL to the reaction system catalyzed by
racemic DB1 resulted in the formation of S
product (8.5 % ee). Similarly, the reaction pro-
moted by (S)-2-N,N-dimethylamino-2'-hydroxy-
1,1'-binaphthyl (DM-NOBIN) yielded S product
(89 % ee) and the addition of (S)-DM-NOBIN to
the racemic DB1 system gave R product (38 %
ee). These data could be interpreted by a phe-
nomenon where a catalytically inert heterochiral
dimeric zinc complex may be formed between the
chiral additive and one of the enantiomers of
racemic amino alcohol through non-self-recogni-
tion; as a result the zinc complex of racemic amino alcohol is
enantioselectively enriched and catalyzes the reaction to give
the nonracemic product. From the primary random screening,
we found amino alcohols to be one type of effective chiral
additive candidates for this purpose (Scheme 1).

High-throughput screening (HTS) is essential for tuning a
variety of modifications in lead optimization[10] and has been
found to be an effective technique for finding the most
efficient catalysts for asymmetric reactions as well.[11] With the
lead result mentioned above, a library of optically active
amino alcohols (AA1 ± AA13; Scheme 1) was then created by
parallel synthesis from amino acids, and a family of racemic
amino alcohols (DB1 ± DB5), which have been reported to
show significant asymmetric amplification,[3a] was also
formed. The combined use of 10 mol% of the racemic amino
alcohols (DB1 ± DB5) and half an equivalent amount
(5 mol %) of optically active additives (AA1 ± AA13) in the
presence of diethylzinc formed a chiral catalyst library of 65
members, which were then evaluated with HPLC-CD techni-

ques.[9f] Figure 1 shows the details of the screening results. It is
obvious that the chiral additives with large steric hindrance at
the hydroxy-funtionalized carbon, AA8 ± AA13, were more
influential on the enantioselectivity of the reaction than the
simple amino alcohols, AA1 ± AA7. Particularly AA10,
AA12, and AA13 showed significant synergetic effects on
the enantioselectivity of the reaction. For example, with only
AA13 (5 mol %) as the chiral inducer, (R)-1-phenylpropanol
was obtained with 15.6 % ee. However, the addition of
racemic DB1 or DB2 (10 mol %) to the AA13-catalyzed
reaction system resulted in the formation of the S product in
65.8 % and 70.4 % ee, respectively.

The reactions catalyzed by the better combinations, AA12/
DB1, AA12/DB2, AA13/DB1, and AA13/DB2, were further
optimized in parallel by varying the molar ratio of racemic DB
to chiral AA and decreasing the reaction temperature to
ÿ20 8C and ÿ40 8C. We were pleased to find that (S)-1-
phenylpropanol could be obtained with up to 92.7 % ee and in
>95 % yield under the catalysis of AA13/DB2 (ratio: 1/2;

5 mol % of AA13) at ÿ40 8C. Catalyst combi-
nations AA12/DB1, AA12/DB2, AA13/DB1,
and AA13/DB2 also proved to be effective for
the ethylation of a variety of aldehydes under
the optimized conditions (Table 1). To the best
of our knowledge, this work represents the
first example of highly enantioselective addi-
tion of diethylzinc to benzaldehyde with the
catalysis of racemic amino alcohols in the
presence of chiral additives.

In an effort to elucidate the mechanism for
the asymmetric induction, the quantitative
effect of chiral additive on the reaction rate
was investigated by rapid quenching of the
reaction and HPLC analysis with 1-phenyl-
ethanol as internal standard (Table 2). It was
found that both (R)- and (S)-DB1 homochiral

Scheme 1. Racemic (DB) and nonracemic (AA) ligands employed for creating the chiral
catalyst library.

Figure 1. High-throughput evaluation of the catalyst library generated from racemic
amino alcohols (DB1 ± DB5) and chiral additives (AA1 ± AA13) for enantioselective
addition of diethylzinc to benzaldehyde.
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catalysts were deactivated by AA13 (entry 1 compared with
entries 2 and 3, respectively), which indicated some interac-
tions between them. However the levels of deactivation for
the R and S catalysts by AA13 were quite different. The
reaction catalyzed by (S)-DB1/AA13 is 3.8 times as fast as
that catalyzed by (R)-DB1/AA13 (entries 2 and 3, respective-
ly). (�)-DB1 and AA13 on their own were found to be
catalytically much less reactive (entries 4 and 5). However,
use of (�)-DB1 combined with half an equivalent of AA13
yielded the product 3.6 and 8.1 times as fast as the reactions
with the separate component ligands, respectively (entry 6
versus entries 4 and 5). Obviously, such synergetic effects are
due to the interaction differences between the AA13 ± zinc
complex and the complexes of (S)-DB1 and (R)-DB1 with
zinc.

The nonlinear effect in the present catalytic system was also
disclosed by an investigation of the influence of molar ratios
between AA13 and (R)-DB1 or (S)-DB1 on the enantiose-
lectivity of the reaction.[12] The different behavior of the
nonlinear effects in the AA13/(R)-DB1 and AA13/(S)-DB1
systems again supported the presence of non-self-recognition
between AA13 and DB and also indicated the differences in
their non-self interactions.

In conclusion, we have shown the first examples of a highly
enantioselective addition of diethylzinc to aldehydes with the
catalysis of racemic amino alcohols in the presence of chiral
additives, through an asymmetric deactivation strategy with a
combinatorial approach. The mechanism of asymmetric
induction and the nonlinear effect in chiral deactivation were
also studied. This work demonstrated that clever combined
use of asymmetric deactivation strategies and combinatorial
chemistry approaches will provide a powerful tool for design-
ing and finding new, practical, and efficient asymmetric
catalytic systems.
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Table 1. Enantioselectivities for the ethylation of aldehydes with catalysis by racemic DB in the presence of optically active AA.[a] Parallel screening of
matched substrate/catalyst pairs.

Entry R ee values [%]
AA12/DB1 AA12/DB2 AA13/DB1 AA13/DB2

1 phenyl (a) 86.0 86.1 92.7 90.6
2 p-chlorophenyl (b) 69.9 82.3 84.6 92.1
3 m-tolyl (c) 85.7 81.0 90.1 87.3
4 p-anisyl (d) 87.5 90.3 90.0 91.4
5 trans-styryl (e) 67.7 82.3 69.4 69.4
6 o-anisyl (f) 69.8 76.7 74.5 86.3
7 ferrocenyl (g) 81.9 90.6 91.7 72.9
8 p-dimethylamino-phenyl (h) 23.6 55.6 36.2 81.0[b]

9 a-naphthyl (i) 69.9 72.2 69.3 86.3
10 p-tolyl (j) 74.7 80.0 82.4 80.0
11 m-anisyl (k) 79.2 80.7 76.9 76.4
12 p-bromophenyl (l) 76.6 73.6 82.7 79.5
13[c] trans-propenyl (m) 78.3 84.4 80.7 84.4

[a] All of the reactions were carried out atÿ40 8C in CH2Cl2/hexane mixed solvent for 48 h with catalysis by racemic DB1 (10 mol %) and optically active AA
(5 mol %) unless otherwise stated. The conversions of the aldehydes were >90 %. All the ee values were determined by HPLC or GC on chiral columns.
[b] The reaction was carried out at 0 8C. [c] The reaction was carried out at ÿ20 8C.

Table 2. The quantitative effect of chiral additive AA13 on the rate of reaction, with 1 a as the substrate and DB1 as the catalyst.[a]

Entry Config. of DB1 DB1 [mol %] AA13 [mol %] Yield [%][b] ee value [%][c] Config. of 2 a[d]

1 S 5 0 16.0 95.0 S
2 S 5 5 6.0 91.1 S
3 R 5 5 1.6 66.2 R
4 � 5 0 1.6 0 ±
5 ± 0 5 0.7 15.9 R
6 � 10 5 5.7 65.8 S

[a] The reaction was carried at 0 8C and quenched with an aqueous solution of NH4Cl after 5 min. [b] The yield was determined by HPLC with
1-phenylethanol as the internal standard. [c] Determined by HPLC on a Chiralcel OD column. [d] Determined from optical rotation measurements and
HPLC retention times on a Chiralcel OD column in comparison with authentic samples.
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SrN und SrN2: Diazenide durch Synthese unter
hohen N2-Drücken**
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Im Zweistoffsystem Sr-N ist bisher lediglich die Existenz
von Sr2N gesichert.[1] Diese Verbindung kristallisiert in der
CdCl2-Struktur (Oktaederschichten, Abbildung 1 links). Be-
richte über eine binäre Phase der Summenformel ¹SrNª[2]

wurden später in dem Sinne korrigiert, dass die beschriebenen
Feststoffe auch Wasserstoff oder Kohlenstoff enthalten.[1, 3]

Wir haben nun Hochdruckexperimente zur Herstellung
von Strontium-Stickstoff-Verbindungen in modifizierten Au-
toklavensystemen durchgeführt, die von Bronger und Auf-
fermann[4] ursprünglich für die Synthese von extrem luft- und
feuchtigkeitsempfindlichen Metallhydriden und Hydridome-
tallaten entwickelt worden waren.

Ausgehend von Sr2N, einem blauschwarzen Pulver mit
metallischem Glanz, als Edukt entsteht bei einer Temperatur
von 920 K und nach einer Reaktionszeit von 72 h als Reak-
tionsprodukt unter N2-Drücken von 400 bar phasenreines SrN
als schwarz-graues Pulver, bei N2-Drücken von 5500 bar
phasenreines SrN2 als braunes Pulver.[5] Die Phasenreinheit
wurde unter Normaldruck durch Röntgen- und Neutronen-
beugung[6] sowie durch chemische Analysen[12] bestimmt. Die
Gehalte für Sauerstoff, Wasserstoff und Kohlenstoff lagen
unter den Nachweisgrenzen.
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Abbildung 1. Kristallstrukturen von Sr2N (links), SrN �̂ (Sr2�)4[N3ÿ]2[N2
2ÿ] (Mitte) und SrN2 �̂Sr2�[N2

2ÿ]
(rechts). Die Abbildungen werden von Sr6/3-Oktaederschichten (Polyederdarstellung) begrenzt, deren
Oktaederzentren von [N3ÿ] (Sr2N, SrN) bzw. [N2

2ÿ] (SrN2) besetzt sind. Zwischen den Polyederschichten in
Kugel-Stab-Darstellung: Sr2�, rot; [N3ÿ], hellgrün; [N2

2ÿ], dunkelgrün. Transparente Oktaeder dienen der
besseren Orientierung.


