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Biomolecules such as amino acids and sugars occur in Nature
overwhelmingly as l and d enantiomers, respectively. The
origins of chirality and the processes leading to high
enantiomeric enrichment of organic compounds have been
intriguing puzzles.[1] Several factors have been proposed as
the origins of chirality of organic molecules.[2] However, the
enantiomeric excesses (ee) of organic compounds induced by
these factors have usually been very low (from 10�4 to <

2% ee). Circularly polarized light (CPL) induces very low
selectivity (< 2% ee) in asymmetric photosynthesis,[2a,b] pho-
toisomerization,[2c] photoequilibration,[2d,e] and photolysis.[2f,g]

Asymmetric adsorption on and desorption from chiral
surfaces induce a tiny imbalance (< 2% ee) in enantio-
mers.[2h±k] These very low levels of enantiomeric excess
require an efficient method of amplification in order to
explain the very high enantiomeric enrichment of organic
compounds. A tiny imbalance in the enantiomeric composi-
tion of a sterically encumbered olefin induces the twist of a
nematic phase into a cholesteric phase in liquid crystals.[2d]

The positive nonlinear effect of asymmetric catalysis, discov-
ered by Kagan et al.,[3a] explains how a product can have a
higher ee than the chiral catalyst required for its production.[3]

However, the selectivity of the reaction remains low to
moderate when the chirality level of the asymmetric catalyst
employed is low. For example, the product was produced with
only 36% ee when a catalyst with 3% ee was used.[3b] On the
other hand, we reported asymmetric autocatalysis in which
the chiral product acts as a chiral catalyst for its own
production.[4] The chirality level of the initial catalyst with
0.3±2% ee was enhanced to 87±88% ee.[5] However, consid-
ering the much lower levels of chirality induced by a physical
factor,[2l] it is a challenge to develop a method for ™amplifying
chirality∫ starting from extremely small enantiomeric imbal-
ances to give practically enantiomerically pure product.

Herein we report efficient chirality amplification by a
catalyst with as low as 10�5% ee to give practically enantio-
merically pure (> 99.5% ee) product in only three consec-
utive cycles. The product formed in situ with enhanced ee
serves as an asymmetric autocatalyst for the further formation
of itself with much higher ee.

The initial asymmetric autocatalysts with very low levels
of chirality were prepared carefully by adding calculated
amounts of standardized solutions of (S)- and (R)-(2-alkynyl-
5-pyrimidyl)alkanol 1 (> 99.5% ee)[6] to racemic 1
(Scheme 1).[7] The enantiomeric enrichment of these two
solutions was roughly 0.00005% ee (i.e. enantiomeric ratio of
ca. 50.000025:49.999975).[8] We found that the first asymmet-
ric autocatalysis with (S)-1 of approximately 0.00005% ee in
the enantioselective addition of diisopropylzinc[9] to 2-alky-
nylpyrimidine-5-carbaldehyde 2 gave (S)-1 in 96% yield with
an enhanced selectivity of 57% ee (Table 1, run 1). To take
advantage of asymmetric autocatalysis, the (S)-1 obtained was
used as an asymmetric autocatalyst for the next reaction
(run 2). Indeed, by adding pyrimidine-5-carbaldehyde 2
slowly over a period of 1.5 h to the mixture of asymmetric
autocatalyst 1 and iPr2Zn, the ee of the pyrimidylalkanol 1
obtained increased to 99% and the yield was 96%. By the
third cycle of asymmetric autocatalysis, the chirality level of
pyrimidylalkanol reached > 99.5% ee (run 3). On the other
hand, asymmetric autocatalysis starting with (R)-1 with ca.
0.00005% ee instead of (S)-1 produced (R)-1 with 45% ee
(run 4). The next reaction with this as the asymmetric
autocatalyst and a slow addition of aldehyde 2 further
enhanced the enantiomeric enrichment of (R)-1 to 95% ee
(run 5). Finally, the third reaction afforded practically enan-
tiomerically pure (R)-1 with > 99.5% ee (run 6).

As shown here, extremely tiny enantiomeric imbalances
in the catalyst 1 on the order of 10�5% ee with S and R
configurations were effectively amplified to > 99.5% ee with
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Scheme 1. Alkylation of 2 catalyzed by and yielding (2-alkynyl-5-pyrimi-
dyl)alkanol 1.
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S and R configurations, respectively, in the product 1 by three
consecutive cycles of asymmetric autocatalysis.[10] As shown
in Figure 1, the very slightly major S enantiomer in the initial
(S)-1 with ca. 0.00005% ee has automultiplied by a factor of
ca. 630000 after the three consecutive asymmetric autocatal-
yses (runs 1±3), whereas the very slightly minor enantiomer
(S)-1 has automultiplied by a factor of only ca. 950.

We also examined asymmetric autocatalysis using cata-
lysts 1 with 10�3±10�4% ee. As expected, (S)- and (R)-1 with
increased ee were formed with (S)- and (R)-asymmetric
autocatalysts 1, respectively (runs 7±10). It should be men-
tioned that the subsequent asymmetric autocatalysis with the
product 1 as asymmetric autocatalyst amplified the chirality
level to > 99.5% ee.[11,12]

In summary, we have demon-
strated that 2-alkynylpyrimidylalka-
nol with a chirality level of only
10�5% ee with S and R configura-
tions automultiplies with significant
amplification of chirality in the
addition of iPr2Zn to 2-alkynylpyr-
imidine-5-carbaldehyde, producing
itself with the corresponding con-
figurations in almost enantiomeri-
cally pure form.We believe that this
reaction provides an efficient meth-
od to correlate extremely low levels
of chirality induced by factors[13]

related to the origin of chirality to
very high levels of chirality of
organic compounds.

Experimental Section
Typical experimental procedure for
asymmetric autocatalysis using alkanol
1 with about 0.00005% ee (run 1): A
solution of iPr2Zn (0.1 mL of a 1.0m
solution in cumene, 0.1 mmol) was add-
ed at 0 8C to a solution of (S)-1 (1.3 mL
of a 9.9 î 10�3

m solution in cumene,
2.9 mg, 0.013 mmol) with ca. 0.00005% ee, and the mixture was
stirred for 15 min. A solution of aldehyde 2 (9.4 mg, 0.05 mmol) in
cumene (1 mL) was then added over a period of 30 min, and the
mixture was stirred for 1.5 h at 0 8C. Cumene (1.3 mL), iPr2Zn
(0.3 mmol, 0.3 mL of a 1.0m solution in cumene), and a solution of
aldehyde 2 (28.2 mg, 0.15 mmol) in cumene (1.5 mL) were added
successively, and the reaction mixture was stirred for 1 h. Then
cumene (2.6 mL), iPr2Zn (0.9 mmol, 0.9 mL of 1.0m solution in
cumene), and a solution of aldehyde 2 (84.6 mg, 0.45 mmol) in
cumene (3.0 mL) were added successively, and the mixture was
stirred at 0 8C for another 1 h. After the addition of cumene (9.3 mL),
iPr2Zn (1.8 mmol, 1.8 mL of a 1.0m solution in toluene) and a solution
of aldehyde 2 (169 mg, 0.90 mmol) in cumene (5.0 mL), the mixture
was stirred for 18 h. The reaction was quenched with hydrochloric
acid (1.0m, 4 mL), and saturated aqueous sodium hydrogencarbonate
(13 mL) was then added. The mixture was filtered through Celite, and
the filtrate was extracted with ethyl acetate. The combined organic
layers were dried over anhydrous sodium sulfate, and concentrated
under reduced pressure. Purification of the residue by silica gel
chromatography (eluent, hexane:ethyl acetate¼ 3:1 v/v) gave (S)-
pyrimidyl alkanol 1 with 57% ee (348 mg). The yield of the newly
formed 1 was 96%.
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Table 1: Amplification of chirality from extremely low levels to >99.5% ee by asymmetric autocatalysis.

Initial autocat. 1 Initial and newly formed 1 Newly formed 1
Run[a] Set[b] ee [%] Config. ee [%][c] Config. Yield [%]

1[d] A ca. 0.00005 S 57 S 96
2[e] 57 S 99 S 96
3[e] 99 S >99.5 S 90

4[d] A ca. 0.00005 R 45 R 96
5[e] 45 R 95 R 96
6[e] 95 R >99.5 R 92

7[f ] B ca. 0.005 S 86 S 99
8[f ] B ca. 0.005 R 82 R 98

9[f ] C ca. 0.0005 S 76 S 95
10[f ] C ca. 0.0005 R 71 R 98

[a] All reactions were reproducible. Although very slight enantioselectivity was observed in the initially
formed products in runs 1, 4, and 7±10, further asymmetric autocatalysis enhanced in all cases the
chirality level of 1 to >99.5% ee. [b] The pair of S and R asymmetric autocatalysts indicated in one set
were prepared by the addition of a certain amount of (S)- and (R)-1, respectively, to a racemic mixture.
See refs. [7] and [8]. [c] Determined by HPLC analysis with a chiral stationary phase (Chiralcel OD).
[d] Reactions were carried out in cumene at 0 8C. Molar ratio asymmetric autocatalyst 1:aldehyde
2 :iPr2Zn¼0.008:1:2. Aldehyde and iPr2Zn were added in four portions. See Experimental Section.
[e] Aldehyde 2 and iPr2Zn were added slowly over a period of 1.5 h with a microfeeder. Molar ratio
asymmetric autocatalyst 1:aldehyde 2 :iPr2Zn¼0.02:1:1.5. [f ] Molar ratio asymmetric autocatalyst
1:aldehyde 2 :iPr2Zn¼0.01:1:2. Aldehyde and iPr2Zn were added in three portions.

Figure 1. Plot showing the increase in the amount of S and R isomers by the
factor x during consecutive asymmetric autocatalyses (Table 1, runs 1±3).
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The use of suitable predetermined building blocks has
assumed an increasing relevance in recent times in the crystal
engineering of coordination frameworks[1] that have potential
interest as zeolite-like materials.[2] In this regard, much
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