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Relationship between the time, yield, and enantiomeric excess of
asymmetric autocatalysis of chiral 2-alkynyl-5-pyrimidyl alkanol

with amplification of enantiomeric excess
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Abstract—Experimental and kinetic analysis of asymmetric autocatalysis with amplification of ee in the enantioselective addition
of diisopropylzinc to 2-alkynylpyrimidine-5-carbaldehyde using chiral 2-alkynyl-5-pyrimidyl alkanol with low ee’s are described.
© 2003 Elsevier Science Ltd. All rights reserved.

Asymmetric autocatalysis1 is an attractive new entry for
asymmetric synthesis in which a chiral product acts as a
chiral catalyst for its own production.2 Several enan-
tioselective asymmetric autocatalyses have been
reported.3 Among them, 2-alkynyl-5-pyrimidyl alkanol
is the most highly enantioselective (>99.5% ee) in the
enantioselective addition of diisopropylzinc (i-Pr2Zn) to
the corresponding 2-alkynylpyrimidine-5-carbalde-
hyde.3f In our previous report,4 we applied a second-
order kinetic model to the asymmetric autocatalysis of
enantiomerically pure pyrimidyl alkanol. The model

reproduces well the experimental results of asymmetric
autocatalysis of enantiomerically pure pyrimidyl
alkanol.

Meanwhile, we reported asymmetric autocatalysis with
significant amplification of ee.1f,3a Now the interest is to
understand the asymmetric autocatalysis with amplifi-
cation of ee.5 We report here the experimental data and
a kinetic analysis on the asymmetric autocatalysis of
chiral 2-alkynyl-5-pyrimidyl alkanol with amplification
of ee (Scheme 1).

Scheme 1.
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2-Alkynylpyrimidine-5-carbaldehyde 1 was reacted with
i-Pr2Zn using 10 mol% of (S)-2 with 59.4, 41.2 and
20.4% ee as asymmetric autocatalysts, respectively. Por-
tions of the reaction mixtures were quenched periodi-
cally and the yields and ee of the produced alkanol
were determined by HPLC using naphthalene as an
internal standard. The results are shown in Figs. 1–3
and Table 1. The experimental yield (hollow circle) and
ee (filled circle) are represented as a mixture of the
initially used alkanol 2 (10 mol%) and the newly
formed alkanol 2 (they have the same structure), which
gives rise to the apparent yield up to 110 (=100+10)%.
As shown in Figs. 1–3, after incubation times, yields
increased rapidly in short periods. As well as the
increase in the yields, the ee increased from 59.4 to 94%
(Fig. 1), from 41.2 to 92% (Fig. 2) and from 20.4 to
87% (Fig. 3), respectively.

For the kinetic analysis, we used the following equa-
tions (Scheme 2):

PS+PS � PS·PS K=
[PS·PS]
[PS]2

(1)

PS+PR � PR·PR K=
[PR·PR]

[PR]2
(2)

PS+PR � PS·PR K �=
[PS·PR]
[PS][PR]

(3)

RCHO+i-Pr2Zn+PS·PS�
k

PS+PS·PS (4)

RCHO+i-Pr2Zn+PR·PR�
k

PR+PR·PR (5)

RCHO+i-Pr2Zn+PS·PR�
k�

PS+PS·PR (6)

RCHO+i-Pr2Zn+PS·PR�
k�

PR+PS·PR (7)

with

0<PR0<PS0<[RCHO]0<[i-Pr2Zn]0.

K and K � are the equilibrium constants of a pre-equi-
librium between two monomers and a dimer,6 whereas
k and k � are the rate constants of the autocatalytic
reactions. [RCHO]0, [i-Pr2Zn]0, PS0 and PR0 represent
the initial molar concentrations of the species RCHO,
i-Pr2Zn, PS and PR, respectively. Under the conditions
where the concentration of dimers is vanishingly small
compared to that of the monomers, the reaction laws
for PS and PR are:

d[PS]
dt

=k [RCHO][i-Pr2Zn][PS·PS]

+k �[RCHO][i-Pr2Zn][PS·PR]

=kK [RCHO][i-Pr2Zn][PS]2

+k �K �[RCHO][i-Pr2Zn][PS][PR] (8)

d[PR]
dt

=k [RCHO][i-Pr2Zn][PR·PR]

+k �[RCHO][i-Pr2Zn][PS·PR]

=kK [RCHO][i-Pr2Zn][PR]2

+k �K �[RCHO][i-Pr2Zn][PS][PR] (9)

Let the reductions of the reactant aldehyde (and also
reactant i-Pr2Zn) by the reactions (4), (5), (6), and (7)
be �x, �y, �z and �z, respectively.

Figure 1. Comparison of simulation [yield (calcd).: broken
lines, ee (calcd): solid lines] with experimental points [yield
(exp.).: hollow circle, ee (exp.): filled circle] on asymmetric
autocatalysis using (S)-2 with 59.4% eein at −25°C.

Figure 2. Asymmetric autocatalysis of (S)-2 with 41.2% eein

at −25°C. —: calcd I, -·-: calcd II. See text for calcd I and II.

Figure 3. Asymmetric atocatalysis of (S)-2 with 20.4% eein at
−25°C. —: calcd I, -·-: calcd II. See text for calcd I and II.
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Table 1. Comparison between experimental and calculated enantiomeric excessa

eein (%)b �kK� (M−3 s−1)c eefin (exp.) (%)b eefin (calcd I) (%)dRun eefin (calcd II) (%)e

59.4 2700 94�2 95.2 96.31
41.2 35002 92�2 91.2 93.4
20.4 3000 87�2 80.9 85.93

a [RCHO]0=2.08×10−2 M, [i-Pr2Zn]0=3.33×10−2 M, [PS0]+[PR0]=2.08×10−3 M. The reaction was carried out at −25°C (internal temperature of
the vessel).

b Determined by HPLC analysis using chiral stationary phase.
c The error is estimated to be 30%.
d Values assuming �=1.0.
e Values assuming that the initial PR concentration is consumed to form complexes.

Scheme 2.

[RCHO]=[RCHO]0−�x−�y−2�z

[i-Pr2Zn]=[i-Pr2Zn]0−�x−�y−2�z

[PS]=PS0+�x+�z

[PR]=PR0+�y+�z

Then, insertion of these stoichiometric relation into
Eqs. (8) and (9) lead to the following equations:

dX
dt

=kK(a−X−Y)(b−X−Y)X2

+k �K � (a−X−Y)(b−X−Y)XY (10)

dY
dt

=kK(a−X−Y)(b−X−Y)Y2

+k �K �(a−X−Y)(b−X-Y)XY

with

X=PS0+�x+�z=[PS]

Y=PR0+�y+�z=[PR]

a=[RCHO]0+PS0+PR0

b=[i-Pr2Zn]0+PS0+PR0

Note that X and Y correspond to the concentrations of
PS and PR in the reaction system, respectively. The
above equations can be converted to:7

(R+1)2�−1(R−1)=c0s2�−1R� (11)

with

R=
X
Y

=
[PS]
[PR]

, �=
kK

kK+k �K �
, c0=

[PS0]−[PR0]
[PS0]�[PR0]�

and

s=X+Y=[PS]+[PR].7
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From Eq. (11), we are able to calculate R(t)=[PS]/[PR]
against s(t)=[PS]+[PR] at a given value of �.

In case of kK�k �K � (we can show that the maximum
eefin (calcd I) is reached when �=1),

dX
dt

+
dY
dt

=
d(X+Y)

dt
=kK(a−X−Y)(b−X−Y)(X2+Y2) (12)

Because Eq. (12) cannot be integrated, we introduce an
effective rate constant <kK> as:

ds
dt

=<kK>(a−s)(b−s)s2. (13)

From Eqs. (12) and (13), <kK> should be smaller than
kK : <kK> is equal to kK in the case of kK=k �K �. The
solution of Eq. (13) is:

<kK>t=f ln
[RCHO]0

a−s
+g ln

[i-Pr2Zn]0
b−s

+h ln
s

X0+Y0

+

i
� 1

X0+Y0

−
1
s
�

(14)

with

f=−
1

a2(a−b)
, g=

1
b2(a−b)

, h=
a+b
a2b2, and i=

1
ab

.

At first, we simulate time evolution of the experimental
product yield with Eq. (14) by varying <kK> as an
adjustable parameter. If the fit between experimental
data and the simulated curve is reasonable, s(t) can be
calculated at arbitrary time t, which in turn enables us
to evaluate R(t) from Eq. (11). Then the time depen-
dent ee is obtained from the next relationship.

ee(t)=
R(t)−1
R(t)+1

×100

In the following discussion, the initial (t=0) and final
(t=�) ee are designated by eein and eefin, respectively.

Fig. 1 depicts the results of simulation for the reaction
system involving asymmetric autocatalyst with moder-
ate (59.4%) eein at −25°C. The initial concentration of
reactants and the total concentration of autocatalyst
were as follows (Table 1, run 1): [1]0=[RCHO]=2.08×
10−2 M; [i-Pr2Zn]0=3.33×10−2 M; [2]0=[PS0]+[PR0]=
2.08×10−3 M. When the value of � is fixed to 1.0, that
is, k �K � is practically zero, the fit is satisfactory for not
only the time-dependent yield of the product but also
the time-dependent ee value of the product. The best fit
value for the apparent rate constant <kK> is 2700 M−3

s−1 (Table 1, run 1). The calculated eefin of alkanol 2
reached 95.2%, which is almost the same as the experi-
mental eefin of 94%.

The fit for asymmetric autocatalyst with moderate
(41.2%) eein is illustrated in Fig. 2. Again the fit
between the experiment and calculation is excellent.
The eefin (calcd I) value of 91.2% reproduces the eefin

(exp.) value of 92% (Table 1, run 2). On the other hand,
the fit for the lower (20.4%) eein is less satisfactory as
shown in Fig. 3. It should be noted that the eefin (calcd
I) value of 80.9% is considerably lower than the eefin

(exp.) value of 87% (Table 1, run 3). The value of
<kK>, falling in the range between 2700 and 3500 for
the above three different eein as listed in Table 1, would
be regarded as constant within a large error involved in
the determination of the rate constants.

In order to explain the higher ee of the experimental
results than those of the simulated ones in the asym-
metric autocatalysis with amplification of ee starting
with pyrimidyl alkanol with lower ee, we consider a
following possibility: Let us assume the concentration

Scheme 3. Schematic representation of product inhibition on asymmetric autocatalysis with amplification of ee. When the
hetero-trimeric complex is more stable than homo-trimeric complex: (1) Achiral pathway (middle column) is restrained; (2)
catalytically active complex of the minor isomer is inhibited by the major isomer.
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of PS·PR stays constant during the reaction. This
reduces [PS0] and [PR0] and increases the eein appar-
ently. For the case that 20% of the initial PR concentra-
tion is consumed, the eein increases from 41.2 to 46.6%
(run 2) and from 20.4 to 23.9% (run 3), leading to the
increases of eefin (denoted by eefin (calcd II) in Table 1)
from 91.2 to 93.4% (run 2) and from 80.9 to 85.9% (run
3). This effect becomes more and more conspicuous
when the eein is lower: for the higher eein (run 1), the
difference between eefin (calcd I) and (calcd II) is not
quite significant as tabulated in Table 1. Such participa-
tion of both autocatalysis and product inhibition has
been reported by von Kiedrowski who showed tem-
plate-directed self-replication of nucleic acid proceeds
parabolically.8 The magnitude of amplification of ee
becomes higher when the complex of autocatalyst and
product PS·PS·PR is more stable than the complex of
autocatalyst and product PS·PS·PS (Scheme 3).

As described above, we have demonstrated that the
second-order model for asymmetric autocatalyst lead to
asymmetric autocatalysis with amplification of ee,
which arises from the competitive reactions of
enantiomers.
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C.; Samuel, O.; Duñach, E.; Zhao, S.; Agami, C.; Kagan,
H. B. J. Am. Chem. Soc. 1986, 108, 2353–2357; (e) Noyori,
R.; Suga, S.; Oka, H.; Kitamura, M. Chem. Rec. 2001, 1,
85–100; (f) Guillaneux, D.; Zhao, S.-H.; Samuel, O.; Rain-
ford, D.; Kagan, H. B. J. Am. Chem. Soc. 1994, 116,
9430–9439; (g) Girard, C.; Kagan, H. B. Angew. Chem.,
Int. Ed. 1998, 37, 2922–2959; (h) Noyori, R.; Kitamura,
M. Angew. Chem., Int. Ed. Engl. 1991, 30, 49–69; (i)
Kitamura, M.; Suga, S.; Oka, H.; Noyori, R. J. Am.
Chem. Soc. 1998, 117, 9800–9809.

6. It should be emphasized that ‘dimer’ is the mere represen-
tation on theoretical treatment. It means that A, B, and
two molar equivalents of P are exists on transition com-
plex. A·P+B·P�A·P·B·P�P+P+P is another example of
second-order reaction law and the equation gave the same
simulation curve. Due to the closely related structures of
reactant and product in asymmetric autocatalysis, major
existence of product ‘dimer’ is considered to be one of the
possible situations.

7. Readers who are interested in the mathematical derivation
are recommended to read a detailed description of the
calculation, which is available from one of the authors
(K.S.).

8. (a) Bag, B. G.; von Kiedrowski, G. Pure Appl. Chem.
1996, 68, 2145–2152; (b) Brandsch, A. L.; von Kiedrowski,
G. Nature 1998, 396, 245–248; (c) Allen, V. C.; Philip, D.;
Spencer, N. Org. Lett. 2001, 3, 777–780.


	Relationship between the time, yield, and enantiomeric excess of asymmetric autocatalysis of chiral 2-alkynyl-...
	Acknowledgements
	References


