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Abstract—A simplified kinetic model is proposed to describe stereoselective autocatalysis in specific alkylzinc additions. The model
is based on current experimental knowledge and by the use of exclusively mono- or bimolecular processes attempting a chemically
and kinetically realistic description. The underlying dynamics were expressed in terms of a template-directed self-replication in
which a zinc alkoxide dimer acts as the active autocatalytic species. The model was shown to reproduce previously obtained
kinetic data well, to address to the phenomenon of chiral amplification in a semi-quantitative manner, and to enlighten the cause
of the effect of the initial enantiomeric excess on the globally observed kinetics. Amplification of enantiomeric excess occurs by
considering a homogeneous and entirely symmetric reaction network. © 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

The observation of chiral autoamplification in specific
alkylzinc additions — as pioneered by Soai and co-
workers' has attracted close scientific interest for the
description of highly nonlinear effects in asymmetric
synthesis’”® as well as for possible model systems to
explain the origin of biomolecular homochirality.”!°
The prototype reaction (Scheme 1) consists of the addi-
tion of di-iso-propylzinc (Zn) to a pyrimidine-5-car-
baldehyde (CHO) in the presence of a chiral and
enantiomerically enriched 5-pyrimidyl alkanol (COH)
as a catalyst to form the chiral iso-propylzinc alkoxide
(COZn) usually with a significantly higher enantiomeric

excess than that of the chiral auxiliary at the beginning
of the reaction.

Since the catalyst and the product of the reaction (after
hydrolysis) are structurally identical and furthermore
an effect of enantioselective amplification has been
observed, the above process can be considered as a
striking example of asymmetric autocatalysis''!? in
organic chemistry. Subsequent studies of Soai and co-
workers showed that enantioselective amplification is
not only restricted to the use of the chiral alcohol but
can also be achieved by the addition of catalytic
amounts of different organic'® and inorganic'*!'* com-
pounds. These results describe the way of directed
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Scheme 1. Autocatalytic alkylzinc addition as proposed by Soai and co-workers.!® R=H, Me, ¢-Bu-C=C—.
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chiral propagation that is of definite importance to
unveil chiral implications, for example in prebiotic
processes.

Despite the impact of the above findings, the mecha-
nism of the prototype reaction has long been a subject
of speculation. As an immediate assumption,' a Frank-
type'® amplification mechanism has been proposed that,
however, would require not only the presence of an
autocatalytic reaction network but also an extremely
high degree of stereoselectivity!” that is barely achieved
in common asymmetric synthesis even in the presence
of very active chiral catalysts. Furthermore, as recently
demonstrated by Blackmond,'® a Frank-type mecha-
nism considering monomeric autocatalytic species such
as COZn would always require the presence of mutual
inhibition involving the two enantiomers, (R)-COZn+
(S)-COZn, to achieve any effect of chiral amplification.
However, the assumption of a reversible dimerization
of the two monomers forming homo- and heterochiral
dimers and allowing them to play the role of active
catalytic species renders the dynamics of the reaction
network much more subtle and would additionally shed
a different light on the simple form of mutual inhibition
as stated in the Frank model. In fact, recent kinetic
studies'®? indicate the involvement of a catalytically
active dimeric species composed of two iso-propylzinc
alkoxide molecules, (COZn), that probably acts as the
actual chiral catalyst. These new results allow a more
detailed kinetic analysis.

The aim of this paper is to propose a simplified kinetic
model for the prototype reaction (Scheme 1) that is
based on previously observed experimental kinetic data
and that describes the reaction mechanism as a varia-
tion of a template-directed autocatalytic system that is
usually proposed for artificial self-replicating sys-
tems.?2* This basic assumption could explain the
origin of the high stereoselectivity that is needed for
effective chiral amplification. Self-replicating systems
commonly exhibit very high specificity due to the pres-
ence of a truly ‘selfish’ autocatalyst. Furthermore, as
has been recently shown for a chiroselective peptide

self-replicator,> these systems can display effective chi-
ral information transfer bypassing the production of
noise such as observed in more classical autocatalytic
reactions.

2. Kinetic modeling

2.1. Kinetic core model

To reproduce the experimentally observed kinetic
data,'’ a kinetic core model (Table 1) has been
designed. The model takes into account the formation
of the product species (COZn) via two formally distinct
pathways: a direct and uncatalyzed background route
(steps I and II) as well as an autocatalytic pathway
(steps III-V).

The direct route consists of alkylzinc (Zn) addition to
the initially added alcohol (COH) that can be consid-
ered to proceed very rapidly, and the noncatalyzed
addition of Zn to the aldehyde (CHO), which is proba-
bly a very slow or even negligible process that is readily
overshadowed by the autocatalytic processing.

The autocatalytic network reflects two association pro-
cesses that have been discussed previously'*>° namely,
the dimerization of COZn and the association of CHO
to the dimer species. These two processes have been
considered to be reversible without a priori specifying
that the rate of equilibration was fast or slow. In this
context, (COZn), acts as a template species that can
associate the two reactants: CHO in step IV and Zn in
step V. Step V describes in a condensed way this second
association and the immediate release of COZn and of
free (COZn), that can act again as a template in the
subsequent autocatalytic cycle. In essence, the template
dimer acts as a catalyst assisting the coupling between
CHO and Zn that have been associated to (COZn),. As
outlined in Scheme 2, the autocatalytic cycle represents
an effective machinery for an increasing formation of
COZn during the course of the reaction.

Table 1. List of processes, reactions and corresponding rate laws in the kinetic core model

Process Reaction Rate law Step
Irreversible formation of COH+Zn—COZn R =k, [COH] [Zn]

the zinc alkoxide CHO+Zn—COZn Ry =k, [CHO] [Zn] I
Reversible zinc alkoxide COZn+ COZn—~(COZn), Ry =k; [COZn]? Il a
dimerization equilibrium Rypp=k_5 [(COZn),] I b
Reversible association of (COZn), +CHO«—(COZn),—~CHO Ryv.=k, [(COZn),] [CHO] IV a
the carbaldehyde Ryv,=k_4 [(COZn),-CHO] IV b
Irreversible catalyzed (COZn),~CHO +Zn—(COZn),+COZn Ry=ks [(COZn),~CHO] [Zn] v

formation of the zinc
alkoxide

Side reaction COH+CHO-P

Ry, =kg [COH][CHO] VI
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Scheme 2. Representation of the proposed kinetic core model
describing the reaction system in terms of a template-directed
autocatalytic process.

Although chemically uncertain, step VI stands dynami-
cally for the experimental observation'® that the con-
centration of COZn after the reaction is complete was
always less than that of the limiting reactant CHO.
Based on the restricted number of species considered
for the kinetic model and on the circumstance that the
discrepancy between the expected and observed final
product concentrations apparently increases on increas-
ing the concentration of the initial alcohol, a formal
side reaction between CHO and COH has been
included. This step was shown in test simulations to be
the only suitable one for the consistent reproduction of
kinetic data coming from different experimental set-
tings. As indicated by Soai and co-workers, who used a
control parameter with different values for each experi-
mental setting in their empirical model'® to circumvent
this discrepancy, the chemical origin of this effect still
seems to be unknown and requires further
investigation.

2.2. Chiral processing

The kinetic model, which includes the chiral processing
to describe the observed enantiomeric amplification
(Table 2), has been directly derived from the core
model.

The addition of Zn to (R)- or (S)-COH (step C-I) was
assumed to occur with complete conservation of the
absolute configuration with respect to the product (R)-
or (5)-COZn. Kinetically, this step is entirely symmetric
so that under racemic initial conditions, i.e. [(R)-
COH],=[(S)-COH],, the outcome would also be
racemic, while step C-II always generates rac-COZn.

For the dimerization of COZn (step C-III), the occur-
rence of a different degree of stercoselectivity between
the homochiral association, (R)+(R) or (S)+(S), and
the heterochiral dimerization, (R)+(S), was allowed by
introducing the dimensionless stercoselective parameter

o. Due to the lack of definite experimental data, this
reasoning was based on structural arguments that may
cause differences in the rate between the formation of
the enantiomerically pure and diastereomeric dimeric
species. If « <1, the homochiral dimerization would be
favored over the heterochiral one and if o >1 the
opposite would be true. For the case a=1, step C-III
would proceed without any homochiral or heterochiral
preference, as is the case for the corresponding dissocia-
tion reactions, for which the same rate constant, k.,
has always been considered. It should also be noted
that (R)(S)-(COZn), and (S)(R)-(COZn), are chemi-
cally equivalent so that only one species appears in the
kinetic scheme.

Completely symmetrical kinetic behavior was further
considered for the association of CHO to the hetero-
and homochiral (COZn), and for the respective dissoci-
ation as expressed by the unique rate constants k, and
k_4 (step C-1V).

Step C-V describes the catalyzed formation of (R)- and
(S)-COZn in terms of complete stereospecifity if origi-
nating from the homochiral dimer species, i.e., the
association of Zn to the (R)(R) dimer generates exclu-
sively (R)-COZn+(R)(R)-(COZn), and the (S)(S) dimer
solely (S)-COZn+(S)(S)-(COZn),, respectively. This
assumption can be considered as chemically overstated

Table 2. Reaction steps and corresponding rate parame-
ters used for the kinetic model including chiral processing

Reaction Rate parameter Step

(R)-COH+Zn—(R)-COZn (ky) C-1

(S)-COH +Zn—(S)-COZn (ky)

CHO+Zn—(R)-COZn (k») C-1

CHO+Zn—(S)-COZn (k5)

(R)-COZn+(R)-COZn— (s, k_3) C-111
(R)(R)-(COZn),

(S5)-COZn+(S)-COZn— (ks, k_3)
($)(S)-(COZn),

(R)-COZn+(S)-COZn— (o x ks, k_3)
(R)(S)-(COZn),

(R)(R)-(COZn),+CHO«~ (kg k_4) C-1v
(R)(R)-(COZn),~CHO

(S)(S)-(COZn),+CHO~ (kgy k_4)
(S)(S)-(COZn),~CHO

(R)(S)-(COZn),+CHO— (kgy k_4)
(R)(S)-(COZn),~CHO

(R)(R)-(COZn),~CHO +Zn— (ks) C-v
(R)(R)-(COZn),+(R)-COZn

(S)(S)-(COZn),~CHO+Zn— (ks)
(S)(S)-(COZn),+(S)-COZn

(R)(S)-(COZn),~CHO+Zn— (ks)
(R)(S)-(COZn),+(S)-COZn

(R)(S)-(COZn),~CHO+Zn— (ks)
(R)(S)-(COZn),+(R)-COZn

(R)-COH+CHO-P (k¢) C-VI

(S)-COH+CHO—-P (kg)
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but has been made for the sake of simplicity in order to
restrict the model system to one single stereoselective
parameter (o). In contrast to this, the interaction
between the heterochiral (R)(S) dimer and Zn results in
a racemic outcome.

The side reaction C-VI was assumed to occur without
any preference for (R)- or (S)-COH.

2.3. Computations

Model calculations, as described in the following sec-
tions, were performed with Sa (version 2.0)>> on a
personal computer. The general algorithm used for the
numerical integration of the differential equations was
based on a semi-implicit Runge-Kutta method and the
basic optimization procedure using a nonlinear mini-
mization algorithm for the adjustment of the rate
parameters of the model to the experimental data has
been described elsewhere.!”-26-27

2.4. Reproduction of experimental data

Using the core model (Table 1), it was attempted to
reproduce simultaneously, i.e. with the same set of rate
parameters, the experimentally observed data'® of two
experimental settings in which different initial concen-
trations of COH have been used. Both experiments
have been reportedly performed under identical experi-
mental conditions at 7=0°C while a third one was
carried out at 7=-45°C. As shown in Fig. 1, the
kinetic model performed an acceptable reproduction of
the observed kinetic curves. A similar conformity has
also been achieved for the experiment at 7=-45°C (not
shown), obviously resulting in a different set of rate
parameters. For the kinetic modeling, it was assumed
that the published experimental values of the product
concentrations reflect a complete dissociation of all
dimeric COZn species at the time when the reaction
was experimentally quenched. Thus, for the modeling it
was considered that the product concentrations as plot-
ted were the sum of all COZn, [COZn],,,=[COZn]+2x
[(COZn),]+2x[(COZn),~CHO].

It turned out that the offset in the induction period and
the steep rate increase observed for experiments (1) and
(2), see Fig. 1, was impossible to reproduce by a
simplified autocatalytic model scheme considering
monomeric COZn instead of dimeric (COZn), as the
catalytic species. This observation is in agreement with
a previous attempt by Soai and co-workers'® as well as
by Blackmond et al.*® and validates the assumption of
a self-replication-like mechanism.

The above experiments did not allow the product enan-
tiomers (R)-COZn and (S)-COZn to be distinguished
and furthermore all experiments were performed under
almost enantiomerically pure initial conditions, i.e. (S)-
COH>99.5% ee. To account for chiral amplification
effects by the extended model (Table 2) a semi-quanti-
tative prediction of the results of prototype experiment
‘B3’! was attempted. These simulations (Fig. 2) were
performed by using the fixed values for the rate con-
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Figure 1. Kinetics of product formation in autocatalytic
alkylzinc addition. Filled circles: experimental data.'® Solid
lines: reproduction of experimental data by the kinetic core
model as shown in Table 1. Initial conditions (7'=0°C):
[CHO]=2.08x10"2 M, [Zn]=3.13x10"> M, [COH]=2.08x10~3
M (curve 1), [COH]=2.08x10~* M (curve 2). Adjusted rate
parameters (rounded): k;=1.0x10* M~! s7!, k,=1.0x107> M™!
s, k3=8.0x10* M~ s7!, k_;=1.1x10% s7!, k,=1.0x10> M!
s k_,=1.0x10% s7!, ks=8.0x10> M! s71, k,=7.8x10°> M™!
s™h.
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Figure 2. Simulated time evolution of [(S)-COZn] and [(R)-
COZn] by the kinetic model presented in Table 2. Insert:
corresponding time evolution of the enantiomeric excess
(same time scale). Initial conditions taken from Ref. 1:
[CHO]=1.04x10"3 M, [Zn]=1.20x10" M, [(S)-COH]=
1.634x10~* M, [(R)-COH]=4.462x10"> M; ee,=57.1%. Same
set of rate parameters as given in Fig. 1, «=0.45.
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stants obtained by the data reproduction as shown in
Fig. 1 but allowing variations in the parameter «. Prior
to these simulations, it was confirmed that values of
o #1 did not substantially affect the former data adjust-
ment (i.e. in the core model a=1).

As shown in Fig. 2, the enantiomeric excess in respect
to (§)-COZn climbs from initially ee,=57% to ee=81%
as reported for the experimental outcome.! For this
case the stereoselective parameter was set to o=0.45.
The simulated concentrations of [($)-COZn]=9.2x10~*
M and [(R)-COZn]=9.8x107> M after 96 h of reaction
time turned out to be very close to the actually
observed concentrations ([(S)-COZn],,,=7.6x10"* M
and [(R)-COZn],,,=7.1x10"> M). This indicates the
capacity of the model also to reproduce observed chiral
amplification effects in a semi-quantitative manner.

3. Dynamic properties
3.1. Reaction fluxes and autocatalytic effect

The reaction fluxes R; to Ry, and the corresponding
concentrations of the involved species have been ana-
lyzed at about the rate maximum corresponding to the
kinetic curves shown in Fig. 1. The fluxes R; and Ry,
were found to be virtually at zero because of the rapid
and total depletion of COH during the very initial stage
of the reaction. For the remaining fluxes, the following
order emerged: Ry, = Ry,>Riva>Ryv> Ry, > Ry and for
the concentrations of the species: Zn (as an excess
reactant)>COZn>CHO>(COZn),>»(COZn),~CHO.

The main fluxes of the reaction network are obviously
located in the autocatalytic cycle while the background
reaction to produce COZn (step II) plays a negligible
role. The strongest and bidirectional fluxes appear for
the COZn+COZn—(COZn), dimerization equilibrium
(step III, K,.,=7.63) that basically acts to adjust the
concentration of the catalytic dimer (COZn), against
the concentration of the noncatalytic COZn monomer.
As typical for self-replicating systems, dimerization of
the product species usually leads to a decrease in the
autocatalytic effect (product inhibition)—in the present
case, however, it is the dissociation of the dimer that
decreases the autocatalytic strength. Essentially, step 111
can be regarded as a trigger for the autocatalytic
efficiency of the system, i.e. the more it is shifted to the
dimer species the stronger the autocatalytic effect is.

It turns out that at rate maximum the concentration of
(COZn), is about one order of magnitude less than that
of COZn. This difference is small compared to typical
self-replicating systems in which the concentration of
the catalytic species is generally several orders of mag-
nitude less than that of the noncatalytic dimer.?%>” This
explains the comparatively pronounced autocatalytic
efficiency observed for the reaction system under con-
sideration in contrast to the usually weak autocatalytic
dynamics of prototype self-replicating systems. The rel-
atively strong autocatalytic effect also becomes easily
visible by regarding the distinct sigmoidal shape of the

kinetic curves shown in Fig. 1 that is generally missing
in typical self-replicating systems.

3.2. Chiral amplification and the kinetic effect of the
initial enantiomeric excess

Following the simulation results, the dynamics of chiral
amplification are basically governed by both a compar-
atively strong autocatalytic effect and a marked
stereoselectivity.

The model simulations indicate that the kinetics of the
total product formation, (R)-COZn+(S)-COZn, are a
function of the enantiomeric excess of the initially
added COH. This has been already observed by Black-
mond et al.° by experiment. The effect has been moni-
tored even for the case in which the initial
concentration of the alcohol in total, [(R)-COH+(S)-
COH],, was kept constant and only the ratio between
the two enantiomers has been varied. As shown in Fig.
3, the reaction appears to proceed increasingly faster if
the initial enantiomeric excess of the alcohol was
increased.

By roughly inspecting the lag period of the two kinetic
curves shown in Fig. 3, the average rates during the first
500 s of reaction time show a marked difference: the
rate of the enantiomerically pure scenario is approxi-
mately twice that of the reaction started under racemic
initial conditions. However, the rate maximum for both
cases appears to be virtually the same. This effect is
reminiscent of a typical autocatalytic system in which
different amounts of an autocatalyst were initially
added.
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Figure 3. Effect of the initial enantiomeric excess on the
kinetics of total product formation [(COZn),,,]. Initial condi-
tions: [CHO]=2.08x10"2 M, [Zn]=3.13x10"> M; left curve:
[(S)-COH]=2.08x10~* M, [(R)-COH]=0 M; right curve: [(S)-
COH]=1.04x10"* M, [(R)-COH]=1.04x10"* M. Same set of
rate parameters as given in Fig. 1, a=1.
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This effect is essentially due to the involved chiral
implications and can be traced back to the bimolecular
processes in step C-IIT (Table 2). A simple evaluation
shows that in this step the total yield of (COZn), is at
maximum for enantiomerically pure initial conditions
and at minimum for racemic ones, where the ratio in
the theoretical yield before entering the autocatalytic
cycle is 1:0.75; for the sake of simplicity, not consider-
ing the non-discriminative direct formation of COZn in
step C-II. Note that there is no immediate difference in
the catalytic ‘power’ between the homochiral and the
heterochiral dimer species but a rapidly established
difference in the concentration in respect to the total
amount of the catalytic species. Subsequently, this dif-
ference undergoes amplification during the course of
the autocatalytic cycle and becomes increasingly larger.
In other words it is not necessary to assume that the
homochiral and heterochiral catalyst dimer are embed-
ded in two distinct reaction pathways (e.g. a catalytic
and a noncatalytic one). In fact, it is the same reaction
network for both but the presence of the bimolecular
processes in step C-11I that initiates the difference in the
kinetics before the actual autocatalytic process starts.

3.3. Factors affecting chiral amplification and the
product enantiomeric excess

Concerning the model system (Table 2), basically three
factors account for chiral amplification and for the
observed degree in enantiomeric excess: 1. the above
mentioned step C-III favoring the excess enantiomer
over the minor one followed by its amplification in the
autocatalytic cycle; 2. the value of the stereoselective
parameter «.; and 3. the stereospecifity considered for
step C-V.

A closer examination of the dynamics of step C-III
leads to the assumption that in respect to the hetero-
chiral dimerization, (R)-COZn+(S)-COZn—(R)(S)-
(COZn),, two opposing factors could affect the enan-
tiomeric excess of the catalytic species that are
subsequently available for the autocatalytic cycle. In
the presence of this process («>0), equimolar amounts
of both (R)- and (S)-COZn enantiomers form the
heterochiral dimer. Consequently, this leads to an
increase in the enantiomeric excess of the major enan-
tiomeric monomer species in a way that is analogous to
a racemate crystallization.”®>° On the other hand, in
the absence of the respective process («=0), exclusively
the formation of the homochiral dimer is possible that
also leads to an amplification of the enantiomeric
excess due to the stereospecifity in step C-V. Obviously,
the first process is soon overshadowed by the second
one as shown in Fig. 4 in which the product enan-
tiomeric excess (ee,,,q) does not decrease but increases
by diminishing the value of a.

It is interesting to note that a positive nonlinear effect
of ee,,q versus ee, is obtained even for the case in
which «=1 (see Fig. 4). This means that it is theoreti-
cally possible to describe autocatalytic chiral amplifica-
tion by the model scheme by keeping entire symmetry
corresponding to all involved rate parameters. How-
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Figure 4. Nonlinear relationship between product enan-
tiomeric excess (ee,,,q) and enantiomeric excess of initially
added ROH (ee,) as a function of the stereoselective parame-
ter. Curves a—f: =0, 0.2, 0.4, 0.6, 0.8, 1.0. The broken line
indicates the optimum case for a linear relationship.

ever, amplification effects as quantitatively observed by
Soai and co-workers!"® apparently require a value of
o<1 as already shown in Fig. 2. In respect to the model
system, this indicates that the dimerization (step C-III)
probably proceeds in a stereoselective way, favoring the
formation of the homochiral over the heterochiral
dimer. This is in agreement with the findings of Black-
mond and co-workers'®?* who demonstrated experi-
mentally that there is no disposition toward a more
stable heterochiral dimer.

4. Conclusion

A simplified kinetic model to account for chiral amplifi-
cation in autocatalytic alkylzinc additions has been
proposed. The model describes for the first time the
possible reaction network by the use of exclusively
mono- and bimolecular processes and by taking
reversible processes into account without a priori
assuming that equilibration occurred fast or slow. Most
of these processes can be traced back to rational chem-
ical reactions.

The basic dynamics of the reaction system were
expressed in terms of a self-replication-type mechanism
in which the zinc alkoxide dimer, (COZn),, plays the
central role as a template species that can associate
CHO and Zn and consequently catalyzes the formation
of COZn. Applying the method of inverse data treat-
ment, the above consideration has led to an acceptable
reproduction of experimentally studied kinetics and
could describe the kinetic effect of the initially added
enantiomeric excess on the globally observed kinetics.
This allowed closer analysis of the possible dynamic
properties of the reaction system.
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It was shown that the comparatively high concentration
of the catalytic dimer causes the pronounced autocata-
lytic efficiency that is untypical for usual self-replicating
systems but that is apparently essential for chiral
amplification phenomena. It turns out that even an
entirely symmetric reaction network can cause enan-
tiomeric amplification and that it is unnecessary to
assume different pathways for homochiral vs. hetero-
chiral processing. In essence, autocatalysis and chiral
amplification cannot be reduced to a single step but the
whole kinetic scheme has to be taken into account. This
also concerns the proposed!® fundamental requirement
of a mechanism for suppression of production of the
minor enantiomer that in a simple Frank-type model is
obvious but in the present case apparently embedded in
the dynamic dimerization equilibria.

Although representing a more detailed dynamic
description of chiral amplification in alkylzinc addi-
tions, the proposed model remains tentative because of
a number of still uncharacterized chemical processes
and the lack of more extensive kinetic data. It is
proposed that future experiments should focus on dif-
ferent aspects like the role of side reactions, the dimer-
ization processes as well as the thermodynamic
properties of the assumed dimers and above all: the
time evolution of single enantiomeric species.
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