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Abstract. Recent kinetic studies are discussed that shed light on the
reaction mechanism of the autocatalytic addition of diisopropylzinc to
pyrimidine carbaldehydes (Soai reaction). Soai’s reaction stands for
the exclusive example of chirally autocatalytic reaction system in
organic chemistry and has attracted close attention from several view-
points: as possible account for the origin of biomolecular homochiral-
ity, as potential innovation in enantioselective synthesis or as a fur-
ther remarkable manifestation of nonlinear dynamics in chemical sys-
tems. It is indicated that the reaction is driven by enantioselective
autocatalysis and mutual inhibition as the essential components. A
numerical approach reveals that experimentally observed chiral
amplification and mirror-symmetry breaking can be readily repro-
duced by a comparatively simple kinetic model that considers
monomers as the catalytic species.

Keywords: Soai reaction, asymmetric autocatalysis enantiose-
lection.

Resumen. Se discuten estudios cinéticos recientes que dan luz sobre
el mecanismo de reaccion de la adicion autocatalitica de diisopropilz-
inc en pirimidilcarbaldehidos (reaccion de Soai). La reaccion de Soai
se mantiene como un ejemplo exclusivo de un sistema de reaccion
quiralmente autocatalitico en quimica organica y que ha atraido la
atencion desde diversos puntos de vista: como una explicacion para el
origen de la homoquiralidad biomolecular, como innovacién poten-
cial en la sintesis enantioselectiva 0 como una notable manifestacion
de la dinamica no lineal en sistemas quimicos. Se ha mostrado que la
reaccion es dirigida por autocatalisis enantioselectiva e inhibicion
mutua como procesos esenciales. Una aproximaciéon numérica revela
que la amplificacién quiral observada experimentalmente y el
rompimiento de la simetria especular pueden ser reproducidas a partir
de un modelo cinético comparativamente simple y que considera
mondémeros como las especies cataliticas.

Palabras clave: Reaccion de Soai, autocatalisis asimétrica
enantioseleccion

Introduction

Hardly ever a newly discovered chemical reaction has turned
established organic chemistry textbook knowledge upside
down as happened in 1995 when Kenso Soai and co-workers
revealed the first example of chiroselective autocatalysis in an
organic reaction system (Scheme 1) [1]. This reaction was
shown to amplify spontaneously trace amounts of initial enan-
tiomeric excess (ee) to the highest degree [2] and — even more
— it made it possible to generate extensive ee from “nothing”
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in repeated experiments, i.e. by starting from entirely achiral
initial conditions and without the influence of any chiral field
[3-5]. Obviously, the later phenomenon stood in deep contrast
to long-standing chemists’ acquaintance about asymmetric
synthesis where the presence of a chirally asymmetric factor
was considered as vital for creating chiral imbalances during
the course of a chemical reaction [6].

Soai’s discovery opened a new and challenging perspec-
tive in asymmetric synthesis although amplification of initial
ee has been observed in various asymmetric reactions before
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Scheme 1. The addition of diisopropylzinc to pyrimidine carbaldehyde yielding isopropylzinc alkoxide that, after hydrolysis, is converted into a
stable chiral pyrimidyl alkanol (Soai reaction). The arrow indicates the autocatalytic feedback resulting in an amplification of enantiomeric

excess. R = H, CHj3, t-Bu-C=C-, (CH;);Si C=C-.
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Scheme 2. The alkylation of benzaldehyde with dimethylzinc catalyzed by (25)-3-exo-(dimethylamino)-isoborneol, (S)-DAIB, (Noyori reac-
tion) yielding a higher enantiomeric excess of the resulting phenyl alcohol than that of the initially added (S)-DAIB. The observed chiral

amplification is due to a positive nonlinear effect in asymmetric synthesis.

[7]. Among those one can find the amino alcohol-catalyzed
alkylzinc addition to benzaldehydes that has been pioneered
by Noyori in 1989 (Scheme 2) [8].

Noyori’s reaction falls in into the category of so-called
nonlinear effects (NLE) in asymmetric synthesis [7, 9] in
which the relation between the ee of the chiral auxiliary and
the ee of the chiral reaction product deviates from linearity.
Recall that the ee of a substance obtained by chiral resolu-
tion or classical asymmetric synthesis is usually less than, or
at most, equal to that of the chiral initiator while in the case
of NLE the product ee exceeds the ee of the catalyst or auxil-
iary [10]. NLE in asymmetric synthesis reflect the complexi-
ty of the reaction mechanism involved and are usually
caused by the self-association of chiral species such as chiral
intermediates or metal-organic complexes during the course
of the reaction. In the case of dimerization, diastereomeric
homochiral (RR or SS) and heterochiral (RS or SR) dimers
can be formed in different relative amounts due to possible
differences in their thermodynamic stabilities or rates of for-
mation or dissociation. Supposed that heterochiral dimers
would display higher thermodynamic stability as their
homochiral counterparts, the overall ee of the remaining R
and S monomers would increase by the formation of a hete-
rochiral reservoir containing an optically inactive RS meso
compound (reservoir model). Moreover, homochiral and het-
erochiral dimers may display different reactivity if they take
part for example as catalytic species in the further reaction
processing. Such a processing refers to the so-called “ML,
system” introduced by Kagan [11] in which dimers or
oligomers play the role of catalytic species in contrast to the
reservoir model where monomers are considered as catalyti-
cally active.

Soai’s reaction tops the above mentioned NLE by the fact
that the asymmetric catalyst is not externally added such as
the DAIB in the case of Noyori and co-workers but the cata-
lyst is the reaction product itself. Reactions in which the reac-
tion product catalyses its own formation are called autocat-
alytic. Hence the Soai reaction is chirally autocatalytic, i.e. the
chiral product and chiral catalyst are identical and the reaction
is simultaneously accelerated and stereoselectively directed by
the same species that is generated in-situ.

The emergence of Nonlinearity
and Stochastic Behavior

While organic chemists talk about “nonlinear effects” if the ee
of the chiral catalyst is not linearly correlated with the ee of
the chiral product, physical chemists call “nonlinear” the
chemical feedback as displayed by autocatalytic kinetics.
Nonlinearity of that sense is at the origin of many phenomena
for instance the dreadful dynamics of thermal explosions or
the remarkable breaking of temporal or spatial symmetry in
oscillating reactions [12]. In asymmetric reactions, autocat-
alytic kinetics can result in so-called ‘mirror-symmetry break-
ing’ [13]. This phenomenon is related to the coexistence and
to instabilities of stationary or pseudo-stationary states and
can only occur if the reaction system is situated far enough
from thermodynamic equilibrium [14] which applies to almost
every chemical reaction in its earlier stages.

Basically, a chiral reaction system is characterized by two
dominant states: an optically active state and a racemic one.
Under certain conditions, nonlinear kinetics can cause the
instability of the racemic state where the optically active state
becomes stable and vice versa. The transition between the two
states is called bifurcation and has dramatic consequences: for
example, a system in an unstable racemic regime becomes
highly susceptible to smallest fluctuations like a marble
placed on the tip of a needle so that it will be driven inevitably
from the racemic state into the optically active one. This
means, as long as the constraints are not altered and the sys-
tem is further kept from equilibrium there is no other option as
to remain optically active. Fluctuations — for instance thermal
ones — are inherent to any real chemical system. Even if these
fluctuations are infinitesimal small, they will push the system
away from an unstable state but they are undirected. Hence it
remains unpredictable for each individual experiment in
which optically active state the system will be driven, i.e. if
the R or the S species will dominate like it is impossible to
predict exactly the trajectory of the marble falling from the
needle tip. Of course, for a larger number of experiments an
equal distribution between R and S dominance is expected if
the initial conditions do not involve any preferences. Such
phenomenon is called mirror-symmetry breaking and intro-
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duces an element into chemical sciences that has been ignored
for long time — namely, the manifestation of stochastic behav-
ior that questions the dogma of always achievable repro-
ducibility [15].

A further characteristic of autocatalysis is auto-amplifica-
tion such as the vicious feedback of a microphone connected
to an amplifier and directed to its own loudspeaker. Chiral
amplification can occur in a similar way: the R enantiomer
amplifies its own formation and the S enantiomer does the
same for its individual growth. However, as it can be readily
deduced, the auto-amplification of R and S is necessary but
not sufficient to amplify an initial ee. In fact, none of the both
R and S products would finally make the race since at best
their initial distance would remain the same throughout the
reaction. Obviously, this is not the case in Soai’s reaction
where very small initial ee is amplified to a great extent.
Hence a further aspect has to be considered that is so-called
mutual inhibition. Mutual inhibition is the reaction between
the two enantiomers to form a (kinetically) inactive product.
With the two considerations, autocatalysis and mutual inhibi-
tion, we have the ingredients to construct the simplest kinetic
model that reproduces chiral amplification as it has been
already done by Frank [16] more than 50 years ago,

A+R 2R (k) [1]
A+S=2S (k)
R+S—>P (k)

where A stands for the achiral substrate, R and S for the enan-
tiomeric products, and P for an inactive and not further speci-
fied species. Note that by the given rate constants &y and k&, the
model remains entirely symmetric, nevertheless, it can lead to
an amplification of any initial ee - no matter how small - up to
nearly 100%.

Despite of its short and elegant notion, Frank’s model
remained completely general from the chemical point of view.
In fact, it could merely refer to any existing system because
the first laboratory case of chiral autocatalysis - occurring in
the stirred crystallization of NaClO; [17] - has been reported
about 40 years after Frank’s landmark paper. Until today, the
Soai reaction remains the exclusive example of such kind in
organic chemistry, i.e. the only chirally autocatalytic system in
which a chiral carbon is formed. The emergence of chiral car-
bon-based chemistry developing complex molecules and the
creation of chiral imbalances in terms of L-amino acids and
D-sugars is typically associated to the early conditions for the
emergence of life. Hence Soai’s successful experimental real-
ization has attracted close interest to those searching for the
origin of biomolecular homochirality [18] — one of the still
unsolved key questions related to universal symmetry princi-
ples on one hand and to the origin of life on Earth and perhaps
elsewhere in the universe on the other. Since homochirality is

Thomas Buhse

overwhelmingly considered as a prerequisite and not as a con-
sequence of life, one was hoping to find a laboratory case for a
chemical scenario of spontaneous chiral amplification since
the early times of Frank that perhaps now has been uncovered
— at least technically. The Soai reaction remains hardly realis-
tic from a prebiotic point of view because of its comparatively
complex reactants and reaction conditions that require a dry
and air-free environment. However, it gives insight into a pos-
sible reaction network that can display chiral amplification
and create chiral imbalances “from nothing” not only by theo-
ry but in experiment.

Many information about the Soai reaction can be obtained
such as the experimental observation of tremendous chiral
amplification where in a one-pot approach an ee = 50% is
obtained from a tiny initial imbalance of initially ee = 5x 1073
% [2], the control of the enantiomeric direction of the reaction
using only few thousand chiral molecules as initiator [4], or
the systematic generation of ee without adding any chiral sub-
stances resulting in a probabilistic predominance of either R-
or S-product species in each experiment [3-5]. However,
attempts to understand better the mechanism and dynamics of
the Soai reaction are still at the beginning. Dynamic consider-
ations and kinetic modeling as developed by our group [19]
could help to obtain a better insight.

Kinetic strategies: Two Viewpoints

Up to now, two different main kinetic strategies for gathering
mechanistic information of Soai’s reaction have been
employed: 1. An analytical approach [20-22] derived from
Kagan’s instructive description of the ML, system that
requires a number of simplifications in order to remain mathe-
matically tractable and 2. A numerical approach [23, 24]
avoiding ad hoc assumptions or approximations but loaded
with a larger number of variables and parameters. Both strate-
gies were based on available experimental information.

As an analogue to Noyori’s system and recently verified
by NMR studies [25], the Soai reaction exhibits the formation
of isopropylzinc alkoxide dimers (Scheme 3) that presumably
play an essential role in the amplification dynamics. Hence as
a fundamental requirement for any kinetic modeling the for-
mation of dimers or oligomers has to be considered.
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Scheme 3. Dimerization equilibria of the type R + R <= RR, S+ S <«
SS, and R + S < RS giving rise to the formation of diastereomeric
homochiral and heterochiral dimer species in the Soai reaction (note
that RS = SR). The [Zn-O], ring structure has been predicted as the
most stable configuration (ref. 24).
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Accordingly, dimers are taken into account in the analyti-
cal approach but no explicit mention of the role of the
monomers is made. This is because only dimers but not
monomers are considered as catalytically active species. As a
consequence, this simplification suggests that dimer formation
occurs instantly and that an expected uncatalyzed product for-
mation via involvement of the monomers remains kinetically
insignificant throughout the reaction. Considering the dimer-
ization equilibria:

R+R = RR (kq)
RR-=R+R (ks)
S+S-SS (kq)
SS-=S+S (ks) [2]
R+S—=RS (k)
RS—=R+S (k3)

the following parameters are used in the ML, model:

B =RS/(RR + SS) (3]
g = krs/krr (4]

where f represents the relative amounts of the dimers and kgg
and kpy the rate constants of the catalyzed formation of the R
and S products according to:

dR/dt = kRR RR+0.5 kRS RS [Sa]
dS/dt= kRR SS+0.5 kRS RS [Sb]

The ee is calculated from the above rates of formation as
follows:

ee = [RR — SSJ/[RR +88 + (krg/krr) RS] [6]
Introducing B and g results in:
ee = {[RR — SSJ/[RR + SS + RS]}[(1+B)/(1+gp)] [7]

where the first factor {{RR — SS]/[RR + SS + RS]} is associ-
ated to the ee(aux), i.e. to the ee of the initial catalyst so that

ee(product) = eey X ee(aux) X [(1+B)/(1+gB)] [8]

where ee is the maximum value reached when using an enan-
tiopure catalyst. By considering only dimers, i.e. neglecting
the presence of monomers, the following equilibrium con-
stants appear:

RNRXR:SS/SXS:k4/k5:KHOMO [93]
RS/RXS = kz/k3 = KHETERO [9b]

where we arrive at:

K = RSz/RRX SS = (KHETERO /KHOMO)2 [10]
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A relationship between § and ee,,, is related to the RR +
SS <> 2RS equilibrium:

B ={—m+ SQRT[—4m + K(4+m)]}/(4+m) [11]
with m = K X ee,,>. A comparison of the 8 values calculated

by numerical integration of the k4/ks and k,/k; equilibria versus
those obtained by eq. 11 is given in Table I.

Table 1. Comparison of the dimer ratio 8 calculated by numerical
integration and obtained by eq. [11] (in brackets).

eeauxwl' K- 0.25 1 4
0.99 0.009 (0.007) 0.10 (0.09) 0.1 (0.1)
0.50 0.200 (0.193) 0.365 (0.355) 0.600 (0.600)

0.01 0.250 (0.250) 0.500 (0.500) 1.000 (1.000)

It is indicated that differences between the analytical and
the numerical approach are apparent and can become substan-
tial if the ee,,, is large and the value of K is small. Note that
these differences already appear only by considering the set of
equilibria as given by eq. 2, i.e. still not including the chemi-
cal conversion of reactants to products.

The numerical approach is based on a set of differential
equations coming from a series of elementary reactions that
represent the best guess of a possible reaction mechanism.
One possible “best guess” for Soai’s system could be the
kinetic model as follows:

A+Z->R (ko) [1°]
A+Z->S (ko) [2°]
A+Z+R->2R (k) [3°]
A+Z+S->2S (k) [4°]
R+S—=RS (k) [5°]
RS-=R+S (k3) [6°]
R+R -=RR (ks) [7°]
RR >R +R (ks) [8°]
S+S-SS (ky) [9°]
SS—=S+S (ks) [107]

where A = pyrimidine carbaldehyde, Z = diisopropylzinc, R or
S = enantiomeric zinc alkoxide, RR or SS = homochiral zinc
alkoxide dimers, and RS = heterochiral zinc alkoxide dimer.
Considering available experimental information, such as
the presence of two reactants, the observation of autocatalytic
kinetics, and the formation of dimers, the above model can be
considered as a minimal scheme consisting of foremost chem-
ically realistic steps. Model steps [1’] and [2’] describe the
uncatalyzed direct formation of the S and R products. Such
consideration is necessary because some experiments were
started only with A and Z and — nevertheless — generated sig-
nificant ee [3-5]. The autocatalytic steps [3°] and [4’] are
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given as termolecular reactions. Obviously, a termolecular
notation remains unlikely from the chemical viewpoint but it
reflects the lack of knowledge and experimental information
of this key process. Steps [5°] to [10°] denote the dimerization
equilibria where the mutual inhibition is expressed by step [5°]
in the form of a reversible reaction. Hence in contrast to the
Frank model [16] mutual inhibition is part of a dynamic
process that depends on the concentrations of R, S and RS as
well on the rate constants &, and 4.

In contrast to the analytical approach, many more para-
meters and variables are involved in the above model but — in
turn — no a priori approximations have been imposed, i.e. all
possible species are considered, the equilibria can be slow or
fast, and the uncatalyzed direct formation of the products is
taken into account. The strategy of kinetic modeling is less
focused on the extraction of rate parameter values and instead
on the exploration of the dynamics of the system. Usually a
qualitative reproduction of experimental data followed by a
quantitative one gives support for the model chosen or — in the
case of divergence — it undermines the choice and requires a
different model. Once quantitative agreement with the experi-
ment is established, the model system can be examined for the
sensitive processes and parameters that govern the dynamics
and predictions for future experiments can be established.

The numerical approach: How does it perform
for the Soai reaction?

Model system [1°] to [10°] translates into the following set of
differential equations:

dA/dt = —2ky AZ — k; AZ(R+S) [12]
dz/dt = —2ky AZ — k; AZ(R+S)

[13]
dR/dt = ky AZ + k; AZR — ky RS + k3 (RS) +
2ks (RR) — 2k, RR [14]
dS/dt = kg AZ + k; AZR — ky RS + k3 (RS) +
2ks (SS) — 2k, SS
d(RS)/dt =k, RS — k3 (RS)
d(RR)/dt = —ks (RR) + k, RR
d(SS)/dt = —ks (SS) + k,SS

where two mass-balance relations can be identified:

dA +dR +dS + d(RR) + d(SS) + dRS)=0and  [19]
dA=dz [20]

rendering the model into a 5-variable system.

As shown in Fig. 1, with the above set of rate equations
the experimentally observed chiral amplification from
extremely low initial values to very high final ee can be readi-
ly reproduced. However, in order to observe such amplifica-
tion, two important restrictions apply for the choice of the rate
parameter values that also gives closer insight into the mecha-
nistic properties of Soai’s reaction:
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a) The rate constant ky has to be adequately small. For
instance, chiral amplification as shown in Fig. 1 does not
occur if ky = 0.2 M-!s’!. It is obvious that if the chirally
unspecific process A + Z = R or S proceeds too fast it gen-
erates a high amount of racemic matter that ‘inundates’ the
amplification process displayed by the autocatalytic steps
and the mutual inhibition.

b) More important, the mutual inhibition rate constant &, (R +
S = RS) must be higher than k44 (R + R = RRor S+ S —»
SS), i.e. the heterodimerization has to occur faster as the
homodimerization. Moreover, taking into account the equi-
librium constants Kygrero = ko/ksz and Kyomo = ka/ks, it is
essential that Kygprero > Knomos 1-€- the heterochiral dimer
has to be thermodynamically more stable than its homochi-
ral counterpart. This is in agreement with semi-empirical
energy calculations of the RS and RR or SS dimers [24].

Still more intriguing as the capability of huge chiral
amplification in Soai’s reaction is the experimental observa-
tion of spontaneous generation of ee from entirely achiral
starting conditions. In fact, this discovery is fundamental since
it incorporates all studies of amplification into one experi-
ment. It appears that Soai’s reaction displays highest sensitivi-
ty so that even no starting catalyst is needed to yield consider-
able ee. The systems already responds to statistical imbalances
of racemates.

The first chiral material generated under such achiral
starting conditions can only originate from the unspecific
process A + Z = R or S, i.e. has to be considered as racemic.
However, a closer look reveals that no racemate can be ideally
racemic, i.e. there is always a slight statistical deviation from
the racemic state that is inversely proportional to the square
root of the number of chiral molecules involved [26]. This is
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Fig. 1. Time evolution of A, R, S and the corresponding ee (log scale)
by kinetic model [1°] to [10°] where an ee(initial) of 10-3 % is ampli-
fied to about 85%. Note the branching of R and S after about 10 sec
reaction time. Initial conditions (arbitrarily chosen): [A]y = [Z]y =
IM, [R]O + [S]O = OlM, kO = 10-6 M_IS-I, k] =1 M—2S-1, k2: 105 M—IS-I,
k3=10s"1 k,=10M"'s! and ks=10s"'.
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the starting point where two possible scenarios arise: 1. We
run a “classical” chemical reaction or consider a system at
equilibrium in which the deviation remains at a minute level
representing nothing more than an undirected chiral noise
around a stable racemic state. In this case there is no measur-
able impact on the outcome of the process or 2. The system is
nonlinear, equipped with an appropriate feedback mechanism
and sufficiently far from equilibrium so that randomly gener-
ated tiny ee — no matter how small — can be amplified to a
macroscopic level. In this case, the system is driven from an
unstable racemic state to an optically active one.

Obviously, the second case applies for Soai’s reaction.
Consequently, mirror-symmetry breaking includes chiral
amplification as already described further above but also
requires an additional dynamic condition rendering the
racemic state unstable. Hence amplification and mirror-sym-
metry breaking are strongly related phenomena but amplifica-
tion of ee can take place in a different parameter range as mir-
ror-symmetry breaking in such way that amplification always
occurs where there is also symmetry breaking but not neces-
sarily the other way round.

Fig. 2 shows that with the rate equations [12] to [18] mir-
ror-symmetry breaking is observed even in our simulations. At
the first glance, this result is surprising because numerical
simulations are deterministic and if started under symmetric
(achiral) initial conditions a symmetric (racemic) result should
be expected. However, fluctuations do not occur only in the
laboratory case but also in the form of inevitable rounding
errors in numerical computations. Normally, these errors
remain insignificant and level out readily. This again can be
greatly different in a nonlinear system where fluctuations are
amplified like it is the case in the real Soai reaction as well as
in our computer simulations. Surpassing a critical value of k,
of around 6x10°> M!'s™!, each computer simulation — started
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Fig. 2. Mirror-symmetry breaking reproduced by kinetic model [1°]
to [10’] in which k; acts as a bifurcation parameter (same conditions
as in Fig. 1 except [R], + [S]o = 0). Each mark represents the result of
one computer simulation. Note that for k, > 6x 103> M~!S~'the system
becomes optically active and that the positive and negative values of
the resulting ee are equally distributed.
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under completely achiral conditions — afforded an optically
active result. Analogous to the laboratory experiments, the
chirality sign (positive or negative ee) remained unpredictable
for each individual simulation but resulted equally distributed
over the total of experiments. Despite this unpredictability
each computational run with the same initial conditions and
internal calculation parameters was perfectly reproducible.

As indicated by the reproduction of selected experimental
key observations of Soai’s reaction, the proposed model and
the numerical method on which it is based demonstrate their
reliability. This becomes apparent for the case of mirror-sym-
metry breaking that has not been described by any variation of
the ML, model.

Monomers vs. Oligomers: Some Controversy

In the framework of the analytical approach, Blackmond and
co-workers [20] proposed the following autocatalytic rate law
for the Soai reaction:

rate = k[ 1][Z][2](1 + gB)/(1 + ) [21]

where 1 stands for the aldehyde and 2 for the total reaction
product. Expression [21] refers to a dimer catalyzed reaction
network that has been deduced from experimental observa-
tions. Microcalorimetric studies [20] revealed that the reaction
rate depends on the enantiomeric purity of the initially added
catalyst where the rate becomes roughly half when a racemic
instead of an enantiomerically pure catalyst was used while
both normalized rates as a function of the fraction conversion
matched. It was reasoned that if the catalyst would be
monomeric, asymmetric amplification required higher stabili-
ty of the heterodimer against the homodimer Kygrgro >
2Knomo- On the other hand, it is argued that the rate catalyzed
by the enantiopure catalyst can be only twice of the rate cat-
alyzed by the racemic catalyst if Kyprero = 2Knomo» 1-€. if
both dimers exhibit the same stability. In turn, same stabilities
of homo- and heterochiral dimers exclude the occurrence of
chiral amplification because of too weak mutual inhibition as
already mentioned above. According to the authors, this para-
dox could be only explained if the catalyst was dimeric or
higher oligomeric [20, 21].

Nevertheless, it appears that a straightforward discrimina-
tion between monomer and dimer catalysis requires further
investigation. As shown in Fig. 3a, our model [1°] - [10’] can
qualitative reproduce the effect of the catalyst enantiomeric
purity on the reaction rate without the need to consider dimers
as the catalytic species, i.e. the above stated paradox simply
vanishes by considering a kinetic model that is — compared to
the modified ML, expression [21] — less loaded with ad-hoc
assumptions. Fig. 3a shows a reproduction of the experimental
heat flows by assuming that the consumption of A is the only
exothermic process, i.e. the simulated heat flows have been
taken proportional to eq. [12]. Good agreement with experi-
mental data is achieved by considering initially 1 mol % of
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Fig. 3a. Simulation of reaction heat flows vs. time by kinetic model
[1°] to [10’] similar to experimental observations by micro-calorime-
try (ref. 20); ee(initial): 100% (solid line), 43% (dotted line), 0%
(dashed line). Initial conditions: [A]y = [Z]y = 0.2M, [R], + [S]o =
0.002M; ko= 6.8 %108 M-Is™! & = 6.3 %10 M5!, kp =2.2X 103 M"1s-
Uk =185k, =3.0x10> M!s!, and ks =77 s7.

total catalyst although experiments have been performed with
10 mol %. This discrepancy may originate from the conver-
sion of reaction heat flows to concentration based data as used
in our modeling that requires further verification.

In contrast to the authors’ report about a “constant rate
ratio of 0.5 for racemic versus enantiopure catalysts” [20], the
experimental points in Fig. 3b disclose that this correlation
remains rather approximate but, nonetheless, can be repro-
duced by model [1°] - [10°], i.e. the model responds even fair-
ly well to this deviation from the 0.5 ratio giving rise to the
experimentally observed curvature.

Concerning the proposed equal stabilities of heterochiral
and homochiral dimers, our modeling showed [>*] that neither
monomer catalysis nor dimer catalysis can give rise to mirror-
symmetry breaking under such condition. Hence arguments
supporting the dimer hypothesis have to be viewed more cau-
tiously. In resume, and for the time being, dimer catalysis can
not be excluded but neither can a monomeric catalytic net-
work.

Conclusion

Kinetic modeling confirms that chiral amplification and mir-
ror-symmetry breaking in the Soai reaction are driven by a
reaction network that contains enantioselective autocatalysis
and mutual inhibition as the essential ingredients. In this
sense, Soai’s reaction forwards the early concepts of Frank
[16] into the reality of today’s laboratory [27]. Taking into
account the formation of isopropylzinc alkoxide dimers, an
evaluation of the parameter space in which amplification and
symmetry-breaking are observed indicates that the heterochi-
ral dimers display a higher thermodynamic stability and have
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Figure 3b. Heat flows in the presence of enantiopure vs. racemic ini-
tial catalyst showing roughly a 2:1 relation. Filled squares: simulation
(same conditions as in Fig. 3a); open circles: experiment as taken
from ref. 20.

to formed faster than the homochiral ones, i.e. thermodynam-
ics and kinetics play a symbiotic and essential role in these
phenomena. The necessity of such delicate interplay may
explain why reactions like Soai’s type are so scarce.

Although our kinetic modeling reproduces well amplifica-
tion effects when the reaction is started with an ee of the reac-
tion product itself (the chiral isopropylzinc alkoxide or pyrim-
idyl alkanol), it is still completely undecided how to explain a
number of astonishing effects when various chiral initiators
other than the reaction product were used. In particular, amino
acids, epoxides, helicenes, circularly polarized light, even
enantiomorphous crystals such as quartz or solid NaClO; and
many more chiral factors have been shown [28] to induce high
selectivity although used in catalytic amounts with small ee.

In fact, the combined studies of kinetic and structural
aspects become more and more important in order to shed
light on the catalytic processing of Soai’s reaction, i.e. on
processes [3°] and [4°] that have been tentatively designated as
termolecular processes in our model. Regardless of the sur-
prising variety of possible chiral initiators, a first hint is given:
it has been observed that there was no chiral amplification
observed with ferrocenyl or 3-pyridyl carbaldehydes [29],
while the amplification effects increased from 3-quinolyl to 5-
pyrimidinyl and 2-methylpyrimidinyl to 2-alkynyl-5-pyrim-
idinyl carbaldehydes [30]. Mirror-symmetry breaking has
been reported so far with the largest alkynyl aldehydes. Also
the influence of solvent effects and product precipitation has
been discussed [31].

Allowing first insight into the structural aspects, recent
NMR studies indicate that additional equilibria between the
dimer species and a further diisopropylzinc molecule have to
be considered yielding RR-Z, SS-Z, and RS-Z association com-
plexes [25]. These studies combined with further kinetic
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experiments will have to decide about the closer reaction net-
work in Soai’s reaction as well as about the catalytic action of
monomer or dimer species. Furthermore, obtaining better
knowledge about the catalytic mechanism of Soai’s reaction
could efficiently nourish the discussion about the origin of
biomolecular homochirality by focusing the search on prebiot-
ically more plausible systems with clearer defined properties.

Acknowledgements

The author thanks the following collaborators and students
who contributed to the present work: Jean-Claude Micheau,
Dominique Lavabre, Jean-Michel Grevy, Ramoén Hernandez
Lamoneda as well as Jests Rivera Islas and Haydée Rojas
Cabrera. Also financial support from CONACYT research
grant 34236-E is gratefully acknowledged.

References

1. Soai, K.; Shibata, T.; Morioka, H; Choji, K. Nature 1995, 378,
767-768; Soai, K.; Shibata, T. In: Advances in BioChirality;
Pélyi, G.; Zucchi, C.; Caglioti; L. (Eds.) Elsevier: Amsterdam,
1999, pp. 125-136; Soai, K.; Shibata, T.; Sato, I. Acc. Chem. Res.
2000, 33, 382-390; Soai, K.; Sato, I.; Shibata, T. Chem. Rec.
2001, 7, 321-322; Podlech, J; Gehring, T. Angew. Chem. Int. Ed.
2005, 44, 2-3.

2. Sato, I.; Urabe, H.; Ishiguro, S.; Shibata, T.; Soai, K. Angew.
Chem. Int. Ed. 2003, 42, 315-317.

3. Soai, K.; Sato, I.; Shibata, T.; Komiya, S.; Hayashi, M.;
Matsueda, Y.; Imamura, H.; Hayase, T.; Morioka, H.; Tabira, H.;
Yamamoto, J.; Kowata, Y. Tetrahedron: Asymm.2003, 14, 185-
188.

4. Singleton, D. A.; Vo, L. K. Org. Lett. 2003, 5, 4337-4339.

5. Gridnev, . D.; Serafimov, J. M.; Quiney, H.; Brown, J. M. Org.
Biomol. Chem. 2003, 1, 3811-3819.

6. Morrison, R. T.; Boyd, R. N.; Boyd, R. K. Organic Chemistry,
6™ Ed., Prentice Hall: Englewood Cliffs, 1992, p. 152.

7. Girard, C.; Kagan, H. B. Angew. Chem. Int. Ed. Engl. 1998, 37,
2922-2959.

8. Kitamura, M.; Okada, S.; Noyori, R. J. Am. Chem. Soc. 1989,
111, 4028-4036; Noyori, R.; Suga, S.; Oka, H.; Kitamura, M.
Chem. Rec. 2001, 1, 85-100.

9. Guillaneux, D.; Zhao, S.-H.; Samuel, O.; Rainford, D.; Kagan, H.
B. J. Am. Chem. Soc. 1994, 116, 9430-9439; Avalos, M_;
Babiano, R.; Cintas, P.; Jiménez, J. L.; Palacios, J. C.
Tetrahedron: Asymm. 1997, 8, 2997-3017; Blackmond, D. G.
Acc. Chem. Res. 2000, 33, 402-411. Kagan, H. B. Adv. Synth.
Catal. 2001, 343, 227-233.

10. De Min, M.; Levy, G.; Micheau, J. C. J. Chim. Phys. 1988, 85,
603-619.

11. Puchot, C; Samuel, O.; Duiiach, E.; Zhao, S.; Agami, C.; Kagan,
H. B. J. Am. Chem. Soc. 1986, 108, 2353-2357.

12. Gray, P.; Scott, S. K. Chemical Oscillations and Instabilities,
Clarendon: Oxford, 1990; Epstein, I. R.; Pojman, J. A. 4n
Introduction to Nonlinear Dynamics, Oxford University Press:
Oxford, 1998; Strogatz, S. H. Nonlinear Dynamics and Chaos,
Perseus: Cambridge, 1994.

13.

14.

15.

16

18.

19.

25.
26.
27.

28.

29.

30.

31.

335

Avalos, M.; Babiano, R.; Cintas, P.; Jiménez, J. L.; Palacios, J. C.
Tetrahedron: Asymm.2004, 15,3171-3175.

Kondepudi, D. K.; Nelson, G. W. Physica A 1984, 125, 465-496;
Kondepudi, D. K.; Nelson, G. W. Nature 1985, 314, 438-441;
Kondepudi, D. K.; Prigogine, I. Modern Thermodynamics: From
Heat Engines to Dissipative Structures, Wiley, New York, 1998,
pp- 427-457.

Kondepudi, D. K.; Buhse, T. In: L’homme Devant L Incertain.
Prigogine, I. (Ed.) Odile Jacob: Paris, 2001, pp. 77-91; Epstein, 1.
R. Nature 1995, 374, 321-327.

. Frank, F. C. Biochim. Biophys. Acta 1953, 11, 459-463.
. Kondepudi, D. K.; Kaufman, R. J.; Singh, N. Science 1990, 250,

975-976; Buhse, T.; Kondepudi, D.K.; Laudadio, J.; Spilker, S.
Phys. Rev. Lett. 2000, 84, 4405-4408; Kondepudi, D. K.;
Asakura, K. Acc. Chem. Res. 2001, 34, 946-954.

Bonner, W. A. Origins Life Evol. Biosphere 1991, 21, 59-111;
Avetisov, V.; Goldanskii, V. Proc. Natl. Acad. Sci. 1996, 93,
11435-11442; MacDermott, A.J.; Barron, L.D.; Brack, A.;
Buhse, T. Planet. Space Sci. 1996, 44, 1441-1446; Siegel, J. S.
Chirality 1998, 10, 24-27; MacDermott; A. J. Enantiomer 2000,
5, 153-168; Avalos, M.; Babiano, R.; Cintas, P.; Jiménez, J. L.;
Palacios, J. C. Tetrahedron: Asymmetry 2000, 11, 2845-2874;
Podlech, J. Cell. Mol. Life Sci. 2001, 58, 44-60.

Buhse, T.; Lavabre, D.; Micheau, J.C.; Thiemann, W. Chirality
1993, 5, 341-345; Rivera Islas, J.; Pimienta, V.; Micheau, J.C.;
Buhse, T. Biophys. Chem. 2003, 103, 191-200; Rivera Islas, J.;
Pimienta, V.; Micheau, J.C.; Buhse, T. Biophys. Chem. 2003,
103, 201-211; Rivera Islas, J.; Micheau, J.C.; Buhse, T. Origins
Life Evol. Biosphere 2004, 34, 497-512.

. Blackmond, D. G.; McMillan, C. R.; Ramdeehul, S.; Schorm, A.;

Brown, J. M. J. Am. Chem. Soc. 2001, 123, 10103-10104.

. Buono, F. G.; Blackmond, D. G. J. Am. Chem. Soc. 2003, 125,

8978-8979; Blackmond, D. G. Proc. Natl. Acad. Sci. USA 2004,
101, 5732-5736.

. Blackmond, D. G. Angew. Chem. Int. Ed. 2005, 44, 4302-4320.
. Buhse, T. Tetrahedron: Asymmetry 2003, 14, 1055-1061.
. Rivera Islas, J.; Lavabre, D.; Grevy, J.M.; Hernandez Lamoneda,

R.; Rojas Cabrera, H.; Micheau, J.C.; Buhse, T. Proc. Natl. Acad.
Sci. USA 2005, 102, 13743-13748.

Gridnev, 1. D.; Serafimov, J. M.; Brown, J. M. Angew. Chem. Int.
Ed. 2004, 43, 4884-4887.

Mills, W. H. Chem. Ind. (London) 1932, 51, 750-759.

Feringa, B. L.; van Delden, R. A. Angew. Chem. Int. Ed. 1999,
38, 3418-38. Todd, M. H. Chem. Soc. Rev. 2002, 31, 211-22;
Mislow, K. Coll. Czech. Chem. Comm. 2003, 68, 849-64.

Soai, K.; Sato, 1. Chirality 2002, 14, 548-554; Soai, K.; Shibata,
T.; Sato, 1. Bull. Chem Soc. Jpn. 2004, 77, 1063-1073; Kawasaki,
T; Sato, M.; Ishiguro, S.; Saito, T.; Morishita, Y.; Sato, L.;
Nishino, H.; Inoue, Y.; Soai, K. J. Am. Chem. Soc. 2005, 127,
3274-3275.

Soai, K.; Hayase, T.; Takai, K. Tetrahedron:Asymmetry 1995, 6,
637-638; Soai, K.; Niwa, S.; Hori, H. J. Chem. Soc., Chem.
Commun. 1990, 982-983.

Shibata, T.; Choji, K.; Hayase, T.; Aizu, Y.; Soai, K. Chem.
Commun. 1996, 1235-1236; Shibata, T.; Hayase, T.; Yamamoto,
J.; Soai, K. Tetrahedron: Asymmetry 1997, 8, 1717-1719.

Buono, F. G.; Iwamura, H.; Blackmond, D. G. Angew. Chem. Int.
Ed. 2004, 43,2099-2103.



