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Nonlinear Effectsin Asymmetric Autocatalysis

In the 1950s, no autocatal ytic reactions were known. F. C. Frank wasthe first to
suggest that a process, in which adesired reaction is assisted or an undesired reaction is
suppressed, is necessary for asymmetric amplification in an autocatal ytic reaction.* His
postulate, If it is possible to suppress one reaction pathway relative to the other, then the
ee can grow rapidly as the autocatalytic reaction iterates, has tantalized many
experimentalists who have tried to proveit. A few decades later, Soa demonstrated that
the addition of dialkylzincsto pyridine-3-carbaldehyde was autocatal yzed by the product
of the reaction, and the product obtained was enriched in the same enantiomer as the
catalyst.?

Evidence will be provided that asymmetric amplification in many asymmetric
syntheses can be understood by Kagan's empirical models®, and asymmetric
amplifications as positive nonlinear effects (NLES) are manifested in asymmetrical
autocatalysis as discovered by Soai. Finaly, it is shown that asymmetrical autocatalysis
could be an origin of homochirality of organic compounds, a prediction absent in Frank’s
postul ate.

Nonlinear Effectsin Asymmetrical Stereoselective Reactions

In many asymmetrical stereoselective syntheses, enantiomeric excess of the
product (eeyroq) IS NOt always proportional to enantiomeric excess of the auxiliary (e€aux)
employed in the reaction. If eeyoq is higher than eeaw, (+)-NLE is obtained with amplified
enantiosel ectivity.® Conversely, if egyoq islower than eeay, (-)-NLE is obtained with
depleted enantioselectivity (Figure 1).
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Figure 1. Nonlinear effects with partially resolved chiral auxiliaries



What are the major advantages of NLE investigations with partially resolved
chiral auxiliaries? Thefirst advantage isthat NLEs which arise from auto association of
the chiral auxiliaries in solution can be used to understand subtle diastereomeric
interactions between enantiomers. Secondly, NLEs can be useful in understanding the
speciesinvolved in the catalytic cycle and their behaviorsin solution. Thirdly, NLES can
be used to generate products with ee’ s from enatiomerically impure chiral auxiliaries.
Fourth, NLEs can be used as a probe to obtain information on the subtle mechanism by
which enantiosel ectivity is generated.

One of theinitial NLE reports pertained to the search for the mechanism of the
proline-catalyzed enantiosel ective aldol reaction (Hajos-Parrish-Wiechert reaction).”
Agami suggested two prolines were involved in the enantio-differentiation step, with the
first proline undergoing a chiral enamine formation on the side chain, promoting an
incipient C-C bond formation which led to an enantioselective aldol product. However,
he realized that in the optimized enamine intermediate, lone pair el ectrons on the nitrogen
are deactivated by hydrogen bonding to one of the ketone groups in the ring, resulting in
inhibition of subsequent C-C bond formation. Therefore, addition of one more prolinein
the intermediate is proposed not only to stabilize the hydrogen bonding, but also to

increase the activity of the lone pair on the nitrogen (Figure 2).
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Figure 2. Two proline-mediated highly enantiosel ective aldol reaction



The two proline mediated intermediate mechanism was supported by both a
kinetic experiment in which overall reaction rate is second order in proline concentration,
and NLE investigation with partialy resolved proline revealing (-)-NLE. Using the
enantiomerically mixed prolines, it can be expected that two diastereomeric complexes,
homochiral complexes having (S,S) or (R,R) proline combinations and heterochiral
complexes having (R,S) or (SR) proline combinations, would be formed in the two
proline-mediated intermediate, with each diastereomeric complex contributing different
reaction rates to the formation of the enantiomeric aldol products. In order to observe (-)-
NLE, the product formation rate in heterochiral complexes (Knhetero) Should be faster than
the homochiral case (Knomo), Which is consistent with the kinetic experiment that Knetero
was twice as large as Knomo.”

Kagan formulated empirical models for NLEs focused on diastereomeric
interactions between metal and chiral ligands.®> He observed that the monomeric chiral
ligand - metal interaction would display alinear autoinduction. However, if two chiral
enantiomeric ligands are associated on a metallic center, three different catalytic species
form, which would not guarantee a linear autoinduction. He proposed four basic models:
ML including bimetallic dimerization of (M-L), reservoir effect model which isthe most
generalized model, ML3, and ML4 model. For ssmplicity, only ML, and the reservoir
effect model are covered.

Fast ligand exchanges among two enantiomersin ML, Systems occur on a
metallic center, giving rise to three different complexes: X, Y, and Z in their steady
states. Each steady state complex undergoes an irreversible rate determining step to
generate a product in which the enantiomeric complexes, X and Y, produce their
enantiomeric products, and the meso complex, Z, produces racemic products (Figure 3).
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Figure 3. General catalytic cyclein ML, model




For example, in the Sharpless asymmetric epoxidation reaction of geraniol, (+)-
NLE was observed with partially resolved diethyl tartrate (DET).> The obtained data
points could be best fitted by K =1000, g = 1/3 (Figure 4). This shows that the meso
titanium complex predominantly exists once the equilibrium is reached, and its activity is

one-third that of the homochiral one.
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Figure 4. (+)-NLE in the Sharpless asymmetric epoxidation of geraniol

Kagan'sreservoir effect model, the most generalized model, is based on
generation of two different catal ytic species when two enantiomers are mixed in solution:
inactive reservoir catalysts and active catalysts.®> The inactive reservoir catalyst with ee
of reservoir (ee.), consists of aggregated ligand-metal complexes in which heterochiral
complexes are predominantly existent due to their thermodynamic stabilities.
Meanwhile, the active catalyst with eegs consisting of a monomeric metal - ligand
complex, undergoesiits catalytic cycles. Assuming that two catalytic speciesarein
equilibrium each other, ees would be amplified due to the disposition of monomeric

catalyst to form heterochiral complexes (Figure 5).
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Figure 5. Reservoir effect model by which eeg of the active catalyst is amplified



Noyori successfully applied the reservoir active model to (+)-NLE upon
asymmetric akylation of benzaldehyde in the presence of partially resolved 3-exo-
(dimethyl amino) isoborneol (DAIB), where the presence of 15% ee of (-) DAIB in the
ethylation of benzaldehyde resulted in asymmetrically amplified ethylation products with
95% ee.® In his catalytic cycles, eey of the monomeric active catalyst is amplified in
equilibrium with the dimeric species, in which the monomeric catalyst is preferentially

disposed towards heterochiral complexes.
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Figure 6. Mechanism of NLEs in the Noyori reaction

Noyori found that the crucial boundary condition for NLEs between two dimeric
equilibrium constants, in which Kpegero > 2Khomo, IS mandatory for (+)-NLE. It implies
that if two chiral ligands are statistically distributed between two dimeric catalysts such
as Khetero = 2K homo, @amplification effects of the product ee are not expected. Hiskinetic
model was further elaborated by Blackmond who discovered via a calorimetric kinetic
study that a product-binding zinc complex inhibits fast recovery of active monomeric
catalyst.”



NLEs have been investigated for other asymmetric stereosel ective reactions such
as 1,4-addition of cuprates, glyoxylate-ene reaction, aldol condensation, asymmetric
sulfoxidation and nucleophilic ring-opening of epoxides.*®® The most common feature
in these NLEs isthat the reservoir active model could be applied to describe the catalytic
behaviors of aggregated bidentate ligands.

Asymmetric Autocatalysis

As an application of asymmetric amplification via (+)-NLE, enantioselectivity of
the product in asymmetric autocatalysis is amplified by the reaction product itself asa
catalyst. Soai discovered that isopropylation of pyrimidine-5-aldehyde in the presence of
a catalytic amount of the reaction product with 5% ee resulted in 42% yield with 55% ee,
which isfar greater than that of theinitial catalyst.'> When the reaction was repeated
successively, it was found after three rounds that not only had ee of the product
exponentially increased to 85%, but also, the amounts of the major alcohol increased by a
factor of 94, while the minor alcohol only increased by afactor of lessthan 10, (Figure
7).
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Figure 7. Asymmetric autocatalysis found by Soai

Frank’ s autoinduction in which asymmetric amplification of one enantiomer can
be possible in the suppression of the reaction pathway toward the other was finally
manifested on the Soai asymmetric autocatalysis. In 2001, the mechanism of the Soai

reaction was finally proposed by Blackmond via a calorimetric kinetic study in which a



bimetallic species was proposed as the active catalytic species for Soai asymmetric
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autocatalysis (Figure 8). **
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Figure 8. Proposed bimetallic active catalyst in Soai asymmetric catalysis

Origin of homochirality of organic compounds explored by asymmetric
autocatalysis

Let’s assume that the prebiotic Earth consisted of racemate, where some chiral
perturbations such as circularly polarized light caused small chiral imbalancesin Earth to
produce tiny chiral seedswith alow ee. Then, the chiral seeds catalyzed asimple
reaction to generate a chiral product with alow ee, and the reaction product catalyzed the
next reactions successively. After repetitive catal ytic cycles through (+)-NLE, the desired
homochirality of the organic molecules would be achieved.*?*34

Soai successfully applied this theory to his asymmetric autocatal ytic reactions. It
was known that when racemic leucines are exposed to right circularly polarized light, R-
leucine is effectively destroyed to produce L-leucine with 2% ee.® When L-leucine with
2% ee was employed as a chiral seed to catalyze the alkylation of the pyrimidyl aldehyde,
the product with 21% ee was obtained.*®
Conclusion

Nonlinear effects (NLES) between eeax and egyoq are caused by subtle
diastereomeric interactions between enantiomersin solution. As shown in many
asymmetrical syntheses, NLEs could be employed as a probe to seek possible
mechanisms by which enantioselectivity is generated. The bimetallic species was a core



active catalyst in the heart of Soai asymmetrical autocatalysis, which could be explored

as apart of the origins of biochemical homochirality.
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