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Dynamic systems based on double parallel reactions have been gen-
erated and resolved in situ by secondary lipase-catalyzed asymmetric
transformation, resulting in high chemo- and enantioselectivities.

Over the last few decades, along with the powerful impact of
supramolecular chemistry, the pursuit to understand the complexity
of life has gained increasing momentum within the scientific
community. Living systems noticeably depend on intricate networks
of molecular reactions and interactions under both thermodynamic
and kinetic control, operating in response to various signals and
factors. Some of these features can be addressed using the concept
of dynamic chemistry. Derived from the feature of reversibility,
dynamic chemistry has been established as a useful methodology
for generating and studying complex networks on a molecular scale.
At the constitutional level, this has led to molecular networks that
enable selection and identification of for example new substrates for
targets, receptors for ligands, and functional materials."” The
concept is based on the generation of dynamic systems, in which
all system components mutually undergo reversible-covalent or
non-covalent interactions under thermodynamic control. The
adaptive nature of these systems makes them responsive to internal
or external pressures, and any changes of the important parameters
in the system can rearrange the constituent compositions, leading
to the amplification of optimal constituents. Among the variety of
selection pressures that have been applied to dynamic systems,
secondary, kinetically controlled, enzyme-catalyzed transformations
have proven especially efficient in constituent selection, due to their
high substrate specificities.* '° Lipases, which belong to the hydro-
lase enzyme family, were most often used in the dynamic systems
owing to advantages such as showing high catalytic efficiency and
good selectivities, and being environmentally friendly."* ™ In these
systems, not only new reversible reactions have been applied,
but also the catalytic promiscuities of enzymes have been
challenged, generating novel dynamic systemic resolutions with
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high chemo- and stereoselectivities. Within this context, however,
dynamic systems have generally been based on single reversible
reaction formats. The principle is certainly fully amenable to
interconnected reversible reactions, generating systems of consider-
ably higher complexity,>'>™® but presents a challenge with respect
to their generation and control. Yet, this represents an important
development since higher order systems would lead to an increased
understanding of molecular complexity in general (Fig. 1).

This challenge was addressed in the present study, where new
dynamic systems were generated based on two different reversible
reactions operating in parallel under the same conditions, providing
two types of structures for the secondary enzymatic resolution
process. Several requirements need to be met by the reactions
operating in such systems: (1) compatibility under the same catalytic
conditions; (2) similar kinetic properties with comparable substrate
distributions; and (3) no dominant side reactions taking place in the
system during the time course. In the present case, the nitroaldol
reaction together with hemithioacetal formation were deemed able
to fulfill all prerequisites, and further evaluated in a more complex
parallel resolution process. The nitroaldol reaction is one of the first
C-C bond-forming reactions used for complex dynamic systems,
and its reversibility has been confirmed under basic conditions.*"®
Hemithioacetal formation has also been utilized in both aqueous
and organic solvents,”***" leading to the rapid formation of virtual
dynamic systems in water, whereas base catalyzed real dynamic
systems can be produced in organic solvents.

Due to the discrete properties of each of the two reaction types,
the equilibration features were first addressed. Starting from
equimolar amounts of 3-nitrobenzaldehyde 1, 2-nitropropane A,
and 1-butanethiol B, five equivalents of base triethylamine (TEA)
were added to the system to initiate the reversible nitroaldol
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reaction. "H NMR spectroscopy was used to follow the dynamic
system with CDCl; as the solvent at room temperature. Not
surprisingly, these two reactions showed totally different kinetics:
hemithioacetal intermediate 1B was formed immediately while
nitroaldol intermediate 1A was more slowly produced with time.
The final equilibrium for the whole system was reached in 15 h, in
which the ratio between 1A and 1B was 6 : 5, indicating that the
nitroaldol intermediate is thermodynamically more stable than
the hemithioacetal intermediate under these conditions. However,
the comparable intermediate amounts still showed that these two
reversible reactions can operate simultaneously in one system, thus
being potentially applicable to the enzymatic resolution process.

A more complex dynamic system was subsequently generated
with two additional aldehydes, 1-chlorobenzaldehyde 2 and
2,4-dichlorobenzaldehyde 3, under the same conditions
(Scheme 1). The equilibrium was in this case reached within
approximately the same time frame as previously (16 h), displaying
the same trend of thermodynamically preferred nitroaldol inter-
mediates where the ratios to the corresponding hemithioacetal
intermediates were higher (Fig. 2b). The preference sequence of
the three aldehydes for both reaction intermediates was 1 > 3 > 2,
following the trend of different activation effects from electron
withdrawing substituents of the aldehydes.

After addressing the equilibrium features, the double parallel
dynamic system was subjected to a secondary enzymatic resolution
process. Since two different types of intermediates were present in
the same system, the enzymatic activity in selective transesterifica-
tion reactions was targeted. Two different lipases, Burkholderia
cepacia (formerly Pseudomonas cepacia) lipase (PS-IM) and Pseudo-
zyma antarctica (formerly Candida antarctica) lipase B (CAL-B),
commonly used in organic synthesis, were chosen to test this
double dynamic system.**>* Together with phenyl acetate, one of
the activated acyl donors for lipase transesterifications, these two
lipases behaved totally different under the same conditions: CAL-B
gave no product from either intermediates while PS-IM provided
both acetylated products 4A and 4B in different amounts. However,
no products from aldehyde 2 or 3 were observed, thus unselected
by lipase-catalyzed transesterifications while in the same system
with aldehyde 1. Between the two types of intermediate structures,
hemithioacetal intermediate 1B was slightly preferred over the
corresponding nitroaldol structure, which was in a converse ratio
to their equilibrium distributions. Thus, PS-IM possesses a stronger
preference for the hemithioacetal intermediate, leading to the
hemithioacetal ester product.
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Fig.2 'H-NMR spectra of a double parallel dynamic system: (a) the full
spectrum of a typical dynamic system; (b) enlarged area of 16 h after generation
of a dynamic system, all components in equilibrium before enzymatic resolution;
(c) enlarged area of 10 d after adding lipase.

In order to improve the enzyme selectivity between the
nitroaldol and hemithioacetal intermediates, various para-
meters were subsequently explored (Table 1). Different reaction
media were thus tested: toluene and tert-butyl methyl ether
(TBME). The result showed that hemithioacetal product 4B was
produced at a much higher rate in TBME. On the other hand,
acetylation of nitroaldol intermediate 1A occurred at almost the
same rate as in toluene, resulting in better total conversion and
a higher ratio between 4B and 4A. Lower loading of PS-IM was
also applied, 200 mg, 100 mg, and 50 mg enzyme preparation.
Although the selectivity was increased with a lower amount of
PS-IM, considerably lower conversions were observed as
expected. Finally, different temperatures were screened: room
temperature and 0 °C. Interestingly, at lower temperature, the
product ratio between 4B and 4A was much higher, increasing
from 4:1 to 17 :1, while the total conversion was similar
compared to the corresponding result at room temperature. The
higher selectivity may in part be explained by the more rigid
structure of PS-IM at 0 °C, resulting in a less flexible active site.>?
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Table 1 Effects of solvent, PS-IM loading, and temperature on the conversions
and substrate selectivities®

Amount of Reaction Conversion 4B : 4A
Entry Solvent PS-IM (mg) 7T (°C) time (days) (%) ratio
1 Toluene 200 rt 10 51 2:1
2 TBME 200 rt 10 71 4:1
3 TBME 100 rt 11 63 5:1
4 TBME 50 It 11 50 5:1
5 TBME 200 0 10 75 17 : 1

“ Reaction conditions: 0.1 mmol of each benzaldehyde 1, 2, 3, 2-nitro-
propane and 1-butanethiol, 0.5 mmol TEA, 0.3 mmol phenyl acetate,
0.6 mL toluene/TBME were added to the vial of PS-IM with 20 mg of 4 A
molecular sieves. The reactions were monitored by *H NMR spectroscopy.

Obviously conversion of this acetylation process is not very sensitive
to temperature, and was not affected. Therefore with TBME as
solvent at 0 °C, only trace amounts of 4A were detected in the
'"H NMR spectrum, resulting in high selectivity of 4B from the
double parallel dynamic system reaching a total conversion of 76%
(Fig. 2¢).

An important advantage of using enzyme-catalyzed reactions
for resolution processes is its potential high stereoselectivity
toward the substrates. Therefore, chiral HPLC was applied to
check the enantiomeric excess (ee) of product 4B from this
double dynamic system.

Very modest enantiomeric purities were however observed, with
46% ee after silica column purification. In order to improve the
enantiomeric selectivity, a series of acyl donors: isopropyl acetate,
isopropenyl acetate, and substituted phenyl acetates were screened;
but compared to phenyl acetate, very similar results were observed.
Surprisingly, when the single reaction between 1 and B, together
with PS-IM-catalyzed transesterification, was tested under the same
conditions, without column purification prior to HPLC analysis, a
much higher ee (up to 93.3%) was detected. The lower ee from the
dynamic system could thus be attributed to the product racemiza-
tion under the mild acidic conditions of the silica column. To
address this problem, neutral aluminium oxide based purification
of product 4B was instead conducted, and the final enantiomeric
purity of 4B from the complex system was recorded as 90.7% ee.
Therefore, not only good chemoselectivity, but also high enantio-
selectivity could be achieved from this complex double parallel
dynamic system.

In summary, double parallel dynamic systems have been
developed, in which nitroaldol and hemithioacetal formation was
mutually compatible under the same conditions, providing substrate
structures with higher complexities for further transformations.
Biocatalysis, lipase-catalyzed transesterification, was subsequently
challenged by this parallel dynamic system as the secondary kinetic
resolution process. Between the two types of substrates, the hemi-
thioacetal intermediates were much preferred over the nitroaldol
intermediates, with a single product being amplified from the
system, thus resulting in high chemo- and enantioselectivity of
enzymatic resolutions in the one-pot process. This methodology
represents a new way to build more complex dynamic systems, with
increasing potential for applications in for example more efficient
substrate screening protocols and receptor-ligand recognition stu-
dies. From a long-term perspective, it furthermore sheds light on
considerably more complex systems.
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