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Abstract
Combined thermodynamic/kinetic events amount to a kinetically controlled
Dynamic Combinatorial Resolution (DCR) process, where the lability of the
molecules/aggregates are used to generate dynamics, and the species
experiencing the lowest activation energy is selected via kinetic process. Both
inter- and intramolecular processes can be performed using this concept,
resulting in complete resolution and associated amplification of the selected
species. When intermolecular processes are resolved using this method, an
additional advantage is that only a catalytic amount of selector is required to
control the system.
In this thesis, the Henry and Strecker reactions were developed as efficient C–
C bond-forming routes to single and multi-level dynamic covalent systems.
These methods efficiently provided a vast variety of substrates from small
numbers of starting compounds. These dynamic systems, generated under
thermodynamic control at mild conditions, were coupled in one-pot processes
with kinetically controlled lipase-mediated transacylation. The enzymemediated resolution of the dynamic nitroaldol system led to enantiomerically
pure β-nitroacetates in high yield. Furthermore, combination of multi-level
dynamic Strecker systems and lipase-mediated acylation resulted in the
resolution of specific α-aminonitriles from the pool.
In addition, the asymmetric synthesis of discrete β-nitroalkanol derivatives was
simply achieved, resulting in high yields and high enantiomeric purities
through the direct one-pot procedure. Moreover, racemase type activity of
lipase enzyme through N-substituted α-aminonitrile structure has been
discovered. By use of control experiments together with molecular modeling,
the mechanism of the racemization process has been established. Asymmetric
synthesis of N-methyl α-aminonitriles was also performed through the dual
function of lipase, resulting in high yield and good enantioselectivity.
Keywords: Dynamic covalent/kinetic/combinatorial resolution. Selfscreening, Transesterification, Amidation, Enzyme catalysis, Nitroaldol
reaction, Secondary alcohols, Strecker reaction, α-Aminonitriles, Racemase,
Enzyme catalytic promiscuity.
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1.
Introduction
Nature is composed of various types of astonishingly complex systems,
ranging from the subatomic to the cosmic scale. These systems relate not only
to the phenomena of the physical world, but have an absolute impact also on
life itself. The origin and mechanism of life is inherently intriguing, and
understanding phenomena in Nature is of crucial interest for most scientists,
conferring both fundamental knowledge and advancement for the human race.
The increased understanding is generally incremental, but may witness
important quantum leaps when information is put together in an intriguing
way. For example, in 1859, Charles Darwin established the groundbreaking
concept of "Natural selection", in part based on new studies on isolated animal
populations. The concept has its roots in the idea of the survival of the fittest,
in this case living organisms, where individuals best adapted to their
environment are more likely to survive and reproduce.[1] A common example
of natural selection in action is the development of antibiotic resistance in
microorganisms (Figure 1). Mutations in the genetic material continuously
create variants in the population with different abilities to survive, and one of
these variants may be resistant to the antibiotic agent. The resistant bacterium
is not the primary population from the start, but the selection pressure will
favor the resistant strain's reproduction over several generations. As a result,
the resistant strain becomes more dominant and will constitute the major
population in the end.[2, 3] The Darwinian concept has experienced tremendous
impact and underlies much of contemporary research in genetics. It also
remains the primary, largely unchallenged, model for the evolution of species..

Figure 1. Resistance to antibiotic of bacteria, a) Before selection: a bunch of
bacteria including resistant variety, b) After selection: most of normal bacteria die
when bathed in antibiotics, c) The resistant bacteria creating population and become
more common, d) Finally, entire infection evolves into resistant strain.
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However, life is fundamentally built up from small chemical entities, which
interact and communicate as a result of fundamental Natural laws and
chemical principles. This complex interplay creates subsystems at the
molecular level, also obeying the deterministic selection systems of Nature.
The more limited molecular systems, being of lower overall complexity, serve
as prototypes for the macroscopic network of entire living organisms. Over the
last decade, based in part on the principles of supramolecular chemistry, the
study of the characteristics of complex mixtures of interacting molecules with
or without biological species has gained increasing interest.[4-6] This new
scientific field (Systems Chemistry), leads to new understanding of complex
chemical processes, and formulates principles for the study of larger biological
systems.

1.1. Dynamic Combinatorial Chemistry (DCC)
Dynamic Combinatorial Chemistry (DCC) is a concept for the generation of
systems of components under thermodynamic control, relying on both
molecular - dynamic covalent - and supramolecular interconnections, which
allow for spontaneously adaptive behavior upon the input of an external
stimulus.[12-15] This selective factor can either be the addition of a target
molecule, or the alteration of the environment (pH, light, etc).[16-19] In
principle, the adaptive nature of the DCC process, whereby the dynamic
systems reconstitute themselves to adopt the best overall arrangement, make
them especially interesting for coupled secondary processes. The overall
system promotes the survival of the fittest and expels the weakest constituents
from the system.
The DCC process can be initialized by the selection of suitable building
blocks. They must have functional groups or elements that are able to undergo
reversible exchange. Next, these building blocks are all transformed by the use
of non-covalent interactions or reversible covalent bonds to generate all the
possible combinations of components. Then, the dynamic system is exposed to
a receptor, which allows for the virtual selection process to find the component
possessing the best binding affinity from the pool. Thus, if the receptor itself
can act as a trap for a given component, the ensemble of candidates will be
forced by kinetic or thermodynamic to rearrange in order to produce a majority
of this species (Figure 2).

2

Figure 2. Schematic representation of the concepts behind dynamic combinatorial
chemistry. A dynamic system of interchanging species is generated from reversibly
connected fragments of building blocks. The best binder is selected, forcing the
dynamic systems to rearrange so as to produce more of this member.

This possibility to spontaneously adapt to an external selection pressure is the
major advantage of dynamic systems, and has led the applications of DCC to
broaden. Examples include identification of ligands and inhibitors for
receptors and enzymes,[9, 20-35] exploring molecular recognition,[36-40] the study
hosts-guest systems and discovery of novel reactions[41, 42] as well as
materials.[43-45]
1.1.1. The reversible reactions
The key feature of DCC is the reversible reaction that mediates exchange of
the building blocks between the different components. In an ideal case, every
format of reaction can be used in DCC.[13, 15] However, in reality, several
requirements are needed for the reversible reactions to be efficient in a
dynamic system. The important features are:
- Reactions need to be reversible on a reasonable time scale.
- Reactions need to be compatible and controllable with the system used.
- Reactions need to be stable, and not interrupted by other conditions used.
- Reaction conditions need to be mild (temperature, pressure, concentration),
due to the sensitivity of biological targets applied.
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Because of these criteria, the reversible reactions, which can be employed in
DCC systems, are still limited. Imine formation/exchange and thiol–disulfide
exchange, as well as metal coordination are most often chosen.[7] Hence, the
development of efficient reversible reactions has become an important
challenge. Some reversible reactions used for generating dynamic systems are
shown in Figure 3.
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O
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Figure 3. Reversible reactions used for dynamic combinatorial chemistry to date. [10,

23, 28, 46-54]
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Dynamic systems can in principle be composed by a sequence of several
reversible reactions, either of the same or different type each which can carry
its own dimension in structural space.[7] However, when two or more
chemistries are combined, this results in additional complications when
addressing the chemistries independently. The advantage of such “multilevel”
systems is the extension of the diversity within the components since the
building blocks are held together by a variety of linkages. Thus far, only a few
examples of dynamic system involving more than one exchange process have
been reported.[7] The first example of coupled reactions was demonstrated by
Benjamin Miller.[55, 56] The structural diversity was accomplished via reversible
imine formation and transition-metal (Zinc) complexation (Figure 4a).
a)

R1 R
2

N
R1

NH 2

R2

NH 2

O
OH

Zn

O
Zn2+
-H2O

N

R1
Zn

O

N
OH

R1

N
OH

R2

R1

H
N
H O

Zn

N
O
DNA
Resin

O
O

Selected
Components

O
O

H

b)

Figure 4. a) Dynamic systems with multistage equilibrium process by Miller,[56]
b) Double-level “orthogonal” dynamic systems by Lehn.[57]

A couple of years later, Alexey Eliseev and Jean-Marie Lehn reported an
example of double-level “orthogonal” dynamic systems. The processes were
composed of terpyridine-based ligand coordination to the transition metal,
Co(III), template and imine formation with ligands.[57] Lehn and co-worker
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have described the processes as Orthogonal systems, where the two exchange
reactions can be addressed independently (Figure 4b). In contrast, the example
where two exchange reactions can be performed simultaneously and
communicate with each other, has been termed as Nonorthogonal system, and
was firstly reported by Sijbren Otto and co-workers (Figure 5).[58] The building
blocks carrying a thiol and a thioester functionality were exposed to
atmospheric oxygen, causing disulfide oxidation and, subsequently, disulfide
exchange. Thus, the two exchange processes can be activated consecutively
but then proceed simultaneously.
CO2

a)

CO2

2x

S

CO2

SH

CO2

SH

X

CO2

H 2O

O
HS

SH

H 2O, O2

X

S

S

CO2

Y

O
S

S

CO2

S

S

X

CO2
CO2

pH = 6.9
X

SH

CO2

pH = 6.9

b)
X

CO2

pH = 6.9

O

X
H 2O

CO2

S

S

CO2
x2

X

S

S

Y

Y

Figure 5. Simultaneous exchange of a) thioester and b) disulfide linkages.[58]

1.1.2. Types of selection formats in DCC
The adaptive nature of DCC systems, whereby the dynamic systems
reconstitute themselves to adopt the best overall arrangement, make them
especially interesting for coupled secondary processes. Thus, in the selecting
framework of DCC, three major processes may be considered. The selection
depends on whether a receptor, a substrate or a component acts as template for
the assembling of the other partners.
- Casting: receptor-induced assembly of a substrate that fits the receptor
(Figure 6a).[11]
- Molding: substrate or template influences assembly of an overall geometry of
receptor that optimally binds/fits the substrate (Figure 6b).[36, 39, 59]
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- Self assembling: internal and/or intermolecular noncovalent interactionsinduced self assembly of a substrate that forms the most stable structure
(Figure 6c).[42, 45, 60, 61]
a)

b)

c)

Figure 6. Different selection processes in DCC: a) selection of a guest by a
separately introduced host or receptor (casting), b) selection of a host by a
separately introduced guest or template (molding). c) selection of self-assembling
molecules on the basis of noncovalent interactions between components (Self
assembling).
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1.2. Dynamic Combinatorial Resolution (DCR)
Dynamic combinatorial resolution (DCR) has been revealed as an application
of DCC, wherein a kinetically controlled selection pressure is coupled with
reversible thermodynamic systems. In this strategy, the selected component is
resolved in an irreversible process and expelled from the binding site. Then,
the site is free to host more of the components, and the reactions of the
dynamic system are thus forced to drive resolution to completion. This is
observed by the amplification of reaction products (Figure 7). An additional
advantage with this approach is that in principle only catalytic amounts of the
target species are needed. In the last few years, this application has been used
as a new tool to prove thermodynamic property in dynamic systems. It was
also demonstrated the potential for DCC application to the screening for
enzyme substrates as well as reaction discovery.[22, 28, 34, 42, 51, 60]

Figure 7. Concept of Dynamic Combinatorial Resolution (DCR).

1.3. Dynamic Kinetic Resolution (DKR)
Due to the increasing demand for chiral building blocks in not only the
pharmaceutical but also the agrochemical industry, the search for new and
efficient methods for the synthesis of enantiomerically pure compounds has
been a major active area of research in organic chemistry.[62] Nevertheless,
resolution of racemic mixtures, especially by biocatalysts, is still the most
common way to prepare enantiopure compounds on an industrial scale,
because of economic efficiency as well as environmental impact.[63-65]
Dynamic kinetic resolution (DKR) can be viewed as the individual version of
dynamic combinatorial resolution. DKR emerged 1989, through work by Ryoji
Noyori.[66, 67] The concept is used to synthesize a specific compound via a one
pot reaction. The process is based on in situ racemization of a chiral reactant
and then the faster reacting enantiomer will continuously be consumed by a
kinetic resolution (KR) process (Figure 8). In principle, it is possible to obtain
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100% yield and enantiomeric excess through the DKR process. This technique
overcomes the drawbacks related to traditional Kinetic Resolution (KR),
wherein a maximum 50% yield of desired product can be obtained and the
remaining starting material must be separated from the product.
O
OH
R

Enzyme
Acyl donor
fast

O

Catalyst

O
OH

R

Major product

R

Enzyme
Acyl donor
slow

O
R

Minor product

Figure 8. General concept of dynamic kinetic resolution.

Dynamic Kinetic Resolution (DKR) has proven to be a powerful and efficient
method for the preparation of enantiomerically pure compounds.[68-71] The
combination of microbial kinetic resolution with the in situ enzyme, metal or
base-catalysed racemisation has been employed in many cases of DKR
process.[68, 71] However, the compatibility among the two catalysts together
with substrate must be achieved and remains the major obstacle when
designing these systems.[69]

1.4. The Aim of This Thesis
The aim of this work was to develop and expand the scope of dynamic
combinatorial resolution (DCR). The dynamic chemistry involved is covalent
C-C bond breaking/forming reaction, simultaneously generating chirality. The
goal of the DCR techniques is to use an asymmetric screening of the
components in a one-pot process. Thus, the exploration of suitable reversible
reactions has initially been addressed. Due to the creation of chirality in many
of the dynamic systems, lipase enzymes have been selected as target species in
the DCR processes. Then, the compatibility between dynamic systems and
secondary (selector) processes needed to be optimized. Furthermore, from the
information of DCR processes, the development of a new synthetic method for
the synthesis of individual components has been further developed.
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2.
Explorations and Optimizations of
Reversible C-C Bond Formation for Creation
of Chiral Dynamic Systems.
(Papers I-III)

2.1. Introduction
Reversibility is a phenomenon that traditionally has troubled the synthetic
chemist, forcing the use of excess reagents and limiting reaction yields. With
the introduction of dynamic combinatorial chemistry (DCC) in the mid-1990s,
reversibility in contrast became increasingly interesting. Nevertheless, one of
the most important reactions in organic chemistry, C-C bond formation, is still
quite rare in this matter and this is especially the case when generation of
chirality is involved in the system.[7, 14]

2.2. Nitroaldol (Henry) reaction
The nitroaldol or Henry reaction consists of the addition of a nitroalkane
compound to the carbonyl moiety of an aldehyde or ketone to yield βnitroalcohol adducts. It was first reported in 1859 (Figure 9),[72] and has
become a powerful C-C bond-forming process in organic chemistry,
originating from the potential offered by nitro compounds for transformation
into valuable functionalized structural motifs such as 1,2-amino alcohols and
α-hydroxy carboxylic acids (Figure 10).[73-77]

O
R1

NO 2

nitroalkane

R2

OH

base
H (or R 3)

aldehyde (or ketone)

R1
β-nitroalcohol

Figure 9. The nitroaldol (Henry) reaction.

10

NO2

R2

OH
NH 2

R2

Reduction

O

Oxidation

NO2

R2

R1

Denitration

O
R2
R1

R1

OH
NO2

R2
R1

β-nitroalcohol

OH
R2

Denitration

Dehydration

Diels-Alders
reaction

NO 2

R2
R1

R1

Michael addition

Figure 10. The β-Nitroalcohol adduct and its applications.

The reversibility of the Henry reaction has already been described in the
literature and also presents a challenge when good enantioselectivity of the
product is desired.[77] However, to create dynamic systems by using covalent
C-C bond formation, reversibility was an important property of the
thermodynamically controlled of nitroaldol reaction. Thus, this reversibility
was an important advantage in the creation of β-nitroalcohol dynamic systems
formed efficiently from the reversible nitroaldol formation.
Generally, the Henry reaction can be accelerated by different basic reagents,
for example organic- and inorganic bases, quaternary ammonium salts, or by
use of ionic liquids.[73, 74, 76, 78, 79] Therefore, several bases were initially
screened to find suitable conditions for dynamic system generation, in which
the equilibration process should be rapid and stable, not interrupting the
secondary enzymatic reaction used as the selection process.
Table 1. Thermodynamic study of Henry reaction with various bases.a
O
NO2

OH

base

NO2

H
O2 N

O2 N
1

2

Entry

Base

10a

Time (h)

Conversion (%) b

1

TEA (0.2 eq.)

7

21

2

TEA (1 eq.)

3

45

3

DIPEA (1 eq.)

6

25

4

DABCO (1 eq.)

6

45

5

Morpholine (1 eq.)

6

<5

5

Piperazine (1 eq.)

6

<5

a

Reactions were carried out with 0.025 mmol of compounds 1 and
b
2 and base in 0.6 mL of toluene at room temperature. Determined
1
by H NMR spectroscopy.
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The reactions were conducted with one equivalent each of 2-nitropropane (1),
4-nitrobenzaldehyde (2), in the presence of base. 1H NMR was used to follow
the reactions by comparing the signals of the aldehyde and nitroalcohol adduct
(10a or 2-1, Table 1). Among the various bases, triethylamine was finally
chosen as the best catalyst for the reactions, yielding the fastest equilibration
times of around three hours at room temperature. It also proved to be
compatible with the desired enzymatic reaction.
First, a dynamic system (DS-I) of ten nitroaldol adducts (3-1 to 7-1) was
generated from equimolar amounts of 4-trifluoromethylbenzaldehyde (3), 2fluorobenzaldehyde (4), 3-nitrobenzaldehyde (5), 2-chlorobenzaldehyde (6)
and 2,4-dichlorobenzaldehyde (7), 2-nitropropane (1) and the catalyst,
triethylamine (Figure 11). To achieve a reasonable equilibration rate for the
slightly different ratio between aldehydes:nitroalkane (5:1) the amounts of
base was increased up to 10 equivalents. Furthermore, these benzaldehydes
were chosen in view of the closely individual activity of nitroaldol reaction,
and structural variety, and also showing close to isoenergetic behavior in
dynamic system.
O
O2N
O

H
OH

5
H

F3C

Cl

O

3
F

NO2

H
1

6

O
H

Cl

O
H

4

OH
NO 2

NEt3

F 3C

3-1(R)

NO 2
F3C
3-1(S)

4-1(R)

4-1(S)

5-1(R)

5-1(S)

6-1(R)

6-1(S)

7-1(R)

7-1(S)

(Ten reversible nitroaldol adducts)

Cl
7

Figure 11. Generation of dynamic nitroaldol system (DS-I) from five aldehydes ((3)(7)) and nitropropane (1) in the presence of base.

The dynamic system was followed easily by 1 H NMR analysis (Figure 12). At
the starting point, in the absence of base, no generation of dynamic βnitroalcohol system was observed (Figure 12a). After initiation of the dynamic
system by addition of excess triethylamine at 40 oC, the process reached
equilibrium in 18 hours (Figure 12b). From the 1H NMR spectrum, five
reversible nitroaldol isomers (3-1 to 7-1) were clearly distinguished with
different ratios depending upon the reactivity of starting aldehydes and
stability of corresponding nitroaldol adducts. Furthermore, a higher conversion
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of β-nitroalcohol compounds was noticed at ambient temperature. In this case,
longer equilibration time was needed. The dynamic system (DS-I) is also a
stable process, showing no side reactions or decomposition, even after several
days.

a)

b)

Figure 12. 1H NMR of dynamic nitroaldol system (DS-I): a) Before system
generation, b) DS-I at equilibrium (18 h).

The ability of nitroaldol (Henry) reaction to create a stereogenic center led us
to further investigate the generation of a dynamic system which constructs
more than one site of chirality. Thus, nitroethane (8) was selected as the nitro
compound. In this case, two chiral centers are created in the β-nitroalcohol
compounds, extending the applicability of the system. Thus, the dynamic
nitroaldol system (DS-II) was investigated by addition of equimolar amounts
of four selected aldehydes (4-nitrobenzaldehyde (2), 2-chlorobenzaldehyde (6),
2,4-dichlorobenzaldehyde (7) and 2-nitrobenzaldehyde (9)) and one equivalent
of nitroethane (8) (Figure 13). Excess triethylamine was also proven to be a
suitable catalyst with reasonable reaction rate for the dynamic process.
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Figure 13. Generation of dynamic nitroaldol system (DS-II) from four aldehydes (2,
6, 7 and 9) and nitroethane (8) in the presence of base.
1

H NMR spectroscopy was also employed to follow the reaction. After
initiation of the dynamic system by addition of triethylamine, the reversible
generation of eight diastereomers of the β-nitroalcohol compounds (sixteen
compounds in total) was observed (Figure 14). At high concentration, the
dynamic nitroaldol system (DS-II) has reached equilibrium within 3 hours.

a)

Figure 14. 1H NMR of dynamic nitroaldol system (DS-II): a) DS-II at equilibrium (3
hours.
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2.3. Strecker reaction and the generation of double dynamic
covalent systems.
As seen from the previous study, the nitroaldol (Henry) reaction was shown to
be a potential reaction protocol for generating the desired dynamic covalent
system. Moreover, even in a compact structure, generating dynamic chirality
can play an important role in creation of substrate diversity and also
asymmetry. In principle, both sides around the stereogenic center of nitroaldol
adduct are exchangeable (R1 and R2, left structure, Figure 15). However, the
limitation of the reaction as well as type of the structure has become an
important issue in practice. Enhanced diversity of the restricted structural
element can be expanded if more than one axis at the same stereogenic center
is exchangeable. In this case, the two-dimensional (2D) diversity is in principle
extended into three dimensions (3D), more efficiently covering the chemical
space (right structure, Figure 15).[80] Therefore, novel types of reaction and
structure have to be investigated.
OH
R1

R3

R2

R1

Two dimentional (2D)
diversity

R2

Three dimentional (3D)
diversity

Figure 15. General concept of multi-axis exchangeability around a chiral center.

2.3.1. Strecker reaction
The Strecker reaction is one of the most important multicomponent reactions
to synthesize α-amino acids via the transformation of α-aminonitriles.[81-83]
This original reaction comprises a condensation of an aldehyde and ammonia,
followed by addition of cyanide in a one pot process. Finally, the resulting αaminonitrile is hydrolyzed (Figure 16).
O
R

NH 2

KCN
H

NH4Cl

R

CN

α -Aminonitrile

NH 2

H
R

CO2H

α -Amino acid

Figure 16. General concept of the Strecker reaction.
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When using amines instead of ammonia, the hydrocyanation of preformed
imines, instead of the one-pot synthesis, represents a popular and widely used
alternative route (Figure 17).[82, 84, 85] These bifunctional compounds, αaminonitriles, have subsequently been shown to be versatile intermediates in a
number of synthetic applications (Figure 17). In addition, the Strecker reaction
exhibits one of the simplest and most economical methods for the preparation
of α-amino acids in the lab as well on an industrial scale.[86-97]
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H 3O

N
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R2
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CN

HN
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HN

base
CN

R1

R2
CN

α−Aminonitrile

LiAlH4

HN
R1

R3 X

HN
R1

R3

R2
CN

R2
NH2

Figure 17. Generation of α-aminonitriles from imines and a cyanide source and their
further transformations.

According to the original report of the Strecker reaction, water was used as a
solvent, and the reaction is thermodynamically controlled. However, a
calculation study of the reversible process has shown that retro-Strecker
reaction, is much slower (107) than the forward rate, and slightly acidic
conditions are required.[98] In organic solvent, some examples have shown the
reversible property through crystallization or epimerization phenomena.[99, 100]
Nevertheless, most of these studies are not general, requiring not only a
particular chemical structure but also specific reaction conditions. Therefore,
the search for precise and mild conditions to control the thermodynamic
properties of the Strecker reaction was a necessary task.
In the preliminary studies, we started with preparation of imine 6-A1 (or
compound 11) by mixing 2-chlorobenzaldehyde (6), methylamine (A1) and
anhydrous magnesium sulphate (Figure 18). Various cyanide reagents were
tested with the imine 6-A1, subsequently forming the N-substituted αaminonitrile. Trimethylsilyl cyanide (TMSCN (12)) proved to be a suitable
reagent for preparing the desired Strecker product, without the formation of
any side products. The common activator to release the cyanide source is
methanol.[82, 83] However, in this study, it was revealed as inefficient, possibly
due to inertness of the imine used, possessing neither electron withdrawing or
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stabilizing groups attached to the imine nitrogen. Acetic acid proved to be an
alternative activator. Thus, the Strecker reaction was generated by adding
TMSCN (12) to imine 6-A1 in CDCl3 followed by acetic acid. After three
hours, the reaction goes to almost completion (99% conversion) to form
Strecker compound 6-A1-12 as monitored directly by 1 H-NMR (Figure 18).
Then, to study the thermodynamics of the Strecker reaction, another imine 6A2 was added to the reaction mixture. In the absence of any catalyst,
reversibility was not observed even for prolonged reaction times (>2 days).
Attempts to add different organic acids or bases, for example trifluoroacetic
acid, triethylamine, or DBU in order to reverse the reaction, failed, and none of
these agents were satisfactory. Promisingly, raising the temperature up to 50
o
C, the Strecker compound slowly reversed back to starting imine (6-A1).
Unfortunately, the formation of the other Strecker product (6-A2-12) was not
observed.
Cl
Cl

O

NH2
H

Cl

(A1)

TMSCN (12)
Acetic acid

M gSO4
6

N

Cl HN

Cl HN
CN

6-A2

CN

Cat.

CDCl3
6-A1

N

6-A1-12
> 99% conversion

6-A2-12

Figure 18. Model reactions to test the reversibility of the Strecker.

Instead, a variety of Lewis acids were examined. Interestingly, zinc halides,
scandium triflate, gallium(III) triflate and also cadmium acetate were shown to
be potentially reactive as catalysts for the retro-Strecker reaction, and
formation of the α-aminonitrile 6-A2-12 could be observed. Moreover, most of
these metal Lewis acids also catalyzed the forward process, which is also
described in the literature.[82, 101-103] Zinc bromide proved optimal for use in the
present system, resulting in the most rapid and stable equilibration, and, very
importantly, also showed compatibility with the subsequent enzymatic
reaction.
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2.3.2. Double dynamic covalent systems
From the previous study, the novel reversible C-C formation can be achieved
utilizing the Lewis acid catalyzed retro-Strecker reaction. Next, to complete
the system with multi-axial variation around a single stereogenic center,
another efficient reversible reaction was considered. Initially, imine exchange
was selected as a coupled process. However, it did not work when combined
with the Strecker reaction. Much slower rate of the reversible Strecker reaction
was observed, probably due to the fact that water, from imine exchange
interfered with the catalyst. Instead, aldehyde-free transimination,[53] was used
to established a reversible reaction, and chosen as a suitable process to couple
with the Strecker reaction. Transimination is self-sufficient and the exchange
also occurs without the disruption of the C=N unit into free amine and
carbonyl. In addition, the reaction does not involve the mediation of a third
constituent (i.e., water) which proved detrimental to the selection process.
Again, the reaction conditions were screened since the literature reported that
scandium triflate is an appropriate catalyst in transimination. The control
experiment is similar to previously described Strecker reaction. In this case,
amine A4 was added to the reaction mixture instead of imine 6-A2 (Figure 19).

Cl

O

NH2
H

Cl

( A1 )

TMSCN ( 12 )
Acetic acid

M gSO4
6

N

H 2N

Cl HN
CN

CN

Cat.

CDCl3
6-A1

Cl HN

(A4)

6-A1-12
> 99% conversion

6-A4-12

Figure 19. Model reactions to test the reversibility of the double dynamic covalent
reaction.

Focusing on Lewis acids, various catalysts were investigated. Zinc bromide
proved to be a suitable catalyst in this matter (Table 2). At optimal conditions,
(0.6 equivalent of ZnBr2 in DMSO-d6 0.7 M), the reaction reached the
equilibrium within three hours. The combination between Lewis acids was also
tested. However, the results showed no significant improvement and
incompatibility of the system were observed by the dectection of the free
aldehyde and the formation of a precipitate (Table 2). This suggests a strong
chelation between the metal ion and the amine. In addition, it was found that
ZnBr2 is as efficient in catalyzing the transimination process as Sc(OTf)3.
From these results, we have successfully combined two dynamic covalent
reactions around the same chiral center, generating dynamic diversity in not
two, but, in principle, three dimensions via compact structure.
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Table 2. Reversibility test of double dynamic covalent reactions by Lewis acids.a

Entry

Lewis acid
(0.3 eq.)b

Time (h)

Conversion (%) c
of 6-A4-12 (OCOS)d

1

ZnCl2

12

30 (65)

2

ZnBr2

7

41 (93)

3

ZnI2

12

37 (83)

4

Zn(OTf) 2

7

22 (60)

5

Sc(OT f)3

>24

20 (80)

6

Ga(OTf)3

>24

20 (85)

.

7

Cd(OAc) 2 2H 2O

24

20 (60)

8

ZnBr2 (0.6 eq.)

3

40 (85)

n.d.

n.d.

9e

ZnBr 2 + Sc(OTf)3

a
Reaction were carried out with 0.1 mmol of imine 6-A1 mixed with 1 eq.
TMSCN (12) and acetic acid. After three hours 1 eq. amine A4 was added to
the reaction mixture, (0.6 ml CDCl3, rt). b Catalyst was dissolved in DMSO-d 6.
c
Determined by 1H NMR spectroscopy. d OCOS is overall conversion of
Strecker compound at equilibrium. e Reactions were not anylyzed due to the
observation of released aldehydes.

2.3.3. Thermodynamic studies following the expansion of the double
dynamic covalent systems
We have demonstrated the new type of dynamic systems by combining two
reversible covalent reactions, Strecker reaction (C-C bond) and transimination
(C=N bond). In principle, a large variety in system components can be
provided by small number of starting compounds since more than one axis is
exchangeable. To prove the hypothesis, the thermodynamic studies of double
dynamic covalent systems have been carried out through the expansion of
libraries. Thus, the investigation started from generation of double dynamic
system I (DDS-I) (Figure 20).
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Figure 20. Double dynamic covalent system I (DDS-I).

Initially, two imines, 6-A1 and 13-A2, were mixed together in an NMR tube
with benzene-d6 as a solvent (Figure 21a), a dynamic system was generated by
adding one amine, A4, followed by ZnBr2 (60 mol%) (Figure 21b). This
resulted in the formation of six different imines, immediately observed upon
mixing. Subsequently, the second dynamic covalent reaction was achieved by
the addition of two equivalents of TMSCN and acetic acid as an activator. Six
isomeric Strecker products (12 compounds in total) were in this case clearly
observed by 1 H-NMR (Figure 21c). In addition, the Strecker reaction reached
equilibrium in 18 hours (>99% conversion) in benzene-d6, slower than in
CDCl3 and acetonitrile-d3. However, the better separation of the peaks was
observed. With this method, reversible generation of twelve α-aminonitriles
starting from two imines and one amine, followed by TMSCN, could be
achieved. Next, one equivalent of amine A3 was added to the controlled
reaction. The system underwent re-equilibration and, in 18 hours, two more
isomeric Strecker products (4 compounds) were formed (Figure 21d).
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Figure 21. 1H-NMR analysis of the double dynamic system upon addition of amine
A3 to DDS-I.

On the other hand, when instead one equivalent of imine 14-A3 was added to
the controlled reaction (DDS-I), the double dynamic system re-equilibrated
and a total of 24 α-aminonitriles (12 isomers) were formed after 24 hours
(Figure 22), as confirmed by ESI-MS (see supporting information of paper III
for more details).
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Figure 22. 1H-NMR analysis of the double dynamic systems upon addition of imine
14-A3 to DDS-I.

We have shown that double dynamic covalent systems are occurring
simultaneously. By adding amine A3 or imine 14-A3 to the controlled dynamic
reactions, both dynamic covalent reactions undergo re-equilibration processes,
communicating to each other, to achieve all the possible components. This
process also demonstrated the efficiency of the process as “atom economic
synthesis”. By adding just one more amine or imine into the double dynamic
system, the number of Strecker compounds in the system increased by 33% or
100%, respectively.
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Next, the generation of double dynamic covalent systems, DDS-II, was
addressed. Both the stability and the optimal conditions for further study in a
dynamic combinatorial resolution (DCR) process were investigated (Figure
23).
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Figure 23. Double dynamic covalent system II (DDS-II).

By use of a powerful double dynamic system, a reversible set of 24 αaminonitriles (12 enantiomeric pairs) was originally constructed from
equimolar amounts of three imines 6-A1, 13-A2 and 14-A3, together with one
equivalent of isopropylamine (A4). This was followed by addition of three
equivalents of TMSCN (12) and acetic acid as an activator and also 60 Mol%
ZnBr2 (in DMSO-d6 0.7 M,). These aldimines and the amine were chosen in
view of their similar individual reactivity not only in the transimination
process but also in the imine cyanation reaction, with close to isoenergetic
behavior in the double dynamic system. In addition, a variety of aromatric and
nitrogen substituted moieties were screened for this purpose. 1H NMR was
used to follow each step of the process (Figure 24 a-c).
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a)

b)

c)

Figure 24. 1H NMR of double dynamic covalent system (DDS-II): a) Before system
generation: started with 3 imines, b) Dynamic system 1 generation (transimination)
in 2 hours: 12 imines formed, c) Dynamic system 2 generation (Strecker reaction) in
18 hours: 24 Strecker compounds formed.

According to the studies in this chapter, we have demonstrated that the
nitroaldol (Henry) reaction is an efficient C-C bond-forming route to use for
the generation of dynamic systems. The Henry reaction created a chiral center
in the nitroaldol adduct, which can be used as an advantage to generate a
variety of the components as shown in DS-II. Furthermore, we have developed
the Strecker reaction as a new and efficient asymmetric C-C bond-forming,
and also nitrogen containing, route to complex dynamic system generation,
catalyzed by Lewis acids. We also showed the systems when two reversible
covalent reactions were combined, transimination and the Strecker reaction.
The process allowed us to access variation of multi-axis exchangeable around
a stereogenic center, which was the advantage of generating a diversity of
components from a low number of starting materials. In addition, mild reaction
conditions were used and the high stability of the dynamic systems are
appropriate to employ for the further study in dynamic combinatorial
resolution (DCR) process.
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3.
Target Species: Lipases.
3.1. Introduction
One objective of DCC is to use it as a tool for the discovery of new ligands or
substrates for biomolecules in general and for drug discovery in particular.
Several examples have been demonstrated by combined dynamic systems with
enzymes or receptor proteins [8, 10, 11, 34] or nucleic acids [104-106] to receive the
amplification, based mostly on substrate preferential. An extra reagent, i.e.
reducing agent, was often added, in order to trap the selected components so
they do not reverse back to the starting compounds. By use of reversible Henry
or Strecker reactions, the generations of dynamic systems (DS-I, DS-II, DDS-I
and DDS-II) were obtained with diversity of not only chemical anatomy but
also chirality. Thus, these results allow us to search for target species which
can identify both substrate- and stereospecificity at the same time.
After surveying different possibilities, we came across the lipase enzymes as
target biomolecules for the selection process. Lipases have proven to be
potential biocatalysts which can resolve chiral compounds, recognize a broad
range of non-natural substrates.[107-110] Moreover, lipases have a high
commercial availability, do not require expensive cofactors, and are easily
recoverable. These properties make this family of enzymes potentially highly
useful in a DCR system, and were thus probed in the present study.

3.2. Lipases
Among the six categories of enzymes catalyzed reaction, hydrolases,
particularly esterase families, have been widely studied and their properties are
well documented. This might be due to their application ranges from
ingredients in detergents, various uses in food, pulp and paper industries to use
as catalysts in the chemical industry.[111-113]
Lipases [EC 3.1.1.3] are the esterase belongs to the class of hydrolases. The
natural reaction is the hydrolysis of triglycerides into fatty acids and glycerol
at a water-oil interface (Figure 25a).[114] They are found in bacteria, fungi,
plants and animals.[111] Compared with the esterases, lipases are more robust
enzymes.[111] The reaction mechanism is used by all serine hydrolases,
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involving a catalytic triad of serine, histidine and glutamate (or aspartate
Figure 25b). The amino acids in the triad play an important role to activate the
nucleophilicity of the hydroxyl group in serine which then can attack to the
carbonyl carbon of the substrate. This leads, through a series of events, to the
formation of an acyl-enzyme intermediate where the substrate is covalently
bond to the enzyme. Next, water acts as a nucleophile attacking the acylenzyme intermediate, is releasing carboxylic acid product and regenerating the
enzyme (Figure 25b).[111]
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Figure 25. a) The biological function of lipases, b) Catalytic mechanism of lipases.

Lipases also recognize a broad range of unnatural substrates in both aqueous
and non-aqueous media. When the enzyme is operating in an environment of
low water activity, i.e. in organic solvent, any other nucleophile can compete
with the water for the acyl-enzyme intermediate leading to a number of
synthetically useful transformations, such as transacylation (Figure 26). In the
lipase-catalyzed transacylation, the mechanisms has been characterized as
Ping-Pong bi-bi mechanism which is a two-step reaction, similar to the one in
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figure 25b.[115] But, instead of the water molecule attacking the acyl-enzyme
intermediate, alternative nucleophiles, alcohols, amines or thiols, perform the
deacylation (Figure 26). Moreover, when racemic compounds are used in
transacylation processes, the recognition of enantiomeric molecules or
enantiotopic groups on prostereogenic molecules with high enantioselectivity
has been obtained. This is one feature that makes lipases very important for
organic synthesis, and it has been widely applied in the case of kinetic
resolution (KR) or dynamic kinetic resolution (DKR) until now.[70, 71]
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ROH
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Enz

Acyl-OR1
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Acyl-SR1
(Transacylation products)
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R1NH2
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Figure 26. Lipase-Catalyzed Transacylation with various nucleophiles.
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4.
Dynamic Combinatorial Resolutions: LipaseMediated Asymmetric Screening of Dynamic
Nitroaldol and Double Dynamic Aminonitrile
Systems.
(Papers I-IV)

4.1. Lipase-mediated resolution of dynamic nitroaldol systems
As discussed in chapter 2, dynamic nitroaldol or β-nitroalcohol systems (DS-I
and DS-II), generated from a reversible nitroaldol (Henry) reaction, possess an
exchangeable chirality through the secondary alcohols in the pool. Due to well
demonstrated reactions between lipases and a diversity of chiral secondary
alcohols,[116] the formed β-nitroalcohol substrates could possibly be further
applied to this kind of target species. Ideally, lipase will select the best
substrate and also show asymmetric discrimination in the transesterification
process.[28] Thus, under the general concept of DCR, the dynamic nitroaldol
systems, generated under thermodynamic control, will be coupled in a one pot
process with kinetically controlled lipase-mediated transesterification (Figure
27a and b).
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Figure 27. a) The concept of DCR. A dynamic library is formed from i components A
and j components B, A specific constituent An-Bm is selectively recognized by a
selector (e.g., an enzyme), enabling the formation of specific product Cnm under
kinetic control. b) Dynamic Combinatorial Resolution (DCR) of nitroaldol systems.
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4.1.1. Optimization of kinetic resolution of β-nitroalcohol substrates
using various enzymes and acyl donors
Before combining the enzymatic reaction with a complex dynamic system,
optimal conditions for kinetic resolution (KR) must be estrablished. A less
complicated system was used initially, thus allowing us to understand the
enzymatic reaction of β-nitroalcohol substrates more deeply. In the kinetic
resolution (KR) process, achieved by lipase-catalyzed transesterification, most
enzymes recognize broad ranges of substrates.[116] A size difference of the
substituents at the secondary alcohol position of the substrates is, however,
needed to obtain high enantiomeric excess.[117-119] In the present case, the size
occupancies around the stereogenic position of the nitro alcohol adduct are
similar to each other. Initially, a series of enzymes were screened using vinyl
acetate (VA), commonly used for transesterification, as an acyl donor, and pure
racemic 2-methyl-2-nitro-1-(4-nitrophenyl) propan-1-ol (10a) as an alcohol
substrate. The reactions were followed for 24 h in dry toluene under argon
atmosphere (Table 3).
Table 3. Kinetic Resolution of 10a using various enzymesa.
O
Lipase

OH
NO2
O2N

O

5 eq. VA
Toluene

∗

NO2

O2N

Entry

Enzyme

Conversion [%][b]

ee [%][c]

E[d]

1
2
3
4
5
6
7
8[e]
9[f]

CALB
CRL
CCL
PS
PS-C I
PS-C II
PF
PS-C I
PS-C I

5
0
0
10
11
10
7
29
46

78
0
0
0
99
90
93
99
99

8
0
0
1
>200
21
30
>200
>200

[a]

Reactions were carried out with 0.05 mmol (12 mg) of rac-10a with 10 mg of
enzyme and 5 equiv. of vinyl acetate in 0.3 mL of toluene at RT and
Argonatmosphere for 24 h. [b] Determined by 1HMR spectra. [c] Determined by HPLC
analysis using OD column. [d] Enantiomeric ratio [e] 30 mg of enzyme was used. [f] 30
mg enzyme, the reaction was run at 40 oC for 24 h.

Of the enzymes tested, lipases from Pseudomonas cepacia (PS, PS-CI and PSCII) and Pseudomonas fluorescens (PF) showed transesterification activity
with high enantioselectivity. In contrast, enzymes from different Candida
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species; Candida antarctica lipase B (Novozyme 435), and Candida rugosa
(CRL), showed low or no reactivity with this substrate (Table 3, entries 1, 2, 5,
6 and 7). Even for the better enzymes, however, the conversion was still quite
low. This might be due to the difficulty for the sterically secondary alcohol
substrate to access the enzyme pocket. By use of higher temperature as well as
higher amounts of enzyme, acceleration of kinetic resolution process was
observed, allowing for reasonable conversion, and enantiomeric ratio, on an
acceptable time scale (Table 3, entries 8 and 9)
The acyl donor is another important factor in the transesterification process by
lipases, since in the first step it has to form an acyl-enzyme intermediate and
displace the by-product, generally an alcohol. For example, if the acyl donor is
too inert, the enzymatic process becomes slower. On the other hand, if the acyl
donor is too reactive, the substrate might react and yield the acylation product
without enzyme catalysis, leading to low or zero enantioselectivity of the
product outcome. Moreover, by-products from the acyl donor should not react
with any other reactant in the process. This could cause the system
decomposition over time. Thus, various acyl donors have to be screened to find
the best candidate for this system (Table 4).
The results showed low conversions in the KR process when isopropyl acetate
and isopropenyl acetate were used as acyl donors (Table 4, entries 1 and 2).
Better conversion was observed when ethoxy vinyl acetate, p-chlorophenyl
acetate and vinyl acetate were used (Table 4, entries 3-5). Unfortunately, only
p-chlorophenyl acetate proved to be useful in the further DKR and DCR
process (Table 4, entry 4). The other two acyl donors, ethoxy vinyl acetate and
vinyl acetate, showed side reaction during the DKR process, with the
nitroalkane attacking the acyl position of ethoxyvinyl acetate and attacking to
the by-product released from vinyl acetate (Figure 28).
O

O
Too reactive
acyl donor
EtO

Too reactive
by-product

NO2

O

base

EtOAc

OH

O
H

NO2

NO2

base

NO 2

react further
with lipase

Figure 28. Side reactions from the acyl donors used.

30

Table 4. Kinetic Resolution of 10a using various acyl donorsa.
O
Lipase

OH
NO2

Toluene

O2N

Entry

Acyl donor

O

Acyl donor

NO2

∗

O2N

Conversion [%][b]

ee [%][c]

E[d]

1

OAc

10

98

110

2

OAc

7

95

42

24

98

134

40

99

>200

OAc

46

99

>200

OAc

36

99

>200

0

0

0

3

EtO

OAc
OAc

4
5

Cl

6[e]

OAc

7[f]

Cl

[a]

Reactions were carried out with 0.05 mmol (12 mg) of rac-10a with 30 mg of enzyme and 5 equiv.
of acyl donor in 0.3 mL of toluene at 40 oC and Argon atmosphere for 24 h. [b] Determined by 1HMR
spectra. [c] Determined by HPLC analysis using OD column. [d] Enantiomeric ratio. [e] Vinyl acetate was
used as a solvent. [f] p-Chlorophenyl acetate was used as a solvent

According to the literature,[119] increasing the concentration of enzymesubstrate complex by using the acyl donor as solvent can lead to improved
results. Surprisingly, this approach gave no reaction for p-chlorophenyl acetate
(Table 2, entry 6). Therefore, five equivalents of p-chlorophenyl acetate were
used instead, even though this donor revealed slower conversion compared to
vinyl acetate. However, no side reactions were observed in this case.
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4.1.2. Direct asymmetric lipase-mediated screening of a dynamic
nitroaldol system

After optimized the reaction conditions, lipase from Pseudomonas cepacia
(PS-C I), and p-chlorophenyl acetate were selected as lipase and acyl donor,
respectively. To achieve the aim of this study, the dynamic nitroaldol system I
(DS-I) was generated as described in chapter 2. The PS-C I lipase together
with five equivalents of p-chlorophenyl acetate, were then added to the
dynamic nitroaldol system, run at 40 oC without stirring. This resulted in the
transesterification of selected β-nitroalcohol structures, yielding the
corresponding acetylated products, clearly visualized by 1H-NMR-spectra
(Figure 29).

a)

b)

Figure 29. a) Dynamic system I in the presence of PS-C I and p-chlorophenyl
acetate (t = 24h), b) Dynamic system I in the presence of PS-C I and p-chlorophenyl
acetate (t = 14d).
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As can be seen, two out of five nitroaldol isomers of DS-I were resolved by the
DCR process. The preference of the selected products could be observed
already in the early stages of the resolution (24h). This system required longer
reaction time to reach completion (14 days). Interestingly, compound 5-1
ester, derived from β-nitroalcohol 5-1, is not the most prefers species in the
DS-I. In DCR, on the other hand, lipase has selected this substrate (5-1) as the
fittest, forcing the dynamic system to amplify and then subsequently yielding
compound 5-1 ester as a major product. According to literature,[68, 71] parasubstituted aromatic compounds showed the best reactivity to lipase, compared
to other substituted positions. In this particular case, however, the metasubstituted aromatic β-nitroalcohol was proven to be a better substrate than
some para-substituted compounds. In addition, molecules with orthosubstitution showed no reactivity. Moreover, higher substrate selectivity was
observed at room temperature. Unfortunately, lower conversion was also
noticed, due to slower enzymatic reaction. By use of HPLC analysis, the result
clearly revealed the asymmetric discrimination of the resolution process, in
which 99% and 98% ee were obtained for the 5-1 ester and 3-1 ester,
respectively. Thus, this DCR process has efficiently selected two out of ten βnitroalcohol substrates.

4.2. Henry-iminolactone rearrangement: tandem reactionmediated resolution of adynamic nitroaldol system
Dynamic combinatorial resolution processes, where dynamic nitroaldol
systems (DS-I) are kinetically resolved by enzyme-catalyzed reactions, has
been successfully demonstrated in the previous section. The possibility of
controlling dynamic systems by an internal kinetic selection pressure is a
previously unexplored approach. During the investigation of the scope of the
DCR technique, we discovered that the properties of one of the individual
system members, created an internal selection pressure without an external
biocatalyst. This represents a highly straightforward one-pot process to
selective product formation from a pool of candidates, without the addition of
intervening external factors.
The phenomenon was coincidently found while nitroethane (8) and 2cyanobenzaldehyde (16) were used in the dynamic nitroaldol system. The
concept is demonstrated in Figure 30a and b. A dynamic system from sets of
components A and B is allowed to form by reversible bond formation. A
specific constituent can subsequently react further in a consecutive reaction to
form a kinetically stable product. The thermodynamically controlled system
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will simultaneously undergo continuous re-equilibration, and a clear
amplification of the coupled tandem reaction product will be observed.
a)

b)

Figure 30. a) The concept of tandem driven, internal DCR. A dynamic system is
formed from i components A and j components B. A specific combination An–Bm
subsequently undergoes the selective formation of kinetically stable product Cnm. b)
Internal dynamic combinatorial resolution (iDCR) of a nitroaldol system.

Subsequently, dynamic nitroaldol system II (DS-II), described in chapter 2,
was mixed together with an equivalent of 2-cyanobenzaldehyde (16) in NMR
tube, with acetonitrile-d3 as a solvent. In the absence of triethylamine, no
reaction was catalyzed. Adding the same amount of base used as in the
creation of DS-II, a total of 20 individual β-nitroalcohol adducts, including
enantiomers and diastereoisomers, was initially generated (Figure 31a). The
1
H-NMR analyses displayed a similar pattern to DS-II (Figure 14), with
different nitroalcohols forming competitively. However, as time approached
thirty minutes, an amplification of what was assumed to be the cyclic
iminolactone (17) was observed (Figure 31a). This internal amplification
process then gradually proceeded until all previously formed nitroalcohols, as
well as all nitroethane, had been consumed (Figure 31b).
An interesting observation was made upon isolation and characterization of the
amplified product. NMR spectroscopic data together with supporting X-ray
diffraction analysis clearly proved the compound not to be iminolactone (17),
but rather lactam (18). Further mechanistic studies are yet to be made for the
proposed rearrangement, but a few related systems are reported.[120-122]
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Dynamic nitroaldol systems II
(DS-II: 12 nitroaldol
adducts generated)

CN

H
16

O

HN

O

O

NH
NO2

17

NO 2
18

Rearrangement
product

a)

b)

Figure 31. Enlarged areas of 1H-NMR spectra for iDCR. (a) iDCR of nitroaldol
system at t = 30 min. (b) iDCR of nitroaldol system after completed tandem reaction
(t = 24 h).

Detailed time-dependent NMR-studies were also performed in order to
evaluate the kinetic profile of the tandem reaction.[42] Experimental data was
coherent with a reversibly-irreversibly coupled model, suggesting the proposed
rearrangement step to be fast compared to the iminolactone cyclization
(compound 17). The studies also revealed the forward nitroaldol formation to
be of comparable rate to tandem cyclization, while the reverse nitroaldol
reaction was slower and thereby rate determining for the overall DCR process.
The 3-substituted isoindoline-1-one represents an interesting motif present in a
variety of natural products and drug compounds.[123-125] Furthermore,
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compound 18 belongs to a group of synthetic precursors to 1,2-diamines.
Reduction of the nitro group and further hydrolysis of the lactam, would lead
to these structures which are of broad utility, ranging from antitumor reagents
to ligands in stereoselective organic synthesis.[126-128]

4.3. Lipase-mediated resolution of double dynamic aminonitrile
systems
In this section, double dynamic systems have been subjected to a lipasecatalyzed resolution (transacylation) process. This was done to extend the
scope of DCR and also show the efficiency of the screening method a with
complex variety of compounds. Furthermore, in the last few years, lipase
mediated asymmetric acylation of chiral primary amines is becoming
increasingly common.[129, 130] Surprisingly, there are rarely examples of the
resolution of secondary amines in the literature.[131-136] Thus, we decided to
investigate a coupled double dynamic covalent system with lipase to carry out
a double dynamic combinatorial resolution (DDCR) process. The concept is
displayed below (Figure 32).
a)

b)

Figure 32. a) Double dynamic multicomponent resolution. A double dynamic system
is formed from i components A and j components B followed by k components C. A
specific constituent An-Bm-Cp is selectively recognized by a selector (e.g. an
enzyme), enabling the formation of specific product Dnmp under kinetic control, b)
Double dynamic combinatorial resolution of aminonitrile systems.
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4.3.1. Optimization of kinetic resolution of N-substituted α-aminonitrile
substrates using various enzymes and acyl donors
As far as we know, lipase-catalyzed transacylation of N-substituted αaminonitrile substrates have never been reported. Therefore, the reaction
conditions were optimized by an initial screening of a series of enzymes
followed by a series of acyl donors. Regarding the DDS-II, 2-(4-fluorophenyl)2-(methylamino)acetonitrile. Compound 13-A1-12 was selected as a model
substrate. From our experiences, using 4 Å molecular sieves, it would keep the
water molecule out of contact with the enzymatic reaction. Nevertheless, with
this particular substrate, the molecular sieves showed inefficient reactivity
which was observed by the decomposition of Strecker compound (13-A1-12)
and also no observation of the desired product. Generally, kinetic resolution
with various enzymes and acyl donors have been carried out by 0.05 mmol
compound 13-A1-12 mixed with three equivalents of acyl donor in dry
toluene. This was then subjected to a vial-contained lipase (50 mg), under
argon atmosphere (Table 5 and 6).
Table 5. Kinetic Resolution using various enzymes of 13-A1-12

Kinetic resolution by lipase PS-C I gave the highest conversion to the
acylation product (Table 5). In addition, p-chlorophenyl acetate and phenyl
acetate were revealed as appropriate acyl donors for the chemoenzymatic
reaction (entries 6 and 7, Table 6). In the end, phenyl acetate proved to be the
best co-substrate since less side reactions were observed upon further study.
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Table 6. Kinetic Resolution of 13-A1-12 using various acyl donor

On the basis of these results, the lipase PS-C I from Pseudomonas cepacia and
phenyl acetate were selected as lipase and acyl donor, respectively, for the
DDCR system.

4.3.2. Direct asymmetric lipase-mediated screening of double dynamic
aminonitrile systems
Initially, the double dynamic aminonitrile system II (DDS-II) was contructed
as described in chapter 2 (Figure 23 and 24). The method demonstrated
reversible generation of 24 N-substituted α-aminonitriles (12 isomers) in two
step reaction processes and also finished within hours.
Initially, the combination of double dynamic system (DS-II) with the
enzymatic reaction was screened with N-substituted α-aminonitrile substrates
at room temperature. This resulted in mainly N-methylacetylamide (19) which,
might be due to the strong side reaction of primary amine A1, released from
the transimination process, with the acyl donor via both catalyzed and/or
uncatalyzed enzymatic reaction (Figure 33).
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O
O
Phenyl acetate
NH2
(A1)

O

OH

N
H
(19)

Phenol

Figure 33. Side reaction between amine and acyl donor used in DDCR

To avoid this undesired reaction, several other conditions were tested. The best
result was obtained when the reaction was carried out at 0 oC. In this case, we
could avoid the by-products even when the reaction time was 14 days (less
than 5% conversion). However, the desired acylation products were still hardly
observed from the DDCR process. Thus, we hypothesized that the ZnBr2
solution, might bind to the polar amino acid residues on the protein surface.
This coordination may block the active site or decrease the protein flexibility
essential to catalytic activity.[137] Fortunately, we serendipitously came across a
condition using solid state ZnBr2 as a heterogeneous catalysts for the double
dynamic covalent systems and also run at 0 oC, and under argon atmosphere.
This condition allowed the enzymatic process to work and we were able to
screen N-substituted α-aminonitrile substrates from DDS-II in a one pot
process (Figure 34). We proposed that solid state catalyst is not interfering
with the chemoenzymatic reaction since they are mostly separated from each
other. Moreover, rate of the side reaction has been dropped down due to strong
chelation between amine and ZnBr2 in heterogeneous system.
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O
N
CN
F
13-A1-12 amide (R)
O
F

Double dynamic aminonitrile systems II
(DDS-II: 24 N -subtsituted α-aminonitrile
compounds generated)

N
CN

Lipase
PS-C I
phenyl acetate

F
14-A1-12 amide (R)
O
Cl

N
CN

6-A1-12 amide (R)

Figure 34. 1H-NMR spectrum of the reaction mixture of the double dynamic
resolution process: signals of acylated Strecker compounds (N-alkyl protons) and
remaining Strecker compounds (α-protons) of the dynamic system 2 in the presence
of PS-C I and phenyl acetate (t = 40 d).

From 1H NMR spectrum (Figure 34), the results clearly indicated that
compound 13-A1-12 amide, derived from 13-A1-12, is the fittest substrate of
the DDCR process. However, for the other substrates, HPLC technique was
used to analyze the data since the overlaps of significant peaks was observed in
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1

H NMR spectrum. Using a combination of achiral (Zorbax) and chiral (ODH) column, all of the final products could be distinguished from each other
(Figure 35a-c). This technique allowed us to determine not only conversion,
but also enantiomeric excess, directly from the crude reaction mixture.
According to both analyses (Figure 34 and 35), the major product was
confirmed to be the 13-A1-12 amide, produced from aldimine 13-A1, obtained
via transimination, and TMSCN (12). The relative concentration of the 13-A112 α-aminonitrile was however not among the highest compound to be
generated in DDS-II. Nevertheless, 13-A1-12 was the main compound selected
by the lipase for the amidation.
a)

b)

c)

Figure 35. Conversion (%) of acylated N-substituted α-aminonitriles from the double
dynamic resolution process at: a) 2 d; b) 18 d; and c) 40 d.

Interestingly, the other products were found to be 14-A1-12 amide and 6-A112 amide, showing the second and the third highest conversion, respectively.
From previous experiences with β-nitroalcohols, the enzyme lipase does not
prefer a substrates, possessing an ortho substituted phenyl moiety, not even a
small entity such as fluoride.[138] In this study, ortho substituted aromatic αaminonitrile substrates, not only fluoride but also chloride, showed the highest
accessibility to the lipase active site to perform amidation. Moreover, at
another axis around the stereogenic center, the results demonstrated that only a
methyl group at the N-substituted moiety can fit the enzymatic reaction. After
comparison of crude reaction mixtures and calculating of maximum
concentration of standard final products by HPLC, conversions of each product
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in the crude reaction mixture, throughout the time-scale, could be obtained. All
final products were obtained in a combined overall yield of 5% after two days.
Better yields were observed after longer reaction times and the products were
obtained in over 39% and 65% yields after 18 and 40 days, respectively
(Figure 35). The reaction has been left for 48 days where 1H NMR spectrum
depicted only trace peaks of remaining target intermediates in DDS-II. The
slightly increasing overall conversion (69%) was achieved. The slower rate at
longer reaction times may be due to slow evaporization of methylamine, a
major component in all three final products. Attempts to perform the reaction
at -18 oC, resulted in stable dynamic systems, but no reactivity of the
biocatalyst, even after 30 days.
Equilibration of the double dynamic covalent library could be observed in 1H
NMR spectra, not only by decreasing peaks of the substrate-contained right
moiety, i.e. the para substituted fluoro phenyl specie, but also provides some
of their peak of non-selected entities. A significant amplification effect was
recorded by the HPLC chromatograms. After a two days (Figure 35a) reaction
time, similar ratio of the final product, 13-A1-12 amide (2%) and 6-A1-12
amide (2%) was observed and also almost no conversion for 14-A1-12 amide
(1%). For longer reaction times (18 days, Figure 35b), the ratio then changed
to 22% (13-A1-12 amide), 8% (14-A1-12 amide) and 9% (6-A1-12 amide)
which are clearly indicated that 13-A1-12 is the best binder in the system. At
40 days reaction time (Figure 35c), 14-A1-12 has proved to become a second
best substrate since the ratio was changed to 37% (13-A1-12 amide), 15% (3A1-6 amide) and 13% (6-A1-12 amide).
The N -substituted α-aminonitrile–lipase DDCR process did not only amplify
specific α-aminonitriles derivatives, but also caused asymmetric
discrimination. HPLC analysis showed that the highest enantioselectivity of
the process was around 5-10% ee, in cases of 13-A1-12 amide and 6-A1-12
amide. These results forced us to examine the stability of acidic α-proton in
the final product with various conditions. The reaction was carried out in a
NMR tube, using CDCl3 as solvent. The final compound, rac 13-A1-12 amide,
was tested with a variety of organic acids or bases, together with a drop of D2O
to notice the exchange of the α-proton. Unfortunately, fast racemization was
observed in basic conditions, especially for the primary amine. Moreover, the
exchange reaction could also be detected in diluted condition or when using
the Strecker compound as a base (Table 7). Thus, these results clearly
explained the low enantioselectivity outcome of the final products in the
DDCR process since the primary amines and Strecker compounds are always
present in the reaction mixture.
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Table 7. Racemization Test of compound 13-A1-12 amide
O
N
H

O
1.5 eq.D2O

CN

F

a

Additive
TEA
TBAOAc
Isopropylamine
13-A1-12
Isopropylamine
AcOH
TFA
PS-C I
PS-C I
No additive

D

Solvent

13-A1-12 amide

Entry
1
2
3
4
5a
6b
7b
8b, c
9b, d
10b

N

additive

CN

F
deuterated-13-A1-12 amide

Solvent
CDCl3
CDCl3
CDCl3
C6D6
CDCl3
CDCl3
CDCl3
Toluene
C6D6
CDCl3

Conversion (%)
> 95
> 95
80
3
1
0
0
0
0
0

Time (h)
12
12
24
24
24
24
24
24
24
24

Lower amount of 13-A1-12 amide (0.0018 mmol) used.

b

Reaction performed for up to 3 days with no visible exchange.

c

Reaction performed in seal-cap vial with 200 mg of enzyme.

d

Reaction performed in NMR tube with 20 mg of enzyme.

However, replacement of the solvent to tert-butyl methyl ether (TBME),
commonly used for lipases, resulted in prevention of the racemization process.
These improved conditions were subsequently applied to the DDCR process.
As expected, high enantioselectivity was observed for all three final products,
90% ee (13-A1-12 amide), 92% ee (6-A1-12 amide) and 73% ee (14-A1-12
amide) with approximately 14% conversion in 18 days (see supporting
information of Paper III for more details). The rate of the resolution process
was in this case lower than in toluene. These results strongly confirmed the
efficiency of the dynamic resolution process by selecting three compounds
from a pool of 24.
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4.4. Lipase-mediated
systems

resolution

of

dynamic

cyanohydrin

The cyanohydrins reaction, potential carbon-carbon bond formation, can be
generated by reaction between an aldehyde or ketone and cyanide source.
Asymmetric cyanohydrin building blocks are very versatile since they can be
transformed into many chiral functional groups. Thus, many attempts of
synthetic pathways have been reported to achieve the enantioselectivity.[139-142]
In addition, thermodynamic property of cyanohydrins reaction has also been
established, in which it could successfully be applied to the chemoenzymatic
dynamic kinetic resolution process.[143-146] According to the literature, the
reversibility of cyanohydrins reaction in organic solvent has proven to be
efficient and could be catalyzed by simple organic bases.[145, 146] Lipases were
used as a resolving agent in DKR process which resulted in broad range of
cyanohydrins substrates were catalyzed via transesterification. Because of
these reasons, dynamic combinatorial resolutions of cyanohydrins substrate
were conducted to identify lipase preferential substrate from the selected
systems. Moreover, an efficiency of thermodynamic property of cyanohydrins
reaction could allow us to vary the condition of DCR process and investigate
the enhancement of amplification in real-time.
Although, the reversible cyanohydrin reactions can be generated by different
cyanide sources,[140, 147, 148] one of the most convenient and less harmful
methods is using acetone cyanohydrin (20) in the presence of base to mildly
release cyanide ion and acetone as by-product. Then, five different aromatic
aldehydes, 2-trifluoromethylbenzaldehyde (21), 2-naphthaldehyde (22), 2methylbenzaldehyde (23), benzaldehyde (24) and 4-methoxybenzaldehyde
(25) were chosen in order to demonstrate the application of the reversible
cyanohydrin reaction and also substrate diversity (Figure 36).

Figure 36. Lipase screening of a dynamic cyanohydrin system.
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Moreover, their corresponding intermediates are stable and their reactions did
not generate any side product. The equimolar amount of these aldehydes and
acetone cyanohydrin (20) and also triethylamine as a catalyst were mixed in
chloroform-d to generate dynamic cyanohydrin system. NMR spectroscopy
was used to monitor the ratios of intermediates in dynamic system and product
formations. Because of their similar structure, their α–protons appear in the
same regions, 5.40-5.95 and 6.30-6.70 ppm for cyanohydrin intermediates and
ester products, respectively in NMR spectra (Figure 37). The dynamic system
can reached equilibrium in three hours (Figure 37a).

Figure 37. NMR spectra (enlarged areas): a) Dynamic cyanohydrin at equilibrium;
b) Dynamic lipase screening cyanohydrin system using lipase 3 mg at 0°C.

Isopropenyl acetate was chosen as acyl donor in lipase catalytic resolution.
This acylating reagent is commonly used in lipase mediated transesterification
process. Acetone, released as by product, would not interfere in either dynamic
system or enzymatic reaction. Although, many different lipases are commercial
available,[110, 149, 150] Pseudomonus cepacia lipase was found to have highest
enzyme activities. Initially, dynamic cyanohydrin system was applied to 10 mg
of lipase PS-C I and isopropenyl acetate at room temperature. To control
acivity of water in enzymatic reaction, molecular sieve 4Å was also applied
into the reaction.
The resolution by the enzymatic process was finished in 7 days. The ratios of
acylated cyanohydrin products, (21-25)-20 ester, demonstrate an effect of
lipase substrate selectivity. The major intermediate 21-20 in dynamic system
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was turned out not to be a best substrate for lipase. Instead, compound 24-20
was catalyzed and amplified to achieve the fittest, compound 24-20 ester of
the system (Figure 38A).

Figure 38. Substrate preferential factor of dynamic cyanohydrin system using A. 10
mg lipase at RT; B. 6 mg lipase at RT; C. 3 mg lipase at RT and D. 3 mg lipase at
0°C.

To enhance the selectivity of DCR process, reaction conditions were varied.
Many studies reported that lipase activities could be improved by the exchange
of acylating reagents,[151] solvents,[152] enzymes[153] and/or reaction
temperature.[154] First, various acyl donors (2-naphthalenyl acetate, phenyl
acetate and its derivatives, see paper IV) were applied to the resolution
process. The results indicated that these acyl donors can enhance only the rate
of enzymatic reactions but not for the outcome in substrate selectivity. Then, a
variety of solvents were screened in the enzymatic reaction. The reaction using
toluene as a solvent showed similar rate of DCR process and also ratio of
substrate specificity as chloroform-d. When polar solvents, for example, tertbutyl methyl ether, dimethyl ether, acetonitrile, dimethyl sulfoxide and
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dimethyl formamide, were used as solvent, their lipase catalyzed reactions
were much slower.
Next, the amount of lipase PS-C I was decreased down to 6 and 3 mg which
led DCR processes finished in 10 and 14 days, respectively. The ratios of final
ester products (21-25)-20 ester were monitored. By use of the calculation of
preferential factor, the amplifications of substrate selectivity have been
visualized (Figure 38B and 38C). The ratio of compound 24-20 ester was
clearly enhanced as amount of lipase was decreased. In contrast, the reverse
trend for cyanohydrin intermediates 21-20 and 23-20 was observed.
Temperature dependence in enzymatic reaction has been studied in many
biocatalysts, especially increasing enantioselectivity of enzyme activity by
decreasing temperature.[154-156] To decrease lipase resolution process and
enhance lipase selectivity, low temperature method was also tried in dynamic
cyanohydrin screening system. The same dynamic cyanohydrin system was
applied with 3 mg of lipase enzyme and the enzymatic reaction was performed
at 0°C (Figure 37b and 38D). Because of lower reaction temperature, the
enzymatic resolution was retarded and finished in 30 days. Following the DCR
process at various time-scales by proton NMR spectra revealed that the ratio of
cyanohydrin intermediates (21-25)-20 was similar for the whole resolution
process. Hence, these results indicated that the thermodynamic property of
cyanohydrin reaction was still efficient until lipase resolution was finished
even at lower temperature. Again, in case of lower temperature, substrate
selectivity has been enhanced in DCR process. Compounds 24-20 ester and
22-20 ester have obviously been more amplified by lipase as respect to the
first and second preferential substrates.
To explore enantioselectivity of final cyanohydrins ester products, chiral
HPLC was used to analyze. The HPLC chromatograms showed enantiomeric
ratio of individual ester products. All ester products, except the unfavor
product 21-20 ester, were asymmetric resolved by lipase transesterification.
Interestingly, the highest enantiomeric ratio among these ester products is from
cyanohydrin ester 24-20 ester, 83% ee. This indicated that lipase catalyzed
reaction was powerful screening tool to resolve optically active cyanohydrin
ester product.
In conclusion, we have demonstrated that the generated dynamic system (DS-I
and DS-II) or double dynamic systems (DDS-II) were successfully coupled
with kinetically controlled secondary processes, either biological catalyst or
irreversible reaction. By use of lipase enzymes, the results showed the efficient
substrate-screening method with mild condition as well as performed in a one
pot process. Moreover, the internal selection pressure from a consecutive
intramolecular tandem reaction to the prototype dynamic nitroaldol system
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(DS-II) also influenced the thermodynamically controlled process and caused a
quantitative amplification effect. The investigation showed that the tandem
reaction was followed by an unexplored type of intramolecular rearrangement.
Moreover, the efficiency of reversible cyanohydrins reaction has been applied
to DCR process by lipase-mediated transesterification. The results
demonstrated that the enhancement of substrate preferential can possibly
monitor by vary the reactions condition, in which DCR process was used to
visualize the effect in real time. The information from the DCR and DDCR
methods (substrate selectivity and stereoselectivity) led us to develop a
practical chemoenzymatic route for the preparation of optically active βnitroalcohol and N-methyl aromatic α-aminonitrile derivatives through lipasemediated amidation (see chapter 5).
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5.
Chemoenzymatic Dynamic Kinetic
Resolutions: Asymmetric Synthesis of βNitroalcohols and N-substituted αAminonitriles Compounds.
(Papers V-VI)

5.1. Introduction
Chirality is one of the most intriguing features of natural substances which is
of importance for specific biological activity. Moreover, due to the increasing
demand for such compounds as chiral building blocks in not only the
pharmaceutical but also agrochemical industry, the search for new and efficient
methods for the synthesis of enantiomerically pure compounds has been a
major active area of research in organic chemistry.[62] However, a resolution of
racemic mixtures, especially by biocatalyst, is still the most common way to
prepare enantiopure compounds on an industrial scale, because of economic
efficiency as well as environmental impact.[63-65] Among all the biocatalysts,
lipases have the advantages of commercial availability, easy use and recycling.
They have also proven to be very effective catalysts for the synthesis and
resolution of a broad range of non-natural substrates.[110, 112, 129]

5.2. Dynamic kinetic resolution of nitroaldol addcucts by
combined lipase-catalysis
Dynamic Kinetic Resolution (DKR) has proven to be a powerful and efficient
method for the preparation of enantiomerically pure compounds.[70] It conquers
the drawbacks of traditional Kinetic Resolution (KR), maximum 50% yield of
desired product and also separated remaining starting material required. The
combination of enzyme, chemocatalyst or microbial kinetic resolution with the
in situ enzyme, metal or base-catalyzed racemisation of secondary alcohol has
been employed in many cases of DKR process.[71] However, the compatibility
among the two catalysts together with substrate must be achieved which most
often still be the major obstacle.[69]
In the previous chapter, we developed a method for self-screening of dynamic
nitroaldol system through kinetically controlled lipase-mediated
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transesterification.[28] To explore the scope of the reaction, we have further
investigated a novel asymmetric synthesis of β-nitroalkanol derivatives,
utilizing a direct one-pot reaction combining a nitroaldol (Henry) reaction and
kinetic resolution (KR) through lipase-catalyzed transesterification (Figure
39).
Henry reaction

Kinetic resolution (KR)
OH

O
R

R'
H

R''

NO 2
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R

NO 2
R'
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R

R''
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R

NO 2
R'

NO2
R'

R''

OAc
slow

R''

R

NO2
R'

R''

Dynamic kinetic resolution (DKR)

Figure 39. General concept of the one-pot dynamic kinetic resolution process.

From experiences in chapter 2 and 4, the optimal condition was achieved. By
using an excess of 2-nitropropane (1) together with p-nitrobenzaldehyde (2a),
in the presence of PS-C I and p-chlorophenyl acetate (toluene, 40 oC and 2
days), compound 2a could be isolated in 90% yield and 99% ee (entry 1, Table
8). The biocatalyst, Pseudomonas cepacia (PS-CI), was easily recovered by
filtration, washed with organic solvent and dried under vacuum without loss of
activity. This experiment demonstrated that the method is an alternative
method for the synthesis of nitroalkanol derivatives via a one-pot reaction in
high yield and with high enantioselectivity. This new one-pot synthesis was
applied to a range of different aldehyde substrates (Table 8). pCyanobenzaldehyde (2b) was used under the same conditions as for pnitrobenzaldehyde but the results showed slightly lower enantiomeric excess
(Table 8, entry 2).
In the case of benzaldehydes 2c–f, five equivalents of 2-nitropropane were
used. These results also showed high yields as well as enantiomeric excess
(entries 3–5, Table 8) with the exception being 3,5-bis(trifluoromethyl)
benzaldehyde (2f) where the enantiospecificity decreased to 80% ee (entry 6,
Table 8). This effect may be due to the presence of two groups of similar size
next to the stereogenic center.
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Table 8. One-pot combined nitroaldol (Henry) reaction and lipase-catalyzed
transesterification.[a]
O

NEt3
PS-C I
O
R

NO2

H

O

p-Cl-C6H 4OAc

NO2

R

Toluene

2a-m

1

10a-m

Entry

R

Product

Time [d]

yield [%][b]

ee [%][c]

1
2
3[d]
4[d]
5[d]
6[d]
7[e]
8[e]
9[e]
10[f]
11[f]
12[f]
13[f]

4-O2N-C6H4
4-NC-C6H4
4-F3C-C6H4
3-O2N-C6H4
3-NC-C6H4
3.5-bis(F3C)-C6H4
4-F-C6H4
4-Cl-C6H4
4-Br-C6H4
C6H4
4-CH3-C6H4
4-CH3O-C6H4
Thiophene-2

10a
10b
10c
10d
10e
10f
10g
10h
10i
10j
10k
10l
10m

2
2
3
3
3
3
4
4
4
4
4
4
4

90
89
89
90
92
80
85
83
81
80
35
28
68

99
91
97
91
97
80
98
97
96
91
93
99
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[a]

Condition: 0.125 mmol benzaldehyde, 0.5 mmol 1, 0.25 mmol of TEA, 106.25 mg
p-chlorophenyl acetate, 90 mg of PS-C I, 0.25 mL of toluene, 40 oC, 2 days.

[b]

Isolated yield.

[c]

Determined by HPLC analysis using OD and OD-H column.

[d, e]

5 and 10 equivalents of 2-nitropropane and 2.5 and 5 equivalents of TEA were

used, respectively.
[f]

Condition: 0.125 mmol benzaldehyde, 1.25 mmol 1, 0.625 mmol of TEA, 106.25
mg, p-chlorophenyl acetate, 90 mg of PS-C I, 0.1 mL of toluene, 40 oC.

To achieve a reasonable equilibration rate for less electron withdrawing,
unsubstituted, and electron-donating substituents and also heteroaromatic
benzaldehydes, 2g–m, the amount of nitropropane was increased to ten
equivalents. After a reaction time of 4 days, compounds 10g–j were obtained
in good yields and with high enantiomeric excess (entries 7–10, Table 8). In
contrast, benzaldehydes 2k and 2l resulted in rather low yields, as expected
from the lower nitroaldol reaction rates, but retained high enantioselectivity
(entries 11 and 12, Table 8). The heteroaromatic 2-thio phenecarboxaldehyde
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(2m) resulted in a higher yield but considerably lower enantiospecificity of the
β-nitroalkanol product within the same reaction time (entry 13, Table 8). In
addition, several aliphatic aldehydes (butyraldehyde, isovalerylaldehyde, and
octylaldehyde) were examined. However, all of them displayed unsatisfactory
enantioselectivity. Thus, diminishing the aldehyde ring size, or the use of
aliphatic aldehydes , lead to decreasing enantiospecificities. On the other hand,
this one-pot procedure results in high stereospecificities for all benzaldehydes
tested with the reaction yields depending on the different substituents.

5.3. Dynamic kinetic resolution of α-aminonitrile substrates by
combined lipase-catalysis
Optically active secondary amines are important chiral building blocks in
industries as well as applications in organic asymmetric synthesis as chiral
auxiliaries, catalysts or resolving agents.[129, 157-160] As described in chapter 4,
we have developed a method for self-screening of dynamic N-substituted αaminonitrile systems through kinetically controlled lipase-mediated
amidation.[34] Nevertheless, there is still a need to develop efficient
enantioselective synthesis and technically feasible methods for this type of
substrates. Hence, the techniques developed, and the information gained
(substrate selectivity and stereoselectivity), from the complex self-screening
systems led us to further investigate a practical process of chemoenzymatic
dynamic kinetic resolution (DKR), for the preparation of optically active Nmethyl aromatic α-aminonitrile derivatives.

5.3.1. Enzyme catalytic promiscuity
Despite their great proficiency in action and robustness, enzymes exhibit a
remarkable evolutionary adaptability (evolvability). Another significant ability
of an enzyme, recently becoming an important subject for both enzymologist
and organic chemists, is when a single active site catalyzes more than one type
of chemical transformation. So called “enzyme catalytic promiscuity”.[161, 162]
The transformations are different if the types of bonds cleaved and/or made are
different, and if the transition states of the two reactions are different.[161] From
a synthetic point of view, enzyme promiscuity is especially interesting when
the type of reaction being catalyzed does not occur in nature. In addition, the
discovery of promiscuous behavior has the potential of expanding the diversity
of synthetic methodologies.[163]
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Research over the last few years has uncovered many examples of this
phenomenon. It has also become clear that catalytic promiscuity has
implications in evolutionary relationships.[161-163] Examples include alkaline
phosphatase catalyzed hydrolysis of p-nitrophenylsulfate,[164, 165]
aminopeptidase-catalyzed hydrolysis of phosphoesters,[166] lipase-catalyzed
Michael additions of N-,[167] O-,[168] S-,[169] and C-nucleophiles,[170] aldol
additions,[171] oligomerization of siloxanes,[172] racemase catalyzed PLPdependent aldol additions,[173] and arylmalonate decarboxylase catalyzed aldol
additions.[174] Many of these studies involve protein engineering which was
challenged by turning low promiscuous activity of an enzyme into the main
activity or to use part of the existing mechanism and divert the reaction path to
new products.

5.3.2. Racemase activity of Pseudomonas cepacia lipase leads to direct
asymmetric dynamic kinetic resolution of α-aminonitriles
During optimization of dynamic kinetic resolution processes, we have
discovered novel promiscuous racemase type activity of lipase enzymes
through α-aminonitrile structures. We also found that the racemase ability
communicated with the amidation which resulted in asymmetric synthesis of
α-aminonitrile derivatives in good yield and high enantiomeric excess via a
direct and mild one-pot DKR process (Figure 40).

Figure 40. The dual functions in lipase mediated dynamic asymmetric resolution of
N-methyl α-aminonitriles.

To the best of our knowledge, no such case of enzyme promiscuity has been
reported even with related mutant biocatalysts. Thus, we have demonstrated
the first example of this phenomenon together with the investigation of the
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plausible enzymatic mechanisms of the racemization process which was
supported not only by experimental but also computational studies.
Initially, the unexpected phenomenon was observed when compound 26a was
used to optimize the KR procedure. The reaction was performed by mixing
26a with phenyl acetate as acyl donor and tert-butyl methyl ether (TBME),
using as solvent, lipase PS-C I. 1H NMR was used to follow the reaction. After
1 day at 40 oC, the final product 27a was observed in 34% conversion.
Surprisingly, leaving the reaction for another day, the conversion of final
product 27a was determined to be 60%, exceeding the theoretical limit of KR,
together with high enantioselectivity, 88% ee. The remaining starting material
26a, however, was observed with almost 0% ee. After 8 days, the process had
reached completion, 94% conversion and 85% ee of final product 27a (Table 9,
entry 1).
Table 9. Dynamic kinetic resolutions of N-methyl α-aminonitriles 26a-c via the
lipase-catalyzed amidation/racemization one-pot process.[a]

PS-C I

HN
CN
R

N
CN

TBME
40 oC

26a-c

Ac

Phenyl acetate

R
27a-c

This result clearly indicated that the transformation of compound 26a to 27a
was carried out through DKR process instead of traditional KR. Other Nmethyl α-aminonitrile derivatives, 26b and 26c, were also subjected to these
conditions. These compounds were chosen in view of their similar core
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structure but differences in stereoelectronic effects, possibly providing more
information for mechanistic study. As expected, the results were similar as
compound 26a (Table 9, entry 2 and 3). Similar rate for the DKR process was
observed in case of compound 26a and 26b respect to non-substitued and
electron rich aromatic. At 2 days of reaction time, both compounds showed
over 50 % conversion and completion was achieved within 7-8 days. But t½ of
compound 26b (1.134) is a little bit shorter than for 26a (1.342). In contrast,
compound 26c, electron poor aromatic, showed the slowest rate, taking almost
3 days for over 50% conversion (t½ = 2.357) and 13 days for completion
(Table 8, see also Supporting information of Paper VI for details about the
kinetic study).
In principle, the racemization method of starting compound, i.e. 26a-c, is
needed as a key step to complete the DKR procedure. According to the kinetic
study, the plausible mechanisms were hypothesized either proceeding via base
abstracted α-proton of starting N-methyl α-aminonitrile or bond cleavage via
retro-Strecker reaction. Moreover, the racemization could either be an
enzymatic or non-enzymatic process. To answer these questions, various
control experiments and molecular modeling were performed. Initially, the
stability of the α-proton in the starting compound was investigated. Previous
studies demonstrated that the α-proton of the final product (for example 27c) is
sensitive to basic conditions, and thereby leading to racemization.[34]
Compound 26c was thus tested with a variety of organic acids and bases
together with D2O, in order to record the exchange of the α-proton. However,
no racemization was observed even when using of strong acid or base and also
high temperature (see also Supporting information of Paper VI).
Next, deuterated in the α-position (d-26c) of racemic compound 26c was
prepared. Compound d-26c was also subjected to DKR conditions as in Table
8 and the reaction was run for 5 days at 40 oC. The outcome showed no
racemization of the compound d-26c and 27c deuterated in the α-position (d27c) was obtained in 65% yield and also 86% ee (see also Supporting
information of Paper VI). These results strongly confirmed that the
racemization mechanism does not pass through the abstraction of α-proton of
starting Strecker compounds (26a-c).
Thereafter, non-racemic compound 26c (10% ee) was prepared in situ. Then,
the reaction mixture has divided in three different fractions which was
subjected to different conditions. The first one contained no lipases. By HPLC
analysis, no racemization of compound 26c (10% ee) was observed, even when
heating up to 40 oC for two days (Figure 41).
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No lipases
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RT 2 days then
40 oC 2 days

No racemization
was observed

HN
CN

2

lipases
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F
26c (10% ee)

3

Pre-incubated
lipases with
MHPNP
contained

40 oC,
2 days

Racemization was
observed from
10% to 2 % ee

No racemization
was observed

Figure 41. Racemization tests of non-racemic 26c using various conditions.

In contrast, the second fraction was subjected to lipase. As expected, the
racemization of compound 26c (from 10% to 2% ee) was observed, showing a
faster rate at 40 oC compare to room temperature (Figure 41). These results
strongly confirmed that the recemization process was performed by the lipase.
The last fraction was subjected to pre-incubated lipase PS-C I with methyl 4nitrophenyl hexylphosphonate (MNPHP), a known inhibitor of CALB.[175] At
40 oC for 2 days, the result also shows no racemization of compound 26c
which can be explained in term of competitive inhibitor, methyl
hexylphosphonate from MNPHP has already blocked the active site of lipase
(Figure 41). Hence, this study has proven that the racemization and
transacylation processes were carried out at the same binding pocket in the
lipase. In addition, compound 26c was again mixed with TBME and lipase PSC I, and then left at 50 oC for 3 days. By 1 H NMR analysis, the aldehyde peak
was noticeably observed in much higher conversion than in the other
controlled experiments, without enzyme. This result supported the hypothetical
mechanisms where racemization occurs through a retro-Strecker reaction,
carried out by the lipase.
According to all of the control experiments, the results allowed us to propose
the mechanisms of racemization process through C-C bond-breaking/forming,
retro-Strecker/Strecker reaction in natural active site (Figure 42). To support
and explain more mechanistic details, molecular modeling of enzyme lipase
and the Strecker substrate were analyzed.
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Figure 42. Proposed racemization mechanisms

5.3.3. Molecular dynamics (MD) and density functional theory (DFT)
calculations
Additional support for the racemase-type activity was acquired from molecular
dynamics (MD) and density functional theory (DFT) calculations. MD
simulations were performed for both aminonitrile enantiomers complexed to
the Pseudomonas cepacia lipase (see Supplementary information of Paper VI
for details), and the results show that both enantiomers are tightly bound to the
oxyanion hole via hydrogen bonds to the cyano group (Figure 43). Strong
hydrogen bonding is also observed between the Nε of His286 and the substrate
amino group (S3), locking the substrates in a rather rigid position in the active
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site. Moreover, there is a fluctuating H-bond between Ser87 Oγ and the αnitrogen (S4), which may play a role in the transition state. The hydrogen bond
network of each enantiomer is consistent with a general base-catalyzed
elimination mechanism, in which His286 abstracts the proton of the amino
group, and the TS and the intermediate cyanide ion are stabilized by the
oxyanion hole. Simulations of the intermediates indicate that the cyanide ion is
held very tightly not only by the oxyanion hole donors, but also by Ser87. The
imine showed higher flexibility but stayed in the vicinity of the cyanide ion,
further supporting the suggested racemization mechanism.

Figure 43. Snapshot of MD simulations of the S- (left) and R-aminonitriles (right),
with selected active site residues. Hydrogen bonds are depicted in green.

Hybrid-DFT calculations were subsequently performed to validate the reaction
mechanism (see Supplementary information of Paper VI for details). The
model system, taken from the R-aminonitrile simulation, is displayed in Figure
43 and shows the optimized geometry of the transition state at the B3LYP/631+G(d) level. The calculations indicate a concerted mechanism in which
proton abstraction of the amino-group precedes the leaving of the cyanide ion.
The whole catalytic machinery of the lipase is active, but evidently, as
predicted by MD, Ser87 acts more like an auxiliary hydrogen bond donor than
a nucleophile (Figure 44). The activation energy was calculated to 21 kcal/mol,
which is in reasonable agreement with the experimentally observed rate.
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Figure 44. Model transition state (R-aminonitrile). The annotated distances are (Å)
TS1=2.02, TS2=1.79, TS3=2.89, TS4=2.05, TS5=, TS6=1.91.

In summary, the techniques developed, and the information gained from the
complex system screening, were further developed to practical synthetic
methods of the individual chiral building blocks. By use of biological catalysts,
lipases, asymmetric syntheses of β-nitroalcohol and α-aminonitrile derivatives
were achieved in good yields and good enantioselectivities via dynamic kinetic
resolution processes.
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6.
Concluding Remarks
The development of the new concept Dynamic Combinatorial Resolution
(DCR) has been a major task in this thesis. In addition, chemoenzymatic
asymmetric Dynamic Kinetic Resolution (DKR) has also been developed.
Initially, the nitroaldol (Henry) reaction was investigated and proved to be an
efficient method of a C-C bond forming route for the dynamic system
formations (DS-I and DS-II). By using the thermodynamic property of the
Henry reaction, it allowed us to simply generate a variety of β-nitroalcohol
substrates, possessing chiral center and continuously interconverted in a onepot process. To further explore dynamic covalent chemistry, the Strecker
reaction, C-C bond-forming and nitrogen containing route, has also been
developed for this purpose. Furthermore, we have demonstrated that the
combination of two dynamic covalent systems, aldehyde-free transimination
and imine cyanation, allowed for multiple exchanges in three dimensions
around a single stereogenic center in a restricted structure. This multiple
exchange process also demonstrated the vast expansion of the system (DDS-I)
by addition of just one single component, an amine or imine.
In addition, the dynamic and double dynamic covalent systems (DS-I and
DDS-II) under thermodynamic control could also be successfully coupled to a
secondary synthetic process mediated by a lipase under kinetic control. These
DCR processes have been used to generate a collection of potential enzyme
substrates, and to identify the best substrates for a lipase from Pseudomonas
cepacia (PS-C I). By combining the dynamic nitroaldol system (DS-I) with
lipase-mediated transesterification, complete, asymmetric resolution of the
system could be achieved in a one-pot process, producing enantiomerically
pure β-nitroacetates in high yield. Moreover, in case of double dynamic
covalent systems (DDS-II), the use of solid state catalyst (ZnBr2) allowed the
compatibility between complex thermodynamic and kinetic processes. The
resolution process is a significant screening method since the diversity of
Strecker compounds can be evaluated at the same time in one pot.
Furthermore, the reduced need for purification as well as the low amount used
of the toxic cyanide compound is advantageous and environmentally friendly.
Moreover, the dynamic cyanohydrin system has also been applied in a DCR
process. Due to the efficient thermodynamic property of cyanohydrin
formation, it allowed us to visualize the enhancement of amplification through
various conditions in real time.
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We have also formulated and demonstrated the concept of intramolecular
dynamic combinatorial resolution (iDCR). In a prototype dynamic nitroaldol
system (DS-II), internal selection pressure from a consecutive intramolecular
tandem reaction influenced the thermodynamically controlled process and
caused a quantitative amplification effect. Further investigation also showed
that the tandem reaction was followed by an unexplored type of intramolecular
rearrangement, affording an interesting nitrosubstituted isoindolinone structure.
This concept has intriguing potential applications: For example, it provides a
possible route to systematization of reaction discovery and that tandem
reactions could be a tool for controlling dynamic combinatorial systems and it
provides a tool to demonstrate dynamics in biased equilibria.
Finally, we have demonstrated for the first time that the asymmetric synthesis
of β-nitroalkanol derivatives can be simply and efficiently achieved, in a onepot procedure, by a combined lipase-catalyzed transesterification and
nitroaldol (Henry) reaction. Simple tuning of the reaction conditions allows for
the isolation of the desired products in good to excellent yield, together with
high stereoselecitve, in reasonable reaction times.
Moreover, we have discovered that wild-type lipase enzyme has racemase type
activity specifically through the N-substituted α-aminonitrile (Strecker) core
structure. By use of various control experiments and computational chemistry,
the racemization mechanism was proposed to go through the C-C bondbreaking/forming, retro-Strecker/Strecker process, taking place in the same site
as the natural binding pocket.
We have also demonstrated that the asymmetric synthesis of N-methyl αaminonitrile derivatives can be simple, green and efficiently achieved by a
combined lipase promiscuous racemase activity and lipase-catalyzed
transesterification in a direct one-pot reaction. The spontaneous
communication between these two processes via a single catalyst afforded the
desired products in good yield and with high enantioselectivity. The biocatalyst
made the isolation of the desired products easy obtained without loss of
selectivity. The catalyst also proved recoverable by ordinary methods, making
these systems suitable for upscaling.
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Appendix

The following is a description of my contribution to Publications I to VI, as
requested by KTH.
Paper I: I contributed to the formulation of the research problems and I
performed majority of the lab work and I wrote the article.
Paper II: I contributed to the formulation of the research problems and I
performed majority of the lab work and I wrote the article.
Paper III: I contributed to the formulation of the research problems and I
performed all of the lab work and I wrote the article.
Paper IV: I contributed to the formulation of the research problems and I
performed some of the lab work
Paper V: I contributed to the formulation of the research problems and I
performed majority of the lab work and I wrote part of the article.
Paper VI: I contributed to the formulation of the research problems and I
performed all of the lab work, excluding the calculation study, and I wrote part
of the article.
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