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Abstract

Chirality and self-assembly are basic attributes of nature and closely related life activity. In materials science, chirality
and self-assembly of biopolymers also inspire the development of functional materials, especially in cases of amino acids
and polypeptides. Synthetic polypeptides have been studied in many fields, especially in medical applications such as
nanoparticles, drug delivery system, and tissue engineering.

2,5-Diketopiperazines (DKPs), which are cyclic dipeptides, are common in nature or easily synthesized by the
condensation of a-amino acids. Based on two symmetrical amide groups in a six-membered ring, DKPs have four sites
able to form hydrogen bond, which result in highly molecular arrangement properties. Due to the strong hydrogen bonding
and chiral structure, DKPs have been studied in medicine design, chiral catalyst, low molecular weight gelators, and
annexing agent for polymers. However, though DKPs have many interesting properties, only a few DKP-based polymers
were reported and the effects of DKP moiety on the corresponding properties of polymers are not clear. Otherwise, the
synthesis of DKP monomer is challenging and important for the synthesis of polymers.

The aim of this work is to study chirality and self-assembly properties of DKP monomers and resulting polyamides.
This work is divided into three parts: (1) syntheses and configurational studies of diketopiperazine stereoisomers; (2)
syntheses and solvent-controlled self-assembly of diketopiperazine-based polyamides from aspartame; (3) syntheses and
stereochemistry-property studies of diketopiperazine-based polyamides.

In chapter Il, to synthesize AB-type DKP monomers, cyclo(aspartyl-4-amino-phenylalanyl) (ADKP), step-wise
protection and deprotection of (L/p)-aspartic acid and (L/p)-4-nitro phenylalanine was performed. Caused by the solubility
problem of precursors of trans-ADKPs, LD- and DL-ADKP were synthesized in low yield. No racemization occurred
during the synthesis. Structural characterizations and studies of stereoisomers were performed by 1H NMR, ROESY,
FTIR, and CD. In DMSO solution, configurations of cis- and trans-ADKP were confirmed, in which DKP ring was in
planer structure, and the folded benzene ring was stabilized by Cp-H...x interaction in cis-structures and C,-H...n
interaction in trans-structures. Self-assemble behavior of stereoisomer was studied by solvent displacement method. LL-
and DD-ADKP show similar chrysanthemum-like morphology, while LD-ADKP shows rose-like morphology. The
present study provides a synthesis method for sterecisomers of DKP, and structural insight of phenylalanine-aspartic acid-
based DKP, which have potential for drug and catalyst design.

In chapter 111, LL-type ADKP was synthesized from aspartame and subsequently utilized in the polycondensation of
homo-polyamide (PA1) with high molecular weights. By using various amino acid, dicarboxylic acid, and diamine,
random DKP-based copolymers were also synthesized. The self-assembly properties of ADKP and PA1 were studied via
the solvent displacement method. Notably, PA1 self-assembled into particles with various morphologies in different
solvent systems, such as irregular networks, ellipsoids, and vesicles. The morphological transformation was also
confirmed by dropping acetone and toluene onto the PA1 particles. Furthermore, infrared spectra and Hansen solubility
parameters of PA1 and different solvents revealed the particle formation mechanism, which provided more insights into
the relationship between the morphology and strength of the hydrogen bonding of each solvent.

In chapter 1V, Homo-polyamides and co-polyamides from ADKP stereoisomers were synthesized. Due to same
chemical structure, all PAs showed similar molecular weight, thermal properties and solubility. Determined by CD
spectroscopy, all PAs showed optical activity. Moreover, solvent/third molecule effect on LL-PA was investigated by
adding other solvents into the LL-PA DMSO solution. When water and ethanol were added, LL-PA in DMSO became
optical inactivity. It is suggested that water or ethanol disturbed hydrogen bond between DKP units in polymer chain,
which played an important role in stabilizing secondary structure of polymer. Self-assembly of PAs were investigated.
LL-PA, DD-PA and LLcoDD-PA self-assembled into vesicles, while LD-PA self-assembled into cubic structure in
toluene and acetone. The present study provides structural insights of DKP-based polymers with stereochemistry, and
reveals their optical and self-assemble properties.

As conclusions, DKP unit is an important building block for medicines, catalysts, supramolecules, and has enormous
potential for development of functional materials. However, polymers carrying DKP unit in backbone have not been well
explored and are lack of study. In this study, novel AB-type DKP monomers and relative polyamides with stereochemistry
were successfully synthesized. Chirality and self-assembly properties of obtained monomers and polyamides were well
studied. This study creates a new insight on stereochemistry and self-assembly of DKP monomers and polymers, which
could lead to the development of functional materials.

Keywords: bio-based polymers, diketopiperazine, self-assembly, nanoparticles, stereochemistry
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CHAPTER I

General introduction

1.1 Bio-based polymers

Since the first man-made plastic Celluloid was created by Thomas Hancock in1855%,
uncountable plastics has been synthesized and developed. Benefited from the low cost,
manufacturing and functionality, plastics are widely used in multifarious fields. Since
1989, production of plastics has been passed the production of steel by volume, and in
2015, about 322 million tons of plastics were produced?. Nowadays, from industries to

basic necessities of life, even aerospace, plastics are considered as essential materials.

However, most of the plastics are derived from petroleum, consuming more than half
of the petroleum which is used in chemistry. In the contrary of the convenience of plastics,
the production of petroleum-based plastics has been raising serious global environmental
issues and resource problems such as garbage-related problem, air pollution, and oil
shortage.®* Facing with these issues, many approaches have been coming up with. Under
the concept of sustainable society, recycling of plastic products is one of the preferable

options while energy recovery also become an alternative option.>®

From the view of the raw material of plastics, to reduce and substitute petroleum, bio-
based polymers are in needed, which are based on renewable resources, such as plants,
animals, bacteria.”® Bio-based polymers are normally divided into two types: first is the
direct obtained polymers and their derivatives, like cellulose and chitosan; second is

polymers derived by bio-based monomer like poly(lactic acid) (PLA)S.



1.1.1 Commercial bio-based polymers

Academia and industry have been playing effort for development of bio-based polymers,
and successfully produce commercially available high performance-bio-based polymers,
such as Sorona® of Dupont, Planext® of Teijin, and Torayca® of Toray. Nowadays, bio-
based polymers have been produced more than 2.11 million tonnes a year in 2019, which
occupies around 1 % of total plastic production.® Various types of bio-based polymers are
produced and available in the market, for example, bio-based PP (polypropylene), PE
(polyethylene), PET (polyethylene terephthalate), PA (polyamide), and innovative PHAS
(polyhydroxyalkanoates).!®*? Various bio-based polymers have been widely accepted
and used in industry and family, from packing agriculture, automotive, construction to

electrics (Figure 1.1)°.

Global production capacities of bioplastics 2019 (by market segment)
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Figure 1.1 Global production capacities of bio-based polymers.



1.1.2 Functional bio-based polymers

Bio-based polymers are not only used as direct materials, but also as functional bio-
based polymers. Bio-based polymers have been studied in many fields, especially in
medical applications such as nanoparticles, drug delivery system, and tissue
engineering™®*°, Based on the chemical structure of bio-based polymers, such as the sugar
structure peptide structure, and aliphatic ester structure, many bio-plastics are considered
as ideal biomaterial for food, medicine, and personal care, because they have properties
of non-toxicity, biocompatibility, biodegradability, and self-assembly (Figure 1.2)1416-
18 Naturally derived bio-based polymers included polysaccharides such as cellulose,
chitosan, and amino acid-based protein such as gelatin, wool, have been used since
ancient time'3192°, However, they have disadvantage of poor mechanical properties. On
the other hand, synthetic bio-based polymers, such as PLA, poly(hydroxy butyrate)
(PHB), poly(lysine), and poly(aspartic acid), have enhanced mechanical properties,
predictable and controllable functionalities, which can be used in more complicated
situations.’21-24 To achieve a certain function, composition or blend of naturally derived

bio-based polymers and synthetic bio-based polymers, also inorganic materials has been

applied.
OH
o HO NH, O 0 H o
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Figure 1.2 Structures of representative functional bio-based polymers.



Nano-/micro-particles

Polysaccharide and amino acid-based bio-based polymers have advantages of
biocompatibility and biodegradability, also, they have multiple functional groups for
noncovalent bond formation, such as hydroxyl group, carboxyl group, sulfonyl group,
amine, aromatic ring and amide bond.?>?® As a result, these bio-based polymers can form
particle system through self-assembly. Several important factors should be counted in the
selection of bio-based polymers for particulation: (1) self-assemble ability; (2) particles
functionalities, such as size, morphology, stability or sensitivity to environment. 82729
The formation of particles can be divided into two type: spontaneous method through
physiochemistry and induced method through processing method. In practice,
particulation of bio-based polymers is a combination of these methods. Spontaneous
method includes segregative system (for example, phase separation, resulting in core-
shell particles) and aggregative system (for example, self-assembly, resulting in
homogeneous particles) (Figure 1.3). To form bio-based polymers particles, processing
methods are also important, for examples, molding techniques, solvent desorption,
injection, gelation, and emulsion-templating methods. Various bio-based polymers
particles have been widely utilized in many fields, such as food, encapsulating, personal

care, and medical use.

Spherical Filled
Beads Beads Core-Shell Non-Spherical

Beads
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Figure 1.3 bio-based polymers particles systems.
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Tissue engineering scaffolds

Tissue engineering refers to the use of materials to rebuild or repair organs and tissues
through in vitro culture or construction. Materials for Tissue engineering scaffold are
basically required for biocompatibility, biodegradability, porosity, and mechanical
performance.®32 Thus, many bio-based polymers have been investigated as tissue
engineering scaffold. Some naturally derived polysaccharides and proteins such as
hyaluronan, and collagen, are components of extracellular matrix, which have regulation
effect of division, migration of cells. On the other hand, synthetic bio-based polymers
such as PLA, polycaprolactone (PCL), have higher mechanical properties, which is
similar to mechanical properties of tissue.?* In many cases, blends or compositions of
natural and synthetic bio-based polymers have been studied for both advantages. As
tissues are three-dimensional structure, materials for scaffolds needs high porosity and
appropriate pore size to support tissues and transport mass.*>%3° Therefore, to produce
porous scaffolds, many approaches such as hydrogel, particulate leaching, thermally

induced phase separation, and electrospinning have been developed (Figure 1.4).
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Figure 1.4 (Left) Crosslinking of hydrogel. (Right) Tissue engineering scaffolds forms.



1.2 Biomass

Biomass is a kind of materials from various organisms formed through photosynthesis,
including animals, plants and microorganisms.3* Biomass is important energy resource
and raw materials for human since ancient time. Under problems of oil peak and global
warming, biomass is attached great important form all over the world, as renewable
resource for carbon neutrality. It is estimated that lignin and cellulose, which are the main
components of plant biomass, are regenerated at a rate of about 164 billion tons per year,
which is 15-20 times the oil output per year in terms of energy conversion. The main
sources of biomass are mainly from wood waste, agricultural straw, livestock manure,
sugar crop waste, aquatic plants, etc. From chemocatalytic or biocatalytic route, cellulose
or other carbohydrates have been derived into various monomers in industry scale, such
as furan derivatives, lactic acid derivatives, aliphatic acids, resin acids, ethene, and
aliphatic diols (Figure 1.5).2>*® Thus, some conventional petroleum-based monomers can
be derived from biomass, such as ethene, and propene, for productions of PE and PP. Not
only in conventional plastics, biomass-derived monomers also can be applied in
functional polymers. Lactic acid and lactide are monomers of polylactic acid, which has
biodegradability and biocompatibility.3%® Furan derivatives are used in synthesis of
poly(ethylene furanoate), which has better mechanical and thermal properties than

polyethylene terephthalate, and shows self-healing property.*%4!

O O

HO\H/\)?\ HO i Io © OH @ 0
OH 7\/\[\)\0“ I )\/U\OH HOWOH
0 o) Y

Succinic acid Itaconic acid Lactide 3-Hydroxybutyric acid 2,5-Furandicarboxylic acid

Figure 1.5 Representative biomass-derived monomers.



Moreover, amino acids, which are basic building block of proteins, play a vital role in
biological activities in life. Although amino acids are plenty in world, protein-derived
amino acids were considered as important nutrient, which were not largely used as
materials as much as cellulose-based biomass. Recently, study on amino acid production
form biomass-based feedstocks has been developed. Various proteinogenic and non-
proteinogenic amino acids are synthesized from biomass-derived hydroxyl acids through

chemocatalitic and biocatalytic methods (Figure 1.6).%2

+ =

+ R\|)L
OH

H,0 + NH, NH,
No external reductant b
o oH No sacrificial reagent

©/\£Lou /ﬁLOH Ho\)J\ou )\I)rOH HOJ\/K[(""
Figure 1.6 Catalytic synthesis of amino acid from plant-based biomass.

As a result, researches on amino acid-based bio-based polymers have attracted interest
from scientists.*® For examples, aspartic acid is used for the synthesis of poly(aspartic
acid), which has ability of calcium abortion for water treatment.*** 4-Amino
phenylalanine and its derivatives have been applied in syntheses of high-performance

polyamides, polyimides, polyurea (Figure 1.7).4647
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Figure 1.7 Representative amino acid-based bio-based polymers.



1.3 2, 5-Diketopiperazines (DKPs)

2,5-Diketopiperazines (DKPs), which are the cyclic dipeptides, contain two amide
bonds where the two nitrogen atoms and the two carbonyls are at opposite sites in a six-
membered ring. DKPs-based compounds are naturally occurring, which widely exist from
fungi, bacteria, plants, and animals.*®*° Meanwhile, DKPs are usually synthesized by
three methods of cyclization: amide bond formation, C-N bond formation, and C-C bond
formation. DKPs are usually obtained as by-products in peptide synthesis, or degradation

products from peptides or nylons.>1:>2

1.3.1 Structure features of DKP unit

DKP ring is a six-membered ring, which provide six available positions for
modification, resulting in a diversity of DKP-containing molecules. As dipeptides, DKPs
have two chiral carbons according to original amino acids, resulted in cis- and trans-
stereoisomers.>® Furthermore, in cases of asymmetric DKPs from different type of amino
acids, DKPs have four kinds of stereoisomers: two cis-structures (RR or SS) and two
trans-structures (RS and SR) (Figure 1.8.a). DKP ring is a semirigid core, and it mainly
has two conformations, planer form and boat from, which have very small caloric
difference between these two forms (Figure 1.8.b).>° Substituted side chains deeply affect
the conformation of DKPs, for example, DKPs with aromatic side chain prefer in planar
conformation, in which aromatic ring tend to overlap with the DKP ring.>* Cis- and trans-
stereochemistry also have been investigated on conformation. All configurations of DKP
unit are calculated within a few kcal/mol, which is important for their bioactivity and the

understanding of peptide folding.>®
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Figure 1.8 (a) Stereoisomers of DKPs, and (b) conformation examples of DKPs.

DKP ring contains two centrosymmetric s-cis-amide bonds, which provide two
hydrogen bonding acceptor sites and two donor sites. DKPs enable to form intermolecular
hydrogen bonding between adjacent molecules, which could cause highly ordered
molecular aggregation. Compared to linear dipeptides, DKPs could provide four
hydrogen bond sites, and due to the rigidity of ring structure, DKPs have unique self-
assembly patterns in liquid state and solid state (Figure 1.9).52°657 Besides the hydrogen
bond, other noncovalent forces could be introduced by various side chains in DKP
compounds. Since the first crystal structure of DKPs was determined, DKPs has been

studied and applied in crystal engineering for their hydrogen bonding properties.

Tape Layer

Figure 1.9 Schematic view of hydrogen bonding patterns of DKPs



1.3.2 Functionalities of DKPs

Medicine chemistry

There are many biologically active molecules that contain a DKP unit obtained from
nature compounds. The chirality and the molecular configuration of DKPs are important
in their bioactivity, and the configuration and structure—activity relationship has been
studied in numerous DKPs, which is a significant factor for drug design (Figure 1.10).%8
Compared to liner dipeptides, DKPs as cyclic peptide, are much more rigidity and
inflexibility, which could resist rapid enzymatic degradation. Six modifiable sites enlarge
the family of DKPs and medical potential. The structural features of the DKPs described
above not only allow them to bind to a large number of receptors with strong affinity,
exhibiting a wide range of biological activities, but also have the potential development
for the drug-like properties required for the multi-objective optimization of
pharmaceuticals. DKP containing compounds have been studied and utilized in medicinal
chemistry as oxytocin antagonists, cancer inhibitors, antivirals, bioherbicides, anxiolytic

agents, and so on.

Substitution p>m

X X= H, F, Br, CF;, NHCOMe, NMe,, SO,Me
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HNL » 3 N \ /

2 )

1 R)"\ CO,H>CO,R, CH,0OH
<
O~k
Required for Potency )\ > r > ) >> 4"Me

Key feature
Semi-rigid -- 3 Chiral centres

Figure 1.10 Structure—activity relationship of DKP.
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Chiral catalyst

Due to the chiral structure and hydrogen bond site, DKPs are considered as a useful
template for chiral synthesis. And the structural diversity provides DKPs adapted in
various reactions. DKPs are found to have chiral catalytic effect on many asymmetric
syntheses such as cyanohydrin formation, Reformatsky reaction, Micheal addition, Diels-
Alder reaction ,and so on®°. For instant, in the hydrocyanation of aldehydes, hydrogen
bond site of DKP is presumed to settle reagent in an initial transition state, which allow
the side chain with stereochemistry to subsequently attack the reagent for asymmetric
autocatalysis (Scheme 1.1). The optical purity of DKPs was found to be important for the

enantioselectivity of products.

0]

NH 7 NH
AP
o) H OH
o (2 mol%) g
H CN
HCN (2equiv), PhMe _
-20 °C, 8h yield 97%
o Ph>=
H (0]
o 9y S mcw _CN+H/—\H H
74 Ph /=N N
Ph N _ HN
<5 CoM
H H SoH H
R R

Scheme 1.1 Proposed mechanism for DKP-catalyzed hydrocyanation of aldehydes.
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Self-assembly

Self-assembly is a process of the formation of ordered system from molecules via
certain, local interactions, which is important not only in the life chemistry (for examples,
DNA double helix and structural proteins), but also in the development of functional
materials (for examples, soft materials, and drug delivery system). Driving forces of
molecules in self-assembly system are mainly non-covalent interactions such as hydrogen
bond, n-n interaction, electrostatic force, dipole-dipole force and dispersion force. Based
on two cis-amide bonds, DKPs can form hydrogen bond and other interactions which
depends on side chains from corresponding amino acids, are an ideal building block for

fabricate self-assembly systems.

Since the first DKP crystal was studied by R. B. Corey, various DKPs crystal have
been investigated. DKPs are considered as useful template for studying influences of
interactions and stereochemistry on molecular conformation (Figure 1.11). Besides, the
self-assembled DKP crystals are also helpful to understanding the formation of some
amyloid disease. Optical waveguiding property is also founded in simple cyclo(phenyl-

phenylalanine) crystal.

Figure 1.11 Different molecular tapes formed by DKP with stereochemistry.



DKPs as small dipeptides, have been studied as low-molecular-wight-gelators with
various additional functionalities. Gelation abilities on organic fluids of DKP family were
systematically studied by Hanabusa et. al., in which intermolecular hydrogen bond plays
an important role in the formation of three-dimensional network. Thermo-responsive
reversible organogels were produced from cyclo(gycine-L-lysine) derivates.®°
Azobenzene-containing DKP gelator was developed by K.Schneider et. al, which has

self-healing property and UV-responded DNA/drug release property (Scheme 1.2).%!

o._N N
UV light 0 N
365 nm
N (0] _— N o]
H H

NH;*

l 0\§ O- Dblue light
NEA
% 460 nm

0 oo ﬂ
\) N//N 3 N\\

trans-1 cis-1

Scheme 1.2 UV-responded DKP.

Methyl L-a-aspartyl-L-phenylalaninate (aspartame) is a methyl ester of aspartic acid
and phenylalanine dipeptide which is one of the most common artificial sweeteners in use
today (Figure 1.12). ®283Through heating, intramolecular cyclocondensation of aspartame
occurs and produces cyclo(L-aspartyl-L-phenylalanyl) (APM-DKP). The structure of
APM-DKP contains an aromatic ring, a diketopiperazine moiety and a carboxylic group,

which is expected to cause strong hydrogen-bonding and n-n stacking.
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Aspartame
Figure 1.12 Chemical structures of Aspartame and APM-DKP.

APM-DKP has been a most studied DKP core in gelation. For instance, APM-DKP
was studied as thixotropic hydrogelators, which showed thermally/isothermally
reversible properties in various solvents. Hydrogen bonding and van der Waals force were

considered as driving force of the formation of hydrogel (Figure 1.13).%

QT QIO

n=1,23

=

H H + ‘
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Figure 1.13 Chemical structures of APM-DKP-based gelators.

Bio-based mesoporous were produced by chitosan conjugated with APM-DKP. The
novel mesoporous sponges had oil/water emulsion due to the hydrophilic main chain and

hydrophobic side chain through hydrogen bonding and n-minteraction (Scheme 1.3).%4

ZT

N
'EDAC/HCI OH H

HO_ HN" YO

NH HOSu o 0] o
HO o)
NH
o:< n oH ™M
chitosan APM-DKP APM-DKP-g-Ch

Scheme 1.3 Mesoporous sponges of chitosan conjugated with APM-DKP.
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DKP-based polymers

As described above, DKPs in low molecular weight have such attractive properties
which have been studied in many fields, so polymers with DKP unit are considered as
materials with interesting features. However, due to the difficult synthesis and low
solubility of DKP-based monomers, only a few DKP-based polymers have been reported.

Aspartic and glutamic acid-based DKPs have been reported in the polycomdensation
with dibromoxylenes and diamines. This method successfully produced DKP-based
monomers, and demonstrated the intermolecular hydrogen bond inside monomers.
However, it suffered from some problems. Due to the high polarity of the DKP-based
monomers, solubility in organic solvents is very low. The polymers obtained from
polymerizations with various dibromoxylenes and diamines showed very low molecular
weight, from 460 to 4100 (Scheme 1.4)%. Due to the low molecular weight, properties of

obtained polymers was unclear.

3
o
o) o) o N

|
N
cl
HN "\\\)J\OH + H,N-R-NH O HN "‘\\)J\N’R‘N’]’
HO\"/\\\\-K”/NH 2 2 DME \[\"/\\\\-K”/NH H
0 0

(0]

- TG o,

Scheme 1.4 Synthesis of DKP-based polymers with diamines.

A further progress of synthesis of DKP-based polymers was reported. By Masuda and
coworkers reported that acyclic diene metathesis (ADMET) polymerization with
ruthenium catalysts was applied (Scheme 1.5). In this case, the molecular weight of DKP-

based polymer up to 15200. XRD and DSC indicated the crystallization of DKP-based
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polymers. Crystalline properties were studied by adding C13F27COOH, which could form
complex with DKP-based polymers by hydrogen bonding®®. However, the use of
ruthenium catalysts and the low yield of products required development of the synthesis

method of DKP-based polymers.

e} 0] (o]
JLW “\\)J\OW; Ru cat / AN Aot ‘ﬁ’}n
O~ L NH (n-1) CH 0 KH,NH
AR A
@] o O 8]
1-4 m=1-4 poly(1}-poly(4). m=1-4

Scheme 1.5 Synthesis of DKP-based polymers by ADMET polycondensation.

DKP monomer from 4-amino phenylalanine was synthesized by Kaneko, by which
various polyimides were obtained (Scheme 1.6). These DKP-based polyimides showed
high thermal properties. Self-assembly property of DKP-based polymers was firstly
demonstrated by particulation. Various morphologies of DKP polyimides particles were

observed by changing solvent polarity, which suggested that the self-assembly behavior

of DKP unit was deeply affected by environment.5’
o] 0]
i NH, S 2 0 N J\A)I\H "
2 N OH

DKP-4APhe d\anhydndes

Heat Imidization M }ﬁ \\(

wﬁﬁtﬁ@ﬁ@

PMDA BTDA 1§i OPDA
CBDA DHCDA

BPDA

Scheme 1.6 Syntheses of DKP-based polyimides.
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1.4 Objects of this thesis

As described above, due to the increasing concerns on oil shock and sustainable society,
there are raising attractions on bio-based polymers. DKPs, a kind of cyclic dipeptides,
which have multiple hydrogen sites and chirality, attract scientists from various fields.
DKP-based polymers are expected to have many properties such as self-assembling,
crystalline, and catalytic property, but very few reports about DKP-based polymers are
presented, and these polymers all suffer from the low molecular weight which make the

effects of DKP moiety on properties of polymer are not clear enough.

In this thesis, novel chiral AB-type DKP monomers and resulting polyamides will be
synthesized. This would expand the development of functional bio-based polymer. The

objectives of this thesis are as follows:

e Develop novel AB-type DKP stereoisomers, and study their stereo-structures.

e Develop a synthetic pathway of DKP-based monomer from aspartame, and its
polyamides for studying the self-assembly properties.

e Develop DKP-based polyamides with stereochemistry and study their

stereochemistry-structural relationship.
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CHAPTER II
Syntheses and configurational studies of diketopiperazine
stereoisomers
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2.1 Introduction

Chirality is the basic attribute of nature and is closely related to life activity.! The basic
substances of life are chiral, for example, amino acids, proteins, DNA, sugar, and
polysaccharide. 2° The effects of medicine on living organisms are primarily related to
chiral matching and chirality between them and their target molecules in the body.?®
Therefore, research on chiral molecules is of particular importance. Different enantiomers
of chiral drugs show different efficacy in physiological processes.’~® The situation is even
more serious, especially if one of the chiral drug enantiomers is therapeutically effective

and the other enantiomer shows negative effect.

Diketopiperazines (DKPs) are cyclic dipeptides formed by the condensation of two
amino acids via a peptide bond.'® DKP unit have multiple hydrogen bond acceptor and
donor sites in a rigid six-membered ring skeleton with chiral sites, which shows important
pharmacological effects, including antibacterial, antifungal, antiviral, antitumor,
immunosuppressive neuroprotection, antimalaria, antiprion, antihypertensive, etc.l!?
The chirality and the molecular configuration of DKPs are important in their
bioactivity.!®1*15 The configuration and structure—activity relationship (SAR) has been
studied in numerous DKPs.”1%16-18 For instance, stereoisomers of cyclo(Arg-Pro) show
different activity for inhibiting cell separation of saccharomyces cerevisiae.* Its LD-type
isomer shows the highest enzyme activity, and LL-type isomer has middle activity,
whereas DL-type is much less active. Moreover, DKPs are not only important in the
medicinal chemistry, but also in the catalytic chemistry.'® Due to the stable ring structure
with hydrogen bond sites, DKPs are considered as useful chiral auxiliaries for asymmetric

synthesis. Based on a wide range of natural or modified amino acid derivatives, the

structural diversity allows DKPs to be applied in various reactions?®2*, Otherwise, unique
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structural characters of DKPs attract interest of scientists. For example, with aromatic
side chain, DKP tend to form folded configuration by C-H-m interaction, while with
terminal charged group, configuration become complicated.?? Thus, conformational study

of various DKPs has been a hot topic in both pharmacy chemistry and physical chemistry.

Aspartic acid (Asp), which carries an acidic carboxylic acid side chain, is one of amino
acids whose both L and D type are naturally presented in mammals. Both L and D type
Asp have physiologic effect on human nervous system.?® 4-aminophenylalanine (4APhe),
which carries an ionizable phenylamine side chain, exists in Streptomyces venezuelae as
an intermediate of the biosynthetic pristinamycin.?*2¢ 4APhe also can be provided by
chemical synthesis from phenylalanine or bioconversion from glycerol using metabolic
grafting of Escherichia coli.?* Both L and D type of 4APhe has been applied in the
synthesis of medicines, for example, jodomycin.?” Cyclic dipeptides of (L/b)-Asp and
(L/p)-4APhe, cyclo(aspartyl-4-amino-phenylalanyl) (ADKP), which have four
stereoisomers, are simple zwitterionic DKPs carrying carboxyl group and phenylamine
group. ADKP are considered to have a great potential for developments of medicines,

chiral catalysts, and polymeric materials.

This chapter deals with the synthesis and configuration study of four kinds of

stereoisomers of ADKP.
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2.2 Experimental

2.2.1 Materials

4-Nitro-L-phenylalanine hydrate (L-NPhe-9H20), 4-nitro-p-phenylalanine hydrate (D-
NPhe-9H,0), 4-tert-butyl N-[(9H-fluoren-9-ylmethoxy)carbonyl]- L-aspartate (Fmoc-L-
Asp(OtBu)-OH), 4-tert-butyl N-[(9H-fluoren-9-ylmethoxy)carbonyl]-p-aspartate (Fmoc-
D-Asp(OtBu)-OH), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide  hydrochloride
(EDC-HCI), dichloromethane (DCM) and formic acid were purchased from Tokyo
Chemical Industry Co., LTD. Palladium on activated carbon (Pd/C), triethylamine (TEA)
and N-methylpyrrolidone (NMP) were purchased from FUJIFILM Wako Pure Chemical
Corporation. Trimethylsilyl chloride (TMSCI) was purchased from Shinetsu chemical. 1-
Hydroxy-1H-benzotriazole, anhydrate was purchased from Dojindo. All the chemicals

were directly used as purchased.

2.2.2 Characterization
'H NMR and rotating-frame nuclear overhauser effect spectroscopy (ROESY) spectra
were performed by a Bruker Biospin AG 400 MHz, 54 mm spectrometer using DMSO-

ds as the solvent with the concentration of 4 mg/mL at room temperature.

The FT-IR spectra were recorded with a Perkin-Elmer Spectrum One spectrometer

between 4000 and 400 cm™* using a diamond-attenuated total reflection (ATR) accessory.

Circular dichroism (CD) spectra were recorded with a JASCO J-820 spectrometer. All
samples were dissolved in DMSO with concentration of 1 mg/mL. Quartz cuvette with 1
cm path length was used. Measured region was 190-300 nm. All spectra were solvent-

corrected.

Sample morphologies were characterized with scanning electron microscope (JCM-
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6000Plus Versatile Benchtop SEM). Samples were coated with a layer of gold in
thickness of 15 nm by a sputter coater (Magnetron sputter MSP-1S). SEM instrument was

operated at an acceleration voltage of 10 kV and an emission current of 10 pA.

2.2.3 ADKPs syntheses
Synthetic route of ADKP stereoisomers is shown in Scheme 2.1. LL-, DD-, LD-, DL-
type isomers were synthesized by similar protocol (where, ie, LD- refers to L-aspartyl-p-

phenylalanyl-.)

a) Synthesis of methyl 4-nitro-phenylalanine hydrochloride (NPhe-Me-HCI)

NPhe-9H>0 (5.5 g, 0.015 mol) was dispersed in methanol (25 mL). After TMSCI (6 mL,
0.060 mol) was added, the milky solution turned into clear solution. The reaction solution
was stirred overnight at room temperature. Solvent was evaporated and the crude product
was recrystallization from methanol to obtain NPhe-Me-HCI as white powder. L-NPhe-
Me-HCI (yield: 92%), *H NMR (400 MHz, DMSO-ds, &, ppm): 3.27 (dd, 2H, J = 4.4, 6.8
Hz), 3.69 (s, 3H), 4.41 (t, 1H, J = 7.0 Hz), 7.56 (d, 2H, J = 8.8 Hz), 8.21 (d, 2H, J = 8.8
Hz), 8.61 (s, 3H); D-NPhe-Me-HClI (yield: 92%), H NMR (400 MHz, DMSO-ds, 4,
ppm): 3.28 (t, 2H, J = 6.1 Hz), 3.60 (s, 3H), 4.40 (t, 1H, J = 6.8 Hz), 7.56 (d, 2H, J = 8.6

Hz), 8.21 (d, 2H, J = 8.6 Hz), 8.64 (s, 3H).

b) Synthesis of N-a-Fmoc-aspartyl p-t.-butyl ester-methyl 4-nitro-phenylalanine (Asp-
Phe dipeptide)

Fmoc-Asp(OtBu)-OH (4.11 g, 0.010 mol), HOBt (1.62 g, 0.012 mol), and EDC-HCI
(2.30 g, 0.012 mol) were added into DMF (30 mL) at 0 °C. The reaction mixture was
stirred for 1 hour under ice bath. Then NPhe-Me-HCI (2.60 g, 0.010 mol) and TEA (5

mL) were added into the reaction mixture. The turbid solution was stirred at room
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temperature for overnight. Thereafter, reaction mixture was added into 300 mL water in
a 500 mL flask with hand-shaking to obtain sticky precipitate. Then the flask was heated
at 50 °C with rotation for 1 h, which turned sticky precipitate into solid precipitate. The
precipitate was filtered and dried. L-Asp-L-Phe dipeptide (yield, 79%),*H NMR (400
MHz, DMSO-ds, 6, ppm): 1.35 (s, 9H), 2.39 (dd, 1H, J = 9.6, 16.1 Hz), 2.55 (dd, 1H, J =
4.5, 16.3 Hz), 3.07 (dd, 1H, J = 9.5, 13.4 Hz), 3.20 (dd, 1H, J = 5.1, 13.8 Hz), 3.63, (5,
3H), 4.23 (m, 2H),4.35 (m, 2H), 4.57 (m, 1H), 7.30 (t, 2H, J = 7.5 Hz), 4.35 (t, 2H, J =
7.5 Hz), 7.48 (d, 2H, J = 8.7 Hz), 7.56 (d, 1H, J = 8.6 Hz), 7.69 (d, 2H, J = 7.4 Hz), 7.88
(d, 2H, J = 7.5 Hz), 7.95 (s, 1H), 8.08 (d, 2H, J = 8.6 Hz), 8.40 (d, 1H, J = 7.8 Hz). D-
Asp-D-Phe dipeptide (yield, 81%),'H NMR (400 MHz, DMSO-ds, 6, ppm): 1.35 (s, 9H),
2.39 (dd, 1H, J = 9.6, 16.1 Hz), 2.55 (dd, 1H, J = 4.5, 16.3 Hz), 3.07 (dd, 1H, J = 9.5,
13.4 Hz), 3.20 (dd, 1H, J = 5.1, 13.8 Hz), 3.63, (s, 3H), 4.23 (m, 2H),4.35 (m, 2H), 4.57
(m, 1H), 7.30 (t, 2H, J = 7.5 Hz), 4.35 (t, 2H, J = 7.5 Hz), 7.48 (d, 2H, J = 8.7 Hz), 7.56
(d, 1H, J = 8.6 Hz), 7.69 (d, 2H, J = 7.4 Hz), 7.88 (d, 2H, J = 7.5 Hz), 7.95 (s, 1H), 8.08
(d, 2H, J = 8.6 Hz), 8.40 (d, 1H, J = 7.8 Hz). L-Asp-D-Phe dipeptide (yield, 70%),H
NMR (400 MHz, DMSO-ds, 6, ppm): 1.32 (s, 9H), 2.26 (dd, 1H, J = 9.6, 16.0 Hz), 2.38
(dd, 1H, J = 4.8, 16.1 Hz), 3.05 (dd, 1H, J = 10.0, 13.6 Hz), 3.22 (dd, 1H, J = 5.1, 13.6
Hz), 3.63, (s, 3H), 4.21 (m, 2H),4.30 (m, 2H), 4.57 (m, 1H), 7.30 (t, 2H, J = 7.5 Hz), 4.35
(t,2H, J = 7.5 Hz), 7.48 (d, 2H, J = 8.7 Hz), 7.56 (d, 1H, J = 8.6 Hz), 7.69 (d, 2H, J = 7.4
Hz), 7.88 (d, 2H, J = 7.5 Hz), 7.95 (s, 1H), 8.08 (d, 2H, J = 8.6 Hz), 8.40 (d, 1H, J = 8.2
Hz). D-Asp-L-Phe dipeptide (yield, 68%),"H NMR (400 MHz, DMSO-ds, 5, ppm): 1.32
(s, 9H), 2.26 (dd, 1H, J = 9.6, 16.0 Hz), 2.38 (dd, 1H, J = 4.8, 16.1 Hz), 3.05 (dd, 1H, J
=10.0, 13.6 Hz), 3.22 (dd, 1H, J = 5.1, 13.6 Hz), 3.63, (s, 3H), 4.22 (m, 2H),4.29 (m, 2H),

4.57 (m, 1H), 7.30 (t, 2H, J = 7.5 Hz), 4.35 (t, 2H, J = 7.5 Hz), 7.48 (d, 2H, J = 8.7 Hz),
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7.56 (d, 1H, J = 8.6 Hz), 7.69 (d, 2H, J = 7.4 Hz), 7.88 (d, 2H, J = 7.5 Hz), 7.94 (s, 1H),

8.08 (d, 2H, J = 8.6 Hz), 8.40 (d, 1H, J = 8.2 Hz).

¢) Synthesis of cyclo(aspartyl -t.-butyl ester-4-nitro- phenylalanyl) (NDKP-tBu)

Asp-Phe dipeptide (1.81 g, 0.005 mol) and TEA (8 mL) were added into DCM (16 mL).
The reaction solution was stirred overnight at room temperature. The resulting mixture
was concentrated under evaporation. Thereafter, the mixture was washed by ethyl ether
(200 mL) twice and filtered. LL-NDKP-tBu (yield, 83%), *H NMR (400 MHz, DMSO-
ds, 5, ppm): 1.31 (s, 9H), 1.96 (dd, 1H, J = 5.8, J = 16.3 Hz), 2.05 (dd, 1H, J = 5.9, 16.3
Hz), 3.08 (dd, 1H, J = 5.2, 13.7 Hz), 3.26 (dd, 1H, J = 4.2, 13.7 Hz), 4.04 (t, 1H, J = 5.2
Hz), 4.35 (t, 1H, J = 5.2 Hz), 7.49 (d, 2H, J = 8.6 Hz), 8.06 (s, 1H), 8.17 (d, 2H, J = 8.7
Hz), 8.26 (s, 1H). DD-NDKP-tBu (yield, 87%), *H NMR (400 MHz, DMSO-ds, J, ppm):
1.31 (s, 9H), 1.96 (dd, 1H, J = 5.8, J = 16.3 Hz), 2.05 (dd, 1H, J = 5.9, 16.3 Hz), 3.08 (dd,
1H, J = 5.2, 13.7 Hz), 3.26 (dd, 1H, J = 4.2, 13.7 Hz), 4.04 (t, 1H, J = 5.2 Hz), 4.35 (¢,
1H, J = 5.2 Hz), 7.49 (d, 2H, J = 8.6 Hz), 8.04 (s, 1H), 8.17 (d, 2H, J = 8.7 Hz), 8.25 (s,
1H). LD-NDKP-tBu (yield, 76%), *H NMR (400 MHz, DMSO-ds, J, ppm): 1.35 (s, 9H),
2.43 (dd, 1H, J=5.2, J = 16.8 Hz), 2.60 (dd, 1H, J = 3.6, 16.9 Hz), 3.05 (dd, 1H, J = 5.4,
13.2 Hz), 3.26 (dd, 1H, J = 3.9, 14.0 Hz), 3.46 (t, 1H, J = 4.8 Hz), 4.23 (t, 1H, J = 4.8
Hz), 7.45 (d, 2H, J = 8.3 Hz), 8.09 (s, 1H), 8.18 (d, 2H, J = 8.3 Hz), 8.28 (s, 1H). DL-
NDKP-tBu (yield, 74%), 'H NMR (400 MHz, DMSO-ds, 6, ppm): 1.35 (s, 9H), 2.43 (dd,
1H,J=5.2, J = 16.8 Hz), 2.60 (dd, 1H, J = 3.6, 16.9 Hz), 3.05 (dd, 1H, J = 5.4, 13.2 Hz),
3.26 (dd, 1H, J = 3.9, 14.0 Hz), 3.46 (t, 1H, J = 4.8 Hz), 4.23 (t, 1H, J = 4.8 Hz), 7.45 (d,

2H, J = 8.3 Hz), 8.07 (s, 1H), 8.18 (d, 2H, J = 8.3 Hz), 8.26 (s, 1H).
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d) Synthesis of cyclo(aspartyl-4-nitro- phenylalanyl) (NDKP)

NDKP-tBu was added into formic acid and stirred for 3 h at room temperature. The
resulting mixture was concentrated under evaporation and recrystallize in methanol. LL-
NDKP (yield, 80%), 'H NMR (400 MHz, DMSO-de, &, ppm): 2.07 (dd, 1H, J = 5.9, 16.6
Hz), 2.28 (dd, 1H, J = 5.4, 16.6 Hz), 3.10 (dd, 1H, J = 5.3, 14.0 Hz), 3.24 (dd, 1H, J =
4.8,13.9 Hz), 4.11 (t, 1H, J = 5.6 Hz), 4.34 (t, 1H, J = 5.1 Hz), 7.49 (d, 2H, J = 8.7 H2),
8.10 (s, 1H), 8.17 (d, 1H, J = 8.7 Hz), 8.23 (s, 1H). DD-NDKP (yield, 78%), 'H NMR
(400 MHz, DMSO-ds, &, ppm): 2.07 (dd, 1H, J = 5.9, 16.6 Hz), 2.28 (dd, 1H, J = 5.4,
16.6 Hz), 3.10 (dd, 1H, J = 5.3, 14.0 Hz), 3.24 (dd, 1H, J = 4.8, 13.9 Hz), 4.11 (t, 1H, J
= 5.6 Hz), 4.34 (t, 1H, J = 5.1 Hz), 7.49 (d, 2H, J = 8.7 Hz), 8.04 (s, 1H), 8.17 (d, 1H, J
=8.7 Hz), 8.22 (s, 1H). LD-NDKP (yield, 80%), 'H NMR (400 MHz, DMSO-de, 6, ppm):
2.5 (overlapped with DMSO-¢s), 2.62 (dd, 1H, J = 4.4, 17.2 Hz), 3.05 (dd, 1H, J = 5.1,
13.4 Hz), 3.27 (dd, 1H, J = 4.5, 13.9 Hz), 3.54 (t, 1H, J = 4.3 Hz), 4.22 (t, 1H, J = 4.3
Hz), 7.47 (d, 2H, J = 8.7 Hz), 8.07 (s, 1H), 8.16 (d, 1H, J = 8.7 Hz), 8.25 (s, 1H). DL-
NDKP (yield, 86%), *H NMR (400 MHz, DMSO-dgs, 6, ppm): 2.5 (overlapped with
DMSO-g6), 2.62 (dd, 1H, J = 4.4, 17.2 Hz), 3.05 (dd, 1H, J = 5.1, 13.4 Hz), 3.27 (dd, 1H,
J=45,13.9Hz),3.54 (t, 1H, J = 4.3 Hz), 4.22 (t, 1H, J = 4.3 Hz), 7.47 (d, 2H, J = 8.7

Hz), 8.03 (s, 1H), 8.16 (d, 1H, J = 8.7 Hz), 8.24 (s, 1H).

e) Synthesis of cyclo(aspartyl-4-amino-phenylalanyl) (ADKP)

NDKP (0.50 g, 1.63 mmol) not subjected to purification was dissolved in pure water, and
Pd/C (0.11 g, 22 wt.%) was added. The mixture was connected with a hydrogen generator
and reacted with hydrogen at a feed rate of 500 mL/min at 50 °C for 6h. The resulting
mixture was filtered and evaporated under vacuum. The resulting solid was recrystallized

in water and dried. LL-ADKP (yield, 83%). 'H NMR (400 MHz, DMSO-ds, J, ppm):
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1.63 (dd, 1H, J=7.4, 11.9 Hz), 2.12 (dd, 1H, J = 5.1, 16.4 Hz), 2.72 (dd,1H, J = 4.6, 13.8
Hz), 2.91 (dd, 1H, J = 4.2, 13.7 Hz), 4.01 (t, 1H, J = 6.0 Hz), 4.05 (t, 1H, J = 4.7 Hz),
6.46 (d, 2H, J =8.3 Hz), 6.80 (d, 2H, J =8.3 Hz), 7.84 (s, 1H), 7.98 (s, 1H). DD-ADKP
(yield, 83%). 'H NMR (400 MHz, DMSO-ds, 5, ppm): 1.67 (dd, 1H, J=7.2, 16.5 Hz),
2.13 (dd, 1H, J=5.3, 16.5 Hz), 2.73 (dd,1H, J = 4.6, 13.8 Hz), 2.91 (dd, 1H, J = 4.5, 13.7
Hz), 4.01 (t, 1H, J = 6.0 Hz), 4.05 (t, 1H, J = 4.7 Hz), 6.46 (d, 2H, J =8.3 Hz), 6.80 (d,
2H, J =8.3 Hz), 7.80 (s, 1H), 7.97 (s, 1H). LD-ADKP (yield, 5%). 'H NMR (400 MHz,
DMSO-ds, 8, ppm): 2.40 (d, 2H, J = 5 Hz), 2.67 (dd, 1H, J = 4.8, 13.6 Hz), 2.93 (dd, 1H,
J =38, 13.6 Hz), 3.09 (t, 1H, J = 5.0 Hz), 3.97 (t, 1H, J = 5.0 Hz), 6.44 (d, 2H, J =8.4

Hz), 6.79 (d, 2H, J =8.4 Hz), 7.95 (s, 1H), 7.99 (s, 1H).

2.3 Results and discussion

2.3.1 Synthesis of ADKP isomers.

DKPs have structural properties such as rigid heterocyclic structure, chirality, and
hydrogen bond sites. Charity is provided by two a-carbons of relative amino acids. The
chirality and optical activity make DKP become an attractive scaffolding for drug design
and chiral catalyst. In peptide chemistry, it is very challenging but important to synthesize
peptides and proteins with specific chirality efficiently with chiral amino acids. The
condensation reaction between the carboxylic acid and the amine does not undergo easily.
Especially, under harsh conditions, such as high temperature, strong acidity, and basicity,
racemization of amino acids and peptides will occur, which affect the optical purity of
products. Thus, it is necessary to select appropriate condensing agents for reactions under

mild conditions. On the other hand, amino acids have functional groups on their side
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chains, such as carboxyl, hydroxyl, amino and sulfhydryl groups, these functional groups
must be protected from reacting with carboxyl groups. Here, (L/D) aspartic acids carrying
typical fluorenylmethyloxycarbonyl (Fmoc) and tertiary butyl (tBu) protecting groups
and 4-nitro-phenylalanie were chosen as starting materials. Synthetic route is shown in

Scheme 2.1.

In the reaction of coupling of Fmoc-Asp(OtBu)-OH and NPhe-Me-HCI, various
condensing agents were tried, such as N,N'-dicyclohexylcarbodiimide (DCC), EDC and
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride (DMT-MM). As
results, DMT-MM gave very low yield of producta, around 20%, where carbodiimides
coupling reagents (DCC and EDC) gave higher yield over 80%. DMT-MM did not
dissolve in the reaction solvent DMF, therefor, condensation became a hetero-phase
reaction, which presumably responses to the low efficiency. On the other hand, when
DCC was applied as condensing agents, it was difficult to remove N,N'-
dicyclohexylureais byproducts from the reaction system. N,N'-Dicyclohexylureais had
similar solubility with Asp-Phe linear dipeptide, which was difficult to be separated from
desired product. In addition, HOBt was added to avoid racemization during amide

formation in the DCC-assisted coupling.

The Fmoc removal and the cyclization of linear peptide were under one-pot synthesis
by using TEA as base catalyst. The cleavage of Fmoc protecting group is typically
proceeded by basic solution. Pyridine was firstly tried and Fmoc protected group was
successfully removed. However, the subsequent intramolecular cyclization did not occur
at room temperature. In order to avoid racemization caused by heating under basic

condition, the stronger base TEA was used instead. In this case, ester-amide exchange
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reaction occurred under mild condition after the Fmoc protecting group cleavage, which

resulted in DKP ring formation with high efficiency.

Otherwise, it is known that though stereoisomers have similar chemical structure,
they have different physical and chemical properties. In fact, in the last step, the reduction
of NDKP to ADKP, was impacted by the stereochemistry, which deeply affected the
solubility of NDKP stereoisomers. LL-type and DD-type NDKP have high solubility in
water and methanol, while LD-type and DL-type NDKP have very low solubility in these
solvents. As results, LL-type and DD-type ADKPs were obtained with more than 80%
yield. On the contrary, LD-type and DL-type were barely synthesized with less than 5%
yield. However, small amount of LD-ADKP were obtained by large scale synthesis for
further characterization and polymerization. All obtained ADKP stereoisomers show high

solubility in water and polar organic solvents such as methanol, DMSO, NMP, and DMF.
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Scheme 2.1 Synthetic route of ADKP stereoisomers form protected aspartic acid and 4-

nitro phenylalanine, and structures of ADKP stereoisomers.
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2.3.2 Characterization of DKP stereoisomers.

Though DL-ADKP failed to be synthesized, four kinds of NDKP isomers were
obtained and examined by *H NMR shown in Figure 2.1 for the structural discussion of
cis- and trans-stereoisomers. Because both aspartic acid and phenylalanine parts contain
chiral carbons, two kinds of a-proton exist in ADKPs and precursors. Two a-protons
which have different chemical environment, could be clearly identified by *H NMR. In
cis-NDKPs (LL- and DD-type), the aspartic acid-based a-proton and the phenylalanine-
based a-proton showed at round 4.11 and 4.34 ppm, respectively. On the other hand, in
trans-NDKP (LD- and DL-type), the aspartic acid-based a-proton and the phenylalanine-
based a-proton showed at around 3.54 and 4.22 ppm. The significant shift of a-proton
from aspartic acid part, is considered due to the shielding effect by folded aromatic ring
from phenylalanine part, which is observed and reported from other phenylalanine-based
DKPs. Peaks at 4.11, 4.34, 3.54, and 4.22 ppm did not occur at the same time in these H
NMR charts, which indicates that no racemic isomerization occurred during the synthesis
of NDKP, though reactions underwent strong basic (TEA) and acidic (formic acid)
conditions. In cases of ADKP stereoisomers, difference of a-protons between cis- and
trans-ADKPs was also clearly observed in *H NMR, shown in Figure 2.2: a-protons in
cis-ADKPs (LL- and DD-type) shown in a narrow region from 3.98 to 4.13 ppm while
trans-ADKP shown in a wide region from 3.05 to 4.00 ppm. The shielding effect in a-
proton of LD-ADKP is confirmed, which is similar to trans-NDKPs. Moreover, LL-
ADKP and DD-ADKP which are enantiomers, are considered as mirror images of each

other, having same *H NMR pattern.
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Figure 2.1 'H NMR spectra of LL-, DD-, LD- and DL-NDKP in DMSO-ds.
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Infrared spectra of LL-, DD- and LD-ADKP are presented in Figure 2.3. LL- and DD-
ADKP show similar spectra, and LD-ADKP show distinct difference. Peaks of C=0
stretching, and N-H bending are shown at 1669 cm™ and 1467 cm™ respectively in all
stereoisomers, which indicate the existence of DKP amide. N-H stretching band in around
3200-3500 cm™ is shown in all isomers, but band of LD-ADKP is weaker and shift to
higher energy. The C=0 stretching band of carboxyl group at around 1710 cm™ is strong
in LL- and DD-ADKP, while in LD-ADKP, the band become weaker. Similarly, The C-
N stretching band of phenylamine at around 1267 cm™ in LD-ADKP is weaker than LL-
and LD-ADKP. The difference between LD-ADKP and cis-ADKPs suggests that LD-
ADKP tend to form inner salt in solid state. Notably, All IR samples were prepared in

same method.
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Figure 2.3 IR spectra of LL-, DD- and LD-ADKP.
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2.3.3 ROESY study of ADKP stereoisomers.

Nuclear overhauser effect (NOE) which has a strong correlation with molecular
configuration, it has been applied to analyze and determine the three-dimensional
structure and conformation of molecules, especially in peptide chemistry. When two
nuclei are fixed in a molecule while being spatially close to each other, a dipole-dipole
interaction acts on the relaxation mechanism of these two nuclei. NOE is a very important
measurement method in the current three-dimensional structure determination. Nuclear
overhauser effect spectroscopy (NOESY) and rotating-frame nuclear overhauser effect
spectroscopy (ROESY) are both two-dimensional space correlation NMR methods using
NOE effect. NOESY is a phase sensitivity spectrum, with poor resolution near the
diagonal peak, and NOE effect of NOESY in molecule with molecular weight between
600-1000 may be 0, while NOE effect of ROESY is always positive. Thus, ROESY was

applied in this study to get more insight into spatial configurations of stereocisomers.

Two-dimensional NMR ROESY spectra of ADKP stereoisomers in DMSO-de¢ were
analyzed for spatial configurational study. As enantiomers, LL- and DD-ADKP shows
similar cross-peaks correlation, as a result, ROESY of DD-ADKRP as a representative of
cis-ADKP is shown in Figure 2.4.a, while ROESY of LD-ADKP is shown in Figure 2.5.a.
In both cis- and trans-ADKP, protons at ortho site of benzene show cross-peaks with N-
H of DKP amides, indicating the overlap of DKP ring and benzene ring in both cis- and
trans-ADKP. In the region of S-protons-benzene (shown in red dot frame A in Figure
2.4.a and A’ in Figure 2.5.a), f-protons of aspartic acid part only show cross-peaks with
protons at ortho site of benzene in cis-ADKP, not in trans-ADKP, which indicates the /-
protons of aspartic acid direct to the benzene ring and the DKP ring, while carboxyl group

directs to outside. In the region of a-protons-benzene (shown in red dot frame B in Figure
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2.4.a and B’ in Figure 2.5.a), a-protons of aspartic acid part show cross-peaks with
protons at ortho site of benzene only in trans-ADKP, not in cis-ADKP, which is
characteristic for trans-structure. The correlations of S-protons-benzene in cis-ADKP and
a-protons-benzene in trans-ADKP suggest configurations are stabilized by Cs-H...n
interaction and C,-H...w interaction, respectively, which is also reported in other aromatic
substituted DKP such as cyclo(argininyl-arginine)?. Key correlations in cis- and trans-

ADKRP are shown in Figure 2.4.b and Figure 2.5.b, respectively.

2.3.4 Computational study of stereoisomers.

For further configurational study, computational structural analysis was applied. LL-,
DD- and LD-ADKP were optimized by Gaussian, at the scf-b3lyp/6-31g(d) (IEFPCM,
solvent = DMSO) level. As LL- and DD-ADKP are enantiomers, only DD-ADKP as a
presentative of cis-structure, and LD-ADKP were presented. As shown in Figure 2.4.c,
and Figure 2.5.c, DKP ring in both stereoisomers present in planar structure, which has
lower energy compared to boat-like conformers. Otherwise, folded structure of benzene
in both stereoisomers is confirmed. Folded structures of cis- and trans-isomers are

stabilized by Cs-H - and C,-H--w, respectively. Carboxyl group is oriented to outside in

both cases, does not form intramolecular hydrogen bond in both stereoisomers. Optimized

structures of cis- and trans-ADKP support the obtained data from NMR. The C-H-x

interaction in both cis- and trans-isomers explains why racemization did not occur during

the synthesis of NDKPs and ADKPs, which occurs in DKP with two aliphatic side chains.
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Figure 2.4 (a) ROESY NMR spectra of DD-ADKP in DMSO-de. (b) Key correlations of

DD-ADKRP. (c) Optimized structure of DD-ADKP.
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Figure 2.5 (a) ROESY NMR spectra of LD-ADKP in DMSO-ds. (b) Key correlations of

LD-ADKEP. (c) Optimized structure of LD-ADKP
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2.3.5 Chiroptical property of ADKP stereoisomers.

As chiral molecules, chiroptical property of ADKP stereoisomers is important and
measured by CD spectroscopy in the far-UV region, presented in Figure 2.6. LL- and LD-
ADKP show negative cotton effect at 210 nm and 208 nm, while DD-ADKP shows a
positive cotton effect at a longer wavelength 213 nm, which are assigned to the typical
peptide amide n — =* transition. It is known that, hydrogen bond has influence on the
excitation energy of amide, resulting in blue shift of n — n* transition.?’ Thus, the shift
of DD-ADKRP is presumably caused by water absorption of DMSO solution. The CD
spectra of LD-ADKP shows similar to the peptide with random coil secondary structure,
which has a maximum negative peak shorter than 200 nm (m — =#* transition), and a
negative peak around 210 nm. Difference of CD spectra shows the different geometry of

stereoisomers of ADKP.
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Figure 2.6 CD spectra of LL-, DD- and LD-ADKP in DMSO.
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2.3.6 Self-assembly of ADKPs

The geometry is one of the significant factors in the self-assembly / packing of
molecules, which further affects functionalities of molecules, such as bioactivity,
catalytic activity. Especially in cases of amino acids and peptides, chirality plays an

important role in the peptide folding and aggregation, which attracts many scientists®.

The self-assembly property of ADKP stereoisomers were examined by solvent
displacement method as follows: 100 uL DMSO solution of ADKP (2.5 mg/mL) was
slowly dropped into 3 mL toluene with stirring to rapidly form particles. As shown in
Figure 2.7, LL- and DD-ADKP self-assembled in similar chrysanthemum-like
morphology. This behavior was similar to the report from Govindaraju®, in which LL-
and DD-type cyclo(phenylalaninyl-phenylalanine) showed same fibril morphology. In
the case of LD-ADKP, rose-like structure was observed. All ADKP particles consisted of
two-dimensional petals with a soft and smooth surface. It is suggested that, with
continuous hydrogen bonding between DKPs ring, ADKP molecules are considered that
arrange into ordered planar tape, resulting in petal-like morphologic substructures. The
difference between LL/DD-ADKP and LD-ADKRP is suggested that, LD-ADKP may has

lower crystallinity than LL- and DD-ADKP.

a) LL-ADKP
L ¥

Figure 2.7 SEM images of particles obtained by the dispersion into toluene, (a) LL-

ADKP, (b) DD-ADKP, (c) LD-ADKP
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2.4 Conclusion

Three kinds of stereoisomers of cyclo(aspartyl-4-amino-phenylalanyl) (ADKP) were
synthesized by step-wise protection and deprotection from (L/p)-aspartic acid and (L/p)-
4-nitro phenylalanine. Caused by the solubility problem of precursors of trans-ADKPs,
LD-ADKP and DL-ADKP were synthesized in low vyield. Structural study of
stereoisomers was performed by *H NMR, two-dimensional NMR ROESY, FTIR, TD-
DFT and CD. In solid state, LD-type trans-ADKP tends to form inner salt form while cis-
ADKPs are not. In DMSO solution, configurations of cis- and trans-ADKP were
confirmed, in which DKP rings are in planer structure, and benzene ring are stabilized by

Cs-H--m and C.-H- interactions, respectively. Self-assembly property of stereoisomer

was study by particle formation. LL- and DD-ADKP show similar chrysanthemum-like
morphology, while LD-ADKP shows rose-like morphology. The present study provides
a synthesis method for stereoisomers of DKP, and structural insight of phenylalanine-

aspartic acid-based DKP, which have potential for drug and catalyst design.
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CHAPTER I11I
Synthesis and solvent-controlled self-assembly of

diketopiperazine-based polyamides from aspartame
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3.1 Introduction

Amino acids are important renewable resources for food, medical, and biological
studies, as well as synthetic materials.}™ Amino acids and their derivatives have been
used as monomers for functional and high-performance polymers.®® Notably, 2,5-
Diketopiperazines (DKPs), which are cyclic a-amino acid dimers, contain two
centrosymmetric s-cis-amide bonds in a six-membered ring. DKPs have multiple
hydrogen bonding acceptor and donor sites in a rigid ring, which enable the formation of
regular molecular assemblies through continuous intermolecular hydrogen bonding.®*2
This remarkable DKP assembling behavior has been attracting the attention of scientists
in crystal engineering, gelators, and supramolecular architectures.’**® As described
above, DKPs exhibit a unique particle morphology, even when they are used as monomers;
it can be expected that they still exhibit such morphologies when they adopt a polymer
structure. In addition, the rigid structure of DKP may impart high thermal and mechanical
properties to polymeric materials.?2>?* The continuous hydrogen bonding site of DKPs
may lead to unique self-assembly.?? However, only a few DKP-based polymers have been
reported, and their self-assembly properties have not been adequately studied.?>>* The
main problem in the development of DKP-based polymers is the low solubility, which
induces lower molecular weight and complicates property evaluation. Thus, the design of
DKP monomers with high solubility is important for obtaining self-assembled DKP
polymers. Almost all DKP monomers used in the literature have been obtained from the
homo-coupling of amino acids, which exhibit high symmetry and tend to increase the
crystallinity and decrease the solubility of many solvents. The use of asymmetric AB-
type monomers of two different amino acids is envisaged to be one of the efficient

methods to control solubility.*®252¢ Masuda et al. reported various synthesis approaches
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of DKP-based polymers and confirmed that the hydrogen bonding of DKP moieties
affected polymer properties.?®> We recently reported DKP-based polyimides whose
particles showed high heat resistance and polymorphism properties.?* However, the self-
assembly mechanism of the DKP moiety in polymers remains unclear, while self-
assembly is a bottom-up formation of ordered structures under thermodynamic and
kinetic conditions>2’-3, The self-assembly behavior of DKPs with low molecular weight
has been reported to be deeply affected by conditions and environment. In a solution
system, DKP—DKP interactions always compete with DKP-solvent interactions; therefore,
investigating the interaction nature of both DKP-based polymers and solvents is

important,31-32

Solvent parameters have been applied to select solvents for gelation, crystal growth,
protein aggregation and other solubility or mixture matters. Hildebrand was firstly
connected the solubility to cohesive energy density, which gives Hildebrand solubility
parameter. However, as we known, various intermolecular interactions act between
molecules. Only one simple parameter cannot tell the proportion of interactions between
molecules, which is important for self-assembly study. Hansen developed Hildebrand
solubility parameter by breaking it into three parts as Hansen solubility parameters
(HSPs), dispersion (6p), polarity (6p) and hydrogen bonding (d1). Recently, HSPs have
been applied to understand self-assembly behaviours of gelator in various solvents.
Gelation behaviour of several low-molecular-weight DKPs were studied by HSPs, which
gave insight of the relationship between HSPs of molecules and states. HSPs is a very
powerful tool for studying self-assembly not only in solution and gelation, but also in

particle formation.
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In chapter I, three kinds of AB-type DKP with amine and carboxylic group, LL, DD,
and LD-type cyclo(aspartyl-4-amino-phenylalanyl) (ADKP), were successfully
synthesized. However, yields of these ADKP were very low. Among these three kinds of
ADKP, LL-ADKP is dipeptide from L-type amino acids, which is important in
biochemistry. As a result, it is necessary to have efficient synthetic pathway. The L-
aspartyl-L-phenylalanine methyl ester is a synthetic sweetener that is commercially
known as aspartame; it is one of the most highly produced peptides worldwide3334,
Further, it is known that intramolecular cyclocondensation of aspartame occurs through
heating, and aspartame diketopiperazine (APM-DKP) with an asymmetric structure is
produced.®>*® Therefore, aspartame can be a promising candidate for synthesizing the

above-mentioned highly soluble DKP and its polymer.

This chapter deals with the synthesis of AB-type DKP monomer and polyamides from

aspartame, as well as the self-assembly properties of both monomer and polymers.

3.2 Experimental

3.2.1 Materials

L-Aspartyl-L-phenylalanine methyl ester was supplied by Ajinomoto Co., Inc. Triphenyl
phosphite (P(OPh)z), L-phenylalanine (Phe), succinic acid, ethylene diamine and p-
phenylenediamine were purchased from Tokyo Chemical Industry Co., LTD. 5%
Palladium on activated carbon (Pd/C) and N-methylpyrrolidone (NMP) were purchased
from FUJIFILM Wako Pure Chemical Corporation. Dimethyl sulfoxide (DMSO),
dimethylacetamide (DMAC), N,N-dimethylformamide (DMF), sulfuric acid, nitric acid,

pyridine, ethanol, tetrahydrofuran (THF), ethyl acetate, acetone and toluene were
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purchased from Kanto Chemical Co., Inc. All the chemicals were directly used as

purchased.

3.2.2 Characterization
'H NMR and *C NMR spectra were performed by a Bruker Biospin AG 400 MHz, 54

mm spectrometer using DMSO-ds as the solvent.

The FT-IR spectra were recorded with a Perkin-Elmer Spectrum One spectrometer

between 4000 and 400 cm ™! using a diamond-attenuated total reflection (ATR) accessory.

The mass spectra were measured using a FT-ICR MS (Solarix) equipped with a
Nanospray source operating in the nebulizer-assisted ESI mode used in the negative ion

mode and scanned from m/z 50 to m/z 1000.

The number-average molecular weight (Mn), weight-average molecular weight (Mw)
and the molecular weight distribution (Mw/Mn) were determined by gel permeation
chromatography (GPC, concentration 1 g/L, 10 mM LiBr/DMF eluent) after calibration

with polystyrene standards using two of OHpack SB-806M HQ column (Shodex).

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
carried out by Seiko Instruments SI1, SSC/5200 and Seiko Instruments S1I, X-DSC7000T,
respectively, at a heating rate of 5 °C/min under a nitrogen atmosphere. Remaining
solvent and absorbed moisture in polymer samples were removed at 200 °C for 1 hour

before TGA and DSC measurement.

Monomer and polymer particles morphology were characterized with scanning
electron microscope (JCM-6000PIus Versatile Benchtop SEM). Samples were coated

with a layer of gold in thickness of 15 nm by a sputter coater (Magnetron sputter MSP-
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1S). SEM instrument was operated at an acceleration voltage of 10 kV and an emission

current of 10 pA.

Hansen solubility parameters of polymer and solvents are calculated by Hansen

Solubility Parameters in Practice (HSPiP) 5th Edition software.

3.2.3 Monomer synthesis

a) Synthesis of cyclo(L-aspartyl-L-phenylalanyl) (AMP-DKP).
L-Aspartyl-L-phenylalanine methyl ester (5.86 g, 20.0 mmol) was dissolved in DMSO (20
mL) and stirred at 80 °C for 8 h. The resulting solution was added into a mixture of
acetone (300 mL) and hexane (300 mL) to obtain a precipitate. The white precipitate was

obtained by filtration and dried in a vacuum oven at 100 °C with a yield of 4.61 g (88%).

b) Synthesis of cyclo(L-aspartyl-4-nitro-L-phenylalanyl) (NDKP).

Here, APM-DKP (1.30 g, 4.96 mmol) was dissolved in concentrated sulfuric acid (30 mL)
in an ice bath. A prepared solution mixture of nitric acid (1 mL) and sulfuric acid (4 mL)
was added dropwise to the APM-DKP sulfuric acid solution at 0 °C. Subsequently, the
solution was stirred for 5 min. The resulting solution was poured into ice water (300 mL)
dropwise and the pH was adjusted to approximately 5 by adding sodium hydroxide
solution. Thereafter, the solution was extracted with ethyl acetate (200 mL) three times
and vapor was removed using a vacuum evaporator and vacuum oven at 100 °C. The
objective product was obtained as a white powder with a 73% yield (1.10 g). *H NMR
(400 MHz, DMSO-ds, 6, ppm): 2.07 (dd, 1H, J = 5.9, 16.6 Hz), 2.28 (dd, 1H, J = 5.4,
16.6 Hz), 3.10 (dd, 1H, J = 5.3, 14.0 Hz), 3.24 (dd, 1H, J = 4.8, 13.9 Hz), 4.11 (t, 1H, J
= 5.6 Hz), 4.34 (t, 1H, J = 5.1 Hz), 7.49 (d, 2H, J = 8.7 Hz), 8.1 (s, 1H), 8.17 (d, 1H, J =

8.7 Hz), 8.23 (s, 1H).
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¢) Synthesis of cyclo(L-aspartyl- 4-amino-L-phenylalanyl) (ADKP).

NDKP (0.50 g, 1.63 mmol) not subjected to purification was dissolved in pure water, and
Pd/C (0.11 g, 22 wt.%) was added. The mixture was connected with a hydrogen generator
and reacted with hydrogen at a feed rate of 500 mL/min at 50 °C for 6h. The resulting
mixture was filtered and evaporated under vacuum. The resulting solid was recrystallized
in water and dried in a vacuum oven at 100 °C with an 88% yield (0.40 g). *H NMR (400
MHz, DMSO-dg, J, ppm): 1.63 (dd, 1H, J=7.4, 11.9 Hz), 2.12 (dd, 1H, J = 5.1, 16.4 Hz),
2.72 (dd,1H, J = 4.6, 13.8 Hz), 2.91 (dd, 1H, J = 4.2, 13.7 Hz), 4.01 (t, 1H, J = 6.0 Hz),
4.05 (t, 1H, J = 4.7 Hz), 6.46 (d, 2H, J =8.3 Hz), 6.80 (d, 2H, J =8.3 Hz), 7.83 (s, 1H),

7.98 (s, 1H). FT-ICR MS (ESI): calcd for [C1sH14NsO4], 276.10626, found 276.09867.

3.2.4 ADKP-based polyamide syntheses

A typical polymerization procedure for DKP-based polyamides is shown below. ADKP
(0.055 g, 0.2 mmol) was mixed with P(OPh)z (40 pL, 0.15 mmol), pyridine (50 pL,
0.6mmol), and NMP (100 pL). The reaction solution was stirred at 100 °C for 48 h under
nitrogen atmosphere. After the reaction finished, the resulting solution was precipitated
in acetone, and the resulting solid was washed with acetone and dried in a vacuum oven
at 100 °C to give PA1 as a yellow powder with an 84% yield. Following the same protocol,
ADKP (0.027 g, 0.1 mmol) was treated with other monomers such as L-phenylalanine
(0.016 g, 0.1 mmol) to synthesize PA2 with a 79% yield; further, succinic acid (0.012 g,
0.1 mmol) was treated with ethylene diamine (67 pL, 0.1 mmol) to synthesize PA3 with
an 81% yield, and succinic acid (0.012 g, 0.1 mmol) was treated with p-phenylenediamine

(0.011 g, 0.1 mmol) to synthesize PA4 with an 84% vyield.
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3.2.5 Preparation of particles of ADKP and ADKP-based polyamides

The obtained ADKP or PAs (ca. 2.5 mg) were dissolved in 1 mL DMSO as a stock
solution. A 0.1 mL stock solution was dispersed into 3 mL of different poor solvents,
under vigorous magnetic stirring. A droplet of the dispersion liquid was dropped on a

glass slide and air-dried at room temperature to assess the SEM images.

3.3 Results and Discussion

3.3.1 Monomer syntheses

The solubility of DKP derivatives is low due to the rigid six-membered ring and the
strong intermolecular hydrogen bond, although monomer solubility is a key factor for
efficient polymerization. Almost all of the reported AA-type DKP monomers exhibiting
low solubility were converted into polymers with low molecular weights and poor
performances. AA-type DKP monomers are homo-coupling of amino acids, which have
high symmetry and crystallinity. Thus, AB-type DKP monomer, which have lower

crystallinity, is expected to demonstrate higher solubility.

Scheme 3.1 Synthesis of AB-type DKP-based monomer from aspartame.

0 |, NH O "
~o NNOH ©\j[ NOH HySO,4, HNO;  O2N O\i NOH Hy, Pd/C HZNmNﬁOH
o}
DMSO, 80 G "o H,0, 50 °C N o ©
M
Aspartame APM-DKP NDKP ADKP
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The AB-type DKP-based monomer LL-ADKP was obtained from the L-aspartyl-L-
phenylalanine methyl ester, following intramolecular condensation, nitration, and
reduction (Scheme 3.1). Notably, after the nitration of APM-DKP, both para-substituted
and ortho-substituted products were confirmed (Figure 3.1). The ratio of the para-
substituted product to the ortho-substituted product was 9:1, as calculated by NMR.
Recrystallization of the crude product could not completely remove the ortho-substituted
product. However, the reduction product could be easily recrystallized to give pure para-
substituted LL-ADKP. The structure of LL-ADKP was confirmed by *H NMR, °C NMR,

and FTIR (Figure 3.1-3.3), which has same structure with the LL-ADKP from Chapter I1.
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Figure 3.1 *H NMR spectra of (a) APM-DKP, (b) LL-NDKP, and (c) LL-ADKP in

DMSO-ds
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Figure 3.3 FT-IR spectra of (a) APM-DKP, (b) LL-NDKP, (c) LL-ADKP and (d) PA1
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As a result, the obtained LL-ADKP showed high solubility in water and polar organic
solvents such as methanol, NMP, DMF, and DMSO (Table 3.1). The high solubility of
LL-ADKP is attributable to the asymmetric structure, which increases the solvation
entropy of LL-ADKP.3" Otherwise, the existence of ionic amine and carboxylic groups
can contribute to solubility, which disturbs the formation of intermolecular hydrogen

bonds between the DKP moieties in solvated states®.

Table 3.1. Solubility of LL-NDKP and LL-ADKP #

Solvent NDKP ADKP Solvent NDKP ADKP
Water + + DMSO + +
Methanol + + DMF + +
Ethanol t + DMACc + +
Acetone + + NMP + +

& Conditions; samples, 10 mg; solvent, 2 ml; temperature, r.t.; +, soluble; +, partially
soluble; —, insoluble.
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3.3.2 Properties of Polymers

Scheme 3.2 Synthesis of DKP-based polyamides from cyclo(L-aspartyl-4-amino-L-

phenylalanyl)
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PAs were prepared by homopolymerization or co-polymerization of ADKP as an AB-
type monomer (with or without other comonomers) using P(OPh); and pyridine as
condensation reagents (Scheme 3.2). *H NMR spectra of the obtained PAs showed a new
peak at 9.5 ppm due to the phenyl amide proton, which indicated the beginning of the
polymerization of ADKP. The amide protons in the DKP moiety remained unchanged at
7.9 and 8.1 ppm, and phenyl protons appeared for all the PA *H NMR spectra at 7.1 and
7.4 ppm, which confirmed the presence of the ADKP moiety in the polymer chains

(Figure 3.4).
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Figure 3.4 'H NMR spectra of (a) PA1, (b) PA2, (c) PA3 and (d) PA4 in DMSO-ds

The weight average molecular weight (Mw) and number average molecular weight (Mn)
of PAs were determined by GPC, which are summarized in Table 3.2. Based on these

results, the polymerizations of ADKP successfully proceeded, and the molecular weights

were observed to be in the range of 1.59-1.98 x 10" g/mol; the My/M, ratio was 1.17—
1.36. Furthermore, the obtained PAs are soluble in NMP, DMSO, DMAc¢, and
concentrated sulfuric acid (Table 3.3). The high molecular weight of PAs contributes to

the high solubility of the monomers and polymers in the organic solvents.

66



Table 2.2 Molecular weights and thermal properties of PAs derived from ADKP

Polymers  p7 “(x10" gimol) M “(x10"g/mol) M _M" T, (°C)" T,,(°C)"

PA1 1.93 1.64 1.18 326 348
PA2 1.59 1.36 1.17 276 296
PA3 1.76 1.36 1.29 272 289
PA4 1.98 1.46 1.36 280 302

& Determined by GPC measurements based on polystyrene standards; eluent, 10 mmol
L of LiBr DMF solution. "Tgs and Tq10 were observed from TGA curve scanned at a
heating rate of 5 °C/min under nitrogen atmosphere.

TGA was utilized to evaluate the thermal decomposition of PAs in a nitrogen
atmosphere. As shown in Table 2, the 5% and 10% weight-loss temperatures (Tqs and
Tawo) of PAs ranged from 272-326 °C. Remarkably, although all PAs had similar
molecular weights, the homopolymer PA1 revealed the highest Tqs and Tq10 values, which
was approximately 50 °C higher than the others. Moreover, the thermal physical
transformation of PAs was investigated via DSC in a nitrogen atmosphere. The glass
transition temperature (7g), melting temperature (7m), and recrystallization temperature
were detected to not be in the range of 50-250 °C, which indicated that all the PA
transition temperatures were higher than 250 °C. These results indicate that PA1 has the
simplest chemical structure among all PAs, with the most abundant DKP moiety and
benzene ring, which is considered to contribute to its relatively superior thermal

properties.
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Table 3.3. Solubility of PA1“

Water Methanol Ethanol THF Toluene  Ethyl acetate
- + - - - -

Acetone DMSO DMF DMAc NMP Con. H2SOq4
- - - + - +

¢ Conditions; samples, 10 mg; solvent, 2 ml; temperature, r.t.; +, soluble; +, partially
soluble; —, insoluble.

3.3.3 Self-assembly behaviors of DKP-based monomer and PA1

DKP derivatives with low molecular weights are well known for their orderly
aggregation through parallel hydrogen bonds, which are utilized to fabricate crystals or
semi-crystals with various morphologies. Long chains reduce the crystallinity of
polymeric systems®°, which may lead to different self-assembling behaviors that originate
from small DKP derivatives. In this study, the simple DKP-based polymer (PA1) was
considered a suitable model for carrying out the self-assembly study; subsequently, it was
used for particle fabrication. The solvent displacement method was adopted for the self-
assembly studies PAL. To evaluate the effects of poor solvents on particulation, a DMSO
solution of PA1 was dropped into water, ethanol, tetrahydrofuran, ethyl acetate, acetone,
and toluene to precipitate particles. In the case of water, ethanol, and THF, irregular
network-like morphologies were observed (Figure 3.5.a-c). However, in ethyl acetate,
ellipsoids were formed (Figure 3.5.d). In case of acetone and toluene, particles with
hollow structures were observed (Figure 3.5.e and f). Notably, in contrast to other hollow
particles reported in the literature*®*3, the PA1 homopolymer (without any side chain and
template) spontaneously self-assembled into a hollow morphology, which is a unique case

for polymeric hollow particles. The particle sizes from acetone and toluene were
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approximately 1 um and 12 um, respectively. Because of the thin shell, these hollow

particles show a porous structure or collapse into a bow-like structure.

10 pm

Figure 3.5 SEM images of particles obtained by the dispersion of PA1 into (a) water, (b)

ethanol, (c) THF, (d) ethyl acetate, (e) acetone, and (f) toluene.
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3.3.4 Morphology transformation.

The self-assembly of PA1 was highly sensitive to the solvent environment as observed
in the solvent displacement method, which provided primitive thermodynamic conditions.
Notably, self-assembly is a thermodynamic process to reduce the free energies of the
systems. Therefore, if the environment changes, a morphological transformation of PA1
particles may occur.?* The morphological transformation was further investigated through
the secondary solvent treatment of the formed particles. The treatment procedures are
shown in Figure 3.6.a. By adding one drop of acetone to the particles formed over toluene
and subsequent drying, hollow particles (same form of Figure 3.5.d) were deformed to
petal-like particles (Route 1, Figure 3.6.b). Similarly, by simply changing the precipitate
solvent to acetone and adding one drop of toluene on the particles formed, irregular
particles were formed after drying (Route 2, Figure 3.6.c). Nonetheless, when toluene
was added to the droplet of the acetone sample without drying, cubic particles were
formed (Route 3, Figure 3.6.d). Cubic particles are expected to have high crystallinity
based on hydrogen bonds. However, X-ray diffraction did not show any distinct
diffraction due to the small amount of cubic particles used for measurement (Figure 3.7).
A similar behavior to cube formation has been previously reported for amphipathic
polypeptides poly{y-glutamic acid-g-(.-phenylalanine ethyl)}, but PAl is not
amphipathic.** However, both results indicated that molecular assembly through the -
stacking of phenylalanine moiety was important to form cubic morphology. In addition,
based on such morphological changes that depend on the solvent, the addition of one drop
of acetone on the cubic particles after drying transformed the cubic particles into a
spherical morphology that appeared porous or hollow (Route 3, Figure 3.6.e). These

hollow particles had a disordered shape because they were not vigorously stirred.
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Furthermore, it was envisaged that the shape would be the same as that shown in Figure

3.5.f, if the same experimental operation as that used for the particle preparation was

performed.
(@) owo * ¢ ? o
Route 1 D / o ./ / | . ./ é O cetone .E
° ° ° : :
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Figure 3.6 (a) Process illustration of particle formation and transformation. SEM images
of particles obtained in different processes related to the process illustration: particles
obtained by (b) adding acetone into particles formed from toluene, (c) adding toluene into
particles formed from acetone, (d) adding toluene into the suspension of the acetone

sample, and (e) adding acetone into particles formed from mixture of acetone and toluene.
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Figure 3.7 XRD spectrum of PA1 and substrate blank

3.3.5 Evaluation of the strength of hydrogen bond by FTIR spectroscopy.

In the previous section, particle formations were dependent on the solvent, which in
turn were dependent on the strength of the hydrogen bond for the solvent and PA.*® Thus,
the FTIR spectra were studied to evaluate the hydrogen bond behavior in the self-
assembled particles formed in different solvents. Three types of morphologies were
observed for the four solvents: irregular networks of water, hollow particles of acetone or
toluene, and cubic particles of the solvent produced by mixing acetone and toluene. Figure
3.8 shows the IR absorption in the N—H stretching vibration region. A shoulder peak for
N-—H stretching appears in all particles, whereby the band around 3191 cm™ indicates a
moderate hydrogen bond, and the band at 3240 cm™ indicates the free N—H group.*® In
particles formed from water, the shoulder peak is flat, indicating that the number of free
N—H and the hydrogen bond-interacted N—H was approximately equal. The distinct band
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around 3191 cm™ in the particles formed from acetone and toluene indicated a strong
hydrogen bond, thereby suggesting a continuous hydrogen bond in the PA intra/inter
molecules. However, for the particles formed from the solvent mixture of acetone and
toluene, the bands at 3191 cm™ and 3240 cm™ became weaker and stronger, respectively.
It is considered that acetone and toluene produce particles with strong hydrogen bonds,
while their solvent mixture results in particles with weak hydrogen bonds. It is suspected
that in particles that are formed from a mixed solvent, n-stacking becomes a dominant

interaction rather than hydrogen bonding, thereby resulting in different morphologies.
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Figure 3.8 IR spectra of PAL particles precipitated from water, acetone, toluene, and

mixture of acetone/toluene.
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3.3.6 Hansen solubility parameters.

As discussed above, the self-assembly of PA1 was strongly affected by the polymorphism
of the solvent composition. Solvent parameter evaluation has become a powerful tool to
explain gelation, crystal growth, polymer aggregation, and other colloidal
phenomena.31324748 Here, we use Hansen solubility parameters (HSP), which include
dispersion (0p), polarity (6p), and hydrogen bond (dn), to explain such a complicated
polymorphism.**=® The HSPs of PA1l and the solvents used for elucidating the
morphologies are summarized in Table 3.4. The dp and dp values for solvents seem to
have little relation with particle morphology. Compared to the hydrogen bond, the
dispersion interaction and dipole—dipole interaction are weak, which are considered to
have minimal influence on the self-assembly of PA1 with multiple hydrogen bonding
sites. As for &n, when solvents have higher &y than PAL (8n = 7.9 MPa®®), precipitates
produce irregular aggregates, which is in contrast to the results obtained for individual
particles. In water with the highest 61, the DKP moieties in PA1 tend to form hydrogen
bonds much more easily with water molecules than with themselves, thereby resulting in
the formation of random hydrogen bonds (Figure 3.5.a). As for ethanol, with the decrease
in the on value for the solvent, the probability of DKP—DKP interaction increases, leading
to the emergence of a two-dimensional substructure (Figure 3.5.b). As for THF, the 6n
value for the solvent approaches PA1, which implies that the DKP moieties have a similar
chance to form hydrogen bonds with the solvent and themselves, resulting in a median
morphology between the network and individual particles (Figure 3.5.c). When solvents
exhibit lower 64 values than PA1, the DKP moieties have a greater chance to form
hydrogen bonds with themselves rather than with solvent molecules, resulting in

individual particles.
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Table 3.4 Hansen solubility parameters of PA1 and solvents

Molecules dp (MPa®®)  &p (MPa%®) &4 (MPa%?)
PAl 22.2 131 7.9

Water 15.5 16 42.3
Ethanol 15.8 8.8 194
Tetrahydrofuran 16.8 5.7 8

Ethyl Acetate 15.8 5.3 7.2
Acetone 15.5 10.4 7

Toluene 18 1.4 2

3.3.7 Mechanism of self-assemble behavior for PAL.

Based on the morphological study of PA1, the formation of both hollow and cubic
particles exhibits unique characteristics because they are not typical for a homopolymer
without side chains. It is important and challenging to analyze this self-assembly
mechanism. Based on the above-mentioned IR and HSP studies, hydrogen bonds and z-
stacking are considered as driving forces of self-assembly (especially, the hydrogen
bonds). The mechanism of the self-assembly of PA1 is shown in Figure 3.9. When PA1
DMSO solution is added into poor solvents with low &n, polymer chains aggregate
regularly due to the parallel hydrogen bonding formed by DKP moieties in the molecules,
thereby resulting in a two-dimensional sheet-like substructure. Following vigorous
stirring, the sheet-like substructure eventually bends to form a vesicle. When toluene is
added to the acetone droplet sample, the thermodynamic environment of the particles

changes, thereby resulting in the unfolding of the sheet-like substructure. Notably, in this
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case, no stirring is performed. And =-stacking of the aromatic ring moiety of PA1 occurs
guadually, resulting in the stacking of substructures to form cubic morphology. When
acetone is added to the cubic particles, the cubic particles decompose again to form the
sheet-like substructure. Along with the relatively fast drying of acetone, the sheet-like
substructures tend to bend to form hollow particles again. However, acetone dries rapidly
and cannot impart sufficient bending energy as compared to that provided by vigorous
stirring. The hydrogen bond/zn-stacking dominated self-assembly system of vesicle
particle also was reported by Haldar, in which thiocoumarin based-amino ester was used

as a building block®L.

Figure 3.9 Schematic illustration of formations of vesicle and cubic particles.
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3.4 Conclusion

We have established an AB-type DKP-based monomer with high solubility from a
commercial dipeptide sweetener. Various DKP-based PAs, with or without other
monomers, were synthesized. All the PAs showed high molecular weights and high
thermal resistances. Their morphologies were elucidated using solvent displacement
methods that employed a variety of solvents ranging from a DMSO solution to various
poor solvents, thereby resulting in particles with various morphologies; for example,
irregular networks as well as rugby-like and hollow particles. In particular, the
preparation of hollow particles was achieved without any additive or fabrication.
Furthermore, PA1 particles underwent a morphological transformation by secondary
solvent treatment using the acetone and toluene dropping technique. To investigate the
role of hydrogen bonds in self-assembly, IR and HSP approaches were applied to define
the mechanism governing the morphology formation of DKP-based PAs. The present
study provides a high potential as a self-assembly building block for functional

nanomaterials.
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CHAPTER IV
Synthesis and stereochemistry-property study of

diketopiperazine-based polyamides
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4.1 Introduction

Stereochemistry is an important factor which deeply affect the physical and biological
properties of polymeric materials.'* For example, tacticity which is one of the structural
stereochemistry, plays a vital role in mechanical properties on poly(propene) and
poly(latic acid).? Isotactic polymers consist of only one constitutive basic unit and are
generally semi-crystalline with helical structure. Syndiotactic polymers consist of
alternating arrangements of basic units which are enantiomerical, and mostly have high
crystallinity. Atactic polymers have disordered arrangement of basic units, and
consequently are generally amorphous. In peptide science, since the advent of structural
biology, accurate understanding of the relationship between protein structure and
bioactivities has been an important issue in biophysics.> The spatial arrangement of
backbone amide hydrogen bonds, the planar peptide bonds and side chains determine the

local structure of peptide®.

Diketopiperazines (DKPs), are a kind of simple peptides and widely found in natural
and food production. DKPs are biodegraded products of peptides and also an important
core series of bioactive molecules.®® DKPs have two hydrogen bonding acceptor and two
donor sites in a six-membered ring, which enable to form regular molecular assemblies
through continuous intermolecular hydrogen bonding.® The self-assemble properties of
DKPs have been widely studied, and nano-fiber or particles with various morphologies
have been fabricated.’®!! As a result, DKP unit has been considered as a vital building
block with potential use in drug delivery system. As cyclic dipeptide of two amino acids,
DKPs have two chiral carbon, which provide stereochemistry. The stereochemistry of
DKPs is reported that have important effect on their bioactivity, self-assemble behavior

and also their chiral catalytic properties.*2
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DKPs have interest properties of self-assembly and chirality, which also attract
scientists from polymer field. DKPs have been introduced in to polymer side chain, which
exhibited several functions. For instant, DKP was introduced into chitosan side chain,
which provided a porous sponge.'® Polyacetylene with DKP side chain was reported by
Sanda et. al, in which hydrogen bonding of DKP unit stabilized the helix structure of
polymer'®. In addition, study in the introduction of DKP into polymer main chain
normally meet with a problem of low solubility of DKPs, which result to low molecular
weight of resulting polymers. However, most of researches on DKP-containing polymers
focus on the hydrogen bond and self-assembly, while the stereochemistry, which is an
important feature of DKP unit, is barely investigated. The stereochemistry of DKP-
containing polymers is considered to have crucial effect on polymer properties, especially

the optical and self-assemble properties.

In Chapter Il, AB-type DKP cyclo(aspartyl-4-amino-phenylalanyl) (ADKP) with
stereochemistry were synthesized, which are suitable for producing DKP-based polymers
to study polymeric stereochemistry. And also, in Chapter I11, self-assembly of LL-type

DKP-based polyamide was study, which shows potential for medical use.

This chapter deals with the synthesis of DKP-based polyamides with stereochemistry,

as well as the stereochemistry-property relationship of resulting polymers.
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4.2 Experimental
4.2.1 Materials

5% Palladium on activated carbon (Pd/C) and N-methylpyrrolidone (NMP) were
purchased from FUJIFILM Wako Pure Chemical Corporation. Dimethyl sulfoxide
(DMSO), acetone and toluene were purchased from Kanto Chemical Co., Inc. All the
chemicals were directly used as purchased. LL-, DD- and LD-type cyclo(aspartyl-4-
amino-phenylalanyl) (LL-ADKP, DD-ADKP, and LD-ADKP) were obtained from

Chapter II.

4.2.2 Characterization
'H NMR spectra were performed by a Bruker Biospin AG 400 MHz, 54 mm

spectrometer using DMSO-ds as the solvent.

The FT-IR spectra were recorded with a Perkin-Elmer Spectrum One spectrometer

between 4000 and 400 cm ™ using a diamond-attenuated total reflection (ATR) accessory.

The number-average molecular weight (Ms), weight-average molecular weight (Mw)
and the molecular weight distribution (Mw/Mn) were determined by gel permeation
chromatography (GPC, concentration 1 g/L, 10 mM LiBr/DMF eluent) after calibration

with polystyrene standards using two of OHpack SB-806M HQ column (Shodex).

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
carried out by Seiko Instruments SI1, SSC/5200 and Seiko Instruments S1I, X-DSC7000T,
respectively, at a heating rate of 5 °C/min under a nitrogen atmosphere. Remaining
solvent and absorbed moisture in polymer samples were removed at 200 °C for 1 hour

before TGA and DSC measurement.
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Circular dichroism (CD) spectra were recorded with a JASCO J-820 spectrometer. All
samples were dissolved in DMSO with concentration of 1 mg / ml. Quartz cuvette with 1
cm path length was used. Measured region was 190-300 nm. All spectra were solvent-

corrected.

Polymer particles morphology were characterized with scanning electron microscope
(JCM-6000PIlus Versatile Benchtop SEM). Samples were coated with a layer of gold in
thickness of 15 nm by a sputter coater (Magnetron sputter MSP-1S). SEM instrument was

operated at an acceleration voltage of 10 kV and an emission current of 10 pA.

4.2.3 Polyamides syntheses

A typical polymerization procedure for DKP-based polyamides is shown below
(Scheme 4.1). ADKP (0.055 g, 0.2 mmol) was mixed with P(OPh)z (40 uL, 0.15 mmol),
pyridine (50 pL, 0.6 mmol), and NMP (100 pL). The reaction solution was stirred at
100 °C for 48 h under nitrogen atmosphere. After the reaction finished, the resulting
solution was precipitated in acetone and methanol, and the resulting solid was dried in a
vacuum oven at 100 °C. The polyamide from LL-ADKP (LL-PA) was obtained with 81%
yield; the polyamide from DD-ADKP (DD-PA) was obtained with 83% vyield; the
polyamide from LD-ADKP (LD-PA) was obtained with 76% yield; the polyamide from
co-polymerization of LL-ADKP and DD-ADKP (LLcoDD-PA) was obtained with 72%

yield.
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Scheme 4.1 Synthesis of ADKP-based polyamides, and structures of polyamides.

4.3 Results and discussion
4.3.1 Characterization of polymers.

Four Kkinds of polyamides were prepared by homo-polymerization or co-
polymerization of ADKP stereoisomers. Among these polymers, LL-PA was already
prepared in Chapter Il1. For structural analysis, obtained polymers were measured by *H
NMR, shown in Figure 4.1. Spectra of all polymers show peaks of DKP amide N-H
unchanged at 7.9 and 8.1 ppm. A characteristic peak from phenyl amide N-H appears in
all spectra, where, peak of polymers from cis-ADKP locates at 9.7 ppm, while peak of
PA-LD locates at lower field 9.9 ppm. Meanwhile, a-protons in LD-PA locate at the
higher field, 4.10 and 4.12 ppm, compared to 4.18 and 4.25 ppm in LL-PA, DD-PA and
LLcoDD-PA. Moreover, p-protons from phenylalanine part in LD-PA have higher J-
coupling constant than LL-PA, DD-PA and LLcoDD-PA. J-Coupling constant is
controlled by geometry of molecules, in which trans-structure normally has high than cis-

structure.'® Differences of a- and S-protons between LD-PA and other three polymers
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were also observed between cis- and trans-ADKP monomers, which were discussed in
Chapter I1. As a result, from *H NMR spectra, it is suggested that stereo-structures of

ADKP unit still maintain in polymers.

Infrared spectra of PAs are shown in Figure 4.2. No significant difference among all
PAs is presented. Spectra exhibit characteristic peaks of DKP and polyamide: band of N-
H stretching in around 3100-3600 cm, band of C-H stretching in around 2800-3000 cm”
! amide | (C=0 stretching) at 1665 cm™, amide Il (N-H bending) at 1606 and 1540 cm™,
aromatic C=C at 1516 cm®, and C-N stretching at 1440, 1413 and 1267 cm™. The newly

amide 1l peak at 1540 cm™1 indicates the amide formation of phenyl amine.
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1
DD-PA -
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dmsirend S AW Natuopt ol ‘ J‘ e “V \4»/‘ \“w"\
LLcoDD-PA
bl Nkt mmmsntina st N Nl WY, ".v Nl s/l | e .'\\___i',"x A
LD-PA ‘
';‘
L. s Al Sd il N N BSOS b, W USSS S S W T
T T T T T T T T T
10 8 6 : 4( | [ppm]

Figure 4.1 *H NMR spectra of LL-PA, DD-PA, LLcoDD-PA and LD- PA in DMSO-ds
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Figure 4.2 IR spectra of LL-PA, DD-PA, LLcoDD-PA, and LD-PA.

Molecular weight of obtained PAs were measured by GPC, which are summarized in
Table 4.1. Notably, LL-PA was synthesized again from LL-ADKP obtained by coupling

methods in Chapter III, thus, molecular weight of this LL-PA is a little bit different from

Chapter II. Weight average molecular weights of all PAs are higher than 1x10" g/mol,
from 1.33 to 1.51 g/mol. Obtained Pas have close molecular weight, which indicates the
close reactivity of ADKP stereoisomers. In addition, all PAs have narrow polydispersity
index, from 1.08-1.20, which is presumably due to the absolute stoichiometric ratio of

AB-type monomer.

Thermal degradation analysis was applied to evaluate the thermal decomposition of
PAs in a nitrogen atmosphere, and summarized in Table 4.1 and Figure 4.3. 5%
degradation temperature (Tqs) and 10% degradation temperature (Tq10) are in the range of

283-305 °C, and 314-334 °C, respectively. Due to the same chemical structure, thermal
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properties of obtained PAs show close thermal properties. LL-PA and LLcoDD-PA have
slightly higher heat-resistance, that may be caused by the higher molecular weight.
Moreover, the thermal physical transformation of PAs was investigated by DSC. The glass
transition temperature (7%) of all PAs were not detected in the range of 50-250 °C, which

suggest that all PAs transition temperatures are close to their decomposition temperatures.

The solubility of PAs was summarized in Table 4.2. All PAs show similar solubility,
which dissolve in high polar organic solvents such as DMSO, DMF, and NMP. In

methanol, PAs partially dissolve.

As results, ADKP stereoisomers show similar activity on polymerization, and PAs with

stereochemistry have no significant difference in thermal properties and solubility.

Table 4.1 Molecular weights and thermal properties of PAs derived from ADKP

a a

M M TdS Td 10

W n a

Polymers M /M

W n b b
(x10" g/mol)  (x10" g/mol) (°C) (°C)

LL-PA 1.51 1.26 1.20 305 334
DD-PA 1.45 1.23 1.18 283 314
LLcoDD- 1.45 1.28 1.13 301 326
PA
LD-PA 1.33 1.23 1.08 287 323

2 Determined by GPC measurements based on polystyrene standards; eluent, 10 mmol
L™! of LiBr DMF solution. "Tas and Taio Were observed from TGA curve scanned at a

heating rate of 5 °C/min under nitrogen atmosphere.
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Figure 4.3 TGA curves of LL-PA, DD-PA, LLcoDD-PA, LD-PA

Table 4.2 Solubility of PAs“

Water Methanol FEthanol Acetone DMSO DMF NMP

LL-PA - n ; 3 n n n
DD-PA - + ; ] + + +
LLcoDD-PA - + ; ] + + +
LD-PA - + ; ] + + +

“ Conditions; samples, 10 mg; solvent, 2 mL; temperature, r.t.; +, soluble; +, partially

soluble; —, insoluble.
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4.3.2 Optical study of PAs.

Circular dichroism (CD) spectroscopy was used to detect the optical properties of PAs
with stereochemistry (Figure 4.4). In LL-PA, CD spectrum display a negative Cotton
effect at 202 nm, while DD-PA show a positive Cotton effect. These CD curves suggest
that main chains of LL-PA and DD-PA have oppositive orientations. In LD-PA, negative
Cotton effect was exhibited at 208 and 190 nm. In the case of LLcoDD-PA, the copolymer
of enantiomers, display a positive Cotton effect at 202 nm, and a strong negative Cotton
effect at 190 nm. The Cotton curve of LLcoDD-PA suggests that the co-polymerization
was successful, and the obtained polymer was not a mixture of LL-PA and DD-PA. These

CD spectra indicate that all PAs are optical active.

As we known, solvent has a great impact on the secondary structure of polymer.
Moreover, molecular interactions also affect the configuration of polymer, especially in
peptide science. As mentioned in Chapter 111, DKP-based polymer showed different self-
assemble behaviors in different solvents, resulting in different morphologies. Thus,
solvent/third molecules effect was studied by CD spectroscopy. In this study, 0.1 ml of
poor solvents, such as water, ethanol, acetone and toluene, were added into the LL-PA
DMSO solution (1 mg of LL-PA in 1 ml DMSO). Resulting solutions were detected by
CD spectroscopy. In the case of using toluene, precipitation occurred immediately after
toluene being added, so the solution was not used in CD spectroscopy. As shown in Figure
4.5, by adding water and ethanol, LL-PA was optical deactivated, while by adding acetone,
LL-PA shows different Cotton effect from pure DMSO solution. It indicates that,
hydrogen-bond play an important role in stabilizing secondary structure of DKP-based
polymer. When molecules with high hydrogen bond formation property were added,

hydrogen bond between DKP was broken, which supports the analysis in Chapter I11.
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Figure 4.4 CD spectra of LL-, DD-, LLcoDD- and LD-PA in DMSO.
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Figure 4.5 CD spectra of LL-PA in DMSO/water, DMSO/ethanol and DMSO/acetone.
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4.3.3 Self-assembly properties of PAs

In Chapter 111, LL-type ADKP polyamide LL-PA showed polymorphism property of
self-assembly behavior in different solvents. Especially in acetone and toluene, hollow
spheres with different sizes were observed. In other PAs from ADKP stereoisomers, how

the stereochemistry affects the self-assembly behavior is in interest.

In this study, self-assembly of homopolymer from cis-ADKPs, LL-PA and DD-PA, the
copolymer from cis-ADKPs, LLcoDD-PA, and homopolymer from trans-ADKP, LD-PA
were investigated by particle formation (Figure 4.6). Morphological study was only
performed by using acetone and toluene. In acetone, LL-PA, DD-PA, and LLcoDD-PA
all self-assembled in similarly hollow spheres, with the diameter of approximate 0.5-1
um. In contrary, LD-PA self-assembled in cubic structure in acetone, with the size of
about 300 nm. In toluene, hollow spheres with the diameter of 7-14 um were observed in
samples of LL-PA, DD-PA, and LLcoDD-PA. In the case of LD-PA, cubic particles were

observed, with the size of 0.5-1 pm.

As results, polymers from cis-stereoisomers, LL-ADKP or DD-AKPD, regardless of
homo-polymers or co-polymer, exhibit similarly self-assemble behavior. However, LD-
PA which is form trans-stereoisomer, LD-ADKP, show totally different self-assembly
properties. LD-PA prefer to self-assemble into cubic structure, which is similar to
particles of LL-PA from transformation in Chapter Ill. The different self-assemble
behavior between PAs from cis-ADKP and PLD is the first exhibition of the effect of

stereochemistry of DKP polymer on morphology.
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Figure 4.6 SEM images of particles obtained by (a) LL-PA in acetone, (b) LL-PA in
toluene (c) DD-PA in acetone, (d) DD-PA in toluene, () LLcoDD-PA in acetone, (f)

LLcoDD-PA in toluene, (g) LD-PA in acetone, and (h) LD-PA in toluene.
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4.4 Conclusion

Homo-polymerizations of ADKP stereoisomers and co-polymerization of LL-ADKP
and DD-ADKP were performed to synthesize DKP-based polyamides with
stereochemistry, LL-PA, DD-PA, LD-PA and LLcoDD-PA. All PAs showed similar
molecular weight, thermal properties and solubility, due to their same chemical structure.
Optical properties of PAs were determined by CD spectroscopy. All PAs were optical
active, and LL-PA and DD-PA exhibited opposite Cotton effect. Moreover, solvent/third
molecule effect on LL-PA was investigated by adding other solvents in the LL-PA DMSO
solution. When water and ethanol were added, LL-PA in DMSO became optical inactivity,
which suggested the hydrogen bond play an important role in stabilizing secondary
structure of DKP-based polymer. Self-assembly of PAs were investigated. Particles of
LL-PA, DD-PA and LLcoDD-PA showed similar morphologies of hollow structure,
indicating the similar self-assemble behavior, while LD-PA self-assembled into cubic
structure in toluene and acetone. The present study provides structural insights of DKP-
based polymers with stereochemistry, and reveals their optical and self-assemble

properties.
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CHAPTER V

General conclusions

Diketopiperazine (DKP) unit is an important building block for medicines, catalysts,
supramolecules, and has enormous potential for development of functional materials. The
synthesis and property study of DKP-based monomers and polymers could create a new
insight on stereochemistry and self-assembly of both DKP monomers and polymers. This
study focuses on the synthesis and properties of DKP-based monomers and relative

polyamides from aspartame or coupling of aspartic acid and phenylalanine derivatives.

In chapter I, as chirality is one of important features of DKPs, cyclo(L-aspartyl-4-
amino-L-phenylalanyl) (ADKP) stereoisomers were synthesized by the coupling of
aspartic acid and phenylalanine derivatives. Structural study of ADKP stereoisomers was
performed by *H NMR, two-dimensional NMR ROESY, FTIR, TD-DFT and CD, which

suggested that C-H---x interaction plays an important role in stabilizing aromatic DKP

configurations.

In chapter 111, LL-type ADKP, as an analog of aspartame, was synthesized and applied
into syntheses of DKP-based polyamides. Self-assembly of DKP-based polyamide was
studied by particles fabrication from different poor solvents. Various morphologies of
particles were observed, including irregular networks, hollow spheres, and cubic
structures, which are rare cases for homopolymer without side chain. Hansen solubility

parameters were applied to studied the solvent-morphology relationship.

In chapter 1V, homo-polyamides and co-polyamide were synthesized from ADKP

stereoisomers, which were synthesized in Chapter Il, and their stereochemistry-property
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relationship was investigated. Polymers with stereochemistry showed similar molecular
weight, thermal properties and solubility, due to their same chemical structure. All PAs
were optical active; however, the addition of water or ethanol could make polymers
became optical inactive by interrupting DKP-DKP hydrogen bond, which supported the
analysis of Hansen solubility parameter in Chapter I1l1. Moreover, PAs with different
stereochemistry show different self-assemble behaviors, which was presumably due to

cis- and trans-structure of DKP unit.
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