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Abstract
Driven by the increasing concerns on sustainability, environmental pollution and the
advances in processing technology, research on new chemicals is gradually shifting from
petroleum feedstock towards viable and renewable alternatives. L-cysteine is naturally
abundant and has a great potential of becoming a valuable building block. In this thesis work,
we intend to utilize the thiol group of L-cysteine in the thiol-ene click reaction or the reaction
with aldehydes for functionalization. In addition, dimerization through the amino-acid group
of L-cysteine leads to the formation of diketopiperazines (DKP). The structurally rigid DKPs
are a class of naturally occurring cyclic amino acids and are explored as a new cyclic building
block for various functional compounds and polymers is this thesis research.
The thesis outlines several synthetic routes to multifunctional compounds and
polymers derived from L-cysteine. First, a series of cysteine-based DKP and DKP-containing
polymers were synthesized from S-alkylated compounds under mild conditions and in high
yields. The chiroptical activity of the obtained diastereomers was detected and present great
potential as a high-selective, sensitive sensor for sensing silver ion in aqua system. Next, a
series

of

DKP-containing

difunctional

monomers

were

synthesized

from

4-

thiazolidinecarboxylic acid derivatives. Based on the type of imported functional group,
DKP-containing polymers including polyesters and polycarbonates were produced with high
molecular weights. Last, linear and star-shaped macromolecules containing L-cysteine at the
chain ends were prepared. Their surface tension, pH-sensitivity and self-assembling
behaviors were studied. In addition, cyclodextrins and polysaccharides were functionalized
with L-cysteine and their potential uses for detection and separation of chiral acids were
investigated.
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Chapter 1 Introduction
1.1

Green Chemistry
Organic chemicals play an important role in our daily lives. With the ultrafast and

dramatic expansion of the organic world, the design of new chemicals in laboratory research
has become increasingly “fancy”, with rare starting materials, unusual catalysts, complex
instruments and harsh experimental conditions. However, issues related to low reaction
efficiency, high energy costs, the utilization of toxic reagents and the production of hazardous
compounds, have been overlooked to some extent.1 In fact, not only on the laboratory scale,
the chemical industry also has these problems, which have led to severe threats to economic
and social developments such as the greenhouse effect, the contamination of drinking water
and the accumulation of chemical waste in landfills, especially the overexploitation of
petroleum feedstock.2,3 Fossil oil is the main material resource for chemical production, but it
takes thousands of years to form and the regeneration amount lags far behind our needs. If this
consumption continues at the current growth rate, it is estimated to run out by 2050.4 All of
these concerns in chemistry development are prompting researchers to develop a long-term,
sustainable and environmentally friendly organic industry.5,6
In 1987, The World Commission for Environment and Development published a report,
Our Common Future. In this report, scientists not only pointed out the problems during the
process of chemical production, but also put forward many valuable suggestions. They strongly
appealed to “meet the needs of the present without compromising the ability of future
generations to meet their own needs”.7 In that case, the term “Green Chemistry” was then
introduced by Anastas and his colleagues from the U.S. Environmental Protection Agency at
the beginning of the 20th century.8 Although it was the first time that this important part of
modern chemistry was defined with a fixed and unified name, there were many previous studies
that could also be described as being within the green chemistry realm.1 The purpose of setting
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up this chemistry branch is definitely meant to attract the world’s attention and to ensure stable
and sustainable progress on a world scale.
The key points of green chemistry include high reaction and atom efficiency, harmless
and non-toxic chemical involvement, innocuous solvents or water, potentially degradable
products, derivation prevention, etc.9 Recently, Poliakoff et al. condensed the rules into 12
phrases, abbreviated to “PRODUCTIVELY, where P – Prevent wastes; R – Renewable
materials; O – Omit derivatization steps; D – Degradable chemical products; U – Use of safe
synthetic methods; C – Catalytic reagents; T – Temperature, Pressure ambient; I – In-Process
monitoring; V – Very few auxiliary substrates; E – E-factor, maximize feed in product; L –
Low toxicity of chemical products; Y – Yes, it is safe.”10 These 12 principles not only mention
the adoption of renewable resources, but also emphasize the utilization of sustainable synthetic
approaches to avoid hazardous substances, to use mild and eco-friendly conditions, to reduce
the derivatization steps and to get rid of the catalyst involvements. Based on the numerous
reviews on biopolymers presently, it is obvious that the green synthetic approaches are well
under development and have already been applied to industrial synthesis, for example, neat
reaction.11,12 Neat reaction refers to the solvent-free condition and is a desired alternative to
replace conventional solution reactions to minimize solvent wastes and reduce solvent
expenses.
Today, the green concept has already received widespread attention and becomes one
of the main tendency of current chemistry research. There is no doubt that, these rules have a
profound impact both on chemical circles and on the chemical commodity industry. In
conclusion, the dissemination and implementation of the green concept is our responsibility
and objective towards the future.
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1.2

Biomass

Figure 1.1 The use of biomass as an energy-efficient raw material. (Adapted from ref. 13)

Driven by the increasing concerns for sustainability, environmental pollution and the
advances in processing technology, research on materials has been gradually shifted from
petroleum feedstock towards viable and renewable alternatives, biomass (Fig. 1.1).13-15
Biomass is the matter that has living organism origins, which could be derived from
agricultural crops and forestry, from aquatic plants and microorganisms, and even from
municipal waste.16 As shown in Fig. 1.2, biomass-derived monomers have four categories
according to the molar ratio of C/O.17 The annual global production of biomass was estimated
to exceed 150 trillion kilograms. However, the utilization rate is only 3.5%, while 5% of those
are consumed for non-food purposes.18 Definitely, there is huge potential for bio-based
feedstock to share markets with their fossil counterparts.

Figure 1.2 Four categories of biomass derived monomers.17
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Indeed, biomass is sufficient to provide monomers and polymers that have the same
structures or functions as that petroleum-derived counterparts.19 Polyesters, for example, are
definitely the most promising polymer family using biomass-based monomers, which are
attributes to their extensive polymer properties for various applications, biodegradability and
potential biocompatibility (Scheme 1.1). Furthermore, the biomass building blocks for
polyesters are relatively easily accessible and inexpensive, from small molecules such as
vegetable oil-based polyols and sugar-based diacids, to macromolecules such as poly(ethylene
glycol) (PEG) and poly(tetrametheylene ether glycol) (PTMEG).20-23 It has been reported that
the production of green plastics was growing rapidly from less than 300,000 metric tons in
2009 to more than 1.0 million metric tons in 2011. Currently, several companies are
commercializing biodegradable or partially renewable-based aromatic polyesters, such as,
poly(ethylene terephthalate) which is composed of 30% plant-based material and poly(ethylene
furanoate), and 100% natural poly(lactic acid) from the CornFlower.23

Scheme 1.1 Syntheses of renewable (a) aromatic polyester and (b) aliphatic polyester.21,22

Biomass is readily transformed to biofuels and raw chemicals through three pathways:
thermo-chemical conversion, biological conversion and direct extraction.24 The chemical route
is conducted under high temperature and pressure with the assistance of a catalyst. However,
the terrible side effects, low efficiency, significant volume of waste and the use of corrosive
chemicals, are urging scientists to seek new techniques to solve these problems. Biological
conversions refer to the fermentation processes that uses the biological enzymes or living
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organisms to achieve the transformation of biomass. Due to its high yield and selectivity, it has
been the most promising technique so far and attracts the most scientists’ attention.24 Many
chemicals have been successfully made through yeast and bacterial fermentation processes and
launched to market, for example, L-cysteine.19,25,26 Indeed, the biological conversion is still at
the early stage of its development. With great efforts devoted in future years, the process will
become more efficient and more reliable. Compared to the thermal and biological route, direct
extraction is cost-optimal without complicated operations and fewer chemicals are involved in
the process.27,28 For example, it is reported that vanillin could be selectively extracted with
specific sorbents from various solutions.24 With the rapid development of biorefinery, more
and more chemicals are added to the biomass category. To promote the utilization of the
biomass in practical production, in 2004, the U.S. Department of Energy selected 12 top value
added biomass feedstock from more than 300 candidates. They are four carbon 1,4 diacids
(succinic, fumaric and malic acids), 2,5-furan dicarboxylic acid, 3-hydroxy propionic acid,
aspartic acid, glucaric acid, glutamic acid, itaconic acid, levulinic acid, glycerol, sorbitol, 3hydroxybutyrolactone, xylitol/arabinitol. These compounds not only can be easily transformed
from sugars but also convert to a variety of secondary chemicals or family derivatives.29,30
Protein is the primary component of cells and exists in nature in a variety of forms.
With a relative high concentration of protein content in plants and animals, it is definitely a
promising biomass resource (Table 1.1).31 Some bio-based proteins have already been
commercially available with a long history, including wheat proteins, soy proteins and milk
proteins.31 Complete protein refinery is required to get desirable platform chemicals from
biomass feedstock. The first step is isolation and hydrolysis of the proteins into mixtures of
amino acids. This is the fundamental step and conventionally achieved through chemical
hydrolysis under acid or alkaline conditions.34 For example, at 100o C, 5N HCl/NaOH for 24
hours.31 However, it is difficult to isolate the amino acids from the inorganic salt wastes and
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some of the amino acids may decompose under such conditions. Thus, a mild and efficient
alternative route is preferred through enzymatically treating with proteases.34 Hydrolysis of the
biomass substrates lead to a mixture of amino acids. To separate them individually, different
techniques, including reactive extraction, electrodialysis and ion-exchange chromatography
can be used. Finally, the purified amino acid can be converted to its desired structures for
further usage.31
Table 1.1 Protein contents in different feedstocks.31-33
Feedstock
Microalgae
Soybean
Rapeseed

Protein content (%)
47
40
26.2

Feedstock
Sunflower
Rice hull
Rice straw

Protein content (%)
22.9
2.3
4.7

Amino acid is the basic element to construct proteins and plays an important role in
physiological activities. Besides building up proteins and enzymes, amino acids also anticipate
in a variety of biological activities as an energy source or intermediate in metabolic pathways,
for example, in the biosynthesis of the neurotransmitter.35,36 Thanks to its wide application in
pharmaceutical, animal feed and the food industry, the extraction of amino acids from protein
rich biomass has attracted great attention (Table 1.2).37 It has been estimated that if 10% of
transportation fuels were substituted by biofuels, it could generate 100 million tons of protein
on an annual basis world wide. With around a 50% conversion rate, approximately 50 million
tons of amino acid can be obtained.38,39 Because only nine amino acids (lysine, leucine,
isoleucine, threonine, methionine, histidine, tryptophan, phenylalanine, and valine) are used in
the regular feed industry, the abundant production of amino acids could be used not only to
meet the amino acids demand for human beings, but also supply rich crude materials for the
chemical industry.34,39
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Table 1.2 Amino acid compositions extracted from leaf protein (mg/g).37

1.3

Lysine

26.5

Glutamic acid

90.8

Histidine

11.2

Proline

9.2

Arginine

58.3

Glycine

19.9

Aspartic acid

4.1

Alanine

33.4

Threonine

17.2

Cysteine

6.4

Serine

23.2

Valine

24.8

L-Cysteine
L-cysteine with the formula HO2CCH(NH2)CH2SH, is a unique amino acid among the

20 basic amino acids, as it contains both the amino acid group (-COOH and –NH2) and the
reactive thiol group (-SH). L-cysteine is a non-essential amino acid and its metabolism circle
of cysteine is well defined. It can be synthesized from methionine in the human liver under
normal physiological conditions or converted from serine in bacteria or plants.40 In the cysteine
industry, it is conventionally derived from the hydrolysis of poultry feathers or human hair, by
boiling these substances with concentrated acid or base, followed by electrolysis. However, it
requires huge energy consumption and noxious wastes are produced during the manufacturing
process. Thus, the current method of preparation of L-cysteine is gradually being replaced by
microbial fermentation of Escherichia coli.41 L-cysteine is widely used in food, cosmetics and
pharmaceutical products, as a common dough conditioner for breaking down gluten for bakery
goods, as flavor enhancers and a precursor in some dietary supplements, as a radical scavenger
in cosmetics, and as an expectorant in cough medicines.41-45 It was reported that the global
consumption for L-cysteine reached 12,000 t/year in 2012 and would increase at a fast rate.44
Moreover, Wacker company recently released a statement on a larger-scale fermentation plant
acquisition to meet the global demand.45 It is clear that the importance of L-cysteine as a
desirable biomass is being gradually recognized.
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Figure 1.3 Various forms of L-cysteine under different pH values.

Like other amino acids, L-cysteine is an amphoteric compound, which can either
function as an acid or a base in solution. As shown in Fig. 1.3, under acidic conditions, Lcysteine exists in cationic form. As the pH increases, the carboxylic acid releases its proton
first to neutralize OH-. When the environment pH reaches a certain point, which is defined as
the isoelectric point, L-cysteine exists in its zwitterionic form and the molecule contains both
negative and positive charges, but without a net charge. The isoelectric point of L-cysteine is
reported around 5.05.46 Moreover, if the pH keeps increasing, the thiol group will be gradually
deprotonated and finally, L-cysteine with two negative charges becomes an anion. More and
more researches on the utilization of L-cysteine zwitterion for surface modifications were
reported in recent years.47 For example, Huang and co-workers used a zwitterionic L-cysteine
derivative in nanoshell modifications. The obtained material not only displayed good
antifouling properties, but also contained better colloidal stability and photothermal stability at
high temperature.47

Figure 1.4 A path from protein-rich diet to cysteine.
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L-cysteine could be taken from protein-rich foods and serves an important role in
biological functions, which is mainly based on the nucleophilicity and redox activity of the
thiol functional group (Fig. 1.4).48 It is known that in cysteine, the S atom is at the oxidation
state of -2. With a unique electron configuration, thiol is able to be oxidized with oxidation
states ranging from -2 to +6. It was reported by Reddie and co-workers that cysteine had 10
different biological transformations in the human body and each of these states has their own
stability, redox-behavior, nucleophilicity, and catalytic activity for different physiological
functions.49 For example, due to the ability of thiol to undergo redox reactions, cysteine
has antioxidant property in the glutathione serving as a proton donor. Moreover, cysteine is the
rate-limiting factor in cellular glutathione biosynthesis, which is capable of preventing damage
to important cellular components caused by reactive oxygen species. Besides, the disulfide
form is another important form with high physiological reactivity, which is easily formed
through the oxidization of thiol group. Since the sulfide bond is a quite stable bond, it plays an
important part in protein folding behavior and the maintenance of the protein framework.
Meanwhile, because the S–S bond is susceptible to breaking up through reduction reactions or
thiol-disulfide exchange, disulfide is readily to return back to the thiol format in the reducing
cellular compartments for further applications (Scheme 1.2).49-51
(A) Thiol Oxidation
R

Br 2 or O2

+ SH
SH

R

S
S

R

R

(B) Disulfide Reduction
Na or H 2

S

R
S

R

2R

SH

(C) Thiol-disulfide Exchange
R

S
S

R

+ R2

S-

R

S
S

+ R
R2

S-

Scheme 1.2 Thiol related oxidation, reduction and thiol-disulfide exchange reactions.
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Thiol oxidation-reduction reaction and thiol-disulfide exchange reaction are not only
important for the normal maintenance of body metabolism, but also for the foundation of Lcysteine applications in the commodity market. For example, in bakery applications, the
sulfhydryl groups tear apart the disulfide bonds of gluten which gives dough its softness.44 In
the laboratory, many oxidants can promote thiol oxidation, including air, iodine, bromine,
singlet oxygen, and hydrogen peroxide. On the other hand, the reduction of disulfide could be
promoted in the presence of hydride agents, for example, NaH, and alkali metals, as well as a
reducing reagent, for example, H2 (Scheme 1.2).52,53
L-cysteine containing the elements N, O, S can readily form the chelating complexes
with silver, lead, copper and other metal ions. The formed metal–amino acid complex plays
important roles in physiological activities, for example, forming alcohol dehydrogenase with
Zn2+.54 In addition, the thiol group also has a high affinity for heavy metals such as Hg and Pd,
which in turn, can improve the biochemical lesion causing the unusual high level of metal
ions.55 Owing to its metal chelating ability combined with its chiral feature, cysteine has been
widely used in the design of chiroptical sensors. For example, Carney and co-workers reported
the synthesis and utilization of (R)-N, N-bis(2-quinolylmethyl)-S-methyl cysteine as a
chiroptical sensor (Fig. 1.5). Since it showed different chelating abilities with Hg2+ and gave a
unique optical signal in circular dichroism (CD) measurements, it was capable being used as a
chiroptical sensor with high selectivity for Hg2+.56 Another example is given by Nan and coworkers, where they found that with the addition of Hg2+, the CD signal of an Ag-L-cysteine
nanoparticle was completely changed due to the extraordinary chelating ability of L-cysteine
with Hg2+ and the displacement of Ag+ in the chiral nanoparticles by Hg2+ (Fig 1.5).57
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Figure 1.5 Examples of chiroptical sensors inspired by L-cysteine chiropitical property.56,57

L-cysteine with amino acid functional groups can anticipate in amino acid-related
reactions, such as amide formation, esterification and alkylation. But most of the chemical
information is concentrated on the reactivity of the thiol group, which can participate in thiolclick reactions. Since thiol-click reaction is widely used in molecular functionalization, Lcysteine is treated as an ideal graft molecule for molecular modifications. Moreover, by
importing L-cysteine into molecule structures, the obtained compounds are granted with new
properties, such as chiroptical property and self-assembling ability. For example, Geng et al.
reported the successful modification of polybutadiene-block-poly (ethylene oxide) (PBD-bPEO) block copolymers through the addition of cysteine derivatives on PBD segments and
obtained an amphiphilic polymer with great self-assembling property, which was also able to
tune the shape according to the hydrophobic–hydrophilic ratios in the structure as a smart
polymer (Fig. 1.6). Furthermore, attributed to the hydrogen-bonding and chiral interactions
from cysteine, a helical superstructure was observed in CD measurement (Fig. 1.6).58 Another
example is demonstrated by Passaglia and Donati. They reported the successful
functionalization of styrene and butadiene random copolymers by L-cysteine ethyl esters and
the grafted polymer was potentially optical active with chiral centers on side chains.59
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Figure 1.6 (a) PBD-b-PEO modified with cysteine derivatives; b) morphological changes of
amphiphilic polymer. (Adapted from Ref. 58)

Amino acid is widely regarded as a valuable building block for the preparation of
biodegradable or biocompatible materials with interesting properties. However, besides the
molecular functionalization, cysteine is rarely directly used in material preparations, which is
limited by the excess activity of its thiol group in most organic reactions that involves high
temperatures and oxidative reagents. Therefore, the utilization of L-cysteine normally goes
through complicated protection and deprotection procedures. For example, Fu and co-workers
reported the synthesis of a poly (L-cysteine) containing material and the obtained polymer not
only displayed reversible thermal-responsive property in water, but also was capable of
working as a metal sensor. However, as shown in Scheme 1.3, to avoid the side reaction on the
thiol group, the conventional thermal condensation reaction was replaced by the ring-opening
strategy due to the involvement of high reaction temperature.60 There are a lot of similar
examples. It can be seen that the potential of L-cysteine in the preparations of cysteine-based
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materials has been highly restricted and thus, is a valuable direction that is worth more study.
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Scheme 1.3 Synthesis of poly (L-cysteine)-based material.60

1.4

Thiol-ene click reaction
Thiol-ene click reaction (TEC reaction) was first noted in the early 1900s and is famous

for its modular process under mild reaction conditions with high yield and regioselectivity. The
remarkable features of TEC reaction include its orthogonality to a wide range of functional
groups such as esters, primary amines, carboxylic acids, alcohols and sugars groups, the
compatibility of oxygen and the stability of thioether linkage under physiological conditions.61
Since it satisfies most of the criteria of click-chemistry, it is assigned under the category of
click reaction.62
As discussed above, due to the electronegativity of sulfur and relative weak S-H bond
energy, the thiol functional group is prone to the reaction involved with nucleophilic thiolate
anions and electrophilic thiol radical, such as thiol-Michael addition reaction and thiol-ene
radical reaction.61-63 According to the pKa values, thiol compounds could be divided into four
groups, alkyl thiols, thiolpropionate thiols, thiolacetate thiols and aromatic thiols. Since their
pKa have a big influence on the reactivity, the corresponding thiol reaction rate and efficiency
are also affected. As shown in Fig. 1.7, with the increasing of thiol pKa, the tendency of the
nucleophilic reaction is strengthened, while the trend of electrophilic reaction is lowered. In
fact, the toolbox of thiol-X click reaction is quite broad, including thiol-ene, thiol-alkyne, thiolisocyanate, thiol-epoxy and thiol-halogen. But thiol-ene reactions, which satisfies most of the
criteria of click-chemistry, attract most attention.61
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Figure 1.7 Categories of thiol compounds and their corresponding pKa and reactivity.
(Adapted from Ref. 61)

Though the thiol-ene system is quite powerful, it still has some drawbacks, such as the
unpleasant odor of the thiols and the short shelf-life stability of some formulations.61,64 Since
lot of multifunctional thiols with less odor are now commercially available and the research on
various stabilizers has also been conducted to eliminate the premature polymerization, (e.g.
radical scavengers), the drawbacks of thiol odor and short shelf-life have been minimized to a
large extent, which in turn broadens the scope of thiol reaction in synthetic chemistry.61,64

1.4.1

Thiol-Michael reaction
The study on thiol Michael reaction can be traced back to the 1940s.65 It is defined as

the addition reaction of thiols, in the presence of a catalyst, to an electron-deficient α,β unsaturated carbonyl compound.66 The reaction is traditionally initiated through activation the
thiols by base. As shown in Scheme 1.4, the base B first abstracts a proton from the thiol
creating a nucleophilic thiolate anion RS- and a conjugate acid BH+. Then the nucleophile RSattacks the electrophilic carbon of the C=C bond, producing the intermediate carbon-centered
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anion. Finally, it abstracts a proton from the conjugate acid BH+, yielding the thiol-Michael
addition product.61 The reaction efficiency was reported as being strongly affected by reaction
solvent, basicity of the catalyst, pKa of the thiol and the nature of the electron withdrawing
group connected to the olefin bond.67 Therefore, it was reported that the thiol-Michael reaction
followed the order: maleimide > fumarates > maleates > acrylates/acrylamides > acrylonitrile >
crotonate > cinnamate > methacrylates.61 To increase the reaction efficiency, a variety of
catalysts with significant functions were explored, including primary/secondary amine or alkyl
phosphine, especially tertiary phosphine. It was proven that even in the Michael reaction with
least reactive methacrylates, the phosphine-mediated catalyst could lead to a quantitative
conversion of the reactants within less than an hour.61,68 Beside the base catalysts, the reaction
can also be catalyzed by metal catalysts or acids (e.g. boric acid) or some unusual catalysts (e.g.
PEG).67,69

Scheme 1.4 Thiol-Michael reaction mechanism. (Adapted from Ref. 61)

1.4.2

Thiol radical reaction
TEC radical reaction is another versatile click reaction. It is a typical radical-chain

process with initiation, propagation and termination steps (Scheme 1.5). The reaction starts
from the generation of a sulfeneyl radical. Then, the radical attacks the electrophilic alkene
substrate in an anti-Markovnikov form and creates a new carbon radical, which subsequently
reacts with another thiol molecule to give a new sulfenyl radical and continues the radical circle.
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Finally, the reaction is terminated through different recombination of free radicals.70

Scheme 1.5 Thiol-radical reaction mechanism. (Adapted from Ref. 61)

There are two feasible ways to initiate the reaction: heating or irradiation. Normally, a
thermal-initiated reaction is conducted in solvent in the presence of a thermal radical initiator
2,2′-azobis(2-methylpropionitrile) (AIBN) at high reaction temperature, while a photocoupling reaction could be triggered upon UV irradiation at 365 nm in the presence of classical
photo-initiator such as benzophenone (BP) or dimethoxyphenylacetophenone (DMPA).71
However, the presense of photo-catalysts is not necessary, which has been demonstrated by
Cramer and co-workers who discovered that the reaction was able to be self-initiated in the
presence of 254 nm UV-light without photoinitiator.72 In some extreme cases, the reaction
could be readily proceeded even upon exposure to unfocused sunlight.61 For example, Fiore
and co-workers successfully performed a reaction between glucosyl thiol and galactose-based
ene under sunlight.73 Moreover, it was reported that sunlight was able to induce thiol-ene
polymerization between tetrathiol and trivinyl with extremely high efficiency.74 Considering
that some thiol-ene reactions could proceed in the absence of light, these discoveries may solve
the yellowing problem induced from the degradation of the photo-initiator and contribute to
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the formation of clear materials.75 Generally, the photo-initiation reaction is more preferable
than its thermal-initiation counterpart, due to its numerous advantages such as higher efficiency,
shorter reaction time, more ambient reaction condition and higher tolerance to various
functional groups.65 Beside, the photo-initiation mechanism allows accurate spatial and
temporal control by simply tuning the starting material ratio, light intensity, exposure time and
range, or light wavelength.68
As mentioned above, the efficiency of thiol radical reaction can vary considerably
based on the chemical structures of the ene and thiol components. Therefore, the order of C=C
reactivity is reported in Lowe’s review of TEC reaction to follow: vinylether > propenyl >
alkene > vinylester > N-vinylamide > allylether > allyltriazine > allylisocyanurate > acrylate >
N-substituted maleimide.76 Meanwhile, they pointed out that the weakest reactivity of
methacrylate was related to the high stability of its intermediate radicals, which led to difficulty
of abstraction H from RS–H in the propagation step and the terminal enes were significantly
more reactive towards hydrothiolation compared to internal enes.76

1.4.3

Applications of TEC reactions
As mentioned above, TEC click reaction has many advantages including mild reaction

conditions, high yield, orthogonality to a wide range of functional groups and compatibility
with water and oxygen. Therefore, TEC applications have been found in every aspects of the
chemical industry, spanning from small molecules to macromolecules, from polymer syntheses
to polymer modifications, from linear homopolymers to branched polymeric structures and
from synthetic molecules to natural-occurring biomolecules.61,77,78
The primary application of TEC reaction is the post-polymerization with tailored
functional groups. It offers a viable alternative for polymer modification to the traditional
techniques involved in the ring opening or living radical polymerization, in which the
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monomers are synthetic and the diversity of the functional groups is limited.79 By employing
target functional groups on alkene-containing polymers, the tailored polymers will contain
interesting morphologies, physical properties and applications, especially serving as smart
polymers for the pharmacological uses.80 The pioneer work of TEC modification started from
polybutadiene (PB) in the report by Serniuk and co-workers in 1948 (Scheme 1.6). However,
the PB modification was limited by the competing reaction which resulted in an undesirable
five or six-member ring and less than 100% conversion rate, even though excess thiol was used.
This deficiency could be avoided by increasing the distance of neighbouring double bond.81,82
For example, Gress and co-workers reported the grafting of poly[2-(3-butenyl)-2-oxazoline]
by several types of mercaptans under moderate reaction conditions with complete conversion
and the modified polymer exhibited different thermal properties compared to the starting
materials.81 Additionally, Lv and coworkers reported a thiol-ene modification corporate with
amine-ene reaction. When a primary amine was reacted with olefin, the newly generated
secondary amine could undergo spontaneous intra-molecular cyclization to form a five
membered lactam. Thus the achieved polyesters had two degradation stages and one of them
was self-degradation with controlled rate at room temperature.82 TEC post-polymerization is
also important in the synthesis of biohybrids which contain synthetic polymer backbones and
biologically inspired side groups.70 For example, Schlaad and co-workers successfully created
several biohybrid polymers through polymer functionalization of PB with thiol compounds
containing sugars, cholesterol and amino acid moieties.83

Scheme 1.6 PB post-polymerization via TEC reaction.81
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Furthermore, TEC coupling is also widely employed in the dendrimer formations.84,85
A dendrimer is a polymeric molecule composed of branched monomers from a central core.
The first dendrimer molecule appeared in 1978 where amine Michael-addition reactions were
repeatedly performed for dendron formation.86 Dendrimer provides a perfect nanotechnology
platform for numerous applications, particularly in pharmaceutics as drug delivery carrier,
because of “its internal cavity for drug encapsulation, large numbers of surface functional
groups for drug conjugations, the nanometric size for easy permeability into vasculature and
high molecular weight for drug localization”.87 The dendrimer preparations required a series
of reactions to form different generations. Thus, TEC reaction which is well-known for its high
efficiency and orthogonality are ideal in dendrimer creations. For example, Hawker and coworkers reported the synthesis of a fourth generation dendrimer with 2,4,5-triallyloxy-1,3,5triazine core through alternately repeating the TEC reaction and esterification reaction (Scheme
1.7).88 Inspired by that, Ma and co-workers synthesized a series of dendrimers from
asymmetrical monomers through simple and efficient TEC pathways. The synthesized
polyester dendrimers have pendant methacrylate or amine groups exhibiting conjugation
abilities to various drugs.89 Beside the constitution of dendrimer scaffold, TEC coupling is
capable of further modifying the peripheral units by grafting various structures. As shown in
Scheme 1.7, the peripheral units of the dendrimer were further modified by grafting various
structures to add extra functional end-groups.86 Moreover, it was reported that glycodendrons
could be prepared by importing thiogalactoside on dendrimer surface via TEC reactions.90,91
The obtained glycodendrimer exhibited high affinity with the LecA lectin and efficiently
served as potent anti-adhesive agents against bacterial infections and biofilm formation.91
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Scheme 1.7 TEC reaction in dendrimer synthesis. (Adapted from Ref. 88)

Both the applications of post-polymerizations and dendrimer preparations mainly
depend on the TEC orthogonality nature, but the step-growth mechanism of TEC reaction has
also been taken fully advantage of to form ultra-thin photo-curable materials with
homogeneous and uniform properties, with dramatically increased capacity for mechanical
energy absorption and significantly delayed gel point conversion, which enables the
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polymerizing system to continue to flow for an extended period for better shrinkage
accommodation61,70,77 In addition, since TEC reactions are easily controlled spatially and
temporally, they could be exploited to create materials with gradient or patterned chemical,
physical and biological properties. For example, Harant and co-workers utilized this feature
and made ultra-thin films from 1,6-hexanedithiol and triethylene glycol divinyl ether with
various thickness that ranged from 0.1 nm to 9.6 nm through varying the monomer ratios.92
Similarly, Khire and co-workers created bi-directional surface gradients with varying thickness
through tuning the UV exposure time.93

1.5

2.5-Diketopiperazine
Diketopiperazine (DKP) is the smallest cyclic dipeptide containing a six-member ring

that consists of two amide linkages. DKP has three different regioisomers which are
distinguished by the location of two carbonyl group and nitrogen atoms (Fig. 1.8). These
isomers present different physical and chemical properties for different applications and are
synthesized by different synthesis approaches.94 Among them, 2,5-DKP attracts the most
attention due to its center symmetric and highly regulated structure that the two nitrogen atoms
and the two carbonyls are at opposite positions in the ring.
O
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H
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2,5-Diketopiperazine 2,6-Diketopiperazine 2,3-Diketopiperazine

Figure 1.8 Three structural isomers of DKP.

DKPs are a class of naturally occurring compounds and exist abundantly in a variety of
organisms like fungi, bacteria, plants and mammals. It is the secondary functional metabolites
and is found as a side product of peptide degradation. DKP has very interesting properties, such
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as remarkable stability in vivo as compared with their linear counterparts, resistance to
proteolysis, dynamic stereochemistry, mimicking of peptide pharmacophoric groups,
conformational rigidity and supramolecular structure formed through a hydrogen bond.95
Therefore, DKPs recently have gained more and more interests in drug discovery and medical
purposes as inhibitors of various enzymes, antitumor agents, antiviral agents, antifungal agents,
antibacterial agents, anticancer agents and preparations for drug delivery capsules.95,96

1.5.1 Preparation of 2,5-DKP
With the increasing importance of DKPs in the pharmaceutical area, more and more
DKPs that are prepared from both natural occurring and synthetic amino acids were reported
in the literature since the late 19th century.97 Based on the DKP structure, it is easily found that
there are three possible cleavages: the amide bond (A), the C–N bond (B), and the C–C bond
(C) (Fig. 1.9). Accordingly, Alan Borthwick classified DKP synthesis into four main groups
with eleven approaches including a) amide bond formation (dipeptide formation and
cyclization, Ugi chemistry, amino acid condensation and Aza-Wittig cyclization), b) Nalkylation (α-haloacyl derivatives of amino acids, Aza-Michael addition and Diels-Alder
reaction), c) Tandem cyclization (N1-C2/C3-N4 bond formation and C2-N1-C6 bond
formation) and d) C-acylation (enolate acylation and C-C cyclization radical-mediated).98
Since amide bond formation is the most frequently used in DKP syntheses, we will focus on
this method below.

Figure 1.9 The possible bond cleavage sites in the retrosynthesis of 2,5-DKP. (Adapted from
Ref. 98)
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DKP preparation through dipeptide cyclization is the most commonly used approach,
where the linear peptide is protected at both N-terminal and C-terminal (Scheme 1.8). The
cyclization is able to proceed under acid, basic or thermal conditions.98 In the early days,
research was mainly focused on linear dipeptide cyclization for DKP synthesis and there were
several famous synthesis methods.99-102 In Nitecki’s method, the Boc-protected dipeptide
methyl ester was deprotected by HCOOH, subsequent refluxing of the ester formate in a
mixture of s-BuOH and toluene.99 With regard to Suzuki’s method, DKP was achieved after
the dipeptide ester was refluxed in acetic acid containing iso-butanol.100 Fischer’s design
involves the aminolysis of dipeptide ester in ammonia saturated methanol.101 However, these
methods have some drawbacks such as complicated preparation of linear peptides, low yield
or severe side reactions.99-101

Scheme 1.8 DKP synthesis via dipeptide cyclization.98

In 1983, Toshihisa and co-workers integrated the advantages from the old methods and
published an improved synthesis route, where DKP was formed by refluxing dipeptide methyl
ester in methanol. Meanwhile, they pointed out that the type of protective groups, the solvent
species and the side chains had big influences on the efficiency of DKP formations.102 For
example, it concluded that the larger the size of the side chain, the slower the reaction rate,
which was consistent with the analysis from Naraoka and co-workers.102,103 Finally,
comprehensive information on naturally occurring amino acid-based DKPs was collected
(Table 1.3 ).100,102 However, there are still some DKPs that failed to be dimerized directly from
linear dipeptide, for example, cysteine-based DKP.
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Table 1.3 Melting points of natural-occurring amino acid-based DKPs.100
DKP
-Pro-Leu-Leu-Pro-Pro-Val-Leu-Leu-

M.P. (oC)
158-160
157-159
169-171
273-274

DKP
-Val-Leu-Val-Val-Val-Leu-Val-Ala-

M.P. (oC)
259-261
269-271
259-261
259-261

-Val-Ile-

276-278

-Ile-Ile-

259-262

-Gly-Ile-Met-Tyr-Asp-Ala-

249-251
273-277
189-192

-Gly-Phe-Tyr-His-Asn-Arg(NO2)-

247-250
196-198
235-237

To improve the reaction efficiency for DKP preparation, a solid-phase approach was
developed.98 The solid-phase synthesis normally involves three steps, the preparation of linear
peptide precursor on resin, cyclization, and cleavage from the resin. Based on the different
orders of these procedures, this method could be divided into three categories: (i) cyclization
first and then cleavage, (ii) cleavage of the precursor from the resin first and then cyclization,
and (iii) cleavage and cyclization spontaneously in one step.94,98 For example, Albericio and
co-workers discovered a DKP synthesis route with nearly quantitative yield through the solidphase method (i). As shown in the Scheme 1.9, the amino acid methyl ester was first attached
to a functionalized resin. The second amino acid group was then connected via acylation and
formed a linear dipeptide. The cyclization was conducted in the mixture of toluene and ethanol
in the presence of a catalyst and finally the obtained DKP was cleaved from the solid support.102
Although this method has been successfully used in many DKP synthesis, its selection on the
type of functionalized resin is still time-consuming.104
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Scheme 1.9 Solid-phase synthesis of DKP. (Adapted from Ref. 104)

The simplest method for DKP synthesis is the direct self-condensation of two amino
acids or esters by heating, which normally involves the intermolecular amide formation and
intramolecular lactamization.105,106 However, this method is normally reported with low yield
or required harsh reaction conditions.106,98 One of the common improvements is the addition
of peptide coupling reagents, which are employed to activate the carboxyl groups by making
an acid derivative with a more favorable leaving group (Fig. 1.10). Today, peptide coupling
reagents are being developed from carbodiimide reagents (DIC, DCC) to triazolol reagents
(HOBt, HOAt) to urea-based cationic reagents (HATU, HBTU, TBTU).98,104,107 However, in
every amino acid dimerization reaction, the use of a catalyst is not interchangeable or being
substituted by another, which may lead to the failure of ring closure or the formation of macro
cycles or oligomers containing more than two peptide bonds.
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Figure 1.10 Common peptide coupling reagents.104

Compared to conventional dimerization methods, microwave-mediated DKP synthesis
is definitely a hot topic, due to its short reaction time, high efficiency, catalyst-free process and
simple purification.98,108-110 For example, Perez-Picaso developed a microwave-assisted
synthesis route with linear peptide as starting material and the DKP was achieved after
irradiation for 10 minutes using water as the solvent.109 Later, Nonappa and co-workers
simplified the reaction by directly using amino acids as building blocks, where a series of DKPs
were successfully obtained in nearly quantitative yields.110 Undoubtedly, the microwavemediated method is most promising for future DKP synthesis.

1.5.2 DKP diastereomers
It has been known that during the process of DKP formation, there are four possible
isomers, L-L, D-L, D-D, L-D, for cyclic peptides and they are classified into cis-isomers, (LL and D-D), and trans-isomers, (L-D). The ratios of cis/trans are affected by many factors
including reaction methods, reaction temperatures, and the choice of catalysts.103 Moreover, it
has been reported that these isomers could be transformed to one another under alkaline
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conditions (Fig. 1.11). As early as 1925, the phenomenon that DKP was racemized at a high
rate under proper conditions had been observed.111 Then in 1928, Levene and co-workers
identified that when DKP was treated with dilute alkali, it showed an obvious racemization
phenomenon, and when treated with concentrated alkali, the degree of racemization was
minimized. Meanwhile, they mentioned that the racemization of linear dipeptides and
polypeptides is not significant compared to their DKP counterparts.112

Figure 1.11 Four stereoisomers of 2,5-DKP.111

It has been known that DKP ring could exist in a flat or a slightly puckered boat or chair
conformation, therefore though DKP diastereomers have exact same molecular weights and
molecular formulas, the conformation of these isomers is quite different (Fig. 1.12). As
reported, there were several factors affecting its conformation, for example, the substituted
functional groups on the side-chain.98 It has been found that the imidazole aromatic ring in
cyclic histidine (His-His) tends to be stacked over the DKP ring due to the aromatic-amide
interaction. Thus, the trans-isomer of His-His presents in a planar conformation and the cisisomer is in a boat-shape.112 Besides, the state of the matter and its environment are also
determinants in DKP conformations.98 It has been shown that the cyclic glycine (Gly-Gly) is
in a planar conformation in solution and solid-state. But the molecule adopts a boat form in the
gaseous state. The change is attributed to the boat conformer possessing the lowest energy at
gas state and there is only few kcal/mol difference among the energies of different
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conformations that the external forces from a crystal or solution environment is sufficient to
keep a planar structure.98

Figure 1.12 Twist-boat, planar and boat conformations of DKP.111

Various techniques have been applied to study the conformations of cyclic dipeptides
including infrared absorption, nuclear magnetic resonance (NMR), vibrational circular
dichroism, Raman optical activity, ultraviolet-visible absorption (UV-vis), electronic circular
dichroism, X-ray diffraction and optical rotatory dispersion.96,98,102,103 Among them, NMR is
the most straightforward and most commonly used, for example, the DKP conformation could
be identified by 3J coupling constants of H-αC-N-H from the NMR analysis. Moreover, the
chemical shift differences of the NH signal of different isomers could also be used, since in
different conformers, the intermolecular hydrogen bonding effect of the DKP ring is
different.96,113 Based on the NMR methods, the conformation information of cyclic valine (ValVal), cyclic leucine (Leu-Leu), cyclic alanine (Ala-Ala), Gly-Gly and other DKPs from
synthetic amino acids were collected.96,113
Different stereoisomers play different roles in practical applications. For example, the
diastereomers of cyclic leucine-histidine which carries a hydrophobic alkyl side chain and a
nucleophilic side chain, exhibit different reaction activity in the hydrolysis of carboxylic acid
p-nitrophenyl esters. It was demonstrated that only the trans-isomer was an effective catalyst
and the cis-isomer was inactive on hydrolytic activities.114 Therefore, under some circumstance,
the separation of DKP isomers is necessary, especially for the high-selective application.
DKP diastereomers have been successfully separated by a variety of chromatographic
techniques such as gas liquid chromatography (GLC) and high performance liquid
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chromatography.102,115 The first report on the successful separation of DKP diastereomers arose
through the GLC technique in 1968. In the paper, retention times of various DKPs at two
different temperatures were given and considered to be related to the molecular weights (Table
1.4).115 It was clearly shown that the cyclic valine-proline and the cyclic isoleucine-proline,
which had larger molecular weights, gave a high degree of diastereomeric resolution with the
trans/cis ratio of 1.37, while the Val-Val isomers, which had a smaller molecular weight had
very similar retention time. Moreover, the retention time was identified to be related to the
temperature and side chain structures. It was found that the differences of the retention time
for diastereomers were enlarged at a low temperature and the DKPs containing an aromatic
ring required a higher temperature for GLC than the purely aliphatic ones.115 However, until
now, the research on separation of DKP diastereomers is still limited, since the accurate control
of the racemization during the DKP synthesis is always first taken into consideration to obtain
pure DKP isomers.
Table 1.4 The retention time (mins) of DKP diastereomers at different temperatures.115
DKP

206 oC

196 oC

cis-Val-Val

10.6

17.2

trans-Val-Val

9.6

15.4

Val-Pro

12.3

19.5

Val-Pro

16.7

26.8

Ileu-Pro

16.3

25.7

Ileu-Pro

21.8

35.2

DKP rings could self-assemble to supramolecular structures when the amide group
form intermolecular hydrogen bonds (N−H...O) with adjacent molecules. For example, GlyGly crystalline represents as a linear tape structure, where the neighboring DKPs form a cyclic
eight-membered ring involving two intermolecular hydrogen bonds (Fig. 1.13a). There are also
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some DKPs, such as His-His and Ala-Ala, existing in the form of a large layer-type structure
(Fig. 1.13b).98,116 It was reported that the supramolecular structures have been utilized to
position guest molecules with the desired intervals, sizes and shapes. Therefore, the properties
of designed organic compounds could be tuned through controlling the structure of DKP
supramolecular structures.117

Tape

(b) Layer

Figure 1.13 Supermolecular structures of DKP. (Adapted from Ref. 98)

1.5.3

Applications of DKP
DKP has been widely applied in the preparation of polymeric materials for different

applications, because DKP-related reactions could take place at up to six positions: on carbon
(C-3 and C-6), on nitrogen and on carbonyl carbon (C-2 and C-5), and the rigidity of DKP can
contribute to improve the polymer mechanical and thermal properties. The history of
incorporating DKP in polymer preparation could be traced back to 1968 and now, the synthesis
of DKP containing polymer is well developed.118 A series of DKP-based polymers have been
successfully produced such as aspartic DKP-containing polyesters, serine DKP-containing
polyesters, lysine DKP-containing polyamides and lysine DKP-containing polyurethanes (Fig.
1.14).118,119 It was reported that the DKP-containing polymers possessed good thermal and
mechanical properties. Moreover, as one of the starting material was derived from natural
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occurring amino acid, the obtained polymers were partially biodegradable and potentially
biocompatible, which are suitable for biomedical applications.118,119

Figure 1.14 Urethanes containing the lysine-based DKP. (Adapted from Ref. 119)

As mentioned above, amino acid containing O, N and additional metal binding site
could chelate with various metal ions to form a stable five membered complex. Thus, DKP
which is derived from amino acid, is considered to present better chelating ability, due to its
rigid conformation of the six-membered ring.120-122 For example, in an intensive research
performed by Gockel and co-workers, the binding behaviors of zinc with cysteine and histidine
containing DKPs, including His-His, Gly-Cys, His-Cys and Cys-Cys, were extensively studied
(Fig. 1.15). They not only demonstrated that thiol group in cysteine was a much better ligand
for zinc than the imidazole in histidine, but also revealed that the two cysteine side chains were
not positioned favorably for a zinc coordination.120 Indeed, the researches on the binding ability
of DKP with different metal ions are quite useful, since they are helpful in the protein
conformation studies and have great potential to be applied in the design of the sensors with
high-selectivity.121,122
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Figure 1.15 Proposed conformation of cyclic cysteine with zinc. (Adapted from Ref. 120)

The other important application of DKP is in drug delivery systems. It is known that
the delivery of drugs has had some major problems for many years, especially the instability
of the delivered drug which causes it to decompose or be consumed before it reaches the desired
target.123-125 Though a variety of enteric coatings have been developed, they can only ensure
the drugs are undestroyed prior to the small intestine. Therefore, an improved drug carrier is
preferred, which should not only be stable before reaching to the target, but also encapsulate
the drug to deliver into the bloodstream. Several structures have been carefully examined from
natural systems to synthetic polymers and finally it was demonstrated that DKPs with rigid
conformation and self-assembling properties are the ideal structure for drug delivery
applications.123 The pioneering work on DKP drug delivery applications was claimed by Robert
Feldstein and co-workers in 1992 in the US Patent 5352461 entitled “Self Assembling
Diketopiperazine Drug Delivery System” (Scheme 1.10). In the patent, 2,4-diketo-3,6-di(4succinylaminobutyl) piperazine was synthesized starting from a lysine building block and
ending up with a DKP-containing diacid. Because the COOH functional group was reported to
exhibit pH-dependent assembly-disassembly features, acid and base were added to encapsulate
the drugs. The measurements on the effect of the new drug carrier were performed through an
oral administration tests in rats. It was found that the DKP effectively took the drugs into rat
body and received good healing results.123 Inspired by that, the research on DKP-based drug
cargos have sprung up since then.124-126 For example, based on the structure in Scheme 1.10, a
series of DKP-based drug encapsulation systems were designed, where the acid end-group was
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replaced by basic groups or other functional groups through covalently coupling with
functional segments such as PEG, proteins, peptides, oligosaccharides, carbohydrate and lipids.
Thus the system could adhere to specific regions of the tissues or to certain cell targets.123,124
Moreover, the symmetric DKP structure could be switched to asymmetric one with desired
functional groups and the size or shape of the DKP cargos could be further tuned to ensure the
drug can pass through certain tissues or organisms.123,124 Since DKP nanoparticles are nontoxic, simple to prepare, available for further modification, and degradable under certain
physiological conditions, it is definitely one of the most promising candidates for smart drug
delivery in the future.

Scheme 1.10 Synthesis of lysine-based DKP for drug delivery. (Adapted from Ref. 123)

1.6

Rationale and Objectives
Organic chemicals are involved in every aspect of our lives and the use of fossil fuels
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is still predominant in serving as the main raw material in chemical industries. However, there
are increasingly concerns on the excess consumption of petroleum feedstock and
environmental pollution, which in turn, spur the development of green chemistry with biomassbased chemicals as the starting material. L-cysteine is definitely one of the most promising
renewable building blocks with great potential applications. It is commercially available in
large scale through microbial fermentation and is predicted to have a wider market in the future.
Thiol group of L-cysteine is famous for the modular thiol-ene click reactions including thiolMichael reaction and thiol-radical reaction, which are preformed under mild conditions with
numerous substrates. Besides, the thiol-ene coupling is well known for its high efficiency and
orthogonality to place a variety of functional units on double bond. Therefore, L-cysteine has
been applied in polymer modifications as an ideal graft molecule. Moreover, the amino acid
functional group could be used to prepare DKP. DKPs are a class of naturally occurring cyclic
amino acid and their structures are more rigid than linear amino acids, which can lead to the
polymers with much improved properties and solvent resistance. Synthetic DKPs have been
employed in the preparation of biodegradable polymers and in pharmacological field for drug
delivery purposes. However, there is little research on cysteine-based DKP, due to the excess
reactivity of the thiol group. Thus, the development and applications of L-cysteine based DKP
derivatives are urgent and of great significance.
The overall objective of this thesis research is to develop versatile and robust routes to
the value-added compounds from L-cysteine. The following are specific objectives for the
thesis research:
(1) To explore suitable reaction conditions for the synthesis of cysteine-based DKPs
and DKP-containing polymers. The thiol-Michael addition click reaction and thiolene free radical click reaction will be used to protect the thiol group and prepare Salkylated intermediates.
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(2) To synthesize cysteine-based DKPs from 4-thiazolidinecarboxylic acid derivatives,
which can be prepared through the reaction between L-cysteine and aldehydes. By
attaching the functional groups onto the DKP ring, the difunctional DKPs can be
used as monomers for the synthesis of DKP containing polymers.
(3) To introduce L-cysteine into small molecules, linear macromolecules, star-shape
macromolecules and polysaccharides, and study their self-assembling behaviors
and the chiral recognition ability.
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Chapter 2 Syntheses and Characterizations of Cysteine-based DKP from
S-alkylated derivatives.

2.1

Molecular design and synthetic approaches
L-cysteine is a promising feedstock for future biomass-based materials.1 In particular,

the compounds and polymers derived from cysteine-based DKPs become more attractive, due
to its improved thermal mechanical properties.2 Great efforts have been devoted to the
synthesis of cysteine-based DKPs. One of the simple and useful cysteine-based DKPs is the
thiol-containing derivative, Cys-Cys (Scheme 2.1). As reported by Greenstein and co-workers,
its synthesis starts with the amide bond formation between dicarbobenzoxycystyl chloride and
cysteine ethyl ester, followed by removal of the Cbz protecting group with phosphonium iodide
(PH4I) and the disulfide reduction in boiling water with H2S gas (Scheme 2.1).3 Since the main
obstacle in the formation of Cys-Cys was the high reactivity of thiol functional group towards
oxidization, this synthetic route was complicated, and required the use of toxic reagents.4
O
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Scheme 2.1 Synthesis of cysteine-based DKP (Cys-Cys).3

The difunctional DKP compounds are useful building blocks or monomers for a variety
of DKP-based compounds and polymers, such as dithiol-containing Cys-Cys, which would be
an ideal monomer for making polymers through the thiol-ene reaction or other reactions such
as the one with isocyanates. The preparation of Cys-Cys will be discussed in detail in Chapter
3. Herein, since the thiol group does not survive well during the DKP formation, we envision
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a reverse sequence, in which the thiol group in cysteine is either protected first or reacts first
before the dimerization of the amino acids to form the DKPs. This synthetic strategy can offer
easy access to a variety of the DKP-containing small molecules and macromolecules, derived
from L-cysteine (Scheme 2.2).

Scheme 2.2 Synthetic routes from L-cysteine for DKP-containing molecules and polymers.

Thiol-ene click (TEC) reactions have numerous advantages, such as high efficiency,
high specificity and mild reaction conditions, and thus are ideal for use with L-cysteine.5 The
Michael addition reaction between L-cysteine and mono-acrylates is one of the TEC reactions
and can be used to form the thiol-protected precursors to the DKPs. This reaction can be carried
out in water, which is ideal for water-soluble cysteine. After dimerization, the products have a
rigid six-member ring of DKP and two alkyl side chains. By varying the length of alkyl chains,
the resulting DKPs are expected to have different properties. Moreover, the thiol-radical
reaction with olefins provides another feasible “green” route to the DKP-based compounds and
polymers, which is attributed to the commercial availability of biomass-based olefins and the
benefits of thiol-ene radical click reaction.5
When using di-alkenes in the TEC reactions, the compounds with the two amino-acid
groups can be obtained and can be used as a monomer for making polymers. Upon dimerization,
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a series of DKP-containing polymers can be synthesized. The di-alkenes can be selected from
either bis-acrylates or any compounds containing the two olefinic groups.

2.2

Results and discussion

2.2.1 Syntheses of S-alkylated cysteine derivatives
L-cysteine is soluble in water (0.112 mg/mL at 25 °C) and readily soluble in ethanol,
acetic acid and acetone in acid condition.6 A thiol-acrylate Micheal addition reaction was
reported to proceed in water with almost 100 % yield.7 Thus, in our work the reactions of Lcysteine with water-soluble acrylates were carried out in water at ambient temperature or in
methanol at the elevated temperatures in the presence of boric acid as a catalyst (Scheme 2.3).
The S-alkylated cysteine derivatives 1a-1e were easily obtained in over 95% yields after
removing the solvents and washing by acetone.

Scheme 2.3 Syntheses of S-alkylated L-cysteine derivatives 1a-1e.

It is known that the pKa values of a thiol group affect the reaction rate and the yield.
The higher pKa value contributes to a stronger nucleophilicity of its corresponding thiolate
towards the electron-deficient double bond (Fig. 2.1).7 Therefore, L-cysteine with a moderate
pKa of 8 is quite reactive in the Michael reaction with electron-deficient acrylates in water or
alcohol. Comparing with maleimide, cinnamate, alkyne and methacrylate, acrylate is more
reactive and easily accessible.7 Many acrylates are commercially available and have relatively
low toxicity. Therefore, acrylate is the best candidate in this thesis work for use in the reaction
with L-cysteine.
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Figure 2.1 The pKa values for different thiol compounds. (Adapted from Ref. 7)

Normally, the thiol-Michael reaction is initiated with the assistance of a catalyst. Over
the years, the development of catalysts has experienced steady changes from conventional
bases (e.g., triethylamine) to nucleophiles (e.g., phosphines) and from metal catalysts to
unusual catalysts (e.g., polyethylene glycol), leading to better efficiency and less undesired
side reactions.8 Although the bases and nucleophiles are the most commonly used catalysts,
they are not suitable for use with cysteine. The carboxylic group in cysteine is acidic and can
affect the efficiency of base and nucleophile catalysts.7 In addition, the thiol group in cysteine
becomes more labile towards air oxidation in the presence of a base. Therefore, a type of acid
catalyst is the best choice. Boric acid is a widely used catalyst in trans-esterification, amide
synthesis and esterification.8,9 Boric acid in water or alcohol is able to generate a proton (H+),
B(OH)4− + H+ or B(OH)3 + ROH→

according to the reaction of B(OH)3 + H2O

B(OH)3(OR)− + H+. The protonation of the carbonyl group of acrylate activates the substrate
effectively for the thiol addition (Scheme 2.4).
O
RO

H+

H
RO

O
HS

OH

R'
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O
SR'
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H

H 2O
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H

Scheme 2.4 Lewis-acid catalyzed thiol-Michael addition reaction.
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The study by Chaudhuri et al indicates that boric acid is an effective catalyst for thiol
Michael addition reaction of thiophenol with methyl acrylate in water and alcohols, in
comparison with over 10 other catalysts including conventional base and metal catalysts.8,9 By
changing the solvents, amount of boric acid and reaction time, the optimal conditions (10 mol %
of boric acid in water or alcohol) for the high-yield reaction were found (Table 2.1).
Table 2.1 Reactions of thiophenol with methyl acrylate under various conditions.8
Test Run

1

2

3

4

5

6

7

B(OH)3 (mol%)

10

10

10

10

20

20

20

Solvent

MeOH

H2O

EtOH

ACN

MeOH

H2O

EtOH

Time (h)

3

4

4

8

2

3

3

Yield (%)

90

89

85

64

92

90

85

Accordingly, boric acid is a choice of catalyst in this thesis work. Using the optimal
conditions above, the reaction of cysteine with water-soluble acrylates such as 1a, 1b and 1e
went smoothly in good yields. However, acrylates having long alkyl chains are less soluble in
water and alcohols and as a result under the same reaction conditions, the reaction is difficult
to go to completion and as well there is an increased tendency of self-polymerization at high
concentration. By 1H NMR analysis, in the reactions with octyl acrylate and dodecyl acrylate,
a large amount of L-cysteine remained and only a trace amount of products 1c and 1d were
formed.
A set of trial experiments were then carried out in order to optimize the reaction
conditions for the synthesis of 1c and 1d. In particular, the variables include different solvents
(methanol, ethanol, acetone, acetonitrile) or mixed solvents (water/methanol, water/ethanol,
water/acetone and water/acetonitrile), different temperatures (ambient temperature, 30 °C,
50 °C and 80 °C) and addition of radical inhibitors (e.g., hydroquinone). The reactions were
monitored and analyzed by 1 H NMR techniques. Finally, the catalyst-free reaction in methanol
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at 50 °C was found to be the best and compounds 1c and 1d were successfully obtained with
over 90% yield. In Table 2.2, the reaction conditions for the synthesis of S-alkylated L-cysteine
derivatives 1a-1e were summarized.
Table 2.2 Reaction conditions for the synthesis of compounds 1a-1e.
Product

Catalyst

Solvent

Temperature

Yield (%)

1a, 1b, 1e

Boric acid

Water

r.t.

95

1c, 1d

Boric acid

Methanol

50 °C

90

The structures of compounds 1a-1e were fully characterized by spectroscopic means
(See experimental section). As an example, the 1H NMR spectrum of 1a in D2O displays
proton resonances (ppm) at 3.88-3.83 (m, 1H), 3.63 (s, 3H), 3.09-2.92 (m, 2H), 2.80-2.75 (m,
2H), 2.68-2.63 (m, 2H) (Fig. 2.2a). It could be found that the α-proton of the S-alkylated
compound was shifted to 3.85 ppm in the higher field in comparison with the one in Lcysteine at 3.97 ppm. Moreover, the formation of the new peaks in the range of 2.63 ppm to
2.80 ppm, which are assigned to the protons belonging to the carbon from the alkene double
bond and are characteristics for the successful addition of thiol on acrylates. In the 13C NMR
spectrum, carbon resonances (ppm) at 175.06, 172.71, 53.50, 52.32, 33.84, 32.07 and 26.32
were observed (Fig. 2.2b). The peaks for the two carbonyl carbons appear at 175.06 ppm and
172.71 ppm, which further confirmed the successful synthesis of S-alkylated cysteine
derivative 1a.
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Figure 2.2 1H NMR (300 MHz, D2O) and 13C NMR (75 MHz, D2O) spectra of 1a.

All of the acrylates in Scheme 2.3 were directly purchased from commercial sources.
But acrylates could also be synthesized by esterification of acrylic acid with an alcohol.
Cholesterol is important for cell membrane and a precursor to a variety of biologically active
substances.10 If L-cysteine could be attached on cholesterol, the resulting compound would be
of interest, for example, mimicking the activities of certain proteins. Therefore, the
esterification between cholesterol and acrylic acid was done to yield the desired cholesterol
acrylate.11 However, the subsequent reaction with L-cysteine failed, possibly due to its large
steric hindrance.
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Moreover, methyl methacrylate (MMA) IS structurally similar to acrylate but less
hazardous, so it was tested in our project. However, MMA is less reactive and requires an
uncommon catalyst, for example, phosphine-mediated catalyst, in the thiol-Michael reaction.
Furthermore, MMA tends to undergo a self-condensation reaction or even polymerization in
the presence of a thiol compound.12 Therefore, MMA was not used in our work.
Beside thiol-Michael addition reaction, the thiol-ene radical reaction is also applicable
to L-cysteine and a variety of alkenes. The thiol-ene radical reaction is known for its click
reaction features and has high tolerance to oxygen and water, as well as various functional
groups.5 The reactions of L-cysteine with some alkenes were fairly simple and straightforward
(Scheme 2.5). L-cysteine was gradually dissolved in ethanol with the addition of HCl and then
10 % of the photoinitiator, dimethoxyphenylacetophenone (DMPA), was added. The mixture
was irradiated under UV-lamp (λ = 365 nm) at room temperature for 3h. When large amounts
of precipitates or turbidity were observed, the solvent was removed to give compounds 1f-1i
as light-yellow solids with over 98% yield.
NH 2
HOOC

SH +

DMPA, light
R

EtOH

HOOC

S
NH 2
1f-1i

R

R=
f, -(CH2)7CH3
g, -(CH2) 9CH 3
h, -(CH2)10 COOH
i, -(CH2)10 OH

Scheme 2.5 Syntheses of L-cysteine derivatives 1f-1i by thiol-ene radical reaction.

The structures of compounds 1f-1i were characterized by spectroscopic means (See
experimental section). As an example, the 1H NMR spectrum of 1f in DMSO-d6 displayed
proton resonances (ppm) at 4.11-4.06 (m, 1H), 3.02-3.01 (d, 2H), 2.58-2.53 (t, 2H), 1.54-1.44
(m, 2H), 1.28-1.23 (m, 14H), 0.86-0.82 (t, 3H) (Fig. 2.3). Compared with acrylate derivatives,
the α-proton of amino acid in 1f was shifted more significantly to 4.15 ppm due to the acidic
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atmosphere in the1H NMR spectra. And the new peak appeared at 2.55 ppm further confirmed
the successful addition of thiol group on carbon double bond.
a b

c

HOOC

f
CH 2

S
d

NH 2

7 CH3

e
e

c

b

f

d

a

Figure 2.3 1H NMR spectrum (300 MHz, DMSO-d6) of compound 1f.

2.2.2

Syntheses of cysteine-based DKPs
O
O

HOOC

S
NH 2
1a-1g

P2O5, 85
OR

C

o-PhCl2

R

NH

S
HN

O
2a-2g

S

R

R=
a, -COOCH3
b, -COO(CH2) 3CH3
c, -COO(CH2) 7CH3
d, -COO(CH2)11 CH3
e, -COOCH2CH 2OCH 2CH 2OCH 2CH 3
f, -(CH2) 7CH3
g, -(CH2) 9CH3

Scheme 2.6 Syntheses of cysteine-based DKPs 2a-2g.

The synthesis of DKP 2a-2g involves the dimerization of 1a-1g through intermolecular
amide formation and intramolecular lactamization (Scheme 2.6). The reaction was carried out
in 1,2-dichlorobenzene in the presence of P2O5 as a catalyst and dehydrating reagent. The
reaction was first run at temperatures from 40 to 140 oC. It was found that the reaction did not
go to completion when the temperature was lower than 80 oC and at high temperatures the
starting materials and final products tend to decompose. Thus, the reaction was best carried out
at 80-110 oC.
The dimerization of 1h and 1i failed due to the interference from additional carboxylic
acid groups and hydroxyl groups, which led to undesired side reactions. The obtained
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compounds from the same reaction condition were the mixtures containing amino acid linear
dipeptide, cyclic dipeptide and esters or amides. In fact, we tried to identify the structures by
NMR and IR spectroscopy but failed to obtain any useful information on their structures due
to severe peak overlapping.
As discussed in Chapter 1.5.1, peptide coupling reagents are necessary in the formation
of DKPs in most cases. These agents react with one amino acid to form reactive intermediates
which, in turn, react with the N-terminal amine of another amino acid to form a peptide.13 Some
of the known coupling reagents were tested in our work, including dicyclohexylcarbodiimide
(DCC), diisopropylcarbodiimide (DIC), O-benzotriazol-1-yl-tetramethyluronium (HBTU),
diphenylphosphoryl azide (DPPA) and Eaton’s reagent. However, all of the tests failed. It was
found that there was no reaction proceeding in the presence of HATU and HBTU. The reactions
with DCC and DIC only afforded the linear dipeptides rather the desired cyclic DKPs. With
DPPA, the reaction gave a complicated mixture containing a small amount of the DKP. And
the starting material decomposed when Eaton’s reagent was used.
Phosphorus pentoxide has been reported as an effective coupling reagent in the
preparations of DKPs from glycine, alanine, leucine, isoleucine and phenylalanine.14 In the
case of "Phosphorus pentoxide as a reagent in peptide synthesis", it was described as a highefficiency coupling reagent for making linear dipeptide from the protected amino acid.15 Later
in 2007, Stevenson and co-workers further revealed the remarkable efficiency of P2O5 in cyclocondensation reaction of amino acids by comparing the catalyzed and unanalyzed DKP
syntheses (Table 2.3). It was demonstrated that P2O5 could not only speed up the reaction rate,
but also improve the yields significantly.16 Therefore, P2O5 as an ideal catalyst with the features
including simple, cost-effective, environmental-friendly, easy removal by water or methanol
and high efficiency, was utilized in our work.
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Table 2.3 Comparison of the catalyzed and uncatalyzed DKP synthesis.16

In terms of the reaction solvent, the choice of 1,2-dichlorobenzene and NMP was not
random. In fact, most of the common solvents available in laboratory were carefully examined,
including

m-cresol,

acetonitrile,

ethylene

glycol,

toluene,

tetrahydrofuran,

N,N-

dimethylformamide (DMF), N-methyl-2-pyrrolidinone (NMP), chlorobenzene, dioxane,
dimethylacetamide and dichlorobenzene. Several factors were taken into account when
selecting a suitable solvent for this reaction: 1) Boiling points. Since the reactions proceed at
relatively high temperatures, a solvent with a boiling point over 100 oC is desirable. 2) Polarity.
If the intermediate, a linear peptide, precipitates from the reaction medium, the subsequent
cyclization is unlikely to proceed. Thus, a polar solvent is preferred to keep the intermediate in
solution. 3) Nature of solvents. It has been proved by Jones et al. that the autoprotolysis
equilibrium constants of the protic or protogenic solvents and solvent’s proton affinity had
significant effect on the reaction rate and efficiency. Protophilic solvents, which has a greater
tendency to accept protons, are more conducive for dimerization.17 Thus, 1,2-dichlorobenzene
which is a polar, protophilic and high-boiling solvent, is the best choice for cyclization reaction.
Dehydration is the most important step in DKP formation, where water is the byproduct in equilibrium with the DKP product. By removing water, the equilibrium reaction
proceeds in favor of the formation of the target product. Thus, a stream of N2 is purged
continuously to remove water during the reaction. Otherwise, the reaction could not go to
completion and afforded a mixture of linear and cyclic peptides that are extremely difficult to
separate.
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The course of the dimerization reaction could be monitored by the changes of the αproton from amino acid by 1H NMR spectroscopy. For example, after 1 hour of dimerization
of 1a, a new peak appeared at 4.15 ppm along with the peak at 3.8 ppm (spectrum b in Fig.
2.4), indicating a low degree of conversion at the early stage of reaction. The peak at 4.25 ppm
gradually increases as the reaction proceeds (spectrum c in Fig. 2.4). After 6 hours, the 1H
NMR spectrum shows the presence of two intense peaks at 4.25 and 4.15 ppm and absence of
the α-proton resonance at 3.8 ppm (spectrum d in Fig. 2.4).
COOH
S
H2N
H

proton at 3.8 ppm

O
OCH3
O

H 3CO

O
NH

S
HN

S
O

H

OCH3
O

proton at 4.15 or 4.25 ppm

Figure 2.4 1H NMR spectra (300 MHz, DMSO-d6) showing the progress of dimerization
reaction of 1a to form 2a at different reaction times.

It is known that the dimerization of amino acid esters leads to the formation and
isomerization of the cis/trans-DKP isomers, where the cis-DKP is C2-symmetric and the transisomer is center-symmetric (Scheme 2.7). Moreover, the two diastereomers have the same
molecular weights, but can be clearly distinguished by NMR methods.18 It is assumed that the
formation of diastereomers is resulted from the epimerization of the chiral α-proton at high
temperature. Thus, at the beginning of reaction, the formation of LL-isomer was predominated
because of the presence of a large amount of L-stereo isomeric precursor. As the dimerization
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reaction proceeds, isomerization between the cis-isomer and the trans-isomer also takes place,
leading to the formation of two diastereomers or LL-/DD- and LD-DKP. Therefore, the peak
at 4.25 ppm can be assigned to trans-DKP 2a and the one at 4.15 ppm is from the cis-isomer
(Fig. 2.4).
R
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NH
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O
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Scheme 2.7 Isomerization of cis- and trans-DKP isomers.

The assumption was supported by the results from other amino acid-based DKP
research. In 1986, Naraoka and co-workers studied the stereochemistry of several DKPs made
by self-condensation of amino acid esters (Table 2.4).18 They clarified that the side groups not
only influenced the reaction rates, but also determined the portion of diastereomers. The less
bulky side group tends to drive the formation of trans-isomer at a faster reaction rate. But the
more important finding was that little racemization took place in the beginning of the reaction
where only cis-isomer presented, and with times went by, the ratio of cis/trans gradually
decreased.18 These views are consistent with the results from the work by Ueda et al.19
Table 2.4 Ratios of trans-DKP isomer in the mixture. (Adapted from Ref. 19)
Starting Material
DL-Ala-OMe

DL-Ala-OEt

DL-Leu-OMe

(1)
(2)
(3)
(4)
(1)
(2)
(3)
(4)
(1)
(2)
(3)
(4)

Time (days)
0.25
0.5
1
2
1
1.5
2
3
1
2
3
4

Yield (%)
2.4
10.0
40.3
64
6.5
15
22.7
44.1
0.4
3.2
11.1
25.5

Trans:mixture ratio
0.36
0.43
0.5
0.53
0.3
0.36
0.4
0.45
0.16
0.27
0.36
0.43

57

DKPs derived from various amino acids were also investigated, which found that the
α-proton of trans-DKP was normally located at the lower field region than that of cis-DKP in
the 1H NMR spectra. For example, in the study by Shoji and co-workers, the chemical shift of
the αH signal for LL-Ala-Ala is located at 4.3 ppm and the signal of LD-isomer is at 4.7 ppm.20
Tanihara et al. also confirmed the α-H signal of cis-Val-Val at 3.65 ppm and of trans-isomer
at 3.68 ppm.21 Additionally, Kopple and co-worker demonstrated that this phenomenon was
observed in both symmetric and unsymmetrical DKPs, as well as the DKPs containing aromatic
side chains.22 Therefore, the assignments of peak at 4.25 ppm to trans-DKP 2a and the one at
4.15 ppm to cis-isomer are reasonable.
Naraoka and coworkers also found that at the higher temperatures the dimerization is
faster and the more racemization takes place.19 The same observations were made in the
preparations of cysteine-based DKPs. It was found that there were three possible factors that
can influence the diastereomeric ratios, namely temperature, time and catalyst. Therefore, for
a given reaction time of 6 hours, the effect of P2O5 catalyst and reaction temperature on the
compositions of cis/trans isomers or diastereomers was investigated for the dimerization of 1a.
The ratios of cis and trans isomers were determined by the 1H NMR method and listed in Table
2.5. It was clear that the temperature and catalyst concentration had a significant impact on the
reaction outcomes. When increase in the temperature or catalyst concentration, the transisomer was formed more than the cis-isomer or the LD-diastereomeric DKP was a major
product.
Table 2.5 Factors that influence the formation of cis/trans isomers of 2a
Run
1

Time (h)
6h

Catalyst (wt %)
10

Temperature (oC)
80

Cis: Trans Ratio
1:0.8

2

6h

20

80

1:1.2

3

6h

10

120

1:1.5
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It is known that diastereomers have different physical and chemical properties, and thus
are worth separation. Chromatography is the most popular method of separating
diastereomers.23,24 Because the DKPs from 2b to 2g are more soluble in organic solvents with
the increase of the chain lengths, these compounds could be separated by column
chromatography. For example, the cis- and trans-isomers of 2b could be separated by column
chromatography eluting with hexane/acetone at the ratio of 2:1 and 1:1, respectively.
It was observed that the diastereomeric isomers of DKP 2a were also able to be separated
by selective precipitation in methanol. Due to the different conformations of the rigid DKP
rings and hydrogen bond interactions, the dominant isomer was prone to aggregate in methanol
and precipitate afterwards. Thus, the desired pure isomer of DKP 2a could be easily obtained
through controlling the ratio of the diastereomers formed during the dimerization process,
followed by a simple filtration work-up. For example, when the reaction stopped at the early
stage, the cis-isomer of 2a was the main product. Since it could self-aggregate and precipitate
from methanol, the pure cis-isomer was successfully isolated by simple filtration. Likewise,
when the trans-isomer became the major component, the product collected from methanol
precipitation would be pure trans-isomer. It was found that the isomers of compound 2a had
an obvious difference in physical properties. For example, the cis-isomer has a melting point
at 220 oC, which is slightly higher than its trans-counterpart. In addition, the solubility of trans2a in dichloromethane is better than its cis-counterpart, which was attributed to the fact that
cis-isomer has greater tendency in self-assembling through intermolecular hydrogen bonds
(N−H...O) between adjacent molecules.
The structures of compounds 2a-2g were fully characterized by spectroscopic means
(See experimental section). Take the 1H NMR spectra of cis- and trans-2a as an example, where
the spectrum of trans-2a displays proton resonances (ppm) at 8.26 (s, 1H), 4.22 (s, 1H), 3.60
(s, 3H), 3.08-3.02 (m, 1H), 2.84-2.78 (m, 1H), 2.77-2.72 (m, 2H), 2.61-2.56 (m, 2H); those for
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cis-2a locates at 8.20 (s, 1H), 4.15 (s, 1H), 3.60 (s, 3H), 3.02-2.96 (m, 1H), 2.91-2.85 (m, 1H),
2.78-2.73 (t, 2H), 2.62-2.57(t, 2H) (Fig. 2.5). A clear difference was observed from the signals
of CH2 in amino acid, where the peaks of cis-isomer was more narrow, which was attributed to
the conformational differences of the cyclic rings and intramolecular hydrogen bonds.
Therefore, to distinguish the diastereomers of cysteine-based DKPs, one could simply compare
the specific data in 1H NMR spectra.
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Figure 2.5 1H NMR (300 HMz, DMSO-d6) spectra of (a) cis-2a and (b) trans-2a.

Studies on DKPs having aliphatic side chains revealed that the information on isomer
structures could be obtained from the 3J coupling constants of H-αC-βC-H. In NMR analysis,
cis-DKP normally has a larger coupling constant compared to the trans-isomer. For example,
the coupling constants of cis-Val-Val is 3.31 Hz whereas the value of trans-isomer is 2.94 Hz.
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In addition, cis-Leu-Leu has 8.46 Hz coupling constant which is larger than its transcounterpart (7.35 Hz).25 Thus, the 3J coupling constants of H-αC-βC-H of compound 2a, 5.1 or
3.9 Hz for the cis-isomer and 3.3 or 3.6 Hz for the trans-isomer of cysteine-based DKPs, are
consistent with previous assignments of LL- and LD-isomers. Additionally, the results from
HSQC and COSY experiments drew the same conclusion on the assignment of cis- and transisomers (See Appendix A).
A library of studies on the conformations of cyclic dipeptides including infrared
spectroscopy (IR), NMR, vibrational circular dichroism and X-ray diffraction, were
punished .26 Among them, nuclear Overhauser effect (NOE) test is a useful NMR experiment
to aid the structure assignments and has been widely used to identify DKP conformations.26,27
In our work, by irradiating the α-proton only, a 16.5% NOE on NH was observed for the cis
isomer and 9.1% NOE was registered for the trans isomer by irradiating the α-proton only (See
Appendix A). The observations were in accordance with the speculation that the cis-isomer
was normally existing in boat or twist boat conformation, while trans-isomer prefers a planar
ring.28 Single crystals were also grown in various organic solvents for X-ray diffraction testing.
Unfortunately, the single crystal was too small to be useful.

2.2.3

Attempted syntheses of DKPs by other methods
According to my knowledge on DKP synthesis, the commonly used methods are:

solution method and microwave-mediated method nowadays.13 The most conventional method
is the solution method with the assistance of a coupling reagent. The reaction condition used
in our work is under this category. Before it was determined, countless experiments were
conducted to explore the right reaction method and conditions for the preparation of cysteinebased DKP.
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Attracted by the high conversion rate, microwave synthesis was first implemented in
this project.29 Since the sample experiment we conducted on lysine was successfully converted
to Lys-Lys, therefore the dimerization of the S-alkylated compound 1a was conducted in the
same reaction condition, where the starting material was mixed well with several drops of DMF
first and then irradiated in microwave for 5-10 mins. However, a strong odor was given off
from the microwave after the reaction stopped and the mixture surface turned to be complete
black. Since the unpleasant smell and black surface were from the decomposition of Scontaining compound, it was proved that the microwave technique was not suitable in cysteinerelated reaction. Based on my experience from the utilization of microwave method in cysteinebased DKP syntheses, the microwave reaction has some drawbacks: 1) The system is
completely closed, which may lead the reactor to deform or even explode, if the reaction creates
high temperature and high pressure; 2) It is hard to measure the reaction temperature and could
lead to significant side reactions; 3) The reactant amount is limited; 4) The heat is mainly
concentrated at the bottom of tray or on the surface of the compound. Since the energy of the
reaction system is uneven, the yield would be extremely low; 5) It prevents the organic
synthesis which normally requires stirring, refluxing and dropping.
Keeping the essence of the microwave method, an oven method was developed, where
the Ace pressure tube was used to avoid the interference from the air and oven was adopted to
ensure a better control on the reaction temperature. The sample test was performed with
histidine. At first, 1 g of histidine with 2-3 drops of water were placed at the bottom of the
pressure tube and stirred vigorously after the addition of 10% acid such as HCl, H2SO4 or
phosphoric acid. Then the tube was allowed to stand in the oven at 140 oC for around 4-8 hours.
After the reaction finished, the target compound cyclic histidine was easily collected through
simple purification in over 95% yield. The key step here was the adjustment of back-seal and
front-seal cap. At the early stage of the reaction, when water was required to mix the starting
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material and the acid catalyst, the front-seal cap was used to avoid water leaking. After the
dimerization started for 1 h, the cap was replaced by a back-seal cap to allow the release of
water and the equilibrium reaction would proceed in favor of the formation of the target product.
This method was quiet effective and green, since only water and minimum amount of the acid
were required, as well as the high yield. Though the reaction condition was well defined from
sample experiments; unfortunately, it failed again to produce cysteine-based DKP due to the
same decomposition problem.

2.2.4

Syntheses of DKP-containing polymers
DKP structure has been successfully incorporated into the preparation of green

polymers, such as lysine-based DKP containing polyesters and polyurethanes. These DKPcontaining polymers not only exhibit improved mechanical and thermal properties, due to the
existence of rigid DKP ring, but also are potentially biodegradable and biocompatible since
DKP is able to be hydrolyzed back into the corresponding amino acids.2 However, there is no
research on cysteine-based DKP containing polymer yet. Encouraged by the high yield of
cysteine-based DKP formation in Chapter 2.2.2, the synthetic condition was feasible for the
preparation of DKP containing polymers (Scheme 2.8).
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Scheme 2.8 Synthesis of DKP-containing polymer 2j.

Considering the solubility influence on reaction efficiency in Scheme 2.1, watersoluble poly (ethylene glycol) diacrylate was chosen to prepare the corresponding polymer.
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The reaction was carried out in water at room temperature to give 1j in good yield and further
dimerization led to a water-soluble polymer 2j with high molecular weight. However, the
obtained polymer was a viscous liquid that was soluble in a wide range of solvents from nonpolar ethyl ether to polar DMSO solvent, and hard for purification. Thus, the polymer was
purified through vigorous and repeated washing in hexane. The structure of compound 2j was
fully characterized by spectroscopic means (See experimental section). Polymer molecular
weight and polydispersity indices (PDI) were determined by gel permeation chromatography
(GPC) relative to polystyrene standards, where the number-average molecular weight of the
obtained polymer was 3.03*105 g/mol, the weight-average molecular weight was 5.03*105
g/mol and the PDI was 1.48. Considering the high binding ability of L-cysteine with different
metal ions, the water-soluble polymer is potentially applied in sewage treatments.
DKP-containing polymer with long alkyl chains is another type of desirable structure,
in which DKP could pack through hydrogen bond to form hard block and the long alkyl chain
was soft block. The synthetic polymer with alternative blocks was expected to show interesting
features such as amphilicity for pharmaceutical applications or as an elastic polymer. Therefore,
the diacrylates with long alkyl chains, 1,6-hexanediol diacrylate, was used in our work.
However, due to its low solubility in aqueous solution and great tendency for selfpolymerization at high temperature, only minimum acrylate was linked to L-cysteine and the
target product was unable to be separated from the side products. To produce the polymer with
alternative block, dialkene containing a long alkyl chain was then selected and reacted with Lcysteine through thiol-radical reaction to produce cysteine end-group compound 1k for further
dimerization (Scheme 2.9). However, in the second dimerization step, it was found that there
were precipitates gradually formed after several hours of reaction, which was attributed to the
poor solubility of the formed oligomer 2k. Moreover, large amounts of starting material 1k
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were detected by 1H NMR analysis. Thus, lack of efficient solvent, only oligomer 2k was
obtained without film-forming ability.
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Scheme 2.9 Syntheses of (a) alkenes from undecenoic acid and diols and (b) DKP-containing
polymers 2k-2n.

Beside the commercially available diacrylates and diene, the substrates for thiol-ene
reaction could also be synthesized in lab. Unlike the preparations of diacrylates which require
specific catalyst and complicated work-ups for purification, the preparation of diene is easily
achieved through simple esterification between an olefin containing acid and alcohol, and the
product can be directly used for subsequent photoinitiated reaction without purification.
Inspired by the successful synthesis of compounds 1h where L-cysteine and undecenoic acid
reacted smoothly without any side reactions, a series of bifunctional compounds with terminal
olefins were produced through simply heating undecenoic acid and alcohol at 150 oC overnight
(Scheme 2.9a). The reaction was not only a neat reaction, but also a green reaction due to its
catalyst-free process, solvent-free system, water as the only byproduct, high yield, especially
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the usage of biomass-based starting materials. In terms of the acid selection, undecenoic acid
is an unsaturated fatty acid derived from castor oil, which has been widely used in the
production of pharmaceuticals precursors, personal hygiene products, cosmetics and
perfumes.30 In terms of the selected diols in Scheme 2.10, they were also bio-based feedstock
such as 1,6-haxane diol and isosorbide.31,32 Indeed, a natural soybean oil without bio-refinery
treatment and elucidated containing dihydroxyl groups was also used to prepare difunctional
alkenes in our work.33 As expected, the esterification was successful. But the subsequent thiolene reaction failed due to the existence of extra C=C or unknown functional groups in the
polyol structure. In fact, we tried to identify the structures by NMR and IR methods but failed
to obtain any useful information on the structures.
Followed the synthetic route in Scheme 2.9, a series of compounds with cysteine endgroups were successfully prepared for polymerization. The polymerization of monomer 2l was
successful and led to the desired polymer 2l, which could form a thin film by casting. The
structures of polymer 2l was fully characterized by spectroscopic means and polymer
molecular weight was determined by GPC measurements which was 5.29*104 g/mol (See
experimental section). However, the polymerization of monomers 1m and 1n failed due to their
poor solubility in dichlorobenzene, which led to early precipitation of the oligomers after
several hours of reaction. It is known that the degree of polymerization is closely related to the
reaction conversion efficiency. Considering the low yield (85%) of dimerization of small
molecule (Chapter 2.2.3), it is not surprised that the target polymers with high molecular
weights could not be obtained.

2.3

Chiroptical property of cysteine-based DKP compound
L-cysteine contains a chiral carbon and is capable of producing chiral derivatives. Many

L-cysteine derivatives are known to have chiroptical activity for metal sensing application.34,35
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Therefore, the chiroptical property of the DKP-containing compounds were measured to
explore their applications. CD spectroscopy was used herein as a primary signal detection
technique, because it could provide useful information about the supra-molecular conformation
and it can be used orthogonally to other spectroscopic techniques for sensing purposes.36
Compound 2a with the simplest DKP structure was measured as an example. First, it
was found that compound 1a is chiral and optically active, as characterized by CD spectroscopy
(Fig. 2.6). The CD spectra of compound 1a shows a peak at 225 nm with a positive Cotton
effect. This result is consistent with the point that there is no racemization detected during the
synthesis of S-alkylated compound.37

Figure 2.6 CD spectra of (a) L-cysteine and compound 1a in water; (b) cis-2a and trans-2a in
water.
Then, CD measurements on DKP diastereomers were performed. It is known that the
C2-symmetric cis-DKP is optically active and center-symmetric trans isomer is not optically
active (Scheme 2.7). When the dimerization reaction of 1a was terminated at the early stage
where the cis-isomer was mainly produced, the isolated cis-isomer of 2a was detected optically
active with a specific optical rotation of -88o (C = 0.05, CH3OH). Its CD spectrum displays a
negative Cotton effect at 220 nm, which can be assigned to the n-π* transition of the amide
group. The observation was consistent with reference to other known cyclic amino acids. For
example, leucine-based DKP has a negative signal at 208 nm and valine-based DKP has a
negative Cotton effect at 200 nm.25 Moreover, as expected, the trans-isomer of 2a showed no
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optical activity. However, when the dimerization reaction went to nearly completion, the final
products became totally optical inactive, indicating the complete racemization of each chiral
isomer.
Cysteine-based DKP contains the amine (-NH), carbonyl (-COOH) and thiol (-SH)
groups that are able to bind a number of metal ions through coordinate covalent bond.38 If the
metal binding is selective or specific and leads to a significant change in chiral property, the
change of chiroptical activity could be used for sensing certain metal ions. The binding
behavior of the isolated optically active cis-isomer of compound 2a with different metal ions
was studied by CD measurement. Solutions of various metal ions (Zn2+, Cu+, Pd2+, Ni2+, Mg2+,
Ca2+, Ba2+, Co2+, Li+, Mn2+, Pb2+, Na+ and Ag+) were added and CD spectra were taken
immediately afterwards (See experimental section). For the un-chelated ions, for example Pt2+,
there was no signal changing observed. For most of the chelated ions, chelation induced only
slightly shift or decrease in CD signals, for example, Cu2+. When Cu2+ was added, The CD
band shifted from 217 nm to 233.7 nm accompanying a significant decrease (Fig. 2.7).

CD/mdeg

Cis-isomer + Cu2+
Cis-isomer

Wavelength/nm

Figure 2.7 CD spectrum of cis-2a with Cu2+.

But the chelation with silver ion induced a large change in CD spectra (Fig. 2.8a). As
showed, upon addition of silver ion (1 x 10-5 M), a new CD band with an opposite sign appeared
at 230 nm. By changing the molar ratios of Ag+ to the optically active cis-isomer of 2a, the
maximal binding ratio of 1:2 was found (Fig. 2.8b). The binding behavior of cysteine-based
DKP with Ag+ was detected for the first time, but according to the conformations proposed
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between Zn and Cys-Cys, the binding conformation of Ag+ was also proposed (Fig. 2.9).
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Figure 2.8 (a) CD spectra of cis-2a with Ag+; (b) cis-2a with various molar ratios of Ag+.

Figure 2.9 Proposed binding of L-cysteine-based molecules with metal ions. (Drawing (a) is
adapted from Ref. 38)
Sensing and monitoring the silver ion become important as silver pollution in
environment increasingly threatens a broad range of micro-organisms and marine invertebrate.
Various chemo-sensors have been developed for Ag+ detection in aqua system which are
normally based on organic fluorophores and semiconductor quantum dots. However, these
chemo-sensors have some drawbacks such as hard preparation, low water solubility, and/or
poor selectivity toward Ag+.39 Thus, water-soluble, optically active cysteine-based DKP could
be used as a sensitive CD probe for detection of silver ion in water with a concentration as low
as 1 x 10-5 M. In addition, since the cysteine-based DKP compounds are potentially
biodegradable, the DKP could also function as an environmental-friendly sensor.
The metal binding ability of cysteine-based DKP was also measured through surface
tension methodology. It was found that the solution of cis-2d in water has a surface tension of
69 mN/m (1 x 10-4 mol/L), which was same as the aqueous solution of compound 2a and similar
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to water (73 mN/m). Surprisingly, in the presence of Cu2+, surface tension decreased to 54 and
56 mN/m for the cis-isomer and cis/trans mixture of compound 2d, respectively. In comparison,
there was only a slight decrease in surface tension (65 mN/m) for cis-DKP 2a. The significant
decrease in surface tension was attributed to the amphiphilic structure of 2d with lipophilic
side chains and a hydrophilic DKP core. The hydrophilicity and amphiphilicity of the DKP
core dramatically increases upon chelation with Cu2+ as a result of breaking up the
intermolecular hydrogen-bonding, thus leading to different phenomenon compared with DKP
2a with short alkyl side chains. Therefore, the DKP with long alkyl chains show specific metal
ion-induced amphiphicility and find potential applications in micelles, surfactant and drug
delivery.

2.4

Conclusion
Facile synthesis of cysteine-based DKP from thiol-protected precursors, mainly S-

alkylated cysteine-derivatives, were demonstrated, where both thiol-acrylate Michael addition
reaction and thiol-ene radical reaction were utilized to suppress the over-reactivity of thiol
group. Accordingly, a series of DKP containing small molecules and polymers were
successfully synthesized with the existence of diastereoisomers. The separations of DKP
diastereoisomers were achieved in small molecules. Moreover, the chiroptical activity of the
diastereoisomers combined with the isolated enantiomers of DKP compounds can be utilized
for sensing silver ion in aqueous systems.

2.5

Experimental section

2.5.1 Materials
L-cysteine, methyl acrylate, butyl acrylate, lauryl acrylate, di(ethylene glycol) ethyl
ether acrylate, phosphorous pentoxide, 1,2-dichlorobenzene, boric acid, 1-dodecene, 1-
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undecene, undecenoic acid, 10-undecen-1-ol, poly (ethylene glycol) diacrylate (Mn=700
g/mol), 1,9-decadiene, 1,6-hexanediol, isosorbide, methacrylate, cholesterol, acrylic acid and
DMPA were purchased from Sigma Aldrich Chemicals Canada. Octyl acrylate was purchased
from MP Biomedicals. Natural soybean oil was purchased from Argol compony. The water
used in this work was purified using a Millipore™ Milli-Q™ Advantage A10 water
purification system. Column chromatography was done using silica gel (Silicycle Chemical
Division, 70–230 mesh) as the stationary phase.

2.5.2

Measurements
1

H,

13

C, COSY, NOESY, HSQC, NOE NMR spectra were measured on a Bruker

Avance Digital 300 MHz spectrometer at ambient temperature using tetramethylsilane as an
internal standard. Infrared measurements were recorded on a Varian 1000 FT-IR Scirinitar
spectrophotometer in the regions of 4000–400 cm-1. Mass spectra were performed with a
Micromass Quattro LC ESI (EI). Fisher-Johns melting point apparatus was used to test the
melting points (mp). Gel permeation chromatography (GPC) analysis was conducted on a PLGPC 220 system with polystyrene as standard and tetrahydrofuran (THF) as eluent. CD
spectrum was recorded on Olis Circular Dichroism Spectrophotometers and the wavelength
starting from 210 nm. Specific rotation was performed on Autopol IV Automatic Polarmeter
at 23 oC in methanol. Surface tension was measured by Cenco-DuNouy Interfacial Tensiometer.

2.5.3 Synthesis
General procedure for cysteine reacting with acrylate:
Cysteine (1.21 g, 10.0 mmol) and boric acid (0.12 g, 10 wt%) were dissolved in 20 mL of
distilled water or methanol in 50 mL round-bottom flask. Acrylate was then added under argon
atmosphere. The mixture was stirred at ambient temperature or elevated temperature in the
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dark for 10 h. After the reaction was completed, the solution was dropped into acetone with
vigorous stirring and the product was collected by suction filtration.

1a:
98% yield. 1H NMR (300 MHz, D2O): 3.87-3.83 (m, 1H), 3.63 (s, 3H), 3.09-2.92 (m, 2H),
2.80-2.75 (m, 2H), 2.68-2.63 (m, 2H); 13C NMR (75 MHz, D2O): 175.06, 172.71, 53.50, 52.32,
33.84, 32.07, 26.32; m.p.: 220 oC.

1b:
96% yield. 1H NMR (300 MHz, D2O + HCl): 4.13-4.09 (m, 1H), 3.92-3.88 (m, 2H), 3.04-2.86
(m, 2H), 2.66-2.61 (m, 2H), 2.61-2.46 (m, 2H), 1.42-1.33 (m, 2H), 1.17-1.05 (m, 2H), 0.64 (t,
3H); 13C NMR (75 MHz, D2O + HCl): 174.53, 170.13, 65.57, 51.97, 34.01, 31.03, 29.68, 26.54,
18.34, 12.76; m.p.: 220 oC.
1c:
95% yield. 1H NMR (300 MHz, DMSO-d6+HCl): 4.10-4.08 (m, 1H), 3.97-3.87 (m, 2H), 3.092.91 (m, 2H), 2.77-2.73 (m, 2H), 2.62-2.57 (m, 2H), 1.52-1.46 (m, 1H), 1.32-1.21 (m, 8H),
0.85-0.78 (m, 6H); 13C NMR (75 MHz, DMSO-d6 + HCl): 171.90, 169.88, 66.58, 52.31, 38.52,
34.56, 31.60, 30.15, 28.72, 27.37, 23.60, 22.81, 14.36, 11.24; M.P.: 190 oC; EI-MS calculated:
305.4, found 305.2.
1d:
90% yield. 1H NMR (300 MHz, DMSO-d6 + HCl): 4.10-4.08 (m, 1H), 3.97-3.87 (m, 2H), 3.092.97 (m, 2H), 2.78-2.73 (m, 2H), 2.62-2.57 (m, 2H), 1.52-1.46 (m, 2H), 1.32-1.24 (m, 18H),
0.83 (t, 3H); 13C NMR (75 MHz, DMSO-d6 + HCl): 171.85, 169.93, 64.56, 52.32, 34.55, 31.73,
31.69, 29.50, 29.43, 29.40, 29.35, 29.14, 29.07, 28.52, 27.34, 25.77, 22.53, 14.41; M.P.: 185
o

C; EI-MS calculated for [M-EtO]: 360.2.

72

1e:
98% yield. 1H NMR (300 MHz, D2O): 4.23-2.20 (m, 2H), 3.88-3.84 (m, 1H), 3.71-3.47 (m,
8H), 3.10-2.93 (m, 2H), 2.82-2.77 (m, 2H), 2.71-2.55 (m, 2H), 1.10 (t, 3H); 13C NMR (75 MHz,
D2O): 174.28, 172.64, 69.59, 68.82, 68.36, 66.58, 64.03, 53.48, 33.92, 32.08, 26.29, 14.06;
M.P.: 195 oC; EI-MS calculated for [M-EtO]: 264.1, found 264.1.

1j:
90% yield. 1H NMR (300 MHz, D2O): 4.22-4.19 (m, 2H), 3.86-3.82 (m, 1H), 3.71-3.68 (m,
2H), 3.65-3.60 (m, 22H), 3.09-2.91 (m, 2H), 2.80-2.75 (m, 2H), 2.69-2.65 (m, 2H); 13C NMR
(75 MHz, D2O): 174.24, 172.60, 69.55, 68.40, 64.04, 53.46, 33.91, 32.08, 26.29; m.p.: 175 oC.

General procedure for cysteine reacting with alkene:
Cysteine (1.21 g, 10.0 mmol) was added in 10 mL of ethanol in 50 mL Erlenmeyer flask. HCl
was then added dropwise until cysteine completely dissolved. Alkene and DMPA (10 wt%)
was added afterwards under argon atmosphere. The mixture was exposed to a UV-lamp (λ=365
nm) for several hours. After the reaction was completed, EtOH was removed by rotational
evaporator and the mixture was washed with acetone. The final product was collected by
suction filtration.
1f:
98%. 1H NMR (300 MHz, DMSO-d6 + HCl): 4.11-4.06 (m, 1H), 3.02-3.01 (d, 2H), 2.58-2.53
(t, 2H), 1.54-1.44 (m, 2H), 1.28-1.23 (m, 14H), 0.86-0.82 (t, 3H); 13C NMR (75 MHz, DMSOd6 + HCl): 170.04, 52.34, 32.11, 31.73, 29.40, 29.32, 29.13, 29.03, 28.55, 22.54, 14.42.
1g:
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97%. 1H NMR (300 MHz, DMSO-d6 + HCl): 4.11-4.06 (m, 1H), 3.02-3.01 (d, 2H), 2.57-2.53
(t, 2H), 1.51-1.44 (m, 2H), 1.28-1.22 (m, 18H), 0.86-0.81 (t, 3H); 13C NMR (75 MHz,
DMSO-d6 + HCl): 170.22, 52.31, 32.07, 31.76, 29.51, 29.48, 29.43, 29.28, 29.17, 29.06,
28.60, 22.56, 14.43.

1h:
95%. 1H NMR (300 MHz, CDCl3): 5.89-5.75 (m, 1H), 5.04-4.92 (m, 2H), 2.36 (t, 2H), 2.092.02 (m, 2H), 1.69-1.60 (m, 2H), 1.43-1.32 (m, 10H).
1i:
92%. 1H NMR (300 MHz, DMSO-d6): 4.13-4.07 (m, 1H), 3.35 (t, 2H), 3.02-3.00 (d, 2H), 2.55
(t, 2H), 1.54-1.45 (m, 2H), 1.40-1.24 (m, 13H).

1k:
89%. 1H NMR (300 MHz, DMSO-d6 + HCl) 4.10-4.05 (m, 2H), 3.02-3.00 (d, 4H), 2.54 (t,
4H), 1.53-1.44 (m, 4H), 1.31-1.23 (m, 12H).

General procedure for cysteine reacting with synthetic dienes:
10-Undecenoic acid (1.84g, 10.0 mmol) and diols were added into a Schlenk flask and mixed
well through vigorously stirring. Then, the temperature was gradually increased to 150 oC and
stirred for several hours. The pressure-release valve was adjusted to release the water produced
and the process was monitored by 1H NMR. When the reaction was complete, the mixtures
containing dienes, were dissolved in ethanol for further use. Cysteine (1.21 g, 10.0 mmol) was
mixed with 10 mL of ethanol in 50 mL Erlenmeyer flask. HCl was then added dropwise until
cysteine completely dissolved. The mixtures and DMPA (10 wt%) were then added afterwards
under argon atmosphere and exposed to a UV-lamp (λ=365 nm) for 6 h. After the reaction was
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completed, EtOH was removed by rotary evaporator and the mixture was washed by acetone.
The final product was collected by suction filtration.

1l:
95 % yield. 1H NMR (300 MHz, DMSO-d6 + HCl): 4.08-4.06 (m, 1H), 3.98-3.94 (t, 1H), 3.012.99 (d, 2H), 2.56-2.50 (t, 2H), 2.25-2.20 (t, 1H), 1.49-1.42 (m, 4H), 1.30-1.21 (m, 14H). 13C
NMR (75 MHz, DMSO-d6 + HCl): 173.48, 170.0, 64.08, 52.33, 33.99, 32.10, 31.67, 29.31,
29.26, 29.07, 29.02, 28.83, 28.53, 25.80, 24.94.

1m:
1

H NMR (300 MHz, DMSO-d6 + HCl): 4.15 (s, 2H), 3.99 (t, 4H), 2.99-2.97 (t, 4H), 2.56 (t,

4H), 2.27 (t, 4H), 1.57-1.46 (m, 10H), 1.33-1.24 (m, 24H).

1n:
80%.1H NMR (300 MHz, DMSO-d6 + HCl): 5.03-4.95 (m, 2H), 4.67 (t, 1H), 4.29-4.27 (d,
1H), 4.02-4.01 (d, 2H), 3.77-3.63 (m, 4H), 2.97-2.95 (d, 4H), 2.48 (t, 4H), 2.23-2.19 (m, 4H),
1.42 (m, 8H), 1.15 (s, 24H).

General procedure for the preparation of cysteine-based DKP small molecules and
polymers:
In a two-neck, round-bottom flask, a suspension of cysteine precursor (0.5 g) in 5 mL of 1,2dichlorobenzene or NMP was stirred at room temperature and purged with nitrogen for 10 min.
P2O5 (0.05 g, 10 wt%) was then added and the mixture was stirred for another 30 min at ambient
temperature and then at 85 oC overnight. A sticky compound was obtained after odichlorobenzene was removed.
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2a:
Methanol (10 mL) was added into the flask, 2a was collected as precipitates by suction
filtration (88% yield). 1H NMR (300 MHz, DMSO-d6): (Trans-) 8.26 (s, 1H), 4.22 (s, 1H), 3.60
(s, 3H), 3.08-3.02 (m, 1H), 2.84-2.78 (m, 1H), 2.77-2.72 (m, 2H), 2.61-2.56 (m, 2H); (Cis-)
8.20 (m, 1H), 4.15 (s, 1H), 3.60 (s, 3H), 3.02-2.96 (m, 1H), 2.91-2.85 (m, 1H), 2.78-2.73 (m,
2H), 2.62-2.57(m, 2H); 13C NMR (75 MHz, DMSO-d6): (Trans-) 172.30, 166.94, 55.19, 51.84,
36.17, 34.77, 28.11; (Cis-) 172.36, 166.47, 55.04, 51.89, 35.64, 34.62, 27.80. ES+-MS
calculated: 378.1, found 401.1 for [M+Na+].

2b:
Cis- and trans isomers of 2b were obtained in a total yield of 88% after column chromatography
eluting with hexane – acetone (2:1 v/v) and hexane – acetone (1:1 v/v), respectively. 1H NMR
(300 MHz, DMSO-d6): (Trans-) 8.25 (s, 1H), 4.22 (s, 1H), 4.02 (t, 2H), 3.08-3.02 (m, 1H),
2.84-2.79 (m, 1H), 2.76-2.71 (m, 2H), 2.60-2.55 (m, 2H), 1.60-1.50 (m, 2H), 1.39-1.26 (m,
2H), 0.89 (t, 3H); (Cis-) 8.20 (s, 1H), 4.13 (s, 1H), 4.02 (t, 2H), 3.02-2.85 (m, 2H), 2.77-2.71
(m, 2H), 2.60-2.55 (m, 2H), 1.60-1.50 (m, 2H), 1.39-1.27 (m, 2H), 0.88 (t, 3H); 13C NMR (75
MHz, DMSO-d6): (Trans-) 171.87, 166.94, 64.17, 55.20, 36.17, 34.98, 30.63, 28.20, 19.06,
14.01; (Cis-) 171.90, 166.46, 64.17, 55.05, 35.67, 34.80, 30.63, 27.84, 19.06, 14.01.ES+-MS
calculated: 462.2, found 485.2.

2c:
Cis- and trans isomer of 2c were obtained in a total yield of 88% after column chromatography
eluting with hexane – acetone (2:1 v/v) and hexane – acetone (1:1 v/v), respectively. 1H NMR
(300 MHz, DMSO-d6): (Cis-) 8.20 (s, 1H), 4.14 (s, 1H), 3.99-3.91 (m, 2H), 3.02-2.95 (m, 1H),
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2.791-2.85 (m, 1H), 2.77-2.71 (m, 2H), 2.60-2.56 (m, 2H), 1.54-1.50 (m, 1H), 1.35-1.24 (m,
8H), 0.88-0.81 (m, 6H); 13C NMR (75 MHz, DMSO-d6): (Cis-) 171.92, 166.45, 66.51, 55.04,
38.58, 35.68, 34.80, 31.13, 30.21, 28.77, 27.91, 23.65, 22.85, 14.35, 11.24; ES+-MS calculated:
574.3, found 597.4.

2d:
By adding 10 mL of methanol to the residue, 2d precipitated out and was collected by suction
filtration (80% yield). 1H NMR (300 MHz, DMSO-d6): (Cis-) 8.21 (s, 1H), 4.14 (s, 1H), 4.00
(t, 2H), 3.02-2.84 (m, 2H), 2.77-2.72 (m, 2H), 2.59-2.55 (m, 2H), 1.55 (t, 2H), 1.24 (s, 18H),
0.85 (t, 3H); 13C NMR (75 MHz, DMSO-d6): (Cis-) 171.87, 166.42, 64.46, 55.08, 35.74, 34.81,
31.77, 29.48, 29.18, 29.12, 28.57, 27.91, 25.81, 22.56, 14.41; (Trans-) 171.86, 166.93, 64.46,
55.21, 36.17, 34.97, 31.77, 28.57, 25.82, 22.57, 14.42. ES+-MS calculated: 684.4, found 709.5.

2e:
After addition of 10 mL of methanol into the flask, 2e was collected as precipitates by suction
filtration (82% yield). 1H NMR (300 MHz, DMSO-d6): (Cis-) 8.20 (s, 1H), 4.13 (m, 3H), 3.613.39 (m, 8H), 3.02-2.86 (m, 2H), 2.77-2.71 (m, 2H), 2.63-2.58 (m, 2H), 1.10 (m, 3H); (Trans-)
8.25 (s, 1H), 4.23 (s, 1H), 4.15-4.12 (m, 2H), 3.61-3.39 (m, 8H), 3.08-3.02 (m, 1H), 2.85-2.79
(m, 1H), 2.76-2.72 (m, 2H), 2.62-2.57 (m, 2H). 1.10 (m, 3H); 13C NMR (75 MHz, DMSO-d6):
(Cis-): 171.91, 166.47, 70.28, 79.62, 68.69, 66.02, 63.89, 55.02, 35.67, 34.72, 27.74, 15.56;
(Trans-): 171.85, 166.93, 70.28, 69.62, 68.69, 66.01, 63.89, 55.19, 36.18, 34.91, 28.08, 15.58.
O
C
H2

2f:

S
8

NH
HN

S
O

H2
C
8

70% yield. 2f was collected after roughly washing by acetone. 1H NMR (300 MHz, CDCl3):
(Cis-) 4.14-4.10 (m, 1H), 3.32-3.26 (m, 1H), 2.87-2.79 (m, 1H), 2.58-2.56 (t, 2H), 1.66-1.53
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(m, 2H), 1.40-1.28 (m, 14H), 0.92-0.88 (t, 3H); (Trans-) 4.19-4.10 (m, 1H), 3.32-3.20 (m, 1H),
2.87-2.77 (m, 1H), 2.58-2.53 (m, 2H), 1.65-1.56 (m, 2H), 1.40-1.28 (m, 14H), 0.92-0.88 (t,
3H); 13C NMR (75 MHz, CDCl3): (Cis-) 166.04, 53.66, 36.53, 32.36, 31.89, 29.58, 29.50, 29.30,
29.18, 28.79, 22.68, 14.12. (Trans-) 166.38, 54.08, 37.03, 32.55, 31.89, 29.60, 29.54, 29.30,
29.18, 28.78, 22.68, 14.12.
O
C
H2

2g:

S
10

NH
HN

S
O

H2
C
10

2g was collected after roughly washing by acetone. (70% yield). 1H NMR (300 MHz, CDCl3):
4.19-4.11 (m, 1H), 3.31-3.20 (m, 1H), 2.87-2.77 (m, 1H), 2.60-2.53 (m, 2H), 1.65-1.36 (m,
18H), 0.92-0.88 (t, 3H); 13C NMR (75 MHz, CDCl3): (Cis) 166.07, 53.70, 36.55, 32.38, 31.92,
29.59, 29.51, 29.35, 29.19, 28.92, 28.79, 22.70, 14.12; (Trans) 166.43, 54.10, 37.02, 32.57,
31.92, 29.64, 29.51, 29.35, 29.19, 28.92, 28.79, 22.70, 14.12.

2j:
2j was collected after roughly washing by hexane. 1H NMR (300 MHz, DMSO-d6): 8.26-8.20
(d), 4.22 (s), 4.15-4.11 (t), 3.62-3.59 (t), 3.52-3.39 (m), 3.07-2.68 (m), 2.63-2.60 (m); 13C NMR
(75 MHz, DMSO-d6): 171.92, 166.95, 166.48, 70.24, 68.69, 63.95, 63.89, 55.20,55.02, 53.18,
36.19, 35.66, 34.90, 34.72, 34.50, 28.08, 27.72, 26.96.

2k:
1

H NMR (300 MHz, DMSO-d6): 4.58-4.51 (m), 4.45-4.38 (m), 3.67 (s), 2,96-2.66 (m), 2.53-

2.48 (m), 1.53-1.44 (m), 1.33-1.24 (m).

2l:
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1

H NMR (300 MHz, DMSO-d6): 4.19 (s), 4.10 (s), 3.99 (t), 3.05-2.66 (m), 2.51 (t), 2.29-2.16

(m), 1.51-1.48 (d), 1.24 (s);

13

C NMR (75 MHz, DMSO-d6): 173.41, 166.39, 64.06, 55.28,

36.23, 34.12, 34.01, 33.01, 29.65, 29.39, 29.09, 28.90, 28.70, 28.59, 25.85, 24.98.

2.5.4 Preparation of detection solutions
Stock solutions (0.2 M) of different metal ions, including Pb2+, Co2+, Ni+, Ca2+, Mg2+,
Hg2+, Mn2+, Zn2+, Cu2+, Na+, Li+, Ba2+, K+ and Ag+, were prepared in de-ionized water. The
detection solution was prepared by adding 0.01 mL of metal ion solution to 4 mL of 2a (0.0005
M), respectively.
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Chapter 3 Syntheses and Characterizations of Cysteine-based DKP from
4-thiazolidinecarboxylic Acid Derivatives
3.1

Molecular design and synthetic approaches
Beside thiol-ene click reaction, aldehydes can be used to protect the thiol group in L-

cysteine by forming stable 4-thiazolidinecarboxylic acid (TCA) derivatives. In fact, the
reaction between aldehyde and cysteine takes place every day when the biogenic aldehydes
metabolize in the human body.1 It is such an important reaction that has been reported by
Schubert and co-workers as early as 1935.2 Since then, the reaction between cysteine and
aldehydes, was largely expanded by adopting different aldehyde species by Woodward,
Soloway, Schmolka and their colleagues, respectively (Table 3.1).3 The TCA derivatives not
only show biocompatibility and biological reactivity in physiological activities, for example as
antioxidants to quench hydroxyl and nitric oxide radicals effectively, but also have been widely
used in the synthesis of drug precursors.1,4
Table 3.1 Reported 4-thiazolidinecarboxylic acid and its derivatives. (Adapted from Ref. 5)
H
N

R
S

COOH

R
n-Pentyl

M.P. (C)
64

R
3’,4’-Dichlorophenyl

M.P. (C)
83

n-Hcptyl

75

2’,6’-Dichlorophenyl

89

n-Octyl

45

2’-Hydroxy-5’-chlorophenyl

77

n-Nonyl

46

2’-Nitrophenyl

76

n-Decyl

57

3’-Nitrophenyl

83

n-Undecyl

72

4’-Nitrophenyl

73

n-Tridecyl

75

1’-Naphthyl

68

n-Hexadecyl

76

4’-Dimethylaminophenyl

73

2’-Chlorophenyl

77

4’-Chlorophenyl

83

2’-Hydroxy-3’methoxylphenyl
3’-Ethoxy-4’-hydroxyphenyl

33
88

83

TCA contains the amino acid functional group and is able to dimerize to form a DKP
compound. Iannotta and co-workers have already reported the successful synthesis of cysteinebased DKP by dimerization of TCA using O-benzotriazol-1-yl-tetramethyluronium (HBTU)
and N,N-diisopropylethylamine (DIPEA) at room temperature with a yield greater than 78%
(Scheme 3.1).6

Scheme 3.1 A reported synthesis of a DKP compound.6

This synthetic route is feasible for other TCA derivatives and thus allows for the
preparation of functionalized DKPs, especially the difunctional compounds as monomers for
making DKP-containing polymers. By design, the DKPs containing the SH, Br and OH groups
can be prepared using appropriate aldehydes (Scheme 3.2). The di-thiol monomers can be used
to react with the diisocyanate monomers to form DKP-containing poly(thio-urethane)s and
divinyl monomers to form the DKP-containing sulfide polymers. The dibromide monomers are
expected to react with aryl diobronic acid monomers by the Suzuki cross-coupling reaction to
afford the DKP-containing polymers. Finally, the diol is typically used to form a polyester and
a polycarbonate. Many other DKP-containing polymers could be envisioned by utilization of
a variety of reactions of the thiols, alcohols and bromides.

Scheme 3.2 Synthetic routes from L-cysteine to DKP-containing polymers.
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3.2

Syntheses and characterizations of TCA derivatives
NH 2

O
R

H

+ HS

OH

Water or Ethanol

H
N

R
S

O

COOH
1o-1r

R = o, -H

p,

q,

OH

r,

Br

OCH3

Scheme 3.3 Syntheses of cysteine derivatives 1o-1r from aldehydes.

The cyclo-condensation reactions of L-cysteine and aldehydes were carried out in water
or water/ethanol at room temperature overnight and afforded the TCA derivatives 1o-1r with
a yield greater than 90% (Scheme 3.3). Compared to a reported synthesis of the same
compound (1p) from cysteine and N-(phenylmethylene)
benzenamine in the presence of potassium acetate with only 57% yield,7 our synthetic
route is definitely “green”, mild and high yield. The reaction is affected by reaction temperature,
solution concentration, the pH, reaction time and catalyst (e.g., acetate), and racemization take
places readily during the cyclization process which could be partially diminished in the
presence of a specific base, as revealed by Sun and co-workers.9
The reaction conditions for the preparation of TCA derivatives from L-cysteine are
mild enough to tolerate a variety of functional groups and a range of aliphatic, aromatic and
natural-occurring aldehydes can be used.3 Nowadays, aldehyde is a biomass feedstock with
abundant natural resources in living systems and plants. The natural occurring aldehydes have
already been used in foods, fragrance and medicines as flavor additives (Fig. 3.1).10 In our
work, we chose acetophenone, which can be found in apple, cheese, beef and banana, and
vanillin, which is the main flavor compound in vanilla, from the list below. Other aldehydes
containing different functional groups are also applicable in our synthetic route to produce
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DKP-containing difunctional compounds, for example, using jasmone to produce DKPcontaining diene.

Figure 3.1 Naturally occurring aldehydes. (Adapted from Ref. 10)

However, it was found that not all of the aldehydes could be used in this reaction, for
example, α,β-unsaturated aldehydes cinnamaldehyde and carvone.5 It has been proposed that
the TCA formation first goes through a hemi-mercaptal formation, followed by dehydration
and cyclization reaction (Scheme 3.4).11 In the case of α,β-unsaturated aldehydes, the existence
of a resonance structure results in a low concentration of the activated aldehyde and the
nucleophilic thiol prefers to attack at the β-carbon of α,β-unsaturated aldehyde, which in turn
hampers the formation of hemi-mercaptals.5 There is another reaction mechanism proposed by
Wtodek et al., where an imine is considered an intermediate, followed by intramolecular
nucleophilic attack from the thiol. One proof was provided by Karpiuski et al. that an amide
product was detected in the decomposition study of TCA.12
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Scheme 3.4 Proposed reaction mechanism for the synthesis of TCA derivatives.11

TCA derivatives are not only biocompatible, but also potentially biodegradable, since
they can be easily hydrolyzed back into L-cysteine under both acid and basic conditions. The
advantage of TCA biodegradability is applicable for the preparation of environmental-friendly
materials, for example, as urease inhibitors to reduce volatilization of urea based fertilizers in
normal agricultural practices.13
The structures of compounds 1o-1r were fully characterized by spectroscopic means
(See experimental section). Take 1p as an example, where the 1H NMR spectrum of 1p displays
proton resonances (ppm) at 7.54-7.27 (m, 5H), 5.67/5.51 (s, 1H), 4.26-4.22/3.93-3.88 (m, 1H),
3.41-3.05 (m, 2H) (Fig. 3.2). Clearly, the diastereomers are formed during the cyclization. The
peaks at 5.67 ppm and 5.51 ppm are assigned to the proton on the newly formed chiral carbon
in the ring, indicating the almost 1:1 ratio between the two isomers. But the ratio of the
diastereomers varies according to the reaction temperatures and times.
d

d+e

e

S
c

b
a

N
H

COOH

b
c

c
a

a

Figure 3.2 1H NMR spectrum (300 MHz, DMSO-d6) of compound 1p.
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3.3

Synthesis of DKP-containing dithiol

Scheme 3.5 Three routes to the preparation of Cys-Cys.

As shown in Scheme 3.5, based on the different starting materials, there are three
pathways for the preparation of a potentially very useful Cys-Cys: (1) hydrolysis of a DKP
intermediate, (2) direct dimerization from cysteine and (3) reduction of a DKP disulfide. The
first pathway was claimed by Iannotta and co-workers in 2010 for the successful synthesis of
Cys-Cys by hydrolysis of a DKP intermediate (Scheme 3.6).6 Attracted by the huge potential
of the dithol compounds in polymer preparations, this synthetic route was repeated.
O

O
H
N

HBTU / DIEA
COOH

S
1o

S
Acetonitrile, r.t.

N
N

HCl
S

Methanol

HS

NH
HN

O

O

2o

Cys-Cys

SH

Scheme 3.6 A reported synthesis of Cys-Cys.6

As reported, the dimerization of TCA 1o was carried out in acetonitrile in the presence
of HBTU and DIEA at room temperature overnight and afforded the target compounds 2o with
the yields over 80%. HBTU is a well-known peptide coupling reagent and works by activating
the carboxylic acid and forming a favorable leaving group (Scheme 3.7).14,15 The carboxylate
anion first attacks HBTU to form the unstable O-acyl(tetramethyl)isouronium salt. Then the
anion rapidly attacks the isouronium salt, affording an aza derivative, whose stability
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significantly contributes to the high conversion efficiency of the reaction. Finally, amine
attacks the ester to form an amide. DIPEA is necessary to deprotonate function and together
with HBTU, the racemization is diminished, especially in the synthesis of cysteine-based
peptide which is prone to racemization.14,15

Scheme 3.7 A plausible mechanism for the HBTU/DIEA catalyzed reaction to form DKP.

However, the utilization of HBTU also has some drawbacks. Since HBTU is highly
sensitive to moisture, the reaction efficiency is adversely affected by the water present.
Therefore, solvent distillation prior to the reaction is required. Moreover, an excess of HBTU
could result in a low reaction yield due to the formation of guanidine side product.14,15 Thus,
the actual amount of HBTU is necessary to guarantee the efficiency. Considering the high
expense of HBTU, alternative coupling reagents, DCC was tested in our work and the course
of the reaction was monitored by 1H NMR method. Though DCC was effective to catalyze the
DKP formation from TCA derivatives, it was difficult to separate the target product from the
dicyclohexylurea by-product. In addition, encouraged by the successful dimerization of
pyroglutamic acid which has similar structure as TCA, its reaction condition, where acetic acid
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and pyridine was used as catalysts at 110 oC was tried in our work. However, due to the lack
of a strong electrophilic carbonyl group in TCA structure, the test failed.15
The structure of compound 2o was fully characterized by 1H NMR, which gave
identical result as reported by Iannotta.6 In the 1H NMR spectrum, the spectrum displays proton
resonances (ppm) at 4.83 (d, 1H), 4.54-4.49 (m, 2H), 3.49-3.37 (m, 2H) (Figure 3.3).

b
S
c

O
a

N

N

S

O
c

a+c

b

Figure 3.3 1H NMR spectrum (300 MHz, CDCl3) of compound 2o.

The subsequent hydrolysis of 2o was reported to be done in methanol containing 0.2 M
HCl and afforded the desired Cys-Cys with 78% yield (Scheme 3.6).6 However, we attempted
the same hydrolysis many times but failed. In order to break the five-member ring, many trial
experiments were performed with different reaction conditions, such as with increased HCl
concentration, using stronger acid H2SO, elevating the reaction temperatures and even
changing the substituted group (Scheme 3.8). However, the reported result was still not
reproducible. Considering that Warner and co-workers also reported a failure of repeating the
same hydrolysis reaction, the first approach to prepare DKP-containing dithiols failed.17
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O

O
H
N

HBTU / DIEA

COOH

S

r.m.

1p

S

N
N

S

HCl
Methanol

HS

NH
HN

O

O

2p

Cys-Cys

SH

Scheme 3.8 Attempted synthesis of Cys-Cys by hydrolysis of compound 2p.

In the second approach to preparation of the DKP-containing dithiol, cysteine and
cysteine ester are directly used as the starting material. It was reported that DKP could be
formed directly from amino acid methyl esters, such as methionine and lysine based DKPs.18
Thus, a modified synthesis approach was developed. A solution of cysteine methyl ester
hydrochloride in methanol with sodium methoxide was stirred at 50 oC for 2 h. Then the
temperature was gradually increased to 150 oC and stirred at that temperature for several hours
in a water jet vacuum (Scheme 3.9). Unfortunately, the obtained compound was identified as
the disulfide. To prevent the disulfide formation, different reducing reagents, such as Na, Ni
and H2 gas, was added during the reaction.19,20 However, all the attempts failed and the in-situ
disulfide reduction was not effective.

Scheme 3.9 Attempted synthesis of Cys-Cys from L-cysteine methyl ester.

Considering the difficulty in avoiding the disulfide formation during the dimerization
reaction, cystine was designed to directly use as starting material. Thus, in the third approach,
the dimerization would take place first, followed by the reduction of the disulfide bond
(Scheme 3.10). However, due to the poor solubility of cystine in organic solvents and lack of
effective coupling reagents, the reaction failed to prepare the corresponding DKP.
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O
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HO

S

NH
OH Dimerization
SS
HN

S

NH 2

O

Reduction HS

NH
HN

SH

O
O

O

Cys-Cys

Scheme 3.10 Attempted synthesis of DKP from cystine.

Since a different type of thiol-protective intermediate was synthesized, the feasibility
of using oven method in dimerization step was tested again followed by the procedure
described in Chapter 2.2.3. Unfortunately, the decomposition of TCA derivatives or cystine,
was always prior to the desired dimerization reaction and led to the failure in DKP synthesis.
In conclusion, after countless trial experiments, the preparation of DKP containing dithiol was
failed.

3.4

Syntheses of polymers from DKP-containing dibromide
Br
O
O

OH

S

NH

HBTU / DIEA

S

N
N

Acetonitrile, r.t.
Br

S

O
2r

1r
Br

Br

O
S

S
N

N

Sn(Bu)3 Pd(PPh 3) 4

S + Sn(Bu)3

100 oC, 48h

C 8H17 C 8H17

O

O

N
N

O

C 8H17 C 8H17

S
P1

2r
Br

Br

S

N
N
O
2r

S

OC8H17

O

Br

n

S
S

+

Sn

Sn
S
OC8H17

Pd(PPh 3) 4
100 oC, 48h

N
O

C8H17 O

O

S

N

S

S

n
OC8H17

P2

Scheme 3.11 Syntheses of dibromide monomer 2r and DKP-containing polymers P1-P2.
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The reaction between L-cysteine and 4-bromobenzaldehyde affords compound 1r,
which could undergo dimerization to give the DKP-containing dibromide monomer 2r
(Scheme 3.11). The reaction was carried out in acetonitrile in the presence of HBTU and DIEA
at room temperature overnight. Compound 2r was easily obtained with the yield over 80%. Its
structure was fully characterized by spectroscopic means (See experimental section). The 1H
NMR spectrum of 2r in CDCl3 displays the peaks at 7.46 (d, 2H), 7.06 (d, 2H), 6.16 (s, 1H),
4.84-4.78 (m, 1H), 3.53-3.32 (m, 2H) (Fig. 3.4). There were two diastereomers of 2r formed
during the reaction, as revealed by the NMR method. However, only the predominant isomer
was left after purification, as confirmed by the single peak at 6.16 ppm in 1H NMR spectrum.
Br

O
b

a

S
c

e

N

N

d

O

S
a

b

e

c
Br

Figure 3.4 1H NMR spectrum (300 MHz, CDCl3) of compound 2r.

The obtained aromatic dibromides are routinely used in the Stille and Suzuki crosscoupling reactions to make polymers, such as 1,4-dibromo-2,5-dimethoxybenzene. However,
the Suzuki reaction failed, possibly due to the hydrolysis of DKP under basic conditions. Then,
the Stille cross-coupling reaction was conducted in chlorobenzene at 100 oC for 2 days using
(4,8-Bis(octyloxy)benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl) bis(trimethylstannane) and 2,7bis(trimethylstannane)-9,9-dioctyl fluorene as co-monomers (Scheme 3.11).21 The original
idea of adopting these conjugated monomers was to obtain DKP containing conjugated
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polymer. Clearly, the -conjugation in P1 and P2 were interrupted by the TCA and DKP rings.
To increase the conjugation degree, a method from Credico’s report was employed on 2r
(Scheme 3.12).9 The reaction was also carried out in solution in the presence of pyridine and
25-fold excess of MnO2. However, according to the NMR analysis, there was no target
products obtained. Therefore, the design of DKP-containing conjugated polymer failed.

Scheme 3.12 Attempted conversion of compound 2r to a conjugated analog.

Since polymers P1 and P2 have extremely poor solubility in all of the common organic
solvents, polymers P1 and P2 were mainly characterized by the changes of optical properties
such as absorptions and emissions, due to the existence of -conjugated segments in these
polymers. It was found that there was almost no absorption above 300 nm for monomer 2r in
DMF. In comparison, polymer P1 had strong UV-absorption in the range of 260 nm to 550 nm
and polymer P2 had absorption below 350 nm (Fig 3.5a). In the fluorescence emission test,
monomer 2r showed a moderate fluorescent signal at 350 nm, while the fluorescent signal for
polymer P1 appeared at 480 nm and at 424 nm for polymer P2 (Fig. 3.5b).
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(a)

Intensity

r

Figure 3.5 UV-Vis and PL spectra of monomer 2r, polymers P1 and P2.

Since cysteine-based DKPs have a binding ability with different metal ion, solutions of
various metal ions (Zn2+, Cu+, Cd2+, Ni2+, Mg2+, K+, Ba2+, Co2+, Hg2+, Li+, Pb2+, Na+ and Ag+)
were added to DKP 2r, then UV and PL tests were taken immediately afterwards. It was found
that for most of the chelated ions, there was no significant change induced by chelation effects.
But when binding with Cu2+ ions, a slight increase or shift of the signal in UV spectra was
detected (Fig. 3.6a). Similarly, upon addition of Cu2+ ions, a significant quenching of
fluorescence intensity was observed (Fig. 3.6b).

Figure 3.6 (a) UV-Vis absorption spectrum of compound 2r with metal ions, (b) PL
spectrum of compound 2r with metal ions.

According to the CD studies on the DKPs in Chapter 2, it has been proved that DKPs
synthesized from S-alkylated compounds have an ability to bind with metal ions and their
chiroptical properties with Ag+ can induce a significant change in CD signal. Therefore, the
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same experiment was performed with compound 2r. However, there was no CD signal change
in CD measurement. The reason might be due to the inhibited binding ability of sulfur in this
large DKP compound.

r

Figure 3.7 CD spectrum of compound 2r with metal ions.

Then, the metal binding ability of DKP containing polymer P1 was assessed with the
assist from UV-absorption and fluorescence emission techniques. It was found that there was
no obvious difference on UV-absorption upon addition of these metal ions (Fig. 3.8a). When
chelated with Li, a significant increased signal with a slightly blue-shift was observed (Fig.
3.8b). However, lack of visible color changes and obvious signal differences, it is not sufficient
to demonstrate the ability of P1 as a metal sensor. On the other hand, when these metal ions
were added into polymer P2 solution, there was no significant signal change induced from
chelation effect (See Appendix B).

Figure 3.8 (a) UV-vis absorption spectrum of polymer P1 with metal ions; (b) PL spectrum
of polymer P1 with different metal ions.
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Moreover, because N atom in polymer may be protonated, which may cause the
changes on UV-absorption and fluorescence emissions, the halochromic property of polymer
P1 was tested. At first, P1 was dissolved into a water soluble solvent such as DMF or THF, the
PL spectra were measured after adding HCl. However, there was no halochromic effects
observed, even varying the concentration of HCl and increasing the system temperatures. It
was assumed that the tertiary amine is too steric hindered to be protonated. Then, Lewis acid
and electron acceptor were tested to add into the polymer solution, including AlCl3, BF3,
tetracyanoquinodimethane, tetracyanoethylene, trifluoromethanesulfonic acid and 2,3dichloro-5,6-dicyano-1,4-benzoquinone, because it was considered that the electron-rich amine
was able to form a charge transfer complex with an electron acceptor, which could effectively
quench the fluorescence by electron transfer. It was found that: 1) with the addition of AlCl3
and trifluoromethanesulfonic acid, the intensity of fluorescence of P1 decreased, but not
completely quenched; 2) with the addition of electron acceptors, the fluorescence completely
quenched at the beginning. There was no fluorescence turn-on that could be observed after
heating; 3) with the addition of BF3, the fluorescence is completely quenched at the beginning.
Though fluorescence turned on after heating, it was not reversible. Because the intensity of PL
was not recovered to original extent and was not quenched again after cooling down. It was
concluded that though there was fluorescence quenching observed, they were not good halochromic and thermo-chromic dyes due to the failure to switch colors many times and having a
high color contrast.
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3.5

Syntheses of polymers from DKP-containing bisphenol

Scheme 3.13 Synthesis of DKP bisphenol 2q.

The reaction between L-cysteine and vanillin affords compound 1q, which undergoes
dimerization to give a DKP bisphenol 2q (Scheme 3.13). The reaction was carried out in DMF
in the presence of HBTU and DIEA at 50 oC overnight. Acetonitrile is a good solvent for DKP
preparation. However, due to poor solubility of 1q, it is necessary to replace acetonitrile by
DMF. Recrystallization of 2q could be done in DMF, propylene carbonate and cyclohexanone.
Since the isolated yield was relatively low (<20%) from DMF and cyclohexanone, propylene
carbonate was finally selected to recrystallize compound 2q.
OH

O

b
S
c

d+e+f

d
c

e
HO

O
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N
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g
S

O
b

O
g
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Figure 3.9 1H NMR spectrum (300 MHz, DMSO-d6) of compound 2q.

The structure of compound 2q was fully characterized by spectroscopic means (See
experimental section). As shown in Fig. 3.9, the 1H NMR spectrum of 2q in DMSO-d6 displays
proton resonances (ppm) at 6.97-6.37 (m, 3H), 6.27/6.19 (s, 1H), 5.22-5.19/5.13-5.50 (m, 1H),
3.78/3.72/3.66 (s, 1H), 3.59-3.16 (m, 2H). The other peaks belong to the residual of propylene
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carbonate. As expected, the obtained product is a mixture of three stereoisomers and the ratio
of isomers varied when reaction temperature was changed (Fig. 3.10). The peaks at 3.66 ppm,
3.72 ppm and 3.78 ppm are assigned to the O-CH3 protons from three different isomers.
Therefore, the ratio of three isomers can be determined by simple integration to be 1:0.64:0.72.
Unfortunately, with many attempts, the separation of three isomers by chromatography was
unsuccessful.
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Figure 3.10 Three possible stereoisomers of DKP bisphenol 2q.

Compound 2q consists of a rigid tricyclic ring and two phenyl groups. It resembles
bisphenol A (BPA) and thus can be used as a monomer for making polyesters (PE),
polycarbonates (PC) and other specialty polymers. BPA is an important monomer for
polycarbonate and engineering thermoplastic such as polysulfones.22 Since BPA has recently
been restricted for use in the products that are in contact with infants, it is desirable to develop
an alternative to replace BPA.23 Thus, bio-based compound 2q is a potentially biocompatible
monomer for polymers such as PC and PE.

Scheme 3.14 Synthesis of polycarbonate from DKP bisphenol monomer 2q.
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DKP bisphenol 2q was first tested in PC preparation. There are two common methods
for polymerization: interfacial polymerization (water, organic solvent and alkaline base) and
melt polymerization (ester trans-esterification). Since 2q tends to decompose under the alkaline
conditions and at high temperatures, both methods are not suitable for 2q in polymerization.
Therefore, a solution method using phosgene was attempted (Scheme 3.14). To find the optimal
reaction conditions for polymerization of 2q, a model reaction with BPA was done first. A
stoichiometric amount of BPA and triphosgene was added in pyridine. The polycarbonate was
obtained in high molecular weight, as it could form a tough thin film by casting. Thus, the same
reaction condition was applied to the polymerization of 2q, but polymerization failed. Since
phosgene is known to react with the amide solvents to give undesirable side products, a failure
in polymerization is likely due to the side reaction involving the lactam group in 2q with
phosgene or triphosgene.24,25
Then 1,1'-carbonyldiimidazole (CDI) was considered to replace phosgene or
triphosgene in polymerization (Scheme 3.14). Similarly, a model reaction using BPA and CDI
was performed in NMP at 50 oC overnight. Once again, the high molecular weight PC was
obtained. However, the polymerization of 2q and CDI afforded only low molecular weight
product. When the reaction temperature increased, a decomposition reaction was observed.
Finally, polymer P3 without good film-forming ability was obtained and characterized
(Experimental Section). Take the IR spectrum as an example, where exhibits a band at 1777
cm-1 being characteristic for the carbonate group or polycarbonate and the band at 1678 cm-1
is for the DKP amide group (Fig. 3.11).
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Figure 3.11 IR spectrum of polymer P3.

To circumvent the problem associated with the use of phosgene and CDI for
polymerization of bisphenol 2q, an alternative route was designed, where a bischloroformate
was used as monomer to replace phosgene (Scheme 3.15). First, bischloroformates 1s and 1t
were synthesized from isosorbitol and hexanediol with phosgene, respectively. The diol in
dichloromethane was cooled to 0 oC and a stream of phosgene was bubbled continuously into
the solution. When phosgenation was complete, compound 1s and 1t were obtained after
removal of the solvents. The polymerization with bisphenol 2q and 1s or 1t was conducted in
NMP in the presence of pyridine. But the polymerizations still failed with a lot of monomer 2q
left unreacted. It seems that these bischloroformate monomers tend to decompose or undergo
side reactions under the polymerization conditions. Observation of significant color changes
during the polymerization indicates side reactions of the bischloroformates. In comparison with
the model reactions using BPA bischloroformate, the monomer stability is a key to successful
polymerization, which implies that the DKP-containing chloroformate is relatively unstable.22
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Scheme 3.15 Attempted polymerization of bischloroformates 1s and 1t with bisphenol 2q.

DKP bisphenol 2q can also be utilized to make DKP-containing polyesters. Therefore,
a sample reaction between 2q and decanoyl chloride was performed to identify the feasibility
of the designed esterification reaction. It was identified that the reaction could proceed in
acetonitrile with DIEA as a base at room temperature (Scheme 3.16). Through IR spectrum, it
was easily to identify the formed ester structure through the formation of a new characteristic
carbonyl peaks and the disappearance of hydroxyl peaks. As shown in Fig. 3.12, there was no signal
3000 cm-1, indicating the complete reaction on hydroxyl group and the band at 1682 cm-1 belongs
to the amide group of DKP. The new peak at 1762 cm-1 was assigned to the new carbonyl group
and was used as the characteristic peak in the subsequent polymer synthesis.

Scheme 3.16 Syntheses of DKP-containing ester 2u from bisphenol 2q.
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Figure 3.12 IR spectrum of compound 2u.
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Scheme 3.17 Syntheses of polyesters P4-P6 from monomer 2q.

Then, a series of polyesters were synthesized from various acid chlorides with
bisphenol 2r (Scheme 3.17). To find the optimum solvent and base for polymerization,
reactions in different solvent combinations of DMF, pyridine and NMP were performed and
clarified that the condition with NMP as solvent and pyridine as base gave the highest
efficiency. Thus, the polymerization reaction between bisphenol 2q with dichlorides were
carried out in NMP with the addition of pyridine as base at 85 oC overnight. Finally, DKPcontaining polyesters were successfully obtained in high molecular weights (Table 3.2), as they
could form a free-standing thin film by drop casting.
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Figure 3.13 IR spectrum of polymer P5.

The structures of the obtained polymers were characterized by spectroscopic means
(See experimental section). Take the IR spectrum of polymer P5 as an example (Fig. 3.13).
The IR spectrum exhibits a signal at 1758 cm-1, being characteristic for the ester group in
polymers, at 1679 cm-1 for DKP amide group and the complete disappearance of signals at
3000 cm-1 further confirming the successful achievement of polymers. Moreover, the
molecular weights and PDI of these polymers were determined by GPC measurement relative
to polystyrene standards (Table 3.2).
Table 3.2 Molecular weights and PDIs of polymers P4-P6.
Polymer

Mn (g/mol)

Mw (g/mol)

PDI

P4

2.98*105

4.11*105

1.38

P5

2.25*105

2.88*105

1.28

P6

2.03*105

4.39*105

2.16
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3.6

Conclusion
A series of TCA derivatives with functional groups were synthesized from L-cysteine

and aldehydes in water or ethanol at room temperatures with high yields. After dimerization in
acetonitrile or DMF in the presence of HBTU and DIEA, a series of DKP-containing
difunctional monomers were achieved with great potential for further polymerization. Based
on the imported functional groups, different polymers were successfully synthesized. These
polymers containing DKP structure have a great biodegradable potential.

3.7

Experimental section

3.7.1 Materials
L-Cysteine, formaldehyde, benzaldehyde, vanillin, 4-bromobenzaldehyde, HBTU,
DIEA and cystine, L-cysteine methyl ester hydrochloride, pyridine, manganese dioxide, DCC,
AlCl3,

BF3,

TCNQ,

trifluortomethanesulfonic

acid,

tetracyanoquinodimethane,

tetracyanoethylene, and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone, CDI, 1,6-hexanediol,
isosorbide, decanoyl chloride, adipoyl chloride and terephthaloyl chloride were purchased
from Aldrich Canada. Dimer acid was purchased from China. The water used in this work was
purified using a Millipore™ Milli-Q™ Advantage A10 water purification system. (4,8Bis(octyloxy)benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl)bis(trimethylstannane)

and

2,7-

bis(trimethylstannane)-9,9-dioctyl fluorene were synthesized by Saif Mia in lab.

3.7.2

Measurements
1

H and

13

C NMR spectra were measured on a Bruker Avance Digital 300 MHz

spectrometer at ambient temperature using tetramethylsilane as an internal standard.
Resonances were quoted on the δ scale relative to tetramethylsilane (TMS, δ = 0) as an internal
standard. Infrared measurements were recorded on a Varian 1000 FT-IR Scirinitar
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spectrophotometer in the regions of 4000–400 cm-1. Mass spectra were performed with a
Micromass Quattro LC ESI (EI). Fisher-Johns melting point apparatus was used to test the
melting points (mp). Gel permeation chromatography (GPC) analysis was conducted on a PLGPC 220 system with polystyrene as standard and tetrahydrofuran (THF) as eluent. CD
spectrum was recorded on Olis Circular Dichrosim Spectrophotometers and the wavelength
starting from 210 nm. Decomposition temperature was measured on a thermogravimetric
analyzer TGA 2950 CE at a heating rate of 10 oC/min in nitrogen. The UV-absorption spectra
were recorded using a UV-Vis Lambda 900 spectrophotometer and the fluorescence emission
spectra were recorded on Shimadzu RF-1501 spectrofluorophotometer using 1 cm quartz cell.

3.7.3 Synthesis
General procedure for cysteine reacting with aldehyde:
Cysteine (1.21 g, 10.0 mmol) was dissolved in 20 mL of distilled water in 50 mL round-bottom
flask. Aldehyde was then added under argon atmosphere. The mixture was stirred at ambient
temperature or refluxing in dark overnight. After the reaction was completed, the target
compound was collected by suction filtration and washed with water and ethanol.

1o:
98%. 1H NMR (300 MHz, DMSO-d6): 4.23-4.20 (d, 1H), 4.04-4.01 (d, 1H), 3.83 (t, 1H), 3.102.78 (m, 2H).
S

1p:

N
H

COOH

96%. 1H NMR (300 MHz, DMSO-d6+HCl): 7.55-7.27 (m, 5H), 5.68/5.55 (s, 1H), 4.3/4.9 (t,
1H), 3.53-3.08 (m, 2H); 13C NMR (75 MHz, DMSO-d6+HCl): 173.46, 172.70, 141.68, 139.40,
129.03, 128.77, 128.71, 128.06, 127.75, 127.40, 72.23, 71.56, 65.92, 65.36, 38.91, 38.45. M.P.:
174 oC.
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O
S
HO

1q:

N
H

COOH

90%. 1H NMR (300 MHz, DMSO-d6+HCl): 7.15-6.70 (m, 3H), 5.40/5.55 (s, 1H), 4.30/3.85 (t,
1H), 3.75 (s, 3H), 3.0-3.2 (m, 2H).

13

C NMR (75 MHz, DMSO-d6+HCl): 173.65, 172.71,

147.95, 147.82, 147.07, 146.61, 131.67, 129.90, 120.41, 120.13, 115.56, 115.41, 111.90,
111.69, 72.62, 72.04, 65.86, 65.23, 56.09, 56.05, 38.84, 38.24.
S
Br

1r:

N
H

COOH

90%. 1H NMR (300 MHz, DMSO-d6+HCl): 7.56-7.38 (m, 4H), 5.67/5.50 (s, 1H), 4.19-3.88
(m, 1H), 3.89-3.05 (m, 2H).

13

C NMR (75 MHz, DMSO-d6+HCl): 173.28, 172.52, 141.65,

139.12, 131.80, 131.56, 130.07, 129.60, 121.69, 120.95, 71.28, 70.59, 66.04, 65.29, 38.75,
38.49.
General procedure for the preparation of bischloroformate:
Diol was dissolved in dichloromethane in a round-bottom flask and cooled to 0 oC by using an
iced bath. Then a stream of phosgene was bubbled continuously into the solution. When
phosgenation was complete, target bischloroformate was obtained after removal of the solvents.

1s:
1

H NMR (300 MHz, CDCl3): 4.34 (t, 2H), 1.80-67 (m, 2H), 1.51-1.46 (m, 2H).

1t:
1

H NMR (300 MHz, CDCl3): 5.30 (s, 2H), 5.00 (s, 1H), 4.60 (s, 1H), 4.24 (d, 1H), 4.05 (t, 2H),

3.92-3.89 (d, 1H).

General procedure for DKP formation from TCA derivatives:
TCA derivative (0.50 g) and HBTU were dissolved in dry acetonitrile or DMF in a round
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bottom flask, then base DIEA was added dropwise. The reaction mixture was stirred under
argon overnight at room temperature or elevated temperature. When the reaction complete,
acetonitrile or DMF was removed and the obtained mixture was dissolved in ethyl acetate again,
followed by washing with 1N HCl solution, 5% NaHCO3 and brine. Target compound was
obtained from organic phase after removal the solvent.

2o:
90%. 1H NMR (300 MHz, CDCl3) 4.83 (d, 1H), 4.54-4.49 (m, 2H), 3.49-3.37 (m, 2H).

2p:
80%. 1H NMR (300 MHz, CDCl3): 7.42-7.15 (m, 10H), 6.62/6.53/6.28 (s, 1H), 4.81-4.75 (m,
1H), 2.71- 3.31 (m, 2H); 13C NMR (75 MHz, CDCl3): 164.32, 163.93, 162.37, 140.91, 138.90,
138.74, 128.93, 128.70, 128.63, 128.52, 128.22, 126.78, 126.44, 124.81, 65.68, 65.39, 64.95,
64.51, 63.70, 62.66, 33.29, 32.44, 30.26. M.P.:170 oC.

2q:
70%. 1H NMR (300 MHz, DMSO-d6): 6.97-6.37 (m, 3H), 6.27/6.19 (s, 1H), 5.22-5.19/5.135.50 (m, 1H), 3.78/3.72/3.66 (s, 1H), 3.59-3.16 (m, 2H).;

13

C NMR (75 MHz, DMSO-d6):

165.27, 165.08, 164.82, 148.16, 147.97, 147.76, 146.72, 146.32, 134.24, 131.35, 118.47,
116.75, 115.67, 115.30, 115.22, 110.84, 110.39, 109.25, 65.20, 65.08, 64.17, 63.84, 63.74,
63.61, 56.17, 55.98, 55.89, 30.74, 29.50, 29.42.
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2r:
70%. 1H NMR (300MHz, CDCl3): 7.49-7.04 (m, 8H), 6.16 (s, 2H), 4.84-4.78 (m, 2H), 3.533.32 (m, 4H); 13C NMR (75MHz, CDCl3): 165. 36, 142.61, 132.01, 131.83, 127.39, 121.26,
65.20, 63.01, 29.70.

2u:
Bisphenol 2q (0.25 g) was dissolved in 10 mL acetonitrile solvent in a two neck round bottom
flask. Then 2.3 equivalent DIPEA was added dropwise. After 10 min stirring, 1.1 equivalent
decanoyl chloride was added and stirred overnight. After the reaction completed, acetonitrile
was evaporated and washed with ether. The filtrate was finally purified by column
chromatography with hexane: acetone = 2:1 v/v.
1

H NMR (300MHz, CDCl3): 7.14- 6.17 (m, 8H), 4.84-4.65 (m, 2H), 3.85/3.81/3.69 (s, 6H),

3.76-3.31 (m, 4H), 2.61-2.54 (m, 4H), 1.75 (t, 4H), 1.45-1.22 (m, 28H), 0.89 (t, 6H).

General procedure for synthesis of polymer P1-P2:
In a flame-dried 25-mL round-bottom flask under an argon atmosphere, organotin monomer
and monomer 2r in 1:1 mole ratio were dissolved in 8 mL of chlorobenzene. The solution was
bubbled with argon for 30 min and then 10 mol % of Pd(PPh3)4 was added and solution was
heated to 100 oC and stirred for 48 hours. After cooling, the polymer was precipitated out in
methanol and filtered. The polymer was purified via Soxhlet extraction (hexane and acetone)
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to give dark solid.

P3:
In a flame-dried 25-mL round-bottom flask under an argon atmosphere, monomer 2q (0.5g,
0.84 mmol) was dissolved in 5 mL of NMP at 50 oC. Then the solution of CDI (0.15g, 0.9
mmol) in NMP was added dropwise and the reaction was stirred at 50 oC overnight. After
cooling, the polymer was precipitated out in water and filtered.
1

H NMR (300 MHz, DMSO-d6): 6.97-6.50 (m), 6.52 (s), 6.27 (s), 6.19 (s), 5.21-5.20 (m), 5.

13-5.07 (m), 3.84 (s), 3.78 (s), 3.72 (s), 3.66 (s), 3.59-3.16 (m). 13C NMR (75 MHz, DMSOd6): 165.08, 164.81, 147.98, 147.77, 146.74, 146.34, 133.24, 131.35, 127.74, 122.14, 118.47,
117.50, 115.68, 115.23, 114.00, 110/84, 109.35, 65.09, 63.85, 63.75, 56.17, 55.90, 48.94, 30.75,
30.57, 29.42, 17.68. Molecular weight: 2.02*104 g/mol with PDI of 5.91.

General procedure for synthesis of polyester P4-P6:
Bisphenol 2q (0.1 g, 0.00022 mol) and dilute acid chloride (0. 033 mL, 0.00022 mol) were
dissolved in NMP (1 mL) at room temperature. After stirring for 10 mins, the dilute pyridine
in chloroform was added dropwise. Then the reaction was stirred at 40- 50 oC for two days. IR
were tested to monitor the reaction process. After cooling, the polymer was precipitated out in
methanol and filtered.

P4:
1

H NMR (300 MHz, DMSO-d6): 8.24-13 (m), 7.29-6.29 (m), 5.38-5.11 (m), 3.85-3.72 (m),

3.58-3.22 (m).
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P5:
1

H NMR (300MHz, CDCl3): 7.28 (s), 7.16 (s), 7.11 (s), 6.69 (s), 6.59 (s), 6.25 (s), 4.76 (s),

4.69 (s), 4.15-4.08 (m), 3.87-3.31 (m), 2.57 (d), 2.33 (t), 1.75 (s), 1.62-1.60 (d), 1.31-1.23(m).

P6:
1

H NMR (300MHz, CDCl3): 7.03 (s), 6.72 (m), 6.29 (s), 4.75 (s), 3.84-3.36 (m), 2.58-1.30 (m),

0.92 (s).
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Chapter 4 Molecular modification with L-cysteine
4.1

Molecular design and synthetic approaches
The application of cysteine in polymer modification has a long history, especially in

the creation of smart polymers for pharmaceutical uses. The modified polymer not only inherits
the properties from the original structure, but also contains unique features from the amino acid,
such as the chiroptical property.1,2 In Chapter 2.2.2, L-cysteine has already been successfully
attached to a series of small molecule diols by using undecenoic acid as a link, which has the
alkene bonds for the thiol-ene reaction (TEC) and carboxylic acid for esterification. Inspired
by this success, we intended to incorporate L-cysteine into macromolecules (Scheme 4.1).

Scheme 4.1 Synthetic routes from L-cysteine to cysteine modified macromolecules.

First of all, if L-cysteine is attached to a linear macromolecules PEG and PTMEG, one
can obtain a linear polyether with the end groups of L-cysteine. Since PEG and PTMEG with
molecular weights ranging from 600 to a few thousand are commercially available, a variety
of L-cysteine end-modified polyethers can be made available that may have interesting
properties owing to the end groups of amino acid.
Moreover, by using a star-shape polyol, one could make cysteine-modified star-shape
macromolecules. The star-shape macromolecules are expected to have a range of structural
diversity, morphologies and functions and potential applications in surfactants, drug delivery,
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sensors, molecular probes and membranes.3,4 The star-shape polyols, such as glycerol,
di(trimethylolpropane), ribitol and dipentaerythrito, are selected in our work as the core to build
up a few examples of start-shaped macromolecules containing L-cysteine on the periphery.
Furthermore, L-cysteine can be introduced to polysaccharides. Polysaccharides are one
of the most abundant natural-occurring macromolecules and currently used for applications
such as coatings, drug delivery and biomedical materials.5-7 The L-cysteine modified
polysaccharide may possess some interesting properties and offer an opportunity for new
applications for example, chiral recognition. Therefore, ß-glucan and ß-cyclodextirin were
selected in our work.

4.2

Syntheses of L-cysteine-modified linear macromolecules

Scheme 4.2 Syntheses of cysteine-modified linear macromolecules Cys1-4.

The synthetic route to the preparation of cysteine-modified linear macromolecules
involves a two-step process, esterification between undecenoic acid chloride and PEG or
PTMEG, followed by a thiol-ene radical click reaction (Scheme 4.2). First, the esterification
reaction was done in dichloromethane at room temperature overnight with almost 100% yield.
After removal of the solvents, the alkene-functionalized polyethers were used in the subsequent
thiol-ene reactions without purification. As discussed in Chapter 2.2.1, the thiol-radical

115

reaction was initiated with photoinitiator DMPA. Thus, the desired compounds Cys1-4 were
obtained after irritating for 6h.
However, an undesired side esterification between L-cysteine and the reaction
solvent ethanol was observed when modifying PEG. It was the first time that a side reaction
took place in the TEC reaction in my work. Since PEG with high molecular weight could fold
and twist into coil in solution, it was assumed that PEG chain would wrap L-cysteine and
ethanol together with an increased reaction concentration, which in turn accelerating the side
reactions.8,9 However, it leads to some difficulties in the separation of the target acid product
from the ester side product. To obtain pure product, column chromatography and
recrystallization were used and the reaction variables were changed, including temperatures,
solvents, acid catalysts, addition of water, reaction times, which are summarized in Table 4.1.
It was found that only the small-scale reaction gave the best result, since there was no side
reaction took place before the reaction completion. The obtained Cys1-2 was further
recrystallized in 2-methyl-2 butanol. Unlike the purification of Cys1-2, the work-up for
compound Cys3-4 was quite simple, only involving removal of the solvents and washing with
water and acetone.
Table 4.1 Attempted syntheses of L-cysteine end-modified PEG under various conditions.
Variable
0 oC
Temp.
Acid

Solvent

Water

10 oC
Acetic acid
No acid
Acetone
THF
Toluene
Dioxane
Mixed Solvents
With HCl
Without HCl

Observation
No reaction
Slow reaction, resulting in more
esterification
Less than 30% conversion
Less than 30% conversion
No reaction or less than 30%
conversion or ester group derived
from undecenoic acid hydrolyzed
Ester group derived from
undecenoic acid hydrolyzed
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Time

Stopped at the early stage

Impossible to separate the product
from the starting materials

Small-scale reaction with
complete conversion
within 1h

Product obtained

The structures of compounds Cys1-4 were fully characterized by spectroscopic means
(See experimental section). Take the 1H NMR spectrum of Cys2 as an example, where the
spectrum displays proton resonances (ppm) at 4.15-4.10 (m, 6H), 3.60-3.37 (m, 200H), 2.98 (t,
4H), 2.54 (t, 4H), 2.29 (t, 4H), 1.46-1.55 (m, 8H) and 1.34-1.25 (m, 24H) (Fig. 4.1). The triplet
split peak appeared at 2.54 ppm is the characteristic protons of CH2, confirming the successful
addition of cysteine onto the olefin-containing PEG.

Figure 4.1 1H NMR (300 HMz, DMSO-d6) spectrum of Cys2.
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Linear macromolecules with cysteine end-groups can be used as monomers for the
production of DKP-containing polymers. However, restricted by the poor solubility of Cys3-4
in organic solvents, only PEG derived Cys1-2 were utilized in polymerization. As discussed in
Chapter 2.2.1, the dimerization of cysteine derivatives was best carried out in 1, 2dichlorobenzene in the presence of P2O5 as a catalyst and dehydrating reagent at 85 oC for two
days. When using Cys1, even at a higher reaction temperature over a long time, there was no
significant change in solution viscosity, indicating the formation of low molecular weight
polymer. When Cys2 was used, after polymerization for one day, the reaction solution became
viscous. The 1H NMR analysis indicated the successful formation of the DKP-containing
polymer P7, along with less than 40% of Cys2 left. Further extension of reaction time after one
day caused complete gelation. Polymer P7 was isolated as a light-yellow gel and was insoluble
in all the organic solvents we tested, such as DMSO, DMF, ethanol, benzonitrile,
cyclohexaneone and acetic acid. Moreover, slight swelling was observed when placing P7 into
water. Thus, it can be concluded that P7 is physically and slightly chemically cross-linked.
Polymer P7 contains the hard-segment (rigid DKP ring) and soft-segment (PEG chain),
and thus could be elastic. The polymer was then placed in a mold and left on preheated hot
plate (110 oC) and the mold was compressed for 3 mins. The mold was then cooled down and
the specimen was an elastomer, as it could be stretched to twice of its original length and
recover back to its original shape without permanent deformation (Fig. 4.2). More importantly,
the polymer became fluid again at 150 oC and was able to be reshaped at that temperature over
and over again. The melting behavior strongly indicates no or a very slow degree of chemical
crosslinking in P7.
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Figure 4.2 Photos of the molded part of polymer P7 before and after stretching.

The molded P7 in Figure 4.2 are black. The coloring is due to thermal decomposition
of the trapped phosphoric acid and 1,2-dichlorobenzene in polymer. Therefore, many attempts
were made to prevent physical crosslinking during the polymerization. The polymerization
concentration and temperatures varied; benzoic acid, acetic acid and T3P were tried; acid-free
condition with different concentrations of monomer and solvent-free polymerization in a sealed
tube were attempted; inorganic salt (e.g., LiCl and CaCl2) was to prevent the gelation.
Unfortunately, none of them was successful. 10

4.3

Syntheses of Star-shape macromolecules
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Scheme 4.4 Syntheses of cysteine-modified star-shape macromolecules Cys5-8.

The synthetic route to the preparation of cysteine-modified star-shape macromolecules
is similar to the one for making linear-macromolecules, which involves a simple two-step
process, esterification between undecenoic acid chloride and polyols, followed by a thiolradical click reaction. Using the reaction condition in Scheme 4.2, L-cysteine modified Cys6
and Cys8 were obtained smoothly. In the case of glycerol and ribitol which have both primary
and secondary alcohols, the reaction was carried out at elevated temperatures in the presence
of a base and a nucleophilic acylation catalyst of 4-dimethylaminopyridine. In addition, column
chromatography was required to purify the diene intermediates due to the existence of side
products.
The structures of Cys5-8 were fully characterized by spectroscopic means (See
experimental section). Take the 1H NMR spectra of Cys6 as an example, where the spectrum
displays proton resonances (ppm) at 4.09-4.04 (m, 4H), 3.86 (s, 8H), 3.19 (s, 4H), 3.01-2.99
(d, 8H), 2.53 (t, 8H), 2.23 (t, 8H), 1.47 (t, 16H), 1.32-1.20 (m, 52H), 0.75 (t, 6H). The peak
appearing at 2.53 ppm is characteristic protons of CH2 from alkene functional group which
confirm the successful formation of the sulfide.
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Figure 4.3 1H NMR spectrum (300 MHz, DMSO-d6) of Cys6.

4.4

Self-assembling properties of L-cysteine modified macromolecules
The fact that cysteine is a type of hydrophobic amino acid has been proved, since it was

reported to participate in the hydrophobic interactions in a prepared micelle and was associated
with the hydrophobic area of proteins.11,12 Since the cysteine end-group connected with long
alkyl chains may also be hydrophobic, Cys1-2 may be amphiphilic macromolecules with
hydrophilic PEG block and should self-assemble in aqueous solution. The self-assembling
feature is quite important for surfactants or drug delivery.13 Considering that Cys1-2 are almost
monodispersed with a known molecular weight and easily produced from biomass-based
feedstock, their self-assembling property deserves investigation.
To study the self-assembling behavior, the critical aggregate concentrations (CAC),
above which the formation of aggregates could be detected, is usually measured first. Different
methods could be applied to determine the CAC value, including fluorescent method using
pyrene as a probe and dye micellization method. But the most classic and popular method is to
measure the surface tension of the solutions with a tensiometer, which was used in our
work.14,15 Moreover, since the amino acid end groups may exist in different forms under
different pH environment, for example, cation, anion and zwitterion, the self-assembling
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behaviors at different pH were tested. In the experiments, 5 mL of the solutions Cys1-2 at pH
2 with different concentrations were first prepared, and then sodium bicarbonate was added to
increase pH gradually to 6.5-6.8 and further to 10. A pH meter was used to read the pH values.
Each solution was sonicated for 20 mins and left in standing for 10 mins before the
measurements. A plot of surface tension vs. the logarithm of the solution concentration was
made to obtain the CAC value (See experimental section).
57.5

pH=10

pH=2
Surface(Tension( m N/m )

Surface(Tension( m N/m )

65

61

57

53

49

56

54.5

53

51.5

50

45
(5.2

(4.7

(4.2

(3.7

)3.8

(3.2

)3.6

)3.4

)3.2

mN/m)

)2.8

)2.6

)2.4

pH=6.5

60

S u rface(Ten s io n (

)3

logC

logC

57.5

CAC

55

52.5

50
'5

'4.5

'4

logC

'3.5

'3

'2.5

Figure 4.4 Surface tension of Cys2 in water under different pH values.

Take the results of Cys2 as an example. As shown in Fig. 4.4 (a) and (b), with the
increase of solution concentrations, the surface tensions of the solution gradually decreased,
being consistent with the fact that the surface tension for most organic molecules is
concentration dependent, such as alcohols, esters and aldehydes.16 At pH 6.5, cysteine exists
in a zwitterionic form without net charges. Since a significant decrease in solubility of the Cys2
was observed, it was assumed that the cysteine end group is hydrophobic at pH 6.5. Thus, an
amphiphilic molecule is formed. The data in the Fig 4.4 (c) confirms the formation of surfactant
molecules, since the surface tension decreases rapidly in dilute solutions, but becomes constant
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after reaching to a certain concentration. Therefore, the CAC of Cys2 was determined to be
0.0003 mol/L with a surface tension of 52 mN/m. Similarly, Cys1 also shows the selfassembling feasture at 6.5 with the CAC of 0.00005 mol/L (Fig. 4.5a).
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Figure 4.5 CAC values of Cys1, Cys3 and Cys2-ester (pH=6.5).

However, due to the poor solubility of Cys3-4 in neutral charge form, there was no selfassembling property that could be detected (Fig 4.5b). The ethyl ester of Cys2 (Cys2-ester)
was isolated as a by-product from the synthesis of Cys2 (Fig. 4.6). Without the acid function,
Cys2-ester is more hydrophobic than Cys2 and should exhibit better self-assembling behavior.
Indeed, it exhibited good surfactant property with a lower surface tension (44 mN/m) at the
CAC of 0.0035 mol/L (Fig. 4.5c). In addition, it was found that the surface tension for the
mixture of Cys2 and Cys2-ester with 1:1 ratio was around 52 mN/m at the CAC, close to that
of Cys2, which may be attributed to the leading role of Cys2 during aggregation (Fig. 4.5d).
And the second decrease on surface tension after reaching to the CAC, indicates the state
change of aggregates in the water.
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Dynamic light scattering (DLS) investigations were further performed to determine the
size distributions of the self-assembled Cys1-2. It was found that in acid or basic solutions,
there was no signals that could be detected from DLS measurements, indicating no aggregates
formed under such conditions. But for the solution of Cys2 at 0.0003 mol/L, two different
particle distributions were found: one with a mean particle size of 94.56 nm (45.9% intensity)
and another with a size of 598.9 nm (54.1% intensity) (Fig. 4.7). The first peak was designated
to the aggregates of Cys2 and the second may be the induced form the agglomeration of those
aggregates. Because at the CAC, Cys1-2 are in the zwitterionic form, the electronic force
between the adjacent molecules could lead to the agglomeration and even sedimentation which
was indeed observed in sample solution one hour after preparation. Moreover, the DLS
measurements on Cys1 and Cys2-ester were also done (Fig. 4.7). For Cys1 at 0.00005 mol/L,
the particle sizes of 71.52 nm with 31.9% intensity and 713.1 nm with 68.1% intensity of
aggregates were found. The relatively smaller size of Cys1 aggregates was attributed to the
low molecular weight of Cys1 compared to Cys2. For Cys2-eater at the CAC, a 39.89 nm of
particle size with intensity contribution of 100% was detected. The particle size of Cys2-ester
is not only smaller than their acid counterparts, but also is homogeneous without further
agglomeration. However, most of these measurements gave a large PDI around 0.8, which
indicates the uneven distribution and instability of those aggregates.
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Figure 4.7 DLS measurements for Cys2, Cys1 and Cys2-ester.

The morphologies of Cys1-2 aggregates were further observed by transmission electron
microscopy (TEM) (See experimental section). For example, Cys2 is self assembled into
spherical-like aggregates in water with a diameter ranging from about 80 nm to 120 nm, in
agreement with the DLS results (94.56 mm) (Fig. 4.8a and b). The image of the aggregates
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taken after 3h (Fig. 4.8c), clearly showed that the aggregates gradually agglomerated in
solution.

Figure 4.8 TEM images of (a and b) Cys2 at CAC after 0.5h, (c) Cys2 at CAC after 3h.

Beside the linear macromolecules, the star-shaped macromolecules were also studied
for the self-assembling properties. Unlike the linear ones which tend to aggregate at pH 6.5,
the star-shape macromolecules should self-assemble in acid or basic conditions due to their
hydrophobic cores. Thus, the surface tensions of Cys5-8 were measured at pH 2 and pH 10.
However, only Cys6 showed a possible self-assembling at pH 2. As shown in Fig (a), at the
concentration of 0.00025 mol/L in water, Cys6 showed a self-assembling behavior. For others
under different pH values, they either had poor solubility in water or had no sign of aggregation.
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Syntheses of cysteine-modified polysaccharides
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Scheme 4.5 Syntheses of L-cysteine modified ß-glucan.

ß-glucan is the major component of yeast cell walls, which maintains cells stability in
physiological activities through self-assembling into helical superstructures. Moreover, ßglucan has remarkable immunomodulatory function due to its ability to bind with the receptor
Dectin-1 on macrophages which in turn, stimulates the immune system.17,18 However, its
application in biomaterials was restricted by its poor processability and solubility in water.
Therefore, we intended to modify it with L-cysteine in order to alter its solubility and introduce
some new properties, such as chiroptical property.18 As shown in Scheme 4.5, the first trial
experiment was conducted in organic solvent DMF, but failed due to the poor solubility of ßglucan even under high temperatures and for prolonged reaction time. Then a two-step
synthetic route was designed, in which a heterogeneous esterification reaction is done only at
the primary hydroxyl group to increase the solubility of the intermediate product in organic
solvent. Thus, the interfacial reaction was carried out in water and dichloromethane, and the
intermediate was obtained after purification. However, the intermediate did not show an
improved solubility in organic solvents as hoped. The reason is probably due to the incomplete
esterification of primary hydroxyl groups in ß-glucan. Therefore, the formylation of the
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primary hydroxyl group and the esterification of the rest hydroxyl function groups were then
attempted.
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Compound 1v was successfully obtained and showed an improved solubility. The
structure of compound 1v was fully characterized by spectroscopic means (See experimental
section). The IR spectrum confirms the presence of the carbonyl groups at 1740 cm-1 and the
double bond at 1640 cm-1.

Figure 4.10 IR spectrum of compound 1v.
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However, the subsequent thiol-ene radical reaction between L-cysteine and compound
1v failed, because the double-bond signal and glycosidic bond signals in the 1H NMR spectrum
were completely disappeared. The reason may be due to the acid-catalyzed deformylation in
ethanol, which could lead to the complete decomposition of the compound 1v.
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Another polysaccharide, ß–cyclodextrin (ß–CD), with a better solubility in organic
solvents was then selected in our work. The synthesis began with the esterification by the
reaction of undecenoic acid chloride (Scheme 4.7). The reaction was carried out in DMF with
pyridine as a base at 85 oC overnight. Compound 1w was obtained after purification by column
chromatography. The structure of compound 1w was fully characterized by spectroscopic
means (See experimental section). The IR spectrum displays no bands above 3200 cm-1,
indicating the absence of the hydroxyl groups and the new peak at 1641 cm-1 for the double
bond, and the carbonyl peak at 1745 cm-1 for the ester (Fig. 4.10).
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Figure 4.11 IR spectrum of compound 1w.

Then thiol-ene radical reaction between L-cysteine and compound 1w was carried out
in the presence of a photo-initiator (DMPA) in ethanol. However, the undesired esterification
between L-cysteine and ethanol was detected. Thus, cysteine ethyl ester was selected for CD
modification in the same reaction condition. After irritation for 10h, the double-bond signal in
the 1H NMR spectrum was almost completely disappeared. Many attempts with different
conditions (e.g., time, photoinitiator and light wavelength) proved futile. Under this thiol-ene
reaction condition, the preferred reaction is the free radical polymerization or crosslinking of
the vinyl units in compound 1w that has a high content of double bonds per molecule.
Then thiol-ene radical reaction between L-cysteine and compound 1w was carried out
in the presence of a photo-initiator (DMPA) in ethanol. However, the undesired esterification
between L-cysteine and ethanol was detected. Thus, cysteine ethyl ester was selected for CD
modification in the same reaction condition. After irritation for 10h, the double-bond signal in
the 1H NMR spectrum was almost completely disappeared. Many attempts with different
conditions (e.g., time, photoinitiator and light wavelength) proved futile. Under this thiol-ene
reaction condition, the preferred reaction is the free radical polymerization or crosslinking of
the vinyl units in compound 1w that has a high content of double bonds per molecule.
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4.6

Study on the chiral recognition of cysteine-based polyamine
ß–CD has a toroidal shape with hydrophilic surface and hydrophobic interior is an ideal

host molecule to include hydrophobic guest molecules into its cavity. It has been known ß–CD
could selectively include an enantiomer of a racemic complex into the cavity and give a
different signal compared to its outside counterpart. Beside, ß–CD and its derivatives are able
to form interactions with guest molecules through hydrogen bonding, Coulomb force, charge
transfer and coordination bond.19-22 Therefore, ß–CD is commonly treated as an ideal molecule
for chiral recognition and is modified to tune its property for different guest molecules in this
field, for example the amino modified ß–CD (NH2-β-CD). The application of NH2-β-CD as a
chiral recognition host has been studied for a long time, which is attributed to its protonated
potential and viability to produce poly(NH2-β-CD).19, 22 Thus, if cysteine ethyl ester could be
attached on compound 1v in our work, we would obtain polyamine 1x with a great potential in
chiral recognition application.
To obtain polyamine 1x before crosslinking took place, the thiol-radical reaction
between L-cysteine ethyl ester and compound 1v was stopped after light irradiation for 3h,
where a larger amount of cysteine starting material could be detected from 1H NMR spectrum.
Then the obtained compound was dissolved in isopropanol for recrystallization two times. The
structure of compound 1x was characterized by spectroscopic means. Take IR as an example,
as shown in Figure 4.12, a new band at 3000 cm-1 appeared indicating the presence of NH
functional group and the peak at 1641 cm-1 indicates the existence of C=C functional group.
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Figure 4.12 IR spectrum of polyamine 1x.

1x

Figure 4.13 CD-spectra of ß–CD, L-cysteine ethyl ester and polyamine 1x in water.

Beside the regular characterization by spectroscopic means, polyamine 1x was also
characterized by the changes of optical property such as circular dichroism (CD) spectroscopy
due to the imported chiroptical characteristic from L-cysteine ethyl ester. As shown in Fig.
4.12, ß–CD has no optical activity and cysteine ethyl ester shows a CD-signal at 215 nm with
a positive Cotton effect. However, an obvious signal shift to 227 nm was observed from the
product isolated from the modification reaction, indicating the successful addition of Lcysteine ethyl ester on compound 1w. Based on the data collected above, it was concluded that
the polyamine 1x was obtained.
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Table 4.2 Chiral acids selected for chiral recognition study.

The chiral recognition of polyamine 1x with different chiral acids was studied by CD
measurement (Table 4.2). Solution of racemic chiral acids were prepared, then added to 1x
solution and the CD spectra were taken shortly after mixing. The pH of the polyamine 1x in
water was around 5, thus the amino group was protonated in acidic condition. It was reported
that CD containing the NH3+ groups has a poor ability for chiral acid recognition, which is
attributed to the decrease of hydrophobic interaction of the CD cavity.21-22 Therefore, there was
no CD signal change observed (Fig. 4.13a).
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(a)

(b)

Figure 4.14 CD spectra of polyamine 1x with various racemic acids (a) at pH 5; (b) at pH 7.5.

To enable the chiral recognition ability, sodium carbonate was then added to 1x solution
to deprotonate the ammonium group, which in turn could both increase the Coulomb forces
between carboxylic acids and amines, and increase the hydrophobicity of CD cavity at same
time. It was found that when solution pH was neutralized to pH 7.5, the CD signal of polyamine
1x shifted from 227 nm to 230 nm. Moreover, when racemic chiral acids 1-3 (Table 4.2) were
added, for example tartaric acid, no change in CD signal could be detected (Fig. 4.13b).
(a)

(b)

Figure 4.15 CD spectra of polyamine 1x with (a) racemic acetylmandelic acid, (b)
acetylmandelic acid enantiomers.

However, the addition of racemic acetylmandelic acid to 1x solution induced an
obvious change of CD bands. As shown in Fig. 4.14a, it exhibits a negative CD band at 210
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nm and two positive CD bands at 224 nm and 234 nm, respectively. Because the CD band at
224 nm is same as the one of S-acetylmandelic acid, it was assumed that the polyamine 1x
selectively interacted with R-acetylmandelic acid and released out its S-enantiomer. To
confirm this assumption, CD measurements for polyamine 1x with each of the enantiomers
were done. As shown in Fig. 14b, S-acetylmandelic acid has a positive CD-signal at 224 nm
and its R-enantiomer gives an opposite signal at the same wavelength. When S-acid was added
into 1x solution, the spectra showed both the CD bands for polyamine 1x at 230 nm and S-acid
at 224 nm with positive Cotton effect, which indicating the absence of interaction between Senantiomer and 1x. But a significant signal change was induced when using R-acid, where the
negative signal was shifted from 224 nm to 210 nm, a new positive CD band appeared at 234
nm and the CD-signal for polyamine 1x disappeared. Because these induced signal changes
were identical with the observation of CD-signals in Fig. 4.14a, it can be concluded that
polyamine 1x is enantioselective for R-acetylmandelic acid. Similar CD-signal changes were
observed with the addition of racemic mandelic acid, where the signal of S-mandelic acid
appeared at 226 nm and a shifted negative CD band at 208 nm were observed (Fig. 4.15a).
These changes are consistent with the CD observations when adding R-mandelic acid in 1x
solution (See Appendix C). Moreover, the measurements on mixed methoxyphenylacetic acid
gave the same result, where polyamine 1x effectively discriminates methoxyphenylacetic acid
(Fig. 4.15b). By the CD measurements with these three racemic chiral acids, polyamine 1x
successfully demonstrated its high-elective chiral recognition ability towards some of Renantiomeric acid, which could be potentially applied in chemical-, biochemical- and
pharmaceutical area.23,24
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(b )

(a)

Figure 4.16 CD spectra of polyamine 1x with (a) racemic mandelic acid and (b) mixed
methoxyphenylacetic acid.

4.7

Conclusion
A series of linear and star-shaped macromolecules containing cysteine at the chain ends

were prepared through simple esterification between undecenoic acid chloride and selected
polyols, followed by thiol-radical click reaction. Their surface tension, pH-sensitivity and selfassembling behaviors of the amphiphiliac molecules studied by CAC, DLS and TEM
measurements. Besides, cyclodextrins and polysaccharides were functionalized with Lcysteine and its derivative. The obtained polyamine compounds demonstrated great chiral
recognitions on R-acid guest and could potentially develop to a high sensitive, selective and
low-cost sensor to distinguish acid stereoisomers.

4.8

Experimental section

4.8.1 Materials
L-Cysteine, PEG 1000, PEG 2000, PTMEG 650, PTMEG 2000, HBTU, undecenoic
acid, DIEA, L-cysteine ethyl ester hydrochloride, glycerol, di(trimethylolpropane), ribitol,
dipentaerythritol,

methoxyphenylacetic

acid,

O-A=acetymandelic

acid,

4-

dimethylaminopyridine and pyridine were purchased from Aldrich Canada. ß-glucan, ß-CD,
Di-p-toluoyl-tartaric acid, 10-camphorsulfonic acid, tartaric acid and mandelic acid were
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purchased from China. The water used in this work was purified using a Millipore™ Milli-Q™
Advantage A10 water purification system.

4.8.2

Measurements
1

H and

13

C NMR spectra were measured on a Bruker Avance Digital 300 MHz

spectrometer at ambient temperature using tetramethylsilane (TMS) as an internal standard.
Resonances were quoted on the δ scale relative to TMS (δ = 0) as an internal standard. Infrared
measurements were recorded on a Varian 1000 FT-IR Scirinitar spectrophotometer in the
regions of 4000–400 cm-1. Mass spectra were performed with a Micromass Quattro LC ESI
(EI). Fisher-Johns melting point apparatus was used to test the melting points. Gel permeation
chromatography (GPC) analysis was conducted on a PL-GPC 220 system with polystyrene as
standard and tetrahydrofuran (THF) as eluent. CD spectrum was recorded on Olis Circular
Dichrosim Spectrophotometers and the wavelength starting from 210 nm. The UV-absorption
spectra were recorded using a UV-Vis Lambda 900 spectrophotometer and the fluorescence
emission spectra were recorded on Shimadzu RF-1501 spectrofluorophotometer using 1 cm
quartz cell. A pH meter, PHS-3C was used to read the pH values. Surface tension
measurements were tested with QBZY Series Automatic surface tension meter. DLS results
were recorded on Malvern Zetasizer Nano. TEM photos were taken from JEOL JEM-1011
transmission electron microscope.

4.8.3 Synthesis
General procedure for cysteine reacting with alkenes with even numbered C=C:
Undecenoic acid chloride (2g) and polyols were dissolved in 20 mL of dichloromethane in 50
mL round-bottom flask. The mixture was stirred at ambient temperature overnight. After the
reaction was completed, the solvent was removed and re-dissolved in ethanol for further use.
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Cysteine (1.21 g, 10.0 mmol) was added in 10 mL of ethanol in 50 mL Erlenmeyer flask. HCl
was then added dropwise until cysteine completely dissolved. The alkene mixture from
previous step and DMPA (10 wt%) was added afterwards under argon atmosphere. The mixture
was exposed to a UV-lamp (λ=365 nm) for several hours. After the reaction was completed,
EtOH was removed by rotational evaporator and the mixture was washed by acetone. The final
product was collected by suction filtration.
O

O
HOOC

Cys1:
1

S
NH 2

CH 2 5

O

R

O

S

CH 2 5

COOH

R=PEG 1000

NH 2

H NMR (300 MHz, DMSO-d6): 4.14-4.10 (m, 6H), 3.60-3.39 (m, 104 H), 3.00-2.99 (d, 4H),

2.56 (t, 4H), 2.29 (t, 4H), 1.55-1.46 (m, 8H), 1.34-1.25 (m, 24H); 13C NMR (75 MHz, DMSOd6): 173.39, 170.18, 72.79, 70.24, 68.77, 63.50, 60.66, 52.31, 33.87, 32.09, 31.84, 29.36, 29.29,
29.15, 29.04, 28.88, 28.58. 25.00.
O

O
HOOC

Cys2:
1

S
NH 2

CH 2 5

O

R

O

CH 2 5

S

COOH

R=PEG 2000

NH 2

H NMR (300 MHz, DMSO-d6): 4.15-4.10 (m, 6H), 3.60-3.39 (m, 200H), 3.00-2.99 (d, 4H),

2.29 (t, 4H), 1.55-1.46 (m, 8H), 1.34-1.25 (m, 24H); 13C NMR (75 MHz, DMSO-d6): 173.37,
170.19, 72.81, 78.24, 68.77, 63.50, 60.65, 52.30, 33.86, 32.08, 31.82, 29.38, 29.31, 29.16,
29.05, 28.89, 28.60, 24.91.
O

O
HOOC

Cys3:
1

S
NH 2

CH 2 5

O

R

O

CH 2 5

S

COOH
NH 2

R=PTMEG 650

H NMR (300 MHz, DMSO-d6): 4.09-4.04 (m, 2H), 3.97 (t, 4H), 3.36-3.29 (m, 34H), 3.01-

2.99 (d, 4H), 2.53 (t, 4H), 2.23 (t, 4H), 1.58-1.42 (m, 44H), 1.29-1.20 (m, 24H); 13C NMR (75
MHz, DMSO-d6): 173.42, 169.97, 70.12, 69.83, 63.98, 60.95, 52.32, 33.94, 32.09, 31.65, 29.30,
29.08, 29.01, 28.85, 28.53, 26.15, 25.60, 24.91.
O

O
HOOC

Cys4:

S
NH 2

CH 2 5

O

R

O

CH 2 5

S

COOH
NH 2

R=PTMEG 2000
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1

H NMR (300 MHz, DMSO-d6): 4.09-4.04 (m, 2H), 3.97 (t, 4H), 3.33-3.24 (m, 64H), 3.00-

2.99 (d, 4H), 2.53 (t, 4H), 2.23 (t, 4H), 1.58-1.45 (m, 76H), 1.21 (m, 24H). 13C NMR (75 MHz,
DMSO-d6): 173.43, 169.99, 70.13, 69.83, 63.99, 60.95, 52.32, 33.94, 32.08, 31.65, 29.64,
29.28, 29.09, 29.01, 28.85, 28.54, 26.48, 26.15, 25.60, 24.91.

Cys6:
1

H NMR (300 MHz, DMSO-d6+HCl): 4.09-4.04 (m, 4H), 3.86 (s, 8H), 3.19 (s, 4H), 3.01-2.99

(d, 2H), 2.53 (t, 8H), 2.23 (t, 8H), 1.47 (t, 16H), 1.32-1.20 (m, 52H), 0.75 (t, 6H); 13C NMR
(75 MHz, DMSO-d6+HCl): 173.03, 169.98, 70.90, 63.94, 52.33, 41.58, 33.93, 32.10, 31.66,
29.39, 29.34, 29.15, 29.07, 28.90, 28.57, 24.91, 23.08, 7.69.

Cys8:
1

H NMR (300 MHz, DMSO-d6+HCl): 4.09-4.05 (m, 6H), 3.97 (s, 12H), 3.32 (s, 4H), 3.02-

3.00 (d, 12H), 2.53 (t, 12H), 2.24 (t, 12H), 1.52-.43 (m, 20H), 1.30-1.20 (m, 60H); 13C NMR
(75 MHz, DMSO-d6+HCl): 172.87, 169.93, 69.83, 62.54, 52.33, 42.87, 33.82, 32.09, 31.62,
29.40, 29.33, 29.17, 29.08, 28.90, 28.56, 24.83.
General procedure for cysteine reacting with alkenes with odd numbered C=C:
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Undecenoic acid chloride (2g), 4-dimethylaminopyridine, and polyols were dissolved in 20 mL
of dichloromethane in 50 mL round-bottom flask. Then pyridine was added dropwise. The
mixture was stirred at ambient temperature overnight. After the reaction was completed, the
solvent was removed and purified through column chromatography. Cysteine (1.21 g, 10.0
mmol) was added in 10 mL of ethanol in 50 mL Erlenmeyer flask. HCl was then added
dropwise until cysteine completely dissolved. The alkene mixture from previous step and
DMPA (10 wt%) was added afterwards under argon atmosphere. The mixture was exposed to
a UV-lamp (λ=365 nm) for several hours. After the reaction was completed, EtOH was
removed by rotational evaporator and the mixture was washed by acetone. The final product
was collected by suction filtration.
COOH

HOOC
H 2N

S
C
H

2 5

O

O
O

O
O

S
C
H2 5

NH 2

5

O

H 2C

S

Cys5:
1

H 2N

COOH

H NMR (300 MHz, DMSO-d6+HCl): 5.18-5.11 (m, 1H), 4.25-4.20 (m, 2H), 4.12-4.04 (m,

5H), 3.01-3.00 (d, 6H), 2.53 (t, 6H), 2.26-2.20 (m, 6H), 1.51-1.42 (m, 12H), 1.29-1.20 (m,
36H). 13C NMR (75 MHz, DMSO-d6+HCl): 173.01, 169.97, 69.12, 62.21, 52.33, 33.93, 33.77,
32.10, 31.65, 29.32, 29.14, 29.06, 28.82, 28.56, 24.82.

Cys7:
1

H NMR (300 MHz, DMSO-d6+HCl): 5.27-5.17 (m, 3H), 4.34-4.30 (d, 2H), 4.12-4.06 (m, 7H),

3.01-3.00 (d, 10H), 2.54 (d, 10H), 2.34-2.22 (m, 10H), 1.53-1.46 (m, 20H), 1.31-1.24 (m, 60H);
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13

C NMR (75 MHz, DMSO-d6+HCl): 172.34, 172.07, 170.16, 69.46, 69.39, 52.37, 33.91,

33.77, 32.10, 31.81, 29.49, 29.39, 29.24, 29.16, 28.92, 28.85, 28.67, 24.79.

H
O

O
CH 2 5

O

O
O

O

O

O
n

CH2

5

O

1v:
ß-glucan (1g, 0.002 mol) was dissolved in 20 mL formic acid in a 50 mL round bottom flask
and the mixture was stirred at 85 oC for 3h. After the reaction was completed and the solvent
was removed by rotational evaporator, the obtained compound was washed with acetone and
dissolve in DMF for next step. The system was then cooled to 0 oC by using an ice bath and
pyridine and acid chloride were added in turn dropwise. The reaction temperature was then
increased to 85 oC and the mixture was stirrred for 2 days. When the reaction was completed,
DMF solvent was removed under vaccumn and the obtained mixture was dissolved in ethyl
acetate again, followed by washing with 1N HCl solution, 5% NaHCO3 and brine. Target
compound was obtained from organic phase after removal the solvent and purified by column
chromatography (hexane:ethyl acetate=10:1).
1

H NMR (300 MHz, DMSO-d6): 5.86-5.76 (m), 5.37 (s), 5.03-4.90 (m), 4.81 (s), 4.54 (s), 4.18

(s), 4.02 (s), 2.28 (s), 1.56-1.40 (m), 1.30-1.27 (d).

1w:
ß-CD (1g) was dissolved in 20 mL DMF in a 50 mL two-neck round bottom flask and the
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system was then cooled to 0 oC by using an ice bath. Then pyridine and acid chloride were
added dropwise and stirred for 0.5h. Next, the reaction temperature was increased to 85 oC and
the mixture was stirrred for 2 days. When the reaction was completed, DMF solvent was
removed under vaccumn and the obtained mixture was dissolved in ethyl acetate again,
followed by washing with 1N HCl solution, 5% NaHCO3 and brine. Target compound was
obtained from organic phase after removal the solvent and purified by column chromatography
(hexane:ethyl acetate=10:1).
1

H NMR (300 MHz, DMSO-d6): 5.85-5.75 (m, 21H), 5.34 (s, 7H), 5.01-4.92 (m, 42H), 4.70

(s, 7H), 4.54 (s, 7H), 4.30 (s, 7H), 3.98 (s, 7H), 3.73 (s, 7H), 2.34 (s, 42H), 1.60 (s, 42H), 1.371.26 (m, 126H).
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Contribution to Knowledge
1. L-cysteine, especially its DKP form, is a desirable building block to prepare highperformance and functional materials. However, there is limited research on cysteinebased DKP. In our work, we carefully explored a feasible synthetic route to cysteinebased DKP, through thiol group protection followed by a dimerization reaction. Based
on it, a serious of cysteine-based DKP small molecules and polymers were designed
and synthesized.
2. To protect the thiol group, thiol-ene click reaction, both thiol-Michael addition and
thiol-radical reaction were first adopted. The reactions between L-cysteine and various
alkene containing compounds were conducted under mild reaction condition with high
yield. In the subsequent cyclic dimerization, the reaction was conducted in
dichlorobenzene in the presence of a catalyst P2O5 at elevated temperature with high
yield.
3. Besides, the reaction between cysteine and aldehyde containing compounds which
forming 4-thiazolidinecarboxylic acid was utilized to create stable S-precursors. In the
subsequent cyclic dimerization, the reaction was conducted in a solvent in the presence
of a coupling reagent HBTU at elevated temperature with high yield.
4. A series of linear- (PEG and PTMEG) and star-shape (three-, four-, five- and sixbranched) macromolecules, as well as polysaccharides (ß-glucan and ß-CD) with Lcysteine end-group were designed and synthesized.
5. In our work, the compounds derived from L-cysteine have different properties that
could be used in various applications, such as the chiroptical activity for sensing silver
ion in aqueous systems, the chiral recognition ability for racemic acid separation, the
self-assembling property for drug delivery system and the degradability for the
preparations of green materials.
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APPENDIX A
Spectra of compounds and polymers in Chapter 2
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O
HOOC

S

O

NH 2

Figure A.1 1H NMR (300 MHz, D2O) and 13C NMR (75 MHz, D2O) spectra of compound
1a.
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O
HOOC

S

O

NH 2

Figure A.2 1H NMR (300 MHz, D2O+HCl) and 13C NMR (75 MHz, D2O+HCl) spectra of
compound 1b.
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O
HOOC

S

O

NH 2

Figure A.3 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra
of compound 1c.
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Figure A.4 Mass spectra of compounds 1c and 1d.

m/z
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Figure A.5 1H NMR (300 MHz, DMSO-d6+HCl) and 13C NMR (75 MHz, DMSOd6+HCl) spectra of compound 1d.
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Figure A.6 1H NMR (300 MHz, D2O) and 13C NMR (75 MHz, D2O) of compound 1e.
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Figure A.7 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra
of compound 1f.
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Figure A.8 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra
of compound 1g.
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Figure A.9 1H NMR (300 MHz, DMSO-d6) spectrum of compound 1h.

Figure A.10 1H NMR (300 MHz, DMSO-d6) spectrum of compound 1i.
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Figure A.11 1H NMR (300 MHz, D2O) and 13C NMR (75 MHz, D2O) of compound 1j.
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Figure A.12 1H NMR (300 MHz, DMSO-d6+HCl) spectrum of compound 1k.
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Figure A.13 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra
of compound 1l.
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Figure A.14 1H NMR (300 MHz, DMSO-d6) spectrum of compound 1m.
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Figure A.15 1H NMR (300 MHz, DMSO-d6) spectrum of compound 1n.
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Figure A.16 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
cis-2a.
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Figure A.17 NOESY and HSQC (DMSO-d6) spectra of cis-2a.
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Figure A.18 COSY and 1D NOE difference (DMSO-d6) spectra of cis-2a.

162

20140917-1 439 (11.892) Cm (439:441-99:103)

Scan ES+
6.24e7

401.1

%

100

402.1
417.1

0

200

250

300

350

400

450

500

550

600

650

20140917-1 656 (17.720) Cm (654:657-97:101)

Scan ES+
7.66e7

401.2

%

100

m/z
700

402.1
403.1

0

100

150

200

250

300

350

400

450

500

550

600

650

Figure A.19 Mass spectra of cis-2a (top) and trans-2a.
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Figure A.20 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
trans-2a.
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Figure A.21 NOESY and HSQC (DMSO-d6) spectra of trans-2a.
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Figure A.22 COSY and 1D NOE difference (DMSO-d6) spectra of trans-2a.
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Figure A.23 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
compound 2b.
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Figure A.24 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
trans-2b.
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Figure A.25 Mass spectra of compounds 2b and 2c.
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Figure A.26 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
compound 2c.
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Figure A.27 1H NMR (300 MHz, DMSO-d6) spectra of mixture 2d and cis-2d.
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Figure A.28 13C NMR (75 MHz, DMSO-d6) and mass spectra of compound 2d.
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Figure A.29 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
cis-2e.
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Figure A.30 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
trans-2e.
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Figure A.31 1H NMR (300 MHz, CDCl3) and 13C NMR (75 MHz, CDCl3) spectra of
compound 2f.
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Figure A.32 1H NMR (300 MHz, CDCl3) and 13C NMR (75 MHz, CDCl3) spectra of
compound 2g.
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Figure A.33 1H NMR ((300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
polymer 2j.
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Figure A.34 GPC result of polymer 2j.
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Figure A.35 1H NMR ((300 MHz, DMSO-d6) spectrum of oligomer 2k.
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Figure A.36 1H NMR ((300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
polymer 2l.
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Figure A.37 GPC trace of polymer 2l.
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Figure A.38 CD spectra (a) upon addition of different metal ions: Zn2+, Pd2+, Ni2+, Mg2+,
Ca2+, Ba2+, Co2+, Li+, Mn2+, Pb2+ and Na+, into cis-2a at 1:1 molar ratio; (b) upon addition of
Cu2+ at different molar ratios.
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APPENDIX B
Spectra of compounds and polymers in Chapter 3
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Figure B.1 1H NMR (300 MHz, DMSO-d6) spectra of compound 1o.
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Figure B.2 1H NMR (300 MHz, DMSO-d6+HCl), 13C NMR (75 MHz, DMSO-d6 + HCl) and
IR spectra of compound 1p.
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Figure B.3 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6 + HCl)
spectra of compound 1q.
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Figure B.4 1H NMR (300 MHz, DMSO-d6 + HCl) and 13C NMR (75 MHz, DMSO-d6 + HCl)
spectra of compound 1r.
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Figure B.5 1H NMR (300 MHz, CDCl3) and IR spectra of compound 1s.
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Figure B.6 1H NMR (300 MHz, CDCl3) and IR spectra of compound 1t.
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Figure B.7 1H NMR (300 MHz, CDCl3) spectrum of compound 2o.
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Figure B.8 1H NMR (300 MHz, CDCl3), 13C NMR (75 MHz, CDCl3) and IR spectra of
compound 2p.
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Figure B.9 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
compound 2q.
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Figure B.10 1H NMR (300 MHz, CDCl3) and 13C NMR (75 MHz, CDCl3) spectra of
compound 2r.
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Figure B.11 1H NMR (300 MHz, CDCl3) and IR spectra of compound 2u.
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Figure B.12 1H NMR (300 MHz, DMSO-d6) and IR spectra of polymer P1.
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Figure B.13 1H NMR (300 MHz, DMSO-d6) and IR spectra of polymer P2.
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Figure B.14 1H NMR (300 MHz, DMSO-d6) and and 13C NMR (75 MHz, DMSO-d6) spectra
of polymer P3.
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Figure B.15 IR spectrum and GPC result of polymer P3.
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Figure B.16 1H NMR (300 MHz, DMSO-d6) and IR spectra of polymer P4.
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Figure B.17 1H NMR (300 MHz, CDCl3) and IR spectra of polymer P5.
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Figure B.18 1H NMR (300 MHz, CDCl3) and IR spectra of polymer P6.

199

200

Figure B.19 GPC result of polymer P4-P6.

Figure B.20 (a) UV-vis absorption spectra of polymer P2 with metal ions, (b) PL spectra of
polymer P2 with different metal ions.
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APPENDIX C
Spectra of compounds and polymers in Chapter 4
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Figure C.1 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
compound Cys1.
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Figure C.2 IR spectra of compounds Cys1 (top) and Cys-2 (bottom).
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Figure C.3 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
compound Cys2.
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Figure C.4 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
compound Cys3.
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Figure C.5 IR spectra of compound Cys3 (top) and Cys4 (bottom).
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Figure C.6 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
compound Cys4.
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Figure C.7 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
compound Cys5.
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Figure C.8 IR spectra of compounds Cys5 (top) and Cys6 (bottom).

210

Figure C.9 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
Cys6.

211

Figure C.10 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
Cys7.
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Figure C.11 IR spectra of Cys7 (top) and Cys8 (bottom).

213

Figure C.12 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 MHz, DMSO-d6) spectra of
compound Cys8.

214

Figure C.13 IR and 1H NMR (300 MHz, DMSO-d6) spectra of compound 1v.

215

Figure C.14 IR and 1H NMR (300 MHz, DMSO-d6) spectra of compound 1w.

216

Figure C.15 IR and 1H NMR (300 MHz, DMSO-d6) spectra of compound 1x.

217

Figure C.16 TEM images of Cys1 at CAC.

(a)

(b )

Figure C.17 CD spectra of polyamine 1x with (a) racemic mandelic acid, (b) mandelic acid
enantiomers.

