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Abstract 
Polyamides are an important and versatile family of plastics commonly used both as 

construction plastics and fibers. The global consumption of polyamides has grown quickly, 

from 800 000 tons per year in 1990 to 2 500 000 tons per year in 2011. Polyamides are 

highly crystalline and consequently have high melting points. This makes the synthesis of 

polyamides a highly energy consuming process. 

The objective of this thesis is to find a synthesis route for polyamides using an enzymatic 

catalyst. To be able to use enzymes the melting point of the synthesized polyamide needs to 

be lowered, otherwise the oligomers will solidify before growing to long chains. Since the 

high melting point is a consequence of the crystallinity the project has applied two routes to 

lower the crystallinity. The first route, route 1, by using long, branched monomers, and the 

second route, route 2, by using monomers with an unsaturation in the repeating unit. There 

are, to my knowledge, only a limited number of studies on polymerization of polyamides 

using enzymes. 

Experiments in this report were done at a small laboratory scale. The enzyme used was 

Candida antarctica lipase B (CALB). The monomers used in route 1, were produced by 

addition of thiols with different end groups to the internal double bond of methyl oleate. 

The reactions worked yielding functional monomers used for polyamide synthesis. When 

cysteamine, coupled to methyl oleate was polymerized the reaction was fast and the limiting 

factor was viscosity. The degree of polymerization, DP, for the polymerization was 8. 

Monomers from methyl-3-mercapto propionate and methyl oleate were co-polymerized 

with diamines of varying lengths. When 1,6-diaminohexane was used solubility problems 

arose. But the use of the longer diamine, 1,12-diaminedodecane, generated a homogenous 

system with a conversion of 80% of the monomer from methyl-3-mercapto propionate and 

methyl oleate and oligomers with a DP of 3. Methanol and chloroform were used as solvents 

to solvate the shorter diamine, but resulted in a low DP.  

Route 2 used trans β-Hydromuconic acid and its corresponding dietser. The reactions did not 

reach the high conversions of monomers needed for a high DP. The main problem was, 

again, the solubility of 1,6-diaminohexane. As a proof of concept a polyester synthesis was 

performed in route 2, since there has been more research within this area. The polyester 

contained an unsaturation in the backbone. The synthesis reached a high conversion and a 

DP of 11. 

This thesis is a study of which the important factors are in order to take synthesis of 

polyamides using enzymatic catalysts further. Complementary work has to be done, but the 

project has shown that it is possible to synthesis oligoamides with lower crystallinity using 

CALB as catalyst. 
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Sammanfattning 
Polyamider är en viktig och mångsidig familj av plaster. De används både som 

konstruktionsplast och fibrer. Den globala konsumtionen av polyamider har vuxit snabbt, 

från 800 000 ton per år, 1990 till 2 500 000 ton per år, 2011. Polyamider är högkristallina, 

därav följer att de har höga smältpunkter. Detta gör syntesen av polyamider till en mycket 

energikrävande process. 

Syftet med denna avhandling är att finna en syntesväg för polyamider där en enzymatisk 

katalysator används. För att kunna använda enzymer måste smälttemperaturen sänkas, 

annars kommer oligomerer att falla ut innan de hinner växa till sig. De höga 

smälttemperaturerna är en konsekvens av att polyamiderna är högkristallina, därför har 

projektet tillämpat två vägar för att sänka kristalliniteten. Den första vägen, väg 1, använde 

längre, grenade monomerema, och den andra vägen, väg 2, använde monomerer med en 

omättnad i den repeterande enheten. Det finns, såvitt jag vet, inte mycket forskning gjort 

kring området, polymerisation av polyamider med enzymer. 

Experimenten i denna rapport gjordes i en liten laboratorieskala. Det valda enzymet var 

Candida antarctica lipas B ( CALB ). De monomerer som används i väg 1 framställdes genom 

tiol -en addition av monomerer till dubbelbindningen i metyloleat. Reaktionerna gav 

funktionella monomerer som användes till polyamidsyntes. När cysteamin, kopplad till 

metyloleat användes var polymeriseringen snabb, men begränsandes av höga viskositeten. 

Polymeriseringsgraden som erhölls var 8. Monomeren från metyl-3-merkapto -propionat 

och metyloleat co-polymeriserades med en diamin. När 1,6-diaminohexan användes 

uppstod löslighetsproblem, men när den längre, mer opolär monomeren 1,12-

diaminedodekan, användes bildades en homogen lösning. Omsättningen av monomeren 

från metyl-3-merkapto-propionat och metyloleat var 80% och polymeriseringsgraden 3. 

Vidare användes metanol och kloroform som lösningsmedel för att lösa diaminen 1,6-

diaminohexan. 

Väg 2 nådde inte de höga omvandlingar av monomerer som behövs för en hög 

polymeriseringsgrad. Det största problemet var, igen, lösligheten av 1,6-diaminohexan. Som 

ett bevis för att syntes med CALB fungerar utfördes en polyestersyntes, eftersom mer 

forskning har gjorts inom detta område. Syntesen nådde en hög omsättning och en 

polymeriseringsgrad på 11. 

Detta projekt har varit en undersökning kring vilka som är de viktigaste faktorerna är för att 

kunna ta syntes av polyamider med enzymatiska katalysatorer vidare. Kompletterande 

arbete måste göras, men projektet har visat att det är möjligt att syntetisera oligoamider 

med lägre kristallinitet, med CALB som katalysator. 
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Introduction 
Only a century ago the chemical industry was not a frequent user of catalysts [1]. Today few 

chemical companies would be competitive without them. For many processes the use of 

catalyst has led to new alternative synthetic pathways were the number of reaction steps 

has been reduced and subsequently their environmental impact. However many of the 

catalysts used today are harmful themselves for the environment. It is therefore crucial to 

find new catalysts without negative side effects. Enzymes, with their high selectivity, are a 

good alterative both in respect to green chemistry and efficiency.  

Today global warming, increased oil prices and other environmental problems are facts we 

have to consider. Plastics contribute to the problems but play an important part in the 

everyday life. Plastics make up everything from food containers to the refrigerators where 

they are stored. The global production of plastic has grown with around 9% per year since 

1950 [2]. With a growing market of plastics, alternative synthesis routs for polymers have to 

be considered. Things to reflect on are for example how to reduce the use of solvents, lower 

the energy consumption, by for instance lowering the reaction temperature, and use new 

monomers from renewable resources. One possible area of use for enzymes is the plastic 

industry.  

Lipase-catalyzed polymerizations to synthesize various polyesters have been widely studied 

[3]. Polyesters are one of the bulk plastics. Lipase-catalyzed reactions take place under mild 

reaction conditions and hence, are desirable for energy savings. This gives them advantage 

in environmental aspects. Lipase can be compatible with other chemical catalysis and are 

metal-free, non-toxic, renewable and the reactions can be carried out in water, scCO2, or 

ionic liquids, which are considered to be green solvents. In most cases, studies on 

immobilized lipase-catalyzed polymerizations have used Candida antarctica lipase B, CALB 

because of its high regio-, chemo- and enantioselectivity, its high thermal stability and broad 

substrate specificity [4,5]. 

Another widely used polymer is polyamide. Today the industrial synthesis of most 

polyamides is performed by a high temperature melting process, that is highly energy 

consuming [5]. In comparison to lipase-catalyzed polymerizations of polyesters there is not 

much research available on enzymatic synthesis of polyamides. This could be attributed to 

the following; even short oligoamides have high melting points (close to the corresponding 

polymer, roughly 180 to 295 oC) and consequently the oligomers solidify before a high 

conversion can be reached [6]. The high melting point of polyamides is a consequence of 

their crystallinity and thus, one approach to reach high conversions of the monomers when 

synthesizing polyamides is to lower the crystallinity of the synthesized polymer. When the 

crystallinity is lowered it should be possible to use CALB under milder reaction conditions.  
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Objective 

Enzymes can be beneficial both in respect to efficiency and greener chemistry. To be able to 

use enzymes as catalyst for polyamide synthesis one way is to lower the crystallinity of the 

synthesized polyamide. This thesis will approach this problem from two different angels.  

Route 1- Using long branched monomers synthesized by modification of methyl 

oleat.  

To make polyamides monomers that origin from a renewable substituents were coupled to 

the carbon chain on methyl oleate. As a consequence the crystallinity and melting points of 

the synthesized polyamides will decrease. The monomers synthesized are based on the work 

done by Meier et al. [2]. By thiol-ene additions to methyl oleate different side groups are 

coupled to its internal double bond. CALB is used as a catalyst for the synthesis of 

polyamides. See figure 1 for the reaction scheme of Route 1. 

 

Figure 1. Overview of reaction route 1. Polyamide synthesis using long branched monomers. Methyl oleate is used as 
start material and two new monomers, M1 and M2 are created using thiol-ene addition. M1 is polymerized to P1 and M2 
is co-polymerized with M3 or M4. 
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Route 2 - Using trans β-Hydromuconic acid to synthesize unsaturated polyamides 

Monomers containing an unsaturation are used. The unsaturation will be repeated along the 

polymer backbone and should help lower the crystallinity of the synthesized polyamide. 

Trans β-Hydromuconic acid and its corresponding diester is copolymerized with monomers 

of different functionalities. CALB is used as a catalyst for the synthesis of polyamides. See 

figure 2 for the reaction scheme of Route 2. 

 

 

Figure 2. Overview of reaction route 2. Polyamide synthesis by using unsaturated monomers. The reactions are catalyzed 
by CALB as catalyst, except the esterfication of trans β-hydromuconic acid which is acid catalyzed. 
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Theory 

Polyamides  

Polyamides are an important and versatile family of thermoplastics commonly used both as 

construction plastics and fibers. Thermoplastics are polymers that become flexible above a 

specific temperature, called the glass transition temperature, Tg, and return to a solid state 

upon cooling. The Tg is unique for every polymer and the glass transition temperature is 

directly related to the mobility of the polymer [7]. The Tg depends on intermolecular forces 

between the chains of macromolecules, this is why polyamides have a high Tg, due to 

additional hydrogen bonding between the molecular chains [8]. In the presence of water the 

Tg is usually lowered, due to the breakage of hydrogen bonds, but this is not the case for 

synthetic polyamides where the water content has little effect on the Tg.   

The global consumption of polyamides has grown quickly, from 800 000 ton/year in 1990 to 

2 500 000 ton/year 2011 [9]. Northeast Asia is the region that consumes the most 

polyamide. One of the reasons for the expanded use of nylons is fillers and reinforcing 

agents which gives endless possibilities to generate wanted material properties. 

Polyamides are appreciated plastics due to their chemical resistance, ability to resist high 

temperature and their good mechanical properties. Nylons are used in many different ways 

to mention some; furniture, industrial machinery, packaging of consumer products and 

electrical devices [9]. The largest market for nylons is automotive trucks where their 

properties are useful for many under-the-hood applications. The characteristics of 

polyamides follow as a consequence of their crystallinity. With higher crystallinity certain 

properties are more abundant such as higher; stiffness, density, tensile and yield stress, 

chemical and abrasion resistance, and better dimensional stability. At the same time other 

properties decline such as; elongation, impact resistance, thermal expansion, and 

permeability [9].  

The generic name for polyamide is “nylon” and they consist of linear polymer chains 

containing amide groups as a recurring part of the main chain, see figure 3 [7]. The 

polyamides are named nylon x,y. The x refers to the number of CH2 groups in the amine 

monomer and the y for the number of CH2 in the carboxyl monomer. Polyamides are made 

from one or two monomers, see figure 3. If the monomer contains both the amine and 

carboxyl functionality only one monomer is needed, otherwise two monomers are used, one 

containing the amine and one containing the carboxylic moiety.  
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Figure 3. The repeating units that make up aliphatic polyamides. The polyamide at the top is made up from two different 
monomers, one with amine functionality and the other monomer containing a carboxylic moiety. The bottom polymer is 
synthesized from monomers that contain both the carboxylic moiety and the amine in the same monomer. 

In between the amide groups there are aliphatic or aromatic segments of varying length, 

giving rise to different properties, see figure 3. The range of possible polyamides that can be 

made by using different monomers is more or less unlimited. To make new materials, 

parameters such as molecular mass, viscosity, backbone chemistry and additives can be 

varied. Aliphatic polyamides can be made from a range of different reactive derivates of 

carboxylic acids and amines. Generally nylons are prepared in three different ways, through 

stepwise polymerization of two monomers, one diamine and one dicarboxylic acid, by self 

condensation of ω-amino acids or by ring opening polymerization of cyclic amides, lactams 

[9].  

Polyamides high melting points, Tm, follow from their high crystallinity [9]. The melting point 

varies greatly amongst polyamides from roughly 180 to 295 oC [7]. The properties arise from 

the polymer chains ability to form hydrogen bonds. Any structural changes that affect the 

hydrogen bonding ability will have a large impact on the material properties [9]. Polyamides 

are also affected by resonance on the amide group, see figure 4. This leads to further 

stiffening of the amide group.  

 

Figure 4. Factors effecting Tm. To the left hydrogen bonding between the polyamide chains. To the right resonance on 
amide group causes stiffening. 

With increased ratio of CONH to CH2 groups in the polymer chain Tm will increase as a 

consequence of increased hydrogen bonding [5, 6]. Substituents on either the carbon chain 

or amide nitrogen will lower the crystallinity and Tm. If the substituents are placed on the 

nitrogen atom or if they are bulky the effects on the properties will be more drastic [9]. 
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Polyamides absorb water. If the CONH groups are not occupied by hydrogen bonds, a higher 

amount of CONH groups will lead to higher water absorption capacity. If the material 

absorbs water, the same effects as those from increased temperature, will arise, i.e. 

enhanced segmental mobility leading to loss in stiffness and tensile strength. Polyamides 

with fewer CONH groups, and therefore lower water absorption capacity, have lower Tg and 

show a smaller change in Tg with relative humidity.  

The most common polyamides, approximately 85-90% of all polyamides are nylon 6 and 

nylon 6,6 [2]. The monomers used for synthesis of nylon 6,6 are adipic acid and 1,6-

diaminehexane, normally an excess of diamine is added to compensate for losses due to its 

relative volatility. Adipic acid is manufactured from benzene or toluene [9] and a big waste 

product is the green house gas N2O [1]. The N2O from the production is to some extent 

today used as the oxidant in a greener rout to phenol. There are examples of green routes 

for producing adipic acid, but these routes contain more reaction steps and are more time 

consuming [11]. 

Most monomers that are used to create polyamides are petroleum based, but there are 

exceptions the two commercially important monomers 1,8-octanedicarboxylic acid and 11-

aminoundecanoic acid are both derived from the castro bean [9]. Moreover, Nylon 6,9 is 

synthesized as partially renewable polyamides from azelaic acid, the ozonolysis product of 

oleic acid [2]. 

Polyamides are quiet stable and they are manly used in durable applications that are not a 

major contribution to the waste stream. It is far more energy efficient to recycle nylons than 

to burn them. But due to that nylons often contain a wide variety of additives that need to 

be removed and the fact that polyamides suffer strongly upon reheating most of the 

common methods used for recycling of polyamides involve depolymerization to isolate the 

monomers which can then be used to make near-virgin polyamides [9]. 
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Candida antarctica lipase B (CALB) 

Candida antarctica lipase B, CALB, is a triacylglycerol lipase (EC 3.1.1.3), see figure 5 for the 

tertiary structure of CALB. Triacylglycerol lipases catalyze the hydrolysis of triacylglycerols. 

The triacylglycerols are used by organisms for energy storage [12].  Triacylglycerol lipase acts 

on the ester bonds and hydrolyze triacylglycerol into free fatty acids and glycerol.  

CALB is made up by 317 amino acids and has a 

weight of 33 kDa [13]. CALB has adopted the 

/  hydrolase fold which is one of the most 

versatile and wide spread protein folds known 

[16]. The /  hydrolase fold provides a stable 

scaffold for the active site of a variety of 

enzymes, CALB being one of them. In the 

active site of CALB; serine 105, aspartate 187 

and histidine 224 make up a catalytic triad 

[14], see figure 5.  

The active site also contains an oxyanion 

hole, made up from threonine 40 and 

glutamine 106, which can stabilize the 

transition state with at least two H-bonds 

[15], see figure 7. Serine 105, which is the 

nucleophile, is situated in a sharp turn, 

see figure 5. This turn is called the 

“nucleophilic elbow” and simplifies the 

approach of the substrate towards serine 

105 [16].  

Serine 105 is the catalytic amino acid 

which forms a covalent intermediate with 

the substrate in the transition state, see 

figure 7. Because CALB forms this covalent 

intermediate via serine 105 CALB also 

belong to the super family serine 

hydrolase [17]. CALB catalyzes a broad 

range of reactions; among other 

substrates are esters, amides and 

thioesters [18].  

 

Figure 5 Tertiary structure of CALB, the β strands shown in 
grey and the α helix and loop regions are shown in red, 
[25]. 

Figure 6. The catalytic triad, Ser 105, Asp 187 and His 224 in the 
active site of CALB [25]. The α/β Hydrolase fold provides a stable 
scaffold for the catalytic triad. The nucleophile, Ser 105 is 
situated in a sharp turn called “nucleophile elbow”, this is so the 
substrate can approach the enzyme easily. 
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Figure 7. Reaction mechanism for CALB. CALB is acylated by substrate 1, S
1
, shown in green, which is the acyl donor. 

Substrate 2, S
2
, is shown in blue and is the acyl acceptor. R

1
 is exchanged with R

3
.  If R

3
 is a proton hydrolysis occurs 

instead. Gln106 and Thr40 make up an oxyanion hole that stabilizes the charge on the carbonyl oxygen during catalysis 

 The histidine activates the catalytic serine by accepting a proton 

from the hydroxyl group on serine, see figure 7 [19]. Consequently a 

positive charge will arise on the histidine which is stabilized by the 

aspartate. The activated hydroxyl group on the serine will perform a 

nucleophilic attack on the first substrate, S1. The first substrate 

contains a carbonyl group and fits into the acyl side of the enzyme, 

see figure 8. When S1 is bound a negative charge is formed on the 

carbonyl oxygen, in the transition state, TS1, this negative charge is 

stabilized by three hydrogen bonds in the oxyanion hole made up 

from the glutamine and the threonine. The more stable carbon-

oxygen double bond is formed and by a proton donation from the 

positively charged histidine to the substrate a good leaving group is 

created. The first product, P1 is released and leaves the acetylated 

CALB intermediate. The second substrate, S2, enters the active site 

and is activated by the histidine which again accepts a proton and 

forming the transition state, TS2, where a positive charge is formed 

on the histidine which is stabilized by the aspartate. The second 

substrate enters from the alcohol side, see figure 8 and preforms a 

Figure 8. The active site 
pocket of CALB. The 
substrate will position itself 
in the binding pocket with 
the acyl on one side and the 
alcohol on one side 
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nucleophilic attack on the carbonyl carbon in the acyl enzyme intermediate. The negatively 

charged carbonyl oxygen is once again stabilized by the oxyanion hole. The more stable 

carbon-oxygen double bond is once again formed and a donation of a proton from the 

histidine to the serine creates a good leaving group, supporting the release of the second 

product, P2 and the free enzyme is regenerated. This reaction scheme follows a ping-pong bi 

bi mechanism [20]. 

CALB tolerates variations in experimental conditions which makes it a fairly robust catalyst. 

In general lipases are activated when exposed to an interface between water and oil, but no 

interfacial activation has been observed for CALB [18]. CALB has limited space in the binding 

site pocket which gives rise to selectivity, see figure 8 [13]. One side of the pocket hosts the 

acyl part of the substrate while the other hosts the alcohol-moiety. The alcohol channel is 

narrower than the acyl channel. As a consequence CALB has a broader specificity towards 

the acyl donor, S1 in figure 7. Because of the narrower channel on the alcohol side a higher 

degree of selectivity towards S2 and P1, arises. The applications of CALB are not limited to the 

use free carboxylic acids as acyl donor [18]. 
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Thiol-ene chemistry 

The most common route for synthesis of polymers in the industry today is free radical 

polymerization [21]. There are many varying types of free radical polymerization. One of the 

routes that differ from most others is the so-called thiol-ene reaction. The general reaction 

mechanism for thiol-ene addition can be seen in figure 9. The reaction is a free radical 

initiated reaction based on addition of a thiol functional group to an ene (unsaturated 

moiety) [21]. During the initiation step, see figure 10, a thiyl radical is generated from a thiol 

through hydrogen abstraction by a photoinitiator. The photoinitiator is cleaved, into two 

radicals by the addition of UV-light, the photoinitiator used in this study is 2,2-Dimethoxy-2-

phenylacetophenone, DMPA. The propagation proceeds via the addition of the thiyl radical 

to the enes. The termination occurs by hydrogen abstraction from a thiol or by combination 

of radicals. The dominating termination reaction is termination by hydrogen abstraction 

from a thiol creating a new thiyl radical which proceeds to ad to another ene. There are 

other possible termination reactions, see figure 9, but the equilibrium when you have 

equimolar amounts of the starting compounds is pushed towards termination by hydrogen 

abstraction. 

The thiol-ene chemistry is also known as a “click” method, due to its high conversion and the 

low amount of side products obtained. Because of its simple chemistry the thiol-ene reaction 

has demonstrated to be an extremely versatile tool [23]. Although the use of thiol-ene 

systems has been limited due to issues of odor and difficulties in stabilizing the systems, 

which leads to short pot life of monomer mixtures [22]. 

The type of carbon bond; internal, terminal, conjugated, nonconjugated and substituted, 

that the thiyl radical reacts with will significantly affect the reaction rate [21]. When dealing 

with internal double bonds the thiol-ene reaction undergoes a fast isomerization reaction, 

see figure 9, generating the trans ene, which proceeds to react at a reduced rate with thiyl 

[24], but the reaction rate of 1,2-disubstituted alkenes in the thiol-ene reaction is 

independent on whether they are located in cis or trans form [23]. The isomerization is fast 

relative to the overall disappearance of double bonds [21].  The rate determining step is the 

hydrogen abstraction of hydrogen from the thiol monomer [23]. 1,2-disubstituted alkenes 

are very common in nature, in natural oils [23]. Fatty acids from plants often have a 1,2-

disubstituted alkene group in a cis configuration within the aliphatic chain. Due to the slower 

reaction rate, caused by the internal double bond, these natural oils have been neglected to 

a large extent. The thiol-ene reaction is efficient and robust and allows for modifications of 

unsaturated fatty acids [22]. The thiol-ene reaction is economical and easy on an industrial 

scale [23]. 

Terminal enes react very rapidly with thiol in the “click” reaction [24], although the internal 

cis enes undergo isomerization where the trans-enes are formed, the reaction can be 

obtained at a reasonable rate when performed in bulk by starting with equimolar amounts 
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of functional groups [21]. This means that more components from renewable resources are 

available for further modifications. 

 

Figure 9. Generalized mechanism for thiol-ene coupling reaction, with an internal ene [21].  
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Materials and Method 

Materials 

Trans β-hydromuconic acid (98%), 5-amino-1-pentanol (95%), 1,6-hexandiol (99%), 

trifluoroacetic anhydride (99%), chloroform-d (99.8%D), deterium oxide (99.9%D), dimethyl 

sulfoxide-d6 (99.9%D), 9-nitroanthracene (97%), 1,12-diaminododecan (98%), 2,5-

dihydroxybenzoic acid (DHB, 99.5%), tetrahydrofuran  (THF, 99%), sodium trifluoroacetate 

(STA , 99% ), ammonium hydroxide solution (28% NH3 in H2O, ≥99.99% trace metals basis), 

methyl oleate (99%), methyl-3-mercapto propionate (98%), 6-amino-1-hexanethiol 

hydrochloride, cysteamine hydrochloride (≤97%), dimethyl adipate (99%), chloroform 

(≥99%), toluene (99.8%) were purchased from Sigma Aldrich. 1,6 diaminohexane (99%), 

diethyl ether (99.8%) were purchased from Fluka. Candida antarctica lipase B was a gift from 

Spring technology. Methanol (MeOH, 99.9%), ethyl acetate (99%) were purchased from DHB 

prolabo. Na2CO3 (99.9%) was purchased from MERCK. 

All solvents (technical grade) were used without purification 

General methods and instrumentation 

Thin layer chromatography (TLC) was performed on silica gel TLC-cards visualization by 

ultraviolet light (254 nm) and all solvents used as mobile phase were technical grade. Silica 

gel columns were used, where 10 gram silica was used per gram loaded sample. 

Analytical GC characterization was carried out with a Bruker 430 GC instrument equipped 

with a capillary column Factor-FourTM VF-5 ms (30 m × 0.53 mm × 0.25 μm), using flame 

ionization detection. The oven temperature program was: initial temperature 50 °C, ramp 5 

°C min−1 to 120 °C, ramp 15 °C min−1 to 225 °C, hold for 15 min. The injector transfer line 

temperature was set to 225 °C. Measurements were performed in split–split mode using 

helium as the carrier gas (flow rate 26 mL min−1). 

1H-NMR spectra were recorded on a BRUKER AM 500 that operate at frequencies of 500 

Mhz. Samples from the reactions were filtered through Pasteur pipettes, with cotton in the 

tips to remove enzyme carriers, into NMR tubes (5x178 mm) from Larodan Fine Chemicals. 

The samples were diluted with deuterated solvent to a total volume of around 1 ml which 

equals approximately 5 cm of the tubes height. The 1H-NMR spectra were based on 16-40 

scans and reported in ppm relative to the solvent residual peak, see table 1. 

Table 1 Solvent residual peak for 
1
H-NMR spectra [26]. 

Name Chemical formula  Solvent residual peak (ppm) 

chloroform CDCl3 7.26 
deuteriumoxide D2O 4.79 
dimethyl sulfoxide (DMSO) (CD3)2SO 2.5 
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When necessary, NMR analyses of the polymers were conducted after trifluoroacetic 

anhydride treatment, TFA. The necessary amounts of the polymer and deuterated solvent 

were placed in an NMR tube and TFA was added drop wise with continuous shaking until a 

homogeneous solution was obtained. 

To perform MALDI-ToF-MS a MALDI-matrix was created. DHB, for polyesters, or 9-

Nitroanthracen, for polyamides, diluted (110 mM) in THF, were mixed with STA (21 mM) in 

THF.  The final concentration of the matrix was 100 mM for DHB or 9-Nitroanthracene and 1 

mM for STA. A typical polymer sample was diluted 0-50 times. 5 µl of the sample was 

subsequently mixed with 20 µl of the matrix and 1 µl was spotted on the MALDI target plate. 

The target plate was then left in room temperature for the spot to crystallize before being 

inserted into the machine. The MALDI-TOF analyses were performed with a laser intensity of 

70% and continuous pulses  

Monomer synthesis 

Route 1 - Thiol-ene addition to methyl oleate 

Synthesis of M1 by thiol-ene addition of cysteamine to methyl oleate 

Methyl oleate (2.5 g, 8.43 mmol) and cysteamine hydrochloride (319 mg, 2.81 mmol), DMPA 

(2 wt% , 56.6 mg, 0.22 mmol), in a molar ratio of (3:1:0.08), and 2 mL of EtOH were placed in 

a glass container. The mixture was set with a mechanical stirrer and a hand-type UV lamp. 

The mixture was heated until transparent and after that periodically, to keep the reaction 

mixture transparent. The reaction time was 2x4 h. The crude product was viscous and 

yellowish. The mixture was neutralized with saturated sodium carbonate and extracted with 

diethyl ether, the procedure was repeated twice. The neutralized product was dried in 

vacuum and purified via a silica gel. To remove all unreacted residue (unsaturated methyl 

oleate) a mixture of hexane-ethyl acetate, in a molar ratio of 1:1, was used. To collect the 

final product a mixture of MeOH-ethyl acetate, in a molar ratio of 1:10, was used. The 

collected product, M1, see figure 1, was dried in vacuum.  

Synthesis of  M2 by thiol-ene addition of methyl-3-mercapto propionate to methyl 

oleate 

Two reaction mixtures with the same stoichiometry were prepared. The first one with 

methyl oleate (5.013 g, 16.91 mmol), methyl-3-mercapto propionate (2.25 g, 18.75 mmol), 

DMPA (2 wt% , 145 mg, 0.57 mmol), in a molar ratio of (1:1.1:0.03),  and 4.4 mL of EtOH. The 

second mixture contained methyl oleate (5.07 g, 17.1 mmol) and methyl-3-mercapto 

propionate ( 2.25 g, 18.75 mmol), (2 wt% , 146 mg, 0.57 mmol), in a molar ratio of 

(1:1.1:0.03), 4.5 mL absolute EtOH was added to each mixture. Heat was applied until the 

reaction mixtures became transparent. The reaction mixtures were set with a hand-type UV 

lamp and the reaction times were 6 h for the first mixture and 15 h for the second. The 

product, M2, see figure 1, was dried in vacuum and stored in the freezer without further 

purification.  
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Route 2 - Acid-catalyzed ester formation of trans β-hydromuconic acid  

For the acid catalysed formation of M5, see figure 2, trans β-hydromuconic acid, HMA, a 

large excess of methanol and HCl (100 mM) were placed in a round bottom flask and set 

with a mechanical stirrer at 50 oC for 1 day. The conversion was determined by GC. The 

mixture was dried in vacuum and the crude mixture was purified using silica gel column with 

toluene as an eluent. The product was further purified in a separatory funnel with toluene 

and sodium carbonate (100 mM). The organic phase was saved and the procedure was 

repeated twice. The product was filtered through cotton to remove silica gel and dried in 

vacuum. The sample was analyzed by GC and 1H-NMR.  

Polymer synthesis 

Route 1 - Synthesis of branched polyamides 

Procedures for polymerization of M1 

The monomer M1, see figure 1, and approximately 10 wt% CALB were placed in a round 

bottom flask and set with a mechanical stirrer at 60 oC for 24 h. After 2 months the reaction 

was preformed again, a background reaction for, with the same conditions but without 

CALB, was also preformed. 

Procedures for polymerization of M2 

M2, see figure 1, either, M3 or, M4, were set in a round bottom flask in a molar ratio of 

(19:20) and set with a mechanical stirrer. For amounts used and additional reaction 

conditions, see entries in table 2-4. All reactions used the monomer mixture with a reaction 

time of 15 h. The sample contained 5% methyl oleate and 95% of M2. The stoichiometry was 

adjusted so that the polymer would be end functionalized with methyl oleate. 

Table 2 Reaction conditions for M2 copolymerized with M4, the reaction time was 48 h and the reaction was performed 
in bulk. 

Temperature [oC] Pressure [mbar] mM2 [mg] nM2 [mmol]  mM3 [mg] nM3[mmol] CALB [mg] 

60 300 82.8 0.19 172.3 0.2 30 

       
Table 3 Reaction conditions for M2 copolymerized with M3, the reaction times were 24 h and the reactions were 
performed in bulk. 

Temperature 
[oC] 

Pressure 
[mbar] 

Bubbler mM2  
[mg] 

nM2  
[mmol] 

 mM3  

[mg] 
nM3 

[mmol] 
CALB  
[mg] 

70 70 - 226 1.95     8.03 1.92 50 
70 - Yes  54.5 0.47 201 0.48 25 
60 300 -  21.8 0.19   81 0.2 10 
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Table 4 Reaction conditions for M2 copolymerized with M3, at 60 
o
C, the reaction time was 96 h and a solvent was 

added.  

Solvent mM2 [mg] nM2 [mmol]  mM3 [mg] nM3[mmol] CALB [mg] 

CHCl3  65.8 0.57 239.7 0.58 30 
MeOH  65.4 0.56 240.5 0.58 30 

 

Route 2 - Synthesis of unsaturated polymers 

Procedures for polymerization of M5 

M5, M3 or M6, in a molar ratio of (1:2), see entries of amounts in table 5, were placed in a 

round bottom flask and 1 mL of toluene and 25 mg enzymes was added. The round bottom 

flask was set with a mechanical stirrer at 60 oC, for 72 h. M5 was also copolymerized with 5-

aminopentan-1-ol, in the same way as M3 and M6. 

Table 5. M5 is copolymerized with 1,6 diamonohexane, M3 or hexane 1,6-diol, M6.  

Monomers mco-monomer (mg) nco-monomer (mmol) mM5 (mg) nM5 (mmol) 

M5 + M3 84.5 0.73 66.5 0.38 
M5 + M6 78.8 0.67 57.64 0.33 

Polymerization procedure for trans β-Hydromuconic acid and 1,6 diaminohexane 

1 eq of trans β-Hydromuconic acid (127.4 mg,  0.9 mmol), 1 eq of M3 (102.56 mg, 0.88 

mmol), 1 mL of toluene, molecular sieves (81.5 mg) and CalB (13 wt%, 31 mg) were placed in 

a round bottom flask and set with a mechanical stirrer at 75 oC. After 24 h a white powder 

was formed.  
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Results 

Monomer synthesis 

Route 1 - Thiol-ene addition to methyl oleate 

The monomers synthesized by thiol-ene addition generated branched monomers, M1 and 

M2, see figure 1. The 1H-NMR spectra of the products M1 and M2, clearly showed the 

formation of the expected products. The triplet at 5.54 ppm corresponding to the double 

bond protons disappeared, see figure A8 in appendix for 1H-NMR spectrum of methyl oleate, 

and new peaks at 2.78 and 2.62 ppm corresponding to the protons at the α- and β-positions 

to the thioether were formed, see figure 10 for spectrum of M2 and figure A13 for M1. 

 

Figure 10. 1H-NMR spectrum for synthesizing M2, NMR in CDCl3 

At the beginning of this studies both cysteamine hydrochloride and 6-amino-1-hexanethiol 

hydrochloride was used. However 6-amino-1-hexanethiol hydrochloride is expensive and 

during the purification of the monomer the product got stuck to the scilica column for 24 h. 

The crude handling may have affected the product. The conversion of the reaction was 

calculated from the 1H-NMR- spectrum in figure A9, using the double bond as reference, 

showing a 76% conversion after 4 h reaction time. The 1H-NMR- spectrum shows a successful 

coupling, but due to the price of 6-amino-1-hexanethiol hydrochloride the reaction was not 

repeated.  

The synthesis of M2 that had a reaction time of 6 h had a conversion of 90%. When the 

reaction time was increased to 15 h the conversion was 95%. The conversion extent has 

been determined from the amount of double bond, chemical shift 5.54 ppm , shown in 1H-
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NMR spectrum, see figure 10 and figure A18. The results from the thiol-ene addition 

reactions are summarized in table 6.  

Table 6 Summary of monomers produced from thiol-ene addition to mehyl oleate 

Monomer time [h] Scale [g]a Conversion [%]b 

M1c 8 1  -f 

M2d 6 5 90 

M2e 15 5 95 

Note: 
a 

before work up, 
b
figure A9 double bond as reference, 

c
figure A13, 

d
figure A18, 

e 
figure 10

 f
not analyzed 

The conversion of the coupling reaction where M2 was synthesized was calculated using the 

integral of the remaining double bond, at 5.54 ppm. The end of the aliphatic chain was used 

as reference, r, see figure 10. The peak corresponding to b at 3.67 ppm in figure 10 is higher 

than the peak corresponding to f because of the 5% unreacted methyl oleate, since the 

methyl ester from the methyl oleate will overlap with this peak. The conversion was not 

calculated for the synthesis of M1, this was because no 1H-NMR was done on the crude 

mixture, before purification. The conversion can also be determined by looking at the peak 

at 2 ppm, corresponding to the protons on the carbons next to the double bonds. Using this 

peak the amount of unreacted methyl oleate residues in the samples is 14% for the sample 

with 6 h reaction time, see figure A18 and 10% for the sample with a reaction time of 15 h, 

see figure 10.  
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Route 2 - Acid-catalyzed ester formation of trans β-hydromuconic acid  

After work up the obtained monomer, M5, see figure 2, was pure, see 1H-NMR spectrum in 

Figure 11. The esterfication of the commercially available trans β-hydromuconic acid to the 

corresponding diester, M5, had a conversion of around 80% (calculated from GC results). At 

first the monomer was only purified on silica column, but this did not remove all acid. 

Therefore the extraction step with the system sodium carbonate:toluene, is crucial.  

 

 

Figure 11. H
1
- NMR spectrum for acid-catalyzed ester formation of trans β-Hydromuconic acid, in red. The diester, M5 is 

shown in black. 
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Polymer synthesis 

Route 1 - Synthesis of branched polyamides 

Polymerization of M1 

The polymerization of M1 with CALB in bulk yielded oligomers with a DP between 6 to 8. The 

formation of polyamides is evidenced by the 1H-NMR spectrum in figure 12, showing a 

decrease in the the peak at 3.67 ppm, corresponding to the methyl ester. Furthermore a 

shift in the protons corresponding to the protons at the β-positions to the thioether at 2.76 

ppm to 3.81 ppm and the protons corresponding to the α carbon of carbon shift from 2.26 

ppm to 2.22 ppm, are shown. That the synthesized polymer has a DP between 6 and 8, is 

further strengthened by the MALDI-ToF-MS spectrum in Figure A36, where peaks with 

molecular weights corresponding to DP 7 can be seen. The results are summarized in table 7. 

 

Figure 12. 
1
H-NMR spectrum for polymerization of M1, NMR in CDCl3 

Table 7 Summary of results for polymerization of M1 

Catalyst DP Conversion of methyl ester [%] 

CALB 8a 88a 

-                        - b 0b 

Note: 
a
Calculated from figure 12

 b
Calculated from figure A16, figure A15, was used as reference, no polymerization was 

observer. 

The conversion of M1 was calculated by the decrease of the methyl ester corresponding to 

peak b in figure 12, an 88% decrease of the peak area can be seen, peak r is used as a 
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reference. The DP for the polymer was calculated to 8 using b, the same results were 

achieved using d and d’, but when c and c’ are used the DP is calculated to 6. For calculation 

of conversion and DP see appendix. 

After two months an 1H-NMR was made of M1, figure A15. The 1H-NMR shows that 60% of 

the original methyl ester groups were consumed without the addition of CALB. Using this 

sample a new polymerization reaction was preformed, and parallel; a background reaction 

without CALB. The 1H-NMR in figure A15 was used as a reference for the new polymerization 

reactions. No further conversion of the methyl ester was observed for the background 

reaction were no CALB was added, while for the polymerization with CALB, an additional 

69% of the methyl ester, on M1, was converted, figure A15 was used as a reference. 

The monomer produced by coupling 6-amino-1-hexanethiol hydrochloride to methyl oleate 

was first stuck to the scilica column during purification and then left in room temperature for 

three months, figure A10-A11. When CALB was added to the monomer after 2 months there 

was a 38% decrease of the methyl esters. But no other changes in the products chemical 

shifts can be observed, figure A12.  

2.3. Polymerization of M2 

When M2 was co-polymerized with 1,12-diaminedodecane the hydrophobic monomer M4, 

as the diamine P3 was synthesized, this is confirmed by the 1H-NMR in figure 13. The c, d and 

g peaks were shifted to c’, d’ and g’ in the polymer.  

 

Figure 13. 
1
H-NMR spectrum for co-polymerization of M2 and M4, NMR in CDCl3 

The conversion of M2 is calculated by using the decrease in the area of the two peaks 

corresponding to the two methyl esters, peak b, at 3.86 ppm, and f, at 3.71 ppm, and are 

calculated to 85% and 78%. The DP for the polymer is calculated to 3 using d and d’, when c 

and c’ are used the DP is calculated to 4 and by g and g’ the DP is calculated to 2. Since the 
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MALDI-ToF-MS spectrum showed peaks for molecular weights corresponding to oligomers 

with the diamine bound to both sides the DP is more likely 2 with both ends having amine 

functionality, see figure A37. Although the reaction reached high conversions for both 

methyl esters the MALDI-ToF-MS spectrum, see figure A37, showed DP 3 as the longest 

chain, in the sample. The results for copolymerization of M2 with M3 or M4, see figure 1, are 

summarized in table 8 to 10. 

Table 8 Summary of the results for polymerization reactions of M2 copolymerized with M4, for 48 h, in bulk. 

  Conversion of methyl ester on  (M1)a[%] at: 
Temperature [oC] Pressure [mbar] 3.71 ppm 3.71 ppm 

60 300 85a 78a 

Note: 
a
Figure A24, figure A19 was used as reference 

Table 9 Summary of the results for polymerization reactions of M2 copolymerized with M3, for 24 h, in bulk 

    Conversion of methyl ester on  (M1)a[%] at: 
Temperature 
[oC] 

Pressure 
[mbar] 

Bubbler CALB 3.71 ppm 3.67 ppm 

70 70 - Yes 28a  16a 

70 70 - No 17b 0b 

70 - Yes Yes 40c 6c 

60 300 - Yes 28d 2d 

Note: 
a
figure A20, 

b
figure A21, 

c 
figure A22, 

d
figure A23. Figure A19 was used as reference. 

Table 10 Summary of the results for polymerization reactions of M2 copolymerized with M3, for 96 h, in solution at 60 
o
C 

 Conversion of methyl ester on  (M1)a[%] at: 

Solvent 3.71 ppm 3.67 ppm  

CHCl3  52a 11a 

MeOH  87b 42b 

Note: 
a
Figure A28, 

b
Figure A32. Figure A19 was used as reference 

When M2 was co-polymerized with M3 in bulk the conversions of both methyl esters were 

low, see table 9 first column. After 24 h the vacuum pipe was filed with a white salt, 

suspected to be 1,6-diaminohexane. The same thing happened to the reaction started 

without CALB. Due to the salt formation during the short reaction time no MALDI-ToF-MS 

analysis was made. Due to the results when M2 was polymerized with M3 in bulk additional 

reactions, with different conditions were set up to see if a homogenous system could be 

obtained, see table 9. A homogenous solution was not obtained and the conversions were 

still low. 

The results showed above were carried out in bulk. To create a homogenous solution of M2 

and M3, the reaction was performed in two different solvents, chloroform and methanol. 

The reactions were followed for 96 h and the conversion as a function of time can be seen in 

figure 14 and 15. 

The conversions of both methyl esters were faster in MeOH than in CHCl3. The 1H-NMR 

spectra for the reactions preformed without CALB, see figure A25 and A26 for the 
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background reaction of the reaction preformed in methanol and figure A29 and A30 for the 

background reaction of the reaction preformed in chloroform. The MALDI-ToF-MS spectra of 

the two reactions show peaks corresponding to molecular weights of DP of 2. There are also 

unassigned peaks indicating that the mixture containing the oligomer P2 is not pure, see 

figure A38 and A39.  

 

Figure 14. Conversion of the two methyl esters on M2 when the co-polymerization of M2 and M3 was performed in 
chloroform (CHCl3) 

 
Figure 15 Conversion of the two methyl esters on M2 when the co-polymerization of M2 and M3 was performed in 
methanol (MeOH) 

Route 2 - Synthesis of unsaturated polymers 

M5 was co-polymerized with M3 and M6, see figure 2. When M5 was co-polymerized with 

M3 the results were difficult to interpret. The wanted polymer was formed, see figure 16, 

but the reaction is not straight forward. The MALDI-ToF-MS results show a DP of 7, see 

figure A33. When M5 and M6 are co-polymerized a polyester was synthesized, the 1H-NMR, 
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see figure A6, is evidence of the results. The MALDI-ToF-MS spectrum in figure A34 shows a 

DP of up to 17. Table 11 shows a summary of synthesis of P4 and P6, see figure 2.  

Table 11 Summary of results for synthesizing P4 and P5 from M5 with M3 or M6. 

Co-monomer CALB DP Conversion of methyl ester on  (M5) 
[%] 

M3a Yes  2  27 
M3b                        No -   0 
M6c Yes 11 >90 
Note: 1  

a
figure A4, 

b
figureA5, 

c
figure A6 

 In figure 16 the 1H-NMR spectrum for the co-polymerization of M5 and M3 is shown. One of 

the aliphatic carbons in M5 is used as reference, r and the conversion is calculated by looking 

at decrease of the methyl ester peak on M5, f in figure 16, at 3.51 ppm, the integral of the 

peak should be three which means that there has been a 27% decrease after CALB is added. 

The DP of the reaction is around 2. When b and c are in the polymer they shift to b’ and c’. 

The MALDI-ToF-MS performed, see figure A33, showed peaks corresponding to up to DP 7, 

however there are many unassigned peaks, both in the 1H-NMR spectrum and the MALDI-

ToF-MS spectrum indicating that the reaction mixture is not pure. The 1H-NMR spectrum in 

figure 16 also indicates that something has happened to the internal double bond in M5, 

only 17% remains. 

 

 

Figure 16. 
1
H-NMR spectrum of M5 co-polymerized with M3, NMR in DMSO. 

When M5 is copolymerized with M6, using CALB as a catalyst the polymer synthesized is a 

polyester. Although this is outside of the objective of this master thesis it is interesting to see 

that the conversion obtained is high and that traces of peaks corresponding to up to DP 20 
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can be seen, see MALDI-ToF-MS spectrum in figure A34. By judging of MALDI-ToF-MS 

spectrum the synthesized polymers are end functionalized with M6.  

An attempt of polymerizing M3 and trans β-hydromuconic acid was performed, but the 

reaction formed a salt which can be seen in figure A3. M5 was also copolymerized with 5-

aminopentan-1-ol, see figure A7. The spectrum is difficult to interpret and the conversion of 

the methyl esters is therefore not available. In the MALDI-ToF-MS spectrum, see figure A35, 

masses found correspond both to a 1:1 ratio of the two monomers and the polymer with 5-

aminopentan-1-ol on both side and the maximum DP shown is 5. However these results are 

complex and there are still many unassigned peaks, both in the 1H-NMR and the MALDI-ToF-

MS. Therefor it is hard to say what has actually happened.  
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Discussion  

Synthesis of monomers 

Route 1 - Thiol-ene addition 

The synthesis of the monomers M1 and M2, via thiol-ene addition to methyl oleate to form 

M1 and M2, see figure 1, worked. The 1H-NMR spectra clearly showed formation of the 

expected products. When 6-amino-1-hexanethiol was coupled to methyl oleate the 

conversions was 76%.  It was not possible to determine the conversion into M1, due to the 

lack of a 1H-NMR spectrum of the crude mixture. However the two aminothiols have a 

similar structure and therefor the conversion of cysteamine hydrochloride to M1 can be 

expected to be in the same range as the coupling of 6-amino-1-hexanethiol hydrochloride to 

methyl oleate. The thiol-ene coupling to form M2 was the most effective out of the coupling 

reactions. Methyl-3-mercapto propionate was not in salt form and the reaction mixture 

became transparent upon heating and stayed that way during the whole reaction. The other 

two were heated periodically during the reactions. 

One explanation to why the synthesis of M2 worked with the highest conversion, 95%, might 
have been due to the solubility of methyl-3-mercapto propionate, leading to a homogenous 
mixture for the coupling reaction. A consequence of the low solubility of 6-amino-1-
hexanethiol and cysteamine, which were both purchased in salt form, as hydrochlorides, is 
that the coupling reaction occurs only at the surface of the reaction mixture since the light is 
unable to penetrate deeper. Cysteamine is available both with and without hydrochloride. 
However the hydrochloride salt form is cheaper, exhibits lower melting point (170 °C), has 
better solubility, and most interestingly has shown to give higher conversions compared to 
the pure form [2]. Salts are often selected based on ease of synthesis, ease of crystallization, 
cost of raw material, etc and the hydrochloride salt is the predominant salt form among the 
basic chemicals [29]. Salt formation is one of the most common and effective methods of 
increasing solubility and dissolution rates for both acidic and basic drugs. The low solubility 
of the salt could be that since the ethanol used was 99% pure, the sample did not contain 
enough water. Even though the polar OH group will attract some of the NH3

+, not all salt 
molecules will be pulled apart i.e. the salt was only partly soluble. To improve the solubility 
of cysteamine hydrochloride more ethanol could be added. Cysteamine hydrochloride has a 
solubility of ~0.25 g mL−1 at room temperature in ethanol [2]. 
 
Previous work, Meier et al., used 0.1 equivalent of the photoinitiator, DMPA, a reaction time 

of 2 days and an excess of the thiol compound. This lead to formation of disulfides, but full 

conversion of the methyl oleate was reached [2]. When equimolar amounts of methyl oleate 

and cysteamine was used by Meier et al. even after five days the conversion was around 

50%. In this study we were able to reach a 76% conversion for the reaction were 6-amino-1-

hexanethiol was coupled to methyl oleate in 4 h using 1 equivalent of the thiol and 3 

equivalents of methyl oleate. This reaction should be equivalent to the reaction using 

cysteamine hydrochloride since the aminothiols, as mentioned above, have the same 

functionalities.  
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When using equimolar amounts of methyl oleate and methyl-3-mercapto propionate to 

synthesis M2, see figure 1, a conversion of 95% was reached after 15 h. A reaction 

stoichiometry of 1:1 between the functional groups which is favorable for the thiol-ene 

chemistry [21], which might be one of the factors behind the effectiveness of the synthesis 

of M2. In the other two reactions an excess of methyl oleate, 3 eq, was used. The idea was 

to push the equilibrium towards the formation of the coupled product instead of disulfide 

coupling. When the 1H-NMR spectra were analysed it was hard to tell if there had been any 

side resections where disulfide were formed. The chemical shifts of the disulfide should 

overlap with the shift from the coupled products for all of the thiol-ene addition reactions. 

But there are many unassigned peaks in all of the MALDI-ToF-MS spectra in appendix. When 

the MALDI-ToF-MS spectrum of P2 and P3 was analyzed peaks corresponding to polymers 

containing disulfides were observed. Since M2 was not further purified before 

polymerization it is possible that there were disulfides present during polymerization to form 

P2 and P3, see figure 1. 

One of the benefits with the thiol-ene addition chemistry is that you do not have to purify 

the products further since full conversion in reached. In this study full conversion was not 

reached. Nevertheless, as is well known for thiol–ene addition reactions, the structure of the 

alkene has an extraordinary effect on the overall reaction yield, additions to terminal 

unsaturations being the easiest ones [2]. We managed to get 95% conversion using 0.03 

equivalents of DMPA and a reaction time of 15 h. The remaining 5% might be converted if 

the amount of DMPA and the reaction time is increased. 

Route 2 - Acid-catalysed esterformation for trans β-Hydromuconic acid 

The commercially available trans β-Hydromuconic acid was esterfied to give the 

corresponding carboxylic acid ester, M5 in figure 2. The esterformation was preformed 

because CALB has shown to work more effectively on esters. CALB showed an 11-fold lower 

Vmax value between octanoic acid and (rac)-1-phenyl-1-propanol compared to corresponding 

reaction with ethyl octanoate [31]. The suggested explanations for the decrease in Vmax was 

that the acid may bind a bit different to the enzyme than the the corresponding ester or that 

the acid holds a lower pKa value. CALB can be irreversible inactivated by acids exhibiting pKa 

values bellow 4.8 [30], hence M5 is used 

Previous research  used p-Toluenesulfonic acid, PSTA, as acid for the esterfication of trans β-

Hydromuconic acid [28]. After a reaction time of 18 h at room temperature they obtained a 

yield of 95%, compare to 80%, after a longer reaction time in this study. This indicates that 

the use of a stronger acid could give the wanted diester with a higher yield with a shorter 

reaction time, without adding additional heat. 
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Synthesis of polymers 

Route 1 - Synthesis of branched polyamides 

The polymerization of M1 to P1, see figure 1, took less than 24 h. After less than 24 h the 

reaction mixture had turned so viscous that the mechanical stirrer stopped. After CALB was 

added the DP of P1 was 8. The high viscosity decreased the activity of CALB, since it is harder 

for the monomers to access the active site. To further investigate the capacity of this 

reaction the first thing to try would be to increase the temperature. CALB has been used at 

150 oC without losing its activity completely [6]. To lower the viscosity a solvent could also 

be used.  

M1 reacted spontaneously when left in room temperature for two months. The amide bond 

is more stable than the ester bond, due to the low rotation barrier around the bond, and 

therefore the reaction will be thermodynamically pushed towards the amide formation. To 

avoid this M1 should be keept in the freezer until use.   

The side chain of the thiol group on M1, is short, see Figure 17. The enzyme was expected to 

work better on the monomer where 6-amino-1-hexanethiol had been coupled to methyl 

oleate, since the aliphatic part before the amine group is longer. Although this monomer is 

thought to be a better substrate for the enzyme 6-amino-1-hexanethiol hydrochloride is 

expensive and thus no further effort was put in to the synthesis. The amine end is the part of 

the monomer which fits into the alcohol side of the enzyme, see figure 8. With a longer 

aliphatic chain between the sulfur and the nitrogen, see figure 17, the steric hindrance 

decreases. In theory the monomer with the longer aminothiol as a side chain should have 

worked better than M1, but no polymerization was observed when 1H-NMR was performed. 

 

Figure 17 The structure of the M1, the amine side, in the red ring is the part that fits in the alcohol side of CALB in the 
blue ring the ester that fits in to the acyl side. 

The polymerization reactions with 1,6 diaminohexane, M3, were not successful due to the 

low solubility of M3 in M2. To overcome these problems a longer diamine, 1,12-

diaminedodecane, M4, was used. M4 is more hydrophobic than M3 and high conversions for 

both the methyl esters were obtained. According to the MALDI-ToF-MS the DP was 3. The 

reason for the low DP can be the short reaction time, 24h. Since the sample contains 5% 

methyl oleate, this was thought as a possible source of termination for the polymerization, 

but when the MALDI-ToF-MS spectrum was analyzed no peaks corresponding to molecular 

weights where methyl oleate is incorporated were detected. To see how high DP that can be 

obtained complementary work should be done with longer reaction times.  
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Chloroform and methanol were used as solvents for the co-polymerization of M2 and M3, 

see figure 1. The reactions without CALB show a conversion of the methyl ester closest to 

the thiol at the beginning of the reactions in both solvents. The conversions of the methyl 

esters were much faster in methanol than in chloroform, but they reached the same low DP. 

In the MALDI-ToF-MS spectrum there many unassigned peaks, indicating that other 

unknown reactions are taking place. 

CALB is the most common enzyme for biodiesel production [32], due to its stability in 

alcohols [33]. But it is hard to use methanol as a solvent since the equilibrium of the reaction 

will make the reaction go back and forth, if a diamine is coupled the reaction can go back to 

the ester because the methanol is so accessible. Another down side of using methanol is that 

if more than 1:1.5 molar equivalents of methanol is added the reaction rates drop [32]. 

Hydrophilic organic solvents have similar polarity to water and can form a homogeneous 

cosolvent system with it [33]. If methanol should be used as a solvent stepwise addition of 

methanol can be utilized to avoid methanol inhibition of CALB [32]. But if methanol is not 

driven away the polymer will not be able to grow long, due to the equilibrium, the reaction 

will just move back and forth between the coupled polymer and the methyl ester. 

Route 2 - Synthesis of unsaturated polymers  

The synthesis of P4, see figure 2, worked and although  there are peaks corresponding to the 

molecular weights of DP 7 in the MALDI-ToF-MS spectrum, figure A33, the reaction is 

ambiguous. In comparison to the relatively low conversion of the methyl esters on M5 a DP 

of 7 for P4 is high, and although there are traces of peaks corresponding to the molecular 

weight of oligomers with DP 7 of, it is unlikely that this is the mean length of P4. The 1H-NMR 

spectrum, figure A4 was not easily interpreted. The chosen reference, r, is one of the 

hydrocarbons in the aliphatic part. When choosing this reference only around 20% of the 

internal double bond is left; chemical shift 5.54 ppm, according to the 1H-NMR spectrum. If 

the double bond had been situated differently, closer to the carbonyl group it would be 

more prone to react by eg. Michael addition. But the double bond in the trans β-

hydromuconic acid is situated in a position that should not be easy accessible. There are also 

many unassigned peaks in the MALDI-ToF-MS spectrum. Consequently it is hard to tell what 

is actually happening during the reaction. The internal double bond might not be enough to 

lower the crystallinity, so that the oligomers do not solidify before they reach a high DP. But 

from the experiments done in this project it is difficult to tell. Additional experiments have to 

be made where M3 and M5 are present in a homogenous solution. 

The polymerization of unsaturated polyester worked well which is in line with previous 

research. The polymerization of unsaturated polyamides was not as straight forward. The 

reaction where trans β-hydromuconic acid was mixed with M3 and CALB probably formed a 

salt. The commercial way of making polyamides is by letting adipic acid and 1,6 

diaminohexane form a salt, which then react to form polyamides. As can be seen in figure A3 

the peak corresponding to the amide bond is missing and the peak corresponding to c, 
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should shift up from around 2.69 to 3 ppm.  Moreover the product formed was not soluble 

in anything but water, why D2O was used as a solvent to analyze the sample via 1H-NMR. 

This is a further indication that the product is a salt.  

Regarding analyses  
1H-NMR provides the ability to see signals from individual atoms within a molecule and the 

method is good for analysing complex structures. 1H-NMR is a method where the area of the 

integrated signal, correspond to the number of protons present. In this thesis where the 

chemical shifts change when the polymers are formed, the areas of the new and old peak 

are essential in order to draw conclusions about the conversion and degree of 

polymerization. There is often some uncertainty when integrating and consequently the DP 

varies depending on which peaks that are analyzed. So while 1H-NMR is a power full tool it is 

necessary to perform additional analysis to confirm the results.  

Matrix-assisted laser desorption/ionization, MALDI has a wide mass range capability and is 

well suited for the analysis of synthetic polymers [27]. The results from the MALDI cannot be 

seen as the average DP present in the sample, for example longer chains are often broken 

into shorter chains 
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Conclusion  
This study demonstrates the possibilities for enzymatic synthesis of polyamides by 

decreasing the crystallinity of the synthesised polymer. To decrease the crystallinity two 

different approaches were used. 

By using longer branched monomers created from coupling of mercaptans to methyl oleate 

by thiol-ene addition, the crystallinity of the synthesized oligomers was lowered. Cysteamine 

hydrochloride coupled to methyl oleate, forming M1, showed the best result, oligomers with 

a DP of 8 were synthesized. To further investigate the reaction and increase the conversion 

of M1 to P1 the first step is to scale up the synthesis of M1. To increase the DP of the 

reaction the temperatur can be increased or a solvent could be used to lower the viscosity 

which is a limiting factor. The coupling of substituents to methyl oleate results in lower 

crystallinity and melting points. When the substituents are bulky and/or on the nitrogen 

atom, the effects will be larger, this could be investigated to further lower the crystallinity. 

In this master thesis the reaction times were limited, to further explore the potential longer 

reaction times should be tried and the reactions should be continuously analyzed to see how 

far the reaction can be driven both in terms of conversion of the monomers and in DP. 

 The use of unsaturated monomers was not effective for synthesising polyamides. One of the 

challenges is the difficulty of creating a homogenous solution between 1,6 diaminohexane 

and the monomer containing the unsatutration. To further investigate the potential different 

solvents can be used and higher temperature. The polyester synthesis worked better and the 

unsaturation in the polymer backbone can be used for further modifications of the 

oligomers, ex. for crosslinking of the polymers.  

The lead time of academic research has the consequence that only a few genuine green 

projects have gone from lab scale to the industry [1]. The key question according to Poliakoff 

M. et al. is how one can judge whether alternative routes actually have a reduced 

environmental impact. Substantial funds are becoming available for research worldwide, still 

green chemistry has just barely begun to integrate into the industry.  

One reason for the limited use of enzymes is the misbelieve many organic chemists have 

that the development of a new specific enzyme catalyzing just the given reaction, but many 

enzymes can catalyze a variety of reactions. CALB tolerates variation in experimental 

conditions and can therefore be seen as a robust tool within organic synthesis [18]. 

It is important to characterize the properties of the oligomers synthesized in this study to 

make shore that they can meet the demands of the commercial nylons. 
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Appendix 

H1-NMR spectra 

The ‘ on letters in all spectra below denotes groups that are incorporated in to the polymer 

chain. 

 

Figure A1. Trans β-Hydromuconic acid in DMSO 

 

Figure A2. The corresponding diester of trans β-Hydromuconic acid, M5, in DMSO.  
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Figure A3. Salt formation of trans β-Hydromuconic acid and 1,6 diaminohexane NMR spectrum in D2O 

 

Figure A4. Co-polymerization of M5 with M3 to P4, NMR in DMSO 
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Figure A5.Co-polymerization of M5 with M3 without CALB, NMR in DMSO 

 

Figure A6. Co-polymerization of M5 with M6 to P5, NMR in CDCl3 
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Figure A7. Co-polymerization of M5 with 5-aminopentan-1-ol, NMR in CDCl3 

 

Figure A8. Methyl oleate, NMR in CDCl3 
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Figure A9. Crude mixture of methyl oleate and 6-amino-1-hexanethiol coupled to methyl oleate by thiol-ene addition, 
NMR in CDCl3. Double bond used to calculate conversion into coupled monomer. 

 

Figure A10. 6-amino-1-hexanethiol coupled to methyl oleate by thiol-ene addition, NMR in CDCl3 
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Figure A11. 6-amino-1-hexanethiol coupled to methyl oleate by thiol-ene addition, after 3 months in room temperature, 
NMR in CDCl3 

 

Figure A12. Polymerization of 6-amino-1-hexanethiol coupled to methyl oleate by thiol-ene addition, after 3 months in 
room temperature, NMR in CDCl3 
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Figure A13. M1, NMR in CDCl3 

 

Figure A14. Polymerization of M1 to P1, NMR in CDCl3 
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Figure A15. M1, after 2 months in room temperature, NMR in CDCl3 

 

Figure A16. Polymerization of M1, after 2 months in room temperature polymerization without CALB, NMR in CDCl3 
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Figure A17. Polymerization of M1, after 2 months in room temperature polymerization, NMR in CDCl3 

 

Figure A18. M2, reaction time 6h, NMR in CDCl3 
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Figure A19. M2, reaction time 15h, NMR in CDCl3 

 

Figure A20.Co-polymerization of M2 and M3 to P2, reaction 1, NMR in CDCl3 
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Figure A21. Co-polymerization of M2 and M3 to P2, without CALB, NMR in CDCl3 

 

Figure A22. Co-polymerization of M2 and M3 to P2, NMR in CDCl3 
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Figure A23. Co-polymerization of M2 and M3 to P2, NMR in CDCl3 

 

Figure A24. Co-polymerization of M2 and M4 to P3, NMR in CDCl3 
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Figure A25.Co-polymerization of M2 and M3 to P2, in CHCl3 Background reaction, day 1, without CALB, NMR in CDCl3. 

 

Figure A26. Co-polymerization of M2 and M3 to P2, in CHCl3. Background reaction, day 3, without CALB, NMR in CDCl3. 
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Figure A27. Co-polymerization of M2 and M3 to P2 in CHCl3, Day 1 reaction, NMR in CDCl3. 

 

Figure A28. Co-polymerization of M2 and M3 to P2, in CHCl3.  Day 4 reaction, NMR in CDCl3. 
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Figure A29. Co-polymerization of M2 and M3 to P2, in MeOH. Background reaction, day 1, without CALB, in MeOH, NMR 
in CDCl3. 

 

Figure A30. Co-polymerization of M2 and M3 to P2 in MeOH. Background reaction, day 3, without CALB, in MeOH, NMR 
in CDCl3. 
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Figure A31. Co-polymerization of M2 and M3 to P2, in MeOH. Day 1, NMR in CDCl3 

 

Figure A32. Co-polymerization of M2 and M3, to P2, in MeOH. Day 4, NMR in CDCl3 
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MALDI-ToF-MS spectra 

 

Figure A33. Co-polymerization of M5 and M3 to P4 

 

Figure A34. Co-polymerization reaction from M5 and M6 to P5 
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Figure A35. Co-polymerization of M5 and acid 5-aminopentan-1-ol 

 

 

Figure A36. Polymerization of M1 to P1 
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Figure A37. Co-polymerization reaction of M2 and M4 to P3 

 

Figure A38. Co-polymerization reaction of M2 and M3 to P2 in methanol 
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Figure A39. Co-polymerization reaction of M2 and M3 to P2 in chloroform 

Data and calculations 
Table 1. Data for figure 17. Co-polymerization of M2 and M3 in CHCl3, figure A25 to A28 

Day Conversion by 3.71 
[%] 

Conversion by 3.67 
[%] 

 Conversion by 3.71 
[%] Blank 

Conversion by 3.67 
[%] Blank 

1 26 2  9 0 
2 31 7  24 0 
3 45 8  26 0 
4 49 10  - - 
Table 2 Data for figure 18. Co-polymerization of M2 and M3 in MeOH, figure A29 to A32. Note, data for the reaction 
without CALB on day 3, seen in figure A30, is not completely reliable due to its appearance. 

Day Conversion by 3.71 
[%] 

Conversion by 3.67 
[%] 

 Conversion by 3.71 
[%] Blank 

Conversion by 3.67 
[%] Blank 

1 60 17  29 0 
2 79 33  33 0 
3 85 41  53 9 
4 88 44  - - 
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1
H-NMR spectrum for polymerization of M1 to P1, NMR in CDCl3 

Calculation of DP and conversion from NMR above 
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