
 

 

 
 

POLYMERIZATION OF δ-VALERO 

LACTONE BY NOVEL 

CYCLODEXTRIN DIMER 
 

 

 

 

 

 

 

 

 

 

Jonas Bengtsson 

Supervisor: Akira Harada 

Examinator: Anders Hult 

 



TABLE OF CONTENTS 
Sammanfattning ...................................................................................................................... 4 

Introduction ............................................................................................................................ 5 

Aim ......................................................................................................................................... 6 

Cyclodextrin overview ........................................................................................................... 7 

Introduction to Cyclodextrin ............................................................................................... 7 

Modification of cyclodextrin .............................................................................................. 8 

Inclusion complexation ....................................................................................................... 8 

Macromolecular chemistry and supramolecular compounds with cyclodextrin ................ 9 

Cyclodextrins as rotaxanes ............................................................................................... 10 

Hydrolysis of polyester and cyclic esters by Cyclodextrin ............................................... 10 

Ring opening polymerization of lactides and lactone .......................................................... 12 

Overview and relevance .................................................................................................... 12 

General synthetic overview through condensation polymerization and ring-opening 

polymerization .................................................................................................................. 12 

Catalysis and metal catalysis ............................................................................................ 14 

Organocatalysis ................................................................................................................. 14 

The thiourea functionality ................................................................................................. 15 

Thiourea based catalysts ................................................................................................... 16 

Overview of the characterization methods ........................................................................... 18 

Results and Discussion ......................................................................................................... 19 

Polymerization of PVL ..................................................................................................... 19 

Polymerization of PVL with Solvents ........................................................................... 19 

Polymerization of PVL in bulk ..................................................................................... 19 



Mechanism of attack ..................................................................................................... 20 

Synthesis of α-β-cyclodextrin dimer ................................................................................. 23 

Introduction ................................................................................................................... 23 

Synthesis of a Bitoscanate ............................................................................................. 23 

Synthesis of α-βε-Cyclodextrin-(3)-dithiourea-p-Phenyle ............................................ 26 

Polymerization of δ-Valero-Lacton by αβ-Cyclodextrin-3-thiourea-p-phenyl ................ 31 

Conclusions .......................................................................................................................... 33 

Future work ....................................................................................................................... 34 

Experimental ......................................................................................................................... 35 

References ............................................................................................................................ 37 

 



SAMMANFATTNING 
På senare tid har forskning syftat till att främja miljövänligare teknik inom alla fält. Det 

visar sig inom materialframställningen som en önskan att använda material som inte är 

beroende av olja, inte tillverkade med tungmetaller samt nedbrytbara med en minimal 

miljöpåverkan. 

Detta har bland annat gett organiska katalysatorer en större plats inom forskningen. En av 

dessa är cyclodextrin, en cyklisk oligosackarid som har påvisats bilda makromolekylära 

komplex med andra molekyler. En aspekt av detta är att den kan hydrolisera polymerer då 

den bildar komplex med hydrofila molekyler och kan aktivera dessa genom vätebindning. 

Vilket Harada et. al. visade kunde utnyttjas för att polymerisera cycliska estrar.  

Detta examensarbete utforskar en del av det arbetet genom att dels verifiera 

polymerisationstekniken som är en lösningsmedelsfri polymerisation dels försök till att 

framställa en ny dimer av cyclodextrin som ska effektivt kunna polymerisera cycliska estrar 

mer effektivt än tidigare. Den nya dimern bygger på en thiourea-länk. 

Även om polymerisation med vanlig cyclodextrin här visats fungera så kan den föreslagna  

dimern inte polymerisera lika effektivt. Syntesen är problematisk och annars åtråvärda 

egenskaper hos cyclodextrin, som makromolekylär komplexbildning, kan inhibera 

polymerisationen och tidigare uppreningssteg.  

 

  



INTRODUCTION 
In recent years, biodegradable polymers and their synthesis have received much attention 

and are, from an environmental viewpoint, much more favorable. Modern controlled 

polymer synthesis used in a large scale is seldom environmentally friendly or sustainable, 

in regard to oil based monomers or organo-metallic compounds.  

The works done by Harada et al. show that lactone can be polymerized in bulk with the 

addition of cyclodextrin. Cyclodextrin then acts as an initiator using a host-guest interaction 

to mediate the polymerization
1
. The idea is to explore this cyclodextrin mediated synthesis 

in terms of altering the involved components in different ways.  

To further expand on this research of cyclodextrin assisted polymerization of lactone in an 

attempt to support the proposed reaction mechanism and hopefully improve and expand 

upon the synthesis. Different variations will be tested, mainly two interesting prospects. 

The first is to add a solvent to mediate the synthesis and without competing with the host-

guest interaction solvate cyclodextrin, polymer and monomer.  

The second objective is to gain stereo selectivity in the resulting polymer using the abilities 

of cyclodextrin, therefore giving increased control over tacticity. The hypothesis of the 

study is therefore that specific change in the reaction environment of cyclodextrin mediated 

synthesis will result in preferable reaction conditions leading to a more efficient synthesis. 

In order to expand on this polymerization new cyclodextrin-based compounds will be 

tested. 

 

  



AIM 
In the work done by Harada et al. about assisted lactone ring opening polymerization novel 

cyclodextrin dimers were used to remove the need for a surplus of cyclodextrin to alleviate 

the polymerization. These new dimers showed much promise and capable of 

polymerization of lactone to a 98% conversion with a much lower initator to monomer 

concentration
2
.  

The initial results were promising and to expand on these new cyclodextrin-based organic 

initiators new dimers would be constructed. The proposition was to explore the effect of a 

thiourea-group to further evaluate the product of hydrogen bonding. It was proposed by 

Harada et al. that oxygen in the 2 or 3 position of the glucopyranose ring of cyclodextrin, 

with the 3 position being the more reactive, would in a nucleofilic attack ring open the 

lactone molecule
3
. As the inclusion formation is due to a slightly hydrophobic interior of 

the cyclodextrin molecule the ring opening is reportedly owed to the hydrogen bonding of 

the hydroxyl group in the two or three positions. The continuation of the research would 

then be to further explore the possibilities of using the hydrogen bonding effect of the 

cyclodextrin to catalyze polymerization. 

The proposed dimer structure would then have a thiourea linker in the 3 position of the 

cyclodextrin molecule and be of α-β character since that composition have so far yielded 

the best results.
4
 

 

Figure 1 – The aim of the project, synthesis of α-β-p-Phenyle-dithiourea and polymerization together with named compound. 

The synthesis in this project was first separated into two parts, bridge synthesis and dimer 

synthesis. Later, after some difficulty with separation, the dimer synthesis was divided into 

two parts. 

Planned was also polymerization with aformentioned dimer. The hypothesis is that the 

dimer would show a positive effect on the polymerization ability of cyclodextrin in the 

solid state. 

 

  



CYCLODEXTRIN OVERVIEW 

INTRODUCTION TO CYCLODEXTRIN 
This report is not the first to link thiourea functionality to a β-cyclodextrin. In fact, 

cyclodextrin is so widely researched that there are few pure organic modifications yet 

untried. Cyclodextrin as a compound was first isolated in 1891 and was characterized as a 

cyclic oligosaccharide in 1904. Early on cyclodextrin battled with a reputation of being 

toxic that later on turned out to be completely untrue. The original study that concluded that 

cyclodextrin was toxic could have been wrong for various reasons, toxic impurities 

resulting from the synthesis etc. It got a boost in popularity in the later part of the 20
th

 

century after the first discoveries regarding the capability to form host guest conjugates
5
.  

Cyclodextrin is readily available as a derivative from starch through an enzymatic process 

creating cyclic oligosaccharides of three different lengths. These exhibit similar properties 

and are dubbed α-, β-, and γ-cyclodextrin. See picture below. 

 

 
Figure 2 – Picture of the three native forms of cyclodextrin. Courtesy of Wikimedia Commons. 

The varying sizes of cyclodextrin display very similar properties and it is for specific 

reasons β-cyclodextrin and α-cyclodextrin are the most interesting to this study. These 

reasons will be thoroughly explained in the overview.  

The β-cyclodextrin is water soluble, as is common for a standard saccharid and it has a 

molecular weight of 1135 gram per moles. The ring is made up of α-(1,4)-D-glucopyranose 

repeated six times. Seven or eight times for α- or γ-cyclodextrin respectively. The width of 

the cavity in β-cyclodextrin is reported to be roughly 6 to 6.6 Å, the height 7.9 Å and the 

resulting volume of the cavity would then be calculated to 0,14 ml  per gram β-

cyclodextrin
6
. 



MODIFICATION OF CYCLODEXTRIN 
Cyclodextrin has three sites applicable for substitution. The different sides of the 

cyclodextrin molecule have either one primary hydroxyl-group or two secondary hydroxyl-

groups as made clear in the below picture of cyclodextrin in its truncated cone structure. In 

the literature they are sometimes known as primary face (single hydroxyl group) or 

secondary face (two hydroxyl groups). In this report they will if necessary be referred to as 

6-OH (for the lone primary hydroxyl group), 2-OH or 3-OH following standard IUPAC 

guidelines. 

 

Figure 3 – Artistic rendition of the conformation of β-cyclodextrin in the truncated cone shape. 

The greater reactivity sits in the 6-OH and can be easily mono- or di-substituted in 

relatively low yields. The 2-OH and 3-OH are slightly more acidic and favour the 2-OH 

group for direct substitution. However, the 3-OH can be substituted and a popular pathway 

for this is through various nucleophiles attacking the 2,3-epoxide. And most of the early 

work done with cyclodextrin revolves around modifying the primary face
7
.  

The modification of cyclodextrin aims to give it enhanced properties in molecular 

recognition catalytic abilities or other interesting novel concepts such as increasing the 

solubility of cyclodextrin in organic solvents
8
. It has also been shown that modification of 

cyclodextrin greatly changes the ablity to form host guest conjugates
9
.  

 

INCLUSION COMPLEXATION 
The cyclic nature of the molecule makes it orient towards a very specific conformation as is 

shown in the figure above. The shape it orients towards is that of a truncated cone and has 

an interesting aspect in the cavity that is formed; it can form inclusion complexes with 

other molecules. This is probably the most fascinating aspect of cyclodextrin. 

The most structurally stable form of cyclodextrin is the β-form with 7 glucopyranose units 

since the ring strain is less than for α-cyclodextrin whereas the γ-form can collapse slightly 



onto itself. Interestingly enough β- has the lowest solubility in water and γ-cyclodextrin the 

highest (due to the collapsing structure)
10

.  

So the ability to form inclusion complexes arise from the orientation of hydrophobic and 

hydrophilic sites, making the cavity more hydrophobic and the exterior more hydrophilic 
11,12,13

. 

The enthalpies for host guest conjugates have been greatly researched for all types of 

cyclodextrin. A very important aspect tends to be the size of the guest molecule. The van 

der Waals forces that act upon the interaction between the host and the guest are greatly 

dependant on distance size might be the crucial factor involved. These steric effects are 

then not only dependent upon size but also shape. And to simply write the host guest 

interaction off as hydrophobic in nature has been deemed insufficient
14

.  

 

MACROMOLECULAR CHEMISTRY AND SUPRAMOLECULAR COMPOUNDS 

WITH CYCLODEXTRIN 
This is not the only molecule capable of forming inclusion complexes; much work has been 

done identifying and modifying molecules with similar supramolecular capabilities. Crown 

ether, cryptands and cyclophanes are also cyclic molecules capable of supramolecular 

complexation. For cyclodextrin these complexations take place in polar solvents in which 

cyclodextrin forms a complex with various non-polar molecules. An example of this is the 

complexation of adamantine in aqueous solution. Generally the inclusion compound tends 

to disassociate in organic solvents as is true for this example
15

.  

Cyclodextrin now harbors hope of utilizing biomimicry and their use becoming almost 

enzymatic. For the forces that bind any foreign molecule to the cavity are hydrophobic 

interaction or van der Waals forces and not covalent bonds. This is directly comparable to 

the enzyme substrate model
16

.   

The use for cyclodextrin has also expanded into polymers. Both in the form of rotaxanes 

(explained in another chapter) and supramolecular polymers. The first supramolecular 

polymer consisted of monomers with end groups capable of hydrogen bonding. In 

enzymatic processes the most important interaction is arguably the host-guest interaction 

dependant on aforementioned forces yet the hydrogen bonding was crucial to expanding the 

field of supramolecular polymers
17,18

  

This interaction between cyclodextrin and polymers is of particular interest to this report. 

As cyclodextrin easily form inclusion compounds with less hydrophilic substances in 



aqueous media the interactions between cyclodextrin and different polymers has been 

extensively researched. Among these polyesters, for β-cyclodextrin those polymers built up 

by 6-membered cyclic monomers, such as δ-valerolactone, stand out as the most relevant 

for this project
19,20

. 

 

CYCLODEXTRINS AS ROTAXANES  
Another interesting concept stemming from the supramolecular inclusion abilities of 

cyclodextrin is the formation of rotaxanes. Rotaxanes are basically an inclusion of a 

molecule by another yet both molecules retain some degrees of freedom independent of 

each other. An example of this is the inclusion of polythiophene by β-cyclodextrin. A true 

rotaxane needs the two different molecules to be inseparable, whereas the equally 

interesting versions where they are not inseparable are called pseudo-rotaxanes. As of late 

the study of poly-rotaxanes has also grown.  So for a true rotaxane the ends of the guest 

molecule needs to be capped which would still allow for two degrees of freedom in relation 

to the host molecule
21

.  

Cyclodextrin based tubular polymers have also been reported after binding the resulting 

rotaxane with an epoxide. There are many interesting applications for this yet many revolve 

around the degree of freedom that arises, in which cyclodextrin (or any other rotaxane 

compound for that matter) may act as a transport. That which is transported could be a 

charge as in the case for the polythiophene-cyclodextrin rotaxane compound (see previous 

paragraph). This can have various applications that have use of fluorescence or charge 

transfer, something quite common in nature.  

Many possibilities have just recently surfaced producing supramolecular polymers in the 

form of daisy chains or alternating heteropolymers that form alternating host guest 

conjugates. These could have previously properties such as self healing or stimuli 

responsive materials. In the case of self healing supramolecular materials, they would be 

perpetually self healing and include new material if introduced, as opposed to conventional 

self healing polymers that rely on structures that bond covalently over time.  

 

HYDROLYSIS OF POLYESTER AND CYCLIC ESTERS BY CYCLODEXTRIN 
As previously stated cyclodextrin forms inclusion complexes with different polymers to an 

extent depending on the compatibility between the polymer and the cyclodextrin. That 

compatibility is a result between cross-sectional dimensions of the polymer and the size of 

the cyclodextrin cavity where α-cyclodextrin forms a crystalline compound with PEG 



whereas β-cyclodextrin does not. β-cyclodextrin, however, forms a complex with PPG 

when α-cyclodextrin does not.  

X-ray crystallography has been crucial to determining the structures of the formed 

complexes and also to clarify how the cyclodextrin bonds to the guest molecule. It has been 

shown that cyclodextrin when forming a poly-pseudorotaxane with a polymer can create a 

tubular structure with alternating facing of the cyclodextrin molecule
22,23,24

.  

When researching this further they found that even under mild conditions the polymers 

catalyzed the hydrolysis of the previously mentioned polymers. The polymers yielded 

broke down to yield their building blocks of ester oligomers and monomers. In addition to 

this, cyclodextrin seemed to hydrolyze cyclic esters such as ε-caprolactone and δ-

valerilactone indicating an ability by cyclodextrin to activate the monomers. This in turn 

led to the pursuit of cyclodextrin as a catalyst in polymerization
25

.  

The doctoral thesis of Motofumi Osaki explain the driving force for the hydrolysis with the 

basic nature of the secondary hydroxyl groups of the cyclodextrin. This is, however, 

contrary to other sources which states that the nature of the 2-OH and 3-OH are acidic as 

previously stated
26

. Both versions are reasonable and possible when examining the outcome 

of both theories. Polyester is hydrolyzed by both acidic as well as basic conditions.  

 

  



RING OPENING POLYMERIZATION OF LACTIDES AND 

LACTONE 

 

OVERVIEW AND RELEVANCE 
Polyesters are generally readily biodegradable, meaning that hydrolysis of polyester occurs 

naturally in the body. But there is one more issue before considering it as a complete 

medical material; namely the inherent toxicity. It is therefore of importance that not only 

the intact polymer is harmless to the body but also that the resulting monomers are non 

toxic. One of the first five materials approved for usage as a medical material was indeed 

poly-(ε-caprolactone). The degrading of polycaprolactone is slow but has found its use in 

sutures and wound closure applications. Another interesting relevant application is also 

drug delivery systems. For a system with a slow rate of degradation it could be administer a 

correct dosage for a year. One such device administering contraceptives is as of 2004 

already available on the market
27,28

.  

There would be a variety of applications as big as that for polyester, yet the traditional 

industrial production of polyester started as early as in the 1950’s and is such an integrated 

part of our daily life that taking its place would not be feasible for poly-(ε-caprolactone) 

among other alternative polyesters.  

 

GENERAL SYNTHETIC OVERVIEW THROUGH CONDENSATION 

POLYMERIZATION AND RING-OPENING POLYMERIZATION 
Normally the production of polyester takes one of two forms. The first one is a simple 

condensation reaction of acids in bulk. Condensation reactions require high temperatures 

and makes for a demanding process in terms of time and energy, albeit being a simple,  

simple being enough reason for it to become industrially viable
29

. The second route to 

polyesters is through ring-opening-polymerization. This route has shown to counter most 

drawbacks encountered in traditional condensation polymerization with catalysts promoting 

high molecular weights and full conversion in temperatures as low as room temperature in 

comparable time spans
30

. However, there are still issues with simplicity, modification and 

control.  

A simple way to describe the difference would be chain growth versus step growth. Ring 

opening polymerization is a good example of chain growth stemming from one point of 



initiation building upon the polymer chain. Step growth would then be explained as a 

condensation reaction where the polymer grows by connecting monomers, oligomers or 

other polymer chains unto each other. In the case of ring opening polymerization of δ-

valerolactone several factors influence the thermodynamics; the reactive chain-end, the 

monomers and the possible presence of a catalyst. For example, for ring opening of any 

monomer smaller than ε-caprolactone, ring strain is an important factor.  

The popularity of conventional polymerization of polyester is partly because of the versatile 

polymerization process which enables side group functionalization and co-polymerization 

among others. Especially co-polymerization has been a vital tool in modifying polyester to 

successfully adapt to the needs of different applications. Poly(ε-caprolactone), for example, 

have a fairly low melting point of (59-64 ⁰C), highly compatible in blends and high 

solubility giving it a narrow market specifically for biomedical materials
31

. Co-

polymerization however, is still being researched. This is simply because of the fact that co-

polymerization in ring opening polymerization is especially difficult. Most ring opening 

polymerization systems tend to homopolymerize. That is not to say that such systems do 

not exist; there has been many successful attempts co-polymerizing with ring-opening 

polymerization, however, then mostly with toxic metal catalysts at high temperatures 

(above 100 ⁰C)
32

.    

To further examine to potential use for a novel catalyst one must compare it to already 

existing procedures, whether they be catalyzed or non-catalyzed reactions. Considering the 

reaction in question is a reaction of δ-valero-lactone in bulk. This means that what is of 

most interest are properties like polydispersity and molecular weight. In the end the β-

cyclodextrin assisted solvent free synthesis is at this stage merely a novel idea and not 

intended for anything fully commercial. Of course the idea of a completely solvent-free 

reaction does provide some advantages both environmentally and as an end product for 

biomedical use. Normally the use of metal-catalysts or cancerogenous solvents makes the 

end product less desirable. In some cases it would completely eliminate the material in 

question from consideration.  

However, as stated, the reaction in question is so far no more than a chemically interesting 

example of a solvent free synthesis. The impeding cyclodextrin molecule is not a true 

catalyst meaning that it is consumed in the polymerization process binding to the resulting 

polymer structure. This means that poly-lactone of low molecular weight is attached to a 

very bulky cyclodextrin molecule of a molecular weight of roughly 1100 gram per moles (if 

β-cyclodextrin. This report will not go into length what this means for the final polymer 

apart from stating the highly probable: less crystallinity meaning lower glass transition 

temperature. On the other hand, explaining further in the field of ring-opening-



polymerization of polyesters is warranted. In conclusion, this polymer has no immediately 

visible applications and should merely be considered an interesting example of 

macromolecular chemistry.  

 

CATALYSIS AND METAL CATALYSIS 
Catalysis plays an important role in any modern chemical reaction. Not only is the need for 

high conversion and quick synthesis of the desired compounds important, but also the need 

for selectivity, the wish to avoid lengthy and demanding purification. For polymerization, 

two important factors when comparing different reactions are the final molecular weight 

and the polydispersity. When also including catalysts, turnover rate is important. A low 

turnover rate implies that a high percentage of the catalyst is consumed and lost in the 

process. 

To compare this synthesis with existing work done, as opposed to a final product, in the 

field of ring-opening-polymerization is, however, highly interesting. Normally the 

synthesis involves an initiator (for example, MeOH), solvent and may involve a catalyst of 

some sort (for example tin(II) octanoate)
33

.  

The use of metal catalysts is intriguing yet they still leave much to be desired. Metal 

catalysts have been on the forefront in the field simply because of the ability to create 

polymers with a much higher degree of control when it comes to polydispersity etc. The 

sheer amount of possible combinations and the stability of organometallic compounds may 

have played its part in the rapid expansion of metal catalysts from the discovery of the 

Ziegler-Natta catalyst
34

. 

Two of the more promising metal catalyst as of today seem to be either the previously 

mentioned tin(II) octanoate or various aluminum complexes
35

. Simple initiators tend 

towards straightforward anionic ring opening polymerization whereas more complex 

versions tend to orient reactions through a metal centre. The latter receive more attention as 

it is easier to actively modify the outcome by adding ligands among other things. These 

metal catalyzed polymerizations are most often initiated by an alcohol. 

 

ORGANOCATALYSIS  
As organocatalysis is a surging field in polymer synthesis as previously stated, many novel 

ideas are emerging although some specific models are receiving more attention. When 

discussing polymerization of lactides and lactone very simple organocatalysts seemingly 



work for ring-opening-polymerization. Recent advances have of course also been made in 

the of field of thiourea-based catalysts being one focus for this thesis. An interesting 

example of a simpler, readily available, amino catalyst is the nucleophile DMAP, which has 

been shown to effectively catalyze the polymerization of lactide under relatively mild 

conditions (35 ⁰C, DCM) and also, conversely, de-polymerize poly-lacticacid. Though the 

reaction time to reach full conversion was high, the polydispersity was very low
36

.  

The ability to both polymerize and also hydrolyze the resulting polymer is the same as 

cyclodextrin, as is discussed in greater length under ‘Cyclodextrin’. Metal free catalysis 

include enzymatic, nucleophilic, supramolecular organocatalysis and cationic 

polymerization. All included in the name organocatalyst. 

These organocatalysts are considered part of a new era of sustainable chemistry, hopefully 

relieving a chemical industry of toxic metal catalysts. These organocatalyst would then not 

only combat the issue regarding sustainability but also other problems caused by metal 

catalysts such as costly removal of said metal compounds and other synthesis related issues 

such as air sensitivity
37

.  

Hedrick and Waymouth et al. lists different variations of catalytic action in an attempt to 

further classify the active catalysts role in the catalysis of ring opening polymerization. The 

different classifications according to them are;  

Electrophilic Monomer Activation: An electrophile activates the monomer making it 

susceptible to nuclophilic attack from the chain.  

Nucleophilic Attack: A nucleophile opens the ring to form a suitable monomer for chain 

grown. 

Chain-End activation by base: Also initiating the chain growth polymerization but also 

activating the chain end for further polymerization. 

Also possible is a combination of two or all of these since they are not mutually 

exclusive
38

. 

 

THE THIOUREA FUNCTIONALITY  
Among these organic catalysts much research has been devoted to thiourea and amine 

functional catalysts. These employ the above explained electrophilic monomer activation 

efficiently hydrobonding to the monomer making it succeptible to attack. There is of course 



a stereochemical side to this which this thesis will leave virtually unexplored. However, 

this form of activation and catalysis has similarities to natural enzymatic processes. 

In its native form as thiourea (NH2-CS-NH2), the compound has two tautomeric forms 

whereas the thiol-form considerably changing the hydrobonding properties as opposed to 

the desired thione-form. Thiourea is in this thesis synthesized by reacting 

aminofunctionalities with thiophosgen. Considering its interesting planar surface and 

hydrogen bonding capabilities and proven potential it is reportedly scarce in the literature
39

. 

As in the literature, the most straightforward way of synthesizing a thiourea compound is to 

react isothiocyanate with an amino functionality. This is well established and proven to 

work. The isothiocyanate reacts quickly and selectively to a nucleophilic attack creating 

thiourea. A consideration would then be the toxicity of the isothiocyanate. 

To reach the isothiocyanate there are different pathways. And although this report 

synthesized a bi-functional isothiocyanate functional compound it is available for purchase. 

The reaction constitutes the use of thiophosgen. The chemistry of thiophosgen and its non 

sulfonated counterpart phosgene are known and the main concerns regard the acute toxicity 

of the compound. It reacts exothermically making cooling required. However, the reaction 

mechanisms are simple selectively creating the desired compound.  

 

THIOUREA BASED CATALYSTS 
Hendrick and Waymouth have researched the application of an interesting bifunctional 

catalyst for the ring opening polymerization of lactone, originally developed by Takemoto 

et al.
40

 which became an inspiration for this thesis
41

. In that article they explore a novel 

catalyst utilizing both electrophilic attack and chain end activation in the same system. The 

catalyst in itself builds upon the Jacobsen catalyst which in itself is merely a mono-

functional catalyst. 

The thiourea functionality has many inherent qualities as described in the literature. The 

versatility of the hydrogen bonding and the planar structure makes for a good alignment to 

the substrate it is supposed to bind to. Mostly, however, the versatility is measured in the 

aforementioned ability to adjust the strength of the hydrogen bond. 

DMAP, which utilizes a lone electron pair to either nucleophilically attack the monomer or 

electrophilically activate the monomer, has succeeded in polymerizing poly-valerolactone. 

Nucleophilic attack of the ester group means DMAP effectively cleaves the ring making 

itself the leaving group. The also possible electrophilic initiation binds to the monomer and 



polymer via hydrogen bonding activating both the polymer chain as well as the monomer. 

This has been done for studies in both melt and in solution and the conclusion is that both 

pathways are possible and not mutually exclusive even though the electrophilic activation 

mechanism is preferred in both gas phase and polar aprotic solvents
42

. DMAP has then 

proven to be a viable co-catalyst since the ability to activate the monomer might be a viable 

option together with a conventional catalyst.  

The active anime in the system described be Waymouth and Hedrick utilizes the anime 

functionality in the same way as DMAP attached to a scaffold containing the thiourea 

functionality, where the thiourea is effectively hydrobonding to the monomer. Remarks are 

made regarding the catalytical ability of the thioureacatalysts, however, even though 

thioureacatalysts seem to have a lower activity resulting in longer reaction times, it does in 

fact display remarkable robustness and selectivity. The main effect of this selectivity is a 

potentially lower amount of transesterification reactions
43

. 

This way of catalyzing polymerization is in many ways akin to enzymatic processes. As the 

bi-functional thiourea-catalyst effectively polymerizes lactide even in room temperature, it 

serves as a suitable vantage point for further study
44

. From these articles the notion of what 

ratio a catalyst need to be added is extrapolated as the common molar ratio for thiourea 

functional catalysts to monomer are 1 to 100. 

 

  



OVERVIEW OF THE CHARACTERIZATION METHODS 
The tools for accurately quantifying results in polymer synthesis are many and varied with 

abilities ranging from quantitative to qualitative and from analyzing composition to 

properties. The primary instruments used for this thesis are MALDI-ToF  and NMR. Other 

instruments used were elemental analysis, FTIR and HPLC. 

MALDI-ToF, Matrix Assisted Laser Deposition Ionization Time-of-Flight, is an instrument 

which quickly measures the molecular weight of indivual molecus by ionizing the sample 

and measure the time it takes to for the ionized sample to move a certain distance. This 

enables one to easily discern which masses are present in the sample. The MALDI-ToF 

measurements were obtained by Shimadzu/KRATOS Axima-CFRplus spectrometer. There 

is no sure way of knowing the relative amounts of a specific species by using MALDI-ToF 

since different laser power tend to ionize different molecular weight with different 

effectiveness. However, it can usually be a useful tool to compare amounts if signals are of 

different strengths. Problems that will be discussed in further detail under results and 

discussion is the tendency of MALDI-TOF to break certain bonds to give false positives. 

The NMR measurements were primarily used to check for full conversion by comparing 

signals of different species to each other. NMR has no ability for absolute measurement but 

can be used for quantitative analysis if supplied with an internal standard or reference. The 

500 MHz 
1
H NMR spectra were obtained by JEOL JNM-LA500 using DMSO-d6. 

FTIR is helpful in determining the existence of specific groups and functionalities. In this 

report it was primarily used to prove the existence of isothiocyanate. FTIR uses light in the 

infra-red spectra to obtain a spectral fingerprint. The transmission of light, simultaneously 

measured for a wide range of wavelengths, is analyzed by the user. This reveals the 

presence of different functionalities that may exist in the compound. The FTIR spectra were 

obtained by a JASCO FT/IR-410 spectrometer with the sample in KBr disc.  

 

 

 

 

 

 



RESULTS AND DISCUSSION 

POLYMERIZATION OF PVL 

POLYMERIZATION OF PVL WITH SOLVENTS  

The first step of this master thesis was to confirm the synthesis performed by Motofumi 

Osaki in his Doctoral thesis. The addition of DMF as a solvent yielded no benefits and 

rather seemed to inhibit the polymerization. The result was minimal after which further 

testing was deemed pointless. The reason for the detrimental effect should be because of 

the inhibition of the host guest formation between cyclodextrin and monomer. This result 

further solidifies the importance of the host guest interaction.  

POLYMERIZATION OF PVL IN BULK 

To compare to and evaluate the work already done by Motofumi Osaki in his doctoral 

thesis attempts were made at polymerizing PVL in bulk without solvent using δ-

valerolactone and β-cyclodextrin. The synthesis was carried out in accordance to the 

procedure developed by Harada et al. utilizing the ability of natural β-cyclodextrin to act as 

a pseudo-catalyst
45

. The actual procedure can be found in the experimental section. 

Much care had to be taken with the possible contamination of oxygen and water. Residual 

amounts could damage the synthesis leading to hydrolysis of δ-valerolactone rather than 

polymerization. The polymerization was as suspected successful leading to a high degree of 

polymerization as seen in the MALDI-ToF spectra below. There is still β-cyclodextrin 

present which is not surprising considering the affinity it has for conjugating to the 

synthesized polymer. 

Below is the MALDI-ToF spectrum for a polymerization of polyvalerolactone initiatied by 

β-cyclodextrin in bulk. The molar amount of β-cyclodextrin:δ-valerolactone is 1:5. The 

spectra show a clear presence of β-cyclodextrin even after precipitation of β-cyclodextrin in 

THF. This may be because of the complex β-cyclodextrin forms with the resulting polymer, 

treading onto the polymerchain like a polypseudorotaxane or because of cleavage of the 

polymerchain from the cyclodextrin molecule. The latter is less probable yet possible.  

There are no occurrences of poly-valerolactone of very low molecular weight concluding 

that they are not longer present but precipitated in THF. SEC analysis was no available at 

the time so no conclusion towards the actual degree of polymerization could be drawn. But 

MALDI-ToF for this sample indicates that the Mn for this polymer resides somewhere 

around 2600. 



This would indicate that the degree of polymerization is 16 which would underline the 

importance of forming rotaxanes to alleviate the steric hindrance that would occur at the 

monomer activation site. 

 

 
Figure 4 – MALDI-ToF spectra of poly-δ-valerolactone initiated by β-cyclodextrin. 

 

The MALDI-ToF uses linear time of flight analysis making the peaks broader. Because of 

that the peaks around 1158 m/z (mass/charge) where cyclodextrin with the counter-ion 

sodium should be found seems to be at 1164-1168 m/z. Also contributing to this is the high 

laser power needed which tend to benefit higher molecular weights.  

This spectra was taken with DHB as matrix. Another choice might have yielded a better 

spectrum although this was not tested.   

The data obtained correlates well to the findings of Harada et al.
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MECHANISM OF ATTACK 

The proposed method of attack can be split into two parts, initiation and propagation. 

Initiation is as explained in the introduction the act of initiating a chain-growth 

polymerization. This is proposed by Harada et al. as a multi component system if using the 

classification used by Waymouth and Hedrick et al.  



The first stage of the polymerization is the complex formation with δ-valerolactone and β-

cyclodextrin. This host guest complex is well established and as stated in the capter about 

cyclydextrin this host guest gomplex indicated an activation of the monomer. 

After a host guest complex is formed, the monomer is activated by secondary phase 

hydroxyl group, linking to the oxygen via van der Waals forces. This is followed by a 

nucleophilic attack by another hydroxyl group on the secondary phase attaching the chain 

to the β-cyclodextrin, thus forming an initiated complex. 

 

Figure 5 – Proposed mechanism for initation of polymerization. Courtesy of Harada Laboratory Osaka uni. 

This complex can propagate in different ways. In the figures below we can see 

twoschematics of proposed mechanisms for the propagation. Figure XXX is not actually a 

viable pathway for the synthesis; however, it is included as it is otherwise theoretically 

possible. The reason to why the polymerization does not work is primarily because of steric 

hindrance.  

 

Figure 6 – Proposed reaction mechanism. Courtesy of Harada Laboratory, Osaka Uni. 

The reaction schematic in the figure below proposes that another monomer enters the cavity 

and is subsequently activated by the β-cyclodextrin as per electrophilic activation and 

following is a nucleophilic attack by the already attached polyester. This requires two 

hydroxyl groups to simultaneously be involved in the polymerization growing in part 

because of intramolecular nucleophilic attack. The chain is not growing in the end but in 

the catalytic site which remains active for the entire polymerization. 

Another theory not included here is that the active site switches from different cyclodextrin 

molecules and that the next cyclodetrin molecule is responsible for activating the 

subsequent monomer. However, another experiment with β-cyclodextrin with capped 



polyester attached to the 2-OH also initiated polymerization. Capped meaning that there 

was no functional hydroxyl end group, making the proposed reaction mechanism in figure 

six as well as the site-switching theory even less convincing
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.  

 

Figure 7 – The propagation of polymerization of δ-valerolactone. Courtesy of Harada Laboratory, Osaka Uni. 

So for the most plausible reaction mechanism is described in the above schematic with the 

2-OH having the most sour proton attacking the monomer. This discovery lead to the idea 

of utilizing the 3-OH for modifications enabling a greater catalytic ability. Also leading up 

to that conclusion was the fact that steric hindrance seemed to be a great obstacle.  

 

Figure 8 – Model displaying the steric hindrance of the active site. Courtesy of Harada Laboratory, Osaka Uni. 

Steric hindrance is shown in figure XXX above. It is believed that when polymerizing the 

growing polymer chain forms a poly-pseudorotaxane increasing the activity of the β-

cyclodextrin. One experiment that supported this is the experiment showing that the 

addition of α-cyclodextrin increases the resulting molecular weight without being 

consumed as a pseudo-catalyst. This must mean α-cyclodextrin negates the adverse effects 

of steric hindrance increasing the degree of polymerization. 

 



SYNTHESIS OF Α-Β-CYCLODEXTRIN DIMER 

INTRODUCTION 

Whereas β-cyclodextrin was shown to form a strong complex with δ-valerolactone, α-

cyclodextrin formed a complex with the resulting polyester while not acting as an initiator 

in polymerization. Therefore, if the polymer could thread through the α cyclodextrin dimer, 

it would remove the steric hindrance from the β-cyclodextrin making it a more efficient 

pseudo-catalyst. Attaching it to the β-cyclodextrin would also hold it in place instead of 

compensating the clamp with a stoichiometric abundance of α-cyclodextrin.  

 

SYNTHESIS OF A BITOSCANATE 

The first step in order to attain the novel dimer compound was to synthesize bitoscanate, 

this was done with isothiocyanate which offers a quick and very selective reaction. The 

reaction was tested with different solvents and different reaction conditions. See Table 1 for 

more details. Other changes in reaction conditions were often implemented by a small 

variation in reaction temperature. The reaction was exothermic and required cooling. 

Therefore a ice bath was used in all reactions. A small amount of base was added to 

increase the nucleophilic nature of the p-phenylene diamin. 

 
Figure 9 – The reaction scheme of the synthesis of the bridge component, bitoscanate. Yield measured after purification. 

Noteworthy is that thiophosgen is miscible in the acetone water mixture as is p-phenyle 

diamine from which the product bitoscanate precipitates. In purification, some not fully 

identified side products of this synthesis do not seem to be soluble in acetone. Therefore, 

the sample is readily purified by first solvating in acetone and filtrated, whereas the filtrate 

is precipitated in water to yield pure bitoscanate. 

The synthesis was believed to be less stable than it was, producing not only bitoscanate but 

the thiourea-linked phenyls. The reaction was let reach full conversion after which all 

amine groups have formed isothiocyanate. The thiourea linked phenyl compound, however, 

either precipitated in acetone or was solvated by the mixture of water and acetone. 

 



Table 1 – The different synthesizes of bitoscanate. Important to note is that x ml of NaHCO3 means x ml of aqueous solution 

saturated with NaHCO3. The main difference in yield is attributed to the purification step. 

p-Phenyle 

diamine 

Thiophosgen Solvent Yield 

[molprod./molreac.] 

0.108 g 

(1mmol) 

0.2 ml 

(2.6mmol) 

Water(50ml) + THF(30ml) + 

Na2CO3 

~35% 

0.108 g 

(1mmol) 

0.2 ml 

(2.6mmol) 

Water(30)ml + Acetone(20ml) 

+ Na2CO3 (10 mmol) 

~42% 

0.108 g 

(1mmol) 

0.2 ml 

(2.6mmol) 

THF(40ml) + NaHCO3 (5 

mmol) 

small 

0.111 g 

(~1mmol) 

0.2 ml 

(2.6mmol) 

Acetone(10ml) + Water(20ml) 

+ NaHCO3 (4ml) 

~47% 

0.108 g 

(1mmol) 

0.23 ml 

(3mmol) 

Acetone(5ml) + 

Water(10+3ml)+ 

NaHCO3(2ml) 

~62% 

 

 

 

NMR analysis, taken with DMSO-δ6 ,  shown in figure X of the final product below, yields 

a clear peak at 7.51 ppm which directly corresponds to the four symmetrically identical 

hydrogen atoms. This single peak also confirms that there is no thiourea containing 

compounds left. This is also confirmed by the database of SDBS which identifies the peak 

at 7.197ppm in CDCl3
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. The remaining peaks belong to either water (at 3.3 ppm) or 

DMSO (at 2.5 ppm). 

  

 



 

Figure 10- H-NMR Spectrum for bitoscanate 

 

The NMR, which has a great deal of sensitivity dealing with impurities, showed no signs of 

any imperfection. To further quantify the purity of the compound it was analyzed with mass 

spectrometry to yield an elemental analysis as seen in Table 2. The analytical values highly 

correspond to the measured values which also confirm the purity and success of the 

synthesis and purification method.  

Table 2 – Elemental analysis of the bitoscanate. 

 Measured Calculated Diff. 

H% 2.09 2.096 0.01 

C% 49.85 49.976 0.14 

N% 14.53 14.570 0.04 

 

 

 

 

 

 



Furthermore, FTIR was taken and showed a broad absorption at 2000 cm
-1

 which is very 

specific for isothioisocyanate compounds. More specifically the isothiocyanate absorption 

range is 2200-1900 cm
-1

, meaning that depending on the structure of the molecule as a 

whole, it will appear in different ranges. This absorption range is so specific that the other 

common covalent bonds that exhibit the same absorption are either isocyanates or alkyne 

bonds. However, alkyne bonds are generally very weak.  

 

 

Figure 11 – IR spectra of bitoscanate showing absorption in the 2000 region.  

 

Three other sharp absorptions are clearly visible. The carbon-hydrogen bond in para-

disubstituted aromatic rings corresponds to the peaks in the range of 800-860. The aromatic 

carbon-carbon bonds give rise to the peak at roughly 1500. No other remarks can be made 

regarding the FT-IR spectra. The obtained bitoscanate was a stable white powder.  

 

SYNTHESIS OF Α-ΒΕ-CYCLODEXTRIN-(3)-DITHIOUREA-P-PHENYLE  

The aim was to react α-CD-(3)-amino and β-CD-(3)-amino with bitoscanate in a one pot 

synthesis. First adding α-cyclodextrin in molar equivalence then β-cyclodextrin in the same 



molar equivalence yield mostly the wanted dimer. However, this yielded problems with 

purification so an alternate two step synthesis was also done. The problems lied in 

separating the α-β-cyclodextrin dimer from the α-α-dimer and the β-β-dimer. It proved to 

be a challenge too big even with sophisticated instruments, like HPLC, to purify the 

compound. The impurities were simply to similar to the desired product to effectively 

separate them.  

The two-step synthesis proved to result in simpler purification due to the ability to use 

excess amounts only resulting in minute amounts of unwanted dimers. Due to the solubility 

of cyclodextrin and bitoscanate the reaction was done in DMF. An added effect of DMF is 

that it is an effective organic solvent that is widely used with cyclodextrin because it 

inhibits the drive to form complexes. So to evade the possibility of bitoscanate forming an 

inclusion complex with cyclodextrin creating a rotaxane and to effectively dissolving all 

components all reactions including cyclodextrin were done in DMF. DMF is, however, 

normally avoided because of the difficulty to remove it completely. The low boiling point 

makes it harder to remove than water, requiring a waterbath at minimum 50 ⁰C and a 

substantially low pressure to evaporate. This treatment may have adversely affected the 

compound, although no other routes were available. 

  

Figure 12 – The two step synthesis of the α-β-p-Phenyle-dithiourea compound. 

The NCS group reacts fast and exclusively with amino groups to form thiourea. TLC 

measurement during reaction indicated that the first addition of bitoscanate was indeed 

faster than the addition of a second cyclodextrin molecule.  The second required much 

more time and benefited from heating. The reaction was changed to the one in figure 12. 



This proved to be a viable solution increasing the amount of steps improving the 

purification in each one.  

The monosubstituted α-cyclodextrin precursor was purified with HPLC running a gradient 

of water/acetonitrile. The purification method proved to be sufficient for the 

monosubstituted compound but not enough for the mixture of different dimers. The 

different combinations of dimers were too similar in molecular weight and hydrodynamic 

volume.  

The monosubstituted α-CD-3-thiourea-p-Phenyle-thioisocyanate had a surprisingly low 

solubility in water; the slight hydrophobicity believed to be because the very hydrophobic 

di-thioisocyanate-phenyle group and the slight hydrophilicity could be attributed to the 

inclusion interaction between the benzene and α-CD.  

In aqueous solution, as stated, cyclodextrin tend to form inclusion complexes with 

hydrophobic species. This might have lead to the necessary formation of supramolecular 

complexes to overcome to the low solubility. This created unnecessary problems 

concerning purification because all attempts of purifying the compound utilized water. The 

DAION HP20 column and the HPLC both needed the compound to be soluble in water.  

 

 

Figure 13 – a) represents native α-CD-3-amino, b) the crude dimer after the one pot synthesis, c) the monosubstituted dimer and 

d) the purified product after the two step synthesis. 

 



Above in figure 13 the NMR spectra of four different compounds are compared in the 

region from 1 to 3 ppm. This region deals mostly with hydrogens located on primary 

carbons and other functionalities with low electronegativity. The very broad peak most 

certainly belonging to -NH2 is visible in the spectra of native α-CD-(3)-amino at about 

1.8ppm and confirming the purity of the monosubstituted cyclodextrin (figure 6 “c)”) and 

the dimer from both synthesis. However, as also seen they differ which probably is an 

indication that other products like the α-α dimer may  still be present, especially in the 

product from the one pot synthesis where all three possible combinations are formed.  

 

 

Figure 14- the above HNMR spectra shows the conversion of the monosubstituted compound α-CD-3-thiourea-p-Phenyl. DMF at 

7.9 ppm has not been removed as it overlaps with a different peak. The dimer, bottom, is from after purification after the two 

step synthesis but still show small signs of impurities. 

 

Examining figure 14, it shows what looks like a full conversion of the monosubstituted 

compound into the dimer. The broad in the lower spectrum peaks at 7.7 ppm, b, and 9.3, a, 

ppm should correspond to the N-H groups in the thiourea and integration show that those 

two peaks correspond 1:1. Integration of the quadruplet at 7.4 ppm, c, which is believed to 

be the four hydrogens of the aromatic ring, shows that it corresponds to a relative value of 

slightly more that 2. So integration gave a:b:c, 1:1:2.1. This corresponds somewhat to the 

theoretical values. Noteworthy is the peak at 8 belonging to residual DMF. 

After failure to initiate polyester synthesis with the dimer in question, further synthesis was 

undertaken with much care concerning purity and after analysis with NMR it shows no 

indication of not being pure.  



 

Figure 15 – The spectra for the finished dimer with assigned peaks and integration. 

However, a problem that remains is that not all peaks has been identified. This is especially 

problematic since some peaks are overlapping. In figure 15 above, peak ‘c’ seem to be 

overlapping with another very broad peak which could explain why it adds up to more than 

theoreticised when integrated. Since it is impossible to say anything about the existence of 

native β-cyclodextrin by simply looking at the above picture it is necessary to compare the 

peaks above 7 ppm to those between 5 and 7 ppm. Those peaks belong to the O(3) and O(2) 

positions and at slightly lower ppm’s the O(6) and C(1) positions. 

 

Figure 16 – H1 NMR of the CD-dimer with explanatory integrations and figures. 

Figure 16 is the same spectra as in figure 15 with the integration of two urea protons (a) at 

9.25 ppm being the reference integration. Since the hydrogen at O(2) and the O(3) is found 

to the left of every other hydrogen and therefore more easily discovered, comparing the 

relative amount of hydrogen atoms in the urea group to the relative amount of hydrogen 

atoms at the O(2) and O(3) positions would give an idea of the general purity of the 



product. Those protons are the subject of much peak splitting due to the addition of the 

thiourea-link so any analysis is difficult.  The theory is that β-Cyclodextrin and α-

Cyclodextrin show up as two different groups of peaks and the group at 5.4-6 ppm should 

then belong to β-Cyclodextrin. After integration it sums up to a relative integral of between 

6.5 and 7 which could then correspond to 13 protons compared to the two thiourea protons 

with a relative integral of 1. The theory is sound; however, integration of such broad peaks 

are not satisfactory when explaining the relatively low quality of the spectra.  

 

POLYMERIZATION OF Δ-VALERO-LACTON BY ΑΒ-CYCLODEXTRIN-3-

THIOUREA-P-PHENYL 
After synthesizing the α-CD-3-thiourea-p-Phenyle-thioisocyanate dimer it was prepared in 

the same way as previously done synthesises with β-Cyclodextrin however left to react for 

a longer period of time.  

Table 2 – The yield of the final polymer synthesis 

 [M]/ [I] Yield 

24h 50 41% 

48h 100 X 

48h 50 X 

 

To evaluate why the synthesis did not perform as expected the product was analysed with 

NMR and MALDI-TOF.  First the product was solvated in DMF and precipitated in THF to 

remove unreacted cyclodextrin. Remaining cyclodextrin is assumed to be in some way 

attached to the polymer. Either as an initiator or as a rotaxane.  

As shown in figure 17 polymerization is evident. However, even though the mass between 

the iterations are good the actual mass of the oligomer is not corresponding well to the 

analytical value. This means that whereas the repetition of a 100 clearly corresponds to δ-

valerolactone, the actual mass value for the oligomer at 2956 MU does not correspond well 

to the analytical of roughly 2899 or 2999 MU that the dimer initiated poly-δ-valerolactone 

would yield. It corresponds more closely to what would be if native β-3-amino-

Cyclodextrin would have been used as an initiator.  

So in spite of the use of HPLC and column the sample is still contaminated. Not by the 

homo-dimer or the α-Cyclodextrin-3-thioureaphenyl-p-isothiocyanate but by native β-

Cyclodextrin. The reason why this impurity would not show up in the HPLC is that the 

HPLC used for the final purification relies on a UV-VIS spectrometer which means that the 



native β-Cyclodextrin that lacks conjugated double bonds would not be visible. Another 

viable theory is that the cyclodextrin-dimer is more sensitive to heat than expected which in 

turn means that the dimer would decompose into the original native β-cyclodextrin. 

 
Figure 18 – MALDI-TOF of polymerization of lactone with the CD-thioisocyanate-dimer. 

 

The problem with viewing the dimer in MALDI-TOF is that the dimer decomposes when 

subjected to the high powered laser used in MALDI-TOF, which in turn means that native 

β-Cyclodextrin could easily show up as a false positive. Examining with NMR yields 

similar problems because of the native cyclodextrin is in general identical to the finished 

dimer which means that the only difference is the N-H peak which in turn is a very broad 

peak all but invisible at low concentrations. This is also discussed in length in the previous 

chapter regarding the dimer synthesis. 

 

 

  



CONCLUSIONS 
Polymerization of δ-valerolactone with β-Cyclodextrin as a pseudo-catalyst is now 

considered by this thesis a proven method and although time consuming it can be done at 

100 ⁰C exclusively because of the inclusion ability of Cyclodextrin. It is also proven that 

the addition of a solvent would not only hamper the polymerization ability of Cyclodextrin 

but completely remove it. The polymerization is very sensitive to both humidity as well as 

air which can render the polymerization completely non functional. 

Synthesizing bitoscanate with thiophosgen was tried and shown to be a viable method to 

obtain bitoscanate in fairly good quantities and in high purity. The solubilities of 

bitoscanate in water and acetone made it easy separation from the thiourea compound that 

ultimately forms.  

Bitoscanate in turn showed good reactivity towards the 3-position of α and β-Cyclodextrin-

3-amino and by HPLC the final product could be procured in reasonable amounts and to a 

fair degree of purity ascertained by NMR.  

The reactivity of α-Cyclodextrin-(3)-thiourea-p-phenyleisothiocyanate however was lower 

due to either a generally lower reactivity or a molecular conformation that stereochemically 

hinders further reactions. It is theoretisized that such a conformation is possible where the 

phenyl group forms a complex together with cyclodextrin. Important to not is that the 

cyclodextrin rings are not structurally rigid meaning that they may flip 180 degrees or even 

360 degrees to a maintain a lower energy state.  

Polymerization of δ-valerolactone by the new compound did, however, not result in a 

success with a yield of 41% for a reaction time of 48h resulting in a polymer with low 

molecular weight at best but probably nothing more than an oligomer.  

However, nothing is conclusive since there are various sources that could have contributed 

to the poor outcome. As stated previously the sensitivity towards air and moisture was high, 

making any polymerization susceptible to small leaks due to a faulty setup.  Also, although 

improbable, trace amounts of DMF could have remained effectively hindering any 

polymerization.  

A third possibility is the impurity of the synthesis which could have made the dimer non-

functional. Various structural imperfections may result in a rotaxane binding one β-

cyclodextrin to the linker blocking the amino group. Perhaps further testing would yield 

better results since the results obtained regarding the dimer is not conclusive. 

 



FUTURE WORK 
Further work can be done since the field of solid state polymerization of polyester 

represents an interesting field with industrial applications already in place. Cyclodextrin 

brings many advantages to the biomaterials field with the supramolecular ability to form 

host guest complexes. To mimic the enzymatic organic complexation makes cyclodextrin in 

all shapes very interesting for various applications such as drug delivery systems and hydro 

gels.  

The ability to polymerize δ-valerolactone is not the area in which cyclodextrin will see the 

majority of its research focused. It is, however, an interesting concept in line with the novel 

ideas regarding modern day organocatalysts. Further research regarding cyclodextrin dimer 

catalyzed polymerization should vary the size of the linker and experiment with other ideas 

regarding initiation and stereochemical issues. Stereochemical hindrance is the main 

concern and the reason behind this research, steroechemical blocking leading to an 

increased polydispersity and a low molecular weight. 

Issues still remain regarding the poor solubility of cyclodextrin in other solvents. Solutions 

like methylating the hydroxyl groups increases the solubility in organic solvents, although 

the effect different modifications would have on the host-guest interaction of hydrophilic 

molecules is still being researched
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EXPERIMENTAL 
 

1,4-Phenyle-diisothiocyanate 

Variations were tested, here follows a short description. For specific amountsand other 

details, see table 1. Thiophosgen was added to cooled organic solvent close to 0⁰C. 1,4-

Phenyle-diamine was dissolved in water and a small amount of saturated water solution of a 

weak base was added to the water solution. The water solution was then added dropwise in 

one go. The reaction yielded a precipitate which was centrifuged. The precipitate was 

solved in acetone and filtrated. The filtrate was precipitated in water and again centrifuged 

and dried in a vacuum oven to yield a white powder.  

 

α-β-thiourea-p-Phenyle, two step synthesis 

A stoichiometric surplus of bitoscanate was added to and dissolved in DMF. α-CD-3-amino 

was added to the reaction and the reaction was followed with TLC until completion, 1-2h. 

Unreacted α-CD-3-amino was precipitated in THF and centrifuged and after evaporation 

and washing with acetone the still crude product (yield 37%) was used for the second part. 

The monosubstituted crude product was after drying dissolved in DMF and added to a 

surplus of β-CD-3-amino also dissolved in DMF. Reaction temperature was raised to 40⁰C 

and left overnight. Reaction was followed with TLC. 

Purification consisted, for both the one pot synthesis and the two step synthesis, of 

precipitating in THF and then taking the precipitate and running through a DIAION HP-20 

column in order to have the aromatic ring form a complex with the column. The complex 

was then washed out with an increasing amount of methanol in water, starting with a 30% 

solution of methanol in water and ending with 50%. After evaporation of the solvent the 

product was purified with HPLC. The final product was a white powder (yield 23%, 

calculated over the entire two step synthesis).  

  



Polymerization of δ-valero-lactone by β-cyclodextrin 

Cyclodextrin was placed in a schlenk-tube under vacuum and 80⁰C for 24h. After that time 

the reaction vessel was placed under Ar atmosphere. δ-valero-lactone was then added and 

the reaction sealed. Reaction temperature was  set to 100⁰C and then the reaction was left 

untouched for 2-4 days depending on the desired reaction. The δ-valerolactone was added 

with care to not let in air or moisture. 

  



REFERENCES 
                                                 
1
 (M. Osaki, A. Harada, 2007 Polymerization of Lactones Initiated by Cyclodextrins: Effects of Cyclodextrins 

on the Initiation and Propagation Reactions, 3145-3158) 
2
 (A. Harada, M. Osaki, 2009, Ring-Opening Polymerization of Cyclic Esters by Cyclodextrins, s.89) 

3
 (A. Harada, M. Osaki, 2009, Ring-Opening Polymerization of Cyclic Esters by Cyclodextrins, s.51) 

4
 (A. Harada, M. Osaki, 2009, Ring-Opening Polymerization of Cyclic Esters by Cyclodextrins, s.89) 

5
 (Wolfram Saenger, Angew. Chem. Int. Ed. Engl. 19, 344-362 1980)(Jo´zsef Szejtli, Chem. Rev. 1998, 98, 

1743-1753) 
6
 (E. Monflier, Chemical Reviews, 2006, Vol. 106, No. 3) (Jo´zsef Szejtli, Chem. Rev. 1998, 98, 1743-1753) 

7
 (Fujita et. al. J. Org. Chem, Vol. 68, No. 24, 2003) 

8
 (Erwin Buncel, Can. J. Chem. Vol. 69, 1991) 

9
 (Rekharsky and Inoue, Chemical Reviews, 1998, Vol. 98, No. 5) 

10
 (Jo´zsef Szejtli, Chem. Rev. 1998, 98, 1743-1753) 

11
 (Harada et.al., Adv Polym Sci (2006) 201: 1–43) 

12
 (Yinqun Hua, e-Polymers 2008, no. 171) 

13
 Wolfram Saenger, Angew. Chem. Int. Ed. Engl. 19, 344-362 1980) 

14
 (Rekharsky and Inoue, Chemical Reviews, 1998, Vol. 98, No. 5) 

15
 (Daisuke Taura, Macromolecular Recognition of Cyclodextrins: Specific Interaction with Hydrophobically 

Modified Water-Soluble Polymers, Doctoral Thesis, Osaka Uni. 2010) 
16

 (Erwin Buncel, Can. J. Chem. Vol. 69, 1991) 
17

 (Lehn et al., Supramolecular Chemistry: Concepts and Perspectives. Wiley, Weinheim, Germany, 1995) 
18

 (Harada et al., Adv Polym Sci (2006) 201: 1–43) 
19

 (Harada et al., Adv Polym Sci (2006) 201: 1–43) 
20

 (Motofumi Osaki, Ring Opening Polymerization of Cyclic Esters by Cyclodextrin, Doctoral Thesis, Osaka 

Uni, 2009) 
21

 (Kazuya Sakamoto, Supramolecular System based on cyclodextrin with conjugated molecules, Doctoral 

Thesis, Osaka Uni., 2010) 
22

 (Harada A., Kamachi M., J. Chem. Soc. Chem. Commun., 1990,19, 1322-1323) 
23

 ( Harada A., Li. J., Kamachi M., Nature ,1992, 356,325-327)( 
24

 Harada A., Li. J., Kamachi M., Nature, 1993, 364, 516-518) 
25

 (Harada et al., A. Chem. Lett., 2003, 32, 1122-1123) 
26

 (Fujita et. al. J. Org. Chem, Vol. 68, No. 24, 2003) 
27

 (J. Kohn, S. Abrahamson, R. Langer, Biomaterials Science 2
nd

 Ed., 2004, 115-127) 
28

 (R. Mateva, R. Toncheva, Journal of the University of Chemical Technology and Metallurgy, 42, 2, 2007, 

151-15) 
29

 (I.K. Varma, Adv. Polymer Sci., 2002, 157, 1-40) (Andrew P. Dowe et. Al., Polymer Chem. 2010, 1 260-

270) 
30

 (Didier Bourissou, Chem. Rev. 2004, 104, 6147-6176) 
31

 (J. Kohn, S. Abrahamson, R. Langer, Biomaterials Science 2
nd

 Ed., 2004, 115-127) 
32

 (Andrew P. Dowe et. Al., Polymer Chem. 2010, 1 260-270) 
33

 (Dechy-Cabaret et al., Chemical Reviews, 2004, Vol. 104, No. 12) 
34

 (Robert M. Waymouth and James L. Hedrick et al, Organocatalytic Ring-Opening Polymerization, Chem. 

Rev. 2007, 107, 5813-5840) 
35

 (A.P. Dowe, Chem. Commun., 2008, 6446-6470) 
36

 (J. L. Hedrick, Angew. Chem. Int. Ed., 2001, 40, 2712-2715) 
37

 (A.P. Dowe, Chem. Commun., 2008, 6446-6470) 
38

 (R. M. Waymouth, J. L. Hedrick, Macromolecules 2006, 39, 7863-7871) 
39

 (J. M. Marquez et al. / Tetrahedron Letters 49 (2008) 3912–3915) 
40

 (Takemoto, Y. Org. Biomol. Chem. 2005, 3, 4299) 
41

 (R. M. Waymouth, J. L. Hedrick, Macromolecules 2006, 39, 7863-7871) 



                                                                                                                                                     
42

 (R. M. Waymouth, J. L. Hedrick, Macromolecules 2006, 39, 7863-7871) 
43

 (R. M. Waymouth, J. L. Hedrick, Macromolecules 2006, 39, 7863-7871) ( A. Puglisi et al. / Tetrahedron: 

Asymmetry 19 (2008) 2258-2264) 
44

 (Waymouth, Hedrick et al. J. AM. CHEM. SOC. 2005, 127, 13798-13799) 
45

 (Harada et al., Macromolecules 2007, 40, 3154-3158) 
46

 (M. Osaki, A. Harada, Macromolecules, Vol. 40, No. 9, 2007) 
47

 (Harada et al., Macromolecules, Vol. 40, No. 9, 2007) 
48

 SBDS, spectral database for organic compounds, http://riodb01.ibase.aist.go.jp/sdbs/cgi-

bin/img_disp.cgi?disptype=disp3&imgdir=hpm&fname=HPM00717&sdbsno=22587 
49

 (Rekharsky and Inoue, Chemical Reviews, 1998, Vol. 98, No. 5) 


