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DESIGN OF POLYLACTONES FOR DRUG DELIVERY 

Rishma Sharma, MS 

The University of Texas at Dallas, 2018 

ABSTRACT 

Supervising Professor:  Dr. Michael C. Biewer 

Cancer is one of the major causes of death worldwide and has motivated researchers to look for 

better and more promising treatments than surgery, chemotherapy, and radiation therapy. The use 

of chemo and radiation therapy have many side effects, as these treatments not only kill the cancer 

cells, but also healthy ones. Also, most of the anticancer drugs have short half-life as well as are 

hydrophobic in nature.  In general, we are in need of a targeted as well as controlled drug delivery 

device. There are a number of devices in use for the treatment of cancer. One of these is the use of 

polymer nanoparticles as polymer micelles (10 nm – 100 nm) for loading of the anticancer drugs, 

as well as the release of drugs at tumor sites, confirmed by in vitro studies done by our lab. We 

have synthesized a number of substituted caprolactone monomers at different positions with 

different kinds of substituents by using multi-step organic synthesis in the direction of a more 

efficient delivery device. The main aim of my thesis is to discuss the synthesis of γ-substituted 

caprolactone monomers.   

Chapter 1 introduces functional polylactones, more specifically polycaprolactones with different 

kind of substituents at different positions such as γ-, α-, or ε-position and about its importance as 

compared to unsubstituted polycaprolactones. These are one of the attractive drug delivery agents 
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due to their biocompatible as well as biodegradable properties which are advantageous to 

developing a material for the cure of cancer. 

Chapter 2 presents the experimental methods used for the synthesis of different functional (such 

as acid group or other with ester group) γ-substituted caprolactone monomers.  

Chapter 3 discusses the results of γ-substituted caprolactone monomers and the different 

characterization techniques such as 1H NMR, 13C NMR, 2-D NMR and FT-IR techniques used for 

the analysis of functional γ-substituted caprolactone monomers having different functional groups 

such as acid or ester groups.  

Chapter 4 explains the analysis of the results of γ-substituted caprolactone monomers or discussion 

of the γ-substituted caprolactone monomers. 

Chapter 5 is the conclusion of the synthesis of γ-substituted caprolactone monomers.  
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CHAPTER 1 

 

INTRODUCTION OF FUNCTIONAL POLYCAPROLACTONES 

 

FOR DRUG DELIVERY 

 Polylactone polymers are a type of aliphatic polyesters such as polyglycolic acid (PGA), 

polylactic acid (PLA), polycaprolactone (PCL), polybutyrolactone ( PBL), polyhydroxyalkanoate 

(PHA), polyethylene adipate (PEA), polybutylene succinate (PBS), and poly(3-hydroxybutyrate-

co-3-hydroxyvalerate) (PHBV) containing ester functional group in their main chain.1,2 They may 

be synthetic or natural which can be degraded by hydrolysis under all physiological conditions 

which is one of the most important property to be used as a biomaterial in the medical field as well 

as in other fields such as bioengineering etc.  One of the important application of these biomaterials 

are used as a drug carrier in the drug delivery system specially for the cure of cancer. Polylactones 

are an attractive drug delivery system due to their biodegradable and biocompatible properties. 

Currently a number of techniques have been developed in the field of drug delivery such as 

nanomaterials, liposomes, polymer-based agents, and immunotherapy.3 Out of these techniques, 

the most popular is the use of polymer-based agents such as polylactones where anticancer drugs 

are transferred intracellularly by encapsulation with functional polylactones in the form of micelles 

with size range from 10 nm -100 nm. Researchers have been working in this field for a long time 

to find the synthesis of a reliable drug delivery carrier specifically for the anticancer drugs. Cancer 

is one of the most feared diseases worldwide. Currently surgery, chemotherapy and radiation 

therapy are the main treatments available for the cure of cancer. These therapies have a number of 

side effects as they not only damage the cancerous cells, but also healthy cells and the other 

concern is that in most cases it relapses again after using these treatments. Hence, we need a 
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reliable drug delivery carrier which has both targeted as well as controlled mode for the release of 

anticancer drugs as well as other kinds of drugs intracellularly. Many researchers have synthesized 

different kinds of aliphatic polyesters by adopting different methods, but the most popular one is 

the ring opening polymerization. This chapter will cover the introduction of functional 

polylactones (specifically polycaprolactones) an overview about the synthesis by ring opening 

polymerization, and types of polylactones such as aliphatic polyesters (a polycaprolactone).  

Polylactones  

Lactones are a class of compounds having a cyclic ester group.4 Lactones are named as α-, β-, 

-,-, ε- lactones etc. This classification is based on the number of carbon atoms present in between 

the carbonyl group and oxygen atom shown in figure 1.1.4  

Out of these lactones, the -, - lactones are the most stable lactones containing 5 or 6 heavy atoms 

in the ring respectively due to less ring strain in comparison to α- and β-lactones.4 

                                

                          α- lactone        β-lactone      -lactone     -lactone          ε-lactone 

   Figure 1.1. Structures of different kinds of lactones. 

 

 These lactones can form polyesters by a ring opening polymerization as shown in figure 1.2.5   

                                            

 Figure 1.2. General structure of aliphatic polyesters using lactone polymerization.5  
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As already mentioned, polylactones encompass a variety of polymer structures.  However, the 

most used biomaterials are   polylactide (PLA), polyglycolide (PGA) and polycaprolactone (PCL) 

which have good mechanical properties, degraded by simple hydrolysis and are biocompatible 

under all physiological conditions make them good candidate to be used as a drug delivery carrier 

shown in figure 1.36 and whose properties are discussed in the table 1.1.2,7-9 

 

Figure 1.3. Structures of different kinds of aliphatic polyesters. 

 

Table 1.1. General properties of most commonly used polylactones (aliphatic polyesters). 

 

Polycaprolactone (PCL) Polyglycolide(PGA) Polylactide(PLA) 

PCL is a semi-crystalline, 

hydrophobic polymer. 

PGA is a crystalline polymer. 

It is insoluble in most of the 

commonly used solvents. 

PLA is an amorphous, 

hydrophobic polymer. 

PCL melting temperature (Tm) 

is 60°C.  

PGA melting temperature(Tm) 

is 225-230°C. 

PLA melting temperature(Tm) 

is 150-160°C.  

PCL glass transition 

temperature(Tg) is - 60°C. 

PGA glass transition 

temperature(Tg) is 35-40°C.  

 

PLA glass transition 

temperature(Tg) is 60-65°C.  
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PCL degradation time is 

greater than 24 months. It is 

because PCL is more 

hydrophobic in nature than 

PGA and PLA and is an 

attractive biomaterial in drug 

delivery devices. 

PGA degradation time is 2-4 

months. 

PLA degradation time is 12-

24 Months. 

 

Among polylactones, polycaprolactones are the focus of interest for the research in the medical 

field especially for the cure of tumor because of its high permeability, lower tendency to induce 

acidic environment and slow degradation rate as compared to PGA and PLA.9 Further, PCL as a 

homopolymer with slower degradation rate as compared to other polyesters making it more 

suitable or popular as a drug carrier for a longer period.9 The properties of PCL can be further 

tuned by substituting with different functional groups or can used as a copolymer with other 

aliphatic polyesters. 

Polycaprolactone (PCL) is one of the pioneered polymers synthesized by van Natta et al by ring-

opening polymerization (ROP) of ε-caprolactone, a seven-membered aliphatic compound with 

acyclic ester group.10,11 Aliphatic polyesters such as poly-ε-caprolactones (PCL), polylactides 

(PLAs), and polyglycolides (PGAs) etc. can be synthesized by two methods:  

1. Step growth polymerization or polycondensation 

2. Ring-opening polymerization 
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Polycondensation is the process used during synthesis of polymers by joining monomers together 

with elimination of small molecules as byproducts such as water and sometimes alcohol.28 The 

major disadvantage of using this method is the difficulty in complete removal of byproducts during 

polymer synthesis, due to which polymers are synthesized with low molecular weight as well as 

of poor quality. Our research group has focused on ring-opening polymerization. These limitations 

are not present in case of ring-opening polymerization and hence this method is more popular in 

the medical field for the synthesis of polylactones. Still there is a further need for the optimization 

of these functional polycaprolactones to be an efficient drug delivery agent. 

 The ring opening polymerization (ROP) is one of the examples of living polymerization.  There 

are different mechanisms of ROP for the synthesis of polyesters or polylactones as comparison in 

table 1.26,13-17 include (1) anionic (2) cationic (3) enzymatic and (4) coordination insertion.  

The ring opening polymerization  generally occurs in presence of metal catalysts such as 

aluminum, zinc, tin, neodymium, or calcium by a coordination-insertion ROP mechanism.18 In 

general, many research groups have used tin as a catalyst for polymerization of caprolactone or 

substituted caprolactone, but our research group is synthesizing functional polycaprolactones by 

using various catalysts such as tin, zinc, or neodymium as shown in general scheme 1.1 depending 

upon the presence of functional group on caprolactone, temperature, or duration of the reaction.19,20 

During ring opening polymerization, as carboxylates are weak nucleophiles in comparison to 

alkoxides, due to which we need an initiator such as alcohols or other hydroxy-terminated initiator 

like α-methoxy-ω-hydroxy-poly (ethylene glycol) (PEG-OH).21 Ring opening polymerization is 

one of the type of living polymerizations, but due to the requirements of high temperatures and 

longer hours for reaction, or presence of functional group on caprolactone  it is susceptible for  
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side reactions such as transesterifications.13,22 The chances side reactions are generally during the 

later stages of polymerization, usually at high temperatures.23 Due to which polydispersity of the 

polyesters increases and polymerization will be out of control.23 Still it is the most popular method 

for the synthesis of aliphatic polyesters under controlled conditions.  

Table 1.2.   Comparison of different types of mechanisms for ROP of lactones monomers: 

 

Type of ROP Attacking agent Disadvantages 

Anionic ROP Anionic species attacks at the 

carbonyl carbon of the 

monomer 

Chances of intramolecular 

transesterification or back-biting 

which can result in very low 

yield.29 

Cationic ROP Cationic species attacked by 

carbonyl oxygen of monomer 

Hard to control the polymerization 

reaction due to high polydispersity 

and low yield 

Enzymatic ROP Polymerization in the 

presence of enzymes such as 

lipase etc. 

Low yield and high polydispersity, 

otherwise good option for 

biomedical applications 

Coordination 

insertion ROP 

Most commonly used ROP. 

First monomer coordinated to 

the catalyst and then 

monomer inserted into a 

metal oxygen bond of the 

catalyst 

Complete removal of metal 

catalyst is hard after the 

polymerization. Chances of 

toxicity increases with metal 

contamination, especially for 

biological applications 
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Scheme 1.1. General polymerization in presence of metal catalyst and initiator. 

 

Coordination insertion ROP mechanism is most commonly used for the synthesis of different types 

of functional polyesters as shown in scheme 1.2 with tin as a catalyst. 13,19,20,24 Metal catalysts are 

the actual initiators formed after reaction with alcohols or other hydroxy-terminated reagents 

coordinated with carbonyl group of the lactone monomer, after that will be the cleavage of acyl 

oxygen bond of the monomer, and side by side insertion to the metal alkoxide bond.19 The most 

commonly used metal catalyst for coordination insertion ROP of lactone monomer is Sn(Oct)2 or 

tin(II)octoate. The popularity of this catalyst is due to its approval by Food and Drug 

Administration (FDA) as a food additive and due to the ability to synthesize controlled and high 

molecular weight polymers.19,25 The only disadvantage of this mechanism of ROP is the inability 

to completely remove metal catalyst after the completion of polymerization which can be toxic 

especially for biological applications.19,24    
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Living polymerization is the polymerization where chain termination and chain transfer steps are 

not present and where chain growth is continuous.3,26,27 This kind of polymerization is 

advantageous for the synthesis of block copolymers with two or more different monomers block 

especially for drug delivery purposes. Our research group has synthesized a number of block 

copolymers based on living polymerization method. For example, ring opening polymerization in 

the presence of different catalytic system during the synthesis of aliphatic polyesters which further 

leads to the synthesis of block copolymers.  

Over the last three decades, polycaprolactone has been one of the most popular biomaterials in the 

medical field.28 Its most important application is its use as a drug delivery agent specifically for 

cancer treatments. PCL shows the property of biodegradation rather slow degradation by the 

hydrolysis of its ester group and biocompatibility under all physiological conditions such as 37oC 

which makes it a perfect and an attractive drug delivery agent for human body.28,29  

Most of the cancer drugs are hydrophobic in nature, have short half-life, and show side effects to 

healthy cells besides killing the cancerous cells. Sometimes cancer relapses again after treatment 

with chemotherapeutic drugs. In recent years, due to the successful biomedical applications of the 

functional polycaprolactone in the field of drug delivery, the trend has changed with the use of 

polycaprolactone.30 There are number of functional caprolactone monomers depending upon the 

position of functional group in the ring.   

 



 

21 

 

Scheme 1.2. General coordination-insertion ROP mechanism of lactones.   
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For that, the first step is the synthesis of the functional caprolactone monomers. Some of these are 

hydrophilic and some are hydrophobic in nature which are good for encapsulating the hydrophobic 

anti-cancer drugs like doxorubicin. Next is to polymerize these functional caprolactone monomers 

is to synthesize either homopolymer or copolymer such as diblock, triblock or so on and finally 

for drug encapsulation self-assembling amphiphilic block copolymers in the form polymer 

micelles ( 10nm-100nm).29,31-33 Researchers first choice is to synthesize copolymer either among 

different lactone monomers or lactone monomers with other type of monomers rather than 

homopolymer with same kind of monomers, to synthesize polymer micelle as a drug delivery 

agent. The properties of copolymers can be modified easier than homopolymers in a large range 

as homopolymers have limited properties as compared to copolymers which depends upon the 

molecular weight of polymer.1 

Many substituted polycaprolactones have been synthesized over the last three decades by 

substituting with different functional groups at γ-, α-, or ε-position of the caprolactone (CL) as 

shown in scheme 1.3.21,30 Among these functional caprolactone monomers, -substituted 

monomers are the most popular in drug delivery devices. It is due to less steric hinderance on the 

ring. Some of these functional groups act as a protecting group which can be removed after 

polymerization due to which these functional polycaprolactones are crystalline and mostly are 

hydrophilic in comparison to unsubstituted polycaprolactones.30,34  
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Scheme 1.3. Caprolactone (M1) and functional caprolactone (M2 – M11) monomers.   

 

As the main target for an efficient drug delivery system in terms of polymer micelle is to increase 

the drug loading capacity, enhanced permeation effect (EPR), and controlled as well as to increase 

the drug release time at the tumor site. For the synthesis of functional polycaprolactones, different 

approaches have been attempted as previously researchers had synthesized polymer first and then 

did the functionalization post polymerization which affects the weight of polymers and degree of 

reaction. 
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 To our approach, the caprolactone monomer is synthesized with specific functional groups before 

polymerization to ensure structural control of the functional polymer. The general steps in this 

thesis include:  

1. Synthesis of functional γ-substituted caprolactone monomer by multi-step organic synthesis, 

starting with oxidation of 1,4-dihydroxycyclohexnone which is commercially available to form 4-

hydroxycyclohexanone. 

2.  Next, 4-hydroxycyclohexnone was further engineered by substituting with different functional 

groups such as carboxyl group, ester group, hydroxyl group, dihydroxyl group etc.  

3. Lastly by reacting with mCPBA, different functional γ-substituted caprolactone monomers were 

synthesized by Baeyer-Villiger reaction shown in scheme 1.4.  

 

 

 

 

Scheme 1.4.  General scheme for the synthesis of caprolactone monomers. 
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 After synthesizing different aliphatic cyclic esters, next step is to synthesize amphiphilic block 

copolymers. With different kinds of amphiphilic block copolymers either it is hydrophobic in 

nature or hydrophilic in nature, next is to synthesize different drug carriers such as polymer 

micelles, nanoparticles and so on.9 Further, structures of these drug carriers can be modified or 

optimized with different functional groups depending upon the need of the conditions such as pH, 

temperature etc.  

As most of the cancer drugs are hydrophobic as well as have short half-life, so by modifying the 

structures of these drug carriers by making inner core of these carriers with hydrophobic functional 

groups for encapsulating hydrophobic anti-cancer drugs and outer shell with hydrophilic functional 

groups to form polymer micelles.29  

The size of the polymer micelle should be in the range of 20nm-100nm. It should be more than 

20nm to avoid its renal removal and less than 100nm, so that immune system of the body won’t 

detect it. These can be potentially used as a targeted, or sustained drug delivery system for the cure 

of cancer or other diseases for longer period. 
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CHAPTER 2 

EXPERIMENTAL SECTION 

OR 

SYNTHESIS OF -SUBSTITUTED CAPROLCTONE 

FUNCTIONAL MONOMERS 

FOR DRUG DELIVERY 

 

2.1   Materials 

All commercially available materials were purchased from Sigma-Aldrich or Fischer Scientific. 

Solvents used during synthesis were refluxed before use over sodium/benzophenone. All 

monomers were dried over Calcium hydride (CaH) before use for the polymerization. All the 

glassware and syringes used for the process of polymerization were dried at 120oC at least one day 

before their use.  

2.2   Analysis  

Synthesized monomers were analyzed by proton and carbon nuclear magnetic resonance (1H and 

13 C respectively) spectra which were recorded on Bruker AVANCE III 500 spectrometer (500 

MHz and 125 MHz respectively) at 25oC in CDCl3 as a solvent. 1H and 13C data are recorded in 

parts per million as chemical shift relative to tetramethyl silane (TMS) used as an internal standard. 

The (2D heteronuclear) 1H and 13C NMR spectra were performed on Bruker AVANCE III 500 

spectrometer pulse program hsqcgpph (HSQC).  The Infrared spectra for newly synthesized 

functional caprolactone monomers were recorded on Nicolet 380 FTIR spectrometer. Molecular 
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weight and polydispersity indices of the new polymer was measured by size exclusion 

chromatography (SEC) analysis on an OMNISEC multi-detector system equipped with viscotek 

columns (T6000M), connected to a refractive index (RI), low angle light scattering (LALS), right 

angle light scattering (RALS), and viscosity detectors with HPLC grade THF as the eluent, and 

triple point calibration based on polystyrene standards.  Elemental analysis for (monomer 1) M1 

and (monomer 2) M2 were performed by Galbraith Laboratories, Knoxville, TN.   

2.3   Synthetic Methods  

2.3.1   Synthesis of 4-hydroxycyclohexanone35 (1) 

 1,4-dihydroxycyclohexanone (5.0 g, 0.043 mol) and few crystals of KBr were cooled to 0oC in 

acetic acid (85 mL). Then a suspension of Ca(ClO)2 (4.6 g, 0.032 mol) in water (50 mL) was added 

dropwise. This reaction was allowed to warm up to room temperature and then left overnight. The 

solvents were evaporated under reduced pressure and the crude product was purified by flash 

chromatography on silica gel (solvent: EtOAc/hexane = 70:30) to obtain the product as a light-

yellow oil (2.54 g, 52 %). 1H NMR (CDCl3, 500 MHz) = 1.98 (m, 2H), 2.04 (m, 2H), 2.30 (m, 

2H), 2.31 (m, 2H), 4.19 (m, 1H).  

2.3.2   Synthesis of 4-oxo-4-((4-oxocyclohexyl) oxy) butanoic acid (2)  

Succinic anhydride (4.0 g, 0.0350 mol) and 4-dimethylaminopyridine (DMAP) (4.0 g, 0.0350 mol) 

were stirred under nitrogen at room temperature. A solution of 4-hydroxycyclohexanone (2.0 g, 

0.01752 mol) in dichloromethane (70-80 mL) were added dropwise. This reaction was stirred at 

room temperature for 2 hrs. The solvents were evaporated under reduced pressure. The product 
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was extracted with ethyl acetate, washed with water, and dried over magnesium sulfate. After 

evaporation in vacuo, solid product was obtained (2.43 g, 65%). 1H NMR (CDCl3, 500 MHz) = 

2.09 (m, 4H), 2.37 (t, 2H), 2.53 (t, 2H), 2.68 (t, 2H), 5.20 (m, 1H); 13C NMR (CDCl3, 125 MHz) 

= 29.2, 37.1, 69.1, 171.5, 177.8, 210.1.  

2.3.3   Synthesis of 4-oxo-4-((7-oxooxepan-4-yl) oxy) butanoic acid-ε-aprolactone30,36(M1)  

 4-Oxo-4-((4-oxocyclohexyl) oxy) butanoic acid (0.5 g, 0.00233 mol) was cooled to 0oC in DCM 

(10 mL). A suspension of 77% m-chloroperoxybenzoic acid (mCPBA) (0.0684 g, 0.00396 mol) in 

DCM (5 mL) was added dropwise. This reaction was allowed to warm up to room temperature and 

then left overnight. Then excess of acetone was added to the reaction and stirred for one hour. The 

solvents were evaporated under reduced pressure and crude product was purified by flash 

chromatography on silica gel (solvent:  EtOAc/ hexane by gradient elution system) to obtain white 

solid product (0.2 g, 40%). 1H NMR (CDCl3, 500 MHz) = 1.99 (q, 2H), 2.52 (q, 2H), 2.65 (t, 

2H), 2.70 (t, 2H), 2.91 (t, 2H), 4.14 (t, 2H), 4.43 (t, 2H), 5.20 (m, 1H); 13C NMR (CDCl3, 125 

MHz) = 27.5, 28.5, 28.9, 29.2, 33.9, 63.6, 77.2, 171, 175, 177.  FT-IR (cm-1): 2986, 1725, 1678, 

1294, 1194, 1169, 1417, 1294, 1194, 1169, 1057, 902, 891, 862, 827, 801, 636, 569 and 542. 

Elemental Analysis of C10H14O6: Theoretical is C = 52.17%, H = 6.13%, O = 41.70% and 

Experimental is C = 51.55%, H = 5.34%, O = 39.25%.  

2.3.4   Synthesis of methyl(4-oxocyclohexyl) succinate (3)   

4-Oxo-4-((4-oxocyclohexyl) oxy) butanoic acid (2) (1 g, 0.0028 mol) and 1,1'-

carbonyldiimidazole (CDI) (0.4995 g, 0.0038 mol) were stirred under nitrogen at room 
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temperature. After 30 minutes anhydrous THF (30 mL) was added dropwise. Then after one-hour 

CH3OH (15 mL) was added dropwise at room temperature. This reaction was stirred at room 

temperature for five hours. The solvents were evaporated under reduced pressure and crude 

product was purified by flash chromatography on silica gel (solvent:  EtOAc/ hexane 9:1) to obtain 

yellow viscous product (0.39 g, 37%). 1H NMR (CDCl3, 500 MHz) = 2.07 (m, 4H), 2.36 (t, 2H), 

2.53 (t, 2H), 2.65 (t, 2H), 3.68 (s, 3H), 5.18 (m, 1H); 13C NMR (CDCl3, 125 MHz) = 29.06, 29.53, 

30.49, 37.32, 52.03, 69.10, 171.75, 172.86, 209.88.  

2.3.5   Synthesis of methyl (7-oxooxepan-4-yl) succinate- ε -caprolactone30,39 (M2)  

Methyl(4-oxocyclohexyl) succinate (0.1 g, 0.000438 mol) was cooled to 0oC in DCM (10mL). A 

suspension of 77% m-chloroperoxybenzoic acid (mCPBA) (0.1668 g, 0.000744 mol) in 

dichloromethane (DCM) (5 mL) was added dropwise. This reaction was allowed to warm up to 

room temperature and then left overnight. Then excess of acetone was added to the reaction and 

stirred for one hour. The solvents were evaporated under reduced pressure and crude product was 

purified by flash chromatography on silica gel (solvent:  EtOAc/ hexane by gradient elution 

system) to obtain white solid product (0.06 g, 60%). 1H NMR (CDCl3, 500 MHz) = 1.98 (q, 2H), 

2.07 (q, 2H), 2.50 (t, 1H), 2.63 (t, 4H), 2.90 (t, 1H), 3.68 (s, 3H), 4.13 (t, 1H), 4.43(t,1H), 5.13 (m, 

1H); 13C NMR (CDCl3, 125 MHz) = 27.72, 28.63, 29.06, 29.55, 34.13, 52.13, 63.68, 70.56, 

171.46, 172.87, 175.17. FT-IR (cm-1): 2920, 2850, 1715, 1552,1486, 1439, 1391, 1360, 1338, 

1283, 1269, 1256, 1200,1159, 1140, 1087, 1067, 1004, 975, 958, 935, 906, 884, 845, 815, 743, 

719, 669, 617, 582, 549, 413. Elemental Analysis of C11H16O6: Theoretical is C = 54.09%, H = 

6.60%, O = 39.30% and Experimental is C = 54.09%, H = 6.18%, O = 39.25%. 
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CHAPTER 3 

RESULTS 

3.1   Synthesis of monomer 4-oxo-4-((7-oxooxepan-4-yl) oxy) butanoic acid- ε -

caprolactone:  

 

 

                                                1                                           2                                                 M1 

 

Scheme 3.1. Synthesis of 4-oxo-4-((7-oxooxepan-4-yl) oxy) butanoic acid- ε -caprolactone(M1).  

 

Briefly, 1,4-dihydroxycyclohexanone was reacted with calcium hypochlorite to produce 4-

hydroxycyclohexanone. The structure of compound 1 was confirmed by analyzing the NMR data 

(1H NMR Figure 3.1).  In compound 1 there is a multiplet at 4.19 ppm that integrates to 1 hydrogen, 

a multiplet at 1.98 ppm that integrates to 2 hydrogens, a multiplet at 2.04 ppm that integrates to 2 

hydrogens due to enantiomeric confirmations, a multiplet 2.30 ppm that integrates to 2 hydrogens, 

another multiplet at 2.31 ppm that integrates to 2 hydrogens due to enantiomeric confirmations 

adjacent to carbonyl group. The relative yield of the product is approximately 80%. 

Compound 1 was then reacted with succinic anhydride to produce 4-oxo-4-((4-oxocyclohexyl) 

oxy) butanoic acid (compound 2). The structure of compound 2 was confirmed by analyzing the 
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1H NMR (Figure 3.2), 13C NMR (Figure 3.3), 2-D NMR (Figure 3.4).  In compound 2 1H NMR 

(Figure 3.2) there is a multiplet at 2.09 ppm that integrates to 4 hydrogens adjacent to the oxy 

group to the ring, a triplet at 2.37 ppm that integrates to 2 hydrogens adjacent to ester group in the 

side chain to the ring, a triplet at 2.53 ppm that integrates to 2 hydrogens adjacent to the carbonyl 

group of the side chain to the ring, a multiplet at 5.20 ppm that integrates to 1 hydrogen confirms 

the presence of methine group adjacent in the ester to the ring. The relative yield of the product is 

approximately 60%.  

Finally, compound 2 undergoes a Baeyer-Villiger reaction to form 4-Oxo-4-((7-oxooxepan-4-yl) 

oxy) butanoic acid- ε -caprolactone (M1). The structure of M1 was confirmed by analyzing the 1H 

NMR (Figure 3.5), 13C NMR (Figure 3.6), 2-D NMR (Figure 3.7) and FT-IR (Figure 3.8). In M1 

(1H NMR Figure 3.5),  there is a multiplet at 5.00 ppm that integrates to 1 hydrogen, a singlet at 

10.91 ppm corresponds to 1 hydrogen confirm about the presence of carboxyl group in monomer 

(M1), a quartet at 1.99 ppm that integrates to 2 hydrogens in the ring, a quartet at 2.52 ppm that 

integrates to 2 hydrogens, a triplet at 2.65 ppm that integrates to 2 hydrogens adjacent to carboxyl 

group, a triplet at 2.91 ppm that integrates to 2 hydrogens, adjacent to ester group in the ring, 

another triplet at 4.43 ppm that integrates to 2 hydrogens due to enantiomeric conformations. From 

FT-IR (Figure 3.8) as broad peak due to -OH in carboxyl group is usually 3200-2800 cm-1 but here 

peak at 2986 cm-1 is due to C-H stretching. The relative yield of the product is approximately 70%. 

The monomer was synthesized successfully, with elemental analysis (C/H/O) shown in Table 3.1.   
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Table 3.1. Elemental analysis of 4-oxo-4-((7-oxooxepan-4-yl) butanoic acid-ε-caprolactone (M1) 

 

Element Theoretical Experimental 

C 52.17% 51.55% 

H 6.13% 5.34% 

O 41.70% 39.71% 

 

               

                                       

 

                            Figure 3.1. 1H NMR of 4-hydroxycyclohexanone (1).  
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  Figure 3.2. 1H NMR of 4-oxo-4-((4-oxocyclohexyl) oxy) butanoic acid (2). 
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Figure 3.3. 13C NMR of 4-oxo-4-((4-oxocyclohexyl) oxy) butanoic acid (2). 
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  Figure 3.4.  2-D NMR of 4-oxo-4-((4-oxocyclohexyl) oxy) butanoic acid (2). 
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Figure 3.5. 1H NMR of 4-oxo-4-((7-oxooxepan-4-yl) oxy) butanoic acid- ε -caprolactone (M1). 
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Figure 3.6. 13C NMR of 4-oxo-4-((7-oxooxepan-4-yl) oxy) butanoic acid- ε -caprolactone (M1). 
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Figure 3.7. 2-D NMR of 4-oxo-4-((7-oxooxepan-4-yl) oxy) butanoic acid- ε -caprolactone (M1). 
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Figure 3.8. FT-IR of 4-oxo-4-((7-oxooxepan-4-yl) oxy) butanoic acid- ε -caprolactone (M1). 
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3.2    Synthesis of monomer methyl (7-oxooxepan-4-yl) succinate- ε -caprolactone (M2):  

 

 

 

Scheme 3.2. Synthesis of methyl (7-oxooxepan-4-yl) succinate-ε-caprolactone (M2).  

 

Synthesis of compound 1 and 2 has already discussed in scheme 3.1. Compound 2 was treated 

with 1,1′-carbonyldiimidazole (CDI) to undergo as esterification reaction to produce compound 3. 

The structure of compound 3 was confirmed by the analyzing 1H NMR (Figure 3.9), 13C NMR 

(Figure 3.10), 2-D NMR (Figure 3.11).  In compound 3, there is a multiplet at 2.07 ppm that 

integrates to 4 hydrogens adjacent to oxy group to the ring, a triplet at 2.36 ppm that integrates to 

2 hydrogens, a triplet at 2.53 ppm that integrates to 2 hydrogens adjacent to the ester group to the 
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ring, a triplet at 2.65 ppm that integrates to 2 hydrogens adjacent to the carbonyl group in the ring, 

a singlet at 3.68 ppm that integrates to 3 hydrogens confirms the presence of methyl  to the ester 

group of the side chain to the ring and a multiplet at 5.18 ppm that integrates to 1 hydrogen 

confirms the presence of methane group adjacent to ester group in the ring. The relative yield of 

the product is approximately 40%.  

 Finally, compound 3 undergoes a Baeyer-Villiger reaction to form methyl (7-oxooxepan-4-yl) 

succinate-ε-caprolactone (M2). The structure of M2 was confirmed by the analyzing the 1H NMR 

(Figure 3.12), 13C NMR (Figure3.13), 2-D NMR (Figure 3.14), and FT-IR (Figure 3.15). In M2 

peak at 3.68 ppm singlet that integrates to 3 hydrogens confirm the presence of ester group at the 

side chin of the ring. The multiplet at 5.13 ppm that integrates to 1 hydrogen confirm the presence 

of methine group adjacent to ester to the ring, a quartet at 1.98 ppm that integrates to 2 hydrogens, 

a quartet at 2.07 ppm that integrates to 2 hydrogen, a triplet at 2.50 ppm that integrates to 1 

hydrogen as enantiotopic hydrogen adjacent to carbonyl group in a ring, a triplet at 2.63 ppm that 

integrates to 4 hydrogens in a side chain to the ring, 2.90 ppm that integrates to 1 hydrogen as 

another enantiotopic hydrogen adjacent to the carbonyl group in the ring, a triplet at 4.13 ppm that 

integrates to 1 hydrogen adjacent to the ester group in the ring, a triplet at 4.43 ppm that integrates 

to 1 hydrogen adjacent to the ester group present in the ring confirms the presence of another pair 

of enantiotopic hydrogens.  

From FT-IR spectra (Figure 3.15) peaks at 2850 cm-1, 2920 cm-1 and 2940 cm-1 is due to C-H 

stretching in alkane group. Peak at 1735 cm-1 is due to --C=O stretching in ester group along the 

side chain, another peak at 1715.48 cm-1 confirms presence of carbonyl group in the monomer. 
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The relative yield of the monomer is approximately 70%. The monomer was synthesized 

successfully, with elemental analysis (C/H/O) shown in Table 3.2.   

 

Table 3.2. Elemental analysis of methyl (7-oxooxepan-4-yl) succinate-ε-caprolactone (M2) 

 

Element Theoretical Experimental 

C 54.09% 54.09% 

H 6.60% 6.18% 

O 39.30% 39.25% 
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Figure 3.9. 1H NMR of methyl(4-oxocyclohexyl) succinate (3).  
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Figure 3.10. 13C NMR of methyl(4-oxocyclohexyl) succinate (3).  
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Figure 3.11. 2-D NMR of methyl(4-oxocyclohexyl) succinate (3).  
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Figure 3.12. 1H NMR of methyl (7-oxooxepan-4-yl) succinate-ε-caprolactone (M2).  
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Figure 3.13. 13C NMR of methyl (7-oxooxepan-4-yl) succinate-ε-caprolactone (M2).  
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   Figure 3.14. 2-D NMR of methyl (7-oxooxepan-4-yl) succinate-ε-caprolactone (M2). 
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Figure 3.15. FT-IR of methyl (7-oxooxepan-4-yl) succinate-ε-caprolactone (M2).  
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3.3    Polymerization of monomer methyl (7-oxooxepan-4-yl) succinate- ε -caprolactone 

(M2)  

 

 

 

Scheme 3.3. Polymerization of methyl (7-oxooxepan-4-yl) succinate-ε-caprolactone (M2) using 

NdCl3.TEP/TIBA. 

 

Synthesis of M2 has already discussed in scheme 3.2.  For homopolymerization, catalytic system 

includes NdCl3.TEP as a catalyst and TIBA as a co-catalyst in dry toluene as a solvent at 40oC is 

used under nitrogen atmosphere. The molar ratio [M2]: [NdCl3.3TEP]: [TIBA]= 250:1:10 was 

used for the polymerization at 40oC under nitrogen atmosphere in dry toluene as a solvent (Scheme 

3.3). This reaction was monitored periodically for six hours by NMR until monomer was 

consumed. The crude polymer reaction mixture was crushed in methanol and was analyzed by Size 

Exclusion chromatography (SEC). In (ii) 1H NMR (Figure 3.16) M2 peaks are at 4.12 ppm and 

4.43 ppm which are present in (ii) with different catalytic system [Sn(oct)2] with molar ratio [M1]: 

[Sn (Oct)2]: [BnOH] = 50: 1: 1 at 110oC. These peaks are not present in (iii) 1H NMR (Figure 

3.16) , instead there is a new peak at 4.20 ppm in (iii)  which integrates to 2 hydrogens which 
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indicates the ring opening of monomer and synthesis of polymer, another peak at 5.16 ppm which 

integrates to 1 hydrogen  confirm the presence of methine group adjacent to ester to the ring, peaks 

4.28 ppm, 4.35 ppm and 4.59 ppm are not corresponds to peak of M2 but corresponds to 

transesterified side product ( -butyrolactoone) which is already demonstrated by our group with 

another -substituted monomer.40 Due to transesterification during polymerization of M2, the yield 

of homopolymer was not appreciable. But M2 shows polymerization with NdCl3.TEP/TIBA 

catalytic system under mild conditions.  

 

 

Figure 3.16. (i) 1H NMR spectra for M2 (ii) 1H NMR spectra for polymerization of M2 with Sn 

(Oct)2 (iii) 
1H NMR spectra for polymerization of M2 with NdCl3.TEP/TIBA. 
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CHAPTER 4 

DISCUSSION 

The synthesis and purification of both the monomers as 4-oxo-4-((7-oxooxepan-4-yl) butanoic 

acid- ε -caprolactone (M1) and methyl (7-oxooxepan-4-yl) succinate- ε -caprolactone (M2) were 

successful. The structures of both the monomers were confirmed by analyzing the data by NMR 

[1H, 13C and 2-D], FT-IR and elemental analysis. The purification of both the monomers were 

done by using column chromatography with gradient elution solvent system.  

These newly synthesized monomers were polymerized by ROP polymerization. M1 was 

homopolymerized with tin (II) 2-ethylhexanoate (Sn (Oct)2) as the catalyst with benzyl alcohol as 

an initiator at 110oC in dry toluene under nitrogen atmosphere. The molar ratio [M1]: [Benzyl 

alcohol]: [Sn (Oct)2] = 50:1:1 was used for polymerization. The reaction was monitored 

periodically for 6 hours, then 10 hours, and finally overnight until the monomer was consumed. 

This was analyzed by 1H NMR to check the conversion of monomer. But polymerization was not 

successful in M1. Side reactions of transesterification were happening but not polymerization. Due 

to transesterification, a thermodynamically more stable butyrolactone (Scheme 4.1) was formed 

which was already demonstrated earlier by our group with another -substituted monomer.40  
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Scheme 4.1. Polymerization of 4-Oxo-4-((7-oxooxepan-4-yl) oxy) butanoic acid- ε -caprolactone 

(M1) using Sn (Oct)2, Zn (Undec)2 and NdCl3.TIBP 

 

M1 was further catalyzed by another catalytic system zinc undecylenate (Zn (Undec)2) under same 

conditions, unfortunately with this catalytic system M1 did not polymerize at all. The molar ratio 

[M1]: [Benzyl alcohol]: [Zn (Undec)2] = 50:1:1 was used for polymerization. Finally, we tried 

different catalytic system NdCl3.3TIBP with benzyl alcohol as an initiator at 110 oC. The molar 

ratio [M1]: [NdCl3.3TIBP]: [Benzyl alcohol] = 50:1:1 was used for polymerization. Since all of 

these catalytic systems have the ability to polymerize other substituted or unsubstituted-ε-

caprolactones.40 But, with M1 neither of the catalytic systems were successful to synthesize 

homopolymer in good yield. Transesterification is more dominating during polymerization, it is 

due to higher temperature (110 oC) which is a required condition for these catalytic systems. Due 

to which it will either show transesterification or degrade during polymerization for longer 

duration. The other reason is presence of carboxyl group which has tendency to poison the catalyst. 

M2 was also tried to homopolymerize with all the above mentioned catalytic systems under same 

conditions and initiator like M1. Unfortunately, neither of these catalytic systems worked with 

M2. Finally, for homopolymerization in M2, another catalytic system was used which was 
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introduced for the first time by our research group. This catalytic system includes NdCl3.TEP as a 

catalyst and TIBA as a co-catalyst in dry toluene as a solvent at 40oC, showed homopolymerization 

successfully with less than 20 mol% transesterification already proved by our group in another -

substituted caprolactone monomer.40 This catalytic system has also showed successful 

homopolymerization in dienes and polar vinyl monomers previously by our group.41  Previous 

reaction was tried overnight but it degraded and formed a transesterified product.  To limit the 

transesterification, reaction was tried again for six hours and at low temperature. The reaction 

shows polymerization analyzed by NMR but side by side it shows transesterification more than 

polymerization. The NMR data analysis shows no appreciable amount of monomer left in the 

reaction mixture by comparing it with NMR of monomer M2 (Figure 3.16).  

The monomer M2 is a newly reported monomer with three ester functional groups which is hard 

to polymerize. The optimization of Nd catalytic system is expected to generate polymer with 

higher molecular weight. The resulting polymer with an ester group at backbone and two ester 

groups at the side chain is expected to have a good degradation rate with non-toxic degradation 

products. 
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CHAPTER 5 

CONCLUSION 

In conclusion, monomers 4-oxo-4-((7-oxooxepan-4-yl) butanoic acid- ε -caprolactone (M1) and 

methyl (7-oxooxepan-4-yl) succinate- ε -caprolactone (M2) were synthesized successfully by 

Baeyer-Villiger reaction. After synthesizing these monomers, with ring opening polymerization in 

the presence of catalyst (such as Sn, Zn, or Nd etc.)/ co-catalyst and initiator, they can undergo 

polymerization potentially could be synthesized depending upon the required conditions.  In 

addition, amphiphilic block copolymers which has an important application in drug delivery. With 

the synthesis of different kind of amphiphilic block copolymers, next step is to synthesize different 

drug carriers such as micelles, nanoparticles etc. as anti-cancer drugs are hydrophobic in nature. 

By encapsulating these anticancer drugs with micelles would be a promising drug carrier agent 

under all physiological conditions. One of the important advantage of micelles to be used for 

encapsulating anti-cancer drug is that the activity of these anti-cancer drugs can be preserved. 

Because most of these anti-cancer drugs have short-life and are hydrophobic in nature.  
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