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Abstract 

This thesis describes the synthesis and characterisation of novel, biodegradable 

polyesters derived from carbohydrates. These were prepared from hexose and 

pentose derivatives. Acetyl-protected 1,5-lactones were prepared via per-acetylation, 

bromination, hydrolysis and Swern oxidation in up to 72 % overall yield. These were 

used to prepare novel aldaric esters via a ring-opening reaction with butan-1-ol or 

1,4-butanediol in the presence of p-TSA. 

Aldaric esters were used to prepare highly functionalised polyesters via 

polycondensation with adipoyl chloride, oxalyl chloride and terephthalic chloride with 

Al,, of up to 86,600 gmal. 

A glucose-derived oligomer was used as a macro-initiator in the ring opening 

polymerisation (ROP) of rac-lactide to form a block-copolymer comprising of 12 to 

250 lactide units attached to the oligoester blocks of up to 3 carbohydrate repeat 

units. The aldaric esters were used as co-initiators in the controlled ROP of [L,L]-

lactide and rac-lactide with M,, of 6,300 gmol-1. The observed rate constant, kobs  using 

mono-functional aldaric esters was half that observed in bi-functional ones (diols) due 

to transesterification. Hydrolytic degradation of PLA with these carbohydrate-derived 

moieties indicated that their introduction enhanced degradation. 
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Outline 

Chapter 1 presents a review of background and current research related to this 

subject. It covers degradable polymers, polymerisation methods and 

catalytic/initiating systems explored in this research. 

Chapter 2 describes the synthesis and characterisation of acetyl- and methyl-

protected 1,5-lactones derived from hexose and pentose sugars. These were 

prepared via acetylation, bromination, hydrolysis and oxidation. 

Chapter 3 describes the synthesis and characterisation of aldaric esters derived from 

1,5-lactones prepared via a ring-opening reaction using para-toluenesuphonic acid 

and either 1,4-butanediol or butan-1-ol. 

Chapter 4 describes the synthesis and characterisation of highly-functionalised 

polyesters via polycondensation the carbohydrate-derived aldaric esters. It also 

covers the use of aldaric esters as co-initiators in the ring opening polymerisation of 

lactide and subsequent hydrolytic degradation of this modified poly(lactide). 

Chapter 5 describes ring opening polymerisation investigations of functionalised 1,5-

lactones. 

Chapter 6 summarises the major conclusions drawn from this work and future 

prospects. 

Chapter 7 details the experimental procedures used in this research. 
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0 
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R7.,,,0„,..jx0H 
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R1  = OAc, R2  = H, R3  = OAc, R4  = H, R5  = OH, R6  = OAc, R7  = CH2OAc 
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OAc 
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OAc 
(31,.,0 

'OAc 
[8]  
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L.,0 	OAc 
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XV 



Synthesis of Functionalised Biodegradable Polyesters 	 Anita Haider 
PhD Thesis 	 Imperial College, London 

Methyl protected D-(+)-xylopyranose derivatives 

CI 
....0.„.44.0 	CI 

AcONs Y''OAc 
OAc 

[11]  
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HO's Y'/OH 
OH 
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0 	.00Ac 

r---- : 	OAc 
Ac0 	OAc 

[16]  
2,3,4,6-Tetra-0-acetyl-D-galactono-1 ,4-lactone 

0 	OAc 

OAc 
AcO 	OAc 

[17]  
2,3,4,6-Tetra-0-acetyl-D-mannono-1,4-lactone 

0 	•,'OAc 

OAc 
AcO 	OAc 

[18]  
2,3,4,6-Tetra-O-acetyl-D-glucono-1 ,4-lactone 

0 

0 	•,tOAc 

OAc 
OAc 
[19]  

2,3,4-Tri-0-acetyl-D-xylono-1 ,4-lactone 
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OAc OAc OAc 
HO 

1 	- 
0 	OAc OH 

[20]  
2,3,4,6-Tetra-0-acetyl-D-galactonic acid 

OAc OAc 	Ac 
-.„,...„..--,,.,-0 

1 
0 	OAc OH 

[21]  
Butyl 2,3,4,6-tetra-0-acetyl-D-galactonate 

OAc OAc 	Ac 
-N.s.„..--..,.,„0 

I 	- 
O 	OAc OH 
[22]  

Butyl 2,3,4,6-tetra-O-acetyl-D-mannonate 

OAc OAc OAc 
,„,„.„--..,_„.0-1_,-",,:„.--;•y- 

0 	OAc OH 
[23]  

Butyl 2,3,4,6-tetra-0-acetyl-D-gluconate 

QAc QAc 
-.„....,.......„„.0 

0 	OAc OH 
[24]  

Butyl 2,3,4-tri-O-acetyl-D-xylononate 

QAc 	Ac 
-,,,,,,-...,,,,,0 	. 	. 

0 	OAc OH 
[25]  

Butyl 2,3,4,6-tri-O-acetyl-L-arabinonate 
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OAc OAc 	Ac 

HO
...--.,,,,,,--.„,,,,0 

I 
0 	OAc 0 H 

[26]  
4-Hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-galactonate 

OAc QAc 	Ac 

HO."--."-"---4 "--0 
 
I 	- 
O 	OAc OH 

[27]  
4-Hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-mannonate 

OAc OAc OAc 

HO 
0 	OAc OH 
[28]  

4-Hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-gluconate 

QAc QAc 

H O----''''''" °''Ir';''' 
0 	OAc OH 

[29]  
4-Hyd roxybutyl 2,3,4-tri-0-acetyl-D-xylononate 

QAc 	Ac 

HO-"..--",--- 
0 	OAc OH 

[30]  
4-Hydroxybutyl 2, 3,4,6-tri-O-acetyl-L-arabinonate 
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0 
m 

OH 
n 

OAc 

Ac0 

HO  

OAc 0 

OAc OAc 
or\--"-...- m 

0 

OAc OAc 

= 
OAc 

OH 
n 

OAc 
m=1 -2,n= 0 - 1 

[31]  
Oligomer derived from 4-hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-galactonate [26] 

Ac0 
OAc 0 

HO - 	0 = 
OAc OAc 

OAc OAc 
0 	 OH 

= 	n 
0 OAc 

OAc 

m=1 -2,n=0 -1 

[32]  
Oligomer derived from 4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-mannonate [27] 

m 

Ac0 
OAc 0 

HO - 0 
OAc OAc 

m=1 -2,n= 0 - 1 
[33]  

Oligomer derived from 4-hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-gluconate [28] 
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n = 0 - 2 

Initiating species derived from 4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D- 

gluconate, [28] 
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Abbreviations used in the text 
DSC 	differential scanning calorimetry 
DXO 	1,5-dioxepan-2-one 
EA 	 elemental analysis 
eq. 	 Equivalents 
FAB 	fast atom bombardment (mass 

spectrometry) 
FDA 	Food and Drug Administration 
GPC 	gel permeation chromatography 
H 	 hour(s) 
HMBC 	Heteronuclear Multiple Bond Coherence 
HMQC 	Heteronuclear Multiple Quantum 

Coherence 
M 	 mol dm-3  
MALDI-TOF 	matrix assisted laser desorption 

ionisation-time of flight 
m-CPBA 	meta-chloroperbenzoic acid 
Min 	 Minutes 
M,7 	 number average molecular weight 
A//,, 	 weight average molecular weight 
NMR 	nuclear magnetic resonance 
PCC 	pyridinium chlorochromate 
PCL 	poly(g-caprolactone) 
PDI 	 polydispersity index 
PEG 	poly(ethylene glycol) 
PEI 	 poly(ethylene isophthalate) 
PET 	poly(ethylene terephthalate) 
PHA 	poly(hydroxyalkanoate) 
PLA 	poly(lactide) 
p-TSA 	para-toluenesulphonic acid 
r.t. 	 room temperature 
RI 	 refractive index 
ROH 	general alcohol 
ROMP 	ring-opening metathesis polymerisation 
ROP 	ring opening polymerisation 
s 	 Seconds 
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abbreviation for compounds derived 
from salicylic aldehyde and 1,2 
diamines 

Sn(11)Oct2 	tin(I1)2-ethylhexanoate 
T 	 Time 
TLC 	thin layer chromatography 
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1.1 	The need for degradable polymers from renewable 

resources 

The synthesis of renewable, degradable polymers is becoming increasingly attractive 

largely owing to growing social and political pressure to move towards sustainable 

materials and to reduce the environmental impact of petrochemical-based polymers.' 

Petroleum-derived polymers dominate the plastics market. This is a concern as they 

are non-sustainable and derived from depleting feedstocks. The limited supply of oil 

also puts substantial economic pressure on petroleum and its derivatives due to the 

supply-demand balance shifting towards the latter. This is being made evident at 

present due to current high oil prices.2  Consequently, the cost of commodity plastics 

is increasing making those derived from alternative feedstocks more economically 

viable. Also contributing to high prices of plastics feedstocks are legislative measures 

imposed by governments to tackle climate change. An example of this is the 

introduction of carbon-credits. This translates as the cost of producing CO2  and is 

ultimately borne by the consumer. 

Petroleum-derived plastics are also associated with numerous environmental 

concerns. The routes to obtaining their raw materials are energy intensive and not to 

mention highly polluting. Their failure to degrade means that they themselves are 

sources of pollution. Whilst landfill is a potential solution, this is becoming 

increasingly challenging due to limited landfill availability. This is particularly 

pronounced in densely populated areas such as the UK and much of Western 

Europe. The consumer's market in which we live is dominated by considerable 

amounts of trivial plastic packaging. Recycling and incineration are alternative 

methods for the disposal of unwanted plastics. However, these techniques are 
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expensive as well as energy intensive resulting in the production of toxic waste.3  

Governments have also realised that there is reason for concern and are beginning 

to put pressure on suppliers to shift to degradable and sustainable materials. 

Advances in biomedical science also fuel the need for, not only biodegradable 

polymers, but also biocompatible and bioassimilable materials for medical 

applications.4  Biocompatible polymers also require non-toxic synthetic routes and 

biodegradation products. Biodegradable polymers are widely used as the matrices 

for tissue engineering such as that of bones. They are also found in surgical fixation 

materials such as sutures, clips, bone pins and plates.3  Furthermore, they have been 

used as the excipent for the controlled release of pharmacologically active 

ingredients.4  In fact, this application extends beyond medicine to veterinary and 

agrochemical disciplines.3  
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1.2 	Types of degradable and biodegradable polymers 

Biodegradation can be defined as occurring through the action of biological 

organisms including enzymes, bacteria or fungi. Nonetheless, and in particular to 

address environmental concerns, it is important to address abiotic degradation such 

as hydrolysis.3  There are several types of biodegradable polymers which can be 

grouped into the following categories:3  

a) Polyesters 

b) Polyamides 

c) Polyurethanes 

d) Polyureas 

e) Polyethers 

f) Polyan hydrides 

g) Poly(orthoester)s 

h) Polypeptides and proteins 

i) Polysaccharides 

Polyesters are the most widely explored sustainable and degradable polymers. 

These include poly(lactide), poly(glycolic acid), poly(hydroxyl alkanoate)s and other 

poly(lactone)s such as poly(caprolactone) and poly(valerolactone). This research 

focuses on the synthesis of polyesters derived from lactide and functionalised 

carbohydrates. 
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1.2.1 	Poly(lactide) 

0 
R0

)-O
)0 

0 

[1] 

Poly(lactide) 

One of the most comprehensively defined bioderived polymers, in terms of its 

chemical, physical, biological and degradation properties, is poly(lactide) (PLA) [1].6  

PLA is derived from corn or sugar beet which is fermented to produce lactic acid. 

Lactic acid is polymerised to yield a low molecular weight oligomer. This is 

subsequently thermally degraded to produce the cyclic dimer of lactic acid: lactide. 

Lactide is polymerised by ring opening polymerisation (ROP) to yield PLA. It is 

produced commercially, by several smaller companies in the EU and Japan and on a 

larger scale in the USA, for both commodity (e.g. packaging) and medical 

applications.4  Nonetheless its hydrophobicity can be a drawback with respect to both 

environmental and medical applications as this contributes to slow and uncontrolled 

degradation rates. The lack of chemical functionality along its backbone also hinders 

its potential as a biomaterial; for example PLA scaffolds do not allow for seeded cell 

mass and protein recognition.6  

The aim of this research is to address these drawbacks by increasing the 

hydrophilicity of PLA and by creating new highly functionalised polyesters. Therefore, 

the natural choice would be to move from hydrocarbons to carbohydrates as a 

starting point. Carbohydrates meet two essential criteria; they are highly 

functionalised and are a renewable resource. Furthermore, carbohydrates are 
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relatively inexpensive with raw sugar currently priced at $200 per tonne.' By 

contrast, the market price for methyl methacrylate, the precursor to an alternative 

polymer, is about $2,000 per tonne.8  

1.3 	Monomer synthesis 

In this research, monomer synthesis plays an important role in order to increase the 

range of polymers produced and to fine-tune their physical, chemical and biological 

properties. Generally, when biodegradable polymers are investigated, little attention 

is given to the monomer synthesis and can thus be a limiting factor. Carbohydrates 

make suitable candidates as precursors for monomers in the preparation of 

sustainable biodegradable polymers as they are highly abundant, renewable 

resources. Not only are carbohydrates naturally abundant, they exist in numerous 

forms which are manifested in different degrees of substitution and stereochemistry. 

Thus the preparation of substrates from carbohydrates forms part of an exhaustive 

area of chemistry. The highly functionalised nature of carbohydrates such as D-(+)-

galactopyranose, D-(+)-mannopyranose, D-(+)-glucopyranose, D-(+)-xylopyranose 

and L-(+)-arabinopyranose often makes simple chemical transformations non-trivial 

due to competition for selectivity. 
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1.4 	Methods of polymerisation and their catalysts 

The most widespread route to biodegradable polyesters is via ROP of 

anhydrosulphites, anhydrocarboxylates and lactones/dilactones.3  The benefits of this 

method versus polycondensation are the potential for controlled polymerisation, the 

mild conditions which can be used and the shorter reaction times. 

1.4.1 Mechanism 

There are four mechanisms associated with ROP and are largely determined by the 

initiator used. These are coordination-insertion, anionic, nucleophilic and cationic 

polymerisation. 

Coordination-insertion 

Coordination-insertion is by far the most widely investigated mechanism for ROP of 

lactones.9  This three-step mechanism is initiated by a metal centre and is illustrated 

by Scheme 1.1, using lactide initiated by a metal alkoxide as an example. It should 

be noted that the metal complex is strictly speaking an initiator for the polymerisation 

process and not a catalyst, however the terms are both widely used in the field and 

will both be used interchangeably in this thesis. 	According to the coordination- 

insertion mechanism, the metal centre coordinates to the carbonyl group of the 

lactone ring thus activating it (i). The lactone subsequently inserts into the metal 

alkoxide bond (ii) and the intermediate undergoes acyl bond cleavage and ring 

opening to yield a new metal alkoxide species (iii).4  This process repeats itself until 

all the monomer is consumed or a terminating agent is introduced. 
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M =AI, Sn, Y, Zn; R = (CH2)40H, OiPr3, (CH2)20H; R' depends on the terminating agent 

Scheme 1.1 - Coordination-insertion ROP mechanism of lactide 

Many metals are known to initiate ROP. Here we will examine key developments and 

initiators based on tin, aluminium, zinc and yttrium. An exhaustive review of all 

initiators will not be given, instead the reader is referred to the recent literature.4'1°  

Tin(II)-2-ethylhexanoate (Sn(II)Oct2) in combination with alcohols is the most 

commonly used ROP initiator on account of its good activity, tolerance of impurities, 

ease of handling and commercial availabilty.11  Its success as an initiator in the ROP 

of lactide is manifested by its use in the industrial production of PLA.5  Furthermore, it 

has been approved by the American Food and Drug Administration (FDA) for use as 

a catalyst.12  Ever since Leenslag and Pennings first reported the successful 

synthesis of PLA using Sn(II)Oct2  in 1987,13  the mechanism of this reaction has been 

extensively researched and the subject of intense debate.4  Although Sn(II)Oct2  can 

be used on its own as an initiator for lactide ROP, it is faster and much better 

controlled when used in combination with an alcohol (ROH).4  It is proposed that 

there are various equilibria present in solution between Sn(II)Oct2, Sn(11)0R2, and 

ROSn(II)Oct, Sn(11)0R2  (Scheme 1.2) and octanoic acid, however the precise role of 

these species is still debated.14  
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OctSn(II)OR + OctH 

Sn(11)(0R)2+ OctH 

Scheme 1.2 - Equilibrium of Sn(II)Oct2  alcohol species15  

Penczek and co-workers have dedicated several years to determining the active 

species in the Sn(II)Oct2/ROH initiating system.14-26  They have recently established 

that the active species is the metal alkoxide and that the metal carboxylate does not 

play an active role in the ROP of either lactide of e-caprolactone.1416'17  This study 

was also extended to zinc(I1)octoate (Zn(II)Oct2) and aluminium(111)acetate 

(A1(111)(Acac)3).16  They used MALDI-TOF mass spectrometry to observe Sn alkoxide 

end groups in polymer samples which had been carefully prevented from exposure to 

moisture. The presence of the tin alkoxide propagating groups and the ester end 

groups at the other end of the polymer chain (from the alcohol co-initiator) led to the 

conclusion that the true initiator was a Sn alkoxide species, They also isolated 

Sn(11)(0Bu)2  and compared the polymerisation kinetics of Sn(11)(0Bu)2  + 2 2-

ethylhexanoic acid with the kinetics using Sn(II)(Oct)2  + 2 BuOH. They obtained 

identical rates of reaction and thus concluded that the active species in the tin 

octoate/butanol system was the tin butoxide.16  

In early work, Kricheldorf and co-workers showed that a number of metal alkoxides 

are active towards ROP of lactones. These include simple alkoxides based on 

magnesium, aluminium, zinc, titanium and zirconium.21  Of these, aluminium iso-

propoxide (A1(0'Pr)3) became a popular initiator owing to its good polymerisation 

control. For example the polydispersity index (PDI) of PLA obtained using this 

catalyst was usually less than 1.2. However, such homoleptic alkoxides are well 

known to form clusters or aggregates which affect the reaction rates26'22  and 

complicate the analysis of the reaction mechanism.4  A common strategy to prevent 
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aggregation is to isolate a single site catalyst. That is, a metal complex of the form 

LMOR where L is a bulky ancillary ligand, M is the metal, and OR is the initiating 

group. Many well defined complexes have been examined and shown to be active 

initiators for lactide polymerisation. 	A particularly common and useful ancillary 

ligand is the salen. Pioneering work by Spassky and co-workers established that 

aluminium salen complexes produced stereoblock PLA from rac-lactide.23  

Subsequently, many groups have studied aluminium salen complexes and made 

some improvements to the stereocontrol. 	Recently titanium salen complexes 

(Figure 1.1) have also been shown to be viable initiators for lactide ring opening 

polymerisation."'" 

0 Pr 

N-Ti=0 
/01  
'Pr 0 

R1  R2 

Figure 1.1 - Example of a titanium—salen complex which is a successful 

initiator for the ROP of rac-lactide25  

Single site initiators have also been developed with zinc and yttrium metal centres. 

Chisholm26  prepared trispyrazolylborate zinc alkoxide complexes as the first example 

of single site zinc catalysts. These species did not prove to be highly active, but 

showed good polymerisation contro1.1°  Stereocontrol is important in the synthesis of 

PLA as it determines the polymer's properties, such as its tensile strength, which are 

characterised by the degree of crystallinity. Isotactic PLA gives rise to a crystalline 

polymer whereas syndiotactic PLA yields an amorphous material. A good example of 
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complexes which exhibited much greater polymerisation rates and also excellent 

stereocontrol are zinc fl-diiminate complexes developed by Coates et al. Key to these 

outstanding results are bulky ligands which increase the influence of the stereogenic 

centre of the last inserted monomer, thus determining the relative sequence of 

stereocentres in the polymer chain.27  

In addition to stereocontrol, activity is also an important criterion in the selection of 

the lactide polymerisation initiator. One of the most active complexes to this end was 

reported by Williams et al.; a zinc-based phenolate (Figure 1.2). Not only did this 

complex exhibit remarkable activity, but also good molecular weight control with 

relatively narrow molecular weight distribution. This extended to low catalyst 

loadings of <0.1 % yielding a number average molecular weight (Ma ) as high as 130 

kg mol-1. 28  

Figure 1.2 - A highly active zinc alkoxide for the ROP of lactide 28  

Yttrium complexes are among some of the most active towards lactide 

polymerisation. The first yttrium complexes were prepared from the reaction of an 

alcohol with the yttrium iso-propoxide cluster compound. This formed a homoleptic 

complex which is still one of the most active initiators in addition to good 
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polymerisation control. Recently, our group has prepared a highly active yttrium 

complex using an ancillary ligand with soft thio donor atoms (Figure 1.3).22  Unlike the 

original yttrium complex, it is a heteroleptic one. The advantage of such initiators 

include the reproducibility of their syntheses as well as enhanced polymerisation 

rates and improved contro1.1°  

.PN  
X--N\ /S 

/\ Y—N(SiMe3)2 
N.PvS 

Y 

Figure 1.3 - A highly active bis(thiophosphinicamido)yttrium complex for the 

ROP of lactide22  
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1.4.2 Reaction conditions 

Lactones are normally polymerised in the bulk or in a solvent such as THF, 

methylene chloride or toluene.11 '19'28  Bulk polymerisation is carried out at 

temperatures ranging from 80 to 175 °C, depending on the melting temperature of 

the monomer.29  Temperatures for ROP in solution are kept as low as possible in 

order to maximise the free-energy of the reaction. These are generally carried out 

between, 0 °C and 25 °C.2023,28,30 The use of low temperatures is often limited by the 

poor solubility of the initiators, monomers and/or resulting polymers. Therefore 

temperatures of up to 70 °C are occasionally necessary.29  Higher temperatures are 

also avoided to minimise intermolecular and intramolecular transesterification side 

reactions.' 1'31  

1.4.3 Carbohydrate-derived biodegradable polymers 

Guan et al. have shown that highly functionalised aliphatic polyesters can be 

successfully prepared by both ROP and polycondensation methods. They have 

recently reported the synthesis of methyl ether substituted polyesters derived from D-

dulcitol .32-34  

The controlled ROP of a methyl protected c-caprolactone was initiated by 

yttrium(III)isopropoxide as shown in Scheme 1.3. This efficient synthesis yielded 

degradable protein-resistant polymers with Mn  of up to 40,000 gmol-1. The narrow 

PDIs (1.1 - 1.2) as well as the linear dependence of Ln{([LA]o  - [LA]eq)/([LA]t  - [LA]eq)} 

with time and the linear correlation between Mn  and monomer conversion indicated 

good polymerisation control. However, the most significant limitation is the monomer 

synthesis. It requires a series of protection and deprotection steps followed by a ring 

closing reaction using the epimerisation catalyst, Shvo's catalyst (Scheme 1.3). In 
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summary, the monomer synthesis is low yielding (27 %) and with poor atom 

economy.32'" 

H OH OH 

OH OH OH 

OMe OMe 

OMe OMe OH 
Me0 OMe  

(racem ic) 

a 

OMe OMe 0 
MeO 

MeO" 
MeO OMe 

(racemic) 
a) TrCI, pyridine, reflux, 14 h (78 %); b) Mel, NaOH, rt, 14 h (89 %); c) p-TSA, 

Me0H, CH2Cl2, r.t., 14 h (75 %); d) Shvo's catalyst, Na2CO3, CHCI3, 100 cC, 40 h, 

(60 %); e) Y(Y Pr)3, toluene, r. t., 12 h, (85 %). 

Scheme 1.3 - Synthesis and ROP of a methyl protected E-caprolactone initiated 

by yttrium(III)isopropoxide32  

Guan et al. have also reported the synthesis of a closely related polymer via the 

polycondensation of an activated, protected aldaric chloride with a protected alditol 

(Scheme 1.4). The resulting polymers are promising materials as degradable 

alternatives to PEG with M„ of 29,000 gmol-1  and a PDI of 1.5. However, as with the 

E-caprolactone-derived polymer, this synthetic methodology is also accompanied by 

low overall monomer yields (20 to 30 %) requiring 6 synthetic steps.34  

Page 14 of 248 



Synthesis of Functionalised Biodegradable Polyesters 
PhD Thesis 
Chapter 1: Introduction  

Anita Haider 
Imperial College, London 

Me 	•Me 0 
O 

OMe OMe 0 OMe OMe 

      

HO 

 

CI 

   

OH CI 

  

 

OMe OMe 

  

0 	OMe OMe 

   

NEt3, CH2Cl2, r. t., 24 h 

Scheme lA - Synthesis of permethoxy polyesters34  

Galbis et aL have reported the synthesis and characterisation of aromatic homo- and 

copolyesters based on L-arabinitol and xylitol. Thus they produced bioderived 

materials related to poly(ethylene terephthalate) (PET) and poly(ethylene 

isophthalate) (PEI).35  These polymers were obtained by a polycondensation reaction 

of 2,3,4-tri-O-methyl-L-arabinitol or 2,3,4-tri-O-methyl-xylitol, or their mixtures, with 

ethylene glycol and with either terephthaloyl chloride or isophthaloyl chloride. 

In order to address the requirements of biomedical science, carbohydrate-derived 

compounds have also been used as grafts on PET. Most striking is the use of the 

Nobel-prize winning chemistry;36  ring-opening metathesis polymerisation (ROMP) 

using Grubbs catalyst. Kiessling et al. have reported the ROMP of carbohydrate-

substituted bridged cyclohexenes to yield polymers with high selectin activity.37  

Whilst these polymers are successful in the area of biological activity, they are not 

biodegradable and thus their applications are limited. Similarly, carbohydrate-grafting 

has also been reported via aminolysis38  as well as using UV-reactive 

carbohydrates.39  

Finally, Minami et at have reported in a patent the ROP of 2,3,4,6-tetra-0-acetyl-D-

glucono- 1 ,5-lactone [6e] using Al(O`Pr)3  and Sn(II)Oct2  with seemingly successful 

results. However, experimental details and characterisation is limited.°  
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1.4.4 Functionalised 8-caprolactones 

Functionalised aliphatic polyesters have also been prepared by ring opening 

polymerisation of g-caprolactone substituted at the y- or a-position by a variety 

functional groups." Generally, the monomers were prepared from the corresponding 

cyclohexanone which is treated with meta-chloroperbenzoic acid (m-CPBA) to 

produce the substituted e-caprolactone via Baeyer-Villiger oxidation.3m1-45  

Homopolymerisation of these monomers was normally carried out at elevated 

temperatures in the bulk, in the presence of Sn(II)Oct2  and an alcohol or between 0 - 

25 °C with Al(O'Pr)3  in toluene. The resulting polymers exhibited reasonable 

molecular weights with narrow PDIs (Table 1.1). 

One of the major drawbacks of these functionalised poly(E-caprolactone)s is the 

limited number of functional groups present per repeat unit. A high degree of 

functionality is favourable for biomedical applications to encourage cell-binding. 

Moreover, functionalised poly(e-caprolactone)s are not self-sustaining as the starting 

materials are not derived from renewable resources. 
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Table 1.1 - Functionalised poly(8-caprolactone)s 

R/monomer = i Functional 	group 	description 	and 
polymer characteristics 

Initiator(s) 

0y 
0 

Acrylate42  
Mw's of up to 20,500 gnrio1-1  achieved 
with narrow PDI (1.22) 

Al(O'Pr)3  

o 
O 

y Ketone" 
PDI of ca. 1.7 

BnCH(OH)Me-
Sn(II)Oct2  

/ O 

o 
0 

y Ketar 

0 
L/0 

OBn y Protected Alcoho13°  
Mw from 5,000 to 15,000 and PDI's of 
1.20 to 1.35 

BnOC(0)CMe( 
CH2OH)2- 
Sn(II)Oct2 	or 
Al(O'Pr)3  

`1-,:c o 

0 7 °  
O 

Ph 

y Protected carboxylic acid30  
Mw from 5,000 to 15,000 and PDI's of 
1.20 to 1.35 

BnOC(0)CMe( 
CH2OH)2- 
Sn(II)Oct2 	or 
Al(O'Pr)3 

 

Br y Halogen46  that than 	be subjected to 
subsequent modification. Mw of up to 
15,600 with PDI's from 1.15 to 1.35 

Al(O'Pr)3  

‘18 
0 

Br 

y 

copolym ereC.,  

Pendant-activated alkyl bromide for a 
combination of ROP and ATRP graft 

Al(O'Pr)3  

CI a Halogen 	that 	can 	be 	subsequently 
functionalized 	to 	hydroxyl, 	carboxylic 
acid 	and 	epoxide 	by 	atom 	transfer 
radical polymerisation.43  

'Substituent position. 
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1.4.5 Modifying PLA 

A common approach to addressing the limitations of PLA is by modifying it rather 

than using alternatives. This can be achieved by chemical modification or by 

blending. 

Copolymerisation 

Lactide copolymerisation is the most common form of chemically modifying PLA and 

has received much attention with a wide range of co-monomers and especially with E-

capr olactone .33'38.51-57  Aluminium alkoxides47'48  and Sn(II)Oct24s'" have widespread 

use as initiators for this purpose. Whilst copolymerisation of lactide with E-

caprolactone per se does not address its poor hydrophilicity, E-caprolactone can 

readily be functionalised at the a or y positions.30,41-45,47,51 This in turn may serve to 

begin to overcome the hydrophobicity of PLA. This was taken a step further by 

Albertsson et aL where 1 ,5-dioxepan-2-one (DXO) was used to tailor the 

hydrophilicity of the PLA copolymer by changing the relative ratios of co-monomers.5°  

Nonetheless, the most successful method of enhancing hydrophilicity in PLA is by 

the introduction of poly(ethylene glycol) (PEG) which serves to bring about 

continuous drug release; a property which is not inherent to the PLA homopolymer.52  

One of the most striking advantages of PEG is its biocompatibility and hydrophilicity.5  

However, PEG is not susceptible to hydrolytic degradation. 

Amass and co-workers have elegantly addressed the limitations of controlled drug 

release intrinsic to PLA via the synthesis of linear and star-shaped PEG-block-PLA 

copolymers.52'53  Their research not only served to increase drug release rates as well 

as to prolong them,52.53  but also to increase the degradation rate of the biomaterial by 

using star poly(s-caprolactone)-block-poly(ethylene glycol) initiators.52  In addition to 
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this, they also addressed the challenge of using biologically safer initiators based on 

potassium rather than the traditional tin compounds.52'53  

Naturally occurring and occasionally, modified carbohydrates have also been used 

as initiators in lactide polymerisation.54-5°  The introduction of carbohydrate moieties 

was found to affect the glass transition temperature54.56  as well as enhance the 

hydrophilicity of the PLA copolymer.57'58  The presence of sugar units introduced 

important biochemical properties critical for biomedical applications as specific 

recognition of lectin proteins with the sugar molecules was observed. 54'55'57  

Blending 

Blending polymers is also an attractive method of fine-tuning a material's properties 

whilst reducing its overall cost.3  Poly(hydroxyalkanoate)s (PHAs) are natural 

polymers produced in plant cells but that can also be synthesised either chemically or 

biochemically.3  Several researchers have observed promising results on blending 

PHA with PLA.3  They found that these blends are miscible and degrade by enzymatic 

as well as non-enzymatic hydrolysis, erosion and degradation. 

PLA blends have been reported with numerous other co-monomers in order to 

enhance biological, physical and mechanical properties of the resulting polymers. As 

with copolymerisation, the most common blends are with PCL6°  and PEG.61,62  Where 

PCL blends were used, PLA was blended with the copolymer, poly(lactide-co-g-

caprolactone) (PLA-PCL) to further fine-tune the copolymer's properties where 

synthetic restrictions arise. PLA has also been blended with co-polymers derived 

from terephthalates,38'39'61'63  vinyl alcohol64  as well as with polyurethane.65  Wan and 

co-workers have also shown that PLA can be blended with the carbohydrate, 
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chitosan66  which created a porous material with greater tensile strength than chitosan 

alone. 

1.5 	Conclusion 

From analysis of literature precedent and our current environment, it is evident that 

although significant progress has been made in the area of synthesis of biomaterials 

and degradable polymers, there is still much to be explored. We have also found that 

there is a significant gap in research in carbohydrate-derived degradable material yet 

the little literature precedent available indicates that there is a great deal of potential 

in this area. Hence this research seeks to address this gap by using high yielding 

polymerisation methods and catalysts in order to optimise the use of carbohydrates 

in biocompatible materials and degradable polymers. In order to achieve this, it was 

necessary to explore numerous areas of chemistry; from organic synthesis to catalyst 

preparation and not to mention polymer synthesis and characterisation. 
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2.1 	Introduction 

Carbohydrates can be converted to lactones bearing different functional groups with 

different stereochemistry. The degree of substitution can be modified owing to the 

availability of hexose and pentose sugars. 

Scheme 2.1 shows some of the major pentose and hexose sugars as well as the 

stereochemistry of the resulting ring opened forms. 

The monomers explored to date, derived from D-(+)-glucopyranose and D-(+)-

xylopyranose, have similar stereochemistry and differ in their degree of substitution. 

In their linear, ring opened form, their C-2 and C-4 substituents lie on the same face. 

Therefore, steric clash may hinder the degree of polymerization. Conversely, D-(+)-

mannopyranose and D-(+)-galactopyranose appear to exhibit less steric clash with 

their substituents on alternating faces. Among the pentose sugars, L-(+)-

arabinopyranose and D-(+)-lyxopyranose exhibit this same property, but with one 

less substituent than the hexose sugars. 

These differences in stereochemistry may not only affect the polymerisation 

thermodynamics, but also the properties of the resulting oligomer/polymer. 

The nature of the substituent may also affect these properties. Two markedly 

different substituents are the methyl and acetyl groups. The bulkiness of the acetyl 

groups and its high electron density and electron-withdrawing ability may give rise to 

properties that differ significantly to the smaller methyl group. 
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With the exception of D-glucono-1,5-lactone, non-functionalised 1,5-lactones are 

not readily commercially available and therefore functionalised lactones were 

prepared from the corresponding pyranoses or lactols. In exploring protection, the 

acetyl group was chosen to begin with. The overall route towards synthesis of acetyl-

functionalised 1 ,5-lactones is given in Scheme 2.2. 

R7 	 R7 0,,r0Ac 
a 

	

' • 	•‘tRi 	 R6' ' • 

	

R5 	R2 	 R5 
R
.
4 R3 

R 
R4 R3 	

2 

[2] 	 [3] 

R7 	Br 

R61' 	•,‘Ri 

R5  R'4 R3 R2  

[4] 

R7 0.,,r0H 
Ro 1 

R6 •::‘ R2 
R4 R3 

[5] 

R7 O O 

	

136"' 	.,t R1  

	

R5 	R2 
R4 R3 
[6] 

d 

a) TFA, Ac20, r.t., 20 h (for pc]) or 5 min (for 1201); b) HBr (AcOH), 

CH2Cl2, 0 cC - r.t., overnight; c) Ag2CO3, acetone, water, 0 cC - r.t., overnight; d) 0 7 

eq. (COCI)2, 13 eq. DMSO, -78 CC, 2 h ii) 5 eq. NEt3, -78 cC, 30 min 

Scheme 2.2 — Overall synthesis of the acetyl-protected 1,5-lactones, [6] 
Substituents are identified in the Table of Compounds 

The initial step was a per-acetylation to form the glycosyl acetates, [3]. There are two 

possible routes towards attaining the functionalised lactols, [5]. These are the 

hydrolysis of glycosyl acetates using an amino alcohol and acid hydrolysis of glycosyl 

bromides. However, this chapter will show that the most effective route towards 

functionalised lactols is via the glycosyl bromides which can be prepared from their 

parent glycosyl acetates. 

The final step towards the synthesis of functionalised 1,5-lactones is the oxidation of 

the lactols. In principle there are several oxidation methods which could be used. 

However, the sensitivity of acetyl-protected carbohydrate derivatives limits those 
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which can be applied. For example, the use of aqueous reaction conditions such as 

the Jones' reagent would not be suitable due to subsequent formation of the aldaric 

acid from the 1,5-lactones. Literature precedence indicates that oxidation with Cr03  

would be ideal as it has been applied to 2,3,4-tri-O-acetyl-a//3-D-xylopyranose. 

However, toxicity of Cr(VI) presents a limitation particularly with respect to large-

scale syntheses. Swern oxidation would address the toxicity issue although the use 

of NEt3  in the work-up could present a challenge as NEt3  is known to catalyse the 

formation of the unsaturated 1,5-lactone.1  

2.2 	Synthesis of glycosyl acetates 

Starting from commercially available pyranoses, acetylation was carried out in the 

presence of acetic anhydride (Ac20) and trifluoroacetic acid (TFA) to yield the per-

acetylated glycosides in quantitative yield. 

R7 	,,,,OH 

R6' ' 	,tRi 

R5 	R2 
R4 R3 

[2] 

TFA, Ac20, r. t., 20 h (for (2cJ) or 5 min (for Rd]) (quantitative) 

Scheme 2.3 — Synthesis of glycosyl acetates [3] 
Substituents are identified in the Table of Compounds 
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Table 2.1 — Stereochemical configuration of the products in Scheme 2.3 

Starting Material R1  R2  R3  R4  R5  R6  R7  

D-(+)-galactopyranose 
[2a]  OAc H OAc H OAc H CH2OAc 

D-(+)-mannopyranose 
[2b]  H OAc OAc H H OH CH2OAc 

D-(+)-xylopyranose 
[2c]  OAc H OAc H H OAc H 

L-(+)-arabinopyranose 
[2d]  OAc H OAc H OAc H H 

The starting materials from which [3] are derived (121) have the same 
stereochemistry as their derivative where OAc is replaced by OH 

These materials were fully characterised. This was in close agreement with the 

literature where comparisons were available. Hexoses selectively formed the a 

anomer, whereas an equal mixture of a and f3 anomers were observed for the 

pentoses. The a anomer adopts the more sterically hindered axial position due to the 

anomeric or Edward-Lemieux effect.' In the presence of an electronegative anomeric 

substituent, X, the anti-periplanar configuration of the lone pairs on the oxygen and 

the anti-bonding orbital of the C-X bond stabilises the a anomer.3  

Distinction between a and f3 anomers was made possible using 13C NMR as well 1H 

NMR. Bock et a1.4  established that anomeric configuration of pyranoses has a 

characteristic influence on the coupling constant between 13C-1 and 1H-1 (Jc1-111).  The 

13 anomer of the pyranose has a JC1-H1  of about 10 Hz lower than the corresponding a 

anomer.4  Similarly, by applying the Karplus equation (Equation (2.1),5  a relative 

comparison of the 34-H coupling constants at the anomeric centres, can also be used 

to ascertain the identities of the a- and /3 anomers. 
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J(0) = Acos2  0 + Bcos0+ C (Karplus Equation) 
	 (2.1) 

where J = 3J coupling constant; 0 = dihedral angle; A, B, and C are 

empirically-derived parameters whose values depend on the atoms and 

substituents involved.3  

The Karplus equation relates the dihedral angle, 0 between the proton at the 

anomeric centre and that at C-2 to the coupling constant associated with them.5  The 

greater the dihedral angle, 0 the greater the coupling constant (assuming that A, B 

and C are similar for pairs of anomers). Figure 2.1 graphically illustrates the dihedral 

angles (0) in 1,2,3,4-tetra-0-acetyl-a//3-D-xylopyranose. The /3 anomer, with the 

larger dihedral angle, has a 34-1-H-2  coupling constant of 6.8 Hz whereas the 

analogous coupling constant for the a anomer is 3.6 Hz. 

Figure 2.1 — Dihedral angles in the a and /3 anomers 1,2,3,4-tetra-0-acetyl-D- 

xylopyranose, [3c] 
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a Anomers are also characterised by a chemical shift for H-1, in the 1H NMR 

spectrum, between 6.2 and 6.3 ppm with 341-H2 of 2 — 4 Hz. In 13C{1H} NMR, the 

chemical shift for C-1 is in the region of 89 to 90 ppm. 

Table 2.2 — Significant NMR characteristics of glycosyl acetates 

Compound [3a] 
a anomer 

[3b] 
a anomer 

[3c] 
a anomer 

[3c] 
fi anomer 

[3d] 
a anomer 

[3d] 
fl anomer 

Derived 
From 

D-(+)- 
galactopyran 

ose 

D-(+)- 
mannopyran 

ose 
D-(+)-xylopyranose L-(+)-arabinopyranose 

5 H-1 
(ppm) 

6.34 
(lit. 6.35)6  

6.06 
(lit. 6.06)6  

6.18 
(lit. 6.25)6  

5.66 6.33 
(lit. 6.32)6 5.68 

341-H2 
(Hz) 2.3 4.5 3 6 . 

(lit. 3. 7)6 6.8 2.9 
(lit. 2. 6)6  6.9 

5 C-1 
(ppm) 

89.68 
(lit. 90.3)6  

88.96 
(lit. 89.9)6 91.74 

89.49 
(lit. 90.8)6  91'71  

The ,8 anomer was not formed in the hexose derivatives Pa] and Pb] 

Table 2.2 shows the characteristic chemical shifts for the 13 anomers of the pentoses. 

The chemical shift for H-1, in the 1H NMR spectrum, is around 5.7 ppm, with a 3-.1  H1-H2 

value of about 7 Hz. H-1 in 13 anomers resonate at about 0.5 ppm upfield versus the 

analogous a anomers. The coupling constants, 341-H2 in 0 anomers are up to 4 Hz 

greater than those in the analogous a anomers. The larger dihedral angle, 0 in p 

anomers explains the greater coupling constants observed. Furthermore, the 

configuration of the /3  anomers of the D-(+)-galactopyranose-, D-(+)-xylopyranose-

and L-(+)-arabinopyranose-derived products is such that orbital overlap occurs 

between the oxygen atom within the ring with that on C-1 and H-1. Consequently, 

this results in greater shielding and thus a lower resonating frequency for H-1 in the 

1H NMR. 
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Characteristic to the D-(+)-mannopyranose derivatives is the configuration of the 

substituent at C-2. Unlike the other analogues, it has an axial C-2 substituent rather 

than an equatorial one as observed in the other compounds (Figure 2.2). 

Consequently the anti-periplanar arrangement of the acetyl groups at C-1 and C-2 

results in good orbital overlap and hence increased shielding at C-1. Thus H-1 

resonates at 6.06 ppm; 0.2 - 0.3 ppm upfield versus the other analogues. 

1 ,2,3,4,6-penta-0-acetyl-a-D- 	 1,2,3,4,6-penta-0-acetyl-a-D- 

galactopyranose, [3a] 	 mannopyranose, [3b] 

OAc 

H 
	

OAc 
	 H 

	
OAc 

Figure 2.2 - Comparison of configuration of the D-(+)-galactopyranose and D- 

(+)-mannopyranose derivatives 

The presence of 5 acetyl signals in the 1H NMR for the hexoses and 4 acetyl signals 

for the pentoses also served to confirm of the formation of the target compounds. 

These acetyl resonances lie between 2.2 and 2.0 ppm. 
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2.3 	Synthesis of gylcosyl bromides 

The per-acetylated glycosides were subsequently brominated using HBr and acetic 

acid at r.t. (Scheme 2.4) adapted from procedure described by Mitchell et al.' 

R7 	 R7%1/4,-0 .... s• Br 

R6" 	.0 RI 	R6I V•••,.(N'"R1  
Rc 	R 

	

R4  R3 2 
	

R5  1:1‘:'4  R3  R2  

[3] 	 [4] 

HBr (AcOH), CH2C12, 0 CC — r.t, 24 h, 76 - 95 % 

Scheme 2.4 — Bromination of glycosyl acetates to form glycosyl bromides, [4] 
Substituents are identified in the Table of Compounds 

Reactions were monitored by TLC and allowed to proceed for 24 h to ensure 

complete bromination to the glycosyl bromide. Good to excellent yields were 

obtained in all cases ranging from 95 % in the syntheses of 2,3,4,6-tetra-O-acetyl-a-

D-mannopyranosyl bromide [4b] and 2,3,4-tri-0-acetyl-a-D-xylopyranosyl bromide 

[4c], to 76 % in the synthesis of 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide 

[4a], as shown in Table 2.3. 

Table 2.3 — Yields for bromination of glycosyl acetates 

Product Yield 

2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide 
[4a]  76 % 

2,3,4,6-tetra-0-acetyl-a-D-mannopyranosyl bromides  
[4b]  95 % 

2,3,4-tri-O-acetyl-a-D-xylopyranosyl bromide 
[4c]  85 % 

2,3,4-tri-O-acetyl-a-L-arabinopyranosyl bromide'°  
[4d]  95 °A 

Glycosyl bromides were characterised by 1H and 13C{11-1} NMR spectroscopy and 

found to be in agreement with the literature where previously reported data was 
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available.8-1°  H-1 in these compounds is characterised by a downfield shift versus the 

parent glycosyl acetates as shown in Table 2.4. 
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Table 2.4 - Significant NMR characteristics of glycosyl acetates and glycosyl 

bromides 

Glycosyl 
Acetate 

[3a] 
a anomer 

[3b] 
a anomer 

[3c] 
a anomer 

[3c] 
fi anomer 

[3d] 
a anonner 

[3d] 
fi anomer 

Derived 
From 

D-(+)- 
galactopyranose 

D-(+)- 
mannopyranose D-(+)-xylopyranose L-(+)-arabinopyranose 

6 H-1 
(ppm) 

6.34 
(lit. 6.35)6  

6.06 
(lit. 6.06)6  

6.18 
(lit. 6.25)6  

5.66 6.33 
(lit. 6.32)6 5.68 

341-H2 
(Hz) 2.3 4.5 3 6 . 

(lit. 3.7)6 6.8 2.9 
(lit. 2.6)6  6.9 

6 C-1 
(ppm) 

89.68 26  (lit. 90.3)6 91. 9.0 
(lit.

8 
 89.9)6 91.74 (lit8

9.49
.  90.8)6 91.71 

6 H-2 
(ppm) 

5.31 
(lit. 5.31)6 5. 28 6 4.96 

(lit. 5.02)6 4.96 
5.03 

(lit. 5.30 
(m))6  

5.30 

Glycosyl 
Bromide 

[4a] 
a anomer 

[4b] 
a anomer 

[4c] 
a anomer 

[4c] 
fl anomer 

[4d] 
a anomer 

[4d] 
fl anomer 

Derived 
From 

D-(+)- 
galactopyranose 

D-(+)- 
mannopyranose D-(+)-xylopyranose L-(+)-arabinopyranose 

6 
( PP

H
rn
-1

) 
6.68 (lit.6.29 6.29)8   6.60 

Not 
formed 

6.69 

Not 
formed 

341-H2 
(Hz) 3.9 - 4.0 3.8 

6 C-1 
(ppm) 88.07 - 87.59 89.6 

6 H-2 
(ppm) 5.03 5.44 5.06 5.07 

The electron-withdrawing bromine atom deshields the H-1 proton in the glycosyl 

bromide, versus its parent glycosyl acetate, resulting in a downfield shift. 
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Mass spectrometry was also used to confirm the presence of glycosyl bromides. The 

hexoses produced signals at 428 and 430 amu in approximately equal intensity. 

These correspond to the molecular ions with Br-79 and Br-81 respectively. Similarly, 

the pentoses gave rise to signals at 356 and 358 amu, corresponding to the 

molecular ions with Br-79 and Br-81 respectively. 

For all the derivatives, only the a anomer was observed even where the starting 

material comprised of a mixture of a and p anomers. From this it can be concluded 

that the reaction mechanism for this bromination reaction involves the opening of the 

ring, as shown in Scheme 2.5. 

HBr 
O 

Ac0 OAc 
OAc 

Scheme 2.5 — Reaction mechanism for the bromination of 1,2,3,4-tetra-0-acetyl-

/3-D-xylopyranose, [3c] 

Using 1,2,3,4-tetra-0-acetyl-a/1i-D-xylopyranose [3c] as an example, the pyranose 

ring is opened as the oxygen within the ring is activated by HBr and facilitated by 

neighbouring group participation from the acetate group. The resulting bromide ion 

attacks at C-1 from the a face. This allows the larger acetate group to adopt the 

equatorial position thus minimising steric hindrance. As this intermediate collapses to 

reform the pyranose ring, acetic acid is eliminated. The anomeric effect serves to 

stabilise the axial configuration of the bulky Br substituent. 
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2.4 	Synthesis of lactols 

A Koenigs-Knorr type reaction was used to convert the glycosyl bromides to their 

respective lactols (Scheme 2.6). Glycosyl bromides were hydrolysed using Ag2CO3, 

in aqueous acetone. 

R7 0.,,r0H 

R61 ' 
R5 R4 

R3 
R2 

[5] 

Ag2CO3, acetone (aq), 0 °C, 20 h (77 % - 100 %) 

Scheme 2.6 — Hydrolysis of glycoside bromides" 
Substituents are identified in the Table of Compounds 

The conditions used were adapted from a procedure reported by Grummitt et al." 

The reactions proceeded for 24 h and the products were isolated in excellent yields 

ranging from 77 % to 100 % as shown in Table 2.5. These compounds were 

characterised by NMR and some characteristic chemical shifts are compared in 

Table 2.6. 

Table 2.5 — Yields for the hydrolysis of glycoside bromides 

Product Yield 

2,3,4,6-tetra-0-acetyl-a-D-galactopyranose 
[5a]  100 % 

2,3,4,6-tetra-O-acetyl-a-D-mannopyranose 
[5b]  88 % 

2,3,4-tri-O-acetyl-a//3-D-xylopyranose 
[5c]  88 % 

2,3,4-tri-O-acetyl-a/p-L-arabinopyranose 
[5d]  77 % 
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Table 2.6 - Significant NMR characteristics of glycosyl bromides and their 

respective lactols 

Glycosyl 
Bromide 

[4a] 
a anomer 

[4b] 
a anomer 

[4c] 
a anomer 

[4c] 
fl anonner 

[4d] 
a anomer 

[4d] 
p anomer 

Derived 
From 

D-(+)- 
galactopyranose 

D-(+)- 
mannopyranose D-(+)-xylopyranose L-(+)-arabinopyranose 

6 
( PPHrn-1) 

6.68 6.29 
(lit. 6.29)8   6.60 

Not 
formed 

6.69 

Not formed 

3.8 341-H2 
(Hz) 3.9 - 4.0 

89.6 6 C-1 
(PPR1) 

88.07 - 87.59 

5.07 6 H-2 
(PPm) 

5.03 5.44 5.06 

Lactol [5a] 
a anomer 

[5b] 
a anomer 

[5c] 
a anomer 

[5c] 
Jo anomer 

[5d] 
a anomer 

[5d] 
18 anomer 

Derived 
From 

D-(+)- 
galactopyranose 

D-(+)- 
mannopyranose (a//3 

D-(+)-xylopyranose 
ratio 2:1) 

L-(+)-aratfnopyranose 
(03 ratio 2:1) 

6 H-1 
(ppm) 5.50 5.25 5.41 4.70 5.47 

(lit. 5.47)11  
4.61 

(lit. 4.61)11  

(Hz) 3.4 341-H2 3.4  - 3.5 7.7 (lit. 3.4)11  
7.2 

(lit. 7.5)H  

6 C-1 
(PPrn) 

89.6 91.9 90.30 95.91 90.82 96.05 

6 H-2 
(PPrn) 

5.46 5.26 4.90 - 4.80 4.88 - 4.77 5.18 5.08 

Page 42 of 248 



Synthesis of Functionalised Biodegradable Polyesters 
PhD Thesis 
Chapter 2: Carbohydrate-Derived 1,5-Lactones 

Anita Haider 
Imperial College, London 

The transformation from glycosyl bromides to their respective lactols is marked by a 

sharp upfield shift in the H-1 resonance versus their parent lactols. The coupling 

constants associated with these protons did not change significantly. The magnitude 

of the coupling constants however, was used to identify the anomeric configuration. a 

anomers have a coupling constant at H-1 between 3 - 4 Hz whereas the analogous 

coupling constant in the )6 anomers lie between 7 - 8 Hz. Therefore, from NMR 

analysis, it was apparent that both a and )3 anomers were formed for the pentoses. 

One of the possible reaction mechanisms for the hydrolysis of these glycosyl 

bromides, using 2,3,4-tri-O-acetyl xylopyranose as an example, is given in Scheme 

2.7.12 

"......-•••••••.\ 

H2O 

Scheme 2.7 — Mechanism for the hydrolysis of 2,3,4-tri-O-acetyl-a/p-D- 

xylopyranose12  

The anomeric centre is activated by the decomposition of the glycosyl bromide. 

Neighbouring participation of the acetyl group at C-2 protects the a face and is 

followed by the nucleophilic attack of water at the anomeric centre. This yields the 13 

anomers and the reaction is thought to occur on the surface of Ag2CO3.13  
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The a anomer is formed exclusively in the hexoses. The presence of water enables 

mutarotation, which allows conversion of the /1  anomers to a anomers, as shown in 

Scheme 2.8. The anomeric effect2  is the driving force behind the formation of the 

more sterically hindered a anomers. 

O 
Acs°Ac0 	50H 

OAc 

 

Ac0 ÒAc 

HO 
j 	0 

Ac 0 

 

Scheme 2.8 — Mutarotation between both anomers of 2,3,4-tri-O-acetyl-a/p-

D-xylopyranose 

Two alternative procedures for the hydrolysis of per-acetylated glycosides have 

been reported and were explored.14'15  The first method was reported by Tosin et 

al. for the hydrolysis of 1,2,3,4,6-penta-0-acetyl-a-D-galactopyranose [3b] using 

aminoethanol in ethyl acetate as shown in Scheme 2.9.14  

Ac 	 OAc 

	

OAc 	 OH 

Ac0 	,,OAc 	Ac0 	''OAc 
OAc 	 OAc 
[3a] 	 [5a] 

NH2(CH2)20H, EtOAc, r. t. 60 h (60 %) 

Scheme 2.9 — Synthesis of 2,3,4,6-tetra-O-acetyl-a-D-galactopyranose using 

ethanolamine2  
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Similarly Namchuk et al. reported the synthesis of 2,3,4,6-tetra-O-acetyl-a-D-

mannopyranose, from its parent glycosyl pentaacetate using benzylamine in ethyl 

acetate, as shown in Scheme 2.10.15  

OAc 	 OAc 
L.,...0.,,,OAc 	L,-0.,.-OH 

AcO‘‘ ..Ny---'4'0Ac 	AcO‘' ''''(-.4*OAc 
OAc 	 OAc 

[3b] 	 [5b] 

BnNH2, THF, rt, 20 h (50 %) 

Scheme 2.10 — Synthesis of 2,3,4,6-tetra-O-acetyl-a-D-mannopyranose using 

benzylamine 

However, these reactions required in excess of 60 h and resulted in a mixture of 

unidentified products which could only be separated by column chromatography. 

Conversely, the procedure of choice, via the glycoside bromide, resulted in pure 

products in high yields. This is essential to maximise the yields for the synthesis of 

these compounds as they are prepared on large scales of 20 g. 

Table 2.7 — Yields for the syntheses of the pyranoses [5a] to [5d] 

Starting Sugar 
Direct 

hydrolysis with 
amino alcohol 

Overall yield 
via glycosyl 

bromide 
2,3,4,6-tetra-O-acetyl-a-D-galactopyranose 

[5a]  59 % 67 % 

2,3,4,6-tetra-O-acetyl-a-D-mannopyranose 
[5b]  50 % 73 % 

2,3,4-tri-O-acetyl-a//3-D-xylopyranose 
[5c]  n/a 75 % 

2,3,4-tri-O-acetyl-a/p-L-arabinopyranose 
[5d]  n/a 73 % 

2,3,4,6-Tetra-O-acetyl-a-D-galactopyranose [5a] was isolated in 59 % yield when 

prepared using the amino alcohol catalysed hydrolysis of the glycosyl acetate. 
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However, the overall yield for the synthesis of this compound from the same starting 

material via the glycosyl bromide was 67 % as shown in Table 2.7. Similarly, 2,3,4,6-

tetra-O-acetyl-a-D-mannopyranose [5b] was isolated in 50 % yield when prepared 

using the amino alcohol catalysed hydrolysis of the pentaacetate. However, it was 

isolated in 73 % overall yield from the two-step route involving reaction of the 

glycosyl acetate [3b] to glycosyl bromide [4b] and its subsequent hydrolysis. 

Similarly, the pentose derivatives were isolated in 73 — 75 % overall yield via their 

glycolsyl bromides. Therefore, a combination of shorter reaction times, enhanced 

purity, better practicality with regards to large-scale synthesis and significantly 

improved yields, led to the choice of this two-step synthesis over the single-step 

amino alcohol route. 
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2.5 	1,5-Lactone synthesis 

2.5.1 Literature precedence 

2,3,4,6-Tetra-0-acetyl-D-g I uco no-1 ,5-lactone [6e] was prepared from the 

commercially available D-glucono-1,5-lactone, following the procedure reported by 

Joseph et a1.16  As shown in Scheme 2.11, the starting material was treated with TFA, 

in acetic anhydride, and the reaction was complete in 3 h. 

OH 
	

0 Ac 

H 	''0 H 	Acds  Y ''OAc 
OH 	 OAc 

[6e] 

TFA, Ac20, r.t., 3 h (quantitative) 

Scheme 2.11 — Synthesis of 2,3,4,6-tetra-O-acetyl-D-glucono-1,5-lactone [6e] 

The product was isolated as a syrup in quantitative yield, after washing with water to 

remove the excess acetic acid. Alternative purification attempts, including column 

chromatography and distillation, were unsuccessful as the lactone generally 

decomposed. It was later discovered that this lactone is acid-sensitive and formed 

the more stable 1,4-lactone. Distillation, or indeed heating beyond 80 °C, resulted in 

elimination of one or two molecules of acetic acid to form the more stable, conjugated 

lactones as shown in Scheme 2.12. A more detailed investigation of decomposition 

products is discussed later (Chapter 5). 
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Scheme 2.12 — Decomposition of 2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone 

[6e] 

The remaining lactones were prepared from their respective pyranoses by oxidation, 

as the non-functionalised 1,5-lactones were not commercially available. Oxidation of 

alcohols to carbonyls is a well-established area of chemistry and consequently there 

are many methods to choose from. However, only a small number of these methods 

have literature precedence as oxidants of lactols. In order to choose the most 

suitable oxidation method several factors had to be considered, notwithstanding the 

requirement for high-yielding reactions. One of the prevailing issues is that these 

reactions have to be carried out on a relatively large scale. A major issue on scale-up 

is the ease of temperature control and also the availability and cost of the oxidising 

agents. Finally, in keeping with the aim of this research in producing biodegradable 

and biocompatible materials, the oxidation step should also be as efficient and clean 

as possible. Therefore, the use and production of toxic materials should ideally be 

eliminated. It should be noted however, that in these early stages of research, it is 

often difficult to meet all these criteria. Nonetheless, after extensive research, these 

were in fact met and the steps leading to these results are described herein. 

The Jones reagent and potassium permanganate are common oxidising agents, but 

are unsuitable due to the need for aqueous conditions. Under these conditions, over-

oxidation of the pyranoses to the aldaric acids would be observed. Therefore, these 

and other oxidation methods under aqueous conditions were not given further 
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consideration. Ruthenium has received a great deal of attention as an oxidant, in part 

due to its versatility as a transition metal whose oxidation state can vary from —II to 

+VI11.17  Applications of ruthenium as an oxidant are included in the oxidation of 

lactols.18-2°  The dominant ruthenium-based oxidant used in the conversion of lactols 

to lactones is tetra-n-propyl ammonium perruthenate (TPAP). This reagent has 

received attention recently in the synthesis of both 1,4- and 1,5-lactones,19.2°  with the 

first reports carried out by Benhaddou et al. in the synthesis of benzyl and ally! 

protected 1,5-lactones.2°  Furthermore, 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone 

[5b] was prepared from 1,3,4,6-tetra-0-acetyl-a-D-mannopyranose [9] by 

Lichtenthaler et al. using RuO2  in the presence of Na104, as shown in Scheme 2.13.18  

However, this reaction requires a period of 10 days to achieve a 35% yield. 

Furthermore, the synthesis of this unusual precursor, where the hydroxyl is at the C-2 

position, requires several low-yielding steps. 

OAc 

Ac0" YOH 
OAc 
[9] 

 

OAc 
LOBO 

AcO''Y'N*OAc 
OAc 
[6b] 

 

Ru02, Na104, H2O, CH2Cl2, r.t., 10 days (35 %) 

Scheme 2.13 — Synthesis of 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone [6b] 

using Ru0218  

The syntheses of 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone [6b] and 2,3,4,6-

tetra 

0-acetyl-D-glucono-1,5-lactone [6e] were also reported by Senni et al.21  from the 

parent glycosyl azide via a photo-induced reaction in the presence of N-

bromosuccinimide (NBS). The reaction comprises of 5 steps and an overall yield of 
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30 %. An alternative approach was also employed by oxidation of the glycosyl azide 

with light to yield 2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone [6e] in only 45 % yield. 

Therefore, a combination of low yields, several steps and the use of toxic solvents 

clearly renders this an unfavourable synthetic route. 

Also reported by Senni et al., is the oxidation of 2,3,4,6-tetra-O-acetyl-a-D-

mannopyranose [5b] using N-iodosuccinimide and tetra-n-butylammonium iodide. 

This was reported in 56 % yield but did require a 10-day reaction, as shown in 

Scheme 2.14.21  This long reaction time and the low overall yield makes this an 

unattractive synthetic route. 

OAc 	 OAc L.,...0,,,r0H 

Acd ''YNAc 	AcO'' 	OAc 
OAc 	 OAc 

N-iodosuccinimide, tetra-n-butylammonium iodide, CH2Cl2, r.t., 10 days (56 %) 

Scheme 2.14 — Oxidation of 2,3,4,6-tetra-O-acetyl-a-D-mannopyranose [5b] 

using N-iodosuccinimide and tetra-n-butylammonium iodide21  
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2.5.2 Oxidation using Cr03  

Literature precedence revealed that Cr03  was used in the oxidation of 2,3,4-tri-0-

acetyl-a/p-D-xylopyranose [5c] to the 1,5-lactone. Nelson reported this reaction using 

8 equivalents of chromium (VI) oxide (Cr03) in glacial acetic acid at r.t.22  These 

reaction conditions were applied in the oxidation of 2,3,4,6-tetra-0-acetyl-a-D-

galactopyranose [5a] as well as 2,3,4-tri-0-acetyl-a//3-D-xylopyranose [5c]. A 

pentose as well as a hexose were chosen to explore this reaction so as to ascertain if 

the difference in substitution significantly affects the outcome of the reaction. This is 

illustrated by Scheme 2.15. 

R7 	O ,r  OH 	R7vO 0 

R6" 	•oRi 	 R6" • 	•oRi 

R5 nr, 	R2 	 R5 ,,,, 	R2 
R4 R3 	 n4  R3  

	

[5a], [5c] 
	

[6a], [6c] 

8 or 2.5 eq. Cr03, glacial acetic acid, r. t. 10 — 20 min.(8 % - 17 %) 

Scheme 2.15 — Oxidation of lactols using Cr03  
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2,3,4,6-Tetra-0-acetyl-D-galactono-1,5-lactone [6a] and 2,3,4-tri-O-acetyl-D-xylono-

1,5-lactone [6c] were prepared in 8 and 17 % yield respectively (Table 2.8). In order 

to remove the majority of chromium compounds from the reaction mixture, 9 cycles of 

washing with water were employed, as specified in the literature.22  This raised the 

possibility of the lactone being lost in the aqueous washings. However, reducing the 

number of wash cycles did not serve to improve product recovery. 

Table 2.8 — Oxidation Attempts using Cr03  

Substrate Yield 

2,3,4,6-tetra-0-acetyl-D-galactono-1,5-lactone 
[6a] 8 %' 

2,3,4-tri -0-acetyl-D-xylono-1,5-lactone 
[6c] 17 %11 

'using 2.5 eq. Cr03; "using 8 eq. Cr03  

Figure 2.3 shows the 1H NMR spectrum of crude 2,3,4,6-tetra-0-acetyl-D-galactono-

1,5-lactone. Outside the acetyl region, the lactone shows resonances assigned to H-

2 to H-6/6'. The impurity on the other hand, makes up less than 2 protons in this 

region. Thus, there are no significant traces of starting material which could account 

for the 80 — 90 % loss in mass observed. 
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Figure 2.3 — 1H NMR spectrum of crude 2,3,4,6-tetra-O-acetyl-D-galactono-1,5- 

lactone [6a] 

Thus it was concluded that there are side reactions which result in water soluble by-

products. It is possible that the reaction conditions may deacetylate the substrate 

leading to water-soluble, unprotected carbohydrates. In summary, the oxidation of 

these pyranoses using Cr03  is characterised by very poor yields, high levels of toxic 

waste and difficulty in purification. Furthermore, the oxidation with chromium has also 

been explored by Kuzuhara et a/.23  However, they found that chromic anhydride-

pyridine with oxygen in the presence of a platinum catalyst failed to oxidise partially 

benzylated aldoses.23  
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2.5.3 Oxidation using DMSO-acetic anhydride 

Overkleeft et aL24  reported the oxidation of 2,3,4,6-tetra-O-benzyl gluco-, manno-, 

and galactopyranoses to their corresponding lactones, with DMSO in acetic 

anhydride. The mechanism for this oxidation is shown in Scheme 2.16. 

o o 	 I 
Ao3s ° 

o
)0 	 OAc 

 

0 HOAc 

  

HOX  

Scheme 2.16 — Oxidation mechanism using DMSO and acetic anhydride23  

Kuzuhara23  and Goldman25  suggest that DMSO interacts with acetic anhydride, as 

shown in Scheme 2.16, to give a-alkoxy suiphoxides, in the rate-determining step. 

This interacts with the pyranose to form a salt, which collapses to form the lactone, 

with formation of acetic acid and dimethylsulphane as by-products. 
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However, when we treated [5c] with DMSO, in acetic anhydride, using the 

conditions described by Overkleeft et aL24, this resulted in the formation of its parent 

glycosyl acetate [3c], as shown in Scheme 2.17. This is not altogether surprising 

since, as shown in Scheme 2.16, acetic acid is formed as a by-product which 

subsequently serves to acetylate at the anomeric position. Furthermore, Senni et aL 

have discovered that the analogous reaction with 2,3,4,6-tetra-O-acetyl-a-D-

mannopyranose also results in the formation of the peracetylated derivative.21  

0 .- -...prOH  ,..0 ,,,,, OA c 

AcO'‘ y ''OAc 	AcONs  y ''OAc 
OAc 	 OAc 
[5c] 	 [3c] 

Ac20, DMSO, r.t., overnight 

Scheme 2.17 — Reaction of 2,3,4-tri-O-acetyl-a/p-D-xylopyranose [5c] with 

acetic anhydride-DMSO 
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2.5.4 Swern oxidation 

Another common oxidation route is the Swern oxidation.26  However, it has not been 

investigated in the oxidation of partially functionalised pyranoses. The mechanism for 

this reaction is given in Scheme 2.18. 

0 0 
CI rTh 

CI 	 CI 	0 	CI 
O 	e 	0 	

CIe 
	 ) (). 11 	0 	  O  o 	o) o s 	S 	

.... . 
,--e,... 	-78°C 

CI 

-CO 	Y!) 
-0O2 	S --- -... 0 

( H 

HO)< 

C.NEt3  

H., 	 r-1 
CSI 

H I e 	 o 
CI 	\ ill I 

	

, 	0 	 )40-6.).s 	
a NEt3, -78 °C 

"-/‘C ,0  CI 0 ,0 	 -- 	-Me2S, HCI 

Scheme 2.18 — Mechanism for the Swern oxidation26  

In fact, the Swern oxidation is related to the oxidation using acetic anhydride-DMSO 

reported above. However, in the Swern oxidation acetic anhydride is replaced by 

oxalyl chloride thus overcoming the issue of acetylation at the anomeric position. The 

Swern oxidation is also characterised by the activation of DMSO with oxalyl chloride 

at very low temperatures (-78 °C). After loss of CO and CO2, the resulting 

intermediate is attacked by an alcohol at the nucleophilic sulphur centre to form the 

dimethylalkoxysulphonium salt. The reaction of this salt with triethylamine results in 

the formation of the carbonyl product and dimethyl sulphide.26  
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OAc 	 • Ac 
L.,,0 OH 

Acd‘Y...*OAc 	AcO" 	OAc 
OAc 	 OAc 
[5b] 	 [6b] 

i) (C0C1)2, DMSO, -78 `C, 30 min 

ii) NEt3, 30 min 

Scheme 2.19 — Swern oxidation of 2,3,4,6-tetra-O-acetyl-a-D-mannopyranose 

[5b] 

Thus the oxidation of 2,3,4,6-tetra-O-acetyl-a-D-mannopyranose [5b] was 

investigated using the Swern oxidation. The same conditions used to oxidise 

(1R,5R)-6-oxabicyclo[3.2.1]octane-4,7-dione were applied (Scheme 2.20).27  These 

conditions required 7 equivalents of oxalyl chloride, 13 equivalents of DMSO and 16 

equivalents of triethylamine for the work-up. However, when these reaction 

conditions were applied to the oxidation of 2,3,4,6-tetra-O-acetyl-a-D-

mannopyranose [5b], complications arose. It was discovered that after the formation 

of 2,3,4,6-tetra-O-acetyl-D-mannono-1,5-lactone [6b], subsequent elimination of 

acetic acid was observed, resulting in the formation of the unsaturated lactone as 

shown in Scheme 2.20. Pedersen et al.1 ' 28  have reported the elimination of acetic 

acid from 2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone [6e] in the presence of 

triethylamine. Therefore, it was deduced that triethylamine had the same effect on 

the mannose derivative under these conditions. 
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OAc 	 OAc 
ih.„,-0,_,OH 	L.....,„0,,4,-,0 

-Ow. 

Acds Y-'4.0Ac 	Acds.Y..4.0Ac 
OAc 	 OAc 
[5b] 	 [6b] 

0 7 eq. (C0C1)2, 13 eq. DMSO, -78 cc, 30 min 

ii) 16 eq. NEt3, 30 min (< -30 C) 

Scheme 2.20 — Swern oxidation of 2,3,4,6-tetra-O-acetyl-a-D-mannopyranose 

[5b] under conditions reported by Su et al.27  

Several experiments were carried out to optimise the yield and purity of the products 

of this reaction. These results are presented in Table 2.9. 

Table 2.9 - Optimisation of the Swern Oxidation to 2,3,4,6-tetra-0-acetyl 

mannono-1,5-lactone [6b] 

Entry Conditions Remarks 

1 7 eq. (C0C1)2, 13 eq. DMSO, -78 °C, 30 min 

work up: 

16 eq. NEt3, -78 °C, 30 min, -78 °C to r.t. 

concentration of reaction mixture followed by 

filtration to remove HNEt3CI then concentration. 

32 % yield 

Mixture of lactone and 

unsaturated lactone (ratio 

2:3). Traces of HNEt3CI 

present in crude. 

2 7 eq. (C0C1)2, 13 eq. DMSO, -78 °C, 30 min 

work up: 

16 eq. NEt3, -78 °C, 30 min, warm to r.t. 

Single brine washing 

72 % yield 

Mixture of lactone and 

unsaturated lactone (ratio 

1:6). Traces of HNEt3CI 

present in crude. 

3 7 eq. (C0C1)2, 13 eq. DMSO, -78 °C, 30 min 

work up: 

76 % yield 

No decomposition and no 
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Entry Conditions Remarks 

5 eq. NEt3, -78 °C, 30 min, -30 °C 

washing with water, 1 M HCI, NaHCO3, brine. 

Recrystallisation at low temperature. 

traces of DMSO or HNEt3CI 

present. 

Attention was given to the reaction work up as it is where the target lactone was 

exposed to materials it is sensitive to; triethylamine and water. As it is known that 

water readily opens the lactone ring, water washing was omitted in an attempt to 

increase the yield. Instead, the reaction mixture was concentrated and filtered to 

remove HNEt3CI (Table 2.9, Entry 1). However, this resulted in a low yield (32 %) and 

a mixture of 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone [6b] and the unsaturated 

lactone [10], in the ratio 2:3. As triethylamine is known to catalyse the formation of 

the unsaturated lactone, it was deduced that triethylammonium chloride has the 

same affect. Hence, the reaction mixture was washed once with brine. This resulted 

in a greater yield of 72 % with respect to 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-

lactone [6b] and significantly less unsaturated lactone. The ratio of 2,3,4,6-tetra-0-

acetyl-D-mannono-1,5-lactone [6b] to the unsaturated lactone [10] was 1:6 (Table 

2.9, Entry 2). Nonetheless, significant traces of triethylammonium chloride were 

present in the crude. Elimination of HNEt3CI can only be effectively achieved after 

several washing cycles, as shown by Keyworth et a/.,29  where a simple aliphatic 

alcohol was oxidised to an aldehyde. Furthermore, they also report the use of only 5 

equivalents of triethylamine in the work up. Thus the triethylamine loading was 

reduced and washing with water, aqueous HCI and NaHCO3  and finally brine was 

carried out so as to remove all traces of triethylammonium chloride. Additional 

challenges were faced with regards to temperature control of these reactions on a 

large scale. An essential aspect of the Swern oxidation is the formation of the active 
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species, shown in Scheme 2.21. If the temperature is allowed to rise above -50 °C, 

decomposition is observed. 

(10 
 

S, 	
> 50 °C 

Oc),  

active species 

..,,,-1,. ,^`,. .••••" 
0 S 

decomposed active 
species 

Scheme 2.21 — Mechanism for the decomposition of the Swern oxidation active 

species 

To prevent DMSO from freezing, it was dissolved in CH2Cl2, cooled to -78 °C prior to 

its addition. Neat DMSO freezes within the reaction vessel at the tip of the cannula as 

it is being introduced. Once the solid DMSO falls into the reaction vessel, it 

dramatically increases the reaction temperature. The starting pyranose was treated 

in the same manner to ensure good temperature control. In order to obtain high 

yields of the target lactone, the reaction mixture's temperature was constantly 

monitored and never allowed to rise beyond -60 °C. Due to the effects of 

triethylamine on these compounds, after its addition, it was allowed to react for 30 

min at -78 °C followed by warming to only -30 °C before being swiftly worked up. It 

was observed that prolonged exposure to triethylamine, even with the use of only 5 

equivalents, led to partial decomposition to the unsaturated lactone. As a result of 

these optimisations, 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone [6b] was 

obtained, pure by NMR and elemental analysis, and in 76 % yield (Table 2.9, Entry 

3). The 1H NMR spectrum of 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone [6b] 

lactone is shown in Figure 2.4. 
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Figure 2.4 - 1H NMR spectrum of 2,3,4,6-tetra-O-acetyl-D-mannono-1,5-Iactone [6b] 
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Ac 
0 OH 

AcO 
	

''OAc 
OAc 

[5a] 

OAc 
0 

Ac0 Y ''OAc 
OAc 

[6a] 

i) 7 eq. (C0C1)2, 13 eq. DMSO, -78 cC, 30 min 

ii) 5 eq. NEt3, -78 r, 30 min (83%) 

Scheme 2.22 — Synthesis of 2,3,4,6-tetra-O-acetyl-D-galactono-1,5-lactone, [6a] 

Following the success achieved with 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone 

[6b], the same conditions were applied to the galactose derivative [5a], with even 

better results. 2,3,4,6-Tetra-0-acetyl-D-galactono-1,5-lactone [6a] was prepared in 

83 % yield under the same conditions, and was also pure by elemental analysis. 

However, it was noted that this compound was particularly sensitive to temperature 

during the reaction. Whereas the mannose derivative [6b] withstood temperatures up 

to -40 °C during work up, reaction with the galactose derivative [6a] had to strictly be 

maintained below -60 °C. 

The pentose derivatives, 2,3,4-tri-O-acetyl-D-xylono-1,5-lactone [6c] and 2,3,4-tri -0-

acetyl-L-arabinono-1,5-lactone [6d], were prepared using the optimised reaction 

conditions, as shown in Scheme 2.23. 

-J.. 

R7 0,,..r0H 

Re ,i`Ri 
R5 R4 	 R2 

m4 
R

3 

[5c], [5d] 

R 7.k0,0 
R6' 'p‘ R1 

1=1-6  , ‘' 	R2 
R4 R3 

[6c], [6d] 

0 7 eq. (C0C1)2, 13 eq. DMSO, -78 cc, 2 h 

ii) 5 eq. NEt3, -78 cc, 30 min (52 % - 64 %) 

Scheme 2.23 — General Conditions for the Swern oxidation of lactols 
Substituents are identified in the Table of Compounds 
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2,3,4-tri-O-acetyl-D-xylono-1,5-lactone [6c] and 2,3,4-tri-0-acetyl-L-arabinono-1,5-

lactone [6d] were prepared in 64 % and 52 % yields respectively, as shown in Table 

2.10. 

Table 2.10 — Yields for the synthesis of acetyl-protected 1,5-lactones 

corresponding to Scheme 2.23 

Product 

Yield from 
acetyl- 

protected 
lactol 

Overall Yield 
from starting 
unprotected 

pyranose 

55  on, 2,3,4,6-tetra-O-acetyl-D-galactono-1,5-lactone 
[6a]  83 % 

2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone 
[6b]  76 % 72 % 

2,3,4-tri-0-acetyl-D-xylono-1,5-lactone 
[6c]  64 % 48 % 

2,3,4-tri-0-acetyl-L-arabinono-1,5-lactone 
[6d]  52 % 68 % 

Conditions: i) 7 eq. (C0C1)2, 13 eq. DMSO, -78 CC, 2 h; ii) 5 eq. NEt3, -78 (C, 30 min, 
< -30 CC 
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Thus, the Swern oxidation has been optimised to effectively synthesise acetyl-

protected 1,5-lactones. By fine-tuning the reaction conditions, side reactions were 

successfully eliminated without compromising on product purity and, in most cases, 

whilst achieving good yields. Unlike previously reported routes to these materials 

which require a significant number of steps,21.3°  the overall synthesis of the acetyl-

protected 1,5-lactones can be prepared via a 4-step synthesis in good to excellent 

overall yields (48 % to 72 %). Literature precedence was not found to reveal overall 

yields which surpassed those reported herein. Furthermore, the steps employed are 

simple and well-established using readily available reagents which, on the most part, 

do not require or generate toxic materials. 

OH 

R6' 11:11  
R5  -::V R2 

R4 R3 

[2] 

R7 	Br 

R6' ' 	•,‘Ri 

R5 
R4 

R3 R2  

[4] 

R6," 	" 11 	11  
R5 R2 

134  R3  

[3] 

R7 0,„r0H d  R7 O 0 

R6" 	 R61 ' • 
R5 R.4. R3  R2 	R5 R-.4 R3  R2 

[5a] 	 [6] 

a 

a) TFA, Ac20, r.t., 20 h (for (2c]) or 5 min (for (2d1); b) HBr (AcOH), 

CH 2Cl 2, 0 cc - r.t., overnight; c) Ag2CO3, acetone, water, 0 	- r.t., overnight; d) i) 7 

eq. (C0C1)2, 13 eq. DMSO, -78 'C, 2 h ii) 5 eq. NEt3, -78 cc, 30 min 

Scheme 2.24 — Overall synthesis of the acetyl-protected 1,5-lactones, [6] 
Substituents are identified in the Table of Compounds 
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Owing to the poor availability of characterisation of these 1,5-lactones, and in some 

cases this being the first reports of their synthesis, complete characterisation was 

carried out. The most useful tool was NMR spectroscopy, as the chemical shift and 

coupling constants are very characteristic and provide a clear "fingerprint" for these 

compounds. 1H and 13C{1H} NMR chemical shifts are reported in Table 2.11 and 

Table 2.12. 

The most characteristic mark of the conversion of lactols to 1,5-lactones is the loss of 

the stereoisomerism due to the loss in chirality at the anomeric centre. This was 

evident in the pentose derived carbohydrates where a mixture of a and /3 lactols were 

present in the starting reaction mixture. 
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Table 2.11 - 11-1 NMR data for carbohydrate-derived 1,5-lactones [6] 

Product 5 H-2 
(J) 

5 H-3 
(J) 

S H-4 
(J) 

5 H-5 
(J) 

5 H-5' 
(J) 

5 H-6 
(J) 

5 H-6' 
(J) 

2,3,4,6-tetra-0-acetyl-D-galactono- 
1,5-lactone 

[6a]  
5.28 
10.3 ( 	) 

5.47 
(10.3, 2.9) 

5.70 
(2.8, 1.5) 

4.82 - 4.25 

2,3,4,6-tetra-0-acetyl-D-mannono- 
1,5-lactone 

[6b]  
5.75 
(3.9) 

5.49 5.05 4.62 
(8.6, 5.8) - 4.37 

(12.4, 3.1) 
4.27 

(12.5, 5.8) 

2,3,4-tri-O-acetyl-D-xylono-1,5- 
lactone 

[6c]  
5.52 
(8.7) 

5.20 5.13 4.60 
(13.0, 2.2) 

4.48 - 4.39 - - 

2,3,4-tri-O-acetyl-L-arabinono-1,5- 
lactone 

[6d]  
5.34 

(10.2) 
5.48 

(10.2 , 3.0) 
5.56 

(4.7, 2.1) 
4.53 

(13.1, 1.6) 
4.46 

(13.1, 2.3) - - 

2,3,4,6-tetra-0-acetyl-D-glucono- 
1,5-lactone16  

[6e]  
5.10 
(9.1) 

5.44 5.25 4.56 - 4.44 - 4.28 
(12.7, 3.7) 

4.14 
(12.7, 2.3) 

5 = chemical shift (reported in ppm). J = coupling constant (reported in Hz). 

Unreported coupling constants could not be resolved. 
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The H-2 protons have characteristic chemical shifts between 5.1 and 5.8 ppm. With 

the exception of the galactose derivative [6a], the transformation from the lactol to 

the 1,5-lactone is associated with a decrease in the chemical shift, ranging from 0.3 

to 0.7 ppm. An increase of 0.2 ppm is observed in the chemical shift at H-2 on 

transformation of 2,3,4,6-tetra-O-acetyl-a-D-galactopyranose [5a] to 2,3,4,6-tetra-0-

acetyl-D-galactono-1,5-lactone [6a]. H-2 is also characterised by the coupling 

constant associated with it. With the exception of the mannose derivative [6b], the 

coupling constants are between 9 and 10 ppm. The mannose derivative, [6b] has a 

much smaller coupling constant at H-2 of only 3.9 ppm. This marked difference in 

magnitude of this coupling constant is associated with the stereochemistry. In all but 

the mannose derivative, H-2 and H-3 are anti-periplanar. This brings about the large 

coupling constant. H-2 and H-3 in the mannose derivative are synplanar. 

The chemical shifts for H-3 lie between 5.2 and 5.5 ppm. With the exception of the a 

anomers of the pentose derivatives, these are similar to the parent lactols. The H-3 

resonances generally have two coupling constants associated with them; a larger 

coupling constant due to coupling with H-2 and a smaller one due to coupling with H-

3. The chemical shifts for H-4 lie between 5.1 and 5.7 ppm, with relatively small 

coupling constants. This is where the most significant change in chemical shift is 

observed when compared with their parent lactols. H-5 is characterised by a 

chemical shift between 4.5 and 4.8 ppm. The pentoses have a geminal coupling 

constant of 13 Hz. 
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Table 2.12 — 13C{111} NMR data for carbohydrate-derived 1,5-lactones [6] 

Product 5 C-1 5 C-2 5 C-3 5 C-4 A C-5 S C-6 

2,3,4,6-tetra-O-acetyl-D-galactono- 
1,5-lactone 

[6a]  
164.46 68.44 69.16 66.22 74.71 60.98 

2,3,4,6-tetra-0-acetyl-D-mannono- 
1,5-lactone 

[6b]  
168.41 66.53 70.38 69.1 75.37 62.26 

2,3,4-tri-O-acetyl-D-xylo no-1,5- 
lactone 

[6c]  
165.46 68.59 72.93 70.51 66.47 - 

2,3 ,4-tri -0-acetyl-L-arabinono-1,5- 
lactone 

[6d]  
165.7 68.72 67.02 68.78 67.99 - 

5 = chemical shift (reported in ppm). J = coupling constant (reported in Hz). 
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Table 2.12 shows the 13C{1H} NMR chemical shifts for all the 1,5-lactones prepared. 

13C{1H} NMR is an invaluable tool in confirming the transformation of the lactol to the 

lactone, due to the characteristic carbonyl signal. A standard carbonyl carbon 

resonates at - 170 ppm, however, C-1 in 1,5-lactones, resonates at about 165 ppm. 

This is a result of the strain present in the ring resulting in increased electron density 

at this carbon centre and subsequent deshielding versus a standard carbonyl. 

Infra-red spectroscopy is often a useful tool in the characterisation of 1,5-lactones 

due to the presence of the carbonyl which should absorb in the region of 1750 cm-1. 

However, the carbonyl signals in the acetyl-protected 1,5-lactones are masked by the 

absorbances due to the acetyl carbonyl groups. The infra-red spectrum for 2,3,4,6-

tetra-O-acetyl-D-mannono-1,5-lactone is shown in Figure 2.5. 
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Figure 2.5 - Infra-red spectrum of 2,3,4,6-tetra-O-acetyl-D-mannono-1,5-lactone 
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2.6 	233,4-Tri-O-methyl-D-xylono-1,5-lactone 

2,3,4-Tri-O-methyl-D-xylono-1,5-lactone was also considered as a monomer. The 

nature of the methyl protecting group required a rather different synthetic procedure. 

Thus it was prepared from D-(+)-xylopyranose protected at the anomeric position as 

a dichlorovinyl glycoside [11]. 

2.6.1 Anomeric-protected lactone precursor 

Scheme 2.25 illustrates the synthetic route to anomeric protected lactone precursor. 

This was adapted from a method applied to the glucose analogue reported by 

Fig ueiredo et aL 31  

OH 
	

OAc 

HON' 	''OH 	AcO‘s  (''OAc 

	

OH 	 OAc 

	

[2c] 	 [3c] 
AcO‘s 	

,,
OAc 	 HO'‘ 	''OH 

OAc 	 OH 

[11] 	 [12] 

(i) TFA, Ac20, r.t., 20 h; b) 2 eq. PPh3, CCI4, 7 eq. KCI, 90 cC, 50 mins; 

c) 0.5 eq. Me0Na, Me0H, r. t., 1 h 

Scheme 2.25 — Synthesis of (2',2'-dichloro-1'-methyl)ethenyi-D- 

xylopyranoside [3] 

The first step involved the complete and quantitative acetylation of D-(+)-

xylopyranose [2c], under acidic conditions. A Wittig-type reaction yielded [11], the 

dichlorovinyl oside selectively at the anomeric centre. This reaction was complete in 

under an hour at 90 °C. It poses a challenging work-up, owing to the removal of the 

by-product, PPh3O. To optimise the yield, it was necessary to extract the maximum 
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amount of product from the reaction mixture which takes the form of a slurry. This 

was done by dissolution in a mixture of CH2Cl2, EtOAc and hexane (2:1:1) followed 

by filtration through a pad of silica gel. PPh3O was removed by the addition of a 

minimum amount of EtOAc and hexane (1:1), followed by filtration to remove the 

majority of PPh3O present which did not dissolve in the mixture. Subsequently, 

column chromatography (silica gel, Ethyl Acetate-Hexane, 1:1) enabled isolation of 

the pure product as a yellow semi-solid. 

A proposed reaction mechanism for the introduction of the anomeric group is given in 

Scheme 2.26. The phosphorus ylide is formed from PPh3  with CCI4. Reaction of the 

ylide with the anomeric acetyl yields the dichlorovinyl glycoside. 

Phosphorus Ylide 

,-.P pyri dine 
PPh3  + CCI4  —01 Ph3P

® 
 —CCI3j %-,1 	 Ph3P=CCI2  "4--)" Ph3lt-8C12  

Wittig Reaction 

----- 4 -.) 	 0 
ID e 	 0 0 OR 	Ph3P 	R 	CICI 

+ Ph PO Ph3P—CCI2 	OR 	Ph3P 	 I 
CI CI 	CI CI 	 OR 

R= 
fro, 

Aco,sy ''OAc 
OAc 

Scheme 2.26 — Reaction mechanism for introduction of the anomeric 

protecting group 
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Deacetylation under Zemplen43  conditions31  yields the anomeric protected species, 

[12] in good yield. The use of weakly acidic ion exchange resin renders the reaction 

work-up facile by efficiently removing NaOH and NaOMe. The crude product was 

washed with acetone to remove further impurities. The elemental analysis was in 

excellent agreement with that expected. Figure 2.6 shows the 13C{1H} NMR chemical 

shifts of the anomeric protected xylose [12]. The characteristic signals are those 

observed at ca. 148, 104 and 14 ppm corresponding to the C-1', C-2' and C-3' 

environments respectively. The chemical shifts for the analogous glucose-derived 

environments are similar at 150, 107 and 15 ppm for the C-1', C-2' and C-3' 

environments respectively.31  

13C{1F1} NMR shifts for a and flanomers 

Page 72 of 248 



OH 

‘'OMe 
OMe 

[14] 

Synthesis of Functionalised Biodegradable Polyesters 
PhD Thesis 
Chapter 2: Carbohydrate-Derived 1,5-Lactones 

Anita Haider 
Imperial College, London 

_.-0,,,OMe 
---. Cl 	a  	b  

Mee y ''OMe 	MeO' 
OMe 

[13] 

a) 13 eq. NaH, 8 eq. Mel, DMF, 0 CC - r.t, 4 h, b) TFA, H2O, 65 cc, 4 h; c) PCC, 

CH 2C12, reflux, 7 h 

Scheme 2.27 — Synthetic route to 2,3,4-tri-O-methyl-a//3-D-xylopyranose [14] 

The vinyl glycoside [12] was methylated by treatment with excess sodium hydride, to 

deprotonate the hydroxyl groups. This was followed by the addition of methyl iodide 

to afford 1,2,3,4-tetra-0-methyl-D-xylopyranoside [13], in reasonable yield (Scheme 

2.27). Complete methylation was achieved in only 4 h and at temperatures not 

exceeding r.t. 

Figure 2.7 shows the 1H NMR of the per-methylated xylose, [13]. The presence of 8 

clearly defined methyl resonances in Figure 2.7; 4 for each of the anomers, confirms 

the presence of only the completely methylated species, without contamination from 

partially methylated compounds. 
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Methyl Ether Region 
• 8 x OMe signals indicate a completely 

methylated xylose derivative 
• Ratio of a to f3 anomers - 1:3 (based on 1H 

NMR) 

H-1 (a) 
4.75 ppm 
(doublet, J = 3.6 Hz)  

H-1 (,8) 
4.13 ppm 
(doublefi J = 7.2 Hz) 

a 	 

ppm (t1) 	4.50 	 4.00 	 3.50 
Figure 2.7 — 1H NMR spectrum of 1,2,3,4-tetra-0-methyl-a/$3-D-xylopyranose [13] 

3.00 
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The 13C{1H} NMR spectrum of [13], in Figure 2.8 clearly shows 9 distinctive 

carbon environments for each of the anomers. The signals at 104.7 and 97.59 

ppm correspond to the C-1 environments for the a and ,6 anomers respectively. 

Due to their proximity to the electronegative oxygen atom in the ring, they 

experience the least shielding. 

13C MR. 160 kW C003 
2  

21 	2 22i 

I 	II 	I 	I 
F: 

100 /00 If is 
II 	• 0/ 	/12 	0.11 	 ), 

PPM 

V,t1.4vi 

Figure 2.8 — 13C{1H} NMR spectrum of 1,2,3,4-tetra-O-methyl-a//3-D- 

xylopyranose [13] 

From the NMR spectrum, it is clear that there are two anomers present in the 

ratio 3:1. It is concluded that /1 anomer is in greater abundance due to a 

comparison of the coupling constants on the H-1 protons (with the H-2 protons). 

In general /3 anomers have a greater coupling constant than a anomers. /3 

anomers of methyl glycosides are favoured due to the anomeric effect. 
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2.6.2 Attempted direct methylation of D-(+)-xylopyranose 

Several reports of the direct methylation of carbohydrates are present in the 

literature. However, characterisation of the products is often limited. In some cases, 

this is due to the work having been carried out prior to the availability of modern 

spectroscopic tools.32-35  Nonetheless, several attempts were made at direct 

methylation of D-(+)-xylopyranose (Scheme 2.28). 

0 OH ../ \ ri` 
a, b, or c 

Hffy'/OH 
OH 

[2c] 

a). 12 eq. (MeO)2S02, 27 eq. NaOH(aq), 30 - 100 r, 2 h; 2. 11 eq. Mel, 5 eq. 

Ag20, Me0H, r. t. to 65 V, 20 h; b)1 eq. Mel, 5 eq. Ag20, DMF, r.t., 20 h; c)7 eq. 

NaH, 10 eq. Mel, DMF, 0 r to 60 cc, 4 h 

Scheme 2.28 — Attempted direct methylation of D-(+)-xylopyranose [2c] 

The first method attempted followed the first reports of the methylation of D-(+)-

xylopyranose [2c] by Carruthers32  and Purdie.33  The first step involved the use of 

NaOH, to deprotonate the hydroxyl moieties, followed by dimethyl sulphate as the 

methylating agent. At the end of 2 h, with temperatures of up to 100 °C, a mixture of 

partially and fully methylated D-(+)-xylopyranose derivatives was obtained, as 

identified by 1H NMR spectroscopy. 

The subsequent step involved treating the methylated xylose products with Mel and 

Ag20. This reaction proceeded for 20 h at temperatures up to 65 °C. This second 

step yielded some of the target compound although complete methylation was not 
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achieved. However, this methylation route was inefficient, with a yield less than 10%, 

largely due to the first step in the series. Dimethyl sulphate is also a very toxic 

reagent and is considered more harmful than Mel. Furthermore, Ag20 is expensive, 

difficult to handle, and the removal of silver salts are sometimes problematic, 

requiring a hazardous cyanide extraction.34  

In the more recent literature, Walker and co-workers claimed that the complete 

methylation of carbohydrates was achieved using Mel and Ag20 in DMF as DMF is 

known to accelerate alkylation reactions.34  However, despite following the procedure 

employed by Walker and co-workers, only partially methylated xylose derivatives 

were isolated, again in very low yield. 

The final attempted procedure for the direct methylation of D-(+)-xylopyranose was 

based on the conditions which worked for the anomeric protected xylose. Treatment 

of D-(+)-xylopyranose with NaH and Mel in DMF for 24 h failed to result in complete 

methylation. As with all the other attempted methylation reactions, a low yield of 

partially methylated xylose derivatives resulted. Anomeric protection of D-(+)-

xylopyranose prior to methylation appears to be the only route to high yielding, 

completely methylated carbohydrates. 
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The importance of the anomeric protection in complete methylation of carbohydrates 

can be rationalised by the relative stabilities of the intermediates as illustrated in 

Figure 2.9. 

Fully methylated product 	 partially methylated products 

Figure 2.9 — Relative stabilities of the intermediates of the methylation reaction 

The reaction proceeds via deprotonation with sodium hydride, followed by 

methylation with methyl iodide. The electron withdrawing nature of the protecting 

group is likely to stabilise the intermediate as it draws electron density from the 

anionic centres, thus delocalising the charge density. 
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2.6.3 Hydrolysis and oxidation 

In the final steps of the preparation of the protected xylonolactones hydrolysis using 

aqueous TFA cleaved the anomeric ether group yielding the methyl-protected lactol, 

[14]. The oxidation was accomplished using pyridinium chlorochromate (PCC) and 

yielded 2,3,4-tri-O-methyl-D-xylono-1,5-lactone [15] (Scheme 2.29). It should be 

noted that these experiments were conducted prior to Swern oxidation investigations. 

Based on the results obtained with the acetyl-protected derivatives, it is expected that 

this could be applied to the methyl-protected ones. 

	

OMe 	,-0 OH 	 0.,,,0 
... 

	

MeO‘s  Y 'OMe 	Me0'
s. 	

,OMe 	Med' Y''OMe 
OMe 	 OMe 	 OMe 
[13] 	 [14] 	 [15] 

a) TFA, H2O, 65 CC, 4 h; b) PCC, CH2Cl2, reflux, 7 h 

Scheme 2.29 — Hydrolysis and oxidation leading to the synthesis of 2,3,4-tri- 

0-methyl-D-xylono-1,5-lactone [15] 
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Figure 2.10 shows the 1H NMR spectrum of 2,3,4-tri-O-methyl-D-xylono-1,5-lactone 

[15]. The 3 strong signals corresponding to the 3 methoxy environments are well 

defined. The loss of chirality at the anomeric centre results in the presence of a 

single species and is confirmed by the NMR spectroscopy. 

3 OMe signals of equal intensity 
confirms the loss of the 

a omeric centre 

1-1-1  
b O 

1--,--1 Y 
G) 
b 
4=.• 

Y N 
io N3 

Y N 
COO 

_.„. 
b O 

b 4=. 
, 	1 	7- 

4.50 
	

4.00 
	

3.50 
ppm (t1) 	 PPM 

CDCI3, 400 MHz 

Figure 2.10 — 1H NMR spectrum of 2,3,4-tri-O-methyl-D-xylono-1,5-Iactone [15] 

Page 80 of 248 



Synthesis of Functionalised Biodegradable Polyesters 
PhD Thesis 
Chapter 2: Carbohydrate-Derived 1,5-Lactones  

Anita Haider 
Imperial College, London 

Figure 2.11 shows the 13C{1H} NMR spectrum of the lactone [15] . The signal at 

169.57 ppm confirms the presence of the carbonyl group. The remaining 7 signals 

are attributed to C-2, C-3, C-4, C-5 and the three OMe carbon atoms. 

r-- Lo 
a 	 cr, 
CD 	 C \ I 
,— 	 CO 

0 
CO CO r•-• N 

N
N 

0 CD •ct  
Q) cci ca Lo La LI) 

\ \ // 

iii111111 	1111111111111 -r-r-rp,11171 -ripiiiirirtimiin- r-r -r- 

cw (11)80 170 160 150 140 130 120 110 100 90 	80 	70 	60 	50 

CDC13, 125 MHz 

Figure 2.11 — 13C{111} NMR spectrum of 2,3,4-tri-O-methyl-D-xylono-1,5-lactone 

[15] 
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2.7 	Conclusion 

Acetyl-protected 1,5-lactones, derived from hexose and pentose sugars, were 

prepared as monomers for ROP as well as precursors for monomers suitable for 

polycondensation. Derivatives of D-(+)-galactopyranose, D-(+)-mannopyranose, D-

(+)-xylopyranose and L-(+)-arabinopyranose were prepared via a 4-step procedure in 

overall yields of up to 72 %. Intermediary and target compounds were completely 

characterised. Particular attention was drawn to NMR as this provided critical 

information which alluded to the anomeric and conformational structures. 

Furthermore, where available, this was in agreement with the literature. 

The first step was the per-acetylation using TFA in acetic anhydride in quantitative 

yield. This was followed by bromination using HBr in acetic acid to form the 

corresponding glycosyl bromides in excellent yields between 76 % and 95 %. These 

were subsequently converted to their respective lactols via a Koenigs-Knorr type 

hydrolysis reaction using Ag2CO3, in aqueous acetone. Excellent yields were 

obtained which ranged from 77 % to 100 %. Whilst alternative methods were 

reported in the literature which enabled the direct synthesis of lactols from their 

parent glycosyl acetates using amino alcohols, it was found that these are relatively 

low-yielding with difficult isolation of the target products. For example, 2,3,4,6-tetra-

O-acetyl-a-D-galactopyranose [5a] was prepared in an overall 95 % yield via the 

glycosyl bromide whereas a mere 50 % isolated yield was achieved when prepared 

using the amino alcohol. Therefore, despite the introduction of an additional step, the 

simplicity and high-yielding glycosyl bromide route was optimal for the synthesis of 

the lactols. 
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The critical step and least-developed area towards the monomer synthesis is the 

oxidation to achieve the 1 ,5-lactones. This was not applicable to the D-(+)-

glucopyranose derivative as its 1,5-lactone is commercially available. Thus a simple 

per-acetylation served to yield this acetylated derivative in quantitative yield.16  The 

remainder of the acetyl-protected 1 ,5-lactones had to be obtained by oxidation of 

their parent pyranoses. There is limited literature precedence with respect to the 

oxidation of pyranoses and in particular acetyl-protected ones. Several oxidation 

methods were considered taking into consideration environmental impacts as well as 

ease of scale-up. Literature precedence revealed some routes to acetyl-protected 

1,5-lactones such as the synthesis of 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone 

[6b] using Ru02.18  [6b] and 2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone [6e] were 

prepared from the parent glycosyl azide via a photo-induced reaction in the presence 

of NBS.21  However, the final step towards the 1,5-lactones were low-yielding. 

Furthermore, the synthesis of the precursors required several low-yielding steps. 

The most promising route appeared to be oxidation of pyranoses using Cr03  as this 

was reported in the synthesis of 2,3,4-tri-O-acetyl-D-xylono-1 ,5-lactone [6c].22  This 

involved the use of 8 equivalents of Cr03  which immediately raised concern due to 

toxicity of Cr(VI) and the large scale of the reactions. Attempts were made to 

optimise this reaction but the greatest yield obtained was 17 %. Thus alternative 

routes were sought. 

This led to oxidation using DMSO in acetic anhydride which was reported in the 

synthesis of benzyl protected 1,5-lactones.24  This appeared to be ideal owing to the 

non-toxic nature of the reagents compared to heavy metals. However, when applied 

to acetyl-protected lactols, acetylation at the anomeric position was observed leading 

to per-acetylated glycosyl acetates. These results led to the consideration of the 
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related oxidation route; the Swern oxidation. Despite its widespread use in organic 

chemistry, this simple yet robust oxidation method had not been reported as the 

oxidant of such lactols. Thus, it was applied to the oxidation of our acetyl-protected 

lactols with remarkable results after several optimisation steps. The most critical 

optimisation related to temperature control. The Swern oxidation requires the 

reaction, which is carried out at -78 °C, to be quenched using triethylamine and 

generally accompanied by warming to r.t. However, triethylamine readily catalyses 

elimination of acetic acid to yield the unsaturated 1,5-lactone. However, it was 

observed that if the reaction temperature was not allowed to warm beyond -30 °C 

after addition of triethylamine, subsequent elimination was not observed. This was 

achieved by washing the reaction mixture with iced water once the reaction 

temperature reached -30 °C. This procedure could be applied to all the protected 

lactols in yields of up to 83 %. As the acetyl group is considered a sensitive 

protecting group, it is likely that this procedure can be applied to other protecting 

groups such as benzyl and methyl. This robustness and flexibility makes it an 

invaluable synthetic procedure. Furthermore, owing to the ease of the reaction and 

non-hazardous reagents and by-products, this makes it a particularly useful method 

for large-scale syntheses. 

The synthesis of the methyl protected xylose-derivative 2,3,4-tri-O-methyl-D-xylono-

1,5-lactone [15] was also explored to allow for an alternative set of carbohydrate-

derived polyesters. In so doing, a new synthesis of this 1,5-lactone was achieved in 

five steps from D-(+)-xylopyranose. The synthesis applied a novel C-1 protecting 

group strategy, previously described for hexoses,31  to facilitate the synthesis and 

purification of permethylated xylose. The anomeric methyl group was cleaved in 

reasonable yield using a dilute trifluoroacetic acid solution and the oxidation of the 

permethylated xylopyranose was accomplished in excellent yield by using PCC. 
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Thus after establishing and optimising invaluable synthetic procedures we were 

armed with a comprehensive library of compounds which would serve as useful tools 

for further chemical manipulation as well as for polymerisation reactions. 
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3.1 	Introduction 

After the successful synthesis of functionalised, carbohydrate-derived 1,5-lactones 

[6], further manipulation was considered to increase the range of monomers and 

potential polymerisation techniques. Thus, the natural choice was to open the 1,5-

lactone ring. This enabled the synthesis of substrates with multiple applications. Not 

only could they be used as co-initiators in the ring opening polymerization (ROP) of 

lactide, these compounds are potential monomers in polycondensation reactions by 

careful selection of the ring-opening agent. 

Aldonolactones are commonly associated with their ring-opened forms. In fact, in 

solution unprotected aldonolactones are in equilibrium with their aldonic acids, as 

residual water acts as the ring-opening agent. The same was found when acetyl-

protected lactones were exposed to moisture. In principle, this should be 

advantageous as it forms an AB-type monomer (Scheme 3.1) for polycondensation. 

However, it has been well established that aldonic acids do not readily undergo 

polycondensation. The ring-closed form is more stable and aldonic acids readily 

cyclise under most reactions conditions (eg. heat, solution) and in the presence of 

catalysts. 

Ac0.9—Y-e ''OAc 
OAc 

[6a] 

H2O  HO 
OAc OAc OAc 

11 
O OAc OH 

[20] 

Scheme 3.1 - Equilibrium between 2,3,4,6-tetra-0-acetyl-D-galactono-1,5-

lactone [6a] and its aldonic acid 
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Joseph et al. had shown that methanol can be used to open 2,3,4,6-tetra-0-acetyl-D-

glucono-1,5-lactone [6e] to form a stable ring-opened methyl ester.' Thus alternative 

alcohols were explored which could introduce the functionality required to prepare 

suitable monomers for polycondensation. Therefore, 1 ,4-butanediol, a bi-functional 

alcohol, was investigated using a method derived from that reported by Joseph et al.' 

It was necessary to choose an alcohol which would result in an alkyl ester with a 

back-bone containing more than 7 atoms so as to hinder cyclisation. It was also 

noted that in this form, these compounds are also potential co-initiators for lactide 

ROP due to the presence of their hydroxyl groups. This brings about an elegant 

manner of introducing carbohydrate moieties to poly(lactide) (PLA). They were also 

modified by using butan-1-ol as the ring-opening agent to produce carbohydrate 

esters with a single hydroxyl group. This allowed us to investigate the effect this 

change has on polymerisation activity as well as in the resulting polymers. The 

successful synthesis of derivatives of the large number of hexoses and pentoses also 

enabled us to study how the parent carbohydrate affects polymerisability. 

It should also be noted that we have prepared a large library of well-characterised 

compounds which may also have applications in other areas of chemistry. Biological 

chemistry in particular, is always in search of compounds derived from naturally-

occurring materials with sugars playing an important role. Finally, this chapter will 

also show how this reproducible synthetic procedure can be successfully applied to a 

wide range of substrates. 
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3.2 	Synthesis 

Novel aliphatic esters derived from acetyl-protected 1 ,5-lactones were prepared via a 

ring-opening reaction, catalyzed by para-toluenesulphonic acid (p-TSA) in the 

presence of one of two aliphatic alcohols; butan-1-ol or 1,4-butanediol. 

The purpose for synthesising these esters was two-fold. The ring-opening reaction 

with butan-1-ol or 1,4-butanediol yielded a compound suitable as an initiator for the 

ROP of lactide. This would serve to increase the functionality of the resulting PLA 

end-group. In addition to this, it was expected to increase its hydrophilicity due to the 

presence of hydrophilic acetyl groups. Furthermore, the ring-opening reaction with 

1,4-butanediol yields a novel diol, a BB-type monomer, suitable for polycondensation 

reactions. 

a) 0.1 eq. p-TSA, 1.0 eq. butan-1-ol, CHCI3, 0 cG or r. t. 

b) 0.1 eq. p-TSA, 1.0 eq. 1,4-butandiol, CH2C12, 0 CC or r.t. 

Scheme 3.2 - Synthesis of monoesters and diesters derived from acetyl- 

protected 1,5-lactones with butan-1-ol and 1,4-butanediol shown using 2,3,4,6- 

tetra-0-acetyl-D-galactono-1,5-lactone [6a] 

Scheme 3.2 illustrates the syntheses of the aliphatic esters derived from acetyl-

protected 1,5-lactones [6]. The procedure employed in the synthesis of these esters 
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was an adaptation of a similar method reported by Joseph et al.,' where the methyl 

ester of 2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone was prepared using methanol. 

However, unlike in the procedure reported by Joseph et al.: the alcohols could not 

be used as solvents for two reasons. Firstly, the high boiling points of the alcohols 

would make it difficult to remove them. Secondly, in the case of 1,4-butanediol, 

possible uncontrolled oligomerisation may result due to the presence of two alcohol 

moieties. 

Thus using either butan-1-ol or 1,4-butanediol, 10 equivalents of the starting 1,5-

lactone [6] were used with a single equivalent of p-TSA. The alcohol was first 

dissolved in the reaction solvent and then treated with p-TSA. The 1,5-lactone [6] 

was then introduced. The alcohol must first be activated with the acid. Failure to do 

so, results in irreversible decomposition of the 1,5-lactone to the 1,4-lactone before 

ring-opening is observed. The same observation was made when the ring opening 

reaction in methanol was carried out. 

Several experiments were conducted to optimise yields. During the course of these 

experiments, there was a distinctive difference in the rates of reactions depending on 

the stereochemistry of the 1,5-lactones. It was found that the D-(+)-galactopyranose 

derivative was the most reactive, requiring the shortest reaction times, whereas the 

pentose derivatives were the least reactive. 

As part of the kinetics studies, carried out at room temperature and for prolonged 

reaction times, it was observed that the reaction proceeded through the products 

illustrated in Scheme 3.3 shown using 2,3,4,6-tetra-0-acetyl-D-galactono-1,5-lactone 

[6a] as an example. 
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HOH2C 
.,‘OAc 

AcO 
OAc 

Ac0 OAc 
[16] 

Thermodynamic product 

   

'OAc 
OAc 

[6a] 

HO 

 

[26] 
Kinetic product 

Scheme 3.3 - Reaction of 2,3,4,6-tetra-0-acetyl-D-galactono-1,5-lactone [6a] in 

the presence of p-TSA and an aliphatic alcohol over long reaction times at r.t. 

The formation of the monoester required between 20 mins and 2 h, depending on the 

starting 1 ,5-lactone [6]. This is a reversible reaction resulting in the reformation of the 

starting material if the reaction was not stopped after formation of the ring-opened 

ester. Further exposure of [6] to acid with prolonged reaction times, catalysed its 

conversion to the 1,4-lactone ([16] - [18]). This suggests that the monoester is the 

kinetic product whereas the 1,4-lactone is the thermodynamic one (Scheme 3.3). 

This claim is further supported by the information presented in Figure 3.1 to Figure 

3.3 and in Table 3.1. These show the relative ratios of isolated compounds for 

reactions with 1,4-butanediol at r.t. Similar results were obtained when using butan-1-

ol. 
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Table 3.1 - Molar ratios observed on monitoring the synthesis of 4-

hydroxybutyl terminated monoesters 

Starting 1,5-Lactone 
15 mins 

1,5-lactone : 
monoester : 
1,4-lactone 

1 h 
1,5-lactone : 
monoester : 
1,4-lactone 

2h 
1,5-lactone : 
monoester : 
1,4-lactone 

48h 
1,5-lactone : 
monoester : 
1,4-lactone 

2,3,4,6-tetra-0-acetyl-D- 
galactono-1 ,5-lactone 0: 1 	: 0 1 :4 : 2 1 	: 5: 4 0: 0: 1 

[6a]  
2,3,4,6-tetra-O-acetyl-D- 

mannono-1,5-lactone 1 	: 2 : 0 0 : 	1 :0 1 	: 3 : 0 2: 2 : 1 
[6b]  

2,3,4,6-tetra-0-acetyl-D- 
glucono-1,5-lactone - 1 : 0 : 0 0 : 1 	:0 - 

[6e]  
2,3,4-tri-O-acetyl-D-xylono- 

1 ,5-lactone - 4 : 	1 : 0 0 : 1 	: 0 0 : 1 	: 1 
[6c]  

2,3,4-tri-O-acetyl-L- 
arabinono-1,5-lactone - - 0 : 1 : 0 - 

[6d]  
Reaction conditions: 1 eq. 1,5-lactone, 1.0 eq. 1,4-butanediol, 0.1 eq. p-TSA, 

CH2Cl2, r. t. 

To effectively illustrate the course of the reaction described in Scheme 3.3, Figure 

3.1 to Figure 3.3 show how the proportions of lactones and 4-hydroxybutyl ester 

derived from D-(+)-galactopyranose [26] varied with reaction time in the presence of 

p-TSA. 
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1/4 
	

2 
	

48 
Time (h) 

■ 2,3.4,6-tetra-0-acetyl-D-galactono-1,5-lactone [6a] 

4-hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-galactonate [26 

2,3,4,6-tetra-0-acetyl-D-galactono-1,4-lactone [16] 

Figure 3.1 - Molar ratios of lactones ([6a], [16]) and 4-hydroxyl ester [26] in the D-

(+)-galactopyranose-derived reaction 

The formation of 4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-galactonate [26] was complete 

in under 15 mins with no traces of either lactones as shown in Figure 3.1. However, at 

the end of 1 h, 15 mol % of the reaction mixture was comprised of the 1,5-lactone [6a], 

and 29 mol % was attributed to the 2,3,4,6-tetra-O-acetyl-D-galactono-1,4-lactone [16]. 

As the reaction time was increased, the proportions of 1,5-lactone [6a] and 4-

hydroxybutyl ester decreased [26]. The proportion of 1,4-lactone [16] continuously 

increased until at the end of 48 hours, it was the only carbonyl product left in the reaction 

mixture. 
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▪ 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone [6b] 

L,4-hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-mannonate [27 

▪ 2,3,4,6-tetra-0-acetyl-D-mannono-1 ,4-lactone [17] 

        

     

       

       

       

 

1/4 1 	 2 
Time (h) 

 

48 

 

Figure 3.2 - Molar ratios of lactones ([6b], [17]) and 4-hydroxyl ester [27] in the D-

(+)-mannopyranose-derived reaction 

A similar trend was observed with the D-mannose derivatives and is illustrated by Figure 

3.2. As the reaction proceeds, the 1,5-lactone [6b] is consumed at the end of an hour 

where the 4-hydroxybutyl ester [27] is the only product present. Although the trend 

observed here is similar to that observed for the galactose derivative. The rate of the 

reaction is slower for the derivative. Whereas complete conversion to 4-hydroxybutyl 

2,3,4,6-tetra-O-acetyl-D-galactonate was observed in 15 mins, the analogous derivative 

was observed in an hour, taking 4 times as long. 
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Time (h) 

• 2,3,4-tri-O-acetyl-D-xylono-1,5-lactone [6c] 
( 4-hydroxybutyl 2,3,4-tri-O-acetyl-D-xylononate [29] 
▪ 2,3,4-tri-0-acetyl-D-xylono-1,4-lactonea [19] 

Figure 3.3 - Molar ratios of lactones ([6c], [19]) and 4-hydroxyl ester [29] in the D-

(+)-xylopyranose-derived reaction 

Figure 3.3 illustrates how the same trend is observed for the D-(+)-xylopyranose 

derivative. However, the rate was even slower than that observed for the D-(+)-

mannopyranose derivative. Only at the end of 2 h was complete conversion to the 4-

hydroxybutyl ester [29] observed, with the exclusion of the formation of both the 

lactones. Similar results were observed for the L-(+)-arabinopyranose derivative. By 

stopping the reactions at the times where the 4-hydroxyl ester was the exclusive product, 

the esters were isolated cleanly and in good yield. The reaction with the D-(+)-

galactopyranose derivative however, was carried out at 0 °C in order to slow the reaction 

and isolate the 4-hydroxyl ester. When butan-1-ol was used, the reaction kinetics did not 

alter and the same conditions were used to isolate the target products. 
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Table 3.2 — Yields for the syntheses of esters derived from acetyl-protected 1,5-

lactones 

Product Yield Product Yield 

butyl 2,3,4,6-tetra-0-acetyl-D- 
galactonate 

[21] 
49 % 

4-hydroxybutyl 2,3,4,6-tetra- 
O-acetyl-D-galactonate 

[26] 
60 % 

butyl 2,3,4,6-tetra-0-acetyl-D- 
mannonate 

[22] 
21 % 

4-hydroxybutyl 2,3,4,6-tetra- 
O-acetyl-D-mannonate 

[27] 
76 % 

butyl 2,3,4,6-tetra-0-acetyl-D- 
gluconate 

[23] 
77 % 

4-hydroxybutyl 2,3,4,6-tetra- 
O-acetyl-D-gluconate 

[28] 
95 % 

butyl 2,3,4-tri-0-acetyl-D- 
xylononate 

[24] 
67 % 

4-hydroxybutyl 2,3,4-tri-O- 
acetyl-D-xylononate 

[29] 
73 % 

butyl 2,3,4,6-tri-O-acetyl-L- 
arabinonate 

[25] 
79 % 

4-hydroxybutyl 2,3,4,6-tri-0- 
acetyl-L-arabinonate 

[30] 
39 % 

The yields for these reactions are given in Table 3.2. These range from 21 % to 95 c/0 

and the new esters were all pure by elemental analysis. Attempts were made at 

monitoring the reaction by TLC. However, it was observed that they decomposed to the 

starting 1,5-lactones [6] and starting alcohol on the TLC plate. 
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3.3 	Characterisation 

Once isolated, these novel compounds were characterised by NMR spectroscopy, IR 

spectroscopy, optical rotation and elemental analysis. Table 3.3 to Table 3.6 show the 

1H and 13C{1H} NMR resonances for the 4-hydroxybutyl and butyl-terminated esters [21] 

to [30] In order to arrive at these assignments derivatives were also analysed by HMQC 

and HMBC 2-dimensional NMR. 
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Table 3.3 - 1H NMR data for 4-hydroxybutyl terminated monoesters derived from acetyl-protected 1,5-lactones 

Product 5 H-2 
(J) 

5 H-3 
(J) 

5 H-4 
(J) 

5 H-5 
(J) 

S *H-5' 
(J) 

S H-6/H-6' 
(J) 

4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-galactonate 5.78 5.21 - 5.16 4.22 - 4.06 
[26]  (9.8, 2.0) 

4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-mannonate 
[27]  

5.17 
(7.8) 

5.66 
(8.6, 2.2) 

5.27 
(9.1, 2.1) 4.29 - 4.07 

4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-gluconate 5.29 5.74 5.20 3.89 - 
[28]  (3.9) (3.7, 3.7) (8.3, 3.6) 3.80 - 4.15 - 4.11 

4-hydroxybutyl 2,3,4-tri-O-acetyl-D-xylononate 5.70 5.64 5.02 4.40 4.28 
[29]  (8.0) (7.8, 7.8) (7.6, 2.9) (12.8, 2.9) (12.8, 3.0) - 

4-hydroxybutyl 2,3,4,6-tri-O-acetyl-L-arabinonate 5.57 5.45 4.55 4.47 4.27 
[30]  (6.9) (6.8, 6.8) (6.26:94).9, (12.6, 4.9) (12.6, 4.9) 

1,5 = chemical shift (reported in ppm). J = coupling constant (reported in Hz). * only applies to pentose-derived 

carbohydrates. 

Unreported coupling constants are those which were not resolved. 
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Table 3.4 - 13C{1H} NMR data for 4-hydroxybutyl terminated monoesters derived from acetyl-protected 1,5-lactones 

Product S C-1 
(J) 

S C-2 
(J) 

S C-3 
(J) 

S C-4 
(J) 

5 C-5 
(J) 

*5 C-6 
(J) 

4-hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-galactonate 
[26]  168.03 69.71 68.53 68.21 68.29 

68.21 - 63.51 

4-hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-nnannonate 
[27]  169.00 69.55 66.44 69.55 64.21 

62.87 - 61.96 

4-hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-gluconate 
[28]  166.76 71.81 69.50 70.56 68.41 

64.35 

4-hydroxybutyl 2,3,4-tri-O-acetyl-D-xylononate 
[29]  168.45 70.44 72.48 75.53 60.27 

4-hydroxybutyl 2,3,4,6-tri-O-acetyl-L-arabinonate 
[30]  168.27 72.00 72.56 77.43 62.11 

1,5 = chemical shift (reported in ppm). J = coupling constant (reported in Hz). * only applies to hexose-derived 

carbohydrates. 

Unreported coupling constants could not be resolved. 
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Table 3.5 - 1H NMR data for butyl terminated monoesters derived from acetyl-protected 1,5-lactones 

Product S H-2 
(J) 

A H-3 
(J) 

S H-4 
(J) 

5 H-5 
(J) 

S *H-5' 
(J) 

5 H-6/H-6' 
(J) 

butyl 2,3,4,6-tetra-O-acetyl-D-galactonate 
[21]  

5.76 5.16 5.30 
(3.9, 2.0) 

3.97 _ 
(11.5, 7.4) 

4.14 - 4.06 

butyl 2,3,4,6-tetra-0-acetyl-D-mannonate 
[22]  

5.28 
(9.1, 2.4) 

5.67 
(8.5, 2.2) 

5.09 
(8.5) 

3.80 _ 4.11 
(11.0, 5.3) 

butyl 2,3,4,6-tetra-O-acetyl-D-gluconate 
[23]  

5.30 
(3.9) 

5.73 
(3.7) 

5.20 
(8.3, 3.6) 

3.89 - 3.80 - 4.23 - 4.02 

butyl 2,3,4-tri-O-acetyl-D-xylononate 
[24]  

5.69 
(8.0) 

5.63 
(7.8, 7.8) 

5.02 4.50 - 4.08 
- 

butyl 2,3,4,6-tri-O-acetyl-L-arabinonate 
[25]  

5.56 
(6.9) 

5.45 
(6.8, 6.8) 

4.54 
(6.8,9) 

2.
4.9, 

 

4.46 
(12.6, 3.0) 

4.26 
(12.6, 5.0) - 

1,5 = chemical shift (reported in ppm). J = coupling constant (reported in Hz). *only applies to pentose-derived 

carbohydrates. 

Unreported coupling constants could not be resolved. 
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Table 3.6 - "C{11-1} NMR data for butyl terminated monoesters derived from acetyl-protected 1,5-lactones 

Product 5 C-1 
(J) 

5 C-2 
(J) 

5 C-3 
(J) 

5 C-4 
(J) 

S C-5 
(J) 

*5 C-6 
(J) 

butyl 2,3,4,6-tetra-0-acetyl-D-galactonate 
[21]  167.76 70.58 69.62 68.65 67.71 62.75 

butyl 2,3,4,6-tetra-0-acetyl-D-mannonate 
[22]  167.76 69.55 68.97 69.59 67.62 64.78 

butyl 2,3,4,6-tetra-O-acetyl-D-gluconate 
[23]  166.87 71.75 69.51 70.78 68.41 65.94 

butyl 2,3,4-tri-O-acetyl-D-xylononate 
[24]  168.45 70.42 72.91 75.35 69.28 - 

butyl 2,3,4,6-tri-O-acetyl-L-arabinonate 
[25]  168.26 72.06 72.63 77.37 62.10 - 

1,5 = chemical shift (reported in ppm). J = coupling constant (reported in Hz). *only applies to hexose-derived 

carbohydrates. Unreported coupling constants could not be resolved. 
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3.3.1 1H NMR Characterisation 

1H NMR analysis revealed several similarities as well as some differences between the 

alcohol terminated esters. It was observed that H-2 resonated between 5.6 and 5.8 ppm 

for all the ring-opened esters, except from those derived from D-(+)-mannopyranose and 

D-(+)-glucopyranose. On the whole this resonance did not differ greatly from the starting 

1,5-lactones [6]. H-2 for the D-(+)-mannopyranose-derived esters ([22], [27]) and D-(+)-

glucopyranose-derived esters ([23], [28]) resonated at lower frequencies, between 5.2 

and 5.3 ppm. This is not surprising for the D-(+)-glucopyranose-derived esters ([23], 

[28]) as H-2 resonates close to the analogous proton 1,5-lactone. However H-2 in the D-

(+)-mannopyranose derivatives ([22], [27]) resonates at a frequency of 0.5 ppm below 

the analogous proton in the starting material [6b]. This marked difference, is attributed to 

the unique stereochemistry that the D-(+)-mannopyranose derivative possesses at this 

position. Its derivatives possess S stereochemistry at C-2 whereas the remaining library 

of compounds possess R stereochemistry at this position. 

H-4 resonates between 4.6 and 5.3 ppm for all the esters, except for those derived from 

D-(+)-galactopyranose where the resonating frequency is between 4.1 and 4.2 ppm. This 

is again due to the different stereochemistry of these derivatives at C-4 compared to the 

other compounds. 

The most striking NMR characteristic of these compounds is the resonating frequency 

for H-5. The chemical shift at this position is between 3.8 and 4.5 ppm for all the esters. 

For those derived from the hexoses, this is about 1 ppm upfield versus the parent 1,5-

lactones [6]. However, H-5 resonances in the pentose derivatives do not differ greatly 

from their parent lactones. Furthermore, H-5 and H-5' are still distinguishable from one 
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another. This is surprising as once the ring is opened one would expect free rotation 

about the C4—05 bond. Thus H-5 and H-5' should be magnetically equivalent. However, 

the 1H NMR signals associated with H-5 and H-5' in a 4-hydroxybutyl 2,3,4-tri-O-acetyl-

D-xylononate appear as 2 well-defined doublet of doublets at 4.40 and 4.28 ppm. 

Associated with these resonances are geminal coupling constants of 13 Hz as well as 

34-H coupling constants of 3 Hz resulting from coupling with H-4. This suggests that 

there is no free rotation about the C-5—C-5 bond. This can be explained by hydrogen 

bonding between the hydroxyl end group at C-5 and the acetyl group at C-3 as 

illustrated in Figure 3.4. 

OAc OAc 
-.,,...,.-.N.,,,,011,- 

HO 
o 6 0. i,, 	 ,,H 

Os  

 

rotation about this 
bond is restricted 

 

Figure 3.4 - Intramolecular hydrogen-bonding in 4-hydroxybutyl 2,3,4-tri-O-acetyl-

D-xylononate [29] 

A study by Lopez de la Paz et al.2  showed that intra-molecular hydrogen bonding in 

carbohydrates influences the magnitude of coupling constants as a result of fixing the 

confirmation of the carbohydrate as is observed here. Lommerse et a1.3  have also 

confirmed these results with an investigation of the hydrogen bonding between carbonyl 

and hydroxyl groups. 

The H-6 protons resonate between 4.1 and 4.3 ppm for all the hexose derivatives and 

are not distinguishable from one another. There is no well-defined hydrogen bonding 

between the unprotected hydroxyl group at C-5 and the acetyl group at C-3. This is most 
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likely hindered by the presence of the acetyl group at C-6. The unprotected hydroxyl 

group at C-5-may hydrogen bond with the acetyl groups at C-3 as well as at C-6 

(illustrated in Figure 3.5 using 4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-galactonate [6a] 

as an example). This is thought to occur rapidly and thus only an averaged signal is 

observed in the 1H NMR spectrum. 

Figure 3.5 - Possible intramolecular hydrogen bonding in 4-hydroxybutyl 2,3,4,6-

tetra-O-acetyl-D-galactonate [6a] 
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3.3.2 13C{11-1} NMR Characterisation 

13c{i..  HI NMR revealed that C-1 resonates between 167 and 169 ppm. This was 

consistent for all the esters. When compared to the parent 1,5-lactones [6], an increase 

in the resonating frequency of 2 - 3 ppm, on average, was observed. This is in 

agreement with a decrease in the strain of the carbonyl on ring-opening. 

The chemical shift of C-2 was observed between 70 and 72 ppm for all derivatives and 

when compared to the 1,5-lactones, again an increase of 2 - 3 ppm was observed. This 

difference is also likely to be associated with the relief in ring strain. 

C-3 resonates at slightly lower frequency than C-2; between 66 and 73 ppm. When 

compared to their parent lactones this is a downfield shift of 5 ppm for the D-(+)-

mannopyranose derivative and a downfield shift of 6 ppm for the L-(+)-arabinopyranose 

derivatives. 

The resonating frequency for C-4 was observed between 68 ppm for the D-(+)-

galactopyranose derivatives ([21], [26]) and at 77 ppm for the L-(+)-arabinopyranose 

ones ([25], [30]). The chemical shift for C- 4 in the D-(+)-xylopyranose ([24], [29]) and L-

(+)-arabinopyranose ([25], [30]) derivatives is 3 to 5 ppm above the average of 72 ppm. 

This is attributed to the hydrogen bonding observed between the free hydroxyl at C-5 

and the acetyl group at C-3. 

C-5 and C-6 resonate between 60 and 69 ppm for all ring-opened derivatives. However, 

when compared to the parent 1,5-lactones [6] this was shifted downfield by up to 11 

ppm. The most significant difference was attributed to 4-hydroxybutyl 2,3,4,6-tetra-0- 
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acetyl-D-mannonate [27]. A downfield shift in the resonating frequency suggests that 

there is a decrease in electron density at these carbon centres. In the 1,5-lactones [6], 

C-5 and C-6 are adjacent to the ester group where there is overlap of the sp2  and spa  

orbitals increasing electron density. Once the ring is opened, this extensive 

delocalisation is lost and with it electron density. 

Also characteristic to the ring-opened esters, was the presence of the 4-hydroxybutyl 

and butyl end groups. Both possess similar resonances apart from the terminal hydroxyl 

group in the 4-hydroxybutyl terminated esters. Indeed, both the 1H and 13C{11-1} chemical 

shifts for the end groups are similar. The protons on the methylene group adjacent to the 

ester, resonate between 3.9 and 4.2 ppm. The protons in the methylene group adjacent 

to the terminal hydroxyl resonate at about 3.6 ppm; 0.3 to 0.6 ppm upfield of their 

resonance in the free alcohols. This is consistent with deshielding at these centres due 

to the presence of the electron-withdrawing carbonyls. Similar trends are observed in the 

13cri..,  t NJ NMR chemical shifts. The same methylene carbons resonate between 63 and 68 

ppm; up to 5 ppm downfield when compared to the parent alcohols. 

Page 112 of 248 



2964 

3473 

1379 

1'749 1 28 

103 

Synthesis of functionalised biodegradable polymers 
PhD Thesis 
Chapter 3: Acetyl-Protected Aldaric Esters 

Anita Haider 
Imperial College, London 

3.3.3 Other characterisation 

Figure 3.6 shows the IR spectra of 4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-gluconate 

compared with its parent 1,5-lactone, [6e]. Absorbances below 3000 cm-1  are essentially 

identical in both compounds, with a characteristic feature being an absorbance at 1749 

cm-' as a result of the carbonyl stretching frequencies. Confirmation of the synthesis of 

4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-gluconate is given by the presence of a broad 

absorbance at about 3500 cm-' attributed to the terminal hydroxyl groups. 

3800 	 3000 	 2200 
	

1400 
	

600 

Absorbance (cm-1) 

4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-gluconate [28] 

2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone [6e] 

Figure 3.6 - IR spectrum of 4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-gluconate [28] 

compared with the parent 1,5-lactone [6e] 
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Figure 3.7 compares the IR spectra of the butyl and 4-hydroxyl terminated esters derived 

from D-(+)-glucopyranose [23] and [28]. As expected, the spectra are also very similar. 

Absorbances at about 3500 cm.' attributed to the terminal hydroxyl groups are observed 

in both spectra. However, this absorbance for the butyl terminated ester [23] is 

significantly weaker. This is in agreement with the presence of 2 terminal hydroxyl 

groups in [28], versus one in [23]. Fewer hydroxyl groups result in less inter-molecular 

hydrogen bonding and thus a weaker, sharper absorbance is observed. 

Figure 3.7 - IR spectra of the butyl and 4-hydroxyl terminated esters derived from 

D-(+)-glucopyranose [23] and [28] 
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Other tools used to characterise these compounds were mass spectrometry and 

elemental analysis. The optimum mass spectrometric technique is chemical ionisation; a 

soft technique which does not break up the compound and allows the molecular ion to 

be observed. Using this technique, the hexose-derived 4-hydroxybutyl terminated esters 

for example, gave rise to peaks at 454 amu. This corresponds to a molecular ion 

associated with NH4+ and in most cases was present in 100 % abundance. Table 3.7 

shows the molecular ion peaks observed for the remaining compounds. In all cases the 

molecular ion associated with NH4+ was observed. Elemental analysis was found to be in 

agreement with the calculated values for all compounds and is given in the experimental 

section. 
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Table 3.7 - Molecular ion peaks observed in the mass spectrometry of the ring-

opened esters 

Product [M+NH4r 
(abundance) Product [M+NH4]+ 

(abundance) 

acetyl-D-galactonate 
butyl 2,3,4,6-tetra-0- 

[21] 

438 
(100 %) 

4-hydroxybutyl 2,3,4,6- 
tetra-O-acetyl-D- 

galactonate 
[26] 

454 
(100 %) 

butyl 2,3,4,6-tetra-0- 
acetyl-D-mannonate 

[22] 

438 
(100 %) 

4-hydroxybutyl 2,3,4,6- 
tetra-O-acetyl-D- 

mannonate 
[27] 

454 
(29 %) 

butyl 2,3,4,6-tetra-0- 
acetyl-D-gluconate 

[23] 
438 

(100 %) 

4-hydroxybutyl 2,3,4,6- 
tetra-O-acetyl-D- 

gluconate 
[28] 

454 
(25 %) 

butyl 2,3,4-tri-O-acetyl- 
D-xylononate 

[24] 

4-hydroxybutyl 2,3,4-tri- 
O-acetyl-D-xylononate 

[29] 
382 

(15 %) 

butyl 2,3,4,6-tri-O- 

[25] 
acetyl-L-arabinonate 0-acetyl-Larabinonate 366 

(20 `)/) 

4-hydroxybutyl 2,3,4,6-tri- 

[30] 

382 
(20 %) 

Peaks observed are quoted in atomic mass units. Abundance is relative to the 
maximum. 
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3.4 	Conclusion 

Novel aliphatic aldaric esters derived from acetyl-protected 1,5-lactones were prepared 

via a ring-opening reaction with either butan-1-ol or 1,4-butanediol catalysed by p-TSA. 

This enabled us to achieve mono-functional alkyl esters suitable as co-initiators for the 

ROP of lactide as well as bi-functional ones. The latter is an AA-type monomer with 

potential applications in polycondensation reactions as well as a co-initiator for ROP. 

The synthetic procedure can be generally applied to all the 1,5-lactones. However, in 

order to optimise yields, it was necessary to adjust the reaction time in order to minimise 

the formation of by-products. As the reaction progressed it was found that after 

formation of the alkyl esters, these subsequently reformed the 1,5-lactone after 

prolonged exposure to acid. This then resulted in the formation of the 1,4-lactone; the 

stable thermodynamic product. The relative rates for the formation of these products 

varied with the parent carbohydrate. Thus it can be concluded that stereochemistry of 

the substituents influenced the relative reaction rates. 2,3,4,6-tetra-0-acetyl-D-

galactono-1,5-lactone [6a] was found to be the most reactive starting 1,5-lactone. It 

selectively formed the 4-hydroxybutyl ester at the end of 15 mins at r.t. The D-(+)-

glucopyranose, D-(+)-xylopyranose and L-(+)-arabinopyranose derivatives on the other 

hand required 2 h to selectively form the analogous compounds under the same 

conditions. Butyl aldaric esters were isolated in up to 79 % yield and the 4-hydroxybutyl 

ones in up to 95 % yield. 

These novel compounds were comprehensively characterised with NMR being a critical 

tool in confirming the identity of these substances. A combination of 1-dimensional NMR 

(1H NMR, 13C(1H) NMR) and 2-dimensional NMR (COSY, HMQC, HMBC) methods were 

Page 117 of 248 



Synthesis of functionalised biodegradable polymers 
PhD Thesis 
Chapter 3: Acetyl-Protected Aldaric Esters  

Anita Haider 
Imperial College, London 

used to resolve this. As expected, there were no significant differences in the chemical 

shifts in the back-bone regions of the aldaric esters derived from the same parent 

carbohydrate. The key differences observed were related to the end group. Owing to the 

presence of the methyl group in the butyl terminus, a resonance at about 0.9 ppm was 

observed. 

NMR served to reveal interesting conformational behaviours of these compounds. In the 

hexose derivatives it was observed that H-6 and H-6' were indistinguishable from each 

other by 1H NMR. This is owing to free rotation about the C-5-0 bond. Thus it was 

expected that in the pentose derivatives, the same would be true with respect to H-5 and 

H-5'. However, it was discovered that these gave rise to two distinguishable doublets of 

doublets with coupling constants of 13 and 3 Hz, in each of the pentose-derived aldaric 

esters. This large coupling constant was an indicator of geminal coupling much like that 

observed in the parent 1,5-lactones. Thus it was concluded that hydrogen-bonding 

between the acetyl group at C-3 and the terminal hydroxyl at C-5 restricted free rotation 

about the C-4—C-5 bond giving rise to distinguishable resonances for H-5 and H-5'. 

i3ci•i. III NMR served to confirm that the ring had been opened as the resonating 

frequency for C-1 was found to be 167 and 169 ppm; an increase in 2 - 3 ppm versus 

the parent 1,5-lactones. This downfield shift is consistent with relief in ring strain. 

Thus the versatile synthetic procedure enabled the synthesis of compounds suitable as 

co-monomers in polycondensation as well as novel initiators for ROP. 
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4.1 Introduction 

The carbohydrate-derived aliphatic esters can be applied in both polycondensation 

and ring opening polymerisation (ROP). The presence of two terminal hydroxyl 

groups in the aliphatic esters derived from 1,4-butanediol formed AA-type monomers 

suitable for polycondensation with carboxylic acids or acid chlorides. 

Polycondensation reactions of carbohydrate-derived monomers have been elegantly 

described by Guan1  and Galbis.2  Guan et aL1  reported polyesters produced via 

polycondensation with Mn  and Mt, values of 29,000 grnal  and 44,000 grnorl  

respectively and with a polydispersity index (PDI) of 1.5 (Scheme 4.1). 

OMe OMe 
HO 	 CI OH CI 

OMe OMe 	0 OMe OMe 

NEt3, CH2Cl2, r. t., 24 h 

Mn: 29,000; Mw : 44,000; PDI: 1.5 

Scheme 4.1 - Synthesis of the permethoxy polyesters via polycondensation' 

Galbis et aL2  reported polyesters obtained by the polycondensation reaction of the 

2,3,4-tri-O-methyl-arabinitol or 2,3,4-tri-O-methylxylitol, or their mixtures with ethylene 

glycol, with terephthaloyl chloride or isophthaloyl chloride. The reactions were carried 

out in the melt. AL values ranged between 11,500 and 46,500, with PDIs from 1.5 to 

2.3 (Scheme 4.2). 
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o-C6H4C12, tetrabutyl titanate, r. t. to 200 CC, 4 h 

Ma.: 11,500 - 46,500; PDI: 1.5 - 2.3 

Scheme 4.2 - Synthesis of carbohydrate-derived permethoxy aromatic 

copolymers via polycondensation2  

These conditions were not suitable for peracetylated derivatives due to their 

intolerance of high temperatures. However, if conditions and reagents which are 

tolerant to the acetyl protecting groups could be applied, this would prove to be ideal. 

Thus we applied reaction conditions employed by Guan1  with commercially available 

acid chlorides. This narrowed the choice down to oxalyl chloride and adipoyl chloride. 

The former was of particular interest owing to the short chain length thus creating a 

polymer with a greater weighting of the carbohydrate derivative. The use of 

terephthalic acid would also serve to produce a material which could serve as 

modified poly(ethylene terephthalate) (PET); a widely used commodity plastic. In 

order to preserve the acetyl groups, reactions with terephthalic chloride, which is 

insoluble in DCM, were successfully carried out in toluene at 60 °C. 

The presence of hydroxyl groups in both sets of aliphatic polyesters derived from 

butal-1-ol and 1,4-butanediol, makes them suitable candidates as co-initiators in the 
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ROP of lactide. ROP of lactide generally requires a metal complex with a co-initiator 

such as an alcohol. Thus this is an elegant way of introducing functionalised 

carbohydrate moieties including a carbohydrate-derived oligomer [33] (whose 

synthesis is discussed in Chapter 5) to form a block copolymer. A similar approach 

was report by Arvanitoyannis et al. where sorbitol was used as a co-monomer in the 

ROP of rac-lactide using Sn(II)Oct2  in varying sorbitol to lactide ratios, carried out in 

the bulk at high temperatures (130 °C). This enabled the synthesis of copolymers of 

about Mn  10, 000 gmol-1  (SEC) and PDIs between 1.3 and 2.0 and in up to 98 

yield. They also found that the content of carbohydrate moieties increased the 

crystallinity of the resulting copolymer.3  Nonetheless, the main limitation of this 

method is poor polymerisation control. Furthermore, acetyl-protected carbohydrate 

esters would not withstand the high temperatures required. 

Lactide ROP has been the subject of much research and is generally carried out 

under mild reaction conditions.4  Thus a zinc complex which was found to be highly 

active towards the ROP of lactide5  was investigated as a co-initiator in the ROP of 

lactide with the carbohydrate-derived aliphatic esters. ROP has the advantage over 

polycondensation of being a controlled method of polymerisation affording high 

molecular weight polymers with narrow molecular weight distributions. 
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4.2 Copolymers via polycondensation 

Polycondensation was explored as a synthetic route to highly functionalised, 

carbohydrate-derived copolymers. In principle, aldonic acids derived from the 

carbohydrate lactones are suitable monomers for polycondensation reactions. In fact, 

these were successfully prepared in good yields. However, it was observed that the 

peracetylated gluconic acid was unstable and readily cyclised to its parent 1,5-

lactone in solution and in the presence of acids, bases and catalysts used in 

polycondensations, such as scandium triflate. Thus the functionalised diols [26] - [30] 

were more suitable monomers for polycondensations as the introduction of the alkyl 

chain inhibited cyclisation. These AA-type monomers [26] - [30] were treated with 

diacid chlorides to successfully yield novel, highly-functionalised polyesters. Each 

diol was independently treated with adipoyl chloride, oxalyl chloride and terephthalic 

chloride in the presence of 2 equivalents of triethylamine, in either CH2Cl2  or toluene. 

Toluene at 60 °C was used with terephthalic chloride due to the poor solubility of this 

acid chloride. Reactions were carried out at a concentration of 0.1 M in each 

monomer. Triethylamine was found to be critical to the success of these reactions. 

Where they were conducted in the absence of triethylamine resulted in degradation 

of the oligomeric products, possibly due to acidic by-products/acid chloride 

monomers. 

Reactions were carried out using dry reagents and quenched at the end of 3 days by 

addition of aqueous HCI. This was followed by washing with aqueous NaHCO3  and 

water. This was an adaptation of a method reported by Guan et al. described above.' 

An aliquot was taken at the end of 1 day, quenched and analysed by SEC 

(polystyrene standards, CHCI3) before the reactions were stopped at the end of 3 

days. From this, it was concluded that the highest molecular weights were obtained 
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at the end of 1 day. Prolonged reaction times did not improve molecular weight. 

Reactions in CH2Cl2  were started at 0 °C to optimise the thermodynamic effects. 

Scheme 4.3 illustrates the reaction using [28] with adipoyl chloride as an example. 

HO 
CI 

CI 

  

0 

 

2 eq. NEt3  , dry DCM, 0 - r.t., 3 days 

Scheme 4.3 - Synthesis of a highly functionalised polyester produced via 

polycondensati on 

Whilst analysis of these polymers was attempted using MALDI-TOF, this was 

undetectable due to the failure of these polymers to "fly". Nonetheless, analysis by 

SEC revealed polymers with approximately 100 repeat units, M„ between 41,000 and 

56,000 and M,, between 69,800 and 94,100 gmol-1. PDIs ranged between 1.5 and 2.8 

(Table 4.1). 
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Table 4.1 - Highly functionalised, carbohydrate-derived polyesters produced 

via polycondensation 

Entry Monomer Acid 
Chloride 

M. 11„, PDI 

1 OAc OAc 	Ac 
0 HO 	I 

0 	OAc OH 
[26] 

4-hydroxybutyl 2,3,4,6-tetra-0-acetyl- 
D-galactonate 

adipoyl 
chloride 52,700 86,600 1.64 

2 oxalyl 
chloride 45,300 72,300 1.60 

3 terephthalic 
chloride* 45,900 86,300 1.88 

4 
OAc OAc 	Ac 

HO 
..----...„„.0 

1 	: 
0 	OAc OH 

[27] 
4-hydroxybutyl 2,3,4,6-tetra-0-acetyl- 

D-mannonate 

adipoyl 
chloride 47,900 82,900 1.73  

5 oxalyl 
chloride 26,100 74,000 2.84 

6 terephthalic 
chloride* 31,600 71,800 2.27 

7 
OAc OAc OAc 

HO.--"\--",...,-- 
0 	OAc oxalyl  OH 
[28] 

4-hydroxybutyl 2,3,4,6-tetra-O-acetyl- 
D-gluconate 

adipoyl 
chloride 45,100 78,300 1.73 

8 chloride 47,200 78,700 1.67 

9 terephthalic* 
chloride 39,700 81,400 2.05 

10 
OAc OAc 

HO----..„..----..„--0) 
	

u., Ac OH O 
[29] 

4-hydroxybutyl 2,3,4-tri-O-acetyl-D- 
xylononate 

adipoyl 
chloride 64,100 94,100 1.47 

11 terephthalic 
chloride* 32,900 80,300 2.44 

12 
QAc OAc 

HO-",../.\---• 
L 

0 	OAc OH 
[30] 

4-hydroxybutyl 2,3,4,6-tri-O-acetyl-L- 
arabinonate 

oxalyl 
chloride 38,500 76,300 1.98 

13 
terephthalic 

chloride* 37,400 69,800 1.87  

Conditions: 2 eq.NEt3  , dry CH2C12, r.t., 3 days. * 2 eq.NEt3  , dry toluene, 60 eC 3 

days 
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SEC also indicated the presence of low molecular weight oligomers. Residual water 

is the most likely contributor to low conversions despite distillation of the starting acid 

chlorides and the use of dry solvents. Reprecipitation of the polymer from DCM-

hexane resulted in fractionation of high molecular weight polymer chains thus 

narrowing PDIs. 

Figure 4.1 - SEC for PET-[27]-copolymer 
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500 
	

600 	700 	800 	900 	1000 	1100 	1200 

Figure 4.2 - SEC for copolymer of [30] with oxalyl chloride 

These polymers were compared with related methyl protected ones derived from 

xylose and arabinose reported by Guan1  and Galbis.2  Guan reported that methyl 

protected polyesters derived from xylose achieved polymers with A, and M, values 

of 29,000 gmol-1  and 44,000 gmol-1  respectively with PDIs of 1.5 (ca. 70 repeat units). 

Those reported by Galbis, which were methyl protected polyesters prepared from 

pentose derivatives, a diol and an aromatic acid chloride, were characterised by mw  

values between 11,500 and 46,500 gmol-1  and PDIs from 1.5 to 2.3 (ca. 100 units). 

By contrast, the copolymers we prepared had comparable PDIs (1.5 — 2.8) and 

degrees of polymerisation (ca. 100 units). 	However, the significantly higher 

molecular weights (M„ 41,000 and 56,000 gom-1) are attributed to the heavier repeat 

units owing to the bulkier acetyl groups versus methyl ones. 

Acetyl-protected polyesters derived from [26] - [30] were also analysed by 1H NMR 

and 13C{11-1} NMR. 1H NMR of the polymers was characterised by broadening of 
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signals. Using the copolymer of [28] with adipoyl chloride as an example, Figure 4.3 

shows that the resonating frequency of H-4 in the polymer is centred around 5.2 

ppm, similar to that observed in the carbohydrate monomer, [28]. However, the 

polymeric signal showed a much more complex multiplicity/overlap of signals and 

was significantly broadened. 

(a)  
copolymer of [28] with adipoyl chloride 

H-4 

I 	I 
250 
	

5.200 	5.15 

(b)  
4-hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-gluconate [28] 

H-4 

' 
5.200 	5.150 

Figure 4.3 - 1H NMR resonances for the copolymer of [28] with adipoyl chloride 

(a) monomer [28] alone (b) for H-4 resonances. 
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Similarly, broadening was observed in the region between 4.5 and 4.0 ppm in the 

polymer as shown in Figure 4.4. This also shows another characteristic observation 

which is the downfield shift of the H-5 resonance from 3.85 ppm in the monomer to 

between 4.5 and 4.0 ppm in the polymer. This is as expected as the adipic group 

adjacent to H-5 increases its electronegativity. 

(a) 
copolymer of [28] with adipoyl chloride 

C(0)OCH2CH2CH2CH2OH 
H-5, H-6 

50 4.40 4.30 4.20 4.10 4.00 3.90 3.8( 

(b) 
4-hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-gluconate [28] 

C(0)OCH2CH2CH2CH2OH 	H-5 
H-6 
" " 	" ' I " 

50 4.40 4.30 4.20 4.10 4.00 3.90 3.80 

Figure 4.4 -'H NMR resonances for the copolymer of [28] with adipoyl chloride 

(a) and starting monomer, [28] alone (b) in the regions between 4.5 - 3.8 ppm 

and 1.3 and 1.2 ppm 

The methylene protons in the adipic repeat units also resonated at 2.90 ppm and 

1.70 ppm (Figure 4.5). Whilst the former was comparable to the resonating frequency 

of adipoyl chloride, the latter is shifted upfield from 1.8 ppm from the equivalent 

resonances in adipoyl monomer. Moreover, the 1H NMR resonances of adipoyl 

chloride have a characteristic shape due to the symmetry of the molecule. The 
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symmetry of the adipic unit is lost in the polymer and so the multiplicity of the 

resonances is much more complex. This is accompanied by broadening of these 

respective signals (Figure 4.5). 

(a) 
copolymer of [28] with adipoyl chloride 

I 	I 	I 	i 	I 
	

I 	' 
1.60 1.80 	1.70 3.00 	 2.90 

(b) 
4-hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-gluco to [28] 

F 	1 	I 	I 	I 	1- 	1 	i 	I 	 I 

1.80 	1.70 	1.60 

  

-f 	I 

3.00 2.90 

Figure 4.5 - Adipic 1H NMR resonances for the copolymer of [28] with adipoyl 

chloride (a) and adipoyl chloride alone (b). 

The unsubstituted butyl area of the polymer chain was also at a similar chemical shift 

to the monomer [28] (1.30 - 1.20 ppm) but was broadened. 
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13C{11-1} NMR of the polymer resembled that of the starting carbohydrate-derived 

monomer, as expected and is shown in Figure 4.6. The carbonyl resonances in the 

polymer were observed between 171 and 170 ppm. The absence of adipoyl chloride 

in the polymer was confirmed by the absence of the carbonyl resonance at 173 ppm. 

Carbohydrate resonances were observed between 72 and 68 ppm, and were 

unchanged compared to the starting monomer, [28]. The characteristic adipic 

resonance at 46 ppm due to the a-carbon in adipoyl chloride, was shifted to 64 - 63 

ppm in the polymer. This chemical shift is comparable to the analogous butyl 

resonances. This change is attributed to the loss of the electronegative chloride atom 

resulting in deshielding of the a-carbon. The complexity of the resonances centred at 

25 ppm was increased as fl-carbon resonances were observed for both the adipic 

and butyl carbons. Acetyl resonances were observed between at 21 and 20 ppm, as 

was seen in the starting monomer. 

-4- 	co 
CO 0) CV CO .1 0 0 111 Ln rD CO CO V 0.1 

17- 6  (0
.  N" .1- 	Cr) LO .1: 

cri 	O Lci in 
P.- O") CO CV 	0 

ir5 
N. 11, 

•-• 1"-- CD 	CO CO CO CO 	ID CD 	CV C'1/41 CV 	CV CM CV 

IIII 	I 

	

f 	T 	 I 

	

ppm (t1) 	150 
	

100 
	 50 

I 

Figure 4.6 - 13C{1H} NMR of the copolymer of [28] with adipoyl chloride 
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4.3 a-4-Hydroxybutyl-w-hydroxyl-oligo(233,4,6-tetra-0-acetyl-

D-gluconate)-block-poly(lactide) 

The highly functionalised oligomer a-4-hydroxybutyl-w-hydroxyl-oligo(2,3,4,6-tetra-0-

acetyl-D-gluconate), [33] was prepared via ring-opening polymerisation of 2,3,4,6-

tetra-O-acetyl-D-galactono-1 ,5-lactone in the presence of Sn(II)Oct2  and 1,4-

butanediol (discussed in Chapter 5). 

m = 1 - 2, n = 0 — 1 
[33] 

Sn(ll)Oct2, alcohol, 80 CC, bulk 

Scheme 4.4 — Synthesis of a-4-hydroxybutyl-w-hydroxyl-oligo(2,3,4,6-tetra-0- 

acetyl-D-gluconate), [33] 

[33] was used as a macro-initiator in the ring opening polymerisation of rac-lactide. 

This co-polymerisation was investigated using an alkyl zinc co-initiator, [35]5  by 

preparation of the initiating species in situ as shown in Scheme 4.5. 
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Scheme 4.5 - Synthesis of glucose-derived initiator, [34] 

After the addition of rac-lactide, aliquots were regularly withdrawn to monitor the 

reaction's conversion and the polymer's A,. This enabled the successful synthesis of 

triblock ABA copolymers comprising lactide blocks of 12 to 250 repeat units attached 

to the oligoester blocks of up to 3 repeat units. The copolymers' /1//,, were determined 

by size exclusion chromatography (SEC) and by end group analysis from the 1H 

NMR spectrum (Table 4.2). Integration of the PLA methyne protons' signal at 5.20 

ppm versus the oligomer acetyl methyls' signal at 2.07 ppm, provided an 

approximation of the DP and from this the copolymers' Mn. The M„ from NMR, SEC 

(polystyrene standard, CHCI3), and the calculated /14„ based on the percentage 

conversion and the reaction stoichiometry were in excellent agreement. Thus for a 

lactide loading of 25 equivalents and 63 % lactide conversion, the calculated M„ is 

2,700 gmo1-1. This was in agreement with Mn  determined by SEC (2,200 gmo1-1) as 
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well as by 1H NMR (2,900 gmol-1). The polymerisation was therefore, well controlled, 

further reinforced by the narrow PDIs between 1.05 and 1.22 for the copolymers. 

Table 4.2 - Copolymers prepared using the macro-initiator [33] for the ROP of 

lactide 

Entry Initiatoriactide 
loading 

Lactide 
Conversion' 

Number of 
lactide units 

M, 
Calc.b  

M, 
NMR' 

Mn 
SECd  
(POI) 

1 1:25 63 % 16 2,700 2,900 2,200  (1.08) 

2 1:50 58 % 29 4,600 4,000 2,500
(1.16) 

3 1:100 71 % 71 11,000 8,600 7,800
(1.22) 

4 1:200 52 % 104 15,400 15,800 13,600  (1.06) 

5 1:500 33 % 165 24,200 18,800 26,000
(1.05) 

a  Determined by normalization of the integrals for the CH resonances in lactide (5.00 ppm) 
and polylactide (5.20 ppm). Reactions were quenched prematurely and hence conversions 
beyond 90 % as expected in a controlled polymerisation are not reported. b  Mn  calc = (144 x 
DP) ÷ 436. C  Determined by integration of the CH signal in polylactide (5.20 ppm) versus the 
acetyl signal in the oligoester (2.10 ppm). d  Determined by SEC, using polystyrene standards 
to calibrate the instrument and with a correction factor of 0.58.5  
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Figure 4.7 shows the SEC traces of the lactide copolymers synthesized with the 

macro-initiator [33]. For lower molecular weight polymers (ca. 2,000 gmol-1) a mono-

modal distribution is observed. However, longer chains exhibit a bi-modal distribution. 

This reflects the fact that the macro-initiator contains a mixture of monomer ([33], n = 

1), dimer ([33], n = 2) and trimer ([33], n = 3) with respect to its carbohydrate 

derivative. Unlike the monomer, the dimer and trimer do not possess a primary 

hydroxyl end group (Scheme 4.5). Therefore, initiation rates will differ and this 

becomes more prevalent in higher molecular weight polymers. 

	P\-- 

M,: 26,000; PDI: 1.05 (165 LA 
units)Table 4.2, Entry 5 

Al,: 13,600; PDI: 1.06 (104 LA 

	J\--  	units)Table 4.2, Entry 4 

J 	
Mr,: 7,800; PDI: 1.22 (71 LA 
units)Table 4.2, Entry 3 

—I\ 	 M
n: 2,500; PDI: 1.16 (29 LA 

units)Table 4.2, Entry 2 

A10 : 2,200; PDI: 1.08 (16 LA 
units)Table 4.2, Entry 1 

_....,...,.---_' , 

500 	 700 	 900 
Retention time (s) 

Using polystyrene standards to calibrate the instrument and IV, corrected with a factor of 

0.58.5  

Figure 4.7 - SEC traces for copolymers produced using the macro-initiator [34] 

for ROP of lactide 

The sodium cationised MALDI mass spectrum for the copolymer, with 25 lactide 

units, is shown in Figure 4.7. There are three series of peaks, each containing peaks 
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separated by 144 units (corresponding to the lactide repeat unit) and separated from 

one another by 346 units (corresponding to the 2,3,4,6-tetra-O-acetyl-D-gluconate 

repeat unit). These series of peaks are assigned to the different oligoester initiators, 

for example, mono- (*), di- (**), and triester (') initiating groups. The relative 

intensity of the series by MALDI is mono > di > tri. However this is likely due to the 

improved ionization of the monoester compared with the triester. There was no 

evidence for lactide polymerisation initiated by other groups, for example, water, 1,4-

butanediol or for the formation of cyclic products. 

The peaks corresponding to monoester, diester, and triester end groups are marked with *, **, 
and ***, respectively, and for each series the degrees of polymerisation 

Figure 4.8 - MALDI spectrum of the copolyester initiated by [34] 

with a loading of rac-lactide:macro-initiator of 25:1 

The polymerisation kinetics were monitored in situ by 1H NMR spectroscopy which 

enabled determination of the percentage conversion and from that the concentration 

of monomer. The semi-logarithmic plot, Ln{([LA]o  - [LA]eq)/([LA]t  - [LA],q)} against 
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time is shown in Figure 4.9 (where [LA]o  = initial lactide concentration, in this case 

1M, [LA]eq= concentration of lactide at equilibrium, a very low amount which cannot 

be detected by 1H NMR spectroscopy and is thus not considered and [LA]t = 

concentration of lactide at time t). The plot shows a linear fit, consistent with a well-

controlled polymerisation. It also indicates that the concentration of the active species 

is invariable during the polymerisation process at least up to about 90 % [L,L]-Iactide 

conversion. The pseudo first order rate constant, /cobs, (the gradient of the line in 

Figure 4.9) is 0.39 If' (6.57 x 10-3  min-1) which compares well with other lactide 

polymerisation initiators.5'6  There is an initiation time of ca.14 min; it is proposed that 

this is required for the zinc alkoxide initiator to form by the reaction between the 

oligoester hydroxyl groups and [35]. 
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Polymerisation conditions: [LA]0  = 0.7 M, j[331]0 = 0.028 M, CD2Cl2, r. t. 

Figure 4.9 - Plot of Ln{[LA]0/[LA]t} versus time for the polymerisation of [L,1]- 

lactide. 

The initiation was studied by the stoichiometric reaction between the oligoester and 

[35], using 1H NMR spectroscopy. On addition of [35] to the carbohydrate-derived 

initiator, a diminution of the zinc ethyl peak at 0.42 ppm was observed. This is 

consistent with the formation of an LZnOR species. 
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4.4 Carbohydrate-derived alcohols as initiators for lactide 

polymerisation 

Aldaric esters derived from the reaction of 1,4-butanediol ([26], [27], [28]) and butan-

1-ol ([21], [22]) were investigated as co-initiators in the ROP of lactide in conjunction 

with the alkyl zinc initiator, [35].5 	Kinetic experiments were conducted by 

investigating the hexose-derived co-initiators. Pentose-derived co-initiators were also 

used to explore tacticity control. 

4.4.1 Synthesis 

Polymerisations were carried out in a Youngs tap NMR tube using dry CDCI3  at room 

temperature with an initiator to lactide ratio of 1:50 and at a concentration of 0.7 M in 

[L,L]-lactide. The initiating species was generated in situ by a stoichiometric reaction 

between the hydroxyl groups on the aldaric esters and [35]. The polymerisation 

reaction was monitored in situ by 1H NMR spectroscopy. This resulted in the 

synthesis of a range of polymers with end groups derived from the various protected 

carbohydrates containing 30 - 50 repeat units of lactide. These carbohydrate-

terminated PLA samples were treated in the same manner as the carbohydrate 

copolymer derived from [33]. Ain  from NMR and SEC, and Mn  calculated from the 

percentage conversion and reaction stoichiometry were all in excellent agreement. 

Table 4.3 summarises the percentage conversions achieved and Mn  data for these 

polymers, where the starting initiator to lactide loading was 1:50. Entry 1 shows that 

for a conversion of 94 % and thus 47 lactide units, the calculated M„ of 7,200 gmol-1  

was in agreement with the M„ determined by SEC (6,300 gmo1-1) and that determined 

by 1H NMR (6,700 gmol-1). 

Table 4.3 - Conversion and M„ data for PLA produced using carbohydrate-

derived co-initiators 
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Entry Co-Initiator % 
conva  

M„ 
Calc.b  

M„ 
NMFic  

M,, 

SECd  (P01) 

1 

OAc OAc OAc 

HO
..---,,,..---...„--° 

I 	- 
0 	OAc OH 

[26] 
4-hydroxybutyl 2,3,4,6-tetra-0-acetyl- 

D-galactonate 

94 7,200 6,700 6,300 (1.24) 

2 

OAc QAc 	Ac 

HO.---'''''''...-0 
 

I 	. 
0 	OAc OH 

[27] 
4-hydroxybutyl 2,3,4,6-tetra-0-acetyl- 

D-mannonate 

98 7,500 6,600 8,300 (1.66) 

3 

OAc OAc OAc 

HO.--...„,,..--,„,,-0 

0 	OAc OH 
[28] 

4-hydroxybutyl 2,3,4,6-tetra-O-acetyl- 
D-gluconate 

95 7,300 8,300 7,400 (1.52) 

4 

QAc OAc 	Ac 
-..„..,,,,---....‘,,,0 

I 	- 
0 	OAc OH 
[21] 

butyl 2,3,4,6-tetra-0-acetyl-D- 
galactonate 

62e  4,900 4,900 5,300 (1.31) 

5 

OAc QAc 	Ac 
-,„,..„---,,,,„..0 

I 	- 
0 	OAc OH 

[22] 
butyl 2,3,4,6-tetra-0-acetyl-D- 

mannonate 

82 6,300 6,500 5,900 (1.33) 

'Determined by normalization of the integrals for the CH resonances in lactide (5.00 ppm) and 
polylactide (5.20 ppm). bM,, calc = (144 x % cony. * 50) + Mn(co-initiator). 'Determined by 
integration of the CH signal in polylactide (5.20 ppm) versus the acetyl signal in the initiator 
(2.10 ppm). d  Determined by SEC, using polystyrene standards to calibrate the instrument 
and with a correction factor of 0.58.5 dReaction was quenched before complete conversion 
could be attained. 

Figure 4.10 shows the SEC traces for PLA initiated by [26], [27], [28], [21], [22]. 

Unlike SEC traces from copolymers derived from the carbohydrate oligomer, [33], 

mono-modal distributions were observed. This confirms the presence of a single 

initiating species. 
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Mn: 5,900; PDI: 1.33 (41 LA units) 
Table 4.3, Entry 5 

Mn: 5,300; PDI: 1.31 (31 LA units) 
Table 4.3, Entry 4 

Mn : 8,300; PDI: 1.52 (48 LA units) 
Table 4.3, Entry 3 

   

Mn : 6,600; PDI: 1.66 (49 LA units) 
Table 4.3, Entry 2 

Mn: 6,300; PDI: 1.24 (47 LA units) 
Table 4.3, Entry 1 
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Figure 4.10 - SEC traces for [L,L]-PLA initiated by [26], [27], [28], [21], [22] 

These traces are associated with narrow PDIs which ranged from 1.24 to 1.66 

showing the well-controlled nature of these polymerisations. This control is further 

supported by the linear fit of the semi-logarithmic plot, Ln{([LA]o  - [LA]eq)/([LA]t  - 

[LA]eq)} against time (Figure 4.11). 
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Conditions: anaerobic, r.t., initiator to lactide ratio of 1:50, 0.7M in lactide, dry CDCI3  

Figure 4.11 - Kinetics for Ring Opening Polymerisation of [L,L]-Lactide initiated 

by [26], [27], [28], [21], [22] 

Pseudo-first order rate constants, kobs  were determined from these plots (Table 4.4) 

with the observation that those derived from 1,4-butanediol and are hence bi-

functional ([26] - [28]) were between 0.60 and 0.9511-1. On average kobs  for those with 

a single hydroxyl group ([21], [22]) was about half, ranging from 0.28 and 0.37 h-1. 

y = 0.7362x - 1.2185 

R2  = 0.9822 
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Table 4.4 - Kinetic data for of [L,L]-Lactide initiated by [26], [27], [28], [21], [22] 

Entry Co-Initiator 

kobs 

(h-1) 

induction 

period 

(111) 

1 

OAc OAc OAc 

HO
...---,,.,...--....0 

I 	- 
0 	OAc OH 

[26] 
4-hydroxybutyl 2,3,4,6-tetra-O-acetyl- 

D-galactonate 

0.60 2.3 

2 

OAc O_ Ac 	Ac 

HO---‘s"-"---0  I 	- 
0 	OAc OH 

[27] 
4-hydroxybutyl 2,3,4,6-tetra-O-acetyl- 

D-mannonate 

0.74 1.7 

3 

OAc OAc OAc 

HO 	0 

0 	OAc OH 
[28] 

4-hydroxybutyl 2,3,4,6-tetra-0-acetyl- 
D-gluconate 

0.95 1.2 

4 

OAc OAc OAc 
\---",---0  

1 	- 
0 	OAc OH 
[21] 

butyl 2,3,4,6-tetra-O-acetyl-D- 
galactonate 

0.37 2.2 

5 

OAc OAc OAc 
-...,-,...„....,0 

1 	- 
0 	OAc OH 
[22] 

butyl 2,3,4,6-tetra-O-acetyl-D- 
mannonate 

0.28 2.2 
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This difference can be rationalised by the active species present in the 

polymerisation reaction. Scheme 4.6 shows the mechanism and active species in the 

ROP of lactide initiated by carbohydrates bearing two terminal hydroxyl groups. The 

initiator is formed in situ by reaction between LZnEt, [35] and the alcohol moieties to 

form a zinc alkoxide. This is followed by initiation and propogation as with a standard 

ROP reaction with the associated rate constants k, and kp respectively. However, it is 

not only zinc alkoxides which are involved in the polymerisation. Free alcohol groups 

are significant as they can act as chain transfer agents. Chisholm et al. have 

established that chain transfer occurs significantly faster than propagation in lactide 

polymerisation.' Thus, the latter is the rate determining step and governs the 

observed rate constant, kobs. Furthermore, this dictates that kobs  is a function of the 

initial hydroxyl group concentration. Thus the reaction rate is doubled on account of 

the initial hydroxyl concentration being twice that in the 1,4-butandiol-derived co-

initiators compared to those derived from butan-1-ol. 
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	or 

0 

 

  

Scheme 4.6 - Active species and reaction mechanism of the ROP of lactide by 

initiators derived from 1,4-butanediol 

This also suggests that the structure of the resulting PLA derived from bifunctional 

co-initiators is inherently different from that initiated by the mono-functional ones. 

Chain transfer allows the polymer chain to grow from both ends of the molecule. 

Thus the carbohydrate unit is no longer an end group but is centred within the 

polymer chain as shown in Scheme 4.7. 
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(CBH)  = carbohydrate unit 

Scheme 4.7 - PLA structure initiated by mono- and bi-functional carbohydrate 

initiators 

Another characteristic of these polymerisation reactions is the observed induction 

period which is manifested by a non-zero x-intercept in the semi-logarithmic plot, 

Ln{([LA]o  - [LA]eq)/([LA]t  - [LA]eq)} against time (Figure 4.11). The induction period 

ranges between 1 and 2 h for the initiators investigated (Table 4.4 ) and presumably 

reflects the time taken for the carbohydrate alcohols to react with the alkyl zinc co-

initiator. 
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Tacticity 

Co-initiators were also investigated to determine whether they exhibited any control 

over the tacticity of the resulting polymers derived from rac-lactide. Polymers 

prepared using co-initiators [28], [30], [23] and [25] were examined. This was also 

compared with 'PrOH as a control alcohol. The tacticity was determined from the 

homonuclear decoupled 'H NMR spectrum. P, (Pr) is the probability of syndiotactic 

(isotactic) linkages between monomer units and P, + P, = 1.8  

iii 

isi 

iis/ 	 iis/ 
sis 	iii 	 sii 

 

5.200 
' 	I 	' 

5.150 
I 

5.100 

Figure 4.12 - Homonuclear decoupled 1H NMR spectrum of poly(lactide) 

initiated by [23] (methyne region, CDCI3, 400 MHz) 

The polymers analysed were found to be atactic with the probability of a racemic 

enchainment, Pi  = 0.59  (Table 4.5). This is consistent with the control experiment, 

where i-propanol was used as the co-initiator. As expected, the carbohydrate co-

initiators do not influence with tacticity of the polymer as stereocontrol occurs by 

either an enantiomorphic site control mechanism (chiral metal centre) or via a chain 

end control mechanism (stereochemistry of the last inserted monomer unit). Neither 

of which are affected by the initiating group. 
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Table 4.5 - Tacticity Control 

Co-initiator Pr Tacticity 

'PrOH (control) 0.5 Atactic 

4-hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-gluconate 
[28] 

0.5  atactic 

butyl 2,3,4,6-tetra-0-acetyl-D-gluconate 
[23] 0.5 atactic 

butyl 2,3,4,6-tri-O-acetyl-L-arabinonate 
[25] 0.5 atactic 
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4.4.2 Hydrolytic degradation 

Preliminary experiments were conducted to investigate the effect of the carbohydrate 

unit on the hydrolytic degradation of [L,L]- and rac-poly(lactide). There are a 

multitude of methods used to analyse the degradation in the literature:" These 

include among others in vitro degradation and bulk degradation. The method we 

chose involved the acid catalysed degradation because it allowed degradation of 

small quantities of polymer samples to be investigated efficiently and relatively 

quickly (under standard aqueous conditions the degradation can take months). It 

should be noted that degradation conditions are acidic and thus do not represent 

neither soil (compost) nor in vivo degradation conditions. The polymer sample was 

instead dissolved in TFA(aq.)/CHCI3  (2 % v/v) to form a 3 mg/mL solution. Polymer 

samples were analysed by SEC (polystyrene standards, CHCI3) on a daily basis over 

a 1 week period. 

Theoretical Considerations10  

Analysis of the degradation of PLA was based on the assumption that degradation 

occurs in a random chain scission mechanism. This is widely accepted in the acid 

catalysed degradation of PLA.10-12. 

Based on this, Liu et al.1°  have shown the relationship between the number average 

degree of polymerisation at time, t (Xi) and the rate constant kx  can be simplified as 

follows: 

(X1-1)1Xt=[(X0-1)1XolexP(-14) 

Where X0  is the initial number average degree of polymerisation 

This can also be expressed as: 

Ln[(Xt  -1)/X,]=Ln[(X0-1)/X0]-14 
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As per the property of the logarithmic function the following approximation can be 

drawn: 

Ln(1-1/X,)=-1/X,-(1/X,)1/2/2-...-(1/Vm/n-...=-1/Xt  

Thus Liu et al." have shown that this can be simplified to: 

mo/Mi-1=-Mokdt 

Where Mo  and Mt  are the molecular weight of the polymer at time 0 and t, 

respectively, kd  is the apparent rate constant. 
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Analysis of hydrolytic degradation 

Plots of M„ against time revealed a logarithmic relationship consistent with random 

chain scission.1°  The plot of [M0/M, —1] versus time is a linear one and also supports 

a random chain scission degradation pathway. The gradient of these linear 

relationships gives the degradation rate constant, kd  and are summarised in Table 

4.6. 

Table 4.6 - Degradation of PLA 

Figure Co-Initiator 
Starting LA 

stereochemistry 
rac- or [L,L]- coefficient) 

kd 
(days-1) 

R2  
(correlation 

Figure 4.13 'PrOH rac- 0.07 0.9925 

Figure 4.13 [23] rac- 0.21 0.9884 

Figure 4.14 [28]  rac- 1.21 0.9806 

Figure 4.14 [28] [L,L]- 0.38 0.9420 

Figure 4.15 [27] rac- 0.28 0.9577 

Figure 4.15 [22] rac- 0.71 0.9609 

Figure 4.16 [26]  [L,L]- 0.56 0.9835 

Figure 4.16 [27]  [L,L]- 0.35 0.9994 
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Figure 4.13 shows the change of M„ with time for rac-poly(lactide) initiated by [23], the carbohydrate co-initiator derived from 

glucose and butan-1-ol and is compared with rac-poly(lactide) initiated by 'PrOH. From the logarithmic plots, the gradients 

reveal that rac-poly(lactide) initiated with the functionalised carbohydrate-derived moiety degrades faster that a PLA 

homopolymer (0.21 day-1  versus 0.07 day'). 
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Figure 4.13 - Hydrolytic degradation of rac-poly(lactide) initiated by [23] and rac-poly(lactide) initiated by `PrOH 
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Investigations were conducted to determine the behaviour of rac-poly(lactide) versus [L,L]-poly(lactide) towards hydrolytic 

degradation where the carbohydrate moiety was unchanged. In Figure 4.14 this is illustrated using [28] and shows that rac-

poly(lactide) degrades faster than [L,L]-poly(lactide). This is as expected as the greater crystallinity of [L,L]-poly(lactide) 

hinders its degradation rate. The carbohydrate moiety is not expected to alter this trend. 
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Figure 4.14 - Hydrolytic degradation of rac-poly(lactide) and [L,L]-poly(Iactide) initiated by [28] 
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Carbohydrate co-initiators derived from 1,4-butanediol were compared with those derived from butan-1-ol. Using the mannose 

derivatives as examples, Figure 4.15 shows that degradation is marginally enhanced in those derived from butan-1-ol. 
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Figure 4.15 - Hydrolytic degradation of rac-poly(lactide) initiated by [27] and rac-poly(lactide) initiated by [22] 
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Figure 4.16 - Hydrolytic degradation of [L,L]-poly(lactide) initiated by [26] and [L,L]-poly(lactide) initiated by [27] 
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Investigations were also conducted to determine the effect of changing the parent carbohydrate. Using galactose and 

mannose derivatives to illustrate this, it was observed that modifying the carbohydrate (whilst keeping the parent alcohol 

constant) does not significantly alter the degradation rate. Figure 4.16 shows that the degradation rates for these were 

between 0.4 and 0.6 day-1. 
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4.5 Conclusion 

Polycondensation was explored as a synthetic route to novel, highly functionalised 

polyesters. Acetyl-protected, carbohydrate-derived diols [26] - [30] were treated with 

various acid chlorides in DCM or toluene, in the presence of NEt3  and under mild 

conditions. Mild conditions were critical to ensure tolerance towards the sensitive acetyl 

protecting groups. Copolymers of all 5 carbohydrate derivatives were afforded with acid 

chlorides with up to 100 repeat units and M,, between 41,000 and 56,000 gmol-1  (SEC). 

PDIs ranged between 1.5 and 2.8. The former limit is not generally associated with 

polycondensation reactions which are characterised by broad molecular weight 

distributions. In this instance, work-up and purification is likely to have caused 

fractionation. In addition to SEC, the polymers were characterised by NMR. The 

structural similarity of the monomers and resulting polymer as well as the complexity of 

carbohydrate NMR prevents clear distinction between monomer and polymer signals. 

However, a common observation made was broadening of 1H NMR signals which are 

characteristic of polymers. This is applicable to the carbohydrate as well as acid chloride 

moieties. In polyesters with adipic units, the loss of symmetry within this unit resulted in 

the appearance of an asymmetrical NMR signal in the polymer compared to adipoyl 

chloride. The most conclusive NMR evidence which pointed to the reaction between the 

acid chloride and the diol, was the shift of the H-5 resonance from 3.85 ppm in the 

carbohydrate monomer to between 4.5 and 4.0 ppm in the polymer. This is brought 

about by the proximity to the carbonyl group of the acid chloride which increases 

electron-withdrawal. Similarly, 13C{1H} NMR revealed that the characteristic adipic 

resonance at 46 ppm due to the a-carbon in adipoyl chloride was shifted to 64 - 63 ppm 

in the polymer. In this case, loss of the chloride atom results in deshielding of the a-

carbon. 
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A highly functionalised, carbohydrate-derived oligomer, [33] was used as a macro-

initiator in the ring opening polymerisation of rac-lactide, investigated using an alkyl zinc 

co-initiator, [35].13  This resulted in the successful synthesis of triblock ABA copolymers 

comprising of lactide blocks of 12 to 250 repeat units attached to the oligoester blocks of 

up to 3 repeat units. The copolymers were analysed by 'H NMR and SEC. M. 

determined using both methods were in close agreement with one another. MALDI also 

confirmed the polymers' M„ as well as the presence of three series corresponding to the 

different oligoester initiators (mono-, di- and triester). Narrow polydispersity indices 

(PDIs) between 1.05 and 1.22 suggested good polymerisation control. This was 

supported by the linear relationship between LniffLA]o  - [LA],q)/([LA]t  - [LA]eq)} and time 

from which a pseudo first order rate constant, kob,, of 0.39 h-' (6.57 x 10-3  min-1) was 

derived ([LA]o  = 0.7 M, [[33]]0  = 0.028 M, CD2Cl2). 

Highly functionalised aldaric esters derived from the reaction of 1,4-butanediol ([26], 

[27], [28]) and butan-1-ol ([21], [22]) were investigated as co-initiators in the ROP of 

lactide in conjunction with the alkyl zinc initiator, [35]. This afforded polymers with 30 - 

50 repeat units of lactide and /14,, (SEC) from 5,300 and 8,300 gmo1-1. This was 

accompanied by narrow PDIs from 1.24 to 1.66 as well as linear relationships between 

Ln{([LA]o  - [LA]eq)/([LA]t  - [LA]eq)} and time. This was all evidence of well-controlled 

polymerisations. Bi-functional initiators ([26] - [28]) were associated with kobs  0.60 and 

0.95 h-1; twice the rate of the mono-functional analogues ([21], [22]) where kobs  was 

between 0.28 and 0.37 h-1. This is attributed to the concentration of hydroxyl groups in 

the bi-functional initiators being twice that in the mono-functional ones. This allows chain 

transfer to take place in the former which is faster than the rate of propagation. Hence 

kobs  is doubled whilst the polymer chain length remains comparable to where mono- 
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functional initiators are used. This suggests that the bi-functional aldaric ester unit is not 

necessarily an end-group but is instead within the polymer chain. 

Preliminary experiments were conducted to investigate the effect of the carbohydrate 

unit on the hydrolytic degradation of [L,L]- and rac-poly(lactide). This was carried out 

using an aqueous solution of TFA in CHCI3. Theoretical considerations shown by Liu et 

al." shows that degradation occurs via a random chain scission pathway as expected. 

The degradation studies showed that the introduction of a carbohydrate moiety 

enhances the degradation rate. Polymers prepared with a mono-functional initiator do 

degrade faster than those prepared with a bi-functional one. Finally, changing the 

carbohydrate moiety does not significantly influence the rate of degradation. 
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5.1 	Introduction 

Following the successful preparation of 1,5-lactones, their ring opening 

polymerisation (ROP) activity was investigated. ROP are equilibrium reactions and 

are controlled by two key criteria: the initiating group and the reaction conditions. 

Firstly, a suitable catalytic or initiating system for ring-opening polymerisation was 

needed. For lactide ROP, metal alkoxide complexes are frequently used, these 

species are proposed to operate via a coordination-insertion mechanism." Scheme 

5.1 illustrates the coordination-insertion mechanism and the role of the initiator. 

M 	Sn, Y, Zn; R = (CH2)40H, OiPr3, (CH2)20H; R' depends on the terminating agent 

Scheme 5.1 - Coordination-insertion ROP mechanism of lactide 

Well established initiating systems are based on Sn(II), AI(III) and Zn(II) alkoxide 

complexes.1  Tin(II) bis[2-ethylhexanoate] (Sn(II)Oct2, tin octoate) and alcohols are 

probably the most widely used initiating systems for the ROP of cyclic esters.3-1°  In 

these instances, the actual initiating system, Sn(ll)(OR)2  is frequently formed in situ 

by reaction between Sn(II)(Oct)2  and an additional alcohol co-initiator. This system 

has previously been successfully applied as an initiator in the polymerisation of 

lactide3,4,6,11,12 and e-caprolactone.7'9'1 0,12,13  More significant, however, is its 

application in the commercial production of poly(lactide) (PLA) on a 140,000 tonne 
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scale annually.14  Despite the poor understanding of its mechanism, the popularity of 

tin-based systems are largely attributed to its robustness as well as effectiveness. 

However, the reaction mechanism is poorly understood and has been the subject of 

investigation for over 20 years.15  Whilst both activated monomer and cationic 

mechanisms have been postulated, it is becoming increasingly accepted that 

coordination-insertion mechanism prevails in the ROP with Sn(II)(Oct)2.15-17  Further 

details regarding the activity of Sn(II)Oct2  are given in the introduction. 

The reaction conditions can be controlled by varying the concentration and 

temperature. However, these are often two variables which oppose each other. The 

nature of polymerisation reactions is such that the entropy change is unfavourable 

with respect to the Gibbs free energy. Therefore, ideally the reaction temperature 

should be as low as possible to favour the long polymer chains, whilst keeping the 

concentration of monomer as high as possible. However, the temperature has to be 

high enough to provide sufficient activation energy for both the initiation and 

propagation reactions. 

This chapter covers our investigations of ROP of carbohydrate-derived 1 ,5-lactones 

using tin systems as well as other initiators and the associated the limitations. 
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5.2 	Investigations using Sn(II)Oct2  initiating systems 

Sn(II)Oct2  was used as an initiator in the ring opening polymerisation of protected 

1,5-lactones with a variety of alcohols. It is important to note that successful 

reactions were observed only when Sn(II)Oct2  which had not been purified, and was 

therefore contaminated by octanoic acid (the significance of this finding is explained 

later). Reactions were carried out in the melt and at temperatures ranging from 80 °C 

to 160 °C. 

High concentrations (i.e. melt reactions) were chosen to minimise the unfavourable 

entropic effects of the polymerization reaction. Butan-1-ol, 1,4-butanediol, and benzyl 

alcohol were used as the co-initiators, chosen because of their high boiling points 

and thus their ability to withstand the reaction conditions. Butan-1-ol and benzyl 

alcohol were chosen as co-initiators with a single hydroxyl group. Butan-1-ol provided 

a direct comparison to 1,4-butanediol due to their structural similarity. Reactions were 

monitored by 1H NMR spectroscopy, size exclusion chromatography (SEC) as well 

as mass spectrometry (MALDI-TOF, chemical and electron spray ionisation). 

To determine the optimal reaction conditions, 2,3,4,6-tetra-0-acetyl-D-glucono-1,5-

lactone, [6e] was treated with 1,4-butanediol and Sn(II)Oct2  initially at temperatures 

between 100 and 160 °C in the melt. This is the standard procedure for the ring 

opening polymerisation of lactide and E-caprolactone.1,6,8,18,19,20 High temperatures 

are a requirement for Sn(II)Oct2  where it has been established that monomer 

conversion is strongly dependent on temperature. Storey et al. have also shown that 

E-caprolactone conversions above 80 % were only obtained at temperatures above 

120 °C.19  However, under these conditions, the reaction led to the formation of the 

a,P-unsaturated 1,5-lactone [33] as shown in Scheme 5.2. 
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OAc 

OAc 

[6e] 

1 eq. 1,4-butanediol, 2 eq. Sn(II)Oct2, 6 eq. 2,3,4,6-tetra-0-acetyl-D-glucono-1,5- 

lactone, f6eJ bulk, 100 - 160 cc 

Scheme 5.2 - Product of the reaction of 2,3,4,6-tetra-O-acetyl-D-glucono-1,5- 

lactone with Sn(II)Oct2  at 120 °C 

The a,$-unsaturated 1,5-lactone [10] has a characteristic chemical shift at 6.4 ppm 

with a coupling constant of 4 Hz corresponding to H-3. The presence of this olefinic 

group was also confirmed by a bromine water test. The presence of only 3 acetyl 

resonances in the 1H NMR spectrum also identified this compound. Furthermore, the 

1H NMR spectrum was consistent with that reported in the literature.21  It has been 

previously reported to form by reaction between [6e] and triethylamine at 0.21'22  The 

optimal reaction temperature was 80 °C, as this temperature allowed formation of the 

true initiator (the Sn(II) alkoxide complex)19  whilst minimising the elimination reaction. 

The same temperature (80 °C) was used to investigate the ROP of the 1,5-lactones 

derived from D-(+)-galactopyranose and D-(+)-mannopyranose, [6a] and [6b]. Due to 

the bi-functional nature of 1,4-butanediol, reactions were carried out using 6 

equivalents of the lactone with 1 equivalent of diol and Sn(II)Oct2. On the other hand, 

2 equivalents of butan-1-ol and benzyl alcohol were used in the respective reactions. 

Aliquots were taken at timed intervals and analysed by 1H NMR, mass spectrometry 

and SEC to monitor the progress of the reaction. As the reaction progressed, ring-

opened esters of 1 to 3 repeat units were formed in a reversible reaction. These were 

detected by 1H NMR primarily by monitoring the resonating frequency for H-2 in the 
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monomer and ring-opened esters. SEC showed monomers, dimers and timers were 

formed. In addition to the oligoesters, two other products formed in irreversible 

reactions: the 1 ,4-lactones ([16] - [18]) and the a,/3-unsaturated 1,5-lactones ([7], 

[9]). The relative proportions of these were also monitored using 1H NMR 

spectroscopy. The general reaction pathway is illustrated by Scheme 5.3. The 

relative proportions of the different species present depended on the nature of the 

carbohydrate lactone, the reaction time and the alcohol co-initiator used. 
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Sn(Il)Oct2, alcohol, 80 'C, bulk 

Scheme 5.3 - Oligomerisation of acetyl-protected 1,5-lactones using Sn(II)Oct2  in 

the presence of an alcohol 
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Figure 5.1 to Figure 5.3 show the % composition of products of the oligomerisations of 

2,3,4,6-tetra-O-acetyl-D-galactono-1,5-lactone [6a] in the presence of butan-1-ol, benzyl 

alcohol and 1 ,4-butandiol respectively. In all cases, a mixture of the desired ring opened 

products, the starting lactone, the 1,4-lactone [16] and the a, f3-unsaturated 1 ,5-lactone 

[7] formed immediately. After 1 to 2 h, the relative proportion of ring opened product 

reached a maximum. Over time, the proportion of 1,4-lactone increased as the starting 

material was depleted. However, the proportion of a,/3-unsaturated 1,5-lactone remained 

largely constant throughout the experiment after its initial formation. 
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Figure 5.1 - Relative molar ratios of the oligomerisation of 2,3,4,6-tetra-O-acetyl-D- 

galactono-1,5-lactone [6a] with butan-1-ol using Sn(II)Oct2  
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Time (h) 

Figure 5.2 - Relative molar ratios of the oligomerisation of 2,3,4,6-tetra-O-acetyl-D-

galactono-1,5-lactone [6a] with benzyl alcohol using Sn(II)Oct2  
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Figure 5.3 - Relative molar ratios of the oligomerisation of 2,3,4,6-tetra-O-acetyl-D- 

galactono-1,5-lactone [6a] with 1,4-butandiol using Sn(II)Oct2  
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When the mannose derivative was tested under the same conditions, similar results 

were observed. However, it was noted that the molar ratio of the ring-opened product 

falls then rises, before it is completely depleted. Using the experiment with butan-1-ol as 

an example (Figure 5.4), the maximum molar ratio of ring opened product of 18 % is 

achieved after 6 h. Subsequently, the molar ratio falls to 6 mol % at 32 h and then rises 

to 9 mol % at 58 h. 
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Figure 5.4- Relative molar ratios of the oligomerisation of 2,3,4,6-tetra-O-acetyl-D-

mannono-1,5-lactone [6b] with butan-1-ol using Sn(II)Oct2  
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Figure 5.5 - Relative molar ratios of the oligomerisation of 2,3,4,6-tetra-0-acetyl-D- 

mannono-1,5-lactone [6b] with benzyl alcohol using Sn(II)Oct2  
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The reaction of the mannose derivative with 1,4-butanediol was the most successful, as 

the maximum molar ratio for the ring-opened product was 52 mol %; this was the 

maximum molar ratio obtained in any experiment. Furthermore, the molar ratio of the 

ring-opened product fluctuated before becoming depleted. This is in fact a characteristic 

feature of several of these reactions, but is more pronounced in this experiment due to 

the large molar ratios of this ring-opened ester. After 3 h 52 mol % of the reaction 

mixture was composed of this product. This is likely to be attributed to the stability of 

[6b] and its resistance to decomposition. This is probably due to the difference in 

stereochemistry of [6b] at C-2 versus the other carbohydrate derivatives. 
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Figure 5.6 - Relative molar ratios of the oligomerisation of 2,3,4,6-tetra-0-acetyl-D- 

mannono-1,5-lactone [6b] with 1,4-butanediol using Sn(II)Oct2  

The D-(+)-glucopyranose experiments were similar to the D-(+)-galactopyranose 

experiments. The formation of the ring-opened product was suppressed as it 
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decomposed to the starting material which itself was converted to the 1,4-lactone and 

some a,/3-unsaturated 1,5-lactone. 

0 1 2 3 4 6 8 10 58 83 251 

a, 3-unsaturated 1 ,5-lactone 
❑ ring-opened products 
❑ 1 ,4-lactone 
■ 1 ,5-lactone 

Time (h) 

Figure 5.7 - Relative molar ratios of the oligomerisation of 2,3,4,6-tetra-O-acetyl-D- 

glucono-1,5-lactone [6e] with butan-1-ol using Sn(II)Oct2  
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Figure 5.8 - Relative molar ratios of the oligomerisation of 2,3,4,6-tetra-0-acetyl-D- 

glucono-1,5-lactone [6e] with benzyl alcohol using Sn(ll)Oct2  
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Figure 5.9 - Relative molar ratios of the oligomerisation of 2,3,4,6-tetra-0-acetyl-D- 

glucono-1,5-lactone [6e] with 1,4-butanediol using Sn(11)0cf2  
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Table 5.1 shows the proportions of the ring-opened esters achieved for each 

functionalised 1,5-lactone with the different co-initiating alcohols. Comparing the 

alcohols shows that 1,4-butanediol was the most successful as it led to the highest 

proportions of the ring-opened esters. On average, the percentage of the ring-opened 

esters was 30 %, compared to 14 to 16 `)/0 obtained using butan-1-ol and benzyl alcohol 

respectively. On comparing the functionalised 1,5-lactones, the mannose derivative 

consistently out-performed its D-(+)-galactopyranose and D-(+)-glucopyranose 

analogues owing to its unique stereochemistry at C-2. This was most notable when 

using 1,4-butanediol, where half of the reaction mixture was the ring-opened esters. The 

initial concentration of hydroxyl groups was kept constant across all experiments. Half as 

much 1,4-butanediol was used versus the primary alcohols. Nonetheless, the bi-

functional nature of this alcohol appears to enhance the activity of this tin system. There 

was little difference in the performance of the D-(+)-galactopyranose and D-(+)-

glucopyranose derivatives, where the maximum molar proportions of the ring-opened 

products did not exceed 20 %. 

Table 5.1 also shows the Mn  results obtained using SEC. From this it is evident that 

where ring-opened esters were formed, the reactions with the mono-functional alcohols 

yielded only those bearing a single carbohydrate unit. However, when 1,4-butanediol 

was used, dimers were formed with all of the functionalised 1,5-lactones used. 
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Table 5.1 - Summary of performance of the functionalised 1,5-lactones with 

respect to the ring-opened species, its /1/1„ (by SEC) and co-initiating alcohol 

Starting Material °A Molar 
Composition 

Max Mn  (PDI) 
Co-initiator: Butan-1-ol 

2,3,4,6-tetra-0-acetyl-D-galactono-1,5-lactone 
[6a]  10 438 (1.05) 

2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone 
[6b]  18 461 (1.03) 

2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone 
[6e] 13 446 (1.08) 

Average 14 

Co-initiator: Benzyl Alcohol 

2,3,4,6-tetra-0-acetyl-D-galactono-1,5-lactone 
[6a]  14 440 (1.05) 

2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone 
[6b]  23 484 (1.11) 

2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone 
[6e] 12 470 (1.06) 

average 16 

Co-initiator: 1,4-Butanediol 

2,3,4,6-tetra-0-acetyl-D-galactono-1,5-lactone 
[6a] 17 

831  (1.01), 
370 (1.11) 

2,3,4,6-tetra-0-acetyl-D-m an nono-1,5-lactone 
[6b] 52 

824  (1.03), 
335 (1.14) 

2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone 
[6e] 20 

867  (1.03), 
417 (1.07) 

average 30 

Results for reactions with starting 1,5-lactones in the presence of Sn(II)Oct2  and 80 C 
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This is further illustrated by Figure 5.10 which shows the SEC signals for the 

oligomerisation of of 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone with 1,4-butanediol 

using Sn(II)Oct2. Between reaction times of 1 and 12 h a bimodal distribution is observed 

where the peak corresponding to a higher Mn  is attributed to a dimeric species. This is 

confirmed by a Mn  of about 800 gmol-1. 

	 t — 58 h; Mn 413 (1.11) 

t = 12 h; Mn 824 (1.03), 335 (1.15) 

t = 3 h; Mn 812 (1.03), 346 (1.1) 

t = 1 h; Mn 813 (1.02), 331 (1.14) 

t= 0.0 h; Mn 414 (1.06) 

900 	1000 	1100 
	

1200 

retention time (s) 

PDI is reported in parentheses adjacent to the respective Mn  values 

Figure 5.10 - SEC signals of reaction progress of the oligomerisation of of 2,3,4,6- 

tetra-0-acetyl-D-mannono-1,5-lactone [6b] with 1,4-butanediol using Sn(11)002  
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As 2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone [6e] is readily accessible due to the 

commercial availability of its precursor, it was chosen to optimise the oligomerisation 

reaction with Sn(II)Oct2. 1,4-Butanediol was the co-initiator of choice owing to its 

success in earlier reactions. This reaction was repeated on a large scale, under the 

same conditions and a low Mn  oligoester [33] was produced (Scheme 5.5). The 

oligomer, [33] was purified by dissolution in CH2Cl2  followed by precipitation from 

hexane. This was subsequently isolated by column chromatography using neutral 

alumina and isolated in 10 % yield. Silica was not a suitable stationary phase as it 

caused decomposition to the starting 1,5-lactone [6e]. 

Sn(11)Oct2, alcohol, 80 cC, bulk 

Scheme 5.4 — Synthesis of a-4-hydroxybutyl-w-hydroxyl-oligo(2,3,4,6-tetra-0- 

acetyl-D-g lucon ate), [33] 
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Figure 5.11 shows the SEC signals for [33], the signal corresponding to 1472 gmol-1  

suggests that a trimer was isolated in greatest proportion. Also present are smaller 

proportions of dimer (946 gmol-1) and monomers (626 gmol-1). 

1472 

950 
	

1050 
	

1150 

retention time (s) 

The SEC was determined using THE as the eluent and calibrated using narrow Mn  polystyrene 
standards. In the SEC trace the peaks are labelled with the Mn  (vs. polystyrene)—that is, 1472, 

946, and 626 gmof 1, respectively. 

Figure 5.11 - SEC signals for [33] 
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MALDI mass spectrometry confirmed the molecular weight of the trimer [33], as well as 

its butanediol end group. Figure 5.12 shows the MALDI signals for the sodium cationised 

trimer, [33]+ (where n = 2) at 1151 amu. 

The MALDI mass spectrum was determined using a dithranol matrix dissolved in THE with NaOTf 
as the cationising agent 

Figure 5.12 - MALDI mass spectrum for [33] 
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Figure 5.13 shows the 1H NMR spectrum of the glucose derived oligomer, [33]. The 

broad signals are consistent with oligomers being present. Using 2-D NMR techniques 

(COSY, HMQC and HMBC) it was possible to assign the resonance due to H-2, H-3 and 

H-4 between 4.9 and 5.8 ppm. In the oligomer [33] H-2, H-3 and H-4 resonate between 

5.2 and 5.7 ppm. H-6 resonates between 4.0 and 4.5 ppm together with the methyne 

protons adjacent to the ester groups. H-5 resonates between 3.6 and 3.7 ppm which is 

similar to the 1 mer, [28]. 

Figure 5.13 - 1H NMR Spectrum of [33] 
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Unlike other applications of Sn(II)Oct2  in the ring-opening polymerisation of lactones, 

there is no evidence for the formation of cyclic lactones, carboxylic acid terminated 

chains, or octanoic ester end groups.2.23  This emphasises the value of this novel reaction 

for selectively synthesising linear oligoesters. 

5.3 	Investigations with alternative initiators 

Alternative initiating systems were considered in an attempt to polymerise the lactones. 

In addition to Sn(II)Oct2, AI(III) and Zn(II) initiating systems are commonly used as 

initiators the ring-opening polymerization of various lactones including e-caprolactone 

and lactide.2,8,9,15,17,18,20,24 An advantage of these systems is that they can be applied at 

low temperature. Al(O'Pr3)3  was tested as an initiator in the ROP of the glucose-

derivative 1,5-lactone, [6e]. Reactions were carried out at temperatures from -30 °C to 

130 °C, over up to 3 days with between 1 to 100 equivalents of monomer. However, at 

temperatures between -30 °C and r.t., there was no reaction. Whilst at temperatures 

above 80 °C, decomposition to the unsaturated 1,5-lactone [10] was observed. Two zinc 

initiators were investigated: diethyl zinc and 	a highly active single site system, 

developed by Williams et a1.,25  for ROP opening polymerization of lactide [35] (LZnOEt). 

Both zinc initiators behaved in the same manner as Al(O/Pr3)3. The aluminium and zinc 

based systems investigated are known to polymerize lactide via a coordination-insertion 

mechanism (i.e. this requires the co-ordination of the lactone carbonyl group to the metal 

centre). In the carbohydrate-derived lactones, there are 4 of 5 carbonyl groups which 

could coordinate to the metal centre. 	However, for the coordination-insertion 

mechanism to operate the metal complexes would be required to distinguish between 

Page 188 of 248 



Synthesis of Functionalised Biodegradable Polyesters 
PhD Thesis 
Chapter 5: Polymerisation Studies 2: Using 1,5-lactones 

Anita Haider 
Imperial College, London 

  

the ring carbonyl with those on the protecting groups, which perhaps explains the lack of 

polymerisation using these initiators. 

The ring-opening of the glucose derivative [6e] was only possible when crude Sn(II)Oct2  

was used. Crude Sn(II)Oct2  contains significant amounts of 2-ethylhexanoic acid, clearly 

identified by the acidic proton resonance in the 1H NMR spectrum at 11.5 ppm.' The 

unique reactivity of crude Sn(II)Oct2  suggests that the acidic impurities activate the 

monomer [6e] leading to cleavage of the acyl bond by the alcohol co-initiator. Such a 

reaction is closely related to the ring-opening of [6e] in the presence of p-TSA and an 

alcohol to form the monoester. The formation of oligomers of up to three units can be 

rationalised by the excess of monomer and also by Sn(II)Oct2  catalysing intermolecular 

transesterification reactions. 	Indeed, Sn(Oct)2  has good precedence as a 

transesterification catalyst. 
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5.4 	Factors limiting chain length 

Although it was not possible to initiate ROP of [6e] using metal initiators, oligomerisation 

was possible using crude Sn(II)Oct2. In principle, it should be possible to create higher 

oligomers by changing the monomer loading. However, all attempts to increase the 

chain length failed. The maximum chain length obtained was three repeat units. 

Therefore, there must be factors limiting long chain lengths which are intrinsic to the 

monomer structure. One of these limiting factors is undoubtedly the formation of 

thermodynamic by-products (vide supra). The second factor is the position of the 

polymerisation equilibrium. There are three main factors that limit the molecular weights 

of polyesters: the ring strain, a low polymer ceiling temperature and intra-molecular 

transesterification or back-biting reactions. 

5.4.1 	Ring Strain 

In general, the entropy decreases in polymerisation reactions (this can crudely be 

rationalised by the decrease in the number of molecules occurring on polymerisation) 

and hence the enthalpy controls the polymerisation. A measure of ring strain can be 

given by the negative of the enthalpy of polymerisation.26  Ring strain is controlled by 

bond angle distortions, conformational strain, steric hindrance and non-bonded 

interactions in the ring.27-26  Table 5.3 shows values for the ring strain in some cyclic 

ethers and esters. Considerable ring strain is present in 3-, 4- and 7-membered rings (30 

to 90 kJmo1-1). Therefore, these are readily polymerisable. On the other hand, 5- and 6-

membered rings possess little or no ring strain. Six-membered rings can be polymerised 

but in 5-membered rings, such as y-butyrolactone, ring strain is decreased due to the 

envelope-like arrangement adopted by the ring, thus preventing polymerisation. 
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Table 5.2 - Dependence of AHp on the ring size for cyclic ethers and esters 

(lactones) 

Ring Size 
(no. 

atoms) 

Ether27  - AHp 
(kJmol'1) 

Lactone28  - AHp 
(Klmo1-1) 

3 ethylene oxide 95 - - 

4 trimethylene oxide 81 - - 

5 tetrahydrofuran 15 7-butyrolactone 7 

6 tetrahydropyran -0 &valerolactone 27 

6 1,4-dioxane -0 - - 

7 hexamethylene oxide 34 e-caprolactone 29 

Although similar data is not available for [6e], it is likely that the ring strain is lower than 

6-valerolactone due to degree of substitution. Substitution decreases ring strain due to 

the Thorpe-Ingold effect.26 	Although this effect is commonly used to rationalise 

behaviour of complexes with geminal dialkyl carbon centres, it also applies to the 

introduction of single substituents to rings, as is illustrated by the data in Table 5.3. 
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Table 5.3 — Effect of substitution on ring strain 

substituents 
No. of — Cyclic ester 35  AHp 

(kJmo1-1) 

0 glycolide 23 

2 lactide 21 

4 tetramethyl glycolide 14 

The Thorpe-Ingold effect has been used to explain the formation of cyclic products and 

thus failure to polymerise certain carbosiloxadienes.3°  1,5-lactones derived from D-(+)-

galactopyranose ([6a]), D-(+)-mannopyranose ([6b]) and D-(+)-glucopyranose ([6e]) are 

highly functionalised. Therefore, the Thorpe-Ingold effect is expected to be very 

pronounced in these compounds. This was one of the primary reasons for investigating 

the pentose-derived carbohydrates, 2,3,4-tri-0-acetyl-D-xylono-1,5-lactone [6c] and 

2,3,4-tri-O-acetyl-L-arabinono-1,5-lactone [6d]. However, preliminary experiments did 

not show any improvement in polymerisability of these lactones. Another effect of 

increased substitution is the steric hindrance of the active site, which may adversely 

affect the polymerisation rate.27  This will be more pronounced in the hexose-derived 

carbohydrates due to the large and flexible C-6 substituent. 
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5.4.2 Ceiling Temperatures 

The ceiling temperature, T, is that at which polymerisation and depolymerisation occur at 

the same rate, i.e. Tc = 	  
AHp 

;26'29  where [Me, = equilibrium monomer 
ASp + R ln 1711] el  

concentration; ASp = entropy change for polymerisation at [M] = 1 moldre 

Although oligomers may be formed at the ceiling temperature, polymerisation to high 

molecular weight species is not possible above this temperature.31  A higher weight 

polymer formed below its ceiling temperature will degrade so as to restore its equilibrium 

conditions, as the temperature rises above its T. An example of a polymer with a low 

ceiling temperature is poly-a-(methylstyrene).32  Monomers with low ring strain are often 

synonymous with producing polymers with low ceiling temperatures.27  Having 

determined that Sn(II)Oct2  is required for the ring-opening reaction and that it requires 

elevated temperatures before it becomes active, it was not possible to carry out the 

reaction below the ceiling temperature of these oligomers. However, experiments were 

carried out based on the same conditions used to selectively prepare the 4-hydroxybutyl 

terminated esters using p-TSA in CH2Cl2  at r.t as shown in Scheme 5.5. This experiment 

involved the use of 10 monomer units and a single 1 ,4-butanediol unit. However, when 

monitored by 1H NMR and GPC, chains bearing more than 2 monomer units were not 

observed. 
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2 eq. p-TSA, 1 eq. 1,4-butanediol, 10 eq. [6e], CH2Cl2, r.t. 

Scheme 5.5 - Polymerisation attempt using p-TSA at r.t. 

5.5 	Characterisation of by-products 

As previously discussed, 1,4-lactones, [16], [17] and [18] were formed as by-products 

during the polymerisation attempts. Synthesis and characterisation of these species has 

limited or no literature precedence. Thus attention was given to their synthesis and 

characterisation. A possible (simplified) mechanism for the 1,4-lactone formation is 

shown in Scheme 5.6, using 2,3,4,6-tetra-0-acetyl-D-galactono-1,5-lactone [6a] as an 

example. The transformation is only possible if the acetyl groups are labile, however, in 

the presence of water, acid or an alcohol this is feasible. Thus, a reversible reaction 

allows nucleophilic attack at C-1 by a hydroxyl group at C-4 and formation of a 5-

membered ring. The hydroxyl group formed during ring opening can be acetylated to 

form the product. 
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AcOR 

ROH = alcohol or water 

Scheme 5.6 - Possible mechanism for the conversion of an acetyl functionalised 

1,5-lactone to the corresponding 1,4-lactones using 2,3,4,6-tetra-0-acetyl-D- 

galactono-1,5-lactone [6a] as an example 

All the acetyl groups are labile, however, the selectivity for the 5-membered ring (and 

overall irreversibility of the reaction), is the high thermodynamic stability of the 1,4-

lactone. Therefore, the 1,4-lactone is selectively formed due to its envelope-like 

configuration resulting in low ring-strain and making it the most stable compound. 

The 1,4-lactones were analysed by mass spectrometry, IR and NMR spectroscopy. 

Mass spectrometry showed that the mass of the products was identical to that of the 

starting material, 364 amu. IR confirmed the decrease in ring strain as all the 1,4-

lactones have absorbances at ca. 1810 cm-1  as shown in Figure 5.14. 
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Figure 5.14 - IR spectra of the acetyl functionalised 1,4- and 1,5-lactones derived 

from D-(+)-glucopyranose [18] and [6e] 
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Table 5.4 and Table 5.5 show the 1H and 13C{1H} NMR data for the functionalised 1,4-

lactones and their parent 1,5-lactones. From NMR analysis, it is clear that each parent 

1,5-lactone forms a different 1,4-lactone. This confirms that acetyl migration rather than 

C-C bond cleavage is responsible for the decomposition reaction. It also confirms that 

the 1,4-lactones are formed from the residual starting material present in the reactions 

and not by decomposition of the oligoester products (as these oligoesters would be 

expected to form mixtures of various stereoisomers of the 1,4-lactones). When 

compared to the 1,5-lactones, the most pronounced change in the 1H NMR was at H-4 

and H-5 in the 1,4-lactones. Whereas in the 1,5-lactone C-5 forms part of the ring, in the 

1,4-lactone it becomes a substituent. The remaining chemical shifts were similar to the 

analogous parent 1,5-lactones. In general, H-2 resonates between 5.3 and 5.7 ppm in 

the 1,4-lactones. With the exception of the D-mannose derivative, it is also the most 

deshielded proton due to its proximity to the ester functional group within the ring. The 

13ciri. HI NMR also confirmed the decrease in ring strain in the 1,4-lactone: C-1 resonates 

at a higher frequency in the 1,4-lactone, between 168 and 170 ppm. A similar effect is 

observed with all the carbon centres still contained within the ring; C-2, C-3 and C-4 

resonate from 4 to 11 ppm downfield in the 1,4-lactone. This is true for all sets of 

compounds with the exception of the D-(+)-mannopyranose derivative. 
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Table 5.4 - 1H NMR Data for Carbohydrate-Derived 1,5-Lactones and 1,4-Lactones 

Product 5 H-2 
(343) 

S H-3 
(343, 344) 

S H-4 
(3,13,4, 345) 

S H-5 
(345, 346, J56) 

5 H-6 
616,6., J56) 

5 H-6' 
P6,6, J5,0 

2,3,4,6-tetra-O-acetyl-D-galactono- 5.28 5.47 5.70 4.82 4.25 
1,5-lactone [6a] (10.3) (10.3, 2.9) (2.8, 1.5) (*) (*) 

2,3,4,6-tetra-O-acetyl-D-galactono- 5.60 5.42 4.58 5.33 4.33 4.24 
1,4-lactone [16] (7.2) (7.0, 7.0) (6.9, 2.9) (*) (11.7, 5.4) (11.7, 6.5) 

2,3,4,6-tetra-0-acetyl-D-mannono- 5.75 5.49 5.05 4.62 4.37 4.27 
1,5-lactone [6b] (3.9) (*) (*) (8.6, *, 5.8) (12.4, 3.1) (12.5, 5.8) 

2,3,4,6-tetra-O-acetyl-D-mannono- 5.70 5.75 4.75 5.35 4.63 4.16 
1,4-lactone [17] (4.9) (4.9, 3.0) (3.0, 9.5) (9.5, 4.0, 2.3) (12.6, 2.3) (12.6, 4.1) 

2,3,4,6-tetra-O-acetyl-D-glucono- 5.10 5.44 5.25 4.56 - 4.44 4.28 4.14 
1,5-lactone [6e] (9.1) (9.1, 9.1) (9.0, 9.0) (8.8, 3.0, 3.0) (12.7, 3.7) (12.7, 2.3) 

2,3,4,6-tetra-0-acetyl-D-glucono- 5.25 5.65 4.98 5.40 - 5.35 4.60 4.18 
1,4-lactone [18] (3.3) (3.4, 5.6) (5.8, 8.0) (8.1, 3.3, 4.7) (12.4, 3.1) (12.4, 4.9) 

5 = chemical shift (reported in ppm). J = coupling constant (reported in Hz). 
*Unreported coupling constants could not be resolve 
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Table 5.5 - 13C{1F1} NMR data for Carbohydrate-Derived 1,5-Lactones and 1,4-Lactones 

Product 6 C-1 5 C-2 6 C-3 5 C-4 5 C-5 5 C-6 

2,3,4,6-tetra-O-acetyl-D-galactono- 
1,5-lactone [6a] 164.46 68.44 69.16 66.22 74.71 60.98 

2,3,4,6-tetra-O-acetyl-D-galactono- 
1,4-lactone [16] 167.98 71.94 77.23 77.40 68.25 61.62 

2,3,4,6-tetra-O-acetyl-D-mannono- 
1,5-lactone [6b] 168.41 66.53 70.38 69.10 75.37 62.26 

2,3,4,6-tetra-O-acetyl-D-mannono- 
1,4-lactone [17] 170.32 67.95 68.28 74.69 66.70 61.92 

2,3,4,6-tetra-O-acetyl-D-glucono- 
1,4-lactone [18] 170.40 72.01 70.98 76.64 67.53 62.13 

5 = chemical shift (reported in ppm). 
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Estimates of the dihedral angles, assuming a Karplus-type dependence, are consistent 

with that the assumption that the 1 ,5-lactones adopt the half-chair confirmation in 

solution.33-35  Table 5.6 and Table 5.7 show the estimated dihedral angles and the 

proposed structures for these compounds. 
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Table 5.6 - Estimated dihedral angles Carbohydrate-Derived 1,5-Lactones and 1,4-Lactones in ° 

Product 0 2,3 0 3,4 0 4,5 0 5,6 0 5,6' 

2,3,4,6-tetra-0-acetyl-D-galactono-1,5-lactone 
[6a] 180 51 62 

2,3,4,6-tetra-0-acetyl-D-galactono-1,4-lactone 
[16] 152 151 51 140 147 

2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone 
[6b] 45 165 50 143 

2,3,4,6-tetra-0-acetyl-D-mannono-1,4-lactone 
[17]  38 51 -180 131 132 

2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone 
[6e] 

173 173 171 125 125 

2,3,4,6-tetra-0-acetyl-D-glucono-1,4-lactone 
[18]  49 33 159 49 39 

0 solved for the Karplus equation where A = 4 22, B = -0.5, C = 4.5 34,36 

R= 
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Table 5.7 — Most stable conformation of 1,5- and 1,4-lactones based on estimated 

dihedral angles 

2,3,4,6-tetra-0-acetyl-D-galactono-1 
lactone 

OAc 
OAc 

H 

H 
Ac0 H 

,5- 
[6a] 

--0 

2,3,4,6-tetra-0-acetyl-D-galactono-1 
lactone 

,4- 
[16] 

Ac 

H 

0 H 0 

14 
H AcO R OAc 	0 

2,3,4,6-tetra-0-acetyl-D-mannono-1 ,5- 2 ,3,4,6-tetra-0-acetyl-D-mannono-1 ,4- 
lactone [6b] lactone [17] 

H 
OAc Ac  

Ac0 
R 

OAc H Ac0 0  0 H 
• 0 

H H OAcH 	
0 

2,3,4,6-tetra-0-acetyl-D-glucono-1 ,5-lactone 2,3,4,6-tetra-0-acetyl-D-glucono-1 ,4-lactone 
[6e] [18] 

H Ac 
OAc 

Ac0 R 

H H 
Ac0 Ac0 0  

0 
H. H 

H AcO H 	0  
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2,3,4,6-Tetra-0-acetyl-D-galactono-1,5-lactone [6a] possesses a large 3J2,3  coupling 

constant (10 Hz), suggesting that the associated dihedral angle (0 2,3) is anti-periplanar. 

The 03,4 and 0 4,5  angles are between 50 and 60°, indicating gauche interactions 

between these substituents. Therefore, the substituents [6a] must be equatorial except 

at C-4. In 2,3,4,6-tetra-0-acetyl-D-mannono-1,5-lactone [6b], the 2H3  interaction is 

gauche, whereas the 3H4  and 4H5  interactions are anti-periplanar. All the substituents in 

this molecule are equatorial except that at C-2. 2,3,4,6-Tetra-0-acetyl-D-glucono-1,5-

lactone [6e] also adopts the half-chair conformation but with all its substituents 

equatorial minimising steric hindrance, in agreement with the findings reported by 

Nelson.35  Therefore in [6e] the 2H3, 3H4, and 4H5  interactions are all anti-periplanar. 

Whereas interactions varied significantly amongst the 1,5-lactones, 1,4-lactones formed 

rings which were far more rigid with similar dihedral interactions throughout. The dihedral 

angles calculated, using the Karplus equation, confirmed that all the 1,4-lactones adopt 

an envelope conformation and that the dihedral interactions were generally gauche. In 

the galactose derivative [16], all the substituents are axial. Therefore, 2H3  and 3H4  have 

similar interactions with dihedral angles of about 150°. Although there is free bond 

rotation about the C-4/C-5 bond, the magnitude of the 4H5  interaction gives an indication 

of the most stable configuration of the pendant arm. A dihedral angle of 125° suggests 

that the axial pendant group is positioned away from the ring. This avoids the formation 

of a sandwich-type structure and minimises steric hindrance. In 2,3,4,6-tetra-O-acetyl-

D-mannono-1,4-lactone [17], 2H3  and 3H4  show gauche interactions and small dihedral 

angles ranging from 49° in the former, to 33° in the latter. Consequently the substituents 

at C-2 and at C-3 are equatorial. H-4 is anti-periplanar to H-5 as shown by the large 
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coupling constant (3J4,5) of 9.5 Hz. This suggests that the most stable conformation of 

the pendant arm is one where it forms a quasi planar structure as shown in Figure 5.15. 

Figure 5.15 - Conformation of 2,3,4,6-tetra-0-acetyl-D-mannono-1,4-lactone [17] 
shown with acetyl groups replaced by hydroxyl groups for simplicity 

A unique aspect to the transformation from the 1,5-lactone to the 1,4-lactone for the D-

(+)-mannopyranose derivative is that C-3 becomes more electron rich in the 1,4-lactone. 

This is manifested by an upfield shift in the C-3 resonance from 70.38 ppm in the 1,5-

lactone to 68.28 ppm in the 1,4-lactone. The acetyl groups move from having gauche 

interactions in the 1,5-lactone to having syn-planar interactions in the 1,4-lactone.This 

results in greater electron delocalisation and increased electron density at C-3. The 

most stable conformation of 2,3,4.6-tetra-0-acetyl-D-glucono-1,4-lactone [18] is similar 

to that of the D-(+)-mannopyranose derivative, except the acetyl group at C-2 is axial in 

the D-(+)-glucopyranose derivative. 
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5.6 	Conclusion 

After the successful synthesis of acetyl-protected 1,5-lactones [6], they were tested as 

substrates in ROP using metal co-initiators such as Sn(II)Oct2  and the zinc-based 

complex [35] and aluminium iso-propoxide. It was found that neither the zinc nor the 

aluminium systems were active towards the ROP of the 1,5-lactones [6]. This is 

probably due to competition for co-ordination with the acetyl groups. However, when the 

1,5-lactones [6] were treated with an Sn(II)Oct2  and an alcohol some activity was 

observed although it required significant optimisation. 

The most critical learning from these experiments was the discovery that the 1,5-

lactones [6] were very heat sensitive. This proved challenging as Sn(II)Oct2  requires 

high temperatures (> 80 °C) for optimal activity. At temperatures above 100 °C 

decomposition to the unsaturated 1,5-lactone was observed. When temperatures were 

lowered to 80 °C, some success was observed towards ring-opening reactions. 

However, over long reaction times (> 24 h) decomposition to the 1,4-lactones was 

observed. The reaction conditions were optimised by conducting the experiment at 80 °C 

for 3 h using 2,3,4,6-tetra-O-acetyl-D-glucono-1,5-lactone [6e] and 1,4-butanediol to 

yield an oligomer of up to 3 repeat units and a M„ (SEC) of 1,472 gmol-1  which was 

confirmed by MALDI-TOF (1151 amu). It was also discovered that residual octanoic acid 

in Sn(II)Oct2  was critical to the successful synthesis of the oligomer. This oligomer was 

characterised by 1H NMR and from this it was deduced that the 1,4-butanediol unit was 

centred within the chain with carbohydrate-derived units on either end. It was deduced 

that the chain length was limited to 3 units due to the polymer's low ceiling temperature 
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brought about by low ring strain and thus an unfavourable enthalpy of polymerisation. 

This is in part attributed to the high degree of substitution on the lactone rings. 

Attention was drawn to the by-products of the attempted prolonged polymerisation 

products; in particular to the 1,4-lactones. These are interesting compounds in 

themselves which may serve other applications in organic synthesis. Furthermore, they 

had previously been poorly characterised. We report the complete characterisation of 

these compounds and suggest a reaction mechanism to their formation. Compared to 

the starting 1,5-lactones, the 1,4-lactones showed an absorbance of 1811 cm-1  in the 

infra-red region attributed to the carbonyl stretch at C-1 compared to 1753 cm-1  in the 

1,5-lactone. This was not present in the 1,5-lactones and is indicative of a relief in strain 

associated with 1,4-lactones. By comparing 1H NMR coupling constants and application 

of the Karplus equation it was confirmed that all the 1,4-lactones adopt an envelope-like 

conformation which is intrinsic to 5-membered rings with and sp2  carbon. 
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Acetyl-protected 1,5-lactones derived from carbohydrates were prepared via a 4-step 

procedure in excellent overall yields of up to 72 %. The oxidation of acetyl-protected 

lactols was comprehensively investigated and reaction conditions were optimised to 

achieve a route that would suit a large-scale, environmentally friendly procedure. 

Thus the Swern oxidation was found to accommodate these factors versus oxidation 

using Cr03. The latter resulted in poor yields likely due to de-acetylated by-products 

in addition to its high toxicity. 

These lactones were subsequently converted to aldaric esters by reaction with para-

toluenesulphonic acid (p-TSA) and an alcohol. By using butan-1-ol and 1,4-

butanediol the successful synthesis of mono-functional and bi-functional aldaric 

esters was achieved. However, owing to the sensitivity of these compounds, it was 

necessary to control the reaction time to prevent decomposition. These novel esters 

were completely characterised by NMR where similar chemical resonances were 

observed between all compounds. However, due to hydrogen-bonding between the 

acetyl group at C-3 and the terminal hydroxyl at C-5, restricted free rotation about the 

C-5-0 bond gave rise to distinguishable resonances for H-5 and H-5'. 

The overall procedure to 1,5-lactones as well as the aldaric esters has proven to be 

versatile when protected with an acetyl group. The only other protection investigated 

in the synthesis of carbohydrate-derive polyesters is methylation.1  There are 

however, numerous simple protecting groups which could be investigated and give 

rise to alternative polymers. Research in this area has already started in our group 

using benzyl protection although this presents synthetic limitations.2  Thus an 

attractive alternative would be benzoylation. 
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Polycondensation experiments were carried out using the bi-functional aldaric esters 

with commercially available acid chlorides; oxalyl chloride, adipoyl chloride and 

terephthaloyl chloride. This afforded high molecular weight polyesters with M,, 

between 41,000 and 56,000 gmol-1  (100 repeat units) and polydispersity indices 

(PDIs) between 1.5 and 2.8. These polymers were also characterised by 1H and 

13c{'..  1-1} NMR. However isolation of the high-molecular weight polymer from its 

oligomers merits further attention. The yields could also be optimised by ensuring 

strictly dry reagents and reaction conditions to avoid premature quenching of the 

reaction. Further investigation would be carried out to determine whether any 

competing cyclisation was apparent as well as any limitations to chain length. Once 

the polymer synthesis is well established and reproducible, its physical properties 

would be investigated. That is, properties such as its tensile strength, hydrophilicity 

as well as glass-transition and melting temperatures using differential scanning 

calorimetry (DSC). This would also provide some information on its degree of 

crystallinity. This is important to determine its potential as a commodity plastic. In 

addition to this, it would also be tested for its degradation properties; both biotic and 

abiotic. Its biocompatibility would also be addressed such as its interaction with 

proteins. This would determine its suitability for biomedical applications such as 

matrices for tissue engineering or for surgical fixation. 

Functionalised 1,5-lactones were also explored as monomers for ROP. Zn and Al 

initiators were found to be inactive towards these compounds. This is likely due to 

competition with the acetyl protecting groups. However, using Sn(II)Oct2  and 1,4-

butanediol, a trimer derived from 2,3,4,6-tetra-0-acetyl-D-glucono-1,5-lactone was 

successfully prepared. It was observed that the presence of residual octanoic acid in 

Sn(II)Oct2  was critical to the success of this reaction. However, further attempts to 

optimise this reaction failed to result in longer chain lengths. Instead prolonged 
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reaction times and elevated temperatures resulted in decomposition. This limitation 

to the chain length is likely to be attributed to the degree of substitution of these 1,5-

lactones which reduces ring-strain. Thus the free-energy associated with their ROP is 

not favourable. In most instances decomposition to two sets of thermodynamic 

products was observed: functionalised 1,4-lactones were observed at temperatures 

below 100 °C and a,/3-unsaturated 1,5-lactones were attained at higher 

temperatures. 

Copolymerisation with lactide was investigated to introduce functionality to 

poly(lactide) thus addressing its limitations with regards to hydrolytic degradation and 

use in biomaterials. Therefore, the carbohydrate-derived oligomer as well as the 

aldaric esters were used as co-initiators in the ROP of lactide with the alkyl zinc co-

initiator, [35].3  Kinetic experiments revealed a linear relationship between Ln{([LA]o - 

[LA]eq)/([LA]t  - [LA]eq)} and time, indicating that the polymerisation was controlled. 

This was supported by mono-modal molecular weight distributions and narrow PDIs. 

Bi-functional initiators, however, were associated with a rate constant which was 

twice that observed with the mono-functional aldaric esters. This is attributed to the 

concentration of hydroxyl groups in the bi-functional aldaric esters being twice that in 

the mono-functional ones. This allows chain transfer to occur which takes place at a 

much faster rate than propagation. From this it can be deduced that the bi-functional 

aldaric ester forms part of the polymer chain and is not merely an end-group. 

Preliminary experiments showed that the introduction of a carbohydrate moiety 

enhances the degradation rate of poly(lactide) via a random chain scission pathway. 

Based on these promising results, degradation conditions which mimic either soil or 

biological environments would be investigated to determine whether the same trend 
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is observed. As with the polycondensation products, physical and biological 

properties would be investigated to assess their potential applications. 

The major limitation in the ROP of highly functionalised 1,5-lactones is the degree of 

substitution. To date, research has been carried out in our group to this effect with 

promising results. A polyester of up to 60 repeat units was prepared from a 

saturated, di-substituted 1,5-lactone derived from the hydrogenation of the 

unsaturated 1,5-lactone, [8].2  This confirms that our proposal that chain length was 

limited by the degree of substitution. 

References 

1. Urakami, H.; Guan, Z., Biomacromolecules 2008, 9, (2), 592-597; Metzke, M.; 

Guan, Z., Biomacromolecules 2008, 9, (1), 208-215; Metzke, M.; Bai, J. Z.; Guan, Z., 

J. Am. Chem. Soc. 2003, 125, (26), 7760-7761; Zamora, F.; Hakkou, K.; Munoz-

Guerra, S.; Galbis, J. A., Polymer Degradation and Stability 2006, 91, (11), 2654-

2659; Zamora, F.; Hakkou, K.; Alla, A.; Rivas, M.; Rolle, I.; Mancera, M.; Munoz-

Guerra, S.; Galbis, J. A., J. Polym Sci Part A: Polym Chem. 2005, 43, (19), 4570-

4577; Zamora, F.; Hakkou, K.; Alla, A.; Espartero, J. L.; Munoz-Guerra, S.; Galbis, J. 

A., J. Polym Sci Part A: Polym Chem. 2005, 43, (24), 6394-6410. 

2. Tang, M.; Williams, C. K., Functionalised Biodegradable Polyesters. In 

Imperial College: London, 2008. 

3. Williams, C. K.; Breyfogle, L. E.; Choi, S. K.; Nam, W.; Young, V. G.; Hillmyer, 

M. A.; Tolman, W. B., J. Am. Chem. Soc. 2003, 125, 11350-11359. 

Page 217 of 248 



CHAPTER 7: 

EXPERIMENTAL 
PROCEDURES 



Synthesis of Functionalised Biodegradable Polyesters 
PhD Thesis 
Chapter 7: Experimental Procedures  

Anita Haider 
Imperial College, London 

7.1. 	General methods and procedures 

The table below indicates how chemical and solvents were treated prior to their use 

as well as their supplier. Where no mention of supplier, purification or drying is made, 

it can be assumed that solvents were purchased from VWR, chemicals from Aldrich 

and that these were used as received. However, only solvents referred to as "dry" 

can be assumed to have been treated in the manner indicated below. 

Table 7.1 - Chemical supplier and purification/drying 

Chemical Supplier Purification/ Drying 

1,4-BD Aldrich Distilled from CaH2 

Absolute Me0H Aldrich Used as received 

Adi[pyl Chloride Aldrich Distillation under vacuum 

CCI4  VWR Dried over Molecular sieves and degassed 

CH2Cl2  VWR Distilled from CaH2  and degassed 

NEt3  VWR Distilled from CaH2, degassed and stored 

over molecular sieves 

Oxalyl Chloride Aldrich Distillation under vacuum 

Pyridine VWR Distilled from CaH2, degassed and stored 

over molecular sieves 

Sc(OTf)3  Strem used as received (packed under argon) and 

handled anaerobically 

Sn(II)Oct2  Aldrich Distilled twice under reduced pressure 

(unless otherwise specified) 

THE VWR Distilled from Na-Benzophenone and 

degassed 

Toluene VWR Distilled from Na-Benzophenone and 
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Chemical Supplier Purification/ Drying 

 

   

degassed 

 

     

7.2. 	Measurements 

1H NMR spectroscopy was performed on a 400 MHz Bruker AV400 instrument at 

Imperial College, London. All other NMR experiments were either carried out on a 

500 MHz Bruker AV500 instrument by the Imperial College NMR service or on a 400 

MHz Bruker AV400. CDCI3  was used as the NMR solvent and reference compound. 

GPC measurements were performed on a PolyLabs PCL-50 instrument using THF 

as the eluting solvent at Imperial College, London. Ammonia gas chemical ionisation 

mass spectrometry was carried by the mass spectrometry service at Imperial 

College, London. The SEC measurements were performed on a Polymer labs GPC 

60 instrument with two Polymer labs mixed B columns and THF at a flow rate of 

1mlmin-1  as the eluent. Narrow molecular weight polystyrene standards were used to 

calibrate the instrument. The MALDI- TOF mass spectrometry was performed by the 

Imperial College Mass Spectrometry Service with a Micromass MALDI micro MX 

mass spectrometer equipped with a UV (337nm) laser. All mass spectra recorded in 

linear mode. An average of 40 spectra from random positions on the target, each 

spectrum averaged from 10 laser shots. 1.2 tL of a mixture of the matrix (dithranol, 

30 mg/ml in THF), cationizing agent (NaCO2CF3, 10 mg/ml in THF), and the sample 

(-10mg/ml in CH2Cl2) in the ratio 3:1:1 respectively was applied to the target and air-

dried immediately before use. All TLC was carried out using aluminium plates coated 

with silica and eluted with a 1:1 mixture of EtOAc:Hexane unless otherwise stated. 
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7.3. 	Monomer Synthesis 

7.3.1. General acetylation procedure' 

This acetylation procedure was adapted from the one reported by Joseph et al.2  The 

starting sugar was charged to a flask and dried in vacuo for 1 h. To it, was added the 

acetylating mixture. The acetylating mixture comprised acetic anhydride and TFA 

(5:1 v/v). The ratio of the mass of the starting sugar to volume of acetylating mixture 

was 1:8 (w/v). The mixture was stirred at r.t. for between 3 and 20 h until complete 

dissolution of the sugar was observed. This was dependent on the starting sugar and 

is reported in the monomer synthesis results and discussion. The solvents were 

removed in vacuo to yield a syrup which was redissolved in CHCI3  and extracted with 

water (1:1 v/v). The volume of CHCI3  used was 5 times that of acetic anhydride. The 

organic layer was dried (MgSO4) and the solvent removed in vacuo to yield syrups in 

all cases. The resulting compounds were mixtures of a and s anomers of 

peracetylated carbohydrates (for all except where glucono-1,5-lactone was used) and 

obtained in quantitative yield. The products were characterised by mass 

spectrometry and NMR (1H, 13C{1H}, 13C, COSY, DEPT 90, DEPT 135, HMQC). In 

some cases the products comprised a single anomer. The resulting products were in 

the form of syrups unless otherwise stated. 1H and 13CNI NMR spectroscopy was 

found to be in agreement with the literature where available. 
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1,2,3,4,6-Penta-0-acetyl-a-D-galactopyranose [3a]' 

Quantitative yield. TLC Rf 0.30 (EtOAc:Hexane 1:1). 1H NMR (400 MHz, CDCI3) 6 

6.34 (1 H, d, J = 2.33 Hz, H-1), 5.48-5.45 (1 H, m, H-3), 5.33-5.28 (2 H, m, H-2, H-4), 

4.33 (1 H, m, H-6), 4.07 (2 H, m, H-5, H-6'), 2.13 (3 H, s, COCH3), 2.05 (3 H, s, 

COCH3), 2.02 (3 H, s, COCH3), 1.99 (3 H, s, COCH3), 1.97 (3 H, s, COCH3) ppm. 

13C{11-1} NMR (126 MHz, CDCI3) 6 170.45 (COCH3), 170.19, 170.1, 169.95, 169.45 

(COCH3), 89.68 (C-1), 69.25 (C-4), 67.83 (C-3), 67.35 (C-2), 62.56 (C-5), 61.05 (C-

6), 20.84 - 20.49 (COCH3) ppm. NMR is in agreement with the literature.' 

1,2,3,4,6-Penta-0-acetyl-a-D-mannopyranose [3b]1  

Quantitative yield. TLC Rf 0.28 (EtOAc:Hexane; 1:1). NMR in agreement with the 

literature.' 

1,2,3,4-Tetra-0-acetyl-a/p-D-xylopyranose [3c] (a/I3 ratio 1:1)1  

Quantitative yield. TLC Rf 0.30 (EtOAc:Hexane; 1:1). a-anomer: 1H NMR (500 MHz, 

CDCI3) 6 6.18 (1 H, d, J = 3.6 Hz, H-1), 5.14 (1 H, m, H-3), 4.99-4.93 (2 H, m, H-2, H-

4), 4.08 (1 H, dd, J = 12.0, 4.9 Hz, H-5), 3.65 (1 H, m, H-5), 2.15-1.95 (m, 12 H, 

COCH3) ppm. 13C{1H} NMR (125 MHz, CDCI3) 6 170 (m, COCH3), 88.96 (C-1), 70.64 

(C-3), 69.09, 68.39 (C-2, C-4), 60.37 (C-5), 20 (m, COCH3) ppm. f3-anomer: 1H NMR 

(500 MHz, CDCI3) 6 5.66 (1 H, d, J = 6.8 Hz, H-1), 5.43-5.37 (1 H, m, H-3), 4.99-4.93 

(2 H, m, H-2, H-4), 4.08 (1 H, dd, J = 12.0, 4.9 Hz, H-5), 3.48 (1 H, dd, J = 12.1, 8.3 

Hz, H-5'), 2.15-1.95 (12 H, m, 12 H, COCH3) ppm. 13C{11-1} NMR (125 MHz, CDCI3) 6 

170 (m, COCH3), 91.74 (C-1), 69.18 (C-3), 69.06, 68.03 (C-2, C-4), 62.47 (C-5), 20 

(m, COCH3) ppm. NMR data is in agreement with the literature.' MS (CI, ammonia): 

m/z (%) 336 (100 %, M+NH4). 
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1,2,3,4-Tetra-0-acetyl-a/P-L-arabinopyranose [3d] (a/p ratio 1:1)1  

Quantitative yield. TLC Rf 0.60 (EtOAc:Hexane; 1:1). /3-anomer: 1H  NMR (400 MHz, 

CDCI3) 6 5.68 (1 H, d, J = 6.9 Hz, H-1), 5.37 (1 H, m, H-3), 5.32-5.27 (1 H, m, H-2), 

5.23 (1 H, m, H-4), 3.87 (1 H, dd, J = 13.2, 1.8 Hz, H-5), 3.79 (1 H, dd, J = 13.1, 1.9 

Hz, H-5'), 2.13 (3 H, s, COCH3), 2.11 (3 H, s, COCH3), 2.08 (3 H, s, COCH3), 2.06 (3 

H, s, COCH3) ppm. 13C{1H} NMR (126 MHz, CDCI3) 6 170.14 - 168.65 (COCH3), 

91.71 (C-1), 74.64 (C-4), 66.32 (C-3), 66.96 (C-2), 64.30 (C-5), 21.00 - 18.27 

(COCH3) ppm. a-anomer: 1H NMR (400 MHz, CDCI3) 6 6.33 (1 H, d, J = 2.9 Hz, H-1), 

5.37 (1 H, m, H-4), 5.09 (1 H, dd, J = 9.1, 3.5 Hz, H-3), 5.03 (1 H, d, J = 2.9 Hz, H-2), 

4.07 - 3.99 (2H, m, H-5, H-5'), 2.16 (3 H, s, COCH3), 2.14 (3 H, s, COCH3), 2.12 (3 

H, s, COCH3), 2.04 (3 H, s, COCH3) ppm. 13C{11-1} NMR (126 MHz, CDCI3) 6 170.14 - 

168.65 (COCH3), 89.49 (C-1), 76.76 (C-2), 69.48 (C-3), 67.39 (C-4), 60.99 (C-5), 

21.00 - 18.27 (COCH3) ppm. NMR data is in agreement with the literature.' MS (CI, 

ammonia): m/z (%) 336 (95 %, M+NI-14). 

7.3.2. General procedure for the synthesis of glycosyl 

bromides3  

The procedure for the synthesis of glycoside bromides from their corresponding 

peracetylated pyranosides was adapted from the one reported by Mitchell et al.3  The 

reactions were allowed to proceed for 24 h instead of 1 h at r.t. as reported in the 

literature. Reactions were monitored by TLC. The resulting glycoside bromides were 

characterised by mass spectrometry and NMR (1H,  13ce.rii., ,  '3C, COSY, DEPT 90, 

DEPT 135, HMQC). In some cases the products comprised a single anomer. The 

resulting products were in the form of syrups unless otherwise stated. 
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2,3,4,6-Tetra-O-acetyl-a-D-galactopyranosyl bromide [4a] 

76 % yield. TLC Rf  0.50 (EtOAc:Hexane; 1:1). 1H NMR (400 MHz, CDCI3) 6 ppm 6.68 

(1 H, d, J = 3.9 Hz, H-1), 5.50 (1 H, m, H-4), 5.39 (1 H, m, H-3), 5.03 (1 H, dd, J = 

10.5, 3.9 Hz, H-2), 4.47 (1 H, m, H-5), 4.17 (1 H, dd, J = 11.4, 6.3 Hz, H-6), 4.10 (1 

H, dd, J = 11.4, 6.8 Hz, H-6'), 2.14, 2.10, 2.05, 2.00 (4 x 3 H, 4 x s, 4 x (COCH3)). 

13C{11-1} NMR (126 MHz, CDCI3) 6 170-169 (COCH3), 88.07 (C-1), 71.01 (C-5), 67.95 

(C-3), 67.72 (C-2), 66.93 (C-4), 60.81 (C-6), 20.72, 20.62, 20.56, 20.54 (COCH3) 

ppm. MS (CI, ammonia): m/z (%) 428 (100 %, M+ NH4, Br-79), 430 (100 %, M + NH4, 

Br-81). 

2,3,4,6-Tetra-O-acetyl-a-D-mannopyranosyl bromide [4b] 

95 % yield. TLC Rf  0.38 (EtOAc:Hexane 1:1). 1H NMR (400 MHz, CDCI3) 6 6.32 (1 H, 

br s, H-1), 5.74 (1 H, dd, J = 10.1, 3.4 Hz, H-3), 5.47 (1 H, dd, J = 3.4, 1.6 Hz, H-2), 

5.39 (1 H, apt, J = 10.2 Hz, H-4), 4.36 (1 H, dd, J = 12.4, 4.9 Hz, H-6), 4.25 (1 H, 

ddd, J = 10.2, 4.9, 2.0 Hz, H-5), 4.16 (1 H, dd, J = 12.5, 2.1 Hz, H-6'), 2.20, 2.13, 

2.10 (3 H, s, (COCH3)), 2.03 (3 H, s, (COCH3)) ppm. NMR data in agreement with 

literature data.4  

2,3,4-Tri-0-acetyl-a-D-xylopyranosyl bromide [4c] 

85 % yield. TLC 13,0.50 (EtOAc:Hexane 1:1). 1H NMR (400 MHz, CDCI3) 6 6.60 (1 H, 

d, J = 4.0 Hz, H-1), 5.59 (1 H, t, J = 9.8 Hz, H-3), 5.06 (1 H, ddd, J = 10.8, 9.7, 6.0 

Hz, H-2), 4.79 (1 H, dd, J = 9.9, 4.0 Hz, H-4), 4.08 (1 H, dd, J = 11.4, 6.0 Hz, H-5), 

3.90 (1 H, t, J = 11.1 Hz, H-5'), 2.12 (3 H, s, (COCH3)), 2.08 (6 H, apt s, 2 x (COCH3)) 

ppm. 13C{1H} NMR (126 MHz, CDCI3) 6 130.18, 128.33, 121.20 (COCH3), 87.59 (C-

1), 70.88 (C-2), 69.56 (C-3), 68.10 (C-4), 62.54 (C-5), 20.65 (COCH3) ppm. 
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2,3,4-Tri-O-acetyl-a-L-arabinopyranosyl bromide [4d] 

95 % yield. TLC Rf  0.80 (EtOAc:Hexane 1:1). 1H NMR (400 MHz, CDCI3) 6 6.69 (1 H, 

d, J = 3.8 Hz, H-1), 5.42-5.35 (2 H, m, H-3, H-4), 5.07 (1 H, dd, J = 10.9, 3.1 Hz, H-

2), 4.18 (1 H, d, J = 13.4 Hz, H-5), 3.92 (1 H, dd, J = 13.4, 1.6 Hz, H-5'), 2.14, 2.10, 

2.02 (3 x 3 H, 3 x s, 3 x COCH3) ppm. 13C{1H} NMR (126 MHz, CDCI3) 6 170 -169 

(COCH3), 89.60 (C-1), 68.92 (C-4), 67.95 (C-3), 67.90 (C-2), 63.45 (C-5), 20.55 

(COCH3) ppm. m/z (CI, NH3): 356 (81 %, M (Br-79 + NH4)); 358 (79 %, M (Br-81 + 

NH4)). 

7.3.3. General procedure for the hydrolysis of glycoside 

bromides5  

The procedure for the hydrolysis of glycoside bromides to their corresponding 

pyranoses was adapted from one reported by Grummitt et aL5  using Ag2CO3.The 

reactions were allowed to proceed for 24 h instead of 4 h at r.t. as reported in the 

literature. Reactions were monitored by TLC. The resulting pyranoses were 

characterised by mass spectrometry and NMR (1H, 13cr— HI, 13C, COSY, DEPT-90, 

DEPT-135, HMQC). In some cases the products comprised of a single anomer. The 

resulting products were in the form of syrups unless otherwise stated. 

2,3,4,6-Tetra-0-acetyl-a-D-galactopyranose [5a] 

88 % yield. TLC Rf  0.20 (EtOAc:Hexane 1:1). 1H NMR (400 MHz, CDCI3) 6 5.50 (1 H, 

d, J = 3.4 Hz, H-1), 5.46 (1 H, m, H-2), 5.39 (1 H, m, H-3), 5.13 (1 H, dd, J = 10.8, 3.6 

Hz, H-4), 4.46 (1 H, m, H-5), 4.15 (2 H, m, H-6, H-6'), 2.14, 2.13, 2.09, 2.08 (4 x 3 H, 

s, (COCH3)) ppm. 13C(1H) NMR (126 MHz, CDCI3) 6 170-169 (COCH3), 90.67 (C-1), 

68.24 (C-4), 68.15 (C-2), 67.18 (C-3), 62.54 (C-5), 61.81 (C-6), 20.82-20.55 (4 x 

(COCH3)) ppm. MS (CI, ammonia): m/z (%) 366 (M+NH4, 100 %). 
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2,3,4,6-Tetra-O-acetyl-a-D-mannopyranose [5b16  

Quantitative yield. TLC Rf  0.22 (EtOAc:Hexane 1:1). 1H NMR (400 MHz, CDCI3) 

5.39 (1 H, dd, J = 10.1, 3.3 Hz, H-3), 5.28 (1 H, d, J = 9.88, H-4), 5.26 (1H, dd, J = 

3.3, 2.0 Hz, H-2), 5.25 (1H, br, H-1), 4.28 - 4.16 (2 H, m, H-5, H-6), 4.15 - 4.08 (1 H, 

m, H-6'), 2.14, 2.08, 2.03, 1.98 (4 x 3 H, 4 x s, 4 x (COCH3)) ppm. 13C{1H} NMR (400 

MHz, CDCI3) 6 170.8, 170.1, 170.0, 169.8 (4 x COCH3), 91.9 (C-1), 70.1, 68.8, 68.1, 

66.1, (C-2 to C-5), 62.5 (C-6), 20.9, 20.8, 20.6, (COCH3) ppm. MS (CI, ammonia): 

m/z (%) 366 (M+NH4, 100 %). 1H NMR data in agreement with the literature.6  

2,3,4-Tri-O-acetyl-a//3-D-xylopyranose [5c] (a/P ratio 2:1) 

88 % yield. TLC Rf  0.20 (EtOAc:Hexane 1:1). a-anomer: 1H NMR (400 MHz, CDCI3) 

5 ppm 5.54 (1 H, m, H-3), 5.41 (1 H, d, J = 3.47 Hz H-1), 5.02 — 4.89, (1 H, m, H-4), 

4.90 - 4.80 (1 H, m, H-2), 4.15 (1 H, dd, J = 11.68, 5.50 Hz, H-5), 3.44-3.33 (1 H, m, 

H-5'), 2.09 (12 H, m, CH3) ppm. 13C{1H} NMR (126 MHz, CDCI3) 6 170.08, 170.02 

(COCH3), 90.30 (C-1), 71.23 (C-2), 69.29 (C-3), 69.06 (C-4), 62.71 (C-5), 20.71 

(COCH3) ppm. (3-anomer: 1H NMR (400 MHz, CDCI3) 6 ppm 5.25 (1 H, m, H-3), 5.02 

— 4.89, (1 H, m, H-4), 4.88-4.77 (1 H, m, H-2), 4.70 (1 H, d, J = 7.65 Hz, H-1), 3.94-

3.79 (2 H, m, H-5), 2.09 (12 H, m, COCH3). 13Ce HI NMR (126 MHz, CDCI3) 6 170.86, 

170.21, 169.91 (3 x COCH3), 95.91 (C-1), 73.1 (C-2), 71.52 (C-3), 69.2 (C-4), 58.52 

(C-5), 20.72 (COCH3) ppm. MS: (CI - NH3) m/z: 294 (M+NH4, 100 %). 

2,3,4-Tri-O-acetyl-a//3-L-arabinopyranose [5d] (a/f3 ratio 2:1) 

a-anomer: 1H NMR (400 MHz, CDCI3) 6 5.47 (1 H, d, J = 3.4 Hz, H-1), 5.40 (1 H, dd, 

J = 10.4, 3.6 Hz, H-3), 5.38-5.34 (1 H, m, H-4), 5.18 (1 H, dd, J = 10.5, 3.4 Hz, H-2), 

4.25-4.17 (1 H, m, H-5), 3.70 (1 H, dd, J = 13.0, 2.3 Hz, H-5', overlapping with (-

equivalent), 2.16, 2.13, 2.09 (3 x 3 H, 3 x s, 3 x COCH3) ppm. 13C{1H} NMR (126 

MHz, CDCI3) 6 170 - 168 (COCH3), 90.82 (C-1), 69.02 (C-2), 68.58 (C-4), 66.83 (C- 
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3), 60.25 (C-5), 21 - 20 (COCH3) ppm. f3-anomer: 1H NMR (400 MHz, CDCI3) 6 5.27 

(1 H, m, H-4), 5.08 (2 H, m, H-2, H-3), 4.61 (1 H, d, J = 7.2 Hz, H-1), 4.02 (1 H, dd, J 

= 13.3, 2.4 Hz, H-5), 3.67 (1 H, dd, J = 13.3, 1.3 Hz, H-5', overlapping with a 

equivalent), 2.14, 2.10, 2.01 (3 x 3 H, 3 x s, COCH3) ppm. 13C{1H} NMR (126 MHz, 

CDCI3) 6 170 - 168 (COCH3), 96.05 (C-1), 71.12 (C-2), 70.04 (C-3), 67.92 (C-4), 

64.06 (C-5), 21 - 20 (COCH3) ppm.MS: (CI - NH3) m/z: 294 (M+NR4, 100 %). 

2,3,4,6-Tetra-0-acetyl-D-glucono-1,5-lactone [6e]2  

Prepared following procedure reported by Joseph et aL Characterisation data in 

agreement with literature data.2  [a]D25  = -F72.0° (c, 1.75, CHCI3) (lit. [a]D25  = +76.19. 

vmax(neat) 1757 cm-1  (C=0). 1H NMR (270 MHz, CDCI3) 6 5.44 (1 H, apt t, H-3), 5.25 

(1 H, m, H-4), 5.10 (1 H, d, J = 9.10 Hz, H-2), 4.56-4.44 (1 H, m, H-5), 4.28 (1 H, dd, 

J = 12.71, 3.65 Hz, H-6), 4.14 (1 H, dd, J = 12.74, 2.29 Hz, H-6), 2.04 (3 H, s, 

COCH3), 1.99 (3 H, s, COCH3), 1.97-1.95 (6 H, 2 x s, 2 x COCH3) ppm. 
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7.3.4. General procedure for the Swern oxidation of lactols 

Oxalyl chloride (3.4 mL, 39 mmol, 7 eq.) was dissolved in dry CH2Cl2  (100 mL) and 

cooled to -78 °C. A solution of DMSO (5.4 mL, 76 mmol, 13 eq.) in CH2Cl2  (15 mL) at 

-78 °C was added dropwise to the oxalyl chloride solution under N2. After 15 min a 

solution of the functonalised pyranose (5.7 mmol, 1 eq.) in CH2Cl2  (50 mL) at -78 °C 

was added dropwise. After 30 min NEt3  (4.0 mL 29 mmol, 5 eq) was slowly 

introduced and the reaction mixture was stirred at 78 °C for a further 30 min (Until 

this point, the reaction temperature was not allowed to rise beyond -60 °C). The 

reaction mixture was then allowed to warm to -30 °C and washed with ice-water (200 

mL), 1M HCI (200 mL), saturated NaHCO3  (aq) (200 mL), water (200 mL), brined 

(200 mL). The organic layer was dried (MgSO4) and concentrated in vacuo to yield 

the product as a syrup. 

2,3,4,6-Tetra-0-acetyl-D-galactono-1,5-lactone [6a] 

(1.66 g, 4.79 mmol, 83 %). TLC Rf  0.33 (EtOAc:Hexane 1:1). [a]D25  = +43.22  (c, 1.25, 

CHCI3) vmax(neat) 1766 cm-1  (C=0).1H NMR (400 MHz, CDCI3) 6 ppm 5.70 (1 H, dd, J 

= 2.76, 1.5 Hz, H-4), 5.47 (1 H, dd, J = 10.28, 2.9 Hz, H-3), 5.28 (1 H, d, J = 10.3 Hz, 

H-2), 4.82 (1 H, m, H-5), 4.25 (2 H, m, H-6, H-6'), 2.20 (3 H, s, COCH3), 2.19 (3 H, s, 

COCH3), 2.10 (3 H, s, COCH3), 2.08 (3 H, s, COCH3) ppm. 13C(11-1) NMR (126 MHz, 

CDCI3) 6 170.18, 170.12, 169.75, 169.46 (COCH3); 164.95 (C-1); 74.71 (C-5); 69.16 

(C-3); 68.44 (C-2); 66.22 (C-4); 60.98 (C-6); 20.56, 20.52, 20.44, 20.41 (COCH3) 

ppm. MS (CI, ammonia): m/z (%) 364 (100 %, M+NH4). Anal Calcd for C141118010: C, 

48.56 %; H, 5.24 %. Anal Found: C, 48.65 %; H 5.37 %. 
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2,3,4,6-Tetra-0-acetyl-D-mannono-1,5-lactone [6b]' 

(1.50 g, 4.34 mmol, 76 %). TLC 13, 0.25 (EtOAc:Hexane 1:1). [a]D28  = 30.4°(c, 1.25, 

CHCI3). vmax(neat)  1748 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 5.75 (1 H, d, J = 

3.9 Hz, H-2), 5.52-5.46 (1 H, m, H-3), 5.07-5.03 (1 H, m, H-4), 4.62 (1 H, ddd, J = 

8.6, 5.8, 3.2 Hz, H-5), 4.37 (1 H, dd, J = 12.4, 3.1 Hz, H-6), 4.27 (1 H, dd, J = 12.5, 

5.8 Hz, H-6'), 2.15 (3 H, s, COCH3), 2.16 (3 H, s, COCH3), 2.18 (3 H, s, COCH3), 

2.12 (3 H, s, COCH3) ppm. 13C{1H} NMR (100 MHz, CDCI3) 6 170.39, 169.41, 

169.04, 168.97 (COCH3), 164.81 (C-1), 75.37 (C-5), 70.38 (C-3), 69.10 (C-4), 66.53 

(C-2), 62.26 (C-6), 20.63 - 20.38 (COCH3) ppm. MS:(CI - NH3) m/z: 364 (M+NH4, 60 

%). Anal Calcd. for C14E118010: C, 48.56 %; H, 5.24 %. Found: C, 48.70 %; H, 5.12 %. 

2,3,4-Tri-O-acetyl-D-xylono-1,5-lactone [6c]8  

(3.87 g, 14.11 mmol, 64 %). TLC 1=1, 0.38 (EtOAc:Hexane 1:1). [a]D28  = -64.0°(c, 0.19, 

CHCI3). vmax(neat) 1747 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 5.52 (1 H, d, J = 

8.7 Hz, H-2), 5.23-5.17 (1 H, m, H-3), 5.15-5.11 (1 H, m, H-4), 4.60 (1 H, dd, J = 

13.00, 2.23 Hz, H-5), 4.48-4.39 (1 H, m, H-5'), 2.20 (3 H, s, COCH3), 2.13 (3 H, s, 

COCH3), 2.12 (3 H, s, COCH3) ppm. 13C{11-1} NMR (CDCI3, 100 MHz) 6 169.65, 

169.47, 169.21 (COCH3), 165.46 (C-1), 72.93 (C-3), 70.51 (C-4), 68.59 (C-2), 66.47 

(C-5), 66.27 (C-5), 20.64, 20.38, 19.59 (COCH3) ppm. NMR data is in agreement with 

the literature.8 8,9 MS: (CI - NH3) m/z: 292 (M+NH4, 100 %). Anal Calcd. for C11111408 

C, 48.18 %; H, 5.15 %. Anal Found: C, 48.09 %; H, 5.07 %. 

2,3,4-Tri-0-acetyl-L-arabinono-1,5-lactone [6d]9  

(0.93 g, 3.39 mmol, 47 %). TLC Rf  0.50 (EtOAc:Hexane 1:1). [a]D25  = +54.4°(c, 1.25, 

CHCI3). vmax(neat)  1751 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 5.56 (1 H, dd, J = 

4.7, 2.1 Hz, H-4), 5.48 (1 H, dd, J = 10.2, 3.0 Hz, H-3), 5.34 (1 H, d, J = 10.2 Hz, H-

2), 4.53 (1 H, dd, J = 13.1, 1.6 Hz, H-5), 4.46 (1 H, dd, J = 13.1, 2.3 Hz, H-5), 2.09 (1 
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H, s, COCH3), 2.18 (1 H, s, COCH3), 2.19 (1 H, s, COCH3) ppm.13C{1H} NMR (126 

MHz, CDCI3) 6 170.13 (COCH3), 169.82 (COCH3), 169.7 (COCH3), 165.69 (C-1), 

68.78 (C-4), 68.72 (C-2), 67.99 (C-5), 67.02 (C-3), 20.75 (COCH3), 20.63 (COCH3), 

20.46 (COCH3), ppm. NMR data is in agreement with the literature.9 9  MS: (CI - NH3) 

m/z 292 (M+NH4, 100 %). 

7.3.5. Methyl protected D-(+)-xylopyranose derivatives 

(2',2'-Dichloro-1'-methyl)ethenyl-a//3-D-xylopyranoside [12] 

1,2,3,4-Tetra-0-acetyl-a/13-D-xylopyranose [2c] (20.00 g, 62.80 mmol, 1 eq), PPh3  

(49.40 g, 189 mmol, 3 eq), and KCI (42.20 g, 566 mmol, 9 eq) were dried in vacuo for 

1 h and suspended in dry toluene (55 mL), dry pyridine (30 mL), and dry 0014  

(45 mL) and stirred at 90°C for 50 min. The resulting black heterogeneous mixture 

was filtered through a plug of silica gel eluted with CH2Cl2-EtOAc (1:1) and 

concentrated to dryness to yield a yellow semi-solid, which was purified by column 

chromatography (Et0Ac:Hexane, 1:1, Rf=0.6) to yield a yellow semi-solid (2,3,4-Tri- 

O-acetyl-(2',2'-Dichloro-1'-methypethenyl-a/f3-D-xylopyranoside [11]) 	(15.25 g, 

40.82 mmol, 	63%). To a solution 	of 2,3,4-Tri-O-acetyl-(2',2'-Dichloro-1'- 

methypethenyl-a//3-D-xylopyranoside [11](5.00 g, 13 mmol, 1 eq.) in absolute Me0H 

(50 mL) was added Me0Na (0.37 g, 6.90 mmol, 0.5 eq). After 2 h, the solution was 

neutralized with ion exchange resin (Amberlite IRC 50 S H+ form). The reaction 

mixture was concentrated and washed with acetone (30 mL) to yield the product as a 

semi-solid (2.49 g, 9.60 mmol, 80%). 13C{1H}NMR (75 MHz, DMSO-d6) 6 148.38, 

148.11 (C-1'), 104.38, 103.59 (C-2'), 97.73, 92.43 (C-1), 76.66, 74.62 (C-3), 73.1, 

72.26 (C-2), 70.1, 69.75 (C-4), 65.62, 61.51 (C-5), 14.78, 14.33 (C-3'). MS (CI, 

ammonia): m/z (%) 276 (100) [M+NH4+, 35C1), 278 (65), [M+NH4+,35CI, 37C1], 280 (15) 

[M+NH4+, 37C1]. Anal. Calcd. for C81-112C1206: C, 37.09; H, 4.67. Found: C, 37.05; H, 

4.70. 
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1,2,3,4-Tetra-0-methyl-a/f3-D-xylopyranose [13]10  

(2',2'-Dichloro-1'-methyl)ethenyl-a/P-D-xylopyranoside [12] (0.74 g, 2.90 mmol, 1 eq) 

was dissolved in dry DMF (15 mL), under nitrogen. NaH (1.5 g, 60% dispersion in 

mineral oil, 31 mmol, 13 eq) was added at 0°C with stirring, followed by Mel 

(1.42 mL, 23 mmol, 8 eq). After 4 h at room temperature, the reaction was quenched 

by addition of Me0H (20 mL). The mixture was diluted with CH2Cl2  (50 mL) and water 

(50 mL). The organic phase was separated and the aqueous layer extracted with 

CHCI3  (350 mL). The organic layer was dried (MgSO4) and concentrated in vacuo 

and residual DMF was removed by distillation under vacuum (5 mbar, 35°C). The 

resulting residue was purified by flash chromatography (EtOAc-Hexane; 1:1) to yield 

the product as a mixture of the a- and /3-anomers in the ratio 1:3, respectively 

(0.36 g, 1.74 mmol, 60%). Mp 44-45°C [lit." Mp 46-48°C, /3-anomer].[a]D25  -16.1° (c, 

0.31, CHCI3) [lit. [a]p25 -66°, /3-anomer (c, 1.16, Me0H)11. 

a anomer: 1H NMR (270 MHz, CDCI3) 6 4.75 (1 H, d, 3JHH=3.5 Hz, H-1), 3.98 (1 H, dd, 

24E1=1 1  .5 Hz, 3JHH=4.7 Hz, H-2), 3.61 (3H, s, OMe), 3.50 (3H, s, OMe), 3.47 (3H, s, 

OMe), 3.40 (3H, s, OMe), 3.62-2.93 (4H, m, H-3, H-4, H-5). 13C{1H} NMR (100 MHz, 

CDCI3): 6=97.59 (C-1), 82.65 (C-2), 81.69 (C-3), 79.74 (C-4), 60.90 (C-5), 59.33, 

59.02, 58.90 (OMe), 55.1 (C-1 - OMe). 

)3 anomer: 1H NMR (270 MHz, CDCI3) 6 4.13 (1H, d, 3JHH=7.2 Hz, H-1), 3.69 (1H, dd, 

24111=1  0.90 Hz, 3JHH=5.60 Hz, H-2), 3.59 (3H, s, OMe), 3.55 (3H, s, OMe), 3.50 (3H, 

s, OMe), 3.46 (3H, s, OMe), 3.62-2.93 (4H, m, H-3, H-4, H-5). 13C{1H} NMR 

(100 MHz, CDCI3) 6 104.70 (C-1), 85.01 (C-2), 83.17 (C-3), 79.35 (C-4), 63.03 (C-5), 

60.55, 60.34, 58.63 (OMe), 56.76 (C-1- OMe). 

MS (CI, ammonia): m/z (%) 224 (100) [M+NH41. Anal. Calcd. for C91-11805: C 52.43, H 

8.74. Found: C, 53.43; H, 8.84. 
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2,3,4-Tri-O-methyl-a//3-D-xylopyranose [14]10  

1,2,3,4-Tetra-0-methyl-03-D-xylopyranose [13] (0.26 g, 1.26 mmol) was dissolved 

in a solution of trifluoroacetic acid (2.5 mL) and water (1.0 mL) and heated at 65°C 

for 4 h. The mixture was concentrated to yield the product as an oil (0.16 g, 

0.83 mmol, 66%). The oil was composed of a 2:1 ratio of a:13 anomers. [a]D25  +18.8° 

(c, 0.64, CHCI3) [lit [a]D25  +20.1 ° (c, 1.095, McOH)10] 

a-anomer (66%): 1H NMR (400 MHz, CDCI3) 6 5.24 (1 H, d, 3JHH=3.44 Hz, H-1), 3.76-

3.72 (1 H, m, H-5), 3.62 (3 H, s, OMe), 3.55 (3 H, s, OMe), 3.49 (3 H, s, OMe), 3.45 

(1 H, d, 3JHH=8.44 Hz, H-3), 3.28-3.16 (2 H, m, H-2, H-4). 13C{1H} (125 MHz, CDCI3) 6 

90.90 (C-1), 81.45 (C-2 or C-4), 81.36 (C-3), 79.01 (C-2 or C-4), 60.67 (OMe), 59.89 

(C-5), 58.93, 58.71 (OMe). 

/3-anomer (33%): 1H NMR (400 MHz, CDCI3) 6 4.62 (1 H, d, 3JHH=6.83 Hz, H-1), 4.02 

(1 H, dd, 24E1=11.09, 3JHH=4.23 Hz, H-5), 3.62 (6 H, s, OMe), 3.46 (3 H, s, OMe), 

3.31-3.17 (2 H, m, H-3, H-4), 2.99 (1 H, dd, 342H3=8.01 HZ, 341H2=6.91  Hz, H-2). 

13C{1H} (125 MHz, CDCI3) 6 97.10 (C-1), 84.17 (C-3 or C-4), 83.46 (C-2), 78.80 (C-3 

or C-4), 62.64 (C-5), 60.52, 60.36, 58.65 (OMe). 

MS (CI, ammonia): m/z (%) 210 (100) [M+NH4"1. Anal. Calcd. for C8H1605: C, 50.00; 

H, 8.33. Found: C, 50.08; 7.24. 

2,3,4-Tri-O-methyl-D-xylono-1,5-lactone [15].11  

Pyridinium chlorochromate (0.36 g, 1.70 mmol, 2.0 eq) in dichloromethane (3 mL) 

was added to 2,3,4-Tri-O-methyl-a/(3-D-xylopyranose [14] (0.20 g, 1 mmol) dissolved 

in CH2Cl2  (3 mL), and the mixture was refluxed for 7 h. It was then cooled, diluted 

with diethyl ether (30 mL), decanted, filtered through celite, and concentrated to yield 

the product as an oil (0.15 g, 0.80 mmol, 95%). [a]D25  +16.8° (c, 0.95, CH2Cl2). IR 

(CDCI3): 1765 cm-1  (C=0). 
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1H NMR (500 MHz, CDCI3) 6 4.44 (1 H, ddd, 2JHH=12.26, 3JHH=2.99, 1.66 Hz, H-5 

axial), 4.29 (1 H, dd, 2JHH=12.41, 3JHH=1.75 Hz, H-5 equatorial), 3.84 (1 H, d, 

3411=6.53 Hz, H-2), 3.63 (3 H, s, CH3), 3.53 (3 H, s, CH3), 3.43 (3 H, s, CH3), 3.57-

3.55 (1 H, m, H-4), 3.50 (1 H, m, H-3). 

13C{1H} NMR (125 MHz, CDCI3): 6=169.57 (C-1), 82.91 (C-3), 80.49 (C-2), 77.00 (C-

4), 64.93 (C-5), 59.47, 58.02, 56.22 (3 x CH3). MS (CI, ammonia): m/z (%) 208 (100), 

[M+MH41. 

Anal Calcd. for C8H1405: C 50.52, H 7.42. Found: C 50.68, H 7.51. 
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7.3.6. General procedure for synthesis of aldaric esters 

The 1,5-lactone (300 mg) was dissolved in CHCI3  (15 mL) and to it was added a 1.0 

M solution of the alcohol (1 eq.) containing p-TSA (0.1 eq.) After between 15 mins 

and 2 h the reaction was quenched with NaHCO3  (aq) (50 mL), washed with water (2 

x 50 mL) and dried (MgSO4). The organic layer was concentrated in vacuo to yield 

the aldaric ester as a syrup. Butyl aldaric esters were prepared using butan-1-ol and 

4-hydroxybutyl aldaric ester were prepared using 1,4-butanediol. 

Butyl 2,3,4,6-tetra-O-acetyl-D-galactonate [21] 

(0.15 g, 0.35 mmol, 49 % yield). TLC: decomposes on silica. [a]D25  = +6.7° (c, 1.8, 

CHCI3). vmax(neat) 3430 cm-1  (OH), 1751 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 

5.76 (1 H, m, H-2), 5.30 (1 H, dd, J = 3.9, 2.0 Hz, H-4), 5.16 (1 H, m, H-3), 4.25 - 4.15 

- 4.06 (4 H, m, C(0)OCH2CH2CH2CH3, H-6), 3.97 (1 H, dd, J = 11.5, 7.4 Hz, H-5), 

2.15 (3 H, s, COCH3), 2.11 (3 H, s, COCH3), 2.07 (3 H, s, COCH3), 2.06 (3 H, s, 

COCH3), 1.72 - 1.52 (2 H, m, C(0)OCH2CH2CH2CH3), 1.45 - 1.20 (2 H, m, 

C(0)OCH2CH2CH2CH3), 0.88 (3 H, m, C(0)OCH2CH2CH2CH3) ppm. 13C{1H} NMR 

(126 MHz, CDCI3) 6 170.99, 170.51, 170.18, 169.36 (COCH3), 167.76 (C-1), 69.62 

(C-2, C-4), 68.65 (C-3), 67.71 (C-5), 66.01 (C(0)OCH2CH2CH2CH3), 65.86 (C-6), 

30.3 (C(0)OCH2CH2CH2CH3), 20.74, 20.71, 20.55, 20.43 (COCH3) 18.95 

(C(0)OCH2CH2CH2CH3) 13.6 (C(0)OCH2CH2CH2CH3) ppm. MS: (CI - NH3) m/z 438 

(M+NH4, 100 %). Anal. Calcd. for C18H28011: C, 51.42 %; H, 6.71 %. Anal. Found: C, 

51.33 %; H, 6.60 %. 

Butyl 2,3,4,6-tetra-0-acetyl-D-mannonate [22] 

(0.13 g, 0.30 mmol, 21 % yield). TLC: decomposes on silica. vmax(neat) 3406 cm-1  

(OH), 1749 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 5.67 (1 H, dd, J = 8.5, 2.2 Hz, 

H-3), 5.28 (1 H, dd, J = 9.1, 2.2 Hz, H-2), 5.09 (1 H, d, J = 8.5 Hz, H-4), 4.29 - 4.14 (2 
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H, m, C(0)OCH2CH2CH2CH3), 4.11 (2 H, td, J = 11.0, 5.3 Hz, H-6111-6'), 3.80 (1 H, 

ddd, J = 11.6, 8.1, 3.4 Hz, H-5), 2.15, 2.13, 2.09 (12 H, 4 x COCH3), 1.69 - 1.52 (2 H, 

m, C(0)OCH2CH2CH2CH3), 1.38 (2 H, td, J = 15.0, 7.4, Hz, C(0)OCH2CH2CH2CH3), 

0.94 (3 H, t, J = 7.4 Hz, C(0)OCH2CH2CH2CH3) ppm. 13C{11-1} NMR (126 MHz, 

CDCI3) 6 171.14, 170.85, 169.64, 169.55 (COCH3), 167.57 (C-1), 69.59 (C-4), 69.55 

(C-2), 68.97 (C-3), 67.62 (C-5), 64.78 (C-6), 65.91 (C(0)OCH2CH2CH2CH3), 30.36 

(C(0)OCH2CH2CH2CH3), 20.77, 20.62, 20.39 (COCH3), 18.94 (30.36 

(C(0)OCH2CH2CH2CH3)) 13.6 (30.36 (C(0)OCH2CH2CH2CH3)) ppm. MS: (CI - NH3) 

m/z 438 (M+NH4, 100 %). 

Butyl 2,3,4,6-tetra-0-acetyl-D-gluconate [23] 

(0.28 g, 0.66 mmol, 67 % yield). TLC: decomposes on silica. [a]D25  = +24.9° (c, 1.85, 

CHCI3). vmax(neat) 3523 cm-1  (OH), 1741 cm-' (C=0). 1H NMR (400 MHz, CDCI3) 6 

5.73 (1 H, apt t, J = 3.7 Hz, H-3), 5.30 (1 H, d, J = 3.9 Hz, H-2), 5.20 (1 H, dd, J = 8.3, 

3.6 Hz, H-4), 4.23 - 4.02 (4 H, m, H-6. H-6', C(0)OCH2CH2CH2CH3), 3.89 - 3.80 (1 H, 

m, H-5), 2.16 (3 H, s, COCH3), 2.13 (3 H, s, COCH3), 2.09 (6 H, s, 2 x COCH3), 1.66 

- 1.57 (2 H, m, C(0)OCH2CH2CH2CH3), 1.45 - 1.31 (2 H, m, C(0)OCH2CH2CH2CH3), 

0.93 (3 H, apt t, J = 7.4 Hz, C(0)OCH2CH2CH2CH3) ppm. 13C{'H} NMR (126 MHz, 

CDCI3) 6 171.13, 170.51, 169.73, 166.87 (COCH3, C-1), 71.75 (C-2), 70.78 (C-4), 

69.51 	(C-3), 	68.41 	(C-5), 65.94, 64.66 	(C-6, C(0)OCH2CH2CH2CH3) 30.39 

(C(0)OCH2CH2CH2CH3), 20.74, 20.54, 20.44 	(COCH3), 18.93 

(C(0)OCH2CH2CH2CH3), 13.61 (C(0)OCH2CH2CH2CH3) ppm. MS: (CI - NH3) m/z 

438 (M-FNH4, 100 %). Anal. Calcd. for C17H26011: C, 51.42 %; H, 6.71 %. Anal. 

Found: C, 51.33 %; H, 6.78 %. 
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Butyl 2,3,4,6-tetra-0-acetyl-D-gluconate [24] 

(0.09 g, 0.32 mmol, 67 % yield). TLC: decomposes on silica. [4,25 = +25.5° (c, 0.85, 

CHCI3). vmax(neat) 3508 cm-1  (OH), 1749 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 5 

5.69 (1 H, d, J = 8.0 Hz, H-2), 5.63 (1 H, t, J = 7.8 Hz, H-3), 5.02 (1 H, m, H-4), 4.50 - 

4.08 (4 H, m, H-5, H-5', C(0)OCH2CH2CH2CH3), 2.15 (3 H, s, COCH3), 2.14 (3 H, s, 

COCH3), 2.10 (3 H, s, COCH3), 1.67 - 1.60 (2 H, m, C(0)OCH2CH2CH2CH3), 1.31 - 

1.28 (2 H, m, C(0)OCH2CH2CH2CH3), 1.00 - 0.88 (3 H, m, C(0)OCH2CH2CH2CH3) 

ppm. 13C{11-1} NMR (126 MHz, CDCI3) 6 179.03, 169.76 (COCH3), 168.45 (C-1), 75.35 

(C-4), 72.91 (C-3), 70.42 (C-2), 69.28 (C-5), 61.17 (C(0)OCH2CH2CH2CH3), 30.20 

(C(0)OCH2CH2CH2CH3), 	20.51, 	20.57, 	20.67 	(COCH3), 	18.95 

(C(0)OCH2CH2CH2CH3) 14.06 (C(0)OCH2CH2CH2CH3) ppm. 

Butyl 2,3,4-tri-O-acetyl-L-arabinonate [25] 

(0.05 g, 0.14 mmol, 79 % yield). TLC: decomposes on silica. [4)25 = -20.0° (c, 0.30, 

CHCI3). vmax(neat) 3566 cm-1  (OH), 1749 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 5 

ppm 5.56 (1 H, d, J = 6.9 Hz, H-2), 5.45 (1 H, apt t, J = 6.8, 6.8 Hz, H-3), 4.54 (1 H, 

ddd, J = 6.8, 4.9, 2.9 Hz, H-4), 4.46 (1 H, dd, J = 12.6, 3.0 Hz, H-5), 4.26 (1 H, dd, J 

= 12.6, 5.0 Hz, H-5'), 4.22 - 4.09 (2 H, m, C(0)OCH2CH2CH2CH3), 2.17 (3 H, s, 

COCH3), 2.12 (3 H, s, COCH3), 2.10 (3 H, s, COCH3), 1.40 — 1.24 (4 H, m, 

C(0)OCH2CH2CH2CH3), 1.05 - 0.64 (3 H, m, C(0)OCH2CH2CH2CH3). 13C{1H} NMR 

(126 MHz, CDCI3) 6 170.28, 169.84, 169.48 (COCH3), 168.26 (C-1), 77.37 (C-4), 

72.63 	(C-3), 	72.06 	(C-2), 65.00 (C(0)OCH2CH2CH2CH3), 62.1 (C-5), 30.36 

(C(0)OCH2CH2CH2CH3), 20.75, 20.53, 	20.34 (COCH3), 18.96 

(C(0)OCH2CH2CH2CH3), 14.09 (C(0)OCH2CH2CH2CH3) ppm. MS: (CI - NH3) m/z 

366 (M+NH4, 20 %). 

Page 236 of 248 



Synthesis of Functionalised Biodegradable Polyesters 
PhD Thesis 
Chapter 7: Experimental Procedures 

Anita Haider 
Imperial College, London 

4-Hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-galactonate [26] 

(0.76 g, 1.11 mmol, 60 % yield). TLC: decomposes on silica. [a]D25  = ÷8.00°(c, 0.5, 

CHCI3). vmax(neat) 3519 cm-1  (OH), 1749 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 

5.78 (1 H, dd, J = 9.8, 2.0 Hz, H-2), 5.21-5.16 (1 H, m, H-3), 4.22 - 4.06 (4 H, m, H-4, 

H-5, H-6, H-6'), 4.03-3.82 (2 H, m, C(0)OCH2CH2CH2OH), 3.72-3.63 (2 H, m, 

C(0)OCH2CH2CH2OH), 2.18 (3 H, s, COCH3), 2.14 (3 H, s, COCH3), 2.13 (3 H, s, 

COCH3), 2.09 (3 H, s, COCH3), 1.81 - 1.68 (2 H, m, C(0)OCH2CH2CH2CH2OH), 1.32 

- 1.23 (2 H, m, C(0)OCH2CH2CH2CH2OH) ppm. 13C{1H} NMR (126 MHz, CDCI3) 6 

170.98 - 169.35 (COCH3), 168.03 (C-1), 69.709 (C-2), 68.531 (C-3), 68.21, 68.29, 

68.21, 	63.51 	(C-4, 	C-5, 	C-6, 	C-6'), 68.27 (C(0)OCH2CH2CH2CH2OH), 25.38 

(C(0)OCH2CH2CH2CH2OH), 	21.08 - 19.66 	(COCH3), 12.97 

(C(0)OCH2CH2CH2CH2OH) ppm. MS: (CI - NH3) m/z 454 (M+NH4, 100 %). Anal. 

Calcd. for C181128012 C, 49.54 %; H, 6.47 %. Anal. Found: C, 49.50 %; H, 6.57 %. 

4-Hydroxybutyl 2,3,4,6-tetra-O-acetyl-D-mannonate [27] 

(0.96 g, 2.20 mmol, 76 % yield). TLC: decomposes to lactone on silica. [a]D25  = 

+13.09°(c, 2.75, CHCI3). vmax(neat) 1761 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 

5.66 (1 H, dd, J = 8.6, 2.2 Hz, H-3), 5.27 (1 H, dd, J = 9.1, 2.1 Hz, H-4), 5.17 (1 H, d, 

J = 7.8 Hz, H-2), 4.29 - 4.07 (3 H, m, H-5, H-6, H-6'), 4.01 (2 H, m, 

C(0)OCH2CH2CH2CH2OH), 3.68 (2 H, m, C(0)OCH2CH2CH2CH2OH), 2.15 (3 H, s, 

COCH3), 2.13 (3 H, s, COCH3), 2.09 (6 H, 2 x s, COCH3), 1.75 (2 H, m, 

C(0)OCH2CH2CH2CH2OH), 1.27 (2 H, m, C(0)OCH2CH2CH2CH2OH) ppm. 13C{1H} 

NMR (126 MHz, CDCI3) 6 171-169 (COCH3, C-1), 66.44 (C-3), 69.55 (C-4), 69.55 (C-

2), 64.21, 62.87, 61.96 (C-5, C-6, C-6'), 64.65 (C(0)OCH2CH2CH2CH2OH), 61.96 

(C(0)OCH2CH2CH2CH2OH), 25.42 (C(0)OCH2CH2CH2CH2OH), 20.02 (COCH3), 

20.02 (COCH3), 20.48 (COCH3), 20.48 (COCH3), 13.78 (C(0)OCH2CH2CH2CH2OH), 
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ppm. MS: (CI - NH3) m/z: 454 (M+NH4, 29 %). Anal Calcd for C18H28012  C, 49.54 %; 

H, 6.47 %. Anal Found C, 49.68 %; H, 6.39 %. 

4-Hydroxybutyl 2,3,4,6-tetra-0-acetyl-D-gluconate [28] 

Reaction time: 2 h. (0.37 g, 0.89 mmol, 95 %). TLC Rf  0.43 — some decomposes to 

lactone on TLC plate (EtOAc:Hexane 1:1). [a]D25  = + 45.2 ° (c, 1.15, CHCI3). 

Vmax( neat) 3485 cm-1  (OH), 1738 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 5.74 (1 H, 

m, H-2), 5.29 (1 H, m, H-3), 5.20 (1 H, dd, J = 8.3, 3.6 Hz, H-4), 4.22 - 4.12 (6 H, m, J 

= 14.3, 7.2 Hz, C(0)OCH2CH2CH2CH2OH, H-6), 3.84(1 H, m, H-5), 3.01 (1 H, d, J = 5 

Hz, OH), 2.16 (3 H, s, COCH3), 2.14 (3 H, s, COCH3), 2.10 (6 H, s, 2xCOCH3), 1.27 

(4 H, m, C(0)OCH2CH2CH2CH2OH) ppm. 13C{1H} NMR (126 MHz, CDCI3) 5 171.15, 

170.58, 169.76, 166.76 (COCH3, C-1), 71.81 (C-3), 70.56 (C-4), 69.50 (C-2), 68.41 

(C-5), 64.65, 62.16 (C(0)OCH2CH2CH2CH2OH, C-6), 20.78, 20.58, 20.47 (COCH3), 

14.00 (C(0)OCH2CH2CH2CH2OH) ppm. MS: (CI - NH3) m/z 454 (M+NH4, 25 %). 

Anal Calcd. for C18H28012: C, 49.54 %; H, 6.47 %. Anal Found: C, 49.62 %; H, 6.38 

0/0.  

4-Hydroxybutyl 2,3,4-tri-0-acetyl-D-xylononate [29] 

(0.87 g, 2.34 mmol, 73 % yield). TLC: decomposes on silica gel. [c]D25  = +22.2° (c, 

0.45, CHCI3). vmax(neat) 1749 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 5 5.70 (1 H, d, 

J = 8.0 Hz, H-2), 5.64 (1 H, m H-3), 5.02 (1 H, m, H-4), 4.40 (1 H, dd, J = 12.8, 2.9 

Hz, H-5), 4.28 (1 H, dd, J = 12.8, 3.0 Hz, H-5'), 4.17 - 4.07 (4 H, m, 

C(0)OCH2CH2CH2CH2OH), 3.08 (1 H, d, J = 7.5 Hz, OH), 2.20 (3 H, s, COCH3), 2.15 

(3 H, s, COCH3), 2.13 (3 H, s, COCH3), 1.78 - 1.70 (2 H, m, 

C(0)OCH2CH2CH2CH2OH), 1.35 - 1.25 (2 H, m, C(0)OCH2CH2CH2CH2OH) ppm. 

13C{1H} NMR (126 MHz, CDCI3) 6 170 - 169 (COCH3), 168.45 (C-1), 70.44 (C-2), 

72.48 (C-3), 75.53 (C-4), 62.82 (C(0)OCH2CH2CH2CH2OH), 60.27 (C-5), 25.72 
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(C(0)OCH2CH2CH2CH2OH), 20.64 (COCH3), 13.01 (C(0)OCH2CH2CH2CH2OH) ppm. 

MS: (CI - NH3) m/z 382 (M+NH4, 15 %). Anal. Calcd for C15H24010  C, 49.45 %; H, 

6.64 %. Anal Found C, 49.34 %; H, 6.48 %. 

4-Hydroxybutyl 2,3,4,6-tri-O-acetyl-L-arabinonate [30] 

(0.52 g, 1.42 mmol, 39 % yield). TLC: decomposes on silica. [a]D25  = -16.36° (c, 1.1, 

CHCI3). vmax(neat)  3519 cm-1  (br, OH), 1749 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 

5.57 (1 H, d, J = 6.9 Hz, H-2), 5.45 (1 H, t, J = 6.8 Hz, H-3), 4.55 (1 H, ddd, J = 6.6, 

4.9, 2.9 Hz, H-4), 4.47 (1 H, dd, J = 12.6, 2.9 Hz, H-5), 4.27 (1 H, dd, J = 12.6, 4.9 

Hz, H-5'), 4.23 - 4.10 (4 H, m, C(0)OCH2CH2CH2CH2OH), 2.18 (3 H, s, COCH3), 2.12 

(3 H, s, COCH3), 2.11 (3 H, s, COCH3), 1.31 - 1.23 (4 H, m, 

C(0)OCH2CH2CH2CH2OH) ppm. 13C{1H} NMR (126 MHz, CDCI3) 6 170.31, 169.84 

169.52 (COCH3), 168.27 (C-1), 72.00 (C-2), 72.56 (C-3), 77.43 (C-4), 62.11 (C-5), 

64.88 (C(0)OCH2CH2CH2CH2OH), 29.65 (C(0)OCH2CH2CH2CH2OH), 20.6, 21.55, 

21.08 (COCH3), 14.39 (C(0)OCH2CH2CH2CH2OH) ppm. MS: (CI - NH3) m/z 382 

(M+NH4, 20 %). Anal Calcd for C18H28011  C, 51.42 %; H, 6.71 %. Anal Found C, 

45.03 %; H, 6.03 %. 

7.3.7. General polycondensation procedure 

All reagents and reactants were dried prior to use and dissolved in dry CH2Cl2. A 

solution of the acid chloride (1 eq.) and NEt3  (2 eq.) was added dropwise to the 

aldaric ester. After 20 h the reaction was quenched by washing with HCI (aq) and 

water. The organic layer was dried (MgSO4) and concentrated to yield the polyer as a 

solid (average 90 % yield.) The crude polymer was analysed by SEC and NMR. It 

was subsequently re-precipitated from CH2Cl2-hexane but this failed to isolate the 

high molecular weight species. 
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7.3.8. General ring opening polymerisation procedure 

LZnEt [35] was kindly prepared by and received from Min Tang. It was prepared 

according to the literature.<Williams, 2003 #177> 

To a solution of LZnEt [35] (1.0 mL of 0.007 M solution in CH2Cl2  or CHCI3, 7.00 

pmol, 1 eq.) the aldaric ester or oligoester (0.44 mL of 0.016 M solution in CH2Cl2  or 

CHCI3, 7.00 pmol„ 1 equiv) was added lactide (known volume of 0.7 M solution in 

CH2Cl2  or CHCI3  depending on the desired chain length). Aliquots were taken at 

regular intervals, quenched with hexane, and dried in vacuo where the oligoesters 

was used. Experiments conducted with the monoesters were carried out in a Young's 

tap NMR tube and monomer conversion was monitored by 1H NMR. Monomer 

conversion was determined from the crude copolymer sample using 1H NMR. The 

copolymer was then isolated by repeated precipitation from CH2Cl2-hexane (isolated 

yield = 90%) and was analyzed by SEC and MALDI. 

Characterisation of [34]:'H NMR (500 MHz, CDCI3) 6 5.66 — 5.34 (6 H, m, CH), 5.21 

— 5.18 (44 H, q, CH(CH3)O), 5.00 — 4.97 (1 H, m, CH(CH3)O), 4.62 — 4.11 (20 H, m, 

CH, CH2), 2.14 — 2.08 (36 H, m, OCH3), 1.61 — 1.55 (127 H, d, CH(CH3)O), 1.53 — 

1.45 (10 H, m, CH2CH2). 

7.3.9. General Sn(II)Oct2  oligomerisation procedure 

The lactone (3.00 g) was charged to an oven-dried flask with a magnetic stirrer and 

dried in vacuo for 2 h. Sn(II)Oct2  (1 equiv) and 1,4-butanediol (2 equiv) were added 

and the reaction mixture was stirred at 80 °C for up to 7 days. Aliquots were taken 

regularly and analysed by 1H NMR. To isolate the oligomer [33], the reaction was 

quenched at the end of 8 h by dissolving in CH2Cl2  and excess hexane to precipitate 

the product. It was subsequently purified by column chromatography (neutral 
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alumina, CHCI3  followed by Me0H) to yield the product as a white solid (1.00 g, 

30%). Characterisation for [33]: vim), (neat, cm-1): 3472 (OH), 2950 (CH, CH2, CH3), 

1744 (CO), 1436 (CH3), 1371 (CH3), 1222 (COC), 1046 (CH2, CCH3), 905 (COO). 1H 

NMR (500 MHz, CDCI3) 5 5.70 — 4.85 (3 H, m, H-2, H-3, H-4), 4.46 — 4.07 (6 H, m, 

H-6, C(0)OCH2CH2CH2CH2OH), 4.06 — 3.65 (1 H, m, H-5), 2.17 — 1.95 (15 H, m, 

OC(0)CH3), 1.73 —1.53 (4 H, m, C(0)OCH2CH2CH2CH2OH) ppm. 13C{1H} NMR (500 

MHz, CDCI3) 6 171.82 — 167.53 (C(0)O), 73.23 — 67.96 (C-2, C-3, C-4, C-5), 65.78 — 

61.47 (C-6, C(0)OCH2CH2CH2CH2OH) 29.66 — 24.93 (C(0)OCH2CH2CH2CH2OH), 

20.85 — 20.30 (CH3). MALDI (dithranol, THF, NaOTf) 1151 (3 + Na)+. SEC (THF, 

Polystyrene standards) 626, 946 and 1472. 

7.3.10. Degradation protocol 

The polymer sample (20 mg) which had previously been dried in vacuo was 

dissolved in CHCI3  to form a 3 mg/mL solution. To this was added 

TFA(aq.)/CHCI3  (2 % v/v) (0.1 mL per mL of polymer solution). Aliquots were 

taken on a daily basis and analysed by GPC (CHCI3, polystyrene standards). 

7.3.11. Functionalised 1,4-lactones 

After prolonged exposure to the reaction conditions described in 7.3.9, 1,4-lactones 

were isolated by reprecipitation from CH2Cl2-hexane. 

2,3,4,6-Tetra-0-acetyl-D-galactono-1,4-lactone [16] 

Vmax(neat) ca. 1810 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 ppm 5.60 (1 H, d, J = 

7.2 Hz, H-2), 5.42 (1 H, dd, J = 7.0 Hz, H-3), 5.33 (1 H, m, H-5), 4.58 (1 H, dd, J = 

6.9, 2.9 Hz, H-4), 4.33 (1 H, dd, J = 11.7, 5.4 Hz, H-6), 4.24 (1 H, dd, J = 11.7, 6.5 
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Hz, H-6), 2.18 (3 H, s, COCH3), 2.12 (3 H, s, COCH3), 2.12 (3 H, s, COCH3), 2.08 (3 

H, s, COCH3) ppm. 13C{1H} NMR (126 MHz, CDCI3) 6 170 - 169 (COCH3); 167.98 (C- 

1); 77.40 (C-4); 77.23 (C-3); 71.94 (C-2); 68.25 (C-5); 61.62 (C-6); 21 - 20 (COCH3) 

ppm. MS (CI, ammonia): m/z (%) 364 (100 %, M+NI-14). 

2,3,4,6-Tetra-0-acetyl-D-mannono-1,4-lactone [17] 

Vmax(neat) ca. 1810 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 ppm 5.75 (1 H, dd, J = 

4.9, 3.0 Hz, H-3), 5.70 (1 H, d, J = 4.9 Hz, H-2), 5.35 (1 H, ddd, 9.5, 4.0, 2.3 Hz, H-5), 

4.75 (1 H, dd, J = 3.0, 9.5 Hz, H-4), 4.63 (1 H, dd, J = 12.6, 2.3 Hz, H-6), 4.16 (1 H, 

dd, J = 12.6, 4.1 Hz, H-6), 2.2 - 2.1 (12 H, 4 x s, 4 x COCH3) ppm. 13C{1H} NMR (126 

MHz, CDCI3) 6 170 - 169 (COCH3); 170.32 (C-1); 74.69 (C-4); 68.28 (C-3); 67.95 (C- 

2); 66.70 (C-5); 61.92 (C-6); 21 - 20 (COCH3) ppm. MS (CI, ammonia): m/z (%) 364 

(100 %, M+NI-14). 

2,3,4,6-Tetra-0-acetyl-D-glucono-1,4-lactone [18] 

Vmax(neat) ca. 1810 cm-1  (C=0). 1H NMR (400 MHz, CDCI3) 6 ppm 5.65 (1 H, dd, J = 

3.4, 5.6 Hz, H-3), 5.25 (1 H, d, J = 3.3 Hz, H-2), 5.40 - 5.35 (1 H, m, H-5), 4.98 (1 H, 

dd, J = 5.8, 8.0 Hz, H-4), 4.60 (1 H, dd, J = 12.4, 3.1 Hz, H-6), 4.18 (1 H, dd, J 

12.4, 4.9 Hz, H-6), 2.2 - 2.1 (12 H, 4 x s, 4 x COCH3) ppm. 13C{1H} NMR (126 MHz, 

CDCI3) 6 170 - 169 (COCH3); 170.40 (C-1); 76.694(C-4); 72.01 (C-2); 70.98 (C-3); 

67.53 (C-5); 62.13 (C-6); 21 - 20 (COCH3) ppm. MS (CI, ammonia): m/z (%) 364 (100 

%, MARI). 
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Tacticity in PLA1  

Tacticity in PLA was determined using homonuclear decoupled 1H NMR as described 

by Coates et aLl  This was carried out by analysis of the methyne region of the 

polymer's homonuclear decoupled 1H NMR. This region shows 5 tetrads whose 

intensities are related to the probability of a syndiotactic enchainment (Ps) and that of 

an isotactic enchainment (P,). An example of such an NMR is given in Figure App.1 

iii 

isi 

Hs/ 	 Hs/ 
sis 	iii 	 sii 

-7-- 	 I 	' 
ppm 5.200 	 5.150 

	
5.100 

Figure App.1 - Homonuclear decoupled 1H NMR spectrum of poly(lactide) 

initiated by [23] (methyne region, CDCI3, 400 MHz) 

The first indication that tacticity control was not observed is the presence of 5 tetrad 

sequences in this NMR. The relationship between these intensities and probabilities 

is given in Table App. 1. 
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Table App. 1 - rac- Lactide tetrad probabilities based on Bernoullian statistics' 

Tetrad Probability 

[iii] Pi2  + 13,13/2  

[iis] 13,13,/2 

[sii] P,P12 

[sis] P52/2  

[isi] (P52  + Ps13)/2 

P, = probability of a syndiotactic linkage between 
monomer units 
• = probability of an isotactic linkage between 
monomer units 
• P; = 1 

Given that Ps  + P, = 1, the probability associated with the [sis] tetrad 

can be rearranged to; Ps  =V2[sis] . P. was hence determined by 

normalising the methyne region of the spectrum in Figure App.1 and 

evaluating the intensity associated with the [sis] tetrad. This tetrad was 

chosen as it is clearly defined in the spectrum. However, this 

procedure could be applied to the other tetrads. The magnitude of the 

either Pc  or Pi  indicates the bias towards syndiotactic and isotactic 

enchainment respectively. A probability of 0.5, which was observed in 

this research, suggests that tacticity was controlled. 

Page 246 of 248 



Synthesis of Functionalised Biodegradable Polyesters 
PhD Thesis 
Appendix 

Anita Haider 
Imperial College, London 

Publications arisen from the work described in this thesis 

a) Haider, A. F.; Williams, C. K., J. Polym Sci Part A: Polym Chem 2008, 46, (8), 

2891-2896. 

b) Haider, A. F.; Williams, C. K., J. Carb. Chem. 2007, 26, (7-9), 411-418. 

c) Tang, M.; Haider, A. F.; Minelli, C.; Stevens, M. M.; Williams, C. K., J. Polym 

Sci Part A: Polym Chem 2008, 46, (13), 4352-4362. 
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INTRODUCTION 

The use of biomass as a feedstock material for poly-
mer synthesis is attracting attention because of con-
cerns associated with the cost, supply, environmental 
footprint, and biocompatibility of petrochemicals.1  
One of the most successful bio-derived polymers is 
polylactide, a degradable polyester manufactured 
from corn or sugar beet on a large scale in United 
States and on a smaller scale elsewhere.2  It is applied 
as a degradable and renewable material in packaging, 
tissue engineering matrices, drug delivery excipients 
and implants. A significant limitation of PLA is its 
lack of chemical functionality and its hydrophobicity, 
which results in slow degradation.3  We are investigat-
ing methods to increase its hydrophilicity and/or syn-
thesize new functionalized aliphatic polyesters from 
renewable resources. Therefore, carbohydrates are 
attractive as they are highly functionalized renewable 
monomers. Carbohydrates are also abundant being 
the major constituent of terrestrial biomass and rela-
tively inexpensive, illustrated by D-glucose production 
at 5 million metric tonnes per annum and a cost of 
$0.76 kg-1  which compares with methyl methacrylate 
production at 2.1 million tonnes per annum and a cost 
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of $1.32 kg-1.4  Previously carbohydrate derived poly-
esters have been synthesized by condensation poly-
merizations of alditols and/or aldaric acids using 
lipase catalysis or protected alditols and activated 
aldaric esters or acyl chlorides.5-9  The ring opening 
polymerization of carbohydrate functionalized lac-
tones has been limited to 1,4-dioxane-2,5-diones 
substituted at position 3 with protected D-gluconic 
acids, tetra-O-methy-n-glucono-1,6-lactone, and cyclic 
carbonate monomers derived from n-xylose.1°-12  Fur-
thermore, the lactone syntheses are lengthy and of 
moderate yield. Carbohydrate 1,5-lactones, on the 
other hand, are synthesized in quantitative yield by 
the oxidation of glycosides and are attractive mono-
mers which have received very little attention. The 
only reports are restricted to an observation by 
Haworth and Drew, in 1927, that tri-O-methyl-D-ara-
bonolactone solidified to a crystalline "polymeride" in 
the presence of acid, and a patent from Minami and 
Shinya, at Canon in 2002, claiming the polymeriza-
tion of D-glucono-1,5-lactones.13,14  In both reports 
the experimental details and characterization are 
extremely limited. 

EXPERIMENTAL 

Methods 

[R,S]-Lactide was donated by Purac Plc, it was purified 
by recrystalization from hot toluene followed by 
repeated sublimations in vacuo (3 times). Stannous oc-
tanoate, Sn(Oct)2, and 1,4-butanediol were purchased 
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from Aldrich and used as received. Tetra-0-acetyl-n-
glucono-1,5-lactone was prepared according to the lit-
erature and used without further purification.15  The 
zinc ethyl complex (LZnEt, L = 2,4-di-tert-buty1-6-{[(2t-
dimethylaminoethypmethyl amino]methyll phenolate , 
Fig. S1) was prepared and used according to the litera-
ture.16  Methylene chloride was dried by distillation 
from calcium hydride. Glassware used for polymeriza-
tions was treated with a silanizing agent (Me2SiC12  in 
CH2C12, 1 M) and dried for 4 h before use. All manipu-
lations were carried out using standard anaerobic 
techniques under a dry nitrogen atmosphere or in an 
MBraun nitrogen filled glove box. 

Measurements 

NMR spectra collected at 400 MHz were performed 
on a Bruker AV400 instrument. NMR spectra col-
lected at 500 MHz, as well as 13C(111) NMR, were car-
ried out on a Bruker AV500 instrument. CDC13  was 
used as the NMR solvent and reference compound. 
The GPC measurements were performed on a Poly-
mer labs GPC 60 instrument with two Polymer labo-
ratories mixed D columns and using CHC13  or THF, 
at a flow rate of 1 mL min-1, as the eluent. Narrow 
molecular weight polystyrene standards were used to 
calibrate the instrument and a correction factor of 
0.58 was applied to the Mn  according to the litera-
ture.17  The MALDI-TOF mass spectrometry was per-
formed with a Micromass MALDI micro MX mass 
spectrometer equipped with a UV (337 nm) laser. All 
mass spectra recorded in linear mode. An average of 
40 spectra was collected from random positions on the 
target, each spectrum averaged from 10 laser shots. 
1.2 µL of a mixture of the matrix (dithranol, 30 mg/mL 
in THF), cationizing agent (NaCO2CF3, 10 mg/mL in 
THF), and the sample (-10 mg/mL in CH2C12) in the 
ratio 3:1:1, respectively, was applied to the target and 
air-dried immediately before use. 

Oligomer/Polymer Syntheses 

4-Hydroxybutyl 2,3,4,6-tetra-0-acetyl-o-gluconate 1 

1,4-Butanediol (0.90 mL of a 1.0 M solution in 
CHC13), 0.90 mmol, 1.0 equiv) was diluted in CHC13  
(15 mL), and p-toluenesulfonic acid monohydrate 
(0.02 g, 0.09 mmol, 0.1 equiv) was added and stirred 
for 15 min. Tetra-0-acetyl-n-glucono-1,5-lactone (0.30 
g, 0.88 mmol, 1.0 equiv) was then added and the solu-
tion stirred for 3 h. It was neutralized (IRA 400, 
HCO3form) and concentrated to yield the title com-
pound as a colorless syrup (0.37 g, 0.89 mmol, 95%). 

TLC Rf 0.43 (EtOAc:Hexane 1:1). [x]R = + 45.2 ° (c, 
1.15, CHC13). vmax(neat) 3485 cm-1  (OH), 1738 cm-1  
(C=0). 1H NMR (400 MHz, CDC13) 6 5.74 (1 H, m, H- 
3), 5.29 (1 H, m, H-2), 5.20 (1 H, dd, J = 8.3, 3.6 Hz, H- 
4), 4.22-4.12 (6 H, m, J = 14.3, 7.2 Hz, C(0) 
OCH2CH2CH2CH2OH, H-6), 3.84 (1 H, m, H-5), 3.01 
(1 H, d, J = 5 Hz, OH), 2.16 (3 H, s, COCH3), 2.14  

(3 H, s, COCH3), 2.10 (6 H, s, 2 x COCH3), 1.27 (4 H, 
m, C(0)OCH2CH2CH2CH2OH) ppm. 13C{1H} NMR 
(126 MHz, CDC13) 6 171.15, 170.58, 169.76, 166.76 
(COCH3, C-1), 71.81 (C-2), 70.56 (C-4), 69.50 (C-3), 
68.41 (C-5), 64.65, 62.16 (C(0)OCH2CH2CH2CH2OH, 
C-6), 20.78, 20.58, 20.47 (COCH3), 14.00 (C(0)OCH2  
CH2CH2CH2OH) ppm. MS: (CI-NH3) m/z: 454 
(M+NH4, 25%). Anal Calcd. for C18H28012: C, 49.54%; 
H, 6.47%. Anal Found: C, 49.62%; H, 6.38%. 

cz-4-Hydroxybutyl-co-hydroxyl-oligo(2,3,4,6-tetra-
0-acetyl-o-gluconate) 1,2,3 

Tetra-0-acetyl-n-glucono-1,5-lactone (3.00 g, 8.70 
mmol, 6 equiv) was charged to an oven-dried flask 
with a magnetic stirrer and dried in vacuo for 2 h. 
Sn(Oct)2  (0.50 mL, 1.50 mmol, 1 equiv) and 1,4-buta-
nediol (0.30 mL, 3.40 mmol, 2 equiv) were added and 
the reaction mixture was stirred at 80 °C for 8 h. The 
resulting oligomer was dissolved in CH2C12  and 
excess hexane was used to precipitate the product. It 
was subsequently purified by column chromatography 
(neutral alumina, CHC13  followed by Me0H) to yield 
the product as a white solid (1.00 g, 30%). 

vma. (neat, cm-1): 3472 (OH), 2950 (CH, CH2, CH3), 
1744 (CO), 1436 (CH3), 1371 (C113), 1222 (COC), 1046 
(CH2, CCH3), 905 (COO). 1H NMR (500 MHz, CDC13) 6 
ppm 5.70-4.85 (3H, m, H-2, H-3, H-4), 4.46-4.07 (6H, 
m, H-6, C(0)OCH2CH2CH2CH2OH), 4.06-3.65 (1H, m, 
H-5), 2.17-1.95 (15 H, m, OC(0)CH3), 1.73-1.53 (4H, 
m, C(0)OCH2CH2CH2CH2OH). "COIL NMR (500 
MHz, CDC13) 6 ppm 171.82-167.53 (C(0)O), 73.23-
67.96 (C-2, C-3, C-4, C-5), 65.78-61.47 (C-6, 
C(0)OCH2CH2CH2CH2OH) 29.66-24.93 (C(0)OCH2  
CH2CH2CH2OH), 20.85-20.30 (CH3). MALDI (di-
thranol, THF, Na0Tf) 1151 (3 + Na). SEC (THF, Poly-
styrene standards) 626, 946 and 1472. 

a-Hydroxyl-w-hydroxyl polylactide-block-oligo(2,3,4,6-
tetra-0-acetyl-o-gluconate)-block-potylactide 

To a solution of LZnEt (1.0 mL of 0.007 M solution in 
CH2C12, 7.00 pmol, 1 equiv) and a-4-hydroxybutyl-co- 
hydroxyl-oligo(2,3,4,6-tetra-0-acetyl-n-gluconate) (0.44 
mL of 0.016 M solution in CH2C12, 7.00 pmol, 1 equiv), 
was added [R,S]-lactide (0.25 mL of 0.7 M solution in 
CH2C12, 0.35 mmol, 25 equiv). Aliquots were taken at 
regular intervals, quenched with hexane, and dried 
in uacuo. Monomer conversion was determined from 
the crude copolymer sample using 1H NMR (see Fig. 
S6). The copolymer was then isolated by repeated pre-
cipitation from CH2C12-hexane (isolated yield = 90%) 
and was analyzed by SEC (Fig. S7) and MALDI. The 
representative 1H NMR spectrum for an initiator:mo-
nomer ratio of 1:25 at 97% conversion is presented. By 
1H NMR the degree of polymerization was 23, in good 
agreement with the expected value. 

1H NMR (500 MHz, CDC13) 6 ppm: 5.66-5.34 (6H, 
m, CH), 5.21-5.18 (44H, q, CH(CH3)O), 5.00-4.97 
(1H, m, CH(CH3)0), 4.62-4.11 (20H, m, CH, CH2), 
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Scheme 1. Synthesis of a novel oligoester (1, 2, 3) 
and copolyesters from tetra-0-acetyl-u-gluconolactone, 
(1). Reagents and conditions: (i) TsOH, 1,4-butanediol, 
r.t, 3 h, 95%. (ii) Sn(Oct)2  (0.17 equiv), 1,4-butanediol 
(0.3 equiv), neat, 80 °C, 8 h, 80%. 

2.14-2.08 (36H, m, OCH3), 1.61-1.55 (127H, d, 
CH(CH3)O), 1.53-1.45 (10H, m, CH2CH2). 

RESULTS AND DISCUSSION 

Ring Opening of Tetra-0-acetyl-o-glucono-1,5-lactone 

The ring opening of a carbohydrate derived 1,5-lactone 
with 1,4-butanediol yielded either a well-defined mono 
aldaric ester (1) or an oligomer comprising mono-, di-, 
and tri aldaric ester groups (1, 2, 3), depending on the 
reaction conditions (Scheme 1). These novel aldaric 
esters were used as bifunctional initiators for con-
trolled lactide polymerization (Scheme 2). 

The lactone monomer, tetra-0-acetyl-n-glucono-1,5-
lactone, was synthesized in a single step by the acety-
lation of commercially available n-glucono-1,5-lactone 
and isolated in 90% yield as a sticky oil with good ana-
lytical purity.15  The ring opening of carbohydrate 1,5-
lactones with alcohols have scarcely been examined.15  
Therefore, we investigated the stoichiometric reaction 
between the lactone and acidified 1,4-butanediol which 
yielded a novel aldaric ester, 4-hydroxybutyl 2,3,4,6-
tetra-O-acetyl-n-gluconate, 1 isolated in 95% yield. Its 
1H and 13C{1H} NMR spectra (Figs. S2, S3) confirmed 
the structure, the integrals for the backbone carbohy- 

Figure 1. SEC signals and MALDI mass spectrum 
for 2. The SEC was determined using THE as the elu-
ent and calibrated using narrow Mn  polystyrene 
standards. In the SEC trace the peaks are labeled 
with the Mn  (vs. polystyrene)—that is, 1472, 946, and 
626, respectively. The MALDI mass spectrum was 
determined using a dithranol matrix dissolved in 
THE with NaOTf as the cationizing agent. 

drate protons, at 5.70, 5.29, 5.20 ppm, versus 
the methylene protons of the end group, at 4.18 and 
1.27 ppm, respectively, were as expected for ring open-
ing occurring at only one of the two 1,4-butanediol 
hydroxyl groups. Further confirmation of the structure 
was provided by the mass spectrum and the elemental 
analysis results which matched the calculated values. 

Having established that the lactone could be 
opened by stoichiometric reaction with an alcohol, we 
next investigated whether it could be oligomerized/ 
polymerized by a metal alkoxide initiator. Stannous 
octanoate (Sn(Oct)2) and alcohol, including diol, ini-
tiating systems have been widely studied for polymer-
ization of other lactones, for example, lactide or s-cap-
rolactone, and are attractive due to their tolerance of 
functionality, high activity, and ease of use.18  Tetra-0-
acetyl-n-gluconolactone reacted with 1,4-butanediol 
and Sn(Oct)2, at 80 °C, to produce a low Mn  oligoester, 
in 8 h. The oligoester was isolated by column chroma-
tography, which removed the initiator residues but 
resulted in some decomposition, in 30% yield. The 
oligoester comprised a mixture of compound 1 and 
dialdaric ester, 2, and trialdaric ester, 3 as established 

n= 0,1,2 
m = 25, 50,100, 200 

Scheme 2. The oligoester as a macroinitiator for [R,S]-lactide polymerization. 
Reagents and conditions: m [R,S]-lactide, LZnEt (L = 2,4-di-tert-buty1-6-{[(2'-dimethyl-
aminoethyl)methylaminc]methyllphenolate, Figure S1 illustrates the structure of 
LZnEt), CH2C12, room temperature, 20 h. 
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Figure 2. 1H NMR spectrum of the oligoester (1, 2, 3). 

by SEC (Scheme 1, Fig. 1). The SEC showed signals 
for 1, 2, and 3 corresponding to M r, (vs. polystyrene) 
of 1472, 946, and 626 (Fig. 1). The MALDI mass spec-
trum showed a single peak consistent with a sodium 
cationized trimer, [3+Na1, at 1151 (Fig. 1). There was 
no evidence for formation of cyclic lactones, carboxylic 
acid terminated chains, or octanoic ester end 
groups—highlighting the utility of this novel reaction 
for selective oligoester synthesis. 

The oligomerization was also monitored by 1H NMR 
spectroscopy, where loss of the well resolved signals 
due to 1 and the growth of broadened resonances were 
observed. The reaction was judged to have gone to 
completion when the signal due to the H-3 protons at 
5.44 ppm in 1 disappeared. The 1H NMR spectrum of 
the oligomer (Fig. 2) showed multiplets for the carbo- 

hydrate methyne protons (H-2, H-3, H-4) at 5.70-4.94 
ppm and 3.64 ppm (H-5). The methylene groups, H-6, 
and the butanediyl protons attached to ester and 
hydroxyl groups, gave a multiplet between 4.38 and 
4.17 ppm. The acetyl methyl groups showed multiple 
peaks between 2.15 and 2.04 ppm and the butanediyl 
methylene groups resonated at 1.72-1.53 ppm. 
Although the hydroxyl end groups were not clearly 
observed, the broadened peak at 3.14 ppm is tenta-
tively assigned to a hydroxyl moiety. The 13C(1111 NMR 
spectrum (Fig. S4) showed multiple peaks but in the 
correct regions for a mixture of compound 1, 2, and 3. 

The IR spectrum of the oligoester (Fig. S5) showed 
a resonance at 1744 cm-1  for the carbonyl groups 
which was at a lower frequency than the carbonyl res-
onances of tetra-O-acetyl-b-glucono-1,5-lactone at 

Table 1. Copolyesters Produced Using the Macroinitiator 2 for Lactide Polymerization 

Degree of 
Polymerization (DP)a Mn  Calc.b  Mn NMRc  Mn  SECd  (PDI) 

16 2,700 2,900 2,200 (1.08) 
29 4,600 4,000 2,500 (1.16) 
71 11,000 8,600 7,800 (1.22) 

104 15,400 15,800 13,600 (1.06) 
165 24,200 18,800 26,000 (1.05) 

'Determined by normalization of the integrals for the CH resonances in lactide (5.00 ppm) 
and polylactide (5.20 ppm). 

bMr, calc = (144 x DP) + 436. 
`Determined by integration of the CH signal in polylactide (5.20 ppm) versus the acetyl sig- 

nal in the oligoester (2.10 ppm). 
dDetermined by SEC, using polystyrene standards to calibrate the instrument and with a 

correction factor of 0.58.16  

Journal of Polymer Science: Part A: Polymer Chemistry 
DOI 10.1002/pola 



2.5 

3" 

— y aciessis. 0.0065728x R. 0,99849 

0.5 

100 	200 	300 	400 	500 	603 

270r 

12gr "'tiny 30511* 
2124" 00 31W 

(11) 
(10) 

30,11
03

3— 
3211"

347.1211 3432* 

	

! 	4221 

	

211-W.• (1 
	

". 
3) 	7141.. (17) 

	340.2—i 	any 
os) 

,111) 	
1,414.. 1 	(23) 

31110'• 	724) 
(11"  (S6) 	(r) 3130.I 

' 1 1 1 11 " 

, I 	1r "I:1r 	"""(rn 

	

!'i 	,• 	1! 
k 	!CI 1 	""' I` 

1110 	30* 	3230 	 3710 	rIV2 

Ise % 	2023.  
(13) 

;
; 

(14) 	
2.011" 
(16) 

2.314'•• nor» 
($0) 	tit) 

1 	i! 
0% 	I  t I  

2100 

0 .1t 
4000 
	

int 

2098 
1943 2232 

145 	
1799 	2176  

237 1655 

a 
t, 50 
.g 

100% 

NOTE 2895 

Time/min 

Figure 3. Plot of ln{[LA]o/[LAJd versus time for the 
polymerization of lactide. Polymerization conditions: 
[LA]0  = 0.7 M, [oligoester]o  = 0.028 M, CD2C12, room 
temperature. 

1760 cm-1, consistent with a slight reduction in ring 
strain. In addition, there was a very broadened reso-
nance at 3472 cm-1  assigned to the hydroxyl end 
groups and an increase in the intensity of the reso-
nance at 2950 cm-1  because of the methylene groups 
in the 1,4-butanediol end group. 

The loading of Sn(Oct)2  and 1,4-butanediol was an 
important factor; a loading of 3:1:0.5 for lactone:1,4-
butanediol:Sn(Oct)2  yielded quantitative conversion to  

the series of oligomers. The use of lower diol and 
metal loadings led to the same product distributions, 
as determined by SEC, but in reduced yield with sig-
nificant quantities of 1 being unreacted. The chain 
length is presumably limited by the four acetyl groups 
attached to the backbone, which stabilize the ring 
conformation.19  The reaction mechanism could be ei-
ther a coordination-insertion ring-opening oligomeri-
zation or a Sn(Oct)2  catalyzed transesterification.2°  
Other common ring-opening polymerization initiators 
of increased Lewis acidity, for example, Al(013r)3  and 
a well defined zinc alkoxide complex, LZnOEt (Fig. 
S1), did not open the lactone but rather catalyzed the 
formation of a known a,/3-unsaturated lactone.21  

Lactide Polymerization 

The novel esters 1, 2, 3 were interesting products in 
their own right but the two hydroxyl end groups were 
also used as macroinitiators for [R,S]-lactide polymer-
ization (Scheme 2). 

The copolymerization with [R,S]-lactide was investi-
gated using an alkyl zinc initiator (LZnEt, Fig. S1) that 
had previously shown good precedence for high activity 
and control for lactide polymerization using ethanol or 
benzyl alcohol.16  Thus, the oligoester (1, 2, 3) was 
added to a solution of LZnEt and [R,S]-lactide and ali-
quots were regularly withdrawn to monitor the reac-
tion's conversion and the polymer's M. The oligoesters 
were successful macroinitiators and enabled the syn-
thesis of triblock ABA copolymers comprising lactide 

Figure 4. MALDI spectrum of the copolyester 2 with a loading of monomer:macro-
initiator of 25:1. The peaks corresponding to monoester, diester, and triester end 
groups are marked with *, **, and ***, respectively, and for each series the degrees 
of polymerization are shown in parentheses. 
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blocks of chain length from 12 to 250 repeat units and 
oligoester blocks of up to three repeat units. The copoly- 
mers' Mn  were determined by SEC (vs. polystyrene 
standards) and by end group analysis from the 1H 
NMR spectrum (Table 1, Fig. S6). Integration of the 
polylactide methyne protons' signal at 5.20 ppm versus 
the oligomer acetyl methyls' signal at 2.07 ppm pro-
vided an estimation of the Mn. The Mn from NMR, 
SEC, and the calculated Mn  from the DP were in excel-
lent agreement, thus for a DP of 16, the Mr, determined 
by 1H NMR was 2900, by SEC was 2200, and the calcu-
lated value was of 2700. The polymerization was, there-
fore, well controlled, further reinforced by the narrow 
PDI values (1.05-1.22) for the copolymers. 

The polymerization kinetics were monitored in situ 
by 1H NMR spectroscopy and the plot of lni[LA]o/ 
[LA]t) is shown in Figure 3. The plot shows a linear 
fit, consistent with a well-controlled polymerization. 
The pseudo first order rate constant, ham  (the gradi-
ent of the linear fit) is 6.57 X 10-3  min-1  which com-
pares well with other lactide polymerization initia-
tors.16'18  There is an initiation time of -14 min; it is 
proposed that this is required for the zinc alkoxide 
initiator to form by the reaction between the oli-
goester hydroxyl groups and LZnEt. The initiation 
was studied by the stoichiometric reaction between 
the oligoester and LZnEt, using 1H NMR spectros-
copy, and a diminution of the zinc ethyl peak at 
0.42 ppm was observed, consistent with the formation 
of LZnOR, and the liberation of ethane. 

The sodium cationized MALDI mass spectrum for 
the copolymer, with DP of 25, is shown in Figure 4. 
There are three series, each containing peaks sepa-
rated by 144 units (corresponding to the lactide repeat 
unit) and separated from one another by 346 units 
(corresponding to the 2,3,4,6-tetra-O-acetyl-n-gluco-
nate repeat unit). These series of peaks are assigned to 
the different oligoester initiators, for example, mono-
(*), di (**), and triester (***) initiating groups. The rel-
ative intensity of the series by MALDI is mono > di > 
tri, however this is likely due to the improved ioniza-
tion of the monoester compared with the triester. 
There was no evidence for lactide polymerization initi-
ated by other groups, for example, water, 1,4-butane-
diol or for the formation of cyclic products. 

In conclusion, the reaction of an easily accessible 
sugar lactone, derived from renewable resources, with 
Sn(Oct)2  and 1,4-butandiol provided a viable route to a 
novel highly functionalized oligoester. It was a macroini-
tiator for the controlled [R,S]-lactide ring-opening poly-
merization, producing ABA type copolymers. Currently, 
detailed studies of the physical properties, degradation 
behavior, and medical applications for these novel poly-
esters are underway and will be reported in due course. 

The work was funded by the EPSRC (Grants GR/ 
T17960/01 and EP/C544846/1). MALDI mass spectra 
were determined by John Barton, Imperial College  

London and by the EPSRC Swansea mass spectrome-
try service. Purac chemical are thanked for their gen-
erous donation of [R,S]-lactide. 
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Application of Dichlorovinyl 
Xyloside for the Novel 
Synthesis of 2,334-Tri-O- 
methyl-D-xylonoil ,5-lactone 
Anita F. Haider and Charlotte K. Williams 
Department of Chemistry, Imperial College London, London, UK 

A novel synthesis of 2,3,4-tri-O-methyl-D-xylopyranose, 4, and its oxidation product 
2,3,4-tri-O-methyl-D-xylono-1,5-lactone, 5, are reported. The new synthesis applies a 
regioselective Wittig-like reaction of tetra-O-acetyl-D-xylopyranase, 1, with triphenyl-
phosphine and carbon tetrachloride to yield an O-dichlorovinyl xyloside protected at 
C-1, 2. The protecting group facilitates the permethylation of xylose and is removed 
under the methylation conditions, to yield tetra-O-acetyl-D-xylopyranase, 3. The 
anomeric methyl group was removed under mildly acidic conditions to give 2,3,4-tri-
O-methyl-D-xylopyranose, 4, in good yield. Compound 4 was oxidized using pyridinium 
chlorochromate to give the title compound, 5, in 95% yield. 

Keywords Carbohydrates, Protecting groups, Wittig reactions, Lactones, Oxidations 

INTRODUCTION 
Carbohydrates are important in many biological processes and structures. 
They regulate intercellular interactions and play essential roles in cell—cell, 
cell—pathogen, and cell-signaling events. Their use in therapeutics or as 
model compounds to study biological processes is attracting much attention. 
Carbohydrates are also abundant and inexpensive renewable resources but 
have received much less attention as alternative reagents to petrochemicals, 
for example, in polymer synthesis. As an example of their potential, it is note-
worthy that glucose is produced at 5 million metric tons per annum and at a 
cost of $0.76 kg-1, which compares with methyl methacrylate production at 
2.1 million tons per annum and a cost of $1.32 kg-1. [1,2] Two major challenges 
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for polymer applications are the development of efficient and selective protec-
tion strategies for the hydroxyl functionalities and the selection of a 
monomer class that will undergo general, high-yielding polymerizations. 
Carbohydrate 8-lactones are attractive precursors due to the reactivity of the 
lactone, for example, in selective ring-opening reactions, although to date 
they have received limited attention as monomers themselves. [3,41  Galbis and 
coworkers have carried out extensive investigations using carbohydrate-
derived diacids, diols, and diamines to make condensation polyamides, poly-
esters, and polycarbonates.15-111  Their syntheses sometimes use carbohydrate 
8-lactones as starting materials in the diacid or diamine synthesis. f12'131  Fleet 
et al. have also recently reported a number of routes starting from & and 
y-lactones to make tetrahydroxylated 6-amino hexanoic acids or 4-amino-
methyl-tetrahydrofuran-2-carboxylates, which were subsequently trans-
formed into well-defined oligoamides.[14— 16] We are researching the synthesis 
of aliphatic polyesters directly from carbohydrate-derived lactones.1171  There-
fore, the efficient, selective, and scaleable synthesis of hydroxyl-protected 
carbohydrate 1,5-lactones is required; herein we present a novel synthesis of 
2,3,4-tri-O-methyl-n-xylono-1,5-lactone and full analytical data. 

RESULTS AND DISCUSSION 

The synthesis of 2,3,4-tri-O-methyl-D-xylonolactone has been known since the 
1920s when both the 8- and y-lactones were prepared as part of studies to elu-
cidate the structure of carbohydrates.118'191  As part of these studies, Haworth 
reported the first synthesis by bromine oxidation of 2,3,4-tri-O-methyl-D-
xylose. Although the yield for the oxidation was excellent, the method to 
prepare the xylose precursors was low yielding and inefficient.12°1  Further-
more, the analytical data presented were limited to specific rotations and 
melting points. Galbis has reported an alternative synthesis from benzyl-a-D-
xylopyranoside, by methylation, selective hydrogenolysis, and oxidation, pro-
ducing the title compound in excellent yield. [13]  However, the synthesis of 
benzyl-a-D-xylopyranoside itself is low yielding.1211  The alternative synthetic 
scheme applied here is outlined in Scheme 1 and takes advantage of a protect-
ing group recently identified by Cleophax et al. for selective anomeric protec-
tion of hexoses.1221  

Tetra-O-acetyl-D-xylopyranose 1 was prepared according to the literature 
procedure by reaction of D-xylose with acetic anhydride and a catalytic 
quantity of trifluoroacetic acid. [231  The second step involved a Wittig-type con-
densation between the anomeric acetyl group of 1 and carbon tetrachloride to 
yield an O-dichlorovinylxylopyranoside. This reaction has been previously 
used by Cleophax et al. to prepare 2,3,4,6-tetra-0-benzyl-glycopyranosides.1221  
The condensation was highly regioselective, and only occurred at the anomeric 
acetyl group. The 1-O-dichlorovinyl-2,3,4-tri-O-acetyl-D-xylopyranoside was 



D
ow

n
lo

a
d
ed

 B
y
:  [

Im
p
e
r
ia
l
 C
ol

le
g

e
] 
A

t:
  1

9
:2

6
 5
 A
u

gu
s
t
 20

08
 

Application of Dichlorovinyl Xyloside 413 

/"- 
HO  

OAc OAc 	 OH 1 	 2 CI 

Mtg..1.•\ 
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OMe OH 	 OMe OMe 
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Scheme 1: Synthesis of 2,3,441-0-methyl-D-xylono-1,5-lactone Reagents and conditions: (a) 
CF3CO2H, (CH3CO)20, 20 h, 25°C, 100%; (b) (i) 3 KCI, CCI4, py, 1 h, 90°C; (ii) Na0Me, Me0H, 
2 h, 25`C, (i) and (ii) 50%; (c) NaH, Mel, DMF, 4 h, 0°C, 60%; (d) CF3CO2H (aq), 4 h, 65°C, 65%; (e) 
PCC, CH2Cl2, 12 h, 50°C, 95%. 

not isolated but was reacted in situ under the Zemplen deacetylation con-
ditions, with sodium methoxide in methanol, to yield 1-O-dichlorovinyl-D-xylo-
pyranose 2 in 50% yield as a mixture of anomers. The compound showed 
elemental analysis in good agreement with calculated values and an isotope 
distribution pattern for the molecular ion consistent with two chlorides being 
present. Furthermore, the 13C {1H} NMR spectrum showed characteristic 
signals at 148, 104, and 14 ppm, indicative of the O-dichlorovinyl group. 
Compound 2 was methylated by reaction with sodium hydride in DMF, 
followed by the addition of methyl iodide, and this produced tetra-O-methyl-
D-xylopyranose 3 in 60% yield and as a mixture of anomers. Compound 3 
showed analytical values in agreement with the literature,1201  its 111 and 
13C{1H} NMR spectra were also fully assigned. The removal of the anomeric 
methyl group was accomplished in improved yield by heating 3 with trifluoroa-
cetic acid for 4 h to produce 2,3,4-tri-O-methyl-D-xylopyranose 4 in 66% yield, 
as a mixture of anomers. Compound 4 showed analytical values in agreement 
with the literature,12°1  and was further characterized using NMR spectroscopy, 
mass spectrometry, and elemental analysis. The route to 4 was accomplished in 
straightforward steps and in 20% overall yield from D-xylose. The route is an 
improvement over alternative permethylation and selective anomeric 0-
methyl hydrolysis routes, which only yielded 4 in 10% from D-xylose.[2°1  
Compound 4 was oxidized to 2,3,4-tri-O-methyl-D-xylono-1,5-lactone 5 in 95% 
yield by reaction with pyridinium chlorochromate. Compound 5 showed 
analytical data in agreement with the literature1191  and in addition was fully 
characterized, including by NMR spectroscopy, with the characteristic 
carbonyl C-1 resonance at 169.57 ppm and by IR spectroscopy where absorp-
tion at 1765 cm-1  was characteristic of the carbonyl group in a 8-lactone. 

In conclusion, a new synthesis of 2,3,4-tri-0-methyl-D-xylono-1,5-lactone 
was achieved in five steps from D-xylose in an overall yield of 15%. The synthesis 
applied a novel C-1 protecting group strategy, previously described for the 
hexoses, to facilitate the synthesis and purification of permethylated xylose. 
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The anomeric methyl group was cleaved in reasonable yield using a dilute tri-
fluoroacetic acid solution and the oxidation of the permethylated xylopyranose 
was accomplished in excellent yield by using pyridinium chlorochromate. 

EXPERIMENTAL SECTION 

Toluene and THE were dried by distillation over sodium metal; methylene 
chloride was dried by distillation from calcium hydride. All other reagents 
and chemicals were purchased from Aldrich Chemical Co. and used as 
received. All manipulations were carried out under a dry nitrogen atmosphere. 
NMR spectra collected at 400 MHz were performed on a Bruker AV400 instru-
ment. NMR spectra collected at 500 MHz and 13C{11-1} NMR spectra were 
carried out on a Bruker AV500 instrument. CDC13  was used as the NMR 
solvent and reference compound. Chemical ionization mass spectrometry was 
performed on a Fison's VG Platform, a quadrapole mass spectrometer. The ion-
ization gas was ammonia and the source temperature was 150°C. IR absor-
bances were determined using a Satellite FTIR instrument using KBr plates 
and processed using WinFIRST lite 1.02. Specific rotations were measured 
using an Optical Activity Ltd Instrument with a cell path length of 0.5 dm. 
Melting points were measured using a Reichert instrument and are uncor-
rected. Elemental analyses were determined by Mr Stephen Boyer at London 
Metropolitan University. 

Tetra-O-acetyl-D-xylopyranose (ot- and 13-anomers) (1) 
D-(+)-Xylose (9.38 g, 62.50 mmol, 1 eq) was suspended in a solution of tri-

fluoroacetic acid (6 mL) in acetic anhydride (120 mL) for 3 h and until all the 
solid had been consumed. The reaction mixture was filtered and concentrated 
in vacuo, and toluene (3 x 20 mL) was then distilled from the residue to form a 
white semi-solid, that was dissolved in methanol and washed with hexane 
(3 x 20 mL). The solvent was removed in vacuo to form the product as a pale 
yellow semi-solid and as a mixture of a- and /3-anomers in the ratio 1:0.8, 
respectively (19.80 g, 62.20 mmol, quantitative). 

a-anomer: 111 NMR (500 MHz, CDC13): 8 = 6.18 (d, 3JHH = 3.63 Hz, 1H, H-1), 
5.14 (m, 1H, 11-3), 4.99-4.93 (m, 21-1, H-2, H-4), 4.08 (dd, 2JHH  = 11.97, 
3JHH = 4.88 Hz, 1H, H-5), 3.65 (m, 1H, H-5), 2.15-1.95 (4 x s, 12H, OAc). 
13C{1I-1} NMR (125 MHz, CDC13): 5 = 170.00 (m, 4 x C=0), 88.96 (C-1), 70.64 
(C-3), 69.09, 68.39 (C-2, C-4), 60.37 (C-5), 20 (m, 4 x CH3). 

/3-anomer: 1I1 NMR (500 MHz, CDC13) 8 = 5.66 (d, 3JHH  = 6.76 Hz, 1H, H-1), 
5.43-5.37 (m, 1H, H-3), 4.99-4.93 (m, 2H, 11-2, H-4), 4.08 (dd, 2JHH  = 11.97, 
3JHH = 4.88 Hz, 1H, H-5), 3.48 (dd, 2JHH = 12.06, 3JHH  = 8.33 Hz, 11-1, H-5), 
2.15-1.95 (4 x s, 12H, OAc). 
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13C{1H} NMR (125 MHz, CDC13) : 5 = 170.00 (m, 4 x C=0), 91.74 (C-1), 69.18 
(C-3), 69.06, 68.03 (C-2, C-4), 62.47 (C-5), 20 (m, 4 x CH3). 

MS (CI, ammonia): m/z (%): 336 (100) [M +1\111,1]. 
Anal. Calcd. for 013111809:  C, 49.06; H, 5.70; Found: C, 48.88; H, 5.63. 

(2',2'-Dichloro-1/-methyl)-ethenyl-o-xylopyranoside (a- and 
13-anomers) (2) 
Tetra-O-acetyl-D-xylopyranose (20.00 g, 62.80 mmol, 1 eq), PPh3  (49.40 g, 

189 mmol, 3 eq), and KC1 (42.20 g, 566 mmol, 9 eq) were dried in vacuo for 
1 h and suspended in dry toluene (55 mL), dry pyridine (30 mL), and dry 
CC14  (45 mL) and stirred at 90°C for 50 min. The resulting black heterogeneous 
mixture was filtered through a plug of silica gel eluted with CH2C12-EtOAc 
(1:1) and concentrated to dryness to yield a yellow semi-solid, which was 
purified by column chromatography (EtOAc:Hexane, 1:1, Rf = 0.6) to yield a 
yellow semi-solid (2',2'-dichloro-1'-methyl)-ethenyl-D-xylopyranose (15.25 g, 
40.82 mmol, 63%). To a solution of (2',2'-dichloro-r-methyl)-etheny1-2,3,4-tri-
O-acetyl-D-xylopyranoside (5.00 g, 13 mmol, 1 eq.) in absolute Me0H (50 mL) 
was added Me0Na (0.37 g, 6.90 mmol, 0.5 eq). After 2 h, the solution was neu-
tralized with ion exchange resin (Amberlite IRC 50 S 11+  form). The reaction 
mixture was concentrated and washed with acetone (30 mL) to yield the 
product as a semi-solid (2.49 g, 9.60 mmol, 80%). 

13C{1H}NMR (75 MHz, DMSO-d6): 6 = 148.38, 148.11(C-1'), 104.38, 103.59 (C- 
2'), 97.73, 92.43 (C-1), 76.66, 74.62 (C-3), 73.1, 72.26 (C-2), 70.1, 69.75 (C-4), 
65.62, 61.51 (C-5), 14.78, 14.33 (C-3'). 

MS 	(CI, 	ammonia): 	m/z 	(%) = 276 	(100) [M + NH4, 35C1), 278 (65), 
[M + NW:1 ,35C1, 37C1], 280 (15) [M + 	37C1]. 
Anal. Calcd. for C8H12C12O5: C, 37.09; H, 4.67. Found: C, 37.05; H, 4.70. 

Tetra-O-methyl-D-xylopyranose (3) (20) 
(2',2'-Dichloro-1'-methyl)ethenyl-D-xylopyranoside [2] (0.74 g, 2.90 mmol, 1 

eq) was dissolved in dry DMF (15 mL), under nitrogen. NaH (1.5 g, 60% dis-
persion in mineral oil, 31 mmol, 13 eq) was added at 0°C with stirring, 
followed by MeI (1.42 mL, 23 mmol, 8 eq). After 4 h at room temperature, the 
reaction was quenched by addition of Me0H (20 mL). The mixture was diluted 
with CH2C12  (50 mL) and water (50 mL). The organic phase was separated 
and the aqueous layer extracted with CHC13  (350 mL). The organic layer was 
dried (MgSO4) and concentrated in vacuo and residual DMF was removed by dis-
tillation under vacuum (5 mbar, 35`C). The resulting residue was purified by 
flash chromatography (EtOAc-Hexane; 1:1) to yield the product as a mixture 
of the a- and /3-anomers in the ratio 1:3, respectively (0.36 g, 1.74 mmol, 60%). 
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Mp 44-45°C [lit.20  Mp 46-48°C, p-anomer]. 
[a]e —16.1° (c, 0.31, CHC13) [lit. [a]ii°  —66°, 16-anomer (c, 1.16, Me0H)20]. 

a-anomer: 1H NMR (270 MHz, CDC13): 5 = 4.75 (1H, d, 3JHH = 3.5 Hz, H-1), 
3.98 (111, dd, 2JHH  = 11.5 Hz, 3JHH  = 4.7 Hz, H-2), 3.61 (3H, s, OMe), 3.50 
(3H, s, OMe), 3.47 (311, s, OMe), 3.40 (311, s, OMe), 3.62-2.93 (411, m, H-3, 
H-4, 11-5). 

13C{1H} NMR (100 MHz, CDC13): 5 = 97.59 (C-1), 82.65 (C-2), 81.69 (C-3), 79.74 
(C-4), 60.90 (C-5), 59.33, 59.02, 58.90 (OMe), 55.1 (C-1 - OMe). 

/3-anomer: 1H NMR (270 MHz, CDC13): 8 = 4.13 (1H, d, 3JHH  = 7.2 Hz, H-1), 
3.69 (1H, dd, 2JHH = 10.90 Hz, 3JHH  = 5.60 Hz, H-2), 3.59 (3H, s, OMe), 3.55 
(311, s, OMe), 3.50 (311, s, OMe), 3.46 (311, s, OMe), 3.62-2.93 (4H, m, H-3, 
H-4, H-5). 

13C{111} NMR (100 MHz, CDC13): 5 = 104.70 (C-1), 85.01 (C-2), 83.17 (C-3), 
79.35 (C-4), 63.03 (C-5), 60.55, 60.34, 58.63 (OMe), 56.76 (C-1- OMe). 

MS (CI, ammonia) m/z (%) = 224 (100) [M + NH4]. 
Anal. Calcd. for C9111805: C 52.43, H 8.74. Found: C, 53.43; H, 8.84. 

2,3,4-Tri-O-methyl-D-xylopyranoside (4)(20)  
Tetra-O-methyl-D-xylopyranose [3] (0.26 g, 1.26 mmol) was dissolved in a 

solution of trifluoroacetic acid (2.5 mL) and water (1.0 mL) and heated at 
65°C for 4 h. The mixture was concentrated to yield the product as an oil 
(0.16 g, 0.83 mmol, 66%). The oil was composed of a 2:1 ratio of a:/3  anomers. 

[45  +18.8° (c, 0.64, CHC13) [lit [a]f35  +20.1° (c, 1.095, Me0H)20]. 

a-anomer (66%): 1H NMR (400 MHz, CDC13) 5 = 5.24 (1 H, d, 3J1-111 = 3.44 Hz, 
H-1), 3.76-3.72 (1 11, m, H-5), 3.62 (3 H, s, OMe), 3.55 (3 H, s, OMe), 3.49 (3 H, 
s, OMe), 3.45 (1 H, d, 3JHH  = 8.44 Hz, 11-3), 3.28-3.16 (2 H, m, H-2, H-4). 

13C{111} (125 MHz, CDC13) 5 = 90.90 (C-1), 81.45 (C-2 or C-4), 81.36 (C-3), 79.01 
(C-2 or C-4), 60.67 (OMe), 59.89 (C-5), 58.93, 58.71 (OMe). 

/3-anomer (33%): 1H NMR (400 MHz, CDC13) 8 = 4.62 (1 H, d, 3JHH  = 6.83 Hz, 
H-1), 4.02 (1 H, dd, 2JHH  = 11.09, 3JHH = 4.23 Hz, H-5), 3.62 (6 H, s, OMe), 3.46 
(3 H, s, OMe), 3.31-3.17 (2 H, m, 11-3, 11-4), 2.99 (1 H, dd, 3412113 = 
8.01 Hz, 3Jin.H2 = 6.91 Hz, 11-2). 

13C{1H} (125 MHz, CDC13) 8 = 97.10 (C-1), 84.17 (C-3 or C-4), 83.46 (C-2), 78.80 
(C-3 or C-4), 62.64 (C-5), 60.52, 60.36, 58.65 (OMe). 

MS (CI, ammonia): m/z (%) = 210 (100) [M + NH4]. 
Anal. Calcd. for C8111605: C, 50.00; H, 8.33. Found: C, 50.08; 7.24. 
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2,3,4Tri-O-methyl-D-xylono-1,5-lactone (5) (19)  
Pyridinium chlorochromate (0.36 g, 1.70 mmol, 2.0 eq) in dichloromethane 

(3 mL) was added to 2,3,4-tri-O-methyl-D-xylopyranoside [4] (0.20 g, 1 mmol) 
dissolved in CH2C12  (3 mL), and the mixture was refluxed for 7 h. It was 
then cooled, diluted with diethyl ether (30 mL), decanted, filtered through 
celite, and concentrated to yield the product as an oil (0.15 g, 0.80 mmol, 95%). 

WV +16.8° (c, 0.95, CH2C12). 

IR (CDC13): 1765 cm-1. 

11-I NMR (500 MHz, CDC13): 8 -= 4.44 (1 H, ddd, 2JHH  = 12.26, 3JHH  = 2.99, 
1.66 Hz, H-5 axial), 4.29 (1 H, dd, 2JHH  = 12.41, 3JHH  = 1.75 Hz, H-5 equator-
ial), 3.84 (1 H, d, 3JHH  = 6.53 Hz, H-2), 3.63 (3 H, s, CH3), 3.53 (3 H, s, CH3), 
3.43 (3 H, s, CH3), 3.57-3.55 (1 H, m, 11-4), 3.50 (1 H, m, H-3). 

13C{1H} NMR (125 MHz, CDC13): 3 = 169.57 (C-1), 82.91 (C-3), 80.49 (C-2), 
77.00 (C-4), 64.93 (C-5), 59.47, 58.02, 56.22 (3 x CH3). 

MS (CI, ammonia): m/z (%) = 208 (100), EM + Mat]. 
Anal Calcd. for C8111405: C 50.52, H 7.42. Found: C 50.68, H 7.51. 
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ABSTRACT: The polymerization of [S]-lactide was accomplished using an initiating 
system comprising an alkyl zinc complex and a series of well defined carbohydrate 
co-initiators derived from n-glucose, D-xylose, and 2-deoxy-n-ribose. The monosaccha-
ride co-initiators were aldonate esters and pyranoses, they were all prepared in high 
yield and had only a single alcohol co-initiating group; the remaining carbohydrate 
hydroxyl functionalities were protected as acetyl, benzyl ether and isopropylidene 
acetal groups. The polymerizations were all well controlled, illustrated by the linear 
increase in poly(S-lactide) Mn  with percentage conversion of lactide, the increase in 
poly(S-lactide) Mn  with flactidelo-pactideW[co-initiator] and the narrow polydispersity 
indices of the polylactides. Thus, the novel initiating systems were used to produce 
poly(S-lactides) end functionalized with a variety of different aldonate ester and pyra-
nose groups and with degrees of polymerization from 10 to 250. The polyesters were 
fully characterized, including by NMR spectroscopy, size exclusion chromatography 
(SEC), matrix-assisted laser deposorption/ionization (MALDI) mass spectrometry and 
by static water contact angle measurements. © 2008 Wiley Periodicals, Inc. J Polym Sci 
Part A: Polym Chem 46: 4352-4362,2008 
Keywords: biomaterials; initiators; kinetics (polym.); polyesters; ring opening poly-
merization 

INTRODUCTION 

Aliphatic polyesters have been attracting consid-
erable attention as sustainable alternatives to 
commodity plastics such as polypropylene. The 
most widespread and commercially viable of 
which is polylactide (PLA), produced by the ring 
opening polymerization of lactide, which itself 
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derives from biomass. It is used in disposable 
consumer articles as well as in fiber applica-
tions, a key advantage being its hydrolysis to 
lactic acid, a metabolite in the carboxylic acid 
cycle." PLA is biocompatible and an FDA-
approved polymer for use in therapy. It has been 
used for some time in biomedical applications 
such as sutures, stents, dental implants, vascu-
lar grafts, bone screws, and pins. It has also 
been investigated as a vector for drug delivery, 
for example in the long-term delivery of antimi-
crobial drugs, contraceptives and prostate can-
cer treatments.4  PLA has been widely used in 
the field of tissue engineering as a scaffold 
material to support cell and tissue growth.5-7 
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However, it is unsuitable for some applications 
due to its high hydrophobicity which leads to a 
slow degradation rate. It is therefore important 
to develop strategies and syntheses of function-
alized PLA materials and in particular to de-
velop routes to functionalize it with biologically 
relevant and compatible molecules. 

Cell surface carbohydrates are involved in 
numerous biological functions, including cellular 
recognition, adhesion, growth regulation, inflam-
mation, and cancer cell metastasis. However, 
the natural glycopolymers displaying these cell 
surface carbohydrates are heterogeneous and 
their structures are ill-defined. Synthetic carbo-
hydrate based polymers are emerging as useful 
tools for investigating carbohydrate based inter-
action processes as well as interesting materials 
for biomedical applications.8  However, their bio-
medical applications require the design and effi-
cient synthesis of materials incorporating well 
defined carbohydrate moieties and degradable, 
biocompatible backbones. A solution to this chal-
lenge is the synthesis of biodegradable polyest-
ers incorporating carbohydrate groups. Our so-
lution was to use a carbohydrate hydroxyl group 
to co-initiate the controlled polymerization of 
S-lactide, thereby introducing functionalized 
carbohydrate end groups to the PLA. 

D-glucopyranosides and D-galactopyranosides 
protected with alkyl ether, benzyl ether, or iso-
propylidene acetal groups have precedent as co-
initiators for cyclic ester ring opening polymer-
ization in combination with either lipases, metal 
complexes or Bronsted acids.9-18  Also, Krichel-
dorf and Stricker used stannylenated glycopyra-
nosides as cyclic initiators for e-caprolactone 
polymerization and the synthesis of biodegrad-
able network polymers.17  However, the previous 
studies were limited to hexose co-initiators and 
few were controlled polymerizations. Further-
more, the materials produced had Mn  limited to 
20,000, which means the polymer will be re-
stricted to nonload bearing applications. 

Here, we report the application of a series of 
carbohydrates as co-initiators for the controlled 
polymerization of lactide producing PLA end-
capped with highly functionalized groups. This 
is a sustainable route to polymers synthesized 
from renewable resources as well as yielding 
novel materials for applications in tissue engi-
neering. Different types of carbohydrate co-ini-
tiators were investigated including aldonate 
esters and pyranoses. The co-initiation using 
monosaccharides was known as some hexoses 
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had been investigated previously,9-17  however 
pentoses, for example, D-xylopyranose and 2-
deoxy-D-ribopyranose, and aldonate esters were 
not previously researched. The use of different 
co-initiators yielded PLA end capped with a 
range of carbohydrates and illustrated the influ-
ence of the initiator structure on the polymeriza-
tion rate. All the monosaccharide co-initiators 
were well defined compounds which were synthe-
sized in high yield from natural carbohydrates. 
They each had one free hydroxyl group to initiate 
the lactide polymerization and the remaining 
hydroxyl groups were protected by acetyl, 0-
benzyl ether and isopropyl acetal groups. 

EXPERIMENTAL 

Materials 

[S]-Lactide was donated by Purac Plc, it was 
purified by recrystallization from hot toluene fol-
lowed by repeated sublimations in vacuo (three 
times). The co-initiators: methy1-2,3,4,6-tetra-0-
acetyl-D-gluconate 1,18  2,3,4-tri-O-acetyl-D-xylo-
pyranose 3,19'2°  2,3,4-tri-O-benzyl-D-xylopyra-
nose 4,21  and 3,4-isopropylidene acetal-2-deoxy-
D-ribopyranose 522  were prepared in excellent 
analytical purity and good yield according to the 
literature. Methyl-2,3,4-tri-O-benzyl-D-xylonate 
2 was prepared from 2,3,4-tri-O-benzy1-1,5-lac-
tone, the lactone was itself prepared according 
to the literature protocols.23-25  The zinc ethyl 
complex (LZnEt, Fig. S1) was prepared and 
used according to the literature.26  Methylene 
chloride was dried by distillation from calcium 
hydride. All other reagents and chemicals were 
purchased from Aldrich Chemical and used as 
received. All manipulations were carried out 
under a dry nitrogen atmosphere. 

Measurements 

NMR spectra collected at 400 MHz were per-
formed on a Bruker AV400 instrument. NMR 
spectra collected at 500 MHz, as well as 13C{1H} 
NMR spectra, were carried out on a Bruker 
AV500 instrument. CDC13  was used as the NMR 
solvent and reference compound. The SEC mea-
surements were performed on a Polymer labs 
SEC 60 instrument with two Polymer labs 
mixed D columns and CHC13  at a flow rate of 
1 mL min-1  as the eluent. Narrow molecular 
weight polystyrene standards were used to cali- 



4354 TANG ET AL. 

brate the instrument and a correction factor of 
0.58 was applied to the Mn  obtained as outlined 
in the literature.27  The MALDI-TOF mass spec-
trometry was performed with a Micromass 
MALDI micro MX mass spectrometer equipped 
with a UV (337 nm) laser. All mass spectra were 
recorded in linear mode. Forty spectra were col-
lected from random positions on the target, each 
spectrum averaged from 10 laser shots. About 
1.2 teL of a mixture of the matrix (dithranol, 
30 mg/mL in THE), cationizing agent (NaCO2CF3, 
10 mg/mL in THF), and the sample (— 10 mg/ 
mL in CH2C12) in the ratio 3:1:1 respectively, 
was applied to the target and air-dried immedi-
ately before use. Polymer films were coated on 
clean glass slides (13 mm diameter, VWR Inter-
national, PA) using a dip coater (KSV Instru-
ment, Finland). The slides were completely 
dipped into a 5 mg/mL solution of polymer in 
chloroform at a velocity of 85 mm/min and with-
drawn at 5 mm/min to allow the formation of a 
thin polymer film on the glass slide. Film rough-
ness was measured using a microscope-based in-
terferometer (New View 200, Zygo, CT). The 
measurements were performed on three differ-
ent areas of each slide and repeated on two 
slides for each kind of polymer film. The rough-
ness for each film is expressed as the average root 
mean square (RMS). Static water contact angles 
were measured using a Drop Shape Analysis Sys-
tem (EasyDrop, Kriiss, Germany). A 30 µL drop of 
ultra-pure water (MilliQ water, Millipore, MA) 
was placed on the film surfaces and static water 
contact angle was measured. The measurements 
were performed on three different areas of each 
slide, repeated on two slides for each kind of poly-
mer film and the values averaged. 

Methyl-2,3,4-tri-O-Benzyl-o-Xylonate (2,3,4-Tris-
benzyloxy-5-hydroxy-pentanoic acid methyl ester) 

Para-toluene sulfonic acid (p-TSA) (7.6 mg) was 
dissolved in Me0H (10 mL) to make a stock 
solution. The 2,3,4-tri-O-benzyl-1,5-lactone (42 mg, 
0.1 mmol) was added to a dry flask, followed by 
p-TSA solution in methanol (1 mL). As the lac-
tone has poor solubility in Me0H, CH2C12  was 
added dropwise (ca. 1.5 mL) to dissolve it. The 
solution was stirred for 20 h at room tempera-
ture. TLC (toluene/ethyl acetate = 2:1) analysis 
revealed the presence of a new compound in the 
reaction mixture (Rf  = 0.47). The Rf for the 
starting material was 0.66. The product was 
pre-absorbed on silica and purified by column  

chromatography (silica gel, toluene/ethyl acetate 
= 2:1) and isolated as a white powder (30 mg, 
0.06 mmol, 60%). 

Yield: 60%. Purity (HPLC) > 99%. Rf = 0.47 
(Si02, toluene/ethyl acetate = 2:1). MPt. 111-
112°C. Anal. Calc. for C27H3006, C, 71.98, II, 
6.71%. Found, C, 71.87, H, 6.82%. 111 NMR (500 
MHz, CDC13, (5 ppm): 7.36-7.20 (m, 15H, Ar—H), 
4.84 (d, 3JH_H  = 11.56 Hz, 111, O—CH2—Ar), 
4.46 (d, 	= 11.57 Hz, 1H, — CH2—Ar), 
4.74 (d, 3JH_H = 11.62 Hz, 1H, 0 —CH2—Ar), 
4.58 (d, 3JH_H  = 11.45 Hz, 1H, — CH2—Ar), 
4.66 (d, 	= 10.48 Hz, 2H, O—CH2—Ar), 
4.24. (d, 3JH_H = 3.94 Hz, 1H, H-2), 4.08 (dd, 
3JH—H= 3.99 Hz, 2JH—H  = 6.39 Hz, 1H, H-3), 3.79 
(m, 1H, H-4), 3.73 (dd, 3JH—H  = 4.03 Hz, 2JH—H = 
12.00 Hz,1H, H-5), 3.50 (dd, 3JH____H= 4.75 Hz, 
2,41-11 = 11.93 Hz, 1H, 11-5), 3.64 (s, 311, 
—OCH3). 13C{1H} NMR (125 MHz, CDC13, 5 
ppm): 171.07 (C-1), 138.02 (ArC), 137.85 (ArC), 
136.81 (ArC), 128.58-127.89 (ArC), 79.29 (C-4), 
79.10 (C-3), 78.09 (C-2), 74.53 (O—CH2—Ar), 
73.06 (O—CH2—Ar), 61.37 (C-5), 51.97 (-0—CH3). 
m/z (CI-ammonia gas): 468 [M+N114±]. 

General Lactide Polymerization 
Protocol (Initiator 2) 

Methyl-2,3,4-tri-O-benzyl-n-xylonate (0.036 g, 
0.08 mmol) was dissolved in CH2C12  (3.30 mL) 
to make a stock solution. [S]-lactide (0.432 g, 3 
mmol) was added into an oven dried vial, fol-
lowed by the zinc complex, LZnEt, (0.0055 g, 
0.013 mmol). Then CH2C12  (2.5 mL) and the 
stock solution (0.5 mL) were added, so as to 
make a solution of concentration 1 M in lactide. 
The polymerization was conducted at 25°C. Ali-
quots were withdrawn at regular intervals and 
were quenched by addition into wet hexane. The 
PLA was purified by dissolving it in CH2C12  and 
precipitation into hexane. The purification was 
carried out three times and the PLA was dried 
in vacuo for 4 h prior to analysis (0.39 g, 91%). 

1H NMR (500 MHz, CDC13, S ppm): 7.34-7.31 
(m, 15H, Ar—H), 5.18 (q, 3JH_H = 7.10 Hz, 2n11, 
COCH(CH3)0), 4.81-3.76 (m, 1211, —OCH2Ar, 
—CH(CH3)0H, 11-2, H-3, H-4, 11-5, 11-5'), 3.61 (s, 
311, OCH3), 1.59 (d, 6nH, CHCH3). 

Methyl-2, 3, 4, 6-Tetra-O-Acetyl-o-Gluconate-
Poly(S-Lactide) 

Prepared according to general polymerization 
protocol on the following scale: Methyl-2,3,4,6- 
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tetra-O-acetyl-D-gluconate 1 (0.0138 g, 0.05 mmol), 
[S]-lactide (1.8 g, 12.5 mmol), LZnEt, (0.023 g, 
0.055 mmol) and CH2C12  (12.5 mL) and yielded 
methyl-2, 3, 4, 6-tetra-0-acetyl-D-gluconate-poly(S-
lactide) (1.62 g, 91%). 

111 NMR (400 MHz, CDC13, 6 ppm): 5.50-5.10 
(m, 411, 11-2, II-3, H-4, 11-5), 5.21-5.16 (m, 2nH, 
COCH(CH3)O), 4.40-4.20 (m, 3H, H-6, 11-6', 
CH(CH3)OH), 3.76 (s, 311, OCH3), 2.14-2.07 (m, 
12H, COCH3), 1.59 (d, 6n11, CHCH3). 

2,3,4-Tri-O-Acetyl-o-Xylopyranose-Poly(S-Lactide) 

Prepared according to general polymerization 
protocol on the following scale: 2,3,4-Tri-0-ace-
tyl-D-xylose 3 (0.0138 g, 0.05 mmol), S-lactide 
(1.80 g, 12.5 mmol), LZnEt (0.023 g, 0.055 
mmol) and CH2C12  (12.5 mL) and yielded 2,3,4-
tri-O-acetyl-D-xylopyranose-poly(S-lactide) (1.63 g, 
91%). 

1H NMR (500 MHz, CDC13, 6 ppm): 6.30 and 
5.76 (d, 1H, H-1 a and /3 anomers), 5.18 
(q,3JH_H  = 7.10 Hz, 2nH, COCH(CH3)O), 4.80-
5.60 (m, 3H, 11-2, H-3, 11-4), 4.38 (m, 1H, 
CH(CH3)OH), 3.50-4.20 (m, 211, 	11-5'), 2.11- 
2.07 (m, 911, COCH3), 1.59 (d, 6n1, CHCH3). 

2,3,4-Tri-O-Benzyl-o-Xylopyranoside- 
Poly(S-Lactide) 

Prepared according to general polymerization 
protocol on the following scale: 2, 3, 4-tri-O-ben-
zyl-D-xylose 4 (0.021 g, 0.05 mmol), S-lactide 
(1.80 g, 12.5 mmol), LZnEt (0.025 g, 0.06 mmol) 
and CH2C12  (12.5 mL) and yielded 2,3,4-tri-O-
benzyl-D-xylopyranoside-poly(S-lactide) (1.65 g, 
92%). 

1H NMR (500 MHz, CDC13, 6 ppm): 7.34-7.31 
(m, 15H, Ar—H), 6.2 and 5.6 (d, 111, 11-1 a 
and /3 anomers), 5.18 (q,3JH_H  = 7.10 Hz, 2nH, 
COCH(CH3)O), 4.90-4.60 (m, 611, OCH2Ar), 
4.38 (m, 1H, CH(CH3)OH), 3.70-3.60 (m, 4H, H-
2, 11-3, 11-5), 2.70 (m, 111, H-4), 1.59 (d, 6nH, 
CHCH3). 

3,4-0-lsopropylidene-2-Deoxy-o-
Ribopyranoside-Poly(s-Lactide) 

Prepared according to general polymerization 
protocol on the following scale: 2-deoxy-3, 4-0-
isopropylidene-D-ribose 5 (0.021 g, 0.012 mmol), 
S-lactide (0.432 g, 3 mmol), LZnEt (0.0055 g, 
0.0132 mmol) and CH2C12  (3 mL) and yielded 
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3,4-O-isopropylidene-2-deoxy-D-ribopyranoside- 
poly(S-lactide) (0.40 g, 93%). 

111 NMR (500 MHz, CDC13, 6 ppm): 6.22 and 
6.00 (dd, 111, H-1 a and 	anomers), 5.18 
(q,3e/H_H  = 7.10 Hz, 2nH, COCH(CH3)O), 4.50-
4.20 (m, 311, CH(CH3)OH, H-3, 11-4), 3.84 
(d,3JH_H  = 7.07 Hz, 211, 11-5), 2.47-2.22 (m, 1H, 
11-2), 1.88 (m, 111, H-2'), 1.59 (d, 6nH, CHCH3) 
1.35 (m, 6H, C(CH3)2). 

RESULTS AND DISCUSSION 

The controlled lactide polymerization and end 
group functionalization of the PLA was achieved 
using an initiating system comprising an alkyl 
zinc complex (LZnEt where L = 2,4-di-tert-
buty1-6-{[(2'-dimethylaminoethyl)methylamino]-
methyl)phenolate) and a range of carbohydrate 
alcohol co-initiators. The alkyl zinc (Fig. S1)/ 
alcohol initiating system had previously shown 
very high rates and excellent control in lactide 
ring opening polymerization (ROP) using 
"simple" alcohols, for example, ethanol or benzyl 
alcohol.26  The key to its success was the ancil-
lary ligand (L) coordinated to the zinc center 
which prevented aggregation of the zinc alkox-
ide initiator. In this study, functionalized alcohol 
co-initiators were used, either aldonate esters or 
pyranoses derived from D-glucose, D-xylose and 2-
deoxy-D-ribose. The alkyl zinc complex and the 
carbohydrate alcohol reacted in situ to form the 
zinc alkoxide, which is the true initiator; the poly-
merization subsequently occurred via the coordi-
nation-insertion reaction mechanism (Scheme 1). 
Support for these notions came from the end 
group analysis which showed exclusive initiation 
by carbohydrate alcohols; the Mn  for each polymer 
being in excellent agreement with that predicted 
from alcohol loadings. Furthermore, a 1:1 reaction 
between the zinc complex (LZnEt) and co-initiator 
5 was monitored by 1H NMR. This showed a 
decrease in the resonances assigned to the zinc 
ethyl protons and a downfield shifting and broad-
ening of the peaks assigned to 5, consistent with 
the formation of a zinc alkoxide complex and the 
elimination of ethane. 

The coordination-insertion mechanism involved 
the lactide being activated and ring opened by 
the zinc alkoxide complex. The ring opening led 
to formation of a novel ring opened metal alkox-
ide and enabled chain propagation to occur. The 
alcohol co-initiator became an ester end group 
on one end of the polymer chain. The advantage 
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Scheme 1. The coordination-insertion mechanism for the ring opening polymeriza-
tion of lactide using alkyl zinc (LZnEt)/carbohydrate initiating system. L = 2,4-di-tert-
buty1-6-1[(2'-dinaethylaminoethyl)methylamino]rnethyllphenolate, Fig. S1 illustrates the 
structure of LZnEt. 

of the zinc/carbohydrate alcohol initiating sys-
tem was that it enabled controlled lactide poly-
merization and therefore very tight control over 
the polymer properties, for example, Mn, PDI. 

Aldonate Esters 

The lactide polymerizations, using the zinc/ 
carbohydrate alcohol initiating system, were 
investigated using the aldonate esters 1 and 2 
(Scheme 2). 

The aldonate esters 1 and 2 were prepared 
from 2,3,4,6-tetra-0-acetyl-n-gluconolactone and 
2,3,4-tri-O-benyl-n-xylonolactone respectively, by  

reaction with acidified methanol and were iso-
lated in excellent yield (60% for 1, 86% for 2) 
and analytical purity as white solids.18  They 
were then used as co-initiators, with the alkyl 
zinc complex, in the ROP of lactide at room tem-
perature in methylene chloride. To establish the 
properties and degree of control exerted by the 
carbohydrate alcohol co-initiators, detailed 
investigations were carried out using 1. The 
polymerizations were conducted using a range of 
1: lactide loadings and enabled the preparation 
of PLA of controlled Mn  (Table 1). 

The percentage conversions were determined 
from the 1H NMR spectrum by integration of 
the methine signals due to lactide (5.00 ppm) 

OBn 

Me0 	OH Me0 
OBn OBn 

2 
Scheme 2. (S)-Lactide polymerization using co-initiators derived from D-glucono-
lactone (1) and D-xylonolactone (2). Reagents and conditions: (a) Me0H, TsOH, DCM, 
20 h, 30°C. (b) n [S]-LA, LZnEt (Fig. S1), CH2C12, 25 °C. n = 25-250. 
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Table 1. PIA Synthesized Using Co-initiator 1 

Initiator LZnEt:1:Lactidea Time/Min % Conversionb  Mn  Calculated' Mn  SECd  (PDI) 

1 1:1:10 15 100 1800 1770 (1.15) 
1 1:1:50 210 90 6840 6000 (1.12) 
1 1:1:100 210 80 11,800 11,300 (1.15) 
1 1:1:250 960 87 31,700 33,200 (1.13) 

a Polymerization conditions: [LAJ0  = 1 M, CH2C12, 25 C. 
b  Determined by 111 NMR by integration of the methine signals at 5.20 ppm for PLA and 5.00 ppm for lactide. 

Calculated from Mn  = (144 X DP) + 378. 
d  Determined by SEC using CHC13  and versus narrow Mn  polystyrene standards, a correction factor of 0.58 was applied 

according to the literature.27  

and PLA (5.20 ppm). The initiating system 
exerted good polymerization control and there-
fore by varying the loading of 1 it was possible 
to produce PLA of predictable and controllable 
Mn  (Fig. 1). It was also notable that the Mn  
obtained for the polyesters by SEC was in rea-
sonable agreement with the Mn  calculated from 
the reaction stoichiometry, for example using 1 
at a concentration of 2 mM and at 90% conver-
sion, resulted in an expected Mn  of 6840 and a 
SEC value of 6000. The close agreement be-
tween calculated and experimental values of the 
Mn  confirmed the controlled nature of the poly-
merization and this was reinforced by the rela-
tively narrow polydispersity indices. The poly-
merization control was further illustrated by the 
linear increase in the Mn  with the polymeriza-
tion percentage conversion (Fig. 2). It was also 
notable that the initiator enabled the prepara- 

0 	s'n 	10n 	1,40 	 2:53 
I LAVLA;,',1!0  

Figure 1. Plot showing the evolution of PLA Mn  
against [LA]o  — [LA]t/[1]0. The Mn  was determined by 
SEC in CHC13  versus polystyrene standards and a 
correction factor of 0.58 was applied according to the 
literature.27  
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tion of high Mn  PIA, a limitation with previ-
ously used carbohydrate initiators.9-17  

The polymerizations with 1 demonstrated the 
high degree of control exerted by the initiating 
system at room temperature. The same condi-
tions were therefore used with all the other car-
bohydrate co-initiators and the results for the 
aldonate ester 2 derived from D-xylose (at 4 mM 
concentration) are shown in Table 2. As for 1, 
these show that excellent control is also exerted 
using 2 as illustrated by the close agreement 
between the calculated and experimental SEC 
results and also the narrow PDI values. 

The MALDI mass spectra were obtained for 
all the novel initiators, these provided further 
evidence for the control of Mn  and also con-
firmed the end groups. In each case only two 

• / 
1 SO 
1:100 

-I—  1.250 

• 
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Figure 2. Plot showing the PIA Mn  versus the lac-
tide percentage conversion using 1. The ratios refer to 
the concentrations of 1:LA. The Mn  was determined 
by SEC in CHC13  versus polystyrene standards and a 
correction factor of 0.58 was applied according to the 
literature.27  The % conversion was determined by 
integration of the methine region of the 1H NMR. 
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Table 2. Polymerizations Conducted with Co-initiator 2 

Mn  SECd  
Co-initiators 	Conversion" 

	
Time/Min 	Calculated' 

	
(PDI) 

2 16 93 6200 5250(1.08) 
2 31 163 11800 12700(1.04) 
2 59 250 21600 24000(1.04) 
2 90 425 33000 42000(1.07) 

a Polymerization conditions: [LA]0  = 1 M, [2] = 4 mM, CH2Cl2, 25 'C. 
b  Determined by Ili NMR by integration of the methine signals at 5.20 ppm for PLA and 

5.00 ppm for lactide. 
Calculated using the percentage conversion determined by IE NMR: Mn  = (144 x DP) + 

450. 
d  Determined by SEC using CHC13  and versus narrow Mn  polystyrene standards, a correc-

tion factor of 0.58 was applied according to the literature.27  

major series of peaks were observed: one due to 
the sodium cationized and the other due to the 
doubly sodium cationized polymers with the 
carbohydrate ester end groups, as expected from 
a coordination-insertion polymerization mecha-
nism. The MALDI mass spectrum for co-initiator 
2 with a degree of polymerization of 10 is shown 
in Figure 3. There are three series of peaks in  

the spectrum and these correspond to the [2-
PLA + Na] (marked with * in Fig. 3), [2-PLA 
2Na] (** in Fig. 3) and a very small series 
assigned to cyclic PLA. The cyclic PLA formed 
during transesterification reactions which oc-
curred more rapidly at this low degree of poly-
merization than they did at higher degrees of 
polymerization. 

6111 1 (!07Z) 
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Figure 3. The MALDI mass spectrum for PLA produced from co-initiator 2, with a 
degree of polymerization of 10. The peaks marked with * correspond to [2-PLA-Na1 
and the peaks marked with ** correspond to [2-PLA-2Na]±. 
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OH 
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Scheme 3. Synthesis and structure of PLA prepared using 2,3,4-tri-O-acetyl-D-xylo-
pyranose 3, 2,3,4-trio-benzyl-D-xylopyranose 4, and 2-deoxy-3,4-isopropylidene ace-
tal-D-ribose 5 co-initiators. Where n = 10-250. Reagents and conditions: a) n [S]-lac-
tide (1 M), LZnEt, CH2C12, 25 'C. 

Pyranoses Derived from D-Xylose and 
2-Deoxy-D-Ribose 

To probe the scope of the initiating system and 
the utility of carbohydrate end capped PLA, a 
range of other pyranose co-initiators were tested 
(Scheme 3). Pyranoses are the most prevalent 
form of most simple carbohydrates and are 
therefore abundant, inexpensive chiral com-
pounds with a multitude of hydroxyl groups. 
Previous investigations using pyranoses have 
focused exclusively on the hexoses D-glucose or 
n-galactose.9-17  Therefore, there was scope for 
an examination of an initiating system using 
pentoses. D-Xylose is the pentose with the same 
stereochemistry as n-glucose but without substi-
tution at C-5 and 2-deoxy-D-ribose has only two 
ring hydroxyl substituents; they were targeted 
as useful materials for biomedical studies to 
elucidate the influence of ring substitution. 
Furthermore, D-xylose is a major constituent of 
hemicellulose and is therefore easily accessible 
and inexpensive, 2-deoxy-D-ribose is a constitu-
ent of nucleic acids and therefore ubiquitous in 
biology.2  The polymerization conditions were the 
same as used for the aldonate esters 1 and 2; 
the initiating system required the synthesis of 
pyranoses with only one free hydroxyl group. 
The co-initiators 2,3,4-tri-O-acetyl-n-xylopyra-
nose 3, 2,3,4-tri-O-benzyl-D-xylopyranose 4 and 
2-deoxy-3,4-isopropyl acetal-D-ribopyranose 5 
were prepared from D-xylose and 2-deoxy-D-
ribose, respectively, using literature methods 
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which were straightforward and high yielding, 
this was important due to the complexity of some 
carbohydrate functionalization strategies.19,20,22,28  
All of the co-initiators had the initiating hydroxyl 
moiety at the anomeric position (C-1) and were 
isolated in anomeric ratios (a:/3) of 10:7, 5:2 and 
3:2 for 3, 4, and 5, respectively. 

The properties of the PLA produced at 4 mM 
concentration of co-initiator 3, 4, or 5 are shown 
in Table 3, it is notable that all the polymeriza-
tions occurred rapidly and with good control. 
There was close agreement between calculated 
and experimental Mn, for example using 4 at 
80% conversion of lactide, the calculated Mn  was 
30,000 and that obtained by SEC was 29,800. 
The polymerizations occurred more rapidly than 
with aldonate ester co-initiators, for example at 
4 mM concentration of 1 the polymerization 
required 960 min to reach 87% conversion 
whereas with 3 only 80 mM were needed. 

The 11-1 NMR spectrum of the PLA indicated 
only the expected carbohydrate ester end group 
resonances, as illustrated in Figure 4 and Fig-
ures S1-5. Figure 4 shows the 111 NMR spec-
trum of the PLA end capped with 5, the a and 13 
anomers are most clearly distinguished by the 
two H-1 signals at 6.22 and 6.00 ppm, respec-
tively. Furthermore, the integrals for the end-
groups versus those for the PLA methylene 
groups are in excellent agreement with the poly-
merization stoichiometry. In Figure 4, the poly-
merization was conducted using 50 equivalents 
of lactide to 5, the relative integrals of the H-1 
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Table 3. 	PLA Synthesized Using Co-initiators 3, 4 and 5 

Co-initiators  Conversionb  Time/Min Calculated 
Mn SEC' 

(PDI) 

3 12 20 4300 3800 (1.17) 
3 63 50 22,800 25,000 (1.17) 
3 87 80 31,700 30,700 (1.14) 
3 91 110 33,000 33,700 (1.10) 
3 95 170 34,400 37,100 (1.46) 
4 10 80 3900 3920 (1.15) 
4 20 110 7620 7300 (1.17) 
4 44 140 16,300 15,000 (L10) 
4 62 210 22,700 21,200 (1.04) 
4 82 360 30,000 29,800 (1.28) 
5 16 94 5900 5200 (1.05) 
5 30 150 11,000 10,900 (1.04) 
5 51 215 18,600 20,600 (1.02) 
5 89 393 32,200 41,900 (1.09) 

Polymerization conditions: [LA]0  = 1 M, [co-initiator] = 4 mM, CH2C12, 25 °C. 
b  Determined by 113 NMR by integration of the methine signals at 5.20 ppm for PLA and 

5.00 ppm for lactide. 
Determined by SEC using CHC13  and versus narrow Mn  polystyrene standards and with a 

correction factor applied.27  
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Figure 4. 1H NMR spectrum showing PLA synthesized using co-initiator 5 to illus-
trate the two anomeric signals at 6.22 and 6.00 ppm (for full spectrum see Figure 
S5). Polymerization conditions: [5]0  = 0.02 M, [LA]0  = 1 M, CH2C12, 25 °C. The poly-
merization went to complete conversion and the polymer was purified (see experi-
mental section). The ratio of the anomers is indicated by the ratio of the integrals for 
the signals at 6.20 and 6.00 ppm. 
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Figure 5. Plot of lni[LA]o/[LA]t) versus time for 
co-initiators 1-5. Polymerization conditions: adslo  = 1 
M, [co-initiator] = 4 mM, CH2C12, 25 °C. MAI, was deter-
mined from the percentage conversion by 1H NMR. 

signals, at 6.22 and 6.00 ppm, to the lactide 
methylene signals, at 5.18 ppm, indicate a 
degree of polymerization of 52. 

Polymerization Kinetics 

The co-initiators showed significant differences 
in the polymerization rate, presumably reflect-
ing differences in the rate of initiation between 
the different initiators. The plots of lni[LA]o/ 
[LA]t) versus time, for 4 mM concentration of co-
initiator and 1 M concentration of lactide, are 
illustrated in Figure 5. 

In Figure 5, the gradient of the lines corre-
sponds to the pseudo first order rate constant, 
kapp, for the various co-initiators. A comparison 
of the kapp  values for the initiators shows an 
order: 3 > 2 > 5 > 4 > 1. The relative rates of 
the co-initiators relate to the type of hydroxyl 
group initiating the polymerization with second-
ary anomeric hydroxyl groups (e.g., on 3-5) 
showing significantly enhanced rates compared 
to the secondary hydroxyl group on 1. It is 
postulated that the reason for the greater rate 
of secondary anomeric hydroxyl initiators is due 
to their reduced steric hindrance and higher 
acidity compared to open chain secondary 
hydroxyl initiator 1. The primary hydroxyl 
group on 2 showed a rate comparable to the sec-
ondary anomeric hydroxyl groups on 3-5. Thus, 
the nature of the hydroxyl group had a signi-
ficant influence over the polymerization rate 
Journal of Polymer Science: Part A: Polymer Chemistry 
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and this was controlled predominantly by steric 
factors. 

Water Contact Angle 

For biomedical applications it is important to 
reduce the hydrophobicity of PLA and it is pro-
posed that end group functionalization may help 
achieve this. To establish the hydrophilicity of 
the series of end-capped PLAs, the static contact 
angles with water were measured (Table 4). 
Investigation of the polymer films using a micro-
scope-based interferometer showed that the 
films were homogeneously coated on the glass 
slides and their surface roughness values com-
parable (Table 4). Therefore, the differences of 
surface wettability among the films can be 
entirely attributed to differences of the chemical 
composition of the film/water interface. The ini-
tiator was found to reduce the contact angles of 
the poly(S-lactide) compared to poly(S-lactide) 
initiated from ethanol which a contact angle of 
82°, in reasonable agreement with literature val-
ues.29  The carbohydrate initiators all resulted in 
films with reduced contact angles, with the order 
of increasing hydrophilicity being: 4-PLA ti  5-
PLA < 2-PLA < 3-PLA < 1-PLA. Both the 
nature of the carbohydrate substituents and the 
type of carbohydrate, pyranose versus aldonate 
ester, influence the contact angle. Acetyl groups 
are more hydrophilic than benzyl or isopropyli-
dene acetal groups therefore poly(S-lactide) ini-
tiated with 3 has a lower contact angle than 
that initiated using 4. Also, increasing the num-
ber of substituents increases the hydrophilicity, 
thus poly(S-lactide) endcapped with substituted 
D-glucose is more hydrophilic than D-xylose or 

Table 4. The Surface Roughness and Static Water 
Contact Angles of Films of Polylactide Initiated Using 
Compounds 1-5 

Initiator RMS (nm)a Water contact angleb  

1-PLA 3.7 ± 0.8 64.2° ± 1.0° 
2-PLA 4.3 ± 1.9 76.0° ± 3.0° 
3-PLA 4.2 ± 0.8 66.2° ± 1.8° 
4-PLA 3.0 ± 2.0 79.7° ± 0.2° 
5-PLA 5.0 ± 5.0 79.4° ± 0.3° 
PLA 2.3 ± 0.8 82.1° ± 0.3° 

Determined using a microscope-based interferometer 
expressed as the average root mean square (RMS) value. 

b  Determined by deposition of 30 /IL of ultra-pure water 
to the surface of the films and using a drop shape analysis 
system to determine the contact angle. 
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2-deoxy-D-ribose. Finally, the aldonate esters 
have lower contact angles than their pyranose 
counterparts, thus poly(S-lactide) initiated with 
2 is more hydrophilic than with 4. Although, the 
decreases in contact angle are quite modest, they 
do show the potential for these initiators to 
increase the hydrophilicy of the polylactide films. 

CONCLUSIONS 

The controlled S-lactide polymerization using a 
range of different carbohydrate co-initiators has 
been established. The novel co-initiators were 
pyranoses and aldonate esters derived from 
D-gluconolactone, D-xylose, D-xylonolactone, and 
2-deoxy-D-ribose. The polymerizations were all 
well controlled, as illustrated by the good correla-
tion between calculated and experimental 
the linear increase in the Mn  with percentage 
conversion, the correlation between Mr, and [lac-
tide]0-[lactide]t/[co-initiator] and the narrow poly-
dispersity indices. Polylactides with a controlla-
ble degree of polymerization were synthesized for 
each different co-initiating group, thereby provid-
ing a viable route to PLA end functionalized with 
biologically compatible and derived molecules. 
The polyesters were fully characterized, includ-
ing by NMR spectroscopy, SEC and mass spec-
trometry. Thin films of the polymer had lower 
water contact angles than poly(S-lactide), indi-
cating that the carbohydrate initiators were 
useful for increasing the hydrophilicity, an im-
portant parameter for improving biocompatibil-
ity. We are currently exploring the utility of these 
polyesters as matrices for tissue engineering and 
this will be the subject of a future report. 
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