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Abstract 

Synthesising delivery platforms for poorly soluble, cytotoxic chemotherapeutics remains a 

crucial challenge in modern medicine. Biomimetic polymer nanocarriers combine 

biocompatibility, biodegradability and structural tenability, making them ideal for stable 

transport and controlled release. This thesis investigates the synthesis and optimisation of 

functional poly(amino acid) and poly(hydroxy acid) systems for the encapsulation and 

conjugation of therapeutics, producing well-defined polymeric platforms capable of self-

assembly and of controlled release of their respective payload.  

Monomer synthesis was addressed through preparation of a library of N- and O-

carboxyanhydrides (NCA, OCA) including Fmoc-, Z- and Boc-protected lysine NCAs and 

mandelic acid OCA. Traditional phosgene-activated synthetic strategies were evaluated 

against modern phosgene-free alternatives, revealing distinct differences in safety, purity and 

robustness to undesirable side reactions. From these monomers, via ring-opening 

polymerisation (ROP), were synthesised two complementary amphiphilic block copolymer 

platforms. In the first, mPEG-b-poly(mandelic acid) copolymers were synthesised under 

systematically varied reaction conditions. The products exhibited narrow molecular weight 

distributions and self-assembled into sub-200 nm nanoparticles with low polydispersity. 

These platforms were capable of encapsulating doxorubicin with high efficiency and 

demonstrated slow, pH-responsive release behaviour with no unwanted burst release and 

limited leakage at physiological pH. This highlighting the potential of the PMA backbone for 

pH-sensitive drug delivery.   

The second system utilised mPEG-b-PLys block copolymers, synthesised under extensive 

kinetic and mechanistic investigation including in-situ FTIR monitoring. Challenges with the 

Fmoc- and Z-protected systems were addressed, with Boc-protected championed for its 

robust synthesis and rapid, simple deprotection. Subsequent post-polymerisation 

modification introduced oligo(ethylene glycol) grafts to relieve steric congestion around 

lysine pendant amines, enabling efficient carbamate conjugation to SN38. The resulting 

conjugates formed uniform nanoparticles that exhibited excellent stability and sustained 

release under physiologically relevant conditions.  
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Figure 5.8: Characterised 1H NMR spectrum (500 MHz, DMSO-d6) of BC183, 

hydrogen-expanded structure has been provided for reference.   

мрт 

CƛƎǳǊŜ рΦфΥ /ƘŀǊŀŎǘŜǊƛǎŜŘ 
м
I baw ǎǇŜŎǘǊǳƳ (500 MHz, D2O) ƻŦ ./мфлΣ ƘȅŘǊƻƎŜƴπ

ŜȄǇŀƴŘŜŘ ǎǘǊǳŎǘǳǊŜ Ƙŀǎ ōŜŜƴ ǇǊƻǾƛŘŜŘ ŦƻǊ ǊŜŦŜǊŜƴŎŜΦ   

мрф 

Figure 5.10: The SEC-TDA chromatogram of BC190, overlaid with that of mPEG-NH2 

(5000 g mol-1) (Thermofisher Batch B)  

мсл 

Figure 5.11: The SEC-TDA chromatogram of BC192, overlaid with that of mPEG-NH2 

(5000 g mol-1) (Thermofisher Batch A) 

мсл 

Figure 5.12: Conversion profiles of BC196 ς BC202, generated via in-situ FTIR analysis 

of peak deterioration for the eliminated NCA-carbonyl moiety with resonance at ca. 

1700 cm-1.  

мсн 

CƛƎǳǊŜ рΦмоΥ 
м
I baw ǎǇŜŎǘǊŀ (500 MHz, DMSO-d6) ƻŦ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊǎ ./мфрπуΣ ǿƛǘƘ 

5t ŜǾƛŘŜƴŎŜŘ ōȅ ƛƴŎǊŜŀǎƛƴƎ ŀƭƛǇƘŀǘƛŎ ώ[ȅǎπ.ƻŎϐƴ ǇŜŀƪ ŀǊŜŀ όϝύ ǾǎΦ Ƴt9D ǘŜǊƳƛƴŀƭ 

ƳŜǘƘȅƭŜƴŜ ǇǊƻǘƻƴǎ όύΦ {ǇŜŎǘǊǳƳ ōŀǎŜƭƛƴŜ ōŜǘǿŜŜƴ оΦн ς нΦн Ŏǳǘ ǘƻ ǇǊƻǾƛŘŜ ǎǇŀŎŜ 

ŦƻǊ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ǇŜŀƪǎΦ 

мсп 

CƛƎǳǊŜ рΦмпΥ {9/π¢5! ƻŦ Ƴt9Dπōπtƭȅǎώ.ƻŎϐƴ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊǎΦ мср 

CƛƎǳǊŜ рΦмрΥ 5ŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǎǳŎŎŜǎǎŦǳƭ .ƻŎπ ŘŜǇǊƻǘŜŎǘƛƻƴΣ ŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ 

ŘŜŎǊŜŀǎƛƴƎ .ƻŎ ƳŜǘƘȅƭ ǇǊƻǘƻƴ ǇŜŀƪ ŀǊŜŀ ƛƴ ǘƘŜ мΦуπмΦн ǇǇƳ ǊŀƴƎŜ όϝύ ŀƴŘ ŎƻƴǎƛǎǘŜƴǘ 

ƭȅǎƛƴŜ ŜǘƘȅƭ ǇǊƻǘƻƴ ŀǊŜŀ όІύ ǾǎΦ Ƴt9D ǘŜǊƳƛƴŀƭ ƳŜǘƘȅƭŜƴŜ ǇǊƻǘƻƴǎ όύΦ 

мсу 

Figure 5.16: Normalised SEC-TDA of BC195D-198D, run in TFA-Aqueous eluent. мсф 

Figure 5.17: Normalised SEC-TDA of deprotected block copolymers, synthesised via 

NCA-ROP in THF. Run in TFA-Aqueous eluent.  

мто 



xiii 
 

Figure 5.18: SEC-TDA of deprotected block copolymers BC210D and BC211D, 

synthesised at reduced temperature in DMF, alongside traces for mPEG-NH2 and 

BC196D.  

мтр 

CƛƎǳǊŜ рΦмфΥ bƻǊƳŀƭƛǎŜŘ {9/π¢5! ƻŦ ŘŜǇǊƻǘŜŎǘŜŘ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊǎ ./нмф5 ŀƴŘ 

./ннл5Σ ǎȅƴǘƘŜǎƛǎŜŘ Ǿƛŀ b/!πwht ǳƴŘŜǊ ǊŜŘǳŎŜŘ ǘŜƳǇŜǊŀǘǳǊŜΦ wǳƴ ƛƴ ¢C!π!ǉǳŜƻǳǎ 

ŜƭǳŜƴǘΦ  

мтт 

CƛƎǳǊŜ сΦмΥ {ǘǊǳŎǘǳǊŜ ƻŦ ǘǿƻ ǎǇŀŎŜǊ ƳƻƭŜŎǳƭŜǎΣ ƎǊŀŦǘŜŘ ǘƻ ǘƘŜ Ǉ[ȅǎ ōƭƻŎƪ ǘƻ ƛƴŎǊŜŀǎŜ 

ǘƘŜ Ƴƻōƛƭƛǘȅ ŀƴŘ ŦƭŜȄƛōƛƭƛǘȅ ƻŦ ƛǘǎ ǇŜƴŘŀƴǘ ŎƘŀƛƴǎΦ  

нмн 

Figure 6.2: Mechanism of PyBOP coupling agent as part of amide coupling reaction. нмо 
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Figure 6.5: Comparative SEC analysis of mPEG-NH2 (Iris Biotech), BC196 and BC224, 
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Figure 6.6: Comparative SEC analysis of mPEG-NH2 (Iris Biotech), BC197, BC225 and 

BC227, to evaluate changing mass upon grafting the Boc-O2O-OH and Boc-O2O-

O2O-OH spacer units.  
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NH2.TFA]5-O2O-NH2.TFA. For simplicity, the product is presented in neutral form, as 

opposed to the TFA salt. 
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Figure 6.8: Comparative SEC analysis of mPEG-NH2 (Iris Biotech), BC203D and 

BC215D, to determine the increased in mass of the two in comparison to the 
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Figure 6.9: 1H NMR characterisation (500 MHz, D2O) of BC224D ς mPEG-b-PLys[O2O-

NH2.TFA]10-O2O-NH2.TFA. For simplicity, the product is presented in neutral form, as 

opposed to the TFA salt. 
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Figure 6.10: Overlaid 1H NMR spectra (500 MHz, D2O) of BC224D and BC226D 

highlighting the changes in relevant integral ranges in comparison to a normalised 

PEG-CH3 integral ( ). 
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PEG-CH3 integral ( ). 
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Figure 6.16: Overlaid GPC Chromatograms for mPEG-NH2 macroinitiator, BC234, 
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Figure 6.20: Overlaid GPC Chromatograms for mPEG-NH2 macroinitiator, BC227 and 
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Figure 6.21: Overlaid GPC Chromatograms for mPEG-NH2 macroinitiator, BC236, 
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Figure 6.23: Transmission electron microscopy images depicting nanoparticles of 
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Figure 6.24: Drug release profiles for samples of mPEG-b-PLys-co-SN38 grafted 

copolymers, taken over 10.5 h of incubation. 
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Chapter 1: Introduction 

1.1 Drug Delivery  

{ƛƴŎŜ ǘƘŜ ŜŀǊƭƛŜǎǘ ƛƳǇƭŜƳŜƴǘŀǘƛƻƴ ƻŦ ŎƻƴǘǊƻƭƭŜŘπǊŜƭŜŀǎŜ ƳŜŎƘŀƴƛǎƳǎ ōȅ {ƳƛǘƘπYƭƛƴŜ ŀƴŘ 

CǊŜƴŎƘ ƛƴ мфрнΣ ǊŜǎŜŀǊŎƘ ƛƴǘƻ ǘƘŜ ŘŜƭƛǾŜǊȅ ƻŦ ǇƘŀǊƳŀŎŜǳǘƛŎŀƭ ǘƘŜǊŀǇŜǳǘƛŎǎ Ƙŀǎ ōŜŜƴ ƻƴ ŀƴ 

ǳǇǿŀǊŘ ǘǊŀƧŜŎǘƻǊȅΦм Lƴ нлмфΣ ǘƘŜ Ǝƭƻōŀƭ ŘǊǳƎ ŘŜƭƛǾŜǊȅ ƳŀǊƪŜǘ ǎƛȊŜ ŜȄŎŜŜŘŜŘ нс ōƛƭƭƛƻƴ ¦{5 ŀƴŘ 

ƛǎ ǇǊƻƧŜŎǘŜŘ ǘƻ ǊŜŀŎƘ пр ōƛƭƭƛƻƴ ¦{5 ōȅ нлнтΦ
н
 /ƻƴǾŜǊǎŜƭȅΣ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ƴŜǿ ŘǊǳƎǎ ƛƴ 

ǊŜŎŜƴǘ ȅŜŀǊǎ Ƙŀǎ ŘŜŎƭƛƴŜŘΣ ŀƴŘ ƛǘ ƛǎ ŜǎǘƛƳŀǘŜŘ ǘƘŀǘ ŀǊƻǳƴŘ фл ҈ ƻŦ ŘǊǳƎǎ ŎǳǊǊŜƴǘƭȅ ƛƴ 

ŘŜǾŜƭƻǇƳŜƴǘ Ŏƻƴǎƛǎǘ ƻŦ ƳƻƭŜŎǳƭŜǎ ǘƘŀǘ ŀǊŜ ǇƻƻǊƭȅ ǎƻƭǳōƭŜ ǳƴŘŜǊ ŀǉǳŜƻǳǎΣ ǇƘȅǎƛƻƭƻƎƛŎŀƭ 

ŎƻƴŘƛǘƛƻƴǎΦ
о
 hŦ ǇǊƛƳŀǊȅ ǎƛƎƴƛŦƛŎŀƴŎŜ ǘƻ ǘƘƛǎ ǊŜǇƻǊǘ ŀǊŜ ǘƘŜ ŀŘǾŜǊǎŜ ǎƛŘŜ ŜŦŦŜŎǘǎ ƻŦ ŎȅǘƻǘƻȄƛŎ 

ŘǊǳƎǎΣ ǎǳŎƘ ŀǎ ǘƘƻǎŜ ŜƳǇƭƻȅŜŘ ƛƴ ǘƘŜ ŎƘŜƳƻǘƘŜǊŀǇȅ ƻŦ ŎŀƴŎŜǊǎΦ wŜǇƻǊǘŜŘ ǎƛŘŜ ŜŦŦŜŎǘǎ ƻŦ ǘƘŜǎŜ 

ƳŜŘƛŎŀǘƛƻƴǎΣ ƛƴŎƭǳŘƛƴƎ ǾƻƳƛǘƛƴƎΣ ŎƘǊƻƴƛŎ ǇŀƛƴΣ ŘƛŀǊǊƘƻŜŀ ŀƴŘ ŦŀǘƛƎǳŜΣ ŀŦŦŜŎǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ тр 

҈ ƻŦ ǇŀǘƛŜƴǘǎΣ ǿƛǘƘ сл ҈ ƻŦ ǇŀǘƛŜƴǘǎ ƛƴŎǳǊǊƛƴƎ ŀ ǎŜǊƛƻǳǎ ǎƛŘŜ ŜŦŦŜŎǘΦ
п
 ¢ƘŜ ƳƻŘŜǊƴ ŘŜǾŜƭƻǇƳŜƴǘ 

ƻŦ ŘǊǳƎ ŘŜƭƛǾŜǊȅ ǾŜƘƛŎƭŜǎ ƛǎ ŀ Ǿƛǘŀƭ ǎƻƭǳǘƛƻƴ ǘƻ ǘƘŜǎŜ ŜŦŦŜŎǘǎΣ ŀǎ ǘƘŜǎŜ ƳŀǘŜǊƛŀƭǎ Ŏŀƴ ƎǊŜŀǘƭȅ 

ƛƴŎǊŜŀǎŜ ǘƘŜ ŜŦŦƛŎƛŜƴŎȅ ŀƴŘ ŘŜŎǊŜŀǎŜ ǘƘŜ ŘŜǘǊƛƳŜƴǘŀƭ ƛƳǇŀŎǘ ƻŦ ǎǳŎƘ ŎȅǘƻǘƻȄƛŎ ǘǊŜŀǘƳŜƴǘǎ 

ǿƛǘƘƛƴ ǘƘŜ ōƻŘȅΦ  

²ƘŜƴ ƛǘ ŎƻƳŜǎ ǘƻ ƳŜŘƛŎŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎΣ ŘǊǳƎ ŘŜƭƛǾŜǊȅ ǾŜƘƛŎƭŜǎ Ƴŀȅ ǎǳŦŦŜǊ ŦǊƻƳ ƻƴŜ ƻŦ ǎŜǾŜǊŀƭ 

ǇƘȅǎƛƻƭƻƎƛŎŀƭ ƭƛƳƛǘŀǘƛƻƴǎΦ ¢Ƙƛǎ Ŏŀƴ ƛƴŎƭǳŘŜ ǇƻƻǊ ōƛƻŘŜƎǊŀŘŀǘƛƻƴΣ ǇƻƻǊ ōƛƻŀǾŀƛƭŀōƛƭƛǘȅ ŀƴŘ 

ƛƴǎǘŀōƛƭƛǘȅ ŘǳǊƛƴƎ ŎƛǊŎǳƭŀǘƛƻƴ ŀƴŘ ǇƻǘŜƴǘƛŀƭ ŎȅǘƻǘƻȄƛŎ ŜŦŦŜŎǘǎ ƻŦ ǘƘŜƛǊ ƻǿƴΦ
р
 .ƛƻƳƛƳŜǘƛŎ 

ƳŀǘŜǊƛŀƭǎ ǇƻǎŜ ŀ ǇƻǘŜƴǘƛŀƭ ǎƻƭǳǘƛƻƴ ǘƻ ǘƘƛǎ ŎƻƳǇƭƛŎŀǘƛƻƴΣ ŀǎ ǘƘŜȅ ŀǊŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ǘƘŜƛǊ 

ōƛƻŀǾŀƛƭŀōƛƭƛǘȅΣ ōƛƻŎƻƳǇŀǘƛōƛƭƛǘȅΣ ŀƴŘ ōƛƻŘŜƎǊŀŘŀōƛƭƛǘȅΦ ¢ǿƻ ǇǊƻƳƛƴŜƴǘ ŜȄŀƳǇƭŜǎ ƻŦ ǎǳŎƘ 

ƳŀǘŜǊƛŀƭǎ ŀǊŜ ǇƻƭȅόŀƳƛƴƻ ŀŎƛŘύǎ ŀƴŘ ǇƻƭȅŜǎǘŜǊǎΣ ǘƘŜ ƎŜƴŜǊŀƭ ǊŜǇŜŀǘ ǳƴƛǘ ǎǘǊǳŎǘǳǊŜǎ ŦƻǊ ǿƘƛŎƘ 

ŀǊŜ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ м ōŜƭƻǿΦ  

 

 

 

 

 

CƛƎǳǊŜ мΦмΥ DŜƴŜǊŀƭƛǎŜŘ ǎǘǊǳŎǘǳǊŜ ƻŦ ŀ ǇƻƭȅόŀƳƛƴƻ ŀŎƛŘύ ŀƴŘ ŀ ǇƻƭȅŜǎǘŜǊΦ 
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The route from amino acid (AA) and hydroxy acid (HA) raw materials to functional polymer 

products is detailed within this report. This includes the cyclisation of AA and HA molecules 

bearing hydrophobic pendant chain functionalities into reactive 5-membered heterocycles, 

followed by their polymerisation. By using nucleophile-terminated hydrophilic 

macromolecules such as polyethylene glycol methyl ether (mPEG) to initiate ring-opening 

polymerisation (ROP), it is then possible to develop block-copolymer products with 

amphiphilic properties. These functional materials are then capable of self-assembly, 

resulting in the formation of the encapsulant nanoparticles that can carry therapeutic 

payloads to their destination. To understand this process in greater detail, the mechanistic 

background for the synthesis and preparation of these block-copolymer amphiphilic 

nanoparticles has been recounted within this chapter.  

 

1.1.1 Amphiphilic Block Copolymers  

Polymers consist of a covalently-linked sequence of monomer building units (repeat units) 

and can be classified depending on the number and arrangement of these units. Polymers 

composed of a single type of repeat unit, such as PEG, are referred to as homopolymers. 

Homopolymer physicochemical properties remain consistent throughout the chain and are 

often similar to those of the constituent monomer.6 This is exemplified by the hydrophilicity 

of PEG, owed to the significant quantity of hydrogen-bond donating oxygen atoms within the 

polymer backbone. Polymers with two or more repeat units are referred to as copolymers, 

and exhibit physichochemical properties intermediate to those of their constituent 

monomers, depending on their relative sequencing.7 Differing classifications of copolymer are 

outlined in Figure 1.2 below.  

 

 

 

 

 

Figure 1.2: Graphical representations of differing copolymer classifications 
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Block copolymer sequences are often exploited in drug delivery science as building blocks for 

nanoparticles. Combining the hydrophilic properties of a polymer such as PEG, covalently 

linked to a block with hydrophobic properties, creates a single chain with amphiphilic 

properties, leading to self-assembly into a particle under aqueous conditions by inter-chain 

association of multiple hydrophobic blocks into a core, surrounded and compatibilised by a 

corona of external hydrophilic blocks. Block copolymerisation can be achieved by either 

covalent linkage of two existing blocks together, sequential monomer addition during 

polymerisation from a small-molecule initiator, or by using one polymer block as a 

macroinitiator, propagating the next block from this reaction. There is theoretically no limit 

to the number of blocks that can be added to a polymer system.  

PEG is widely utilised in the synthesis of hybrid block copolymers suitable for biomedical 

applications, due to in part to its commercial viability, but also to its high biocompatibility, 

hydrophilicity and pharmacokinetic properties.8-10 The end-groups of the PEG chain can 

undergo a wide variety of functional modifications, allowing a broad assortment of linkages 

and chain terminals to be made from the homopolymer framework. Specifically, substitution 

of the hydroxyl terminals of one PEG chain, one for a methyl and one an amine group, affords 

a single-terminal functionalised nucleophilic macroinitiator, shown in Figure 1.3 below.   

 

 

 

Figure 1.3: Structure of methoxy-poly(ethylene glycol)-NH2. 

 

According to a review by Knop et al, all marketed polymer therapeutics brought to the market 

up to 2010 contained PEG-functionalised therapeutics, with no other synthetic polymer 

having reaching that status.11 This readily exemplifies the benefits that PEG macromolecules 

provide within the development of polymeric drug delivery platforms in general and, 

importantly for this work, for self-assembled amphiphilic block copolymers systems.  
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1.1.2 Block Copolymer Self Assembly 

¢ƘŜ ǳǘƛƭƛǎŀǘƛƻƴ ƻŦ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊ ό./tύ ǎŜƭŦπŀǎǎŜƳōƭȅ ƛƴǘƻ ŦǳƴŎǘƛƻƴŀƭƭȅ ŘƛǾŜǊǎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ 

Ƙŀǎ ōŜŜƴ ǿƛŘŜƭȅ ŜȄǇƭƻǊŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΦ hƴŜ ŦŀŎǘƻǊ ƻŦ ǎƛƎƴƛŦƛŎŀƴǘ ƛƳǇƻǊǘŀƴŎŜ ǘƻ ǘƘŜ ƳŜŘƛŎŀƭ 

ƛƴŘǳǎǘǊȅ ƛǎ ǘƘŜ ǎƳŀƭƭ ǎƛȊŜ ƻŦ ǘƘŜǎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎΣ ǿƘƛŎƘ ŀƭƭƻǿǎ ŦƻǊ ǳƴƛǉǳŜ ǇƘȅǎƛŎƻŎƘŜƳƛŎŀƭ 

ǇǊƻǇŜǊǘƛŜǎΣ ǎǳŎƘ ŀǎ ǇŀǎǎŀƎŜ ŀŎǊƻǎǎ ǘƘŜ ōƭƻƻŘπōǊŀƛƴ ōŀǊǊƛŜǊΦ
мн hŦ ƛƳǇƻǊǘŀƴŎŜ ǘƻ ǘƘŜ ǿƻǊƪ ƛƴ ǘƘƛǎ 

ǊŜǇƻǊǘ ƛǎ ǘƘŜ ǎŜƭŦπŀǎǎŜƳōƭȅ ƻŦ ǇƻƭȅƳŜǊ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ƛƴ ǎƻƭǳǘƛƻƴΣ ǘƘƻǳƎƘ ǘƘƛǎ ƛǎ ŀƭǎƻ ǇƻǎǎƛōƭŜ ƛƴ 

ōǳƭƪΦ {ŜƭŦπŀǎǎŜƳōƭȅ ƛƴ ǎƻƭǳǘƛƻƴ ƻŎŎǳǊǎ ƻƴŎŜ ǘƘŜ ƳƻƭŀǊƛǘȅ ƻŦ ./t Ƙŀǎ ŜȄŎŜŜŘŜŘ ǘƘŜ ŎǊƛǘƛŎŀƭ 

ƳƛŎŜƭƭŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ό/a/ύΣ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘŜǊƳƻŘȅƴŀƳƛŎŀƭƭȅ ǳƴŦŀǾƻǳǊŀōƭŜ ƛƴǘŜǊŀŎǘƛƻƴǎ 

ōŜǘǿŜŜƴ ǘƘŜ ǎƻƭǾŜƴǘ ŀƴŘ ƻƴŜ ōƭƻŎƪ ƻŦ ǘƘŜ ŎƻǇƻƭȅƳŜǊΦ ¢ƘŜǎŜ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀǊŜ ƭƛƳƛǘŜŘ ōȅ ǘƘŜ 

ŀŎǘƛƻƴ ƻŦ ǎŜƭŦπŀǎǎŜƳōƭȅΣ ǿƘƛŎƘ Ŏŀƴ ōŜ ƛƴǘŜǊǇǊŜǘŜŘ ǇƘȅǎƛŎŀƭƭȅ ŀǎ ŀ ƳƛƴƛƳƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ŦǊŜŜ 

ŜƴŜǊƎȅ ƻŦ ƛƴǘŜǊŀŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǇƻƭȅƳŜǊ ōƭƻŎƪǎ ! ŀƴŘ .Σ ŀǎ ǿŜƭƭ ŀǎ ǘƘŀǘ ƻŦ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴ 

ǿƛǘƘ ǘƘŜ ǎƻƭǾŜƴǘ ό
!̝.
Σ ̝
!{
 ŀƴŘ 

.̝{
Σ ǊŜǎǇŜŎǘƛǾŜƭȅύΦ

мо
  

! ǊŀƴƎŜ ƻŦ ƳƻǊǇƘƻƭƻƎƛŜǎ ŀǊŜ ŀŎŎŜǎǎƛōƭŜ ǘƻ ǘƘŜǎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎΣ ƛƴŎƭǳŘƛƴƎ ǎǇƘŜǊƛŎŀƭ ƳƛŎŜƭƭŜǎΣ 

ŎȅƭƛƴŘǊƛŎŀƭ όǿƻǊƳπ ŀƴŘ ǊƻŘπƭƛƪŜύ ƳƛŎŜƭƭŜǎ ŀƴŘ ǾŜǎƛŎƭŜǎΦ ¢ƘŜ ǘŜƴŘŜƴŎȅ ƻŦ ŀ ƴŀƴƻǇŀǊǘƛŎƭŜ ǎȅǎǘŜƳ 

ǘƻ ŀǎǎŜƳōƭȅ ǳƴŘŜǊ ƻƴŜ ƻŦ ǘƘŜǎŜ ƳƻǊǇƘƻƭƻƎƛŜǎ Ŏŀƴ ōŜ ŎǊǳŘŜƭȅ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ǘƘŜ 

ŘƛƳŜƴǎƛƻƴƭŜǎǎ ǇŀŎƪƛƴƎ ǇŀǊŀƳŜǘŜǊ ǇΣ ŦƛǊǎǘ ƛƴǘǊƻŘǳŎŜŘ ōȅ LǎǊŀŜƭŀŎƘǾƛƭƛΦ
мп
Ǉ ƛǎ ŘŜŦƛƴŜŘ ƛƴ 9ǉǳŀǘƛƻƴ 
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±ŀƭǳŜǎ ƻŦ Ǉ ōŜƭƻǿ лΦоо ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǎǇƘŜǊƛŎŀƭ ƳƛŎŜƭƭŜ ƳƻǊǇƘƻƭƻƎȅΣ ǿƘƛƭŜ ǾŀƭǳŜǎ ōŜǘǿŜŜƴ 

лΦоо ŀƴŘ лΦр ŎƻǊǊŜǎǇƻƴŘ ǘƻ ŎȅƭƛƴŘǊƛŎŀƭ ƳƛŎŜƭƭŜǎΣ ŀƴŘ ǾŀƭǳŜǎ ōŜǘǿŜŜƴ лΦр ŀƴŘ м ŎƻǊǊŜǎǇƻƴŘ ǘƻ 

ǾŜǎƛŎƭŜǎ ŀƴŘ ǇƻƭȅƳŜǊǎƻƳŜǎΦ
мрΣмс 

LƴǾŜǎǘƛƎŀǘƛƻƴǎ ōȅ 9ƛǎŜƴōŜǊƎ Ŝǘ ŀƭΦ ƛƴǘƻ ǇƻƭȅǎǘȅǊŜƴŜπōπ

ǇƻƭȅόŀŎǊȅƭƛŎ ŀŎƛŘύ όt{πōπt!!ύ ƛƴ ǿŀǘŜǊ ǊŜǾŜŀƭŜŘ ǘƘŀǘ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊ ƳƻǊǇƘƻƭƻƎƛŜǎ ǿŜǊŜ 

ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ƘȅŘǊƻǇƘƛƭƛŎ t!! ōƭƻŎƪΦмт ²ƛǘƘ ƭŀǊƎŜǊ ƭŜƴƎǘƘǎ ƻŦ t!!Σ ǇƻƭȅƳŜǊǎ 

ŦƻǊƳŜŘ ǎǇƘŜǊƛŎŀƭ ƳƛŎŜƭƭŜǎΣ ŦƻƭƭƻǿŜŘ ōȅ ŎȅƭƛƴŘǊƛŎŀƭ ƳƛŎŜƭƭŜǎΣ ǾŜǎƛŎƭŜǎ ŀƴŘ Ŧƛƴŀƭƭȅ ƛƴǾŜǊǎŜ 

ƳƛŎŜƭƭŜǎΦ !ƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ǎƘƻǊǘŜǎǘ ƭŜƴƎǘƘ t!! ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊǎ ŀƭǎƻ ǊŜǾŜŀƭŜŘ ƭŀǊƎŜǊ ƭŀƳŜƭƭŀǊ 

ǎǘǊǳŎǘǳǊŜǎ ƛƴ ǎƻƳŜ ŎŀǎŜǎ ŀǎ ǿŜƭƭΦ  
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CǳǊǘƘŜǊ ǊŜǎŜŀǊŎƘ ōȅ 9ƛǎŜƴōŜǊƎ ŎƻƴǘƛƴǳŜŘ ǘƻ ǊŜǾŜŀƭ ǇƻǘŜƴǘƛŀƭ ƳƻǊǇƘƻƭƻƎƛŜǎ ŀǾŀƛƭŀōƭŜ ǘƻ ǘƘŜǎŜ 

ǇƻƭȅƳŜǊ ǎȅǎǘŜƳǎΣ ƛƴŎƭǳŘƛƴƎ ǾŜǊȅ ƭƻƴƎ ǿƻǊƳπƭƛƪŜ ƳƛŎŜƭƭŜǎΣ ŀƴŘ ǊƻŘπƭƛƪŜ ŀƎƎǊŜƎŀǘŜ ǎǇŜŎƛŜǎΦ ¢Ƙƛǎ 

ǊŜǎŜŀǊŎƘ ƘƛƎƘƭƛƎƘǘǎ ǘƘŜ Ǿŀǎǘ ŀǊǊŀȅ ƻŦ ǇƻǘŜƴǘƛŀƭ ƳƻǊǇƘƻƭƻƎƛŜǎ ŀǾŀƛƭŀōƭŜ ǘƻ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊ 

ǎȅǎǘŜƳǎΣ ŦƻǊ ǿƘƛŎƘ ǘƘŜǊŜ Ƴŀȅ ōŜ ŀ ǇƭŜǘƘƻǊŀ ƻŦ ǳƴǘŀǇǇŜŘ ŀǇǇƭƛŎŀǘƛƻƴǎΦ  

 

1.1.3 Optimisation of Nanoparticles 

The properties of block copolymer amphiphiles as platforms for drug encapsulation and 

controlled release can be altered by fine-tuning both the constituent functional domains and 

chemistries of the constituent blocks, as well as by varying the method of self-assembly those 

polymers undertake during nanoprecipitation. Relative block size (degree of polymerisation), 

solubility and inter-chain interactions have significant impact upon the resultant drug loading, 

stability and controlled release of the delivery platform.  

With increasing nanoparticle drug loading, fewer nanoparticles are required to deliver the 

necessary dosing of active pharmaceutical ingredient (API) to the target site.18 !tLΩǎ ŀǎ ŀ 

component of therapeutics typically represent the greatest investment of time, resource and 

cost in the preparation of such materials, and hence higher drug loading offers greater value 

to the manufacturer, practitioner and patient.19 This was exemplified by Sabatelle et al. who 

used ultra-high-drug-loaded (UHDL) paclitaxel nanoparticles to increase sustained drug levels 

in the peritoneal cavity compared to those treated with the low drug-loading formulation 

(PTX-C/E), and to increase median survival rate from 53 days in the PTX-C/E group to 81 days 

after a single UHDL dose, and to 122 days after 2 doses.20 However, research by Chu et al. 

disputes this narrative, wherein mice treated with 9 wt% docetaxel-NP (D-NP) formulation 

experienced reduced docetaxel exposure in the organs of the mononuclear phagocyte system 

(MPS), and an increased plasma/tumour docetaxel concentration when compared to those 

that received 20 wt% D-NP, resulting in increased therapeutic efficiency.18 These contrasting 

results highlight the complex physicochemical balance that is faced when tuning high- and 

low-drug-loading during payload development, between increased dosage efficiency and 

improved pharmacokinetic profile. 
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Nanoparticle stability is paramount to the synthesis, storage, intravenous introduction, 

plasma transport and controlled delivery of therapeutic payloads by amphiphilic block 

copolymer systems. Particularly as synthesis and nanoprecipitation are scaled to meet 

ƛƴŘǳǎǘǊƛŀƭ ƳŀƴǳŦŀŎǘǳǊŜ ŎŀǇŀŎƛǘȅΣ ǇƻƻǊ ǳƴƛŦƻǊƳƛǘȅ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘ ό7ύ ŀƴŘ ƴŀƴƻǇŀǊǘƛŎƭŜ 

assembly (PDI) can lead to particle inhomogeneity, which increases the risk both burst release 

upon exposure to blood plasma and payload leakage during either storage or transport, 

negating the purpose of controlled release.21 These effects are of specific interest to this 

report, which investigates the controlled release of SN38, a potent topoisomerase I inhibitor 

with poor physiological solubility and limited therapeutic capability in its native form. Spiking 

concentrations (Cmax) of native SN38 upon intravenous delivery or burst release leads to dose-

limiting toxicities such as myelosuppression and gastrointestinal damage, as well as 

promoting rapid glucoronidation, which expedites drug clearance and elimination from the 

plasma.22-24 Nanoparticle stability is therefore of paramount importance to this work.  

Sensitivity of nanoparticle systems to physiological stimuli plays a key role in the selectively-

triggered release mechanism of many delivery payloads. Selected stimuli include 

temperature, enzymatic activation, redox potential and the presence of biomarkers on 

affected cells, such as receptors and glycoproteins.25-28 Of specific interest to this research is 

the pH-sensitivity of ester linkages within drug delivery platforms, the hydrolysis of which is 

acid-catalysed.29 This makes them viable for triggered release under the acidic conditions of 

both the extracellular tumour microenvironment (pH 6.0 ς 6.8) and the intracellular 

conditions of endosomes and lysosomes (pH 5.0 ς 5.5).22  

Finally, size represents a potential limiter for the application of nanoparticle delivery systems 

to specific sites around the body. The diffusion of these platforms across biological 

membranes and barriers is vital and requires that the self-assembled nanoparticles fall below 

specific thresholds. For instance, there is a ca. 100 nm diameter cut-off for nanoparticle to 

diffuse across the blood-brain barrier. A summary of potential routes for nanoparticle-

therapeutic administration within different size thresholds is provided in Table 1.1, adapted 

from Danaei et al.12 
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¢ŀōƭŜ мΦмΥ wŜǉǳƛǊŜŘ ǇŀǊǘƛŎƭŜ ǎƛȊŜǎ ŦƻǊ ŘƛǎǘǊƛōǳǘƛƻƴ ǿƛǘƘƛƴ ǘƘŜ ōƻŘȅ Ǿƛŀ ǎŜǾŜǊŀƭ ŘƛŦŦŜǊŜƴǘ 

ŀŘƳƛƴƛǎǘǊŀǘƛƻƴ ŀƴŘ ŘƻǎŀƎŜ ǊƻǳǘŜǎΦ !ŘŀǇǘŜŘ ŦǊƻƳ ώмнϐΦ 

 

1.2 Poly(amino acids) for Drug Delivery 

In recent years, drug delivery science has benefited from the implementation of biomimetic 

materials in the development of its encapsulant nanoparticles. Biomimetic materials combine 

chemistry, biology and engineering in an effort to emulate natural materials, mechanisms and 

systems in order to tackle human problems. This appropriately describes the role that 

poly(amino acids) can play as biomimetic drug delivery materials. The ability to self-assemble 

into complex, biocompatible conformations, makes these materials promising candidates for 

the targeted delivery of anti-cancer therapeutics.30 

1.2.1 Amino Acids 

Amino acids are the constituent building blocks of two vital groups of macromolecules in the 

human body. These include peptides, such as insulin and oxytocin, and proteins, such as 

trypsin. These polymeric structures occur naturally in the body in unique combinations, 

specific to the role of the molecule. This is made possible by the highly functional nature of 

the amino acids, which enables them to leverage intramolecular folding interactions to self-

assemble into externally hydrophilic nanoparticles, thereby improving intestinal uptake and 

overall biocompatibility.  
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In addition, poly(amino acid) macromolecules are biodegradable under homeostatic 

conditions, subsequently reforming amino acid molecules which are easily metabolised. This 

combination of improved vehicle uptake and disposal makes poly(amino acid) based 

nanomaterials an enticing opportunity for pharmaceutical and biomedical applications, 

specifically as biomaterial scaffolds for controlled drug delivery and tissue engineering.31,32  

Furthermore, the commercial production of amino acids for poly(amino acid) synthesis 

obtained via enzymatic biosynthesis is attractive from an environmental sustainability 

standpoint.33 The majority of amino acids are biosynthesised by proliferating microorganism 

cultures, via the fermentation of simple sugar syrups obtained from grains or molasses.34 This 

use of a renewable raw material, processed by cultured microorganisms that can be grown to 

scale, is a great benefit in the case of using poly(amino acid) materials over more economically 

linear, petrochemical-sourced polymer alternatives.  

The generalised structure of an (h-)amino acid is illustrated in Figure 1.4 below. Bonded to 

the h -carbon are an amino acid and a carboxylic acid terminal, as well as a pendant side chain 

group which can bear a multitude of functional domains. These include hydrophobic, 

hydrophilic, acidic, basic, polar and non-polar domains. Furthermore, amino acids produced 

by biosynthesis are usually of the S-configuration (or L- by latin nomenclature).  

 

 

 

 

Figure 1.4: A generalised amino acid molecule 

For a nanoparticle to be capable of both encapsulating a drug molecule, as well as exhibiting 

biocompatibility within the body, it is necessary that the constituent polymer materials of 

those nanoparticles are amphiphilic in nature. By exploiting the wide functional diversity of 

the available amino acid monomers, it is possible to influence the physicochemical properties 

of the subsequent poly(amino acid) materials so as to achieve this criterion.35 Table 1 below 

illustrates the 20 proteogenic amino acids commonly found within the body, with the 

functional varieties of their respective side chain groups highlighted.  
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Table 1.2: The 20 proteogenic amino acids. 
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In Table 1.2, the wide range of exploitable functionality available to amino acids and to 

consequent poly(amino acid) materials can be visualised. In the literature, the applicability of 

these amino acids as repeat units in amphiphilic copolymers has been investigated already, 

with the conjugation of hydrophilic poly(glutamic acid) to polybutadiene by Kukula,36 and the 

self-assembly of poly(ethylene glycol)-b-poly(phenylalanine) copolymer by Castelletto.37 The 

mechanism for this self-assembly is owed to the same biological processes by which 

polypeptides synthesised within cells undergo folding into discrete and complex shapes, 

specific to their function.38 These levels of folding and some specific polypeptide and protein 

conformations that demonstrate them can be seen in Figure 1.5 below.  

 

Figure 1.5: The primary, secondary, tertiary, and quaternary structures of polypeptides. 

Importantly for the work conducted within this report, key secondary structure folding 

interactions in polypeptides can be translated to the self-assembly of stable conformations in 

poly(amino acids). In polypeptides, the formation of conformational domains such as the h -

helices in Figure 1.5 allow for hydrophobic residues in the chain to be internally directed, 

stabilising them under aqueous conditions.39  
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This is achieved via hydrogen bonding interactions between the core-chain N-H donor and 

C=O acceptor pairs, situated within each of the amide bonds connecting adjacent amino acid 

monomers.  

For poly(amino acid) amphiphiles, the internalisation of non-polar aliphatic and aromatic 

residues is imperative, in order for the polymers to encapsulate bulky, hydrophobic-cored 

molecules, such as therapeutic drug compounds.40 These interactions stabilise the 

nanoparticle, improving both stability during storage and during bodily transit, thereby 

increasing the efficiency of drug molecule delivery to target cells under biological 

conditions.41  

Further to this secondary folding, as exemplified in part III of Figure 1.5, vital tertiary 

interactions within the folded polypeptide structure can also be transposed into the bonding 

interactions involved in the incorporation of drugs into polymer nanoparticles.42 Specifically, 

this may relate to the hydrophobic interactions that can occur between hydrophobic residues 

such as leucine, isoleucine, in their entropically-favourable exclusion of water molecules from 

a folded pocket, into which an external molecule may be consolidated. This could also relate 

ǘƻ ƛƴǘŜǊƳƻƭŜŎǳƭŀǊ Ψ-̄ Ω̄ ƛƴǘŜǊŀŎǘƛƻƴǎ ǘƘŀǘ ƻŎŎǳǊ ōŜǘǿŜŜƴ ǉǳŀŘǊǳǇƻƭŜǎΣ ǎǳŎƘ ŀǎ ǘƘŜ ŀǊƻƳŀǘƛŎ 

centres in the side chains of phenylalanine and tryptophan residues and the large, aromatic 

cores of drug molecules such as doxorubicin.  

In addition to the hydrophobic tertiary interactions exhibited above, polypeptides leverage 

the charged and neutral amino acid residues outlined in Table 1.2 to further anchor their 

structural motifs and increase stability.42 Specifically, ion salt bridges between charged 

residues such as arginine and histidine, as well as disulphide interactions between cysteine 

residues, add significant stabilisation to tertiary folding and to the binding of functionalised 

external molecules. This is extremely relevant to the research of functionalised poly(amino 

acids) for the design of present and future drug delivery vehicles, through the deployment of 

post polymerisation modification strategies. Recent examples of this technology include work 

by Byrne et al. who, through the strategic protection and deprotection of lysine side chain 

functional groups, were able to synthesise well-defined star-shaped polymers for use as gene-

delivery vectors.43  
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Another example is the work of Resetco et al. in their use of thiol-ene chemistry, wherein 

cysteine residues on poly(amino acids) were bound via sulphur-to-alkene bonds to a number 

of components, to improve their sustainability and performance in coating formulations.44 

Clearly, the use of highly-functionalised poly(amino acid) materials in the pursuit of drug 

delivery vehicles presents a variety of avenues to develop and optimise an effective solution.  

However, it is important to first discuss the synthesis of these materials, starting from the 

cyclisation of amino acids into highly reactive monomer materials known as N-

Carboxyanhydrides (NCAs). 

 

1.2.2 N-Carboxyanhydrides (NCAs) 

The general structure of an NCA is depicted in Figure 1.6. Cyclisation of amino acids by the 

methods outlined in the subsections below produces a strained 5-membered heterocycle, 

bearing an anhydride functional group and an NH functionality.  

 

 

 

 

Figure 1.6: A generalised structure of an N-Carboxyanhydride molecule. 

In addition, the pendant side chain of the precursor amino acid is conserved, bound to the 

ring. By cyclising trifunctional amino acids such as lysine and aspartic acid, functionality can 

subsequently be imparted to the resulting polymer following ring-opening polymerisation of 

the molecule. This in turn necessitates the careful application of protecting species, such as 

fluorenylmethoxycarbonyl (Fmoc) and tert-butoxycarbonyl (Boc) esters, to prevent unwanted 

side-reaction during polymerisation. These protecting groups are illustrated as appendages 

to the side chain of lysine NCA in Figure 1.7 below.  
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Figure 1.7: Structure of Fmoc and Boc protecting groups. 

Polymerisation from N-Carboxyanhydrides also represents a promising alternative to solid-

phase peptide synthesis (SPPS), which is currently utilised to manufacture small-scale, short-

chain peptides in a highly controlled manner in the present literature.45,46  

This is because SPPS is achieved by the sequential addition of amino acid molecules, via their 

-hamine groups, to the unprotected C-terminals of growing peptide chains, immobilised on 

an inert support material.47 This process is lengthy and laborious, as each addition of a new 

amino acid monomer must be followed by a subsequent wash of any unreacted material, as 

well as deprotection step for the newly-bound peptide C-terminals, before the next intended 

amino acid monomer can be added to the surrounding solution phase. Furthermore, it was 

noted by Deming that with an increase in the number of added amino acids, the likelihood of 

sequence errors in the chains increases exponentially, due to unavoidable deletions and 

truncations that occur as a result of the failure of these coupling and deprotection reactions.48 

As a result of this, and of the high expense in using a specialist technique such as SPPS, it is 

avoided in industry for the large-scale production of poly(amino acid) materials over 100 

repeat units.  

N-Carboxyanhydrides were first synthesised by Hermann Leuchs in 1906, by heating N-

ethoxycarbonyl or N-methoxycarbonyl amino acid chlorides under vacuum between 50 °C and 

70 °C.48-50 The mechanism of this cyclisation reaction is illustrated below in Scheme 1.1.  
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Scheme 4.1: Mechanism of Leuchs carbonylation between an amino acid and a chloroformate 

molecule, followed by phosphorous pentachloride to form an acid chloride. This is then 

followed by cyclisation. R ς amino acid side chain, R1 ς typically Ph. 

This method was not very effective, however, resulting in low yields and impure products. 

This was because the architecture of the NCAs was fragile and, under the high temperature 

conditions in the presence of moisture, they underwent ring-opening hydrolysis back to the 

original amino acid.51,52 

It should be noted that this ring-opening reaction is entropically favourable for the NCA 

molecule. This is partly due to the release of ring strain upon opening, as well as the release 

of a molecule of carbon dioxide during the process. Whilst this process is detrimental for NCA 

preparation, the positive entropy change is what makes N-Carboxyanhydrides desirable for 

well controlled ring-opening polymerisation, even under mild conditions. 

In 1922, Fuchs published a report on NCA synthesis, whereby an amino acid was coupled to 

phosgene in situ in order to activate it towards ring closure, which greatly simplified and 

cheapened the preparation of the NCA.53,54 The Fuchs-Farthing method removed the two-step 

preparation process of the Leuchs method, shown in Scheme 1.2, whereby benzyl 

chloroformate and thionyl chloride were conjugated to the amino acid to promote cyclisation. 

This was beneficial both to cost and to purity, as the benzyl chloroformate adduct could not 

be purified by distillation, resulting in the formation of impurities in the final NCA product. In 

addition, the use of benzyl chloroformate resulted in the side production of benzyl chloride, 

more material that had to be removed via increasingly expensive purification strategies.  
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The Fuchs-Farthing method eliminated these impurities, with the only side product from 

phosgene being two molecules of HCl per molecule of NCA. Clearly, this method was the more 

efficient in both cost and resources, and so it is still used in modern NCA syntheses. However, 

several improvements have been made to the Fuchs-Farthing method over the course of the 

20th century, most significantly being the application of liquid diphosgene and solid 

triphosgene in the place of phosgene gas.53 This was done to avoid hazards when handling 

the materials, due to the toxicity of phosgene, which will be discussed.  

Scheme 1.2 details the mechanism of the Fuchs-Farthing method, with generalisations for the 

amino acid used, and structures for the phosgene derivatives, diphosgene and triphosgene, 

provided.   

Scheme 1.5: Mechanism for the Fuchs Farthing carbonylation reaction of an amino acid with 

a phosgene derivative, here shown as a post-derivative-degradation phosgene molecule. 

The use of phosgene-derived reagents in the Fuchs-Farthing method, as shown in Scheme 

1.2, presents a number of obstacles for the operator, especially in the interest of industrial-

level scale-up. Phosgene in the gaseous form is extremely toxic and used in the First World 

War as a chemical weapon. Its weaponisation is attributed with the deaths of around 85,000 

people.55,56 For this reason, crystalline solid triphosgene and liquid diphosgene, which 

undergo degradation pathways to phosgene gas under reflux conditions, are used in situ 

instead.33,34 These derivatives are effective at reducing the exposure of operators to phosgene 

gas to safe levels, less than 2 ppm in air, as defined by the National Institute for Occupational 

Safety and Health (NIOSH).59  
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Use of these derivates does not, however, reduce the negative impact of the two molecules 

of HCl generated in situ during the synthesis of one molecule of NCA. The presence of HCl in 

high concentration during this reaction can be detrimental not only for the scale-up of NCA 

synthesis, but also for the purification of the products and in their subsequent utilisation in 

ring-opening polymerisation.60 According to Smeets et al., scale-up of the Fuchs-Farthing 

procedure slows the liquid-to-gas mass transfer of the HCl molecules.61 This results in a build-

up in the concentration of the HCl molecules, which can then protonate the free amine 

functional groups of the unreacted amino acid, reducing their nucleophilicity and thereby 

retarding the rate of reaction.  

Furthermore, the increased concentration of HCl molecules increases the probability of their 

interaction with the newly formed NCA product molecules, resulting in the degradation 

reaction shown in Scheme 1.3, and the subsequent generation of amino acid chloride 

molecules.61 These molecules can further react with phosgene or the NCA to produce a wide 

range of by-products, driving down the yield and overall purity of the reaction. 

 

 

 

 

 

 

 

Scheme 1.6: Mechanism for the hydrolysis of an NCA molecule under acidic conditions. 

In order to mitigate the effects of high HCl concentration, it is necessary to employ a radical 

scavenger such as h-pinene or limonene. These are monoterpene molecules that are capable 

of binding to free HCl in solution during reaction, preventing their disassociation into protons 

and chloride ions and effectively removing them from the system. This action both reduces 

the effective proton concentration in solution, vastly reducing the potential for acid-catalysed 

hydrolysis reactions, as well as relieving the mass transfer traffic of the reaction vessel to 

allow more HCl molecules to enter the gaseous phase and be removed.  
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Overall, this results in a notable decrease in the probability of side-reactions during NCA 

synthesis, thereby improving the purity of the product.  

In addition to the health and safety risks associated with phosgene-derived reagents, the 

harshly acidic conditions of Fuchs-Farthing carbonylation limit its application in the presence 

of acid-labile functional groups, such as the tert-butoxycarbonyl (Boc) protecting group. 

Pertinent to this research, protected [ȅǎόʶ-Boc) is incompatible with this method, highlighting 

the practical need to explore safer, phosgene-free alternatives.62 

In 2021, Laconde et al. published research on carbonylation reactions using propylphosphonic 

anhydride (T3P), providing a phosgene-free route to NCAs.63 Using an amino acid with a Boc 

group protecting the h-amine, the mechanism of action for this process varies dependent on 

the method of activation for the T3P. Generalised outlines for each of these methods are 

illustrated in Scheme 1.4 below.  

{ŎƘŜƳŜ мΦпΥ .ŀǎŜ ŀƴŘ ǘƘŜǊƳŀƭ ŀŎǘƛǾŀǘŜŘ ǊƻǳǘŜǎ ŦƻǊ ¢оt ŎȅŎƭƛǎŀǘƛƻƴ ƻŦ ŀƳƛƴƻ ŀŎƛŘǎ ƛƴǘƻ b/!ǎΦ  

This method provides a high-yielding, high-purity and phosgene-free alternative to the Fuchs-

Farthing carbonylation reactions typically employed in the synthesis of NCAs. With significant 

reduction in personal and environmental safety ramifications, this method is also far more 

suitable for scale-up and use in an industrial context for the production of NCA monomer 

materials within similar timescales.  

 

1.2.3 N-Carboxyanhydride Ring-Opening Polymerisation (NCA ROP) 

N-Carboxyanhydrides are converted to poly(amino acids) via a chain-growth, ring-opening 

polymerisation (ROP) reaction. The reaction features an initiation step, in which an active 
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molecule is generated by one of two reaction routes. This activated molecule then proceeds 

to attack the NCA rings in a propagation step, opening them and generating active chain ends, 

which can undergo further propagation, extending the chain. ROP reactions can be initiated 

using a variety of activated species, including radicals, anions and cations. In the case of NCA 

polymerisation, literature sources have traditionally utilised nucleophilic and basic functional 

groups such as primary amines and alkoxide ions as initiators.64,65 This is no different for the 

preparation of amphiphilic block copolymers for nanoparticle self-assembly. Block copolymer 

syntheses can also utilise macroinitiator species instead of small molecule initiators, allowing 

for expedient synthesis and facile control over the relative sizes of each block.     

In the late 1980s, Hans R. Kricheldorf defined two synthetic pathways for the polymerisation 

of NCAs.61,64 ¢ƘŜ ŦƛǊǎǘ ƻŦ ǘƘŜǎŜΣ ƪƴƻǿƴ ŀǎ ǘƘŜ ΨƴƻǊƳŀƭ ŀƳƛƴŜΩ όb!ύ ƳŜŎƘŀƴƛǎƳΣ ƛǎ ǎƘƻǿƴ ƛƴ 

Scheme 1.5 below, and involves nucleophilic attack by the initiator species into the more 

electrophilic carbonyl carbon of the NCA ring, which sits opposite the nitrogen atom. 

Following this addition-elimination reaction at the carbonyl carbon, the NCA ring opens and 

undergoes proton transfer to yield an unstable carbamic acid intermediate. This is quickly 

ensued by the elimination of a molecule of carbon dioxide from the terminal of the chain, 

exposing a terminal primary amine group, which is capable of further nucleophilic attack, 

propagating polymerisation.  

Scheme 1.5: Mechanism for the normal amine route of NCA ROP. 

Due to the nucleophilic nature of the initial attack of the NAM route, this mechanism is 

favoured by primary amine initiators and, conversely, the effective rate of initiation is 
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determined by the nucleophilicity of the incident functional group.62 The rate of initiation for 

the NAM route is in fact higher than that of propagation, though this reportedly does not 

adversely affect the dispersity of the product polymer chains. 

¢ƘŜ ǎŜŎƻƴŘ ƳŜŎƘŀƴƛǎǘƛŎ ǇŀǘƘǿŀȅΣ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ΨŀŎǘƛǾŀǘŜŘ ƳƻƴƻƳŜǊΩ ό!aύ ǊƻǳǘŜΣ 

describes a basic role of the initiator, deprotonating an NCA to generate the nucleophile that 

initiates chain growth. The AM mechanism is illustrated in Scheme 1.6. This route is 

particularly preferable for tertiary amine initiators, although it would be more apt to describe 

their role as catalytic here.50 

 

Scheme 1.6: Mechanism for the activated monomer route of NCA ROP. 

According to Deming et al., the two mechanisms presented above are side reactions of one 

another and a given system is capable of switching between the two modes multiple times 

over the course of a reaction. This represents a challenge in the synthesis of block copolymers 

using NCA monomers, with product structures varying significantly from monomer feed 

compositions and considerable levels of homopolymer contamination.50 Pertinent to the 

research conducted for this report, this may prove detrimental in the synthesis of poly(amino 

acids) via ROP of NCAs from macroinitiator species, if the AM route proves to be prevalent. 

Additionally, it should be noted that the rate of initiation (or more accurately deprotonation) 

of the NCA molecules by tertiary amine initiators is much slower than the rate of propagation, 

likely owing to the high steric bulk of such initiator species.  
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As such, products of the AM route have higher molecular weights, but suffer from broad 

dispersity values, a quality that limits the efficacy of this reaction mechanism in the pursuit of 

highly regular nanoparticle structures.50,62  

Another inherent hindrance in conventional NCA polymerisation is the lack of control over 

the reactivity of the active chain end during reaction. Once the initiator has reacted with an 

NCA monomer the resulting primary amine, carbamate ion or NCA anion is free to undergo a 

number of undesirable side reactions. Furthermore, low purity of the NCA monomers can also 

be a considerable problem. Impurities include traces of acid from improper HCl scavenging 

during phosgenation and ring closure of the parent amino acid, as well as acid chlorides and 

isocyanates. These impurities are capable of quenching the propagating chain, limiting 

molecular weight control and resulting in high dispersity values, which is detrimental to their 

ability to form effective nanoparticles for drug delivery. Finally, the presence of other 

adventitious impurities, such as water, can damage polymerisation by acting as chain transfer 

agents, as well as engaging in acid-catalysed hydrolysis of the product poly(amino acid) chain, 

yielding oligomeric homopolymer contaminants.45 

A number of synthetic strategies are available to improve monomer conversion, increase 

polymer molecular weight, and narrow polymer dispersity values when undergoing ROP of 

NCA monomers. One example of such optimisation procedures is to work under high vacuum, 

used to remove contaminating species such as water, carbon dioxide and volatile carbamates 

from the reaction mixture.63 Another example is the use of low temperatures during ROP 

reaction. According to the literature, the degree of polymerisation decreases as higher 

reaction temperatures are reached, which suggests a dominance in the rate of propagation 

at low reaction temperatures, and the increased prevalence of chain transfer and termination 

reactions as temperature increases.66,67  

 

1.3 Poly(hydroxyacids) for Drug Delivery 

Poly(hydroxy acids) pose an exciting alternative to poly(amino acid) materials for biomedical 

applications, personal care products, and therapeutics. In the therapeutic landscape, these 

materials are extensively exploited for drug delivery, gene therapy and tissue engineering.68  
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This is again due to the biomimetic behaviour of polyester materials, as well as their ability to 

undergo enhanced degradation of main-chain ester linkages in the presence of pH and 

enzymatic stimuli, which makes them excellent conveyors for anticancer therapeutics.69 

However, synthetic complications in the pursuit of these materials have left an opening in the 

literature for further developments to be made.  

There are three major methods for the synthesis of aliphatic polyesters. The first is 

conventional direct polycondensation of a diol and a diacid, expelling water as a condensate.70 

Due to the wide availability of difunctional starting materials, this technique offers a range of 

functionally versatile polyester products, which would suggest that it is a suitable source for 

therapeutic polyesters. However, the step-growth polymerisation mechanism used to 

combine these difunctional reagents poses significant drawbacks. Firstly, these reactions are 

incapable of exceeding low values for the degree of polymerisation prior to achieving 99 % 

reaction completion, which can result in low molecular weight polymers.71,72 Additionally, the 

required combination of large polymer chains late in the reaction can have significant adverse 

effects on the final dispersity values of the product polymer. This lack of control could render 

most step-growth polymerisation products unsuitable for the purposes drug delivery, due to 

the very specific size requirement put upon materials crossing the digestive membranes of 

the body. Furthermore, the mechanism of step growth polymerisation requires two 

bifunctional monomer units to be combined in an alternating pattern to build the chain, 

removing the possibility of synthesising amphiphilic block copolymers for drug delivery using 

this method. 

The second method of polyester synthesis is to utilise enzymatic polymerisation methods, 

avoiding the need for harsh reaction conditions and toxic reagents in lieu of a specialised and 

(occasionally) recoverable biological catalyst.73 Furthermore, the stereo- and regioselectivity 

of the enzyme affords the opportunity for direct synthesis of functional polyesters and block 

polyesters without the need for orthogonal protecting groups or their incumbent 

deprotection procedures.74 However, enzymatic reactions also suffer from a somewhat major 

flaw, in that they also produce polymers with such low molecular weights that they may not 

be suitable for use in nanoparticle formation and drug molecule encapsulation.70 The third 
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method, which must be further investigated, is the use of ring-opening polymerisation 

techniques from the cyclisation products of hydroxyacid (HA) starting materials.  

 

1.3.1 Hydroxy Acids 

The general structure of a hydroxy acid is presented in Figure 1.8 below. Similar to amino 

acids, the tri-substituted h -carbon is flanked by an adjacent carboxylic acid functional group. 

However, on the opposite terminal, hydroxy acids bear a tertiary alcohol group instead of an 

amine.  

 

 

Figure 1.8: A generalised hydroxyl-acid molecule. 

Whilst fewer hydroxy acids have been investigated as potential monomers for amphiphilic 

block copolymer synthesis, there are a number that have some precedence in the existing 

literature. Illustrated in the Figure 1.9 below are examples of the hydroxy acids that have 

been used in the production of such copolymers including lactic acid, mandelic acid, and malic 

acid.76-80  

 

 

 

 

 

Figure 1.9: Structures of the prominent hydroxy acid monomers in recent literature. 

 

Notably, the first three of these examples are direct analogues of the amino acids alanine, 

glycine and aspartic acid, with mandelic acid closely resembling phenylalanine. The lack in 

functionality of lactic acid and glycolic acid made them the ideal starting points for the initial 

attempts to synthesise polyesters by Kricheldorf in the 1980s.61 Whilst later forays conducted 

by Dove et al. in 2010 using O-Bn protected malic acid were less successful,80 efforts by 

Buchard et al. derived poly(mandelic acid) from O-Carboxyanhydride (OCA) molecules.79,81 

 h
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Despite their visual similarities to NCAs, the technology behind OCAs was not pioneered until 

around 50 years later As such, a wide range of opportunity is still available for the application 

of hydroxy acids in the field of therapeutic drug delivery.  

Prior to the implementation of OCA techniques, initial methods of developing polyesters 

involved the formation of cyclic diester molecules from low-functionality hydroxy acids such 

as lactic and glycolic acid.81-84 This process is outlined in Scheme 1.7 below.  

 

Scheme 1.7: Combination of two hydroxy acid molecules into a cyclic ester molecule. 

Whilst this method was effective for the preparation of low-functionality monomers for 

polyester synthesis, the introduction of functional groups proved to be a significant challenge 

for prior investigators. It was found by Dove et al. that, during the synthesis of the cyclic ester 

of L-malic acid, the yield of dimerisation of the corresponding -hhydroxy acids catalysed by p-

tolunesulfonic acid under reflux was only 30 %.80 According to the authors, this was due to 

the formation of undesired oligomer by-products via trans-esterification reactions. Attempts 

were made to mediate these side-reactions using high dilution techniques, without success. 

As a result, more recent literature has avoided the use of these cyclic esters, instead applying 

O-carboxyanhydride technologies to greater success.  

 

1.3.2 O-Carboxyanhydrides (OCA) 

The first synthetic preparation of O-carboxyanhydrides was demonstrated by Davies in 1951 

who, in a similar fashion to Leuchs, reacted an -hhydroxy acid with phosgene to form a 

cyclic anhydride.85 The general structure of an OCA is illustrated in Figure 1.10.  

 

Figure 1.10: The generalised structure of an OCA molecule. 
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The preparation of a generalised OCA molecule is presented in Scheme 1.8 below. This 

method also bears similarities to the Fuchs-Farthing method, utilised to synthesise NCA 

molecules.  

A notable difference in the technique used, however, is that OCA synthesis generally occurs 

under ambient conditions. For this reason, triphosgene is not used in the synthesis of OCAs 

as its breakdown to phosgene under ambient conditions would be too time-consuming. As a 

result, the dimer diphosgene is used instead alongside activated charcoal.  

 

Scheme 1.8: The Fuchs-Farthing mechanism for OCA synthesis. 

1.3.3 O-Carboxyanhydride Ring-Opening Polymerisation (OCA ROP) 

Similar to NCAs, ROP of OCA monomers occurs either via ǘƘŜ ΨƴƻǊƳŀƭ ŀƳƛƴŜΩ ƳŜŎƘŀƴƛǎƳ or 

ǘƘŜ ΨŀŎǘƛǾŀǘŜŘ ƳƻƴƻƳŜǊ ƳŜŎƘŀƴƛǎƳΩ. As was noted previously, the activated monomer 

mechanism is not useful for the formation of amphiphilic block copolymers and increases the 

risk of homopolymer contamination within the product. However, this can be mitigated by 

using a nucleophilic initiator species, and through a range of catalyst options, with specific 

examples discussed below for their relevance to this research.   

As for NCA ROP molecules, the driving force behind OCA ROP is the loss of a molecule of CO2, 

following the opening of the OCA ring. The loss of gaseous CO2 following this elimination step 

prevents the possible (although unlikely) re-cyclisation reaction, meaning reformation of the 

OCA is not possible, and the only available forward step in the reaction is to attack another 

OCA molecule. 
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This is a simple exploitation of Le-/ƘŜǘŀƭƛŜǊΩǎ ǇǊƛƴŎƛǇƭŜ ƻŦ ŜǉǳƛƭƛōǊƛǳƳΣ ōǳǘ ǘƘŜ ƛƳǇƭƛŎŀǘƛƻƴǎ ŦƻǊ 

the ROP reaction of OCA molecules is vast, when compared with the reaction of lactide and 

glycolide cyclic esters. In 2015, it was demonstrated by Bourissou et al. that the ring-opening 

process of the lactic acid OCA molecule is thermodynamically more favourable than that of 

the lactide cyclic ester.77 This was determined computationally using density functional 

theory (DFT), which modelled the reactions of both of the cyclic lactic acid derivatives. This 

thermodynamic penalty to the opening of lactide is another supporting argument for the use 

of OCA molecules for synthesising polyester materials, as they can undergo ROP reactions 

under mild conditions. However, this does not mean that catalyst options are not available 

for the ROP of OCAs.  

The most common example of an organocatalyst for the ROP of OCAs is 4-

dimthylaminopyridine (DMAP). DMAP is a well-known catalyst for acylation and 

transesterification reactions, and was used in the pioneering work of Hedrick et al. in 2001 in 

the ROP of lactide without metal contaminants.86 Another piece of prominent research in this 

field is the work of Bonduelle et al. who, in 2008, developed a computational model for the 

mechanism of action of DMAP within the ROP reaction of lactic acid OCA.87 It was found by 

Bonduelle et al. that two competing mechanistic options were possible for DMAP. It could act 

either as a nucleophile, attacking the carbonyl group adjacent to the OCA pendant chain and 

forming an acylpyridinium intermediate before being substituted for the attacking alcohol, or 

via basic activation of the initiating/propagating alcohol, facilitating its attack of the OCA ring. 

The detailed computational study performed by Bourissou et al. upon these possible 

mechanisms determined not only that a slight energetic preference existed for the basic 

route, but also that DMAP was capable of simultaneous activation of both the incident alcohol 

and the target carbonyl of the OCA molecule, via a weak nonclassical H-bonding between the 

ester carbonyl of the OCA and an ortho H of DMAP.87 This bifunctional basic activation route 

by DMAP, with concomitant activation of the propagating chain end and the monomer is 

illustrated in Scheme 1.9 below.  
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Scheme 1.9: Reaction scheme for the bifunctional catalysis of OCA ring opening by DMAP. 

Other recent developments in the literature for OCA ROP organocatalyst options include N-

heterocyclic carbenes (NHCs) and thiourea-based organocatalysts, as well as acid/base 

adducts of OCA molecules.79 While the work of Li et al. in NHC catalysis did yield promising 

results, producing polymers with dispersity values between 1.10 and 1.16 and achieving 

degrees of polymerisation as high as 200. This was because of the stereochemical control 

achieved by these reactions. In 2014, Buchard et al. found that crystalline adducts of mandelic 

acid OCA (manOCA)and pyridine were capable of both catalysing the ROP of manOCA 

monomers, as well as suppressing the epimerisation of these OCA molecules that could be 

expected from DMAP catalysis.79 This yielded higher isotacticity in the product polymers.  

 

1.4 Complex Polymer Architectures for Drug Delivery 

The utilisation of complex polymer architectures to enhance the encapsulation, stability and 

selectivity of therapeutic delivery platforms remains a burgeoning area of development in the 

current literature.88-90 Such topologies are achieved via the employment of multifunctional 

motifs during polymer design to create branch points, from which more than one chain can 

extend.91 This can significantly vary the resultant product, depending on when this motif is 

deployed during multi-stage synthesis. Examples of this architectural variety, achievable with 

only 2 distinct blocks, is illustrated in Figure 1.11 below.  
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CƛƎǳǊŜ мΦммΥ 9ȄŀƳǇƭŜǎ ƻŦ ŎƻƳǇƭŜȄ ŀǊŎƘƛǘŜŎǘǳǊŜǎΣ ƛƴŎƭǳŘƛƴƎ όŀύ ƎǊŀŦǘΤ όōύ ōǊǳǎƘ ƻǊ ŎƻƳōΤ όŎύ ǊƛƴƎΤ 

όŘύ ǎǘŀǊΤ όŜύ ǎǘŀǊπōƭƻŎƪΤ όŦύ !.н ǎǘŀǊΤ όƎύ ǇŀƭƳ ǘǊŜŜΤ όƘύ ŘǳƳōπōŜƭƭΤ ŀƴŘ όƛύ IπǎƘŀǇŜŘΦ !ŘŀǇǘŜŘ 

ŦǊƻƳ DǊŜƎƻǊȅ ŀƴŘ {ǘŜƴȊŜƭ ώфϐ 

Compared to linear polymers, complex architectures such as branched, hyperbranched and 

dendrimeric polymers offer advantageous properties for the encapsulation and delivery of 

small-molecule payloads. This includes a high density of surface-active functional groups key 

to biomimicry and compatibilisation in vivo, as well as an extensive void space within the 

branched architecture to house guest molecules.92-94 Early success of highly complex 

encapsulation systems was demonstrated by Jansen et al. in 1993, wherein DAB(PA)64, a fifth-

ƎŜƴŜǊŀǘƛƻƴ ŘŜƴŘǊƛƳŜǊ ƻŦ ǇƻƭȅόǇǊƻǇȅƭŜƴŜ ƛƳƛƴŜύ ǿŀǎ ǳǘƛƭƛǎŜŘ ŀǎ ŀ άŘŜƴŘǊƛǘƛŎ ōƻȄέ ǘƻ ƘƻǳǎŜ ŀ 

range of small dye molecules, with marked improvement over linear equivalents.95 Upon dye 

encapsulation, variations of bulky amino acid residues (Boc-Phe, Boc-Tyr, Boc-Trp) were 

attached to the terminal amine groups of the dendrimer via NHS-activated ester amidation. 

According to the authors, this locked the encapsulated dye molecules into place within a 

dense shell with solid-phase characteristics, demonstrating markedly improved retention 

ǾŜǊǎǳǎ ƴƻƴ ǎȅǎǘŜƳǎΦ 5ƛŦŦǳǎƛƻƴ ƻŦ ŘȅŜ ƳƻƭŜŎǳƭŜǎ ǿŀǎ ŘŜŜƳŜŘ άǳƴƳŜŀǎǳǊŀōƭȅ ǎƭƻǿέΣ ŜǾŜƴ ŀŦǘŜǊ 

weeks in solution and after extensive washing and solvent exchange. This pioneering system 

laid the groundwork for subsequent developments in branched polymer architecture, utilising 

complex topologies for encapsulation of small molecules and extending this practice to 

therapeutic payloads.  
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1.4.1 Branched and Hyperbranched Polymers 

Branching in polymer synthesis can be introduced at several stages, depending on when and 

how the multifunctional groups are incorporated into the chain. For NCA ROP, the use of 

multifunctional initiators such as poly(ethyleneimine), PAMAM dendrimers or derivatives of 

pentaerythritol allows for several simultaneous sites of propagation, yielding star-branched 

poly(amino acid)s with well-defined arm numbers.96-98 A notable example of such star-

branched polymers applied to therapeutic applications in the literature was reported by 

Walsh et al., who synthesised bio-inspired star-PLL via NCA-ROP from PAMAM dendrimers.98 

Deprotection of the product generated cationic primary amine termini for nucleic-acid 

complexation, with the goal of improved transfection (non-viral delivery) of DNA to 

mesenchymal stem cells (MSCs), in comparison to both linear PLL and branched PEI (a 

prominent but cytotoxic industry standard).  

Within these MSCs, star-PLL achieved ca. 50 % transfection efficiency, greatly surpassing the 

ca. 10 % efficiency of the linear PLL, and achieved a ca. 40 % improvement in cell viability 

versus the PEI benchmark, indicating significantly reduced cytotoxicity. This system 

highlighted not only the improved biocompatibility of poly(amino acid) polymer systems, but 

the significant increase in functional density that can be afforded by application of branched 

polymer architectures for therapeutic complexation and encapsulation. Conversely, 

branching can also arise during propagation when the monomer itself bears a latent 

nucleophilic group, as in the polymerisation of b-ʁallyloxycarbonyl-L-lysine NCAs, wherein 

pendant amine groups initiate secondary ROP to yield hyperbranched architectures.99 A 

prominent therapeutic example from the literature is the work of Kadlecová et al., who 

synthesised hyperbranched poly(L-lysine) (hb-PLL) via NCA-ROP of ʁ -carbobenzyloxy-L-lysine 

N-carboxyanhydride (Lys(Z)-NCA). After partial deprotection, ǇŜƴŘŀƴǘ ʶ-amines then 

underwent re-initiation, producing a hyperbranched topology, which was then evaluated 

against commercial linear PLL and PAMAM dendrimers of similar charge density for the 

complexation and transfection of enhanced green fluorescent protein (EGFP) into CHO DG44 

cells (a well-established mammalian model for gene-delivery). At similar molecular weights 

to the linear PLL, but with significantly higher branching density, hb-PLL formed smaller and 

more stable polyplexes, translating to an 8-fold increase in transfection efficiency.  
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This was comparable to the branched PEI alternative, which was again improved upon by the 

increased cell viability (ca. 35 %) of the biomimetic hb-PLL.  

Despite the clear functional benefits presented by branched and hyperbranched poly(amino 

acid)s, several challenges are presented in their synthesis, stemming from an intrinsic lack of 

control over their topology. For uncontrolled, branching NCA ROP, initiation and propagation 

can occur irregularly across the available nucleophilic amine sites, creating a greater risk of 

molecular weight broadening and inconsistent branch density, which in turn harm the 

reproducibility of the final product.100 This contrasts with linear NCA ROP, where all chains 

initiate simultaneously from a fixed number of initiator molecules. For hyperbranched 

systems, stochastic initiation throughout the reaction duration continuously alters the growth 

population, reducing uniformity ό7 = 1.5-2.0) and structural homogeneity.  

In contrast, the synthesis of dendrimers occurs via stepwise generational growth, wherein 

branching and termination are more closely controlled, yielding monodisperse 

macromolecules with uniform size and functionality.101  

 

1.4.2 Dendrimers and Telodendrimers  

Dendrimers represent the pinnacle of control in branched polymer architecture, synthesised 

through stepwise, generational addition of defined branch points and terminal groups, to 

yield monodisperse, globular macromolecules with predictable molecular weight, diameter, 

and surface functionality. In divergent dendrimer synthesis, a multifunctional initiator is 

utilised at the core, followed by an iterative process of attaching protected blocks via coupling 

reactions, deprotecting and repeating to layer additions of the growing chain.102 This allows 

stoichiometric control of chain growth, as well as temporal control of branch location and 

frequency. The generational growth and notable architectural domains of a generic 

dendrimer is provided in Figure 1.12 below.  
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Figure 1.12: Structural features of a generic dendrimer. 

The internal cavities and peripheral functional groups of the dendrimer can be furnished 

independently, providing distinct domains for encapsulation, conjugation, or targeted ligand 

display.95,103,104 This functional and spatial organisation allows dendrimers to act as 

unimolecular nanocarriers, with their respective drug loading capacity, release rate and 

biological interaction tuneable through architectural design.105,106  

Recent developments in therapeutic applications of dendrimer technologies have employed 

poly(amino acid)-based dendrimers and telodendrimers, which combine a dendritic head 

with a linear or amphiphilic tail for enhanced self-assembly and assisted 

biocompatibility.107,108 These systems leverage the functional density and 

compartmentalisation of dendrimers, whilst improving physiological stability and scalability 

for therapeutic use. A recent example of this is the work of Luo and Lam, who synthesised 

PEG-oligo(cholic acid) telodendrimers for the encapsulation of gambogic acid (broad-

spectrum anticancer therapeutic) contrasted against linear PEG-vitamin E (PEG5k-VE4) and 

TPGS (PEG1k-VE).107 During encapsulation, the linear controls aggregated when loaded 

(GA/polymer = 1:10 w/w), whereas the optimised telodendrimers formed stable, 

monodisperse nanoparticles with high drug loading (GA/VET = 3:10, w/w Ғ но ǿǘ҈). They also 

reported high loadings of paclitaxel, up to 36.5 wt%, which exceeded typical linear PEG-PDLLA 

micelles (ca. 25 wt%) and remained stable for far longer than the linear benchmark (ca. 24 

h).109  
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Complementing this is the work of Khandare et al., who developed poly(L-lysine) dendrimer-

PEG conjugates for doxorubicin delivery, in which the payload was covalently and non-

covalently associated within the PEGylated dendritic carrier.110 The resulting formulation 

showed a >10-fold increase in solubility over free DOX and a marked improvement over the 

linear PLL control, ǿƘƛŎƘ ǎƘƻǿŜŘ ǇƻƻǊŜǊ ŘǊǳƎ ƛƴŎƻǊǇƻǊŀǘƛƻƴ ŀƴŘ άŦŀƛƭŜŘ ǘƻ ǎƻƭǳōƛƭƛǎŜ 5h· 

ŜŦŦŜŎǘƛǾŜƭȅέΦ CǳǊǘƘŜǊƳƻǊŜΣ ŀŎǳǘŜ ǘƻȄƛŎƛǘȅ ǿŀǎ ǎǳōǎǘŀƴǘƛŀƭƭȅ ǊŜŘǳŎŜŘΣ ǿƛǘƘ ŎŀΦ нȄ ŘƻǎŀƎŜ 

tolerated in comparison to linear PLL-DOX formulations, and significantly reduced body-

weight losses for mice receiving the formulation. Circulation half-life was also improved 

markedly, showing over 3-fold increase over the linear alternative. Finally, bio-distribution 

studies evidenced that the dendrimer-PEG-DOX system achieved ca. 2x higher tumour 

accumulation at 24 h relative to the linear carriers, attributed to the more compact and 

biocompatible scaffold of the dendritic system. These examples demonstrated how precise, 

generational control of dendrimers enables a level of structural definition and functional 

tuning unattainable within linear and hyperbranched architectures.  

However, dendritic delivery systems are not without drawbacks. The highly-controlled, 

multistep nature of their synthesis presents a significant challenge to industrial translation 

and large-scale manufacture.  

Each generation of growth typically requires iterative protection-deprotection and coupling 

cycles, with near-quantitative conversion, making the process labour-intensive, time-

consuming and reagent-demanding, relative to linear or hyperbranched polymers.111 This also 

contributes to high production costs, as the risks of incomplete reaction, purification losses 

and defect removal accumulate with increasing generation number.102 Furthermore, the 

requirement of tight reaction control and successive chromatographic purification steps limits 

scalability also, restricting dendrimer synthesis to specialised facilities with small batch 

sizes.113 These synthetic and operational limitations present a significant real-world obstacle, 

preventing widespread commercial deployment of dendrimer-based therapeutics.   
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1.4.3 Graft Copolymers  

Graft copolymers represent a broad class of products in which functional pendant side chains, 

the same utilised for branching in hyperbranch and dendrimer syntheses, are exploited to 

introduce additional functionality and topological features.114 This architecture sits 

conceptually between linear amphiphilic systems and the highly branched and complex 

architectures described above, both in terms of customisability, synthetic complexity and 

resource requirement.115 The modularity of these systems allows for properties such as 

hydrophilicity, sensitivity to stimuli and drug loading to be independently tuned, through the 

choice and density of grafted segments. This culminates in a platform that is versatile, and yet 

simplified compared to hyperbranched and dendritic systems.  

A prominent example of graft copolymerisation for therapeutic applications is the work of 

Lim et al., in which hydrazone-functionalised side chains were grafted onto a 

poly(aspartamide) derivative (PASPAM), for the subsequent, pH-sensitive conjugation of 

DOX.116,117 The authors found that the pH-sensitive PASPAM released substantially more DOX 

content at pH 5.0 (55% - 70%) than at physiological pH (10% - 15%), contrasting with the non-

cleavable controls which achieved minimal pH discrimination, with higher baseline leakage at 

physiological pH. In addition, the non-grafted PASPAM saw poor self-assembly, lower drug 

association and significant aggregation in serum-containing conditions, versus the stable and 

uniformly sized nanocarriers achieved through grafting. These properties culminated in an 

overall 2 to 4-fold increase in cytotoxic potency vs. non-cleavable conjugates highlighting the 

significant benefits available through architectural fine-tuning.  

Whilst this example represents only one potential application of graft copolymer technology, 

it illustrates how significant therapeutic benefits can be achieved through the installation of 

functional moieties onto the side chains of multifunctional monomer units. This mirrors the 

principles behind dendritic systems, whilst reducing synthetic complexity and greatly 

improving the scalability of the resultant product for large-scale manufacture. In practice, 

grafting techniques make up one part of the wider scope of post-polymerisation modification 

(PPM), in which pre-formed polymer backbones such as those of poly(amino acids) are 

diversified through chemical alteration, rather than through pre-determined architectural 

design.  
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A more complete discussion is therefore better situated within the broader context of PPM, 

where protection-deprotection strategies, side-chain enhancements and polymer-drug 

conjugation underpin the modularity exploited in modern poly(amino acid) therapeutics. 

 

1.5 Post-Polymerisation Modification 

Instead of relying on complex architectural design during NCA ROP (or alternative polymer 

synthesis methodologies), PPM enables precise tuning of polymer functionalisation and 

spatial arrangement through chemoselective transformations on existing side chains, 

reducing the burdens on labour and resource during synthesis. The approach of PPM underpin 

many of the recent advances in stimuli-responsive delivery, bio-orthogonal conjugation and 

architectural refinement in PLys-containing systems.118-120 For their relevance in this 

investigation, specific categorisation has been provided below to detail functional group 

protection strategies, chain extension and architectural modification, and polymer-drug 

conjugation.  

 

1.5.1 Functional Group Protection Strategies 

A central requirement in post-polymerisation modification of poly(amino acids), particularly 

within the application of multifunctional monomers, is the ability to temporarily mask 

functional domains from participating in reaction with other functional groups. Lysine-based 

systems, in particular, present a densely packed arrangement of primary amine groups 

capable of nucleophilic attack, risking uncontrolled branching, acylation, alkylation or 

crosslinking pathways during NCA-ROP.  
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By selecting protecting groups with distinct stabilities against specific reaction conditions 

(acid-labile, base-labile, redox-sensitive), polymer uniformity during navigation of multi-step 

modification schemes controlled. Orthogonal protection is also enabled by blending synthesis 

and protection strategies, a key tool used in SPPS that is adapted in the asymmetric 

functionalisation of PLys block copolymers, as demonstrated by Deming et al.120 An example 

of such protection strategies is provided in Section 1.2.2 (Figure 1.7), which details the 

structure of the Fmoc and Boc protecting groups. Synthetic profiles for the protection and 

deprotection of these group, as well as for the benzyloxy carbonyl protecting group (Z), are 

illustrated in Figure 1.13 below.  

Figure 1.13: Synthetic strategies for protection and deprotection of a primary amine with 

Fmoc, Boc and Cbz (Z) protecting groups. 

The necessity of functional group protection has already been demonstrated within this 

chapter, in both the T3P-mediated synthesis of NCA molecules and in the NCA-ROP of 

multifunctional monomers. Likewise, sequential dendrimer synthesis, as outlined in Section 

1.4.2, required orthogonal protection to achieve generational coupling within crosslinking or 

loss of fidelity. This same principle underlies more recent research in the literature, such as 

the work of Athanasiou et al., in the synthesis of orthogonally protected lysine block 

copolymer, PLys78-b-(PLys10-g-PHis15) via ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ƻŦ bʶ-Boc-L-Lys-b/! ŀƴŘ bʶ-

Fmoc-L-Lys-NCA.122 With subsequent base-labile Fmoc deprotection, the freshly-ŜȄǇƻǎŜŘ ʶ-

amines were then used to initiation NCA ROP of Nַײ-Trt-L-His-NCA, a protected NCA of 

histidine. Histidine residues were then deprotected under basic conditions, yielding pH-
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buffering Phis grafts, and finally Boc deprotection was performed under acidic conditions to 

yield cationic PLys features. The resulting architecture presented a versatile gene/drug 

delivery platform with responsive buffering and complexation functionality, enabled by 

conscious protection/deprotection design. These examples highlight the vital selectivity that 

protection strategies provide, enabling complex post-polymerisation workflows. From this 

foundation it is possible to synthesise practicable alternatives to complex, multi-generational 

dendrimer architectures via the spatial modification of polymer side chains, using grafted 

chain extender molecules such as those discussed below.  

 

1.5.2 Chain Extension and Architectural Modification 

By appending short, well-defined segments onto the deprotected side chains of a pre-

polymerised poly(amino acid) backbone, it is possible to tune both the functional and spatial 

architecture of the resultant amphiphile, thereby influencing downstream conjugation, self-

assembly and triggered-release behaviours. Alongside the installation of stimulus-responsive 

and cationically-binding functional domains, it is also possible for these segments to provide 

spatial extension to the pendant side chain, thereby increasing conformational freedom 

around active residues and correspondingly reducing their steric occlusion. Such chain 

extension has been used previously to relieve steric congestion for the conjugation of 

fluorophores, with remarkable success (ca. 90 % labelling efficiency).123 A number of distinct 

extender classes are prominent in the surrounding literature, each providing a functional or 

spatial enhancement to the backbones of their respective polymer chains.  

Already discussed above by Athanasiou et al. is the use of histidine-based extenders. These 

imidazole-containing residues are introduced to impart pH-responsive buffering, whilst 

avoiding high densities of charge loading that which cause toxicity in the bloodstream.122 

Histidine is uniquely relevant to drug delivery, in that protonation under low-pH 

environments, attracts counter ions that in turn increase osmotic swelling and rupture 

endosomal membranes, expediting endosomal escape, a crucial step in the cytosolic delivery 

pathway.122 Another family of chain extenders is derived from glutamic acid, ǿƛǘƘ ʴ-

carboxylate-containing units that enhance solvation and drug interaction (through either 

increased hydrophilicity or increased opportunity for conjugation).  
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This technology was previously employed by Sui et al. in the preparation of poly(L-glutamic 

acid) based polypeptides, conjugated to DOX via ǎƘƻǊǘ ʴ-glutamyl spacers, which increased 

local hydrophilicity and conformational flexibility around the conjuigation.124 This 

subsequently reduced steric hindrance and increased drug loading by controlled access for 

installing pH-labile hydrazone linkers. Aromatic amino acid-derived extenders, including short 

PPhe and PTyr segments, offer a contrasting effect by increasing the rigidity of their respective 

block through ̄ -  ̄stacking interactions. These stacking also acts to increase hydrophopbic 

drug association and modulate nanostructure packing.125  

Beyond amino-acid mimicking spacers, zwitterionic spacers such as carboxybetaines and 

sulfobetaines have emerged as highly effective chain extenders for modifying the interfacial 

properties of poly(amino acid) systems. These extenders generate robust hydration shells 

through electrostatically-driven water structuring, which increases local solvation and softens 

packing density around adjacent residues, thereby diminishing aggregation.126 This is 

especially relevant for serum-containing environments, where nonspecific adsorption can 

compromise colloidal stability. In addition to this antifouling behaviour, zwitterioninc 

extension also increases conformation flexibility along the polymer chain, reducing 

electrostatic self-interactions within cationic segments such as PLys. Sun et al. utilised this 

technology in the application of sulfobetaine chain extenders on polypeptides to markedly 

decrease nonspecific protein binding and maintain narrow size distributions during self-

assembly, demonstrating their potential for stabilising nanoformulations under physiological 

conditions.126 The final pertinent example of chain-extenders is oligo(ethylene glycol) (OEG) 

spacers, particularly short chain units such as 2-(2-aminoethoxy)ethoxyacetic acid (AEEA), 

such as those previously alluded to in the publication by Hnedzko et al.123 OEG spacers are 

among the most widely used in poly(amino acid) chemistry due to their high flexibility, strong 

hydrophilicity and excellent steric accessibility around lysine residues. This increase in 

segmental mobility and accessible reaction volume substantially increases the efficiency of 

OEG-extended systems in surface modification and drug conjugation. These properties can 

then be exploited to create tightly-controlled delivery platforms with improved drug loading 

and colloidal stability versus linear amphiphiles, whilst avoiding the synthetic complexities of 

comparative dendritic systems.127  
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1.5.3 Polymer-Drug Conjugation  

SN38 and doxorubicin are active pharmaceutical ingredients referenced within this chapter 

and are of primary importance to the research conducted throughout this report. They are 

each inhibitors of topoisomerase I and II, the enzymes responsible for relieving torsional strain 

and untangling DNA during transcription.12 By trapping the enzyme-DNA complex, these 

drugs induce lethal DNA strand breaks that trigger apoptosis in rapidly dividing cancer cells. 

The structures of SN38 and doxorubicin are provided in Figure 1.14 below.    

 

Figure 1.14: Structures of SN38 and Doxorubicin 

While potent, these molecules are dose-limited by their poor solubility, rapid clearance from 

blood plasma and substantial toxicities following IV administration (Cmax).22,23 These toxicities 

lead to symptoms such as gastrointestinal damage and myelosuppression, which are typically 

associated with chemotherapy. Since its conceptualisation in 1975 by Ringsdorf et al., the 

conjugation of these APIs directly to delivery platforms has been utilised to moderate 

pharmacokinetics and dynamics, lowering Cmax and prolonging circulation half-life (t1/2) of 

these chemotherapeutic agents, to improve tumour exposure and reduce systemic 

injury.129,130Compared with supramolecular encapsulation, covalent polymer-drug 

conjugation provides substantial benefits, guaranteeing minimum drug loading and 

protecting against burst release and undesired leakage during circulation. In addition, 

association of the conjugated drug molecules during amphiphilic self-assembly can provide a 

highly-effective hydrophobic domain for the encapsulation of additional drug molecules, 

delivering a baseline payload whilst hosting additional non-covalent cargo.  
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This has been exemplified recently in the literature by the work of England et al., who 

synthesised a poly(sarcosine) and PLL-based telodendrimer system to conjugate fulvestrant, 

an exemplary drug with extremely poor aqueous solubility.131 The self-assembled 

telodendrimer micelles demonstrated good colloidal stability (CMC < 2 ˃M) and uniformity, 

were able to solubilise additional fulvestrant to yield an excellent overall drug loading capacity 

of up to 77 wt% total drug loading, and were tuneable in size between 25-150 nm. This system 

illustrates the gold standard for polymer-drug conjugation, and a benchmark for the work 

conducted within this report.   

Conjugation relies on linker chemistries to provide a connection between polymer and drug 

that is stable during storage, administration and circulation, and yet is capable of release at 

or inside of the target. One prominent example of a stimulus-responsive linker discussed 

previously is hydrazone, formed by conjugation of a hydrazide with a carbonyl group (typically 

an aldehyde or ketone).132,133 Hydrazone hydrolysis is expedited under low-pH conditions, 

whereby protonation of the imine nitrogen increases carbonyl carbon electrophilicity, making 

it more susceptible to attack by water. Similarly employed are disulphide linkages, which 

remain stable under extracellular environments, but are susceptible to reductive cleavage 

within glutathione-rich cystosol, making them ideal for intracellular delivery strategies such 

as transfection.134 Self-immolative spacers (SIS), provide another example of selective release, 

with examples such as para-aminobenzyloxycarbonyl (PABC) adapted from antibody-drug 

conjugates intro polymer-based delivery systems over the past two decades.130 Under 

exposure to lysosomal enzymes (such as cathepsin B) SISs undergo a 1,6-elimination cascade, 

yielding the active drug alongside benign elimination by-products. Of specific relevance to this 

research work is the utilisation of carbamate linkages, as one of a wider carbonyl family 

(esters, carbonates), in the coupling of SN38 to amine groups. The SN38 10-hydroxyl group is 

commonly derivatised via carbonate activation (e.g. p-nitrophenyl carbonate) and coupled to 

the amine to furnish carbamates that slowly hydrolyse in circulation, thereby releasing active 

SN38 over therapeutically useful timescales. Each of these simple linker chemistries was 

evaluated by Maeda et al., utilising them within mPEG-linker-O-SN38 conjugates and 

evaluating their hydrolysis over time.135  
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Whilst ester linkage achieved controlled release, they exhibited partial premature hydrolysis 

in serum (ca. 30 % in 12h) which limited their plasma half-life and led to undesired burst 

release after IV dosing. Subsequent replacement with carbamate demonstrated only ca. 15 % 

release over 24 h at pH 7.4, versus > 70 % after 48 h under mildly acidic or enzymatic 

conditions. This resulted in a controlled and predictable hydrolysis half-life of 40-50 h, 

prolonging systemic circulation, tumour accumulation, and intracellular SN38 concentration 

by comparison.  

In the literature to date, no examples have been reported of PEG-b-PLys block copolymers 

bearing OEG-ƎǊŀŦǘŜŘ ǎǇŀŎŜǊǎ ǘƻ ǎǘŜǊƛŎŀƭƭȅ ǊŜƭƛŜǾŜ ʶ-amines, conjugated via carbamate linkage 

to SN-38 for controlled delivery. Close neighbours do exist, with PEG-b-PGlu-SN38 conjugated 

systems, linear PEG-SN38 macromolecular prodrugs, PLL-based dendrimer-SN38 conjugates 

and OEG-tethered SN38 prodrug polymers reported previously.136-138 The research of such a 

novel system would fill a gap between simple PEG-SN38 conjugates (good control, limited 

modularity) and dendritic PLys systems (excellent loading but high synthetic complexity), 

exploiting OEG chain-extension to improve conjugation efficiency and assembly, whilst 

retaining linear-BCP scalability.  
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1.6 Research Aims and Thesis Outline 

This research is focused on the creation, development and optimisation of functionalised 

poly(amino acid) and poly (hydroxyl acid) systems for the encapsulation of (or conjugation to) 

chemotherapeutic agents with poor aqueous solubility and high toxicity, for the broader end 

goal of their stable and secure transport and controlled release. Early optimisation of 

monomer synthesis has been performed via evaluation of both traditional Fuchs-Farthing 

carbonylation and T3P-mediated cyclisation, comparing synthetic complexity, necessary 

hazard prevention and final product yield and purity.  The primary goal of this is to establish 

a facile and repeatable synthetic protocol for the initiation of mandelic acid OCA ROP (and 

NCA-ROP of protected lysine NCAs), using methoxy-PEG-based macroinitiators, to produce 

amphiphilic BCPs with high a degrees of polymerisation and narrow values of 7. Following 

this, the research aims to evaluate the resultant BCP platforms for their properties in post-

polymerisation modification, self-assembly, and subsequent controlled release.  

Chapter 4 includes the synthesis of mPEG-b-poly(mandelic acid) (mPEG-b-PMA) block 

copolymers via OCA ROP of Man-OCA from mPEG (5000 g mol-1). Polymerisations were 

conducted under nitrogen atmosphere using DMAP catalyst, with varying catalyst 

concentration, [M]:[I] ratio, temperature and reaction dilution systematically investigated. 

Copolymers were synthesised with narrow dispersities (7 ғ мΦоύΣ ŀƴŘ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ǾŀƭǳŜǎ 

ǿŜǊŜ ŘŜǘŜǊƳƛƴŜŘ ǿƛǘƘ ƎƻƻŘ ŀƎǊŜŜƳŜƴǘ ōŜǘǿŜŜƴ мI baw ǎǇŜŎǘǊƻǎŎƻǇƛŎ ŀƴŀƭȅǎƛǎ ŀƴŘ !t/ 

ŘŀǘŀΦ ./tǎ ǿŜǊŜ ǎŜƭŦπŀǎǎŜƳōƭŜŘ ōȅ ƴŀƴƻǇǊŜŎƛǇƛǘŀǘƛƻƴ ǘƻ ŦƻǊƳ ǎǘŀōƭŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ όғ нлл ƴƳΣ 

t5L ғ лΦнύ ƛƴ t.{ ōǳŦŦŜǊΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ǘƘŜ ŦƛǊǎǘ ǎǳŎŎŜǎǎŦǳƭ ŀǘǘŜƳǇǘ ŀǘ ǇǊƻŘǳŎƛƴƎ ǎŜƭŦπŀǎǎŜƳōƭŜŘ 

ƴŀƴƻǎǘǊǳŎǘǳǊŜǎ ŦǊƻƳ ǘƘŜ Ƴt9Dπōπta! ǎȅǎǘŜƳΦ ²ƛǘƘƛƴ ǘƘŜ ƻƴŜ ƻŦ ǘƘŜǎŜ ǎŀƳǇƭŜǎΣ 5h· ŦǊŜŜπ

ōŀǎŜ ǿŀǎ ŜŦŦƛŎƛŜƴǘƭȅ ŜƴŎŀǇǎǳƭŀǘŜŘ όут ҕ о ǿǘ҈ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ŜŦŦƛŎƛŜƴŎȅΣ мтΦп ± 1 wt% loading) 

and its release behaviour was monitored under physiological (pH 7.4) and acidic (pH 5.0) 

conditions. The nanoparticles demonstrated excellent stability with no burst release, and a 

significantly increased release rate under low-pH conditions, confirming the acid-labile nature 

ƻŦ ǘƘŜ ta! ōŀŎƪōƻƴŜΩǎ ŜǎǘŜǊ ƭƛƴƪŀƎŜǎ ŀƴŘ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ƻŦ ǘƘƛǎ ǇƻƭȅƳŜǊ ǎȅǎǘŜƳ ƛƴ ǇI-

responsive therapeutic delivery of chemotherapeutic agents. 

Chapter 5 includes the ROP of Lys(Fmoc)-NCA and Lys(Z)-NCA, initiated by mPEG (5000 g mol-

1)  under mild, anhydrous conditions and in the presence of DMAP catalyst.  
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Products were analysed via 1H NMR, DOSY NMR and SEC analysis, and successful deprotection 

of the benzyloxycarbonyl protecting group was recorded. In the interest of simplifying 

deprotective purification strategies, attention was shifted to NCA ROP of Lys(Boc)-NCA, 

initiated by mPEG-NH2 in DMF under anhydrous conditions, with in situ FTIR monitoring 

utilised to confirm total monomer consumption. A suite of mPEG-b-PLys(Boc) BCPs, with 

systematically varied hydrophobic block lengths, were synthesised and characterised by 1H 

NMR and SEC analysis, demonstrating successful ROP with well-controlled uniformity (7 ғ 

мΦоύ. Deprotection of these products was performed using TFA, confirmed by 1H NMR analysis 

of the products. High-M.W. impurities were detected in the chromatograms of some samples, 

leading to an investigation into reducing side reactions that may have been the cause. 

Investigation of THF solvent and low reaction temperatures was performed, highlighting clear 

reduction in unwanted impurities at low temperatures. These conditions were applied to 

subsequent NCA ROP for BCP of PLys lengths above 10 repeat units, which were subsequently 

deprotected.  

Reported in chapter 6 is the post-polymerisation modification of mPEG-b-PLys[NH2.TFA]n 

block copolymers, investigating the impact of chain extension using OEG spacers on the 

subsequent conjugation of SN38, nanoparticle self-assembly and controlled release. 

Protected OEG1-2 chain extenders (O2O-Boc, O2O-O2O-Boc) were attached to the PLys 

pendant amines via amide coupling (PYBOP/DIPEA), with high grafting efficiencies (80 ς 97 %) 

confirmed by 1H NMR spectroscopy and corroborated by SEC. Subsequent TFA protection 

successfully yielded free amine chain ends on the spacers, again confirmed using 1H NMR and 

corroborated by SEC. An activated intermediate of SN38 (prepared in 74 % yield) then 

underwent carbamate coupling to linear, OEG1 and OEG2 grafted mPEG-b-PLys polymers of 

systematically varied hydrophobic block lengths, with increases in molecular weight verified 

with 1H NMR and SEC. Comparison of conjugation efficiencies confirmed improved 

conjugation for chain-extended systems, lending credence to the steric relief hypothesis. All 

conjugated samples were then self-assembled via nanoprecipitation in PBS buffer, with DLS 

analysis confirming uniform nanostructures. Subsequent controlled release tests showed 

sustained SN38 release under simulated physiological conditions, with good stability and no 

burst release.  
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Chapter 2: Instrumentation, Materials and Methods 

2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

1H and 13C NMR spectra for macromolecular samples were recorded on a Bruker AV-NEO 500 

MHz NMR spectrometer equipped with a 5 mm DCH cryoprobe. Small molecule samples were 

analysed on a Bruker AV3HD 400 MHz NMR spectrometer equipped with a 5 mm BBO Probe 

for polymers and small molecules respectively. Chemical shifts (in ppm) were referenced to a 

trimethylsilane (TMS) standard whose chemical shift is 0 ppm. Norell® XR-55 NMR tubes and 

WILMAD 528-PP NMR tubes were used for the 400 MHz and 500 MHz spectrometers 

respectively. NMR spectra were analysed using MestreNova® Research Lab software. The 

following abbreviations are used in 1H NMR analyses: s = singlet, d = doublet, t = triplet, q = 

quartet, m = multiplet, dd = doublet of doublets, J = coupling constants (in Hertz). 

2.2 Diffusion-Ordered Spectroscopy (DOSY) 

DOSY samples were prepared in-house by the author in accordance with practices described 

in Section 2.1. Acquisition of DOSY data and presentation in 2D form were provided by Alex 

Heyam within facilities at the University of Leeds. Subsequent interpretation of data was 

perfomed by the author. Diffusion-ordered 1H NMR spectra (DOSY) were acquired on a 600 

MHz NMR spectrometer, equipped with a 5 mm broadband probe. Samples were prepared in 

DMSO-d6 and equilibrated for at least 10 min in the magnet prior to acquisition. DOSY 

experiments used a stimulated-echo bipolar gradient pulse sequence with convection 

compensation, with 16ς32 linearly incremented gradient amplitudes, ŘƛŦŦǳǎƛƻƴ ŘŜƭŀȅ ɲ Ғ улς

150 ms and gradient puƭǎŜ ŘǳǊŀǘƛƻƴ ʵ Ғ нς4 ms. Between 16 and 64 scans were collected per 

increment, with a relaxation delay of 2ς4 s. The temperature was regulated at 298 K and 

calibrated using methanol-dјΦ 5ŀǘŀ ǿŜǊŜ ǇǊƻŎŜǎǎŜŘ ǳǎƛƴƎ ¢ƻǇǎǇƛƴ and diffusion coefficients 

(D) were obtained by mono-exponential fitting of signal attenuation as a function of gradient 

strength using the built-in DOSY analysis module. 
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2.3 Fourier Transform Infrared (FTIR) Spectroscopy 

Samples were dried in a vacuum oven (50 °C) for a minimum of 24 hours prior to infrared 

spectroscopic analysis. Spectra were recorded for solid samples using a Perkin Elmer 

Spectrum One equipped with Bruker OPUS 7.0 software and a Specac Golden Gate 

Attenuated Total Reflection (ATR) diamond top plate, accumulating 100 scans. Vibrational 

frequencies are expressed in cm-1.  

2.3.1 FTIR in-situ monitoring  

A Bruker MATRIX-F FTIR spectrometer equipped with an IN355 diamond ATR fiber-optic probe 

(Ø 6.3 mm) was used for in situ monitoring of reaction progress. The probe was immersed 

directly into the reaction mixture such that the diamond ATR tip was fully submerged and 

positioned away from vessel walls and stirring components. Spectra were collected 

continuously at a rate of 256 scans per minute using Bruker OPUS software, with a 

background spectrum acquired under identical solvent and temperature conditions prior to 

reagent addition. Time-resolved spectra were processed and analysed in OPUS, and 

characteristic absorbance bands associated with reactants and products were used to follow 

conversion throughout the reaction. 

 

2.4 Size-Exclusion Chromatography (SEC) 

AstraZeneca Aqueous Method 

Multi-detector size exclusion chromatography (MD-SEC). MD-SEC was performed on a 

Malvern Panalytical OMNISEC instrument equipped with RI, UV, RALS, LALS and viscometer 

detectors and analysed using OMNISEC software V11.36. Two PSS Novema Max columns (100 

Å (10 µm) + 30 Å (5 µm)) were used in series with an aqueous eluent of 50 mM NaCl after pre-

equilibrating the columns with 0.1% TFA in water overnight. A range of narrow PEO standards 

(1-24 kg molҍ1 , dn/dc = 0.132 for aqueous) was used as the calibrant. Samples were made up 

at 5 mg mlҍ1.  
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AstraZeneca Organic Method 

Multi-detector size exclusion chromatography (MD-SEC). MD-SEC was performed on a 

Malvern Panalytical OMNISEC instrument equipped with RI, UV, RALS, LALS and viscometer 

detectors and analysed using OMNISEC software V11.36. A PSS Polarsil linear M analytical 

column (4.6 mm × 300 mm) was used in combination with DMF containing 50 mM LiBr as the 

mobile phase, operated at 70 °C after full equilibration. A range of narrow molecular weight 

standards ŀǇǇǊƻǇǊƛŀǘŜ ŦƻǊ 5aC ǿŀǎ ǳǎŜŘ ŦƻǊ ŎŀƭƛōǊŀǘƛƻƴΦ {ŀƳǇƭŜǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ŀǘ р ƳƎ Ƴ[ѐц 

and injected at a volume of 100 µL. 

2.5 Advanced Polymer Chromatography (APC) 

APC analyses (DMF solution phase, 1 g/L LiBr) were carried out using an ACQUITY APC AQ 

(200Å, 2.5 µm) column packed with bridged poly(ethylene) hybrid particles, on a Waters 

ACQUITY APC system, equipped with an ACQUITY refractive index (ACQ-RI) detector. The 

column temperature was maintained at 40 °C and the flow rate was 0.4 mL/minute. System 

calibration was carried out using PEG standards and data were process using Empower 3 

ǎƻŦǘǿŀǊŜ ǘƻ ǇǊƻǾƛŘŜ ǇƻƭȅƳŜǊ 7 ǾŀƭǳŜǎΦ  

 

2.6 Matrix-Assisted Laser Desorption/Ionisation ς Time of Flight Mass Spectrometry 

(MALDI-TOF MS) 

Matrix-Assisted Laser Desorption/Ionisation Time-Of-Flight (MALDI-TOF) Spectroscopy Mass 

Spectrometry was carried out using a MALDI-TOF spectrometer (Shimadzu AXIMA 

performance) in posiǘƛǾŜ ƳƻŘŜΦ !ƴ ʰ-Cyano-4-hydroxycinnamic acid matrix was used with NaI 

salt as a cationisation reagent and chloroform used as the solvent. 

 

2.7 Liquid Chromatography ς Mass Spectrometry (LC-MS)  

LC-MS analysis was performed using a Thermo Scientific Ultimate 3000 HPLC system (Thermo 

Fisher Scientific, Waltham, MA, USA), interfaced with a mass spectrometer equipped with an 

electrospray-ionization source operated in the positive mode (Bruker amaZon Speed, Bruker 

Daltonik GmbH, Billerica, MA, United States). Chromatographic separations were performed 

using a Kinetex C18 (2.1×50 mm i.d., 2.6 m˃ particle size; Phenomenex, Torrance, CA, USA) at 

a column temperature of 40 °C.  
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The mobile phases were (A) 0.1% Formic acid in water and (B) 0.1% Formic acid in acetonitrile. 

A gradient was used starting at 98% of A and 2% of B over 1.2 minutes, ending with 2% A and 

98% B at a flow rate of 1.3 mL/min.  

 

2.8 Centrifugation, Sample-Drying and Lyophilisation 

Samples were centrifuged using a HERMLE Z 326 K centrifuge unit, maintained at 0 °C (0 ς 

4500 rpm). Samples were dried for a minimum of 24 hours in a Fistreem vacuum oven, 

equipped with a variable temperature control unit (0 °C ς 200 °C) and a pressure gauge (0 

mbar ς 1020 mbar). Samples were lyophilised using a Thermoelectrion Heto Powerdry LLI500 

freeze-dryer, equipped with an Edwards two stage vacuum pump. Samples were lyophilised 

in deionised water in 50 mL polypropylene centrifuge tubes. 

2.9 Preparation of Phosphate Buffered Saline (PBS) and Sodium Acetate Buffer Solutions 

One PBS tablet was dissolved in deionised water (200 mL) under vigorous stirring to obtain a 

PBS buffer solution (pH 7.4). A sodium acetate buffer solution (pH 5.0) was prepared by 

homogenously mixing 0.1M acetic acid glacial solution (357mL) with 0.1M sodium acetate 

trihydrate solution (643mL). 

 

2.10 Dynamic Light Scattering (DLS) 

DLS analyses were conducted using a Malvern Zetasizer Nano ZSP instrument equipped with 

a 4 mW He-Ne laser, operating at a wavelength of 633 nm, and an avalanche photodiode 

(APD) 59 detector. The non-invasive back-scatter-optic arrangement was used to collect the 

light scattered, at an angle of 173 25 °C. Samples were equilibrated for two minutes and then 

analysed at 37 °C in disposable 12 mm poly(styrene) cuvettes. Data were processed by 

cumulative analysis of the experimental correlation function. The diameter of particles was 

computed from the diffusion coefficients, using Stokes-9ƛƴǎǘŜƛƴΩǎ ŜǉǳŀǘƛƻƴΦ aŜŀǎǳǊŜƳŜƴǘǎ 

were carried out in triplicate. Analysis of the results was carried out using the Malvern 

Zetasizer Software. 
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2.11 Ultra Violet ς Visible (UV-Vis) Spectrophotometry 

Absorbance readings (200 ς 800 nm) were performed on a dual beam Varian Cary 50 

UV0902M112 UV-vis spectrophotometer (Agilent Technologies), equipped with a xenon pulse 

lamp and Varian Cary WinUV 3.0 software. Samples were analysed in UV micro quartz 

cuvettes (10 mm, 700 µL and 1700 µL, black-ǿŀƭƭŜŘύΦ Ψ{ƛƳǇƭŜ-ǊŜŀŘǎΩ ŀǘ ŦƛȄŜŘ ǿŀǾŜƭŜƴƎǘƘǎ ǿŜǊŜ 

carried out using a Jenway 6305 spectrophotometer (Cole-Parmer Ltd). All of the readings 

were taken in triplicate. 

 

2.12 Transmission Electron Microscopy (TEM) 

TEM micrographs were obtained as follows; TEM was carried out using copper TEM grids that 

were subjected to glow discharge for 60 s. Following dialysis, the samples were diluted in 

deionised water to a concentration of 10 mg/mL. A drop of suspension was placed on the 

freshly prepared grid and the excess liquid was absorbed with filter paper.  

The grid was subsequently washed with deionised water and a drop of uranyl formate 

solution (0.75 % w/v) was placed on the grid with excess liquid absorbed using filter paper. 

The grids were then left to dry under a lamp. TEM characterisation was performed at room 

temperature by using a FEI Tecnai TF20 operated at 200 keV. The FEI Tecnai is equipped with 

a field emission gun FEGTEM/STEM and a Fischione HAADF detector and Gatan Orius SC600A 

CCD camera. 

2.13 Drug Encapsulation Efficiency and Drug Loading Content 

The drug encapsulation efficiency (EE%) of nanoparticles and the drug loading content (LC%) 

in the nanoparticles was determined using the following equations;  

ὉὉϷ  
ὡ   ὡ

ὡ
   ρππ  

ὒὅϷ 
 ὡ   ὡ

ὡ
   ρππ  

Where: Wo = total mass of payload administered during nanoprecipitation, Wn = total mass 

of drug not encapsulated within the nanoparticles, Wnp = mass of drug-loaded nanoparticles. 
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Quantification of doxorubicin was performed by UV-Vis spectrophotometry, via 

measurement of the dialysate collected during drug release analysis.  

Absorbance values were compared against a calibration curve, prepared from serial dilutions 

of a doxorubicin stock solution of known concentration, allowing determination of Wn. All 

remaining variables were determined gravimetrically. 

2.14 Drug Release Analysis and UPLC Evaluation of SN38 Content 

Nanoparticle preparation via nanoprecipitation and subsequent drug release analysis of 

SN38-conjugated mPEG-b-PLys polymers (synthesised in-house) was performed externally at 

AstraZeneca facilities in Macclesfield, as these capabilities were not available at the University 

of Leeds. Drug release data generated from this analysis were provided by AstraZeneca.  

A stock solution of the test sample was initially prepared by dissolving in dimethyl sulfoxide 

(DMSO) to achieve a final concentration of 10 mg/mL. From this concentrated solution, a 25 

µL aliquot was transferred into a 250 µL high-performance liquid chromatography (HPLC) vial 

insert. To this aliquot, 25 µL of an aqueous 0.2 M sodium hydroxide (NaOH) solution was 

added. The resulting mixture was homogenized by repeated pipetting to ensure thorough 

mixing of the organic and aqueous components. The sample was then incubated at room 

temperature (RT) for a period of one hour to allow the reaction or to proceed. 

Following the incubation step, 50 µL of an acid quenching solution, prepared as a 10% (v/v) 

solution of acetic acid in acetonitrile, was added directly to the vial. The addition of this acidic 

mixture was intended both to neutralize the previously added NaOH and to stabilize the 

analyte prior to chromatographic analysis. 

The prepared sample was analyzed using a Waters Acquity ultra-performance liquid 

chromatography (UPLC) system. Chromatographic separation was carried out on a Waters 

Acquity UPLC BEH Phenyl column with dimensions of 2.1 × 50 mm and a particle size of 1.7 

µm. The mobile phase consisted of water (containing 0.1% trifluoroacetic acid, TFA) as solvent 

A and acetonitrile (MeCN) as solvent B. A linear gradient elution method was applied, 

beginning at 5% solvent B and increasing to 90% solvent B over a total run time of 5 minutes. 

Detection of the analyte, specifically SN-38, was performed using a photodiode array detector 

set to a wavelength of 360 nm.  
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Quantification was achieved by measuring the integrated peak area corresponding to SN-38 

and comparing it against a calibration curve. The calibration curve was generated from a 

series of standard solutions prepared by diluting a concentrated stock solution of SN-38 in 

DMSO into acetonitrile, with absorbance also monitored at 360 nm. 

 

2.17. Materials Inventory  

All of the chemicals listed in Table 2.1 were used as received from suppliers unless otherwise 

specified. 

Raw feedstock of mPEG-NH2 (5000 g mol-1) was supplied by Thermofisher for activities 

performed throughout Sections 5.2.3-5.2.4. Suppliers were changed following SEC analysis of 

the raw material at AstraZeneca, which revealed significant shoulder peaks tailing towards 

low retention time on the mPEG peak. Iris Biotech GmbH was selected as an alternative 

supplier, as a specialist manufacturer of PEGylation reagents and drug delivery polymers 

whose products are specifically characterised and qualified for pharmaceutical applications, 

in contrast to the broad research-use portfolio of general laboratory chemical suppliers. 
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Table 2.1: Chemicals used within the research conducted. 

Chemical Supplier Chemical Supplier 

Acetate buffer Fluorochem Magnesium sulfate Sigma-Aldrich 

!ŎŜǘƛŎ ŀŎƛŘ DƭŀŎƛŀƭ ό җ 

99.9%) 
Sigma-Aldrich Mandelic Acid Fluorochem 

Activated charcoal ACROS N,N-diisopropylethylamine Alfa-Aesar 

Bis(4-nitrophenyl) 

carbonate 
Sigma-Aldrich n-Hexane Sigma-Aldrich 

Chloroform Sigma-Aldrich PBS tablets Sigma-Aldrich 

Chloroform-d Sigma-Aldrich 
PEG methyl ether  

(5000 g mol-1) 
Fluorochem 

Dichloromethane (DCM) Fluorochem 
PEG methyl ether amine  

(5000 g mol-1) 

ThermoFisher/ 

Iris 

5ƛŜǘƘȅƭ ŜǘƘŜǊ όҗфф҈ύ Fluorochem Propylene oxide Sigma-Aldrich 

Dimethylformamide (dry) Fluorochem PYBOP Sigma-Aldrich 

Diphosgene Fluorochem 
7-ethyl-10-hydroxy 

camptothecin (SN38) 
Sigma-Aldrich 

DMAP Sigma-Aldrich T3P Fluorochem 

DMSO-d6 Euristop 
tert-Butyl methyl ether 

(TBME) 
Sigma-Aldrich 

Doxorubicin hydrochloride 

όҗ фр҈ύ 
Sigma-Aldrich Tetrahydrofuran (dry) ACROS 

HBr/Acetic Acid (33 wt%) Sigma-Aldrich Triethylsilane Sigma-Aldrich 

L-lysine(Boc) Fluorochem Triflouroacetic acid Sigma-Aldrich 

L-lysine(Fmoc) Fluorochem Triphosgene Sigma-Aldrich 

L-lysine(Z) Fluorochem -hpinene Fluorochem 
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Chapter 3: Monomer Synthesis 

As discussed in Chapter 1, cyclisation of amino acids and hydroxyl acids into NCA and OCA 

molecules is a crucial step in the process of developing biomimetic nanocarriers for 

therapeutic delivery, as their strained, 5-member heterocyclic structure enables controlled, 

efficient polymerisation via ROP under mild conditions. Phosgene-dependent methodologies 

remain the primary synthetic pathway for the production of these monomers, making up the 

majority of protocols reported within this chapter. However, the health and safety hazards 

posed by these toxic materials presents a significant limitation for future uptake by the 

pharmaceutical industry, leading to the investigation of alternative methods, reported for 

critical evaluation below.   

 

3.1 Experimental Details 

3.1.1 NCA Synthesis 

3.1.1.1 Phosgene-Mediated NCA Synthesis 

Synthesis of Lys(Fmoc)-NCA 

 

 

 

 

Figure 3.1: Lys(Fmoc)-NCA Structure. 

 

bсπόŦƭǳƻǊŜƴȅƭƳŜǘƘȅƭƻȄȅŎŀǊōƻƴȅƭύƭȅǎƛƴŜ όр ƎΣ мп ƳƳƻƭύ ŀƴŘ πhǇƛƴŜƴŜ όоΦт Ƴ[Σ нт ƳƳƻƭύ ǿŜǊŜ 

ŀŘŘŜŘ ǘƻ ŀ ŘǊȅΣ ǘƘǊŜŜπƴŜŎƪ ǊƻǳƴŘ ōƻǘǘƻƳ ŦƭŀǎƪΦ ¢ƘŜ Ŧƭŀǎƪ ǿŀǎ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǊŜŦƭǳȄ ŎƻƴŘŜƴǎŜǊΣ ŀ 

ǇǊŜǎǎǳǊŜπŜǉǳŀƭƛǎƛƴƎ ŘǊƻǇǇƛƴƎ ŦǳƴƴŜƭ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǎǳōŀπǎŜŀƭΣ ŀƴŘ ŀ ǎǘƻǇǇŜǊ ƛƴ ǘƘŜ ǘƘƛǊŘ ƴŜŎƪΦ 

¢ƘŜǎŜ ƳŀǘŜǊƛŀƭǎ ǿŜǊŜ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ όм Ƙύ ōŜŦƻǊŜ ōŜƛƴƎ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ ¢IC όсл 

Ƴ[ύ ŀƴŘ ǎǘƛǊǊŜŘ ŀǘ сл ϲ/Φ /ƻƴŎǳǊǊŜƴǘƭȅΣ ǘǊƛǇƘƻǎƎŜƴŜ όоΦл ƎΣ мм ƳƳƻƭύ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ 

ŀŘŘƛǘƛƻƴŀƭ ŘǊȅ ¢IC όмл Ƴ[ύ ōŜŦƻǊŜ ōŜƛƴƎ ŀŘŘŜŘ ŘǊƻǇǿƛǎŜ ǘƻ ǘƘŜ ǎǘƛǊǊŜŘ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜΦ ¢ƘŜ 

ǊŜŀŎǘƛƻƴ ǿŀǎ ƭŜŦǘ ǘƻ ǎǘƛǊ ŀǘ сл ϲ/ ǳƴǘƛƭ ŎƻƳǇƭŜǘƛƻƴ όн ƘύΣ ǿƘƛŎƘ ǿŀǎ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ŎƻƳǇƭŜǘŜ 

Řƛǎǎƻƭǳǘƛƻƴ ƻŦ ǘƘŜ b/! ǇǊƻŘǳŎǘΣ ƭŜŀǾƛƴƎ ŀ ŎƭŜŀǊ ȅŜƭƭƻǿ ǎƻƭǳǘƛƻƴΦ ¢Ƙƛǎ ǎƻƭǳǘƛƻƴ ǿŀǎ ŦƛƭǘŜǊŜŘ Ǿƛŀ 

Ƙƻǘ ƎǊŀǾƛǘȅ ŦƛƭǘǊŀǘƛƻƴΣ ōŜŦƻǊŜ ōŜƛƴƎ ŎƻƴŎŜƴǘǊŀǘŜŘ ǘƻ ŎŀΦ мл Ƴ[ ƻƴ ǘƘŜ ǊƻǘŀǊȅ ŜǾŀǇƻǊŀǘƻǊΦ  
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¢ƘŜ ǊŜǎǳƭǘƛƴƎ ŎǊǳŘŜ ǇǊƻŘǳŎǘ ǎƻƭǳǘƛƻƴΣ ŀ ȅŜƭƭƻǿ ƭƛǉǳƻǊΣ ǿŀǎ ǎǳōǎŜǉǳŜƴǘƭȅ ǇǊŜŎƛǇƛǘŀǘŜŘ ƛƴǘƻ ƛŎŜ 

ŎƻƭŘ ƘŜȄŀƴŜ όмлл Ƴ[ύ ŀƴŘ ŎƻƭƭŜŎǘŜŘ Ǿƛŀ ǾŀŎǳǳƳ ŦƛƭǘǊŀǘƛƻƴΦ ¢Ƙƛǎ ŎǊǳŘŜ ǎƻƭƛŘ ǇǊƻŘǳŎǘ ǿŀǎ ǘƘŜƴ 

ŘƛǎǎƻƭǾŜŘ ƛƴǘƻ ŀŘŘƛǘƛƻƴŀƭ ¢IC όŎŀΦ мл Ƴ[ύ ŀƴŘ ǘƘŜ ǊŜŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ǇǊƻŎŜŘǳǊŜ ǿŀǎ ǊŜǇŜŀǘŜŘ 

ǘǿƛŎŜ ǘƻ ŜƴǎǳǊŜ ŀ ǇǳǊŜ ǇǊƻŘǳŎǘΣ ȅƛŜƭŘƛƴƎ ŀ ŦƛƴŜΣ ƻŦŦπǿƘƛǘŜ ǇƻǿŘŜǊΦ  

¸ƛŜƭŘΥ оΦур ƎΣ тн ҈ 

Lw ό˂ κ ŎƳѐцύΥ нффнǿΣ нфупǿΣ нфтмǿΣ нфрлǿΣ нфооǿΣ нфноǿ ό/ςH stretch), 1846s (NCA C=O 

asym. stretch), 1810s (NCA C=O sym. stretch), 1780m (Fmoc carbamate C=O), 1500ς1450m 

(aromatic CςC stretch), 1250ς1200m (CςN and CςO stretches). 

м
I baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ фΦмр όǎΣ мIΣ bπIύΣ тΦфлπтΦнф όƳΣ уIΣ !ǊπIύΣ пΦпо όƳΣ мIΣ /Iнπ

/Iπ!ǊύΣ пΦом όƳΣ нIΣ /IнύΣ пΦнф όƳΣ мIΣ ό/Ґhύπ/IύΣ нΦфу όƳΣ нIΣ bIπ/IнύΣ мΦтуπмΦпл όƳΣ сIΣ 

/Iнπ/Iнπ/Iнπb/!ύΦ  

мо
/ baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ мтнΦмпΣ мрнΦпр όн/Σ /Ґh ŎƻƴƧΦ ŀƴƘȅŘǊƛŘŜύΣ мрсΦрс όм/Σ /Ґh 

ŎŀǊōŀƳŀǘŜύΣ мппΦпмΣ мпмΦнмΣ мнуΦлсΣ мнтΦрнΣ мнрΦслΣ мнлΦрф όмн/Σ CƳƻŎπǊƛƴƎ ŎŀǊōƻƴǎύΣ срΦср 

όм/Σ !Ǌπ/IнύΣ ртΦрф όм/Σ /hύΣ плΦлл όм/Σ [ȅǎ /IнύΣ омΦмн όм/Σ bIπ/ύΣ нфΦно όм/Σ [ȅǎ /IнύΣ ннΦло 

όм/Σ [ȅǎ /IнύΦ 

Synthesis of Lys(Z)-NCA 

 

 

 

 

Figure 3.2: Lys(Z)-NCA Structure 

bсπόōŜƴȊȅƭƻȄȅŎŀǊōƻƴȅƭύƭȅǎƛƴŜ όр ƎΣ мп ƳƳƻƭύ ŀƴŘ πhǇƛƴŜƴŜ όоΦт Ƴ[Σ нт ƳƳƻƭύ ŀŘŘŜŘ ǘƻ ŀ ŘǊȅΣ 

ǘƘǊŜŜπƴŜŎƪ ǊƻǳƴŘ ōƻǘǘƻƳ ŦƭŀǎƪΦ ¢ƘŜ Ŧƭŀǎƪ ǿŀǎ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǊŜŦƭǳȄ ŎƻƴŘŜƴǎŜǊΣ ŀ ǇǊŜǎǎǳǊŜπ

ŜǉǳŀƭƛǎƛƴƎ ŘǊƻǇǇƛƴƎ ŦǳƴƴŜƭ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǎǳōŀπǎŜŀƭΣ ŀƴŘ ŀ ǎǘƻǇǇŜǊ ƛƴ ǘƘŜ ǘƘƛǊŘ ƴŜŎƪΦ ¢ƘŜǎŜ 

ƳŀǘŜǊƛŀƭǎ ǿŜǊŜ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ όм Ƙύ ōŜŦƻǊŜ ōŜƛƴƎ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ ¢IC όсл Ƴ[ύ ŀƴŘ 

ǎǘƛǊǊŜŘ ŀǘ сл ϲ/Φ /ƻƴŎǳǊǊŜƴǘƭȅΣ ǘǊƛǇƘƻǎƎŜƴŜ όоΦл ƎΣ мм ƳƳƻƭύ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀŘŘƛǘƛƻƴŀƭ ŘǊȅ 

¢IC όмл Ƴ[ύ ōŜŦƻǊŜ ōŜƛƴƎ ŀŘŘŜŘ ŘǊƻǇǿƛǎŜ ǘƻ ǘƘŜ ǎǘƛǊǊŜŘ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜΦ  



60 
 
 

¢ƘŜ ǊŜŀŎǘƛƻƴ ǿŀǎ ƭŜŦǘ ǘƻ ǎǘƛǊ ŀǘ сл ϲ/ ǳƴǘƛƭ ŎƻƳǇƭŜǘƛƻƴ όн ƘύΣ ǿƘƛŎƘ ǿŀǎ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ 

ŎƻƳǇƭŜǘŜ Řƛǎǎƻƭǳǘƛƻƴ ƻŦ ǘƘŜ b/! ǇǊƻŘǳŎǘΣ ƭŜŀǾƛƴƎ ŀ ŎƭŜŀǊ ȅŜƭƭƻǿ ǎƻƭǳǘƛƻƴΦ ¢Ƙƛǎ ǎƻƭǳǘƛƻƴ ǿŀǎ 

ŦƛƭǘŜǊŜŘ Ǿƛŀ Ƙƻǘ ƎǊŀǾƛǘȅ ŦƛƭǘǊŀǘƛƻƴΣ ōŜŦƻǊŜ ōŜƛƴƎ ŎƻƴŎŜƴǘǊŀǘŜŘ ǘƻ ŎŀΦ мл Ƴ[ ƻƴ ǘƘŜ ǊƻǘŀǊȅ 

ŜǾŀǇƻǊŀǘƻǊΦ  

¢ƘŜ ǊŜǎǳƭǘƛƴƎ ŎǊǳŘŜ ǇǊƻŘǳŎǘ ǎƻƭǳǘƛƻƴΣ ŀ ȅŜƭƭƻǿ ƭƛǉǳƻǊΣ ǿŀǎ ǎǳōǎŜǉǳŜƴǘƭȅ ǇǊŜŎƛǇƛǘŀǘŜŘ ƛƴǘƻ ƛŎŜ 

ŎƻƭŘ ƘŜȄŀƴŜ όмлл Ƴ[ύ ŀƴŘ ŎƻƭƭŜŎǘŜŘ Ǿƛŀ ǾŀŎǳǳƳ ŦƛƭǘǊŀǘƛƻƴΦ ¢Ƙƛǎ ŎǊǳŘŜ ǎƻƭƛŘ ǇǊƻŘǳŎǘ ǿŀǎ ǘƘŜƴ 

ŘƛǎǎƻƭǾŜŘ ƛƴǘƻ ŀŘŘƛǘƛƻƴŀƭ ¢IC όŎŀΦ мл Ƴ[ύ ŀƴŘ ǘƘŜ ǊŜŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ǇǊƻŎŜŘǳǊŜ ǿŀǎ ǊŜǇŜŀǘŜŘ 

ǘǿƛŎŜ ǘƻ ŜƴǎǳǊŜ ŀ ǇǳǊŜ ǇǊƻŘǳŎǘΣ ȅƛŜƭŘƛƴƎ ŀ ŦƛƴŜΣ ƻŦŦπǿƘƛǘŜ ǇƻǿŘŜǊΦ  

¸ƛŜƭŘΥ оΦрр ƎΣ ср ҈ 

м
I baw όплл aIȊΣ /5/ƭоύΥ тΦотπтΦоо όƳΣ рIΣ !ǊπIύΣ рΦлм όǎΣ нIΣ !Ǌπ/IнύΣ пΦпо όǘΣ мIΣ ό/Ґhύπ/IύΣ 

оΦлл όƳΣ нIΣ bIπ/IнύΣ мΦтпπмΦом όƳΣ сIΣ ŀƭƛǇƘŀǘƛŎ /IнύΦ  

мо
/ baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ мтнΦмоΣ мрнΦпп όн/Σ /Ґh ŎƻƴƧΦ ŀƴƘȅŘǊƛŘŜύΣ мрсΦрт όм/Σ /Ґh 

ŎŀǊōŀƳŀǘŜύΣ мотΦтпΣ мнуΦунΣ мнуΦмф όс/Σ !ǊȅƭπǊƛƴƎ ŎŀǊōƻƴǎύΣ срΦсл όм/Σ !Ǌπ/IнύΣ ртΦпу όм/Σ /hύΣ 

офΦртΣ омΦмлΣ нфΦнрΣ ннΦлт όп/Σ ŀƭƛǇƘŀǘƛŎ /IнύΦ  

Synthesis of Sarcosine NCA 

 

 

 

Figure 3.3: Sarcosine NCA Structure 

{ŀǊŎƻǎƛƴŜ όпΦл ƎΣ пр ƳƳƻƭύ ŀƴŘ πhǇƛƴŜƴŜ όмпΦл Ƴ[Σ уу ƳƳƻƭύ ŀŘŘŜŘ ǘƻ ŀ ŘǊȅΣ ǘƘǊŜŜπƴŜŎƪ ǊƻǳƴŘ 

ōƻǘǘƻƳ ŦƭŀǎƪΦ ¢ƘŜ Ŧƭŀǎƪ ǿŀǎ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǊŜŦƭǳȄ ŎƻƴŘŜƴǎŜǊΣ ŀ ǇǊŜǎǎǳǊŜπŜǉǳŀƭƛǎƛƴƎ ŘǊƻǇǇƛƴƎ 

ŦǳƴƴŜƭ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǎǳōŀπǎŜŀƭΣ ŀƴŘ ŀ ǎǘƻǇǇŜǊ ƛƴ ǘƘŜ ǘƘƛǊŘ ƴŜŎƪΦ ¢ƘŜǎŜ ƳŀǘŜǊƛŀƭǎ ǿŜǊŜ ŘǊƛŜŘ 

ǳƴŘŜǊ ǾŀŎǳǳƳ όм Ƙύ ōŜŦƻǊŜ ōŜƛƴƎ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ ¢IC όсл Ƴ[ύ ŀƴŘ ǎǘƛǊǊŜŘ ŀǘ сл ϲ/Φ 

/ƻƴŎǳǊǊŜƴǘƭȅΣ ǘǊƛǇƘƻǎƎŜƴŜ όмл ƎΣ оп ƳƳƻƭύ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀŘŘƛǘƛƻƴŀƭ ŘǊȅ ¢IC όмл Ƴ[ύ ōŜŦƻǊŜ 

ōŜƛƴƎ ŀŘŘŜŘ ŘǊƻǇǿƛǎŜ ǘƻ ǘƘŜ ǎǘƛǊǊŜŘ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜΦ ¢ƘŜ ǊŜŀŎǘƛƻƴ ǿŀǎ ƭŜŦǘ ǘƻ ǎǘƛǊ ŀǘ сл ϲ/ 

ǳƴǘƛƭ ŎƻƳǇƭŜǘƛƻƴ όпΦр ƘύΣ ǿƘƛŎƘ ǿŀǎ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ŎƻƳǇƭŜǘŜ Řƛǎǎƻƭǳǘƛƻƴ ƻŦ ǘƘŜ b/! ǇǊƻŘǳŎǘΣ 

ƭŜŀǾƛƴƎ ŀ ŎƭŜŀǊ ȅŜƭƭƻǿ ǎƻƭǳǘƛƻƴΦ  
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¢Ƙƛǎ ǎƻƭǳǘƛƻƴ ǿŀǎ ŦƛƭǘŜǊŜŘ Ǿƛŀ Ƙƻǘ ƎǊŀǾƛǘȅ ŦƛƭǘǊŀǘƛƻƴΣ ōŜŦƻǊŜ ōŜƛƴƎ ŎƻƴŎŜƴǘǊŀǘŜŘ ǘƻ ŎŀΦ мл Ƴ[ ƻƴ 

ǘƘŜ ǊƻǘŀǊȅ ŜǾŀǇƻǊŀǘƻǊΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ŎǊǳŘŜ ǇǊƻŘǳŎǘ ǎƻƭǳǘƛƻƴΣ ŀ ōǊƻǿƴ ƭƛǉǳƻǊΣ ǿŀǎ ǘƘŜƴ ǎǘƻǊŜŘ 

ƻǾŜǊƴƛƎƘǘ ǳƴŘŜǊ ǾŀŎǳǳƳ ŀǘ сл ϲ/Φ ¢Ƙƛǎ ǊŜǎǳƭǘŜŘ ƛƴ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀ ōǊƻǿƴ ǎƻƭƛŘ ŎǊǳŘŜ 

ǇǊƻŘǳŎǘΣ ǿƘƛŎƘ ǿŀǎ ǎǳōǎŜǉǳŜƴǘƭȅ ŘƛǎǎƻƭǾŜŘ ƛƴǘƻ ƳƛƴƛƳŀƭ ¢IC όŎŀΦ мл Ƴ[ύ ŀƴŘ ǇǊŜŎƛǇƛǘŀǘŜŘ ƛƴǘƻ 

ƛŎŜ ŎƻƭŘ ƘŜȄŀƴŜ όмлл Ƴ[ύ ōŜŦƻǊŜ ŎƻƭƭŜŎǘƛƻƴ Ǿƛŀ ǾŀŎǳǳƳ ŦƛƭǘǊŀǘƛƻƴΦ  

¢Ƙƛǎ Řƛǎǎƻƭǳǘƛƻƴ ŀƴŘ ǊŜŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ǇǊƻŎŜŘǳǊŜ ǿŜǊŜ ǊŜǇŜŀǘŜŘ ǘǿƛŎŜ ǘƻ ŜƴǎǳǊŜ ŀ ǇǳǊŜ Ŧƛƴŀƭ 

ǇǊƻŘǳŎǘΣ ŎƻƭƭŜŎǘŜŘ ŀǎ ŀ ŦƛƴŜΣ ƻŦŦπǿƘƛǘŜ ǇƻǿŘŜǊΦ  

¸ƛŜƭŘΥ оΦпп ƎΣ сс ҈ 

Lw ό ˂κ ŎƳ
πм
ύΥ нфнрǿ ό/πI ǎǘǊŜǘŎƘύΣ мупфǎ ό/Ґh ǎǘǊŜǘŎƘύΣ мтслǎ ό/Ґh ǎǘǊŜǘŎƘύ мпфлǎ ό/πI ōŜƴŘύ 

мплоǎΣ момтǎΣ мнттǎΣ мннмǎΦ  

м
I baw όплл aIȊΣ /5/ƭоΣ

 
ǇǇƳύΥ пΦно όǎΣ нIΣ /IнύΣ нΦпт όǎΣ оIΣ bπ/IоύΦ 

мо
/ baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ мстΦур όм/Σ /Ґh ŎƻƴƧΦ ŀƴƘȅŘǊƛŘŜύΣ мроΦлу όм/Σ /Ґh ŎƻƴƧΦ 

ŀƴƘȅŘǊƛŘŜύΣ рмΦсм όм/Σ /Iнύ олΦну όм/Σ bπ/IоύΦ  

PO-Mediated Synthesis of Sarcosine NCA 

Lƴ ŀƴ ƛŎŜπōŀǘƘŜŘ ǊƻǳƴŘπōƻǘǘƻƳ ŦƭŀǎƪΣ .ƻŎπ{ŀǊŎƻǎƛƴŜ όрΦл ƎΣ нсΦпо ƳƳƻƭύΣ ǇǊƻǇȅƭŜƴŜ ƻȄƛŘŜ 

όмуΦпф Ƴ[Σ нспΦнс ƳƳƻƭύ ǿŜǊŜ ǎŜǉǳŜƴǘƛŀƭƭȅ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀŎŜǘƻƴƛǘǊƛƭŜ όмлл Ƴ[ύ ǳƴŘŜǊ ƳŀƎƴŜǘƛŎ 

ǎǘƛǊǊƛƴƎΦ ¢ǊƛǇƘƻǎƎŜƴŜ όоΦфн ƎΣ моΦнм ƳƳƻƭύ ǿŀǎ Ŧƛƴŀƭƭȅ ŀŘŘŜŘ ƛƴ ƻƴŜ ǇƻǊǘƛƻƴ ŀƴŘ ǘƘŜ Ŧƭŀǎƪ ǿŀǎ 

ƭŜŦǘ ƘŀƭŦπƻǇŜƴΣ ǘƻ ŦŀŎƛƭƛǘŀǘŜ ǘƘŜ ƛƴ ǎƛǘǳ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ .ƻŎΦ ¢ƘŜ ǊŜŀŎǘƛƻƴ ǿŀǎ ǎǘƛǊǊŜŘ ŀǘ ŎŀΦ п ϲ/ 

ŦƻǊ мΦр ƘΣ 9ȄŎŜǎǎ ǘǊƛǇƘƻǎƎŜƴŜ ǿŀǎ ǉǳŜƴŎƘŜŘ ōȅ ŀŘŘƛƴƎ млл Ƴƭ ŎŀΦ п ϲ/ ǿŀǘŜǊΣ ǿƛǘƘ ŀƴ ŀŘŘƛǘƛƻƴŀƭ 

о Ƴƛƴ ƻŦ ǎǘƛǊǊƛƴƎΦ ¢ƘŜ ƳƛȄǘǳǊŜ ǿŀǎ ŜȄǘǊŀŎǘŜŘ ǿƛǘƘ ŜǘƘȅƭ ŀŎŜǘŀǘŜ όн Ȅ млл Ƴ[ύ ŀǘ ǊƻƻƳ 

ǘŜƳǇŜǊŀǘǳǊŜΦ ¢ƘŜ ŎƻƳōƛƴŜŘ ƻǊƎŀƴƛŎ ǇƘŀǎŜǎ ǿŜǊŜ ǿŀǎƘŜŘ ǿƛǘƘ ōǊƛƴŜ ŀƴŘ ŘǊƛŜŘ ǳǎƛƴƎ 

ŀƴƘȅŘǊƻǳǎ aƎ{hпΣ ōŜŦƻǊŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ōȅ ǊƻǘŀǊȅ ŜǾŀǇƻǊŀǘƛƻƴ ǘƻ ŀ ŎǊǳŘŜ ǇǊƻŘǳŎǘΣ ǿƘƛŎƘ ǿŀǎ 

ǇǳǊƛŦƛŜŘ ōȅ ǊŜǇŜŀǘŜŘ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ŦǊƻƳ ¢IC ŀƴŘ ƛŎŜπŎƻƭŘ ƘŜȄŀƴŜΣ ǿƛǘƘƻǳǘ bн ǇǊƻǘŜŎǘƛƻƴΦ ¢ƘŜ 

ǇǳǊŜ ǇǊƻŘǳŎǘ ǿŀǎ ƻōǘŀƛƴŜŘ ŀǎ ŀ ǿƘƛǘŜ ƎǊŀƴǳƭŀǊ ŎǊȅǎǘŀƭΦ  

¸ƛŜƭŘ оΦлп ƎΣ су ҈  

м
I baw όплл aIȊΣ /5/ƭоΣ

 
ǇǇƳύΥ пΦлт όǎΣ нIΣ /IнύΣ нΦфу όǎΣ оIΣ bπ/IоύΦ 
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мо
/ baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ мсрΦом όм/Σ /Ґh ŎƻƴƧΦ ŀƴƘȅŘǊƛŘŜύΣ мрнΦор όм/Σ /Ґh ŎƻƴƧΦ 

ŀƴƘȅŘǊƛŘŜύΣ рлΦфп όм/Σ /Iнύ олΦоо όм/Σ bπ/IоύΦ 

 

3.1.1.2 Phosgene-Free NCA Synthesis 

T3P-Mediated Synthesis of Lys(Boc)-NCA 

¢оt όмлΦом Ƴ[Σ мтΦон ƳƳƻƭύ ǿŀǎ ŀŘŘŜŘ ŘǊƻǇǿƛǎŜ ǘƻ bнΣbсπōƛǎόǘŜǊǘπōǳǘƻȄȅŎŀǊōƻƴȅƭύπ[πƭȅǎƛƴŜ 

όрƎΣ мпΦпо ƳƳƻƭύ ƛƴ ŀƴƘȅŘǊƻǳǎ ŜǘƘȅƭ ŀŎŜǘŀǘŜ όсл Ƴ[ύ ŀǘ рл ϲ/ ǳƴŘŜǊ ƴƛǘǊƻƎŜƴΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ 

ǎƻƭǳǘƛƻƴ ǿŀǎ ǎǘƛǊǊŜŘ ŀǘ рл ϲ/ ŦƻǊ о ƘƻǳǊǎΣ ǘƘŜƴ ŎƻƻƭŜŘ ǘƻ w¢Φ ²ŀǘŜǊ όсл Ƴ[ύ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ 

ǎƻƭǳǘƛƻƴ ŀƴŘ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ ǎŜǇŀǊŀǘƛƴƎ ŦǳƴƴŜƭΦ ¢ƘŜ ƻǊƎŀƴƛŎ ƭŀȅŜǊ ǿŀǎ ǎŜǇŀǊŀǘŜŘ ŀƴŘ ǿŀǎƘŜŘ 

ŦǳǊǘƘŜǊ ǿƛǘƘ ōǊƛƴŜ όн Ȅ сл Ƴ[ύΣ ŘǊƛŜŘ ƻǾŜǊ aƎ{hп ŀƴŘ ŎƻƴŎŜƴǘǊŀǘŜŘ ƎƛǾƛƴƎ ŀ ǿƘƛǘŜ ǎƻƭƛŘΦ  

¢ƘŜ ǎƻƭƛŘ ǿŀǎ ǊŜπŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ ŜǘƘȅƭ ŀŎŜǘŀǘŜ όол Ƴ[ύ ŀǘ рл ϲ/ ǳƴŘŜǊ ƴƛǘǊƻƎŜƴΦ IŜǇǘŀƴŜ 

όŎŀΦ мр Ƴ[ύ ǿŀǎ ŀŘŘŜŘ ǳƴǘƛƭ ǘƘŜ ǇǊƻŘǳŎǘ ǎǘŀǊǘŜŘ ǘƻ ǇǊŜŎƛǇƛǘŀǘŜΦ ¢ƘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ƭŜŦǘ ǎǘƛǊǊƛƴƎ ŀǎ 

ƛǘ ŎƻƻƭŜŘ ǘƻ ǊΦǘ ŀƴŘ ǘƘŜƴ ǇƭŀŎŜŘ ƛƴ ŀƴ ƛŎŜ ōŀǘƘ ŦƻǊ мƘΦ ¢ƘŜ ǎƻƭƛŘ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ŀƴŘ ǿŀǎƘŜŘ ǿƛǘƘ 

ŦǳǊǘƘŜǊ ƘŜǇǘŀƴŜ όн Ȅ мр Ƴ[ύΦ ¢ƘŜ ǎƻƭƛŘ ǿŀǎ ŘǊƛŜŘ ǳƴŘŜǊ ƴƛǘǊƻƎŜƴ ŦƻǊ нл ƳƛƴǳǘŜǎ ƻƴ ǘƘŜ ŦƛƭǘŜǊ 

ǇŀŘ ŀƴŘ ǘƘŜƴ ǎǘƻǊŜŘ ŀǘ πнл ϲ/ ǳƴŘŜǊ ƴƛǘǊƻƎŜƴ ǳƴǘƛƭ ǳǎŜŘΦ  

¸ƛŜƭŘΥ нΦфф ƎΣ тс ҈ 

м
I baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ пΦпо όǘΣ мIΣ /hπIύΣ нΦфл όƳΣ нIΣ bIπ/Iнπ/Iнύ мΦспπмΦтн όƳΣ 

нIΣ /hIπ/Iнύ мΦнсπмΦпм όƳΣ моIΣ /πό/IоύоΣ ʰ/Iπ/Iнπ/Iнπ/IнύΦ 

мо
/ baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ мтнΦмп όм/Σ /Ґh ŎƻƴƧΦ ŀƴƘȅŘǊƛŘŜύΣ мрсΦлр όм/Σ /Ґh 

ŎŀǊōŀƳŀǘŜύ мрнΦпп όм/Σ /Ґh ŎƻƴƧΦ !ƴƘȅŘǊƛŘŜύ ттΦус όм/Σ /Iнύ ртΦпф όм/Σ /Iнύ омΦмл όм/Σ /Iнύ 

нфΦоп όм/Σ /Iнύ нуΦто όо/Σ /Iоύоύ ннΦлт όм/Σ /IнύΦ 
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T3P-Mediated Synthesis of Lys(Z)-NCA 

¢оt όфΦоф Ƴ[Σ мрΦтт ƳƳƻƭύ ǿŀǎ ŀŘŘŜŘ ŘǊƻǇǿƛǎŜ ǘƻ bнπόǘŜǊǘπōǳǘƻȄȅŎŀōƻƴȅƭύΣbсπ

όōŜƴȊȅƭƻȄȅŎŀǊōƻƴȅƭύπ[πƭȅǎƛƴŜ όрƎΣ моΦмп ƳƳƻƭύ ƛƴ ŀƴƘȅŘǊƻǳǎ ŜǘƘȅƭ ŀŎŜǘŀǘŜ όсл Ƴ[ύ ŀǘ рл ϲ/ 

ǳƴŘŜǊ ƴƛǘǊƻƎŜƴΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ǎƻƭǳǘƛƻƴ ǿŀǎ ǎǘƛǊǊŜŘ ŀǘ рл ϲ/ ŦƻǊ о ƘƻǳǊǎΣ ǘƘŜƴ ŎƻƻƭŜŘ ǘƻ 

w¢Φ ²ŀǘŜǊ όсл Ƴ[ύ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ǎƻƭǳǘƛƻƴ ŀƴŘ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ ǎŜǇŀǊŀǘƛƴƎ ŦǳƴƴŜƭΦ ¢ƘŜ 

ƻǊƎŀƴƛŎ ƭŀȅŜǊ ǿŀǎ ǎŜǇŀǊŀǘŜŘ ŀƴŘ ǿŀǎƘŜŘ ŦǳǊǘƘŜǊ ǿƛǘƘ ōǊƛƴŜ όн Ȅ сл Ƴ[ύΣ ŘǊƛŜŘ ƻǾŜǊ aƎ{hп ŀƴŘ 

ŎƻƴŎŜƴǘǊŀǘŜŘ ƎƛǾƛƴƎ ŀ ǿƘƛǘŜ ǎƻƭƛŘΦ ¢ƘŜ ǎƻƭƛŘ ǿŀǎ ǊŜπŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ ŜǘƘȅƭ ŀŎŜǘŀǘŜ όол 

Ƴ[ύ ŀǘ рл ϲ/ ǳƴŘŜǊ ƴƛǘǊƻƎŜƴΦ IŜǇǘŀƴŜ όŎŀΦ мр Ƴ[ύ ǿŀǎ ŀŘŘŜŘ ǳƴǘƛƭ ǘƘŜ ǇǊƻŘǳŎǘ ǎǘŀǊǘŜŘ ǘƻ 

ǇǊŜŎƛǇƛǘŀǘŜΦ  

¢ƘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ƭŜŦǘ ǎǘƛǊǊƛƴƎ ŀǎ ƛǘ ŎƻƻƭŜŘ ǘƻ ǊΦǘ ŀƴŘ ǘƘŜƴ ǇƭŀŎŜŘ ƛƴ ŀƴ ƛŎŜ ōŀǘƘ ŦƻǊ мƘΦ ¢ƘŜ ǎƻƭƛŘ 

ǿŀǎ ŎƻƭƭŜŎǘŜŘ ŀƴŘ ǿŀǎƘŜŘ ǿƛǘƘ ŦǳǊǘƘŜǊ ƘŜǇǘŀƴŜ όн Ȅ мр Ƴ[ύΦ ¢ƘŜ ǎƻƭƛŘ ǿŀǎ ŘǊƛŜŘ ǳƴŘŜǊ 

ƴƛǘǊƻƎŜƴ ŦƻǊ нл ƳƛƴǳǘŜǎ ƻƴ ǘƘŜ ŦƛƭǘŜǊ ǇŀŘ ŀƴŘ ǘƘŜƴ ǎǘƻǊŜŘ ŀǘ πнл ϲ/ ǳƴŘŜǊ ƴƛǘǊƻƎŜƴ ǳƴǘƛƭ ǳǎŜŘΦ  

¸ƛŜƭŘΥ нΦун ƎΣ тл ҈ 

м
I baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ тΦнрπтΦот όƳΣ рIΣ !ǊƻƳŀǘƛŎ /πIύ рΦлл όǎΣ нIΣ !Ǌπ/Iнύ пΦпн όǘΣ 

мIΣ /hπIύ нΦфу όǘΣ нIΣ bIπ/Iнύ мΦссπмΦто όƳΣ нIΣ /hIπ/Iнύ мΦнсπмΦпр όƳΣ пIΣ [ȅǎ ŀƭƛǇƘŀǘƛŎ /IнύΦ 

мо
/ baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ мтсΦууΣ мртΦмф όн/Σ /Ґh ŎƻƴƧΦ ŀƴƘȅŘǊƛŘŜύΣ мсмΦом όм/Σ /Ґh 

ŎŀǊōŀƳŀǘŜύΣ мпнΦпфΣ мооΦруΣ монΦфрόс/Σ !ǊȅƭπǊƛƴƎ ŎŀǊōƻƴǎύΣ тлΦро όм/Σ !Ǌπ/IнύΣ снΦно όм/Σ /hύΣ 

ппΦмнΣ орΦурΣ ооΦффΣ нсΦун όп/Σ ŀƭƛǇƘŀǘƛŎ /IнύΦ  

 

T3P-Mediated Synthesis of Sarcosine NCA 

¢оt όмуΦуу Ƴ[Σ омΦсу ƳƳƻƭύ ŀƴŘ tȅǊƛŘƛƴŜ όнΦмо Ƴ[Σ нсΦпл ƳƳƻƭύ ǿŜǊŜ ŀŘŘŜŘ ŘǊƻǇǿƛǎŜ ŀƴŘ 

ǎŜǉǳŜƴǘƛŀƭƭȅ ǘƻ bπόǘŜǊǘπōǳǘƻȄȅŎŀǊōƻƴȅƭύ{ŀǊŎƻǎƛƴŜ όрƎΣ нсΦпл ƳƳƻƭύ ƛƴ ŀƴƘȅŘǊƻǳǎ ŜǘƘȅƭ ŀŎŜǘŀǘŜ 

όмрл Ƴ[ύ ŀǘ ǊΦǘΦ ǳƴŘŜǊ ƴƛǘǊƻƎŜƴΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ǎƻƭǳǘƛƻƴ ǿŀǎ ǎǘƛǊǊŜŘ ƻǾŜǊƴƛƎƘǘΦ ²ŀǘŜǊ όмлл Ƴ[ύ 

ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ǎƻƭǳǘƛƻƴ ŀƴŘ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ ǎŜǇŀǊŀǘƛƴƎ ŦǳƴƴŜƭΦ ¢ƘŜ ƻǊƎŀƴƛŎ ƭŀȅŜǊ ǿŀǎ 

ǎŜǇŀǊŀǘŜŘ ŀƴŘ ǿŀǎƘŜŘ ŦǳǊǘƘŜǊ ǿƛǘƘ ōǊƛƴŜ όн Ȅ млл Ƴ[ύΣ ŘǊƛŜŘ ƻǾŜǊ aƎ{hп ŀƴŘ ŎƻƴŎŜƴǘǊŀǘŜŘΣ 

ƎƛǾƛƴƎ ŀ ŎǊǳŘŜ ǿƘƛǘŜ ǎƻƭƛŘΦ ¢ƘŜ ǎƻƭƛŘ ǿŀǎ ǊŜπŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ ŜǘƘȅƭ ŀŎŜǘŀǘŜ όол Ƴ[ύ ŀǘ рл 

ϲ/ ǳƴŘŜǊ ƴƛǘǊƻƎŜƴΦ IŜǇǘŀƴŜ όŎŀΦ мр Ƴ[ύ ǿŀǎ ŀŘŘŜŘ ǳƴǘƛƭ ǘƘŜ ǇǊƻŘǳŎǘ ǎǘŀǊǘŜŘ ǘƻ ǇǊŜŎƛǇƛǘŀǘŜΦ ¢ƘŜ 

ǎƻƭǳǘƛƻƴ ǿŀǎ ƭŜŦǘ ǎǘƛǊǊƛƴƎ ŀǎ ƛǘ ŎƻƻƭŜŘ ǘƻ ǊΦǘ ŀƴŘ ǘƘŜƴ ǇƭŀŎŜŘ ƛƴ ŀƴ ƛŎŜ ōŀǘƘ ŦƻǊ мƘΦ  
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¢ƘŜ ǎƻƭƛŘ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ŀƴŘ ǿŀǎƘŜŘ ǿƛǘƘ ŦǳǊǘƘŜǊ ƘŜǇǘŀƴŜ όн Ȅ мр Ƴ[ύΦ ¢ƘŜ ǎƻƭƛŘ ǿŀǎ ŘǊƛŜŘ 

ǳƴŘŜǊ ƴƛǘǊƻƎŜƴ ŦƻǊ нл ƳƛƴǳǘŜǎ ƻƴ ǘƘŜ ŦƛƭǘŜǊ ǇŀŘ ŀƴŘ ǘƘŜƴ ǎǘƻǊŜŘ ŀǘ πнл ϲ/ ǳƴŘŜǊ ƴƛǘǊƻƎŜƴ ǳƴǘƛƭ 

ǳǎŜŘΦ  

¸ƛŜƭŘΥ мΦфл ƎΣ сн ҈ 

Lw ό ˂κ ŎƳ
πм
ύΥ нфнфǿ ό/πI ǎǘǊŜǘŎƘύΣ мурлǎ ό/Ґh ǎǘǊŜǘŎƘύΣ мтррǎ ό/Ґh ǎǘǊŜǘŎƘύ мпууǎ ό/πI ōŜƴŘύ 

мплпǎΣ момтǎΣ мнутǎΣ мнолǎΦ  

м
I baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ пΦно όǎΣ нIΣ /IнύΣ нΦпт όǎΣ оIΣ bπ/IоύΦ 

мо
/ baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ мсрΦнр όм/Σ /Ґh ŎƻƴƧΦ !ƴƘȅŘǊƛŘŜύΣ мрнΦоо όм/Σ /Ґh ŎƻƴƧΦ 

!ƴƘȅŘǊƛŘŜύ рлΦфп όм/Σ /Iнύ олΦоп όм/Σ /IоύΦ  

3.1.2 OCA Synthesis 

3.1.2.1 Phosgene-Mediated OCA Synthesis 

Synthesis of Mandelic Acid OCA 

 

 

 

 

Figure 3.4: Mandelic Acid OCA Structure 

¢ƻ ŀ ŘǊȅ {ŎƘƭŜƴƪ ǘǳōŜΣ ƳŀƴŘŜƭƛŎ ŀŎƛŘ όсΦл ƎΣ оф ƳƳƻƭύ ŀƴŘ ŀŎǘƛǾŀǘŜŘ ŎƘŀǊŎƻŀƭ όлΦру Ǝύ ǿŜǊŜ 

ŀŘŘŜŘΣ ōŜŦƻǊŜ ōŜƛƴƎ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ όм ƘύΦ ¢ƘŜ ǎƻƭƛŘǎ ǿŜǊŜ ǘƘŜƴ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ 

¢ICΣ ŀƴŘ ŘƛǇƘƻǎƎŜƴŜ όрΦр Ƴ[Σ пс ƳƳƻƭύ ǿŀǎ ŀŘŘŜŘ ŘǊƻǇǿƛǎŜ ǘƻ ǘƘŜ ǎƻƭǳǘƛƻƴΦ ¢ƘŜ ǊŜŀŎǘƛƻƴ 

ƳƛȄǘǳǊŜ ǿŀǎ ǎǘƛǊǊŜŘ ǳƴŘŜǊ bн Ŧƭƻǿ ǳƴǘƛƭ ǊŜŀŎǘƛƻƴ ŎƻƳǇƭŜǘƛƻƴ όму ƘύΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ǊŜŀŎǘƛƻƴ 

ƳƛȄǘǳǊŜ ǿŀǎ ǘƘŜƴ ŦƛƭǘŜǊŜŘ ǘƘǊƻǳƎƘ ŀ ǇƭǳƎ ƻŦ /ŜƭƛǘŜϯ ƛƴ ƻǊŘŜǊ ǘƻ ǊŜƳƻǾŜ ǘƘŜ ŀŎǘƛǾŀǘŜŘ ŎƘŀǊŎƻŀƭΦ 

¢Ƙƛǎ ȅƛŜƭŘŜŘ ŀ ȅŜƭƭƻǿπƎǊŜŜƴ ǎƻƭǳǘƛƻƴΣ ǿƘƛŎƘ ǿŀǎ ŎƻƴŎŜƴǘǊŀǘŜŘ ƻƴ ǘƘŜ ǊƻǘŀǊȅ ŜǾŀǇƻǊŀǘƻǊ ǘƻ ŎŀΦ 

мл Ƴ[ ōŜŦƻǊŜ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ƛƴ ƛŎŜπŎƻƭŘ ƘŜȄŀƴŜ όŎŀΦ ул Ƴ[ύΦ ¢ƘŜ ǊŜǎǳƭǘŀƴǘ ǎƻƭƛŘ ǿŀǎ ŎƻƭƭŜŎǘŜŘ Ǿƛŀ 

ǾŀŎǳǳƳ ŦƛƭǘǊŀǘƛƻƴΣ ǿŀǎƘŜŘ ǿƛǘƘ ŀŘŘƛǘƛƻƴŀƭ ƘŜȄŀƴŜ όн Ȅ мл Ƴ[ύΣ ŀƴŘ ǊŜπŘƛǎǎƻƭǾŜŘ ƛƴ ¢IC όмл Ƴ[ύΦ 

¢ƘŜ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ŀƴŘ ŎƻƭƭŜŎǘƛƻƴ ǎǘŀƎŜǎ ǿŜǊŜ ǘƘŜƴ ǊŜǇŜŀǘŜŘ ǘǿƛŎŜ ǘƻ ȅƛŜƭŘ ŀ ŦƛƴŜΣ ǿƘƛǘŜ ǇƻǿŘŜǊΦ  

¸ƛŜƭŘΥ рΦмн ƎΣ тп ҈ 
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Lw ό ˂κ ŎƳ
πм
ύΥ опптǿ όbπI ǎǘǊŜǘŎƘύΣ нфноǿ ό/πI ǎǘǊŜǘŎƘύΣ мфллƳ όŀǊƻƳŀǘƛŎ /πI ōŜƴŘύΣ мулт ό/Ґh 

ǎǘǊŜǘŎƘ ŎƻƴƧΦ ŀƴƘȅŘǊƛŘŜύΣ мтус ό/Ґh ǎǘǊŜǘŎƘ ŎƻƴƧΦ ŀƴƘȅŘǊƛŘŜύΣ мпрт ό/πI ōŜƴŘύΣ мнфсǎΣ мнпоǎΦ  

м
I baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ тΦпнπтΦор όƳΣ рIΣ !ǊπIύ рΦфп όǎΣ мIΣ ό/Ґhύπ/IύΦ 

мо
/ baw όплл aIȊΣ /5/ƭоΣ ǇǇƳύΥ мсрΦоо όм/Σ /Ґh ŀƴƘȅŘǊƛŘŜύΣ мпуΦлн όм/Σ /Ґh ŀƴƘȅŘǊƛŘŜύΣ 

молΦуо όм/Σ ό/Ґhύπ/Iн/ ŀǊȅƭ ŎŀǊōƻƴύΣ мнфΦру όн/Σ ŀǊȅƭ ŎŀǊōƻƴύΣ мнфΦнт όм/Σ ŀǊȅƭ ŎŀǊōƻƴύΣ мнсΦмс 

όн/Σ ŀǊȅƭ ŎŀǊōƻƴύΣ улΦпс όό/Ґhύπ/Iнύ 

 

3.2 Results and Discussion 

3.2.1 NCA Products 

b/! ǇǊƻŘǳŎǘǎΣ ǎȅƴǘƘŜǎƛǎŜŘ ŦƻǊ ǘƘŜ ǊŜǎŜŀǊŎƘ ǊŜǇƻǊǘŜŘ ƛƴ /ƘŀǇǘŜǊǎ пπсΣ ŀǊŜ ƘŜǊŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘΦ 

¢Ƙƛǎ ƛƴŎƭǳŘŜǎ ǘƘǊŜŜ ŘƛŦŦŜǊŜƴǘ b/!ǎ ƻŦ ƭȅǎƛƴŜΣ ǇǊƻǘŜŎǘŜŘ ōȅ CƳƻŎΣ .ƻŎ ŀƴŘ ½ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇǎΦ 

Lƴ ŀŘŘƛǘƛƻƴΣ ǇƘƻǎƎŜƴŜπŦǊŜŜ ǎȅƴǘƘŜǎŜǎ ƻŦ [ȅǎό½ύπb/! ŀƴŘ [ȅǎό.ƻŎύπb/! ŀǊŜ ŀƭǎƻ ǊŜǇƻǊǘŜŘΣ 

ŀŎǘƛǾŀǘŜŘ ōȅ ό¢оtύ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ƳŜǘƘƻŘƻƭƻƎȅ ƻǳǘƭƛƴŜŘ ōȅ [ŀŎƻƴŘŜ Ŝǘ ŀƭΦ
м 
¢ƘŜǎŜ 

ǎȅƴǘƘŜǎŜǎ ŀǊŜ ǊŜǇƻǊǘŜŘ ƛƴ ǇŀǊŀƭƭŜƭ ǘƻ ŀƭƭƻǿ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ ǇǊŜǇŀǊŀǘƛǾŜ 

ǇǊƻŎŜŘǳǊŜǎΣ ƛƴƘŜǊŜƴǘ ǎŀŦŜǘȅ ŀƴŘ ǇŜǊŎŜƴǘŀƎŜ ȅƛŜƭŘǎΦ  

²ƘƛƭŜ ƛǘ ǿŀǎ ƴƻǘ ǳǘƛƭƛǎŜŘ ƛƴ ǎǳōǎŜǉǳŜƴǘ ŎƘŀǇǘŜǊǎΣ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ǎŀǊŎƻǎƛƴŜπb/!Σ Ǿƛŀ 

ǇƘƻǎƎŜƴŜπƳŜŘƛŀǘŜŘ ŀƴŘ ǇƘƻǎƎŜƴŜπŦǊŜŜ ǊƻǳǘŜǎΣ Ƙŀǎ ŀƭǎƻ ōŜŜƴ ǊŜǇƻǊǘŜŘ ƘŜǊŜΦ CǳǊǘƘŜǊƳƻǊŜΣ ŀ 

ǊƻǳǘŜ ǿƘŜǊŜƛƴ ǇǊƻǇȅƭŜƴŜ ƻȄƛŘŜ ǇǊƻǾƛŘŜǎ ƳƻƛǎǘǳǊŜ ǘƻƭŜǊŀƴŎŜ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǊŜŀŎǘƛƻƴΣ ƛǎ ŀƭǎƻ 

ǊŜǇƻǊǘŜŘΦ ¢ƘŜǎŜ ǘƘǊŜŜ ǊƻǳǘŜǎ ŀǊŜ ǎƛƳƛƭŀǊƭȅ ŎǊƛǘƛǉǳŜŘ ŦƻǊ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ ǇǊŜǇŀǊŀǘƛǾŜ 

ŎƻƳǇƭŜȄƛǘȅΣ ǊƻōǳǎǘƴŜǎǎ ǘƻ ƛƳǇǳǊƛǘƛŜǎ ŀƴŘ ǇŜǊŎŜƴǘŀƎŜ ȅƛŜƭŘǎΦ   

 

3.2.1.1 Lys(Fmoc)-NCA 

²Ƙƛƭǎǘ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ƭƛǘŜǊŀǊȅ ŜȄŀƳǇƭŜǎ ƻŦ ƭȅǎƛƴŜ b/! ǎȅƴǘƘŜǎŜǎ ǘȅǇƛŎŀƭƭȅ ƛƴǾƻƭǾŜ ǇǊƻǘŜŎǘƛƻƴ 

ƻŦ ǘƘŜ ǇŜƴŘŀƴǘ ŎƘŀƛƴ ōȅ ŀ ½πǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΣ ǘƘŜǊŜ ŀǊŜ ǎƻƳŜ ŜȄŀƳǇƭŜǎ ǘƘŀǘ ƘŀǾŜ ōŜŜƴ 

ǇǊƻŘǳŎŜŘ ǳǎƛƴƎ CƳƻŎ ŀǎ ŀƴ ŀƭǘŜǊƴŀǘƛǾŜΦ
нΣо 
CƳƻŎ ǇǊƻǘŜŎǘƛƻƴ Ƙŀǎ ŀǘǘǊŀŎǘŜŘ ŀǘǘŜƴǘƛƻƴ ŘǳŜ ǘƻ 

ƭƛǘŜǊŀǘǳǊŜ ŜȄŀƳǇƭŜǎ ƻŦ ŀ ǇǊƻŎŜŘǳǊŜ ŦƻǊ ǘƘŜǊƳŀƭƭȅ ŎƭŜŀǾƛƴƎ ƛǘǎ ŎƻƴƴŜŎǘƛƻƴ ǘƻ ǘƘŜ ǇŜƴŘŀƴǘ ŎƘŀƛƴ 

ŀǘ мнл ϲ/Σ
оΣп
 ƭŜŀǾƛƴƎ ŀ ŦǊŜŜ ŀƳƛƴŜ ƎǊƻǳǇ ǘƘŀǘ Ŏŀƴ ōŜ ŜȄǇƭƻƛǘŜŘ ŀǎ ŀ ƴŜǿ ƛƴƛǘƛŀǘƛƻƴ ǎƛǘŜ ǘƻ ƛƴŘǳŎŜ 

ǇƻƭȅƳŜǊ ŎƘŀƛƴ ōǊŀƴŎƘƛƴƎΣ ƻǊ ŀǎ ŀ ǎƛǘŜ ŦƻǊ ǇƻǎǘπǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ƳƻŘƛŦƛŎŀǘƛƻƴΦ  
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¢Ƙƛǎ ǇǊŜǎŜƴǘǎ ŀƴ ŜȄǘǊŜƳŜƭȅ ŀǘǘǊŀŎǘƛǾŜ ƻǇǘƛƻƴ ŀǎ ŀ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΣ ōƻǘƘ ŦƻǊ ǘƘŜ ŜŎƻƴƻƳƛŎ 

ŀŘǾŀƴǘŀƎŜ ƻŦ ŘŜǇǊƻǘŜŎǘƛƻƴ ǿƛǘƘƻǳǘ ŀŘŘƛǘƛƻƴŀƭ ǊŜŀƎŜƴǘǎΣ ŀƴŘ ŦƻǊ ǘƘŜ ƛƳǇǊƻǾŜƳŜƴǘ ƛƴ ƘŜŀƭǘƘ 

ŀƴŘ ǎŀŦŜǘȅ ǘƘŀǘ  ǘƘŜǊƳŀƭ ŎƭŜŀǾŀƎŜ ǇǊƻǾƛŘŜǎ ǿƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǎǘǊƻƴƎπŀŎƛŘ ŎƭŜŀǾŀƎŜ 

ǊŜǉǳƛǊŜŘ ŦƻǊ ½πǇǊƻǘŜŎǘŜŘ t[ȅǎΣ ǿƘƛŎƘ ǊŜǉǳƛǊŜǎ ǳǎŜ ƻŦ ǘƻȄƛŎ ŀƴŘ ŎƻǊǊƻǎƛǾŜ I.ǊΦ ¢ƻ ōŜǘǘŜǊ 

ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ǇƻǎǎƛōƭŜ ŜƴƘŀƴŎŜƳŜƴǘǎ ǘƘŀǘ ǘƘƛǎ ǘǊƛŦǳƴŎǘƛƻƴŀƭ ŀƳƛƴƻ ŀŎƛŘ Ŏŀƴ ǇǊƻǾƛŘŜΣ ǘƘŜ 

ǎȅƴǘƘŜǎƛǎ ƻŦ [ȅǎόCƳƻŎύπb/! Ƙŀǎ ƘŜǊŜ ōŜŜƴ ǊŜǇƻǊǘŜŘΣ ǿƛǘƘ ƛǘǎ ŎƻπǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ŦǊƻƳ ƳŜǘƘƻȄȅπ

ǇƻƭȅόŜǘƘȅƭŜƴŜ ƎƭȅŎƻƭύ όaΦ²Φ рллл Ǝ Ƴƻƭ
πм
ύ ŘŜǘŀƛƭŜŘ ƛƴ {ŜŎǘƛƻƴ рΦоΦмΦ  

[ȅǎόCƳƻŎύπb/! ǿŀǎ ǎȅƴǘƘŜǎƛǎŜŘ ǳǎƛƴƎ Ǿƛŀ CǳŎƘǎπCŀǊǘƘƛƴƎ ŎŀǊōƻƴȅƭŀǘƛƻƴΣ ǳǎƛƴƎ ǘƘŜ 

ŀŦƻǊŜƳŜƴǘƛƻƴŜŘ ǇƘƻǎƎŜƴŜπƳŜŘƛŀǘŜŘ ǇǊŜǇŀǊŀǘƛƻƴΦ ¢ƘŜ ŎǊǳŘŜ ǇǊƻŘǳŎǘǎ ƻŦ ǘƘƛǎ ǊŜŀŎǘƛƻƴ ǿŜǊŜ 

ǎǳōƧŜŎǘŜŘ ǘƻ ǊŜǇŜŀǘŜŘ ǊŜŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ǎǘŜǇǎ ǘƻ ǊŜƳƻǾŜ ŀƴȅ ǎƛŘŜ ǇǊƻŘǳŎǘǎΣ ƛƳǇǳǊƛǘƛŜǎ ƻǊ 

ǊŜǎƛŘǳŀƭ ǎǘŀǊǘƛƴƎ ƳŀǘŜǊƛŀƭǎΣ ƛƴ ƻǊŘŜǊ ǘƻ ŜƴǎǳǊŜ ƘƛƎƘ ǇǳǊƛǘȅΦ !ǎ ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ȅƛŜƭŘ ƻŦ ǘƘŜ 

ǇǊƻŘǳŎǘ όтн ҈ύ ŀƴŘ 
м
I baw ǇǊƻǾƛŘŜŘ ƛƴ CƛƎǳǊŜ оΦр ōŜƭƻǿΣ [ȅǎόCƳƻŎύπb/! ǿŀǎ ƘŜǊŜ ǎȅƴǘƘŜǎƛǎŜŘ 

ǎǳŎŎŜǎǎŦǳƭƭȅ ŀƴŘ ǿƛǘƘ ƘƛƎƘ ǇǳǊƛǘȅΦ  

Figure 3.5: 1H NMR (400 MHz, DMSO-d6) Spectrum of Lys(Fmoc)-NCA. 
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CƛƎǳǊŜ оΦр ǎƘƻǿǎ ŎƭŜŀǊƭȅ ǘƘŀǘ [ȅǎόCƳƻŎύπb/! ǿŀǎ ǎȅƴǘƘŜǎƛǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅΣ ŀƴŘ ǿƛǘƘƻǳǘ ǘƘŜ 

ǇǊŜǎŜƴŎŜ ƻŦ ƛƳǇǳǊƛǘƛŜǎΦ ¢ƘŜ Ǉƻǎƛǘƛƻƴǎ ŀƴŘ ƛƴǘŜƎǊŀƭǎ ƻŦ ǘƘŜ ǇŜŀƪǎ ŀƭƛƎƴ ŎƭƻǎŜƭȅ ǿƛǘƘ ǾŀƭǳŜǎ 

ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΦ
н 
¢ƘŜ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ǘƘŜ b/! ŀƳƛŘŜ όbπIύΣ πhǇǊƻǘƻƴ όммύ 

ŀƴŘ ǘƘŜ ŦƻǳǊ ŜǘƘȅƭ ƎǊƻǳǇǎ ŀƭƻƴƎ ǘƘŜ ƭȅǎƛƴŜ ǎƛŘŜπŎƘŀƛƴ όтπмлύ ŀǊŜ ŎƭŜŀǊƭȅ ǊŜǇǊŜǎŜƴǘŜŘΣ ŀƭƻƴƎǎƛŘŜ 

ǘƘƻǎŜ ōƻǳƴŘ ǘƻ ǘƘŜ ŀǊƻƳŀǘƛŎ ǊƛƴƎǎ όмπпύ ŀƴŘ ŀƭƛǇƘŀǘƛŎ Ǉƻǎƛǘƛƻƴǎ όрΣ сύ ǳǇƻƴ ǘƘŜ CƳƻŎ ƎǊƻǳǇΦ 

¢Ƙƛǎ ŀǎǎŜǎǎƳŜƴǘ ƛǎ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ 
мо
/ baw ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ όCƛƎǳǊŜ !ΦоΦмΦмύ ǿƘƛŎƘΣ 

ŀƭƻƴƎǎƛŘŜ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ŎŀǊōƻƴȅƭ ǇŜŀƪǎ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ b/! όмтнΦмп ǇǇƳΣ мрсΦрс ǇǇƳύ ŀƴŘ 

ǘƘŜ ŀŘŘƛǘƛƻƴŀƭ ǇŜŀƪ ƻŦ ǘƘŜ CƳƻŎπŎŀǊōƻƴȅƭ όмрнΦпр ǇǇƳύΣ ŦŜŀǘǳǊŜǎ ŀ ƴǳƳōŜǊ ƻŦ ǇŜŀƪǎ ƛƴ ǘƘŜ 

ǊŀƴƎŜ ƻŦ мнл ǇǇƳ ς мпр ǇǇƳ ǘƘŀǘ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ŎŀǊōƻƴ ŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ǘƘŜ ŀǊƻƳŀǘƛŎ ǊƛƴƎǎ 

ǳǇƻƴ ǘƘŜ CƳƻŎ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΦ ¢ƘŜ C¢Lw ǎǇŜŎǘǊǳƳ ƻŦ [ȅǎόCƳƻŎύπb/! όCƛƎǳǊŜ !ΦоΦнΦмύ ŀƎǊŜŜǎ 

ǿƛǘƘ ǘƘŜ ŀǾŀƛƭŀōƭŜ ƭƛǘŜǊŀǘǳǊŜΣ
н
 ŀƴŘ ǎǳǇǇƻǊǘǎ ǘƘŜ ŦƛƴŘƛƴƎǎ ƻŦ ǘƘŜ ǎǇŜŎǘǊŀƭ ŀƴŀƭȅǎŜǎ ŘŜǎŎǊƛōŜŘ 

ŀōƻǾŜΦ tŜŀƪǎ Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ ŀǘ ǘƘŜ ǘȅǇƛŎŀƭ мупс ŎƳ
πм
 ŀƴŘ мумл ŎƳ

πм
Σ ŜǾƛŘŜƴŎƛƴƎ ǘƘŜ ŎƭƻǎǳǊŜ 

ƻŦ ǘƘŜ b/! ǊƛƴƎ ŀǊƻǳƴŘ ƛǘǎ ǎŜŎƻƴŘ ŎŀǊōƻƴȅƭ ƎǊƻǳǇΦ Lƴ ŀŘŘƛǘƛƻƴΣ ŀ ŎƭǳǎǘŜǊ ƻŦ ǇŜŀƪǎ ŀǘ нффн ŎƳ
π

м
Σ нфуп ŎƳ

πм
Σ нфтм ŎƳ

πм
Σ нфрл ŎƳ

πм
Σ нфоо ŎƳ

πм
 ŀƴŘ нфно ŎƳ

πм
 Ŏŀƴ ōŜ ǎŜŜƴ ǇǊƻǘǊǳŘƛƴƎ ŦǊƻƳ ŀ 

ōǊƻŀŘ ǊŀƴƎŜ ƻŦ ŀōǎƻǊōŀƴŎŜǎΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ŀ ƴǳƳōŜǊ ƻŦ /πI ǎǘǊŜǘŎƘƛƴƎ ǾƛōǊŀǘƛƻƴǎ ŀŎǊƻǎǎ ǘƘŜ 

ŀƭƛǇƘŀǘƛŎ ǎƛŘŜ ŎƘŀƛƴ ƻŦ ǘƘŜ ƭȅǎƛƴŜ b/! ŀƴŘ ǘƘŜ ŀǊƻƳŀǘƛŎ ǊƛƴƎǎ ƻŦ ƛǘǎ CƳƻŎ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΦ 

CǳǊǘƘŜǊƳƻǊŜΣ ŀ ǘƘƛǊŘ ŎŀǊōƻƴȅƭ /Ґh ǎǘǊŜǘŎƘΣ ŀƭǎƻ ŦǊƻƳ ǘƘŜ CƳƻŎ ƎǊƻǳǇΣ Ŏŀƴ ōŜ ǎŜŜƴ ŀǘ мтул ŎƳ
π

м
Φ tƘƻǎƎŜƴŜπŦǊŜŜ ǎȅƴǘƘŜǎƛǎ ƻŦ [ȅǎόCƳƻŎύπb/! ƛǎ ƴƻǘ ǊŜǇƻǊǘŜŘ ƘŜǊŜΣ ŀǎ ƛǘ ŘƛŘ ƴƻǘ Ŧŀƭƭ ǿƛǘƘƛƴ ǘƘŜ 

ǎŎƻǇŜ ƻŦ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǇǊƻƧŜŎǘΦ ¢Ƙƛǎ ƛǎ ŘǳŜ ǘƻ ŦŀŎǘƻǊǎ ǊŜǇƻǊǘŜŘ ƛƴ /ƘŀǇǘŜǊ р ƻƴ ǘƘŜ ǊƛƴƎπƻǇŜƴƛƴƎ 

ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǘƘŜ CƳƻŎπǇǊƻǘŜŎǘŜŘ ǇǊƻŘǳŎǘΣ ŀƴŘ ǘƘŜ ŎƻƳǇƭŜȄƛǘȅ ƻŦ CƳƻŎπ

ƎǊƻǳǇ ŘŜǇǊƻǘŜŎǘƛƻƴ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŀǘ ƻŦ ǘƘŜ .ƻŎπǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΦ  

 

3.2.1.2 Lys(Z)-NCA 

²Ƙƛƭǎǘ ŀ ƴǳƳōŜǊ ƻŦ ǘŜŎƘƴƛŎŀƭ ŀƴŘ ŜŎƻƴƻƳƛŎ ŀŘǾŀƴǘŀƎŜǎ Ŏŀƴ ōŜ ƎŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ǘƘŜǊƳŀƭ 

ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ƭȅǎƛƴŜ ǊŜǇŜŀǘ ǳƴƛǘǎ ƛƴ ŀ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊΣ ƛǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ ǘƘƛǎ ǎŎƛŜƴŎŜ 

ƛǎ ǎǘƛƭƭ ŜŀǊƭȅ ƛƴ ƛǘǎ ƛƴǾŜǎǘƛƎŀǘƛƻƴ ŀƴŘ ǎƘƻǳƭŘ ƴƻǘ ōŜ ǊŜƭƛŜŘ ǳǇƻƴ ŦƻǊ ŀ ŎƻƴǘǊƻƭƭŜŘ ŀƴŘ ǎŜƭŜŎǘƛǾŜ 

ǇǊƻŎŜŘǳǊŜΦ [ȅǎό½ύπb/! ǇǊƻǾƛŘŜǎ ŀƴ ŜŦŦŜŎǘƛǾŜ ŀƭǘŜǊƴŀǘƛǾŜ ǘƻ ǘƘƛǎ ŜȄǇŜǊƛƳŜƴǘŀƭ ǇǳǊǎǳƛǘΣ ŀǎ ƛǘ Ƙŀǎ 

ŀƭǊŜŀŘȅ ōŜŜƴ ŘƻŎǳƳŜƴǘŜŘ ƛƴ ǘƘŜ ŜȄƛǎǘƛƴƎ ƭƛǘŜǊŀǘǳǊŜΣ ŀƴŘ ǘƘŜ ƻǊǘƘƻƎƻƴŀƭ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ƛǘǎ ½ 

ƎǊƻǳǇ ƛǎ ǿŜƭƭ ǳƴŘŜǊǎǘƻƻŘΦ
оΣр  
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[ȅǎό½ύπb/! Ƙŀǎ ƘŜǊŜ ōŜŜƴ ǎȅƴǘƘŜǎƛǎŜŘ Ǿƛŀ CǳŎƘǎπCŀǊǘƘƛƴƎ ŎŀǊōƻƴȅƭŀǘƛƻƴΣ ǳǎƛƴƎ ǘƘŜ ǘǊƛǇƘƻǎƎŜƴŜ 

ƳŜǘƘƻŘ ŀǘ сл ϲ/Φ ¢ƘŜ ŎǊǳŘŜ ǇǊƻŘǳŎǘǎ ƻŦ ǘƘƛǎ ǊŜŀŎǘƛƻƴ ǿŜǊŜ ǎǳōƧŜŎǘŜŘ ǘƻ ǊŜǇŜŀǘŜŘ 

ǊŜŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ǎǘŜǇǎ ǘƻ ǊŜƳƻǾŜ ŀƴȅ ǎƛŘŜ ǇǊƻŘǳŎǘǎΣ ƛƳǇǳǊƛǘƛŜǎ ƻǊ ǊŜǎƛŘǳŀƭ ǎǘŀǊǘƛƴƎ ƳŀǘŜǊƛŀƭǎΦ 

!ǎ ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ȅƛŜƭŘ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ όср ҈ύ ŀƴŘ 
м
I baw ǇǊƻǾƛŘŜŘ ƛƴ CƛƎǳǊŜ оΦс ōŜƭƻǿΣ 

[ȅǎό½ύπb/! ǿŀǎ ƘŜǊŜ ǎȅƴǘƘŜǎƛǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅ ŀƴŘ ƛƴ ƘƛƎƘ ǇǳǊƛǘȅΦ  

Figure 3.6: 1H NMR (400 MHz, DMSO-d6) Spectrum of Lys(Z)-NCA. 

 

CƛƎǳǊŜ оΦс ǎƘƻǿǎ ŎƭŜŀǊƭȅ ǘƘŀǘ [ȅǎό½ύπb/! ǿŀǎ ǎȅƴǘƘŜǎƛǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅΣ ŀƴŘ ǿƛǘƘƻǳǘ ǘƘŜ 

ǇǊŜǎŜƴŎŜ ƻŦ ƛƳǇǳǊƛǘƛŜǎΦ ¢ƘŜ Ǉƻǎƛǘƛƻƴǎ ŀƴŘ ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ǇŜŀƪǎ ŀƭƛƎƴ ŎƭƻǎŜƭȅ ǿƛǘƘ ǾŀƭǳŜǎ 

ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΣ
р
 ǿƛǘƘ ǘƘŜ πhǇǊƻǘƻƴ όфύ ŀƴŘ ŦƻǳǊπŜǘƘȅƭ ƎǊƻǳǇ ǎƛŘŜ ŎƘŀƛƴ όрπуύ ƻŦ ǘƘŜ 

b/! ŎƭŜŀǊƭȅ ǾƛǎƛōƭŜ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ŀǊƻƳŀǘƛŎ όмπоύ ŀƴŘ ŀƭƛǇƘŀǘƛŎ όпύ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ǘƘŜ 

ōŜƴȊȅƭƻȄȅŎŀǊōƻƴȅƭ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΦ ¢Ƙƛǎ ŀǎǎŜǎǎƳŜƴǘ ƛǎ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ 
мо
/ baw ǎǇŜŎǘǊǳƳ 

ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ όCƛƎǳǊŜ !ΦоΦмΦнύ ǿƘƛŎƘΣ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ŎŀǊōƻƴȅƭ ǇŜŀƪǎ ƻŦ ǘƘŜ 

ǇǊƻŘǳŎǘ b/! όмтнΦмо ǇǇƳΣ мрсΦрт ǇǇƳύ ŀƴŘ ǘƘŜ ŀŘŘƛǘƛƻƴŀƭ ǇŜŀƪ ƻŦ ǘƘŜ ½πŎŀǊōƻƴȅƭ όмрнΦпп 

ǇǇƳύΣ ŦŜŀǘǳǊŜǎ ǇŜŀƪǎ ƛƴ мнр ǇǇƳ ς мпл ǇǇƳ ǊŀƴƎŜ ǘƘŀǘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ŎŀǊōƻƴ 

ŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ǘƘŜ ŀǊƻƳŀǘƛŎ ǊƛƴƎǎ ǳǇƻƴ ǘƘŜ ½ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΦ  
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!ƭǎƻ ǊŜǇƻǊǘŜŘ ƘŜǊŜ ƛǎ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ [ȅǎό½ύπb/! Ǿƛŀ ǘƘŜ ǇƘƻǎƎŜƴŜπŦǊŜŜΣ ¢оtπƳŜŘƛŀǘŜŘ 

ǇǊƻŎŜŘǳǊŜ ƻǳǘƭƛƴŜŘ ƛƴ {ŜŎǘƛƻƴ оΦмΦмΦнΦ ¢оt ƛǎ ŀ ƴƻƴǘƻȄƛŎ ǊŜŀƎŜƴǘ ǘƘŀǘ ǊŜǉǳƛǊŜǎ ƴƻ ǎǇŜŎƛŦƛŎ 

ƘŀƴŘƭƛƴƎ ƳŜŀǎǳǊŜǎ ŀƴŘΣ ǳƴƭƛƪŜ ǇƘƻǎƎŜƴŜπŘŜǊƛǾŜŘ ŎƻƳǇƻǳƴŘǎΣ ŘƻŜǎ ƴƻǘ ƎŜƴŜǊŀǘŜ ƘŀǊƳŦǳƭ ōȅπ

ǇǊƻŘǳŎǘǎΣ ǎǳŎƘ ŀǎ ƘŀǊƳŦǳƭ ŀƴŘ ŎƻǊǊƻǎƛǾŜ I/ƭ ƎŀǎΦ ²ƘŜǊŜŀǎ ǇƘƻǎƎŜƴŜπƳŜŘƛŀǘŜŘ CǳŎƘǎπCŀǊǘƘƛƴƎ 

ŎŀǊōƻƴȅƭŀǘƛƻƴ ƛǎ ŦŀŎƛƭƛǘŀǘŜŘ ōȅ ŀŘŘƛǘƛƻƴπŜƭƛƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ƘƛƎƘƭȅ ǊŜŀŎǘƛǾŜ ǇƘƻǎƎŜƴŜ ŀŎȅƭ 

ŎƘƭƻǊƛŘŜΣ ¢оtπƳŜŘƛŀǘŜŘ ǎȅƴǘƘŜǎƛǎ ŜȄǇƭƻƛǘǎ ǘƘŜ ŜƴǘǊƻǇƛŎ ōŜƴŜŦƛǘ ŀŦŦƻǊŘŜŘ ōȅ ƛǘǎ ǊƛƴƎπƻǇŜƴƛƴƎ ǘƻ 

ŀŎǘƛǾŀǘŜ ŜǾŜƴ ǇƻƻǊ ƴǳŎƭŜƻǇƘƛƭŜǎΦ
м 
¢ƘŜ ǇǳǊƛŦƛŎŀǘƛƻƴ ǇǊƻŎŜŘǳǊŜ ŦƻƭƭƻǿƛƴƎ ¢оtπƳŜŘƛŀǘŜŘ 

ǎȅƴǘƘŜǎƛǎ ŘƛŦŦŜǊǎ ŦǊƻƳ ǘƘŜ ǇƘƻǎƎŜƴŜπǊƻǳǘŜ ŀƭǎƻΦ /ŜǊǘŀƛƴ ōȅπǇǊƻŘǳŎǘǎ ŀǊŜ ǎǘƛƭƭ ƭƻǎǘ ǘƻ ǘƘŜ ƎŀǎŜƻǳǎ 

ǇƘŀǎŜ ŘǳǊƛƴƎ ǊŜŀŎǘƛƻƴΣ ǎǇŜŎƛŦƛŎŀƭƭȅ ǘƘŜ ƛǎƻōǳǘŜƴŜ ƳƻƭŜŎǳƭŜ ŜƭƛƳƛƴŀǘŜŘ ŦǊƻƳ ǘƘŜ .ƻŎπǇǊƻǘŜŎǘƛƴƎ 

ƎǊƻǳǇ ŘǳǊƛƴƎ ǊƛƴƎ ŎƭƻǎǳǊŜΦ IƻǿŜǾŜǊΣ ǊŜǎƛŘǳŀƭ ǘǊƛǇǊƻǇȅƭǇƘƻǎǇƘƻƴƛǳƳ ǇƘƻǎǇƘŀǘŜΣ ŀǎ ǿŜƭƭ ŀǎ ŀƴȅ 

ǇȅǊƛŘƛƴƛǳƳ Ŏŀǘƛƻƴǎ ƎŜƴŜǊŀǘŜŘ ŦǊƻƳ ōŀǎŜπŀŎǘƛǾŀǘŜŘ ǎȅƴǘƘŜǎƛǎΣ Ƴǳǎǘ ōŜ ǊŜƳƻǾŜŘ Ǿƛŀ ǊŜǇŜŀǘŜŘ 

ǎƻƭǾŜƴǘ ŜȄǘǊŀŎǘƛƻƴ ŦǊƻƳ ŜǘƘȅƭ ŀŎŜǘŀǘŜ ƛƴǘƻ ŀƴ ŀǉǳŜƻǳǎ ǇƘŀǎŜΦ {ǳōǎŜǉǳŜƴǘ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ōȅ 

ŜȄǇƻǎǳǊŜ ǘƻ ŀ ƳƛƴƛƳǳƳ ǉǳŀƴǘƛǘȅ ƻŦ ǿŀǊƳŜŘ ƘŜȄŀƴŜΣ ŀŘŘŜŘ ǎƭƻǿƭȅ ǘƻ ŀ ǎŀǘǳǊŀǘŜŘ ǎƻƭǳǘƛƻƴ ƻŦ 

ŎǊǳŘŜ ǇǊƻŘǳŎǘ ƛƴ ŜǘƘȅƭ ŀŎŜǘŀǘŜΣ ŀƭƭƻǿǎ ŦƻǊ ǘƘŜ ǎƭƻǿΣ ŎƻƴǘǊƻƭƭŜŘ ŦƻǊƳŀǘƛƻƴ ƻŦ ƘƛƎƘπǇǳǊƛǘȅ 

ŎǊȅǎǘŀƭƭƛƴŜ ǇǊƻŘǳŎǘΣ ǿƘƛŎƘ Ŏŀƴ ǘƘŜƴ ōŜ ŘǊƛŜŘ ŀƴŘ ƻōǘŀƛƴŜŘ ŦƻǊ ŀƴŀƭȅǎƛǎΦ !ǎ ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ 

ȅƛŜƭŘ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ όтл ҈ύΣ ŀƴŘ ǘƘŜ 
м
I baw ǇǊƻǾƛŘŜŘ ƛƴ CƛƎǳǊŜ оΦт ōŜƭƻǿΣ [ȅǎό½ύπb/! ǿŀǎ ƘŜǊŜ 

ǎȅƴǘƘŜǎƛǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅ ŀƴŘ ƛƴ ƘƛƎƘ ǇǳǊƛǘȅΦ  
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Figure 3.7: 1H NMR Spectrum (400 MHz, DMSO-d6) of Lys(Z)-NCA, synthesised via T3P-

mediated methodology. 

CƛƎǳǊŜ оΦт ǎƘƻǿǎ ŎƭŜŀǊƭȅ ǘƘŀǘ [ȅǎό½ύπb/! ǿŀǎ ǎȅƴǘƘŜǎƛǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅΣ ŀƴŘ ǿƛǘƘƻǳǘ ǘƘŜ 

ǇǊŜǎŜƴŎŜ ƻŦ ƛƳǇǳǊƛǘƛŜǎΦ ¢ƘŜ Ǉƻǎƛǘƛƻƴǎ ŀƴŘ ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ǇŜŀƪǎ ŀƭƛƎƴ ŎƭƻǎŜƭȅ ǿƛǘƘ ǾŀƭǳŜǎ 

ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΣ
мΣр
 ǿƛǘƘ ǘƘŜ πhǇǊƻǘƻƴ όфύ ŀƴŘ ŦƻǳǊπŜǘƘȅƭ ƎǊƻǳǇ ǎƛŘŜ ŎƘŀƛƴ όрπуύ ƻŦ ǘƘŜ 

b/! ŎƭŜŀǊƭȅ ǾƛǎƛōƭŜ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ŀǊƻƳŀǘƛŎ όмπоύ ŀƴŘ ŀƭƛǇƘŀǘƛŎ όпύ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ǘƘŜ 

ōŜƴȊȅƭƻȄȅŎŀǊōƻƴȅƭ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΦ ¢Ƙƛǎ ŀǎǎŜǎǎƳŜƴǘ ƛǎ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ 
мо
/ baw ǎǇŜŎǘǊǳƳ 

ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ όCƛƎǳǊŜ !ΦоΦмΦрύ ǿƘƛŎƘΣ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ŎŀǊōƻƴȅƭ ǇŜŀƪǎ ƻŦ ǘƘŜ 

ǇǊƻŘǳŎǘ b/! όмтсΦуу ǇǇƳΣ мртΦмф ǇǇƳύ ŀƴŘ ǘƘŜ ŀŘŘƛǘƛƻƴŀƭ ǇŜŀƪ ƻŦ ǘƘŜ ½πŎŀǊōƻƴȅƭ όмрнΦпр 

ǇǇƳύΣ ŦŜŀǘǳǊŜǎ ǇŜŀƪǎ ƛƴ мнр ǇǇƳ ς мпл ǇǇƳ ǊŀƴƎŜ ǘƘŀǘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ŎŀǊōƻƴ 

ŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ǘƘŜ ŀǊƻƳŀǘƛŎ ǊƛƴƎǎ ǳǇƻƴ ǘƘŜ ½ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΦ Lƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ 

ǇƘƻǎƎŜƴŜπƳŜŘƛŀǘŜŘ CǳŎƘǎπŦŀǊǘƘƛƴƎ ŎŀǊōƻƴȅƭŀǘƛƻƴ ǊƻǳǘŜ ƻǳǘƭƛƴŜŘ ƛƴ {ŜŎǘƛƻƴ оΦмΦмΦмΣ ¢оtπ

ƳŜŘƛŀǘŜŘ ǎȅƴǘƘŜǎƛǎ ƻŦ [ȅǎό½ύ Ƙŀǎ ǊŜǎǳƭǘŜŘ ƛƴ ŀ ǎƛƳƛƭŀǊ ȅƛŜƭŘ ƻŦ ƘƛƎƘ ǇǳǊƛǘȅ ǇǊƻŘǳŎǘΣ ŀǎ 

ŘŜǘŜǊƳƛƴŜŘ ōȅ 
м
I baw ŀƴŘ 

мо
/ bawΦ 
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LƳǇƻǊǘŀƴǘƭȅΣ ǘƘŜǎŜ Řŀǘŀ ŀƎǊŜŜ ǿƛǘƘ ǘƘŜ ŦƛƴŘƛƴƎǎ ōȅ [ŀŎƻƴŘŜ Ŝǘ ŀƭΦΣ ǘƘŀǘ ŀ ǎǳƛǘŀōƭŜ ǇƘƻǎƎŜƴŜπ

ŦǊŜŜ ǊŜǇƭŀŎŜƳŜƴǘ ŦƻǊ ǇǊƻǘŜŎǘŜŘ b/!ǎ ƛǎ ǇƻǎǎƛōƭŜ ǘƘǊƻǳƎƘ ǘƘŜ ǳǎŜ ƻŦ ¢оtΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ŀ ŦŀǊ 

ǎŀŦŜǊ ǇǊŜǇŀǊŀǘƛǾŜ ƳŜǘƘƻŘƻƭƻƎȅ ŦƻǊ ǎŎŀƭŜπǳǇΣ ǎƘƻǳƭŘ ƳŀǘŜǊƛŀƭǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜǎŜ b/! 

ƳƻƴƻƳŜǊǎ ǇǊƻǾŜ ǾƛŀōƭŜ ŦƻǊ ǇƘŀǊƳŀŎŜǳǘƛŎŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎΦ  

 

3.2.1.3 Lys(Boc)-NCA 

¢ƘŜ ǘŜǊǘπōǳǘƻȄȅŎŀǊōƻƴȅƭπƎǊƻǳǇ ƛǎ ǘƘŜ Ƴƻǎǘ ŀǘǘǊŀŎǘƛǾŜ ƻǇǘƛƻƴ ŦƻǊ ƭȅǎƛƴŜ ǎƛŘŜπŎƘŀƛƴ ǇǊƻǘŜŎǘƛƻƴ 

ǿƛǘƘƛƴ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ŦƻǊ ǎŜǾŜǊŀƭ ŦŀŎǘƻǊǎΦ CƛǊǎǘƭȅΣ ǘƘŜ ǇǳǊƛŦƛŎŀǘƛƻƴ ǇǊƻŎŜŘǳǊŜ ŦƻƭƭƻǿƛƴƎ .ƻŎπ

ŘŜǇǊƻǘŜŎǘƛƻƴ ƛǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭŜǎǎ ŎƻƳǇƭŜȄ ǘƘŀƴ ǘƘŀǘ ƻŦ ǘƘŜ CƳƻŎπ ƻǊ ½πƎǊƻǳǇǎΣ ŀ Ǉƻƛƴǘ ǿƘƛŎƘ ƛǎ 

ǾƛǎǳŀƭƛǎŜŘ ƛƴ {ŎƘŜƳŜ оΦм ōŜƭƻǿΦ  

Scheme 3.1: By-products eliminated during the deprotection of Fmoc- Z- and Boc- protecting 

groups, respectively.   

!ǎ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ {ŎƘŜƳŜ оΦмΣ ōŀǎŜπŀŎǘƛǾŀǘŜŘ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ǘƘŜ ŦƳƻŎ ƎǊƻǳǇ ȅƛŜƭŘǎ ŀ ƳƻƭŜŎǳƭŜ 

ƻŦ фπόǇȅǊƛŘƛƴπмπȅƭύπфIπŦƭǳƻǊŜƴŜΣ ǿƘƛƭǎǘ ƘȅŘǊƻƎŜƴŀǘƛƻƴ ƻŦ ǘƘŜ ½πǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇ ōȅ ŀƎŜƴǘǎ ǎǳŎƘ 

ŀǎ I.Ǌ ȅƛŜƭŘ ŀ ƳƻƭŜŎǳƭŜ ƻŦ ōŜƴȊȅƭ ōǊƻƳƛŘŜΦ CƻǊ ǘƘŜ ŎŀǎŜ ƻŦ ǇƻƭȅƳŜǊ ŘŜǇǊƻǘŜŎǘƛƻƴΣ ǇǳǊƛŦƛŎŀǘƛƻƴ 

Ŏŀƴ ōŜ ǎǳōǎŜǉǳŜƴǘƭȅ ǇŜǊŦƻǊƳŜŘ ōȅ ŘƛŀƭȅǎƛƴƎ ǘƘŜ ǇǊƻŘǳŎǘΣ ǘƘŜǊŜōȅ ǎŜǇŀǊŀǘƛƴƎ ǘƘŜ ǎƳŀƭƭπ

ƳƻƭŜŎǳƭŜ ōȅπǇǊƻŘǳŎǘǎ ŀŎǊƻǎǎ ŀ ƳŜƳōǊŀƴŜΦ CƻǊ ǇǊƻŘǳŎǘǎ ŘŜǘŀƛƭŜŘ ǿƛǘƘƛƴ ǘƘƛǎ ǊŜǇƻǊǘΣ Řƛŀƭȅǎƛǎ 

ǘǳōƛƴƎ ǿƛǘƘ ŀ ŎǳǘπƻŦŦ ƻŦ нллл Ǝ Ƴƻƭ
πм
 ǿŀǎ ǳǎŜŘΦ Lƴ ŎƻƴǘǊŀǎǘΣ ŀŎƛŘπŀŎǘƛǾŀǘŜŘ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ .ƻŎπ

ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇǎ ƎŜƴŜǊŀǘŜǎ ŀ ƳƻƭŜŎǳƭŜ ƻŦ ƛǎƻōǳǘŜƴŜΣ ǘƘŜ ōƻƛƭƛƴƎ Ǉƻƛƴǘ ƻŦ ǿƘƛŎƘ ƛǎ πсΦо ϲ/Φ  
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¢ƘŜ ƎŜƴŜǊŀǘŜŘ ōȅπǇǊƻŘǳŎǘ ǘƘŜǊŜŦƻǊŜ ŜǾŀǇƻǊŀǘŜǎ ŦǊƻƳ ǎƻƭǳǘƛƻƴ ŀƴŘ ƛǎ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘŜ ǎȅǎǘŜƳ 

ōȅ bн ŦƭƻǿΣ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘŜ ƳŜǘƘƻŘƻƭƻƎȅ ƻŦ {ŜŎǘƛƻƴ рΦнΦпΦмΦ !ǎ ŀ ǊŜǎǳƭǘΣ ŀŎƛŘπŀŎǘƛǾŀǘŜŘ ŀƴŘ 

ǘƘŜǊƳŀƭπŀŎǘƛǾŀǘŜŘ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ .ƻŎπƎǊƻǳǇǎ Ŏŀƴ ōŜ ŀŎƘƛŜǾŜŘ ƛƴ ƘƛƎƘ ǇǳǊƛǘȅ ǿƛǘƘƻǳǘ ǘƘŜ ƴŜŜŘ 

ŦƻǊ ŀŘŘƛǘƛƻƴŀƭ ǇǳǊƛŦƛŎŀǘƛƻƴ ǊŜŘǳŎƛƴƎ ǇǊŜǇŀǊŀǘƛǾŜ ŎƻƳǇƭŜȄƛǘȅ ŀƴŘ ŜȄǇŜƴŘƛǘǳǊŜΦ 

5ǳŜ ǘƻ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǘƘŜ .ƻŎπƎǊƻǳǇ ǘƻ ŀŎƛŘƛŎ ŎƻƴŘƛǘƛƻƴǎΣ ƛǘ Ƙŀǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ Ǉŀǎǘ 

ǘƘŀǘ ǘƘŜ ƛƴπǎƛǘǳ ƎŜƴŜǊŀǘƛƻƴ ƻŦ I/ƭ ƳƻƭŜŎǳƭŜǎ ŘǳǊƛƴƎ ǘǊŀŘƛǘƛƻƴŀƭ CǳŎƘǎπCŀǊǘƘƛƴƎ ŎŀǊōƻƴȅƭŀǘƛƻƴ 

ƘŀǾŜ ōŜŜƴ ǎǳŦŦƛŎƛŜƴǘ ǘƻ ǘǊƛƎƎŜǊ ǳƴǿŀƴǘŜŘ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ǘƘŜ ƭȅǎƛƴŜ ǎƛŘŜ ŎƘŀƛƴǎΣ ǇǊƛƻǊ ǘƻ b/! 

whtΦ ²ƛǘƘƻǳǘ ǇǊƻǘŜŎǘƛƻƴΣ ǘƘŜǎŜ ŀŎǘƛǾŜ ŀƳƛƴŜ ǳƴƛǘǎ Ŏŀƴ ǘƘŜƴ ŎƻƴǘǊƛōǳǘŜ ǘƻ ƛƴƛǘƛŀǘƛƻƴΣ ǊŜǎǳƭǘƛƴƎ 

ƛƴ ōƻǘƘ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘǎΣ ǎǳŎŎŜǎǎŦǳƭƭȅ ƛƴƛǘƛŀǘŜŘ ŦǊƻƳ ǘƘŜ ƛƴǘŜƴŘŜŘ ƳŀŎǊƻƛƴƛǘƛŀǘƻǊΣ ŀǎ 

ǿŜƭƭ ŀǎ ƘƻƳƻπƭȅǎƛƴŜ ǇǊƻŘǳŎǘǎ ŎƻƴƴŜŎǘŜŘ Ǿƛŀ πh ŀƴŘ πʁƭƛƴƪŀƎŜǎ ǿƛǘƘ ǇƻƻǊƭȅ ŘŜŦƛƴŜŘ ōǊŀƴŎƘƛƴƎ 

ŀǊŎƘƛǘŜŎǘǳǊŜǎΦ ¢ƘŜǎŜ ŀǊŜ ŜƴǘƛǊŜƭȅ ǳƴǎǳƛǘŀōƭŜ ŦƻǊ ǘƘŜǊŀǇŜǳǘƛŎ ŘǊǳƎ ŘŜƭƛǾŜǊȅ ŀƴŘ ŦƻǊ ǘƘƛǎ ǊŜŀǎƻƴΣ 

ŀǎ ǿŜƭƭ ŀǎ ŦƻǊ ǎŀŦŜǘȅΣ ǘǊŀŘƛǘƛƻƴŀƭ ǇƘƻǎƎŜƴŜπƳŜŘƛŀǘŜŘ ǎȅƴǘƘŜǎƛǎ ǿŀǎ ŀǾƻƛŘŜŘ ƛƴ ǇǊŜŦŜǊŜƴŎŜ ƻŦ 

ǘƘŜ ¢оtπƳŜŘƛŀǘŜŘ ǊƻǳǘŜΦ !ǎ ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ȅƛŜƭŘ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ όтс ҈ύ ŀƴŘ 
м
I baw ǇǊƻǾƛŘŜŘ 

ƛƴ CƛƎǳǊŜ оΦу ōŜƭƻǿΣ [ȅǎό.ƻŎύπb/! ǿŀǎ ƘŜǊŜ ǎȅƴǘƘŜǎƛǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅ ŀƴŘ ƛƴ ƘƛƎƘ ǇǳǊƛǘȅΦ  

Figure 3.8: 1H NMR Spectrum (400 MHz, DMSO-d6) of Lys(Boc)-NCA, synthesised via T3P-

mediated methodology. 
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CƛƎǳǊŜ оΦу ǎƘƻǿǎ ŎƭŜŀǊƭȅ ǘƘŀǘ [ȅǎό.ƻŎύπb/! ǿŀǎ ǎȅƴǘƘŜǎƛǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅΣ ŀƴŘ ǿƛǘƘƻǳǘ ǘƘŜ 

ǇǊŜǎŜƴŎŜ ƻŦ ƛƳǇǳǊƛǘƛŜǎΦ ¢ƘŜ Ǉƻǎƛǘƛƻƴǎ ŀƴŘ ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ǇŜŀƪǎ ŀƭƛƎƴ ŎƭƻǎŜƭȅ ǿƛǘƘ ǾŀƭǳŜǎ 

ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΣ
м 
ǿƛǘƘ ǘƘŜ πhǇǊƻǘƻƴ όсύ ŀƴŘ ŦƻǳǊπŜǘƘȅƭ ƎǊƻǳǇ ǎƛŘŜ ŎƘŀƛƴ όнπрύ ƻŦ ǘƘŜ 

b/! ŎƭŜŀǊƭȅ ǾƛǎƛōƭŜ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ǘŜǊǘπōǳǘȅƭ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘ όмύ ƻŦ ǘƘŜ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΦ 

¢Ƙƛǎ ŀǎǎŜǎǎƳŜƴǘ ƛǎ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ 
мо
/ baw ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ όCƛƎǳǊŜ !ΦоΦмΦсύ ǿƘƛŎƘ 

ŦŜŀǘǳǊŜǎ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ŎŀǊōƻƴȅƭ ǇŜŀƪ ƻŦ ǘƘŜ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇ όмрсΦлр ǇǇƳύΣ ŀǎ ǿŜƭƭ ŀǎ 

ǘƘƻǎŜ ƻŦ ǘƘŜ b/! όмтнΦмп ǇǇƳΣ мрнΦпп ǇǇƳύ ŀƭƻƴƎǎƛŘŜ ŀƭƛǇƘŀǘƛŎ ǇŜŀƪǎ ƻŦ ōƻǘƘ ǘƘŜ ƭȅǎƛƴŜ πh

ŎŀǊōƻƴ ŀƴŘ ǇŜƴŘŀƴǘ ŎƘŀƛƴ όртΦрф ǇǇƳΣ омΦмл ǇǇƳΣ нфΦоп ǇǇƳΣ ннΦлт ǇǇƳύ ŀƴŘ ǘƘŜ ǘŜǊǘπōǳǘȅƭ 

ŀǊŎƘƛǘŜŎǘǳǊŜ ƻŦ ǘƘŜ .ƻŎ όттΦус ǇǇƳΣ нуΦто ǇǇƳύΦ   

 
3.2.1.4 Sarcosine NCA 

!ǎ ŘƛǎŎǳǎǎŜŘ ƛƴ {ŜŎǘƛƻƴ мΦмΦмΣ ǿƘƛƭǎǘ t9D ƛǎ ŜȄǘŜƴǎƛǾŜƭȅ ŜƳǇƭƻȅŜŘ ŀǎ ŀ ƳŀŎǊƻƛƴƛǘƛŀǘƻǊ ŀƴŘ 

ƘȅŘǊƻǇƘƛƭƛŎ ŎƻƳǇƻƴŜƴǘ ƛƴ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊ ŀƳǇƘƛǇƘƛƭŜǎ ŦƻǊ ŘǊǳƎ ŘŜƭƛǾŜǊȅ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΣ ƛǘ ƛǎ 

ƴƻǘ ǿƛǘƘƻǳǘ ƛǘǎ ŘǊŀǿōŀŎƪǎΦ ¢ƘŜ ƘǳƳŀƴ ōƻŘȅ ƛǎ ƛƴŎŀǇŀōƭŜ ƻŦ ŜƴȊȅƳŀǘƛŎŀƭƭȅ ŘŜƎǊŀŘƛƴƎ ǘƘŜ 

ŎƻƴǎǘƛǘǳŜƴǘ ŜǘƘŜǊ ōƻƴŘǎ ƻŦ t9DΣ ŀƴŘ ŀǎ ǎǳŎƘ ƛǘ Ŏŀƴƴƻǘ ōǊŜŀƪ Řƻǿƴ ǘƘŜ ǇƻƭȅƳŜǊ ŦƻƭƭƻǿƛƴƎ 

ŎƻƴǘǊƻƭƭŜŘ ǊŜƭŜŀǎŜ ƻŦ ǘƘŜ ǘƘŜǊŀǇŜǳǘƛŎ ǇŀȅƭƻŀŘΣ ƴƻǊ Ŏŀƴ ƛǘ ŜȄŎǊŜǘŜ ǎǳŎƘ ƘƛƎƘ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ 

ƳŀǘŜǊƛŀƭ ŀǎ ƛǘ ǿƻǳƭŘ ǎƳŀƭƭ ƳƻƭŜŎǳƭŜǎΦс /ƻƴǎŜǉǳŜƴǘƛŀƭƭȅΣ t9D ƳŀŎǊƻƳƻƭŜŎǳƭŜǎ ŀŎŎǳƳǳƭŀǘŜ ƛƴ 

ƻǊƎŀƴǎ ǎǳŎƘ ŀǎ ǘƘŜ ƭƛǾŜǊΣ ǎǇƭŜŜƴ ŀƴŘ ƪƛŘƴŜȅǎΦт ²Ƙƛƭǎǘ ǘƘƛǎ ŀŎŎǳƳǳƭŀǘƛƻƴ Ƙŀǎ ǇǊŜǾƛƻǳǎƭȅ ōŜŜƴ 

ŎƻƴǎƛŘŜǊŜŘ ŀŎŎŜǇǘŀōƭŜΣ ǘƘŜǊŜ ŀǊŜ ƎǊƻǿƛƴƎ ŎƻƴŎŜǊƴǎ ƻǾŜǊ ǊŜŎŜƴǘ ǊŜǎŜŀǊŎƘ ǿƘƛŎƘ ƘƛƎƘƭƛƎƘǘǎ ŀƴ 

ǳǇǿŀǊŘ ǘǊŜƴŘ ƻŦ ŀƴǘƛπt9D ƛƳƳǳƴƻƎƭƻōǳƭƛƴ ƎŜƴŜǊŀǘƛƻƴ ƛƴ ǘƘŜ ƘǳƳŀƴ ǇƻǇǳƭŀǘƛƻƴΣ ŜǎǇŜŎƛŀƭƭȅ 

ǘƘƻǎŜ ǿƛǘƘ ǊŜǇŜŀǘŜŘ ŜȄǇƻǎŜŘ ǘƻ t9DȅƭŀǘŜŘ ǘƘŜǊŀǇŜǳǘƛŎǎΦ ¢ƘŜǎŜ ŀƴǘƛōƻŘƛŜǎ Ŏŀƴ ƛƴƘƛōƛǘ ǘƘŜ 

ŀŎǘƛǾƛǘȅ t9DȅƭŀǘŜŘ ŘǊǳƎǎ ƻǊ ǘƘŜǊŀǇƛŜǎΣ ǘƘŜǊŜōȅ ǊŜŘǳŎƛƴƎ ǘƘŜƛǊ ŜŦŦƛŎŀŎȅΦ Lƴ ŜȄǘǊŜƳŜ ŎŀǎŜǎΣ ǘƘŜǎŜ 

ŀƴǘƛōƻŘƛŜǎ Ŏŀƴ ǊŜǎǳƭǘ ƛƴ ŀƭƭŜǊƎƛŎ ŀƴŘ ŀƴŀǇƘȅƭŀŎǘƛŎ ǊŜŀŎǘƛƻƴǎΣ ŀ ƭƻǿπƻŎŎǳǊǊŜƴŎŜ ǎƛŘŜ ŜŦŦŜŎǘ ƴƻǘŜŘ 

ŘǳǊƛƴƎ ŀŘƳƛƴƛǎǘǊŀǘƛƻƴ ƻŦ ǘƘŜ /ƻǾƛŘπмф Ƴwb! ǾŀŎŎƛƴŜΣ ǿƘƛŎƘ ǳǘƛƭƛǎŜŘ t9D ǘƻ ǎǘŀōƛƭƛǎŜ ƭƛǇƛŘ 

ƴŀƴƻǇŀǊǘƛŎƭŜǎΦу ! ǎǘǳŘȅ ŎƻƴŘǳŎǘŜŘ ōȅ aŎ{ǿŜŜƴŜȅ Ŝǘ ŀƭΦ ƛƴ нлнм ǊŜǇƻǊǘŜŘ ǘƘŀǘ ǳǇ ǘƻ тл ҈ ƻŦ 

ǇŜƻǇƭŜ Ƴŀȅ ŜȄƘƛōƛǘ ŘŜǘŜŎǘŀōƭŜ ǘǊŀŎŜǎ ƻŦ ǘƘŜǎŜ ŀƴǘƛōƻŘƛŜǎΣ ŀƴŘ ǎƻ ǎƛƎƴƛŦƛŎŀƴǘ ŜȄǇŜǊƛƳŜƴǘŀƭ 

ŜŦŦƻǊǘǎ ŀǊŜ ŎǳǊǊŜƴǘƭȅ ǳƴŘŜǊǿŀȅ ǘƻ ŘƛǎŎƻǾŜǊ ǇƘȅǎƛƻƭƻƎƛŎŀƭƭȅ ŘŜƎǊŀŘŀōƭŜ ŀƴŘ ōƛƻŎƻƳǇŀǘƛōƭŜ 

ŀƭǘŜǊƴŀǘƛǾŜǎΦф  
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tƻƭȅǎŀǊŎƻǎƛƴŜ Ƙŀǎ ōŜŜƴ ǳǎŜŘ ŜȄǘŜƴǎƛǾŜƭȅ ŀǎ ŀ ōƛƻƳƛƳŜǘƛŎ ŀƭǘŜǊƴŀǘƛǾŜ ǘƻ t9DΣ ǇǊƻǾƛŘŜŘ 

ƘȅŘǊƻǇƘƛƭƛŎ ǇǊƻǇŜǊǘƛŜǎ ŀƴŘ ƴǳŎƭŜƻǇƘƛƭƛŎ ŀŎǘƛǾƛǘȅ ŀǎ ŀƴ ŀƳƛƴŜπǘŜǊƳƛƴŀǘŜŘ ƳŀŎǊƻƛƴƛǘƛŀǘƻǊΣ 

ǿƛǘƘƻǳǘ ƴŜŜŘ ƻŦ ŀŘŘƛǘƛƻƴŀƭ ǎȅƴǘƘŜǘƛŎ ŎƻƳǇƭŜȄƛǘȅΣ ŀǎ ƛǎ ǊŜǉǳƛǊŜŘ ŦƻǊ ǘƘŜ ŎƻƴǾŜǊǎƛƻƴ ƻŦ ǘȅǇƛŎŀƭ 

ƳŜǘƘƻȄȅπǇƻƭȅόŜǘƘȅƭŜƴŜ ƎƭȅŎƻƭύ ǘƻ ŀƴ ŀŎǘƛǾŜ ŀƳƛƴŜ ŦƻƭƭƻǿƛƴƎ ƛǘǎ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴΦ ²Ƙƛƭǎǘ 

ǇƻƭȅǎŀǊŎƻǎƛƴŜ ǿŀǎ ƴƻǘ ǳǘƛƭƛǎŜŘ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ǘƘƛǎ ǊŜǇƻǊǘΣ ƛǘ ƘŀŘ ƻǊƛƎƛƴŀƭƭȅ ōŜŜƴ ƛƴǘŜƴŘŜŘ ŦƻǊ 

ǘŜǎǘƛƴƎ ŀǎ ŀ Ƴt9DπbIн ŀƭǘŜǊƴŀǘƛǾŜΣ ŀƴŘ ǎƻ ǎŜǾŜǊŀƭ ǎȅƴǘƘŜǘƛŎ ǊƻǳǘŜǎ ǿŜǊŜ ǘǊƛŀƭƭŜŘ ŦƻǊ ǘƘŜ 

ƳŀƴǳŦŀŎǘǳǊŜ ƻŦ ǎŀǊŎƻǎƛƴŜ b/!Σ ǊŜǇƻǊǘŜŘ ƘŜǊŜΦ ¢ƘŜǎŜ ƛƴŎƭǳŘŜ ǘǿƻ ǇƘƻǎƎŜƴŜπƳŜŘƛŀǘŜŘ ǊƻǳǘŜǎΣ 

ƻƴŜ ƻŦ ǿƘƛŎƘ ƛǎ ŀŦŦƻǊŘŜŘ ƳƻƛǎǘǳǊŜπǘƻƭŜǊŀƴŎŜ ōȅ ŀ ƘƛƎƘƭȅ ŀŎǘƛǾŜ I/ƭ ǎŎŀǾŜƴƎŜǊΣ ŀƴŘ ƻƴŜ 

ǇƘƻǎƎŜƴŜπŦǊŜŜ ǊƻǳǘŜΣ ŀƎŀƛƴ ǳǘƛƭƛǎƛƴƎ ¢оtΦ   

wŜǇƻǊǘŜŘ ŦƛǊǎǘ ƛǎ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ǎŀǊŎƻǎƛƴŜ b/! Ǿƛŀ ǘƘŜ ǘȅǇƛŎŀƭ ǇƘƻǎƎŜƴŜπƳŜŘƛŀǘŜŘ ǊƻǳǘŜΣ ŀǎ 

ŘŜǎŎǊƛōŜŘ ƛƴ ǎŜŎǘƛƻƴ оΦмΦмΦмΦ ¢Ƙƛǎ ƳŜǘƘƻŘ ǊŜǉǳƛǊŜǎ ƎǊŜŀǘŜǊ ǇǊŜǇŀǊŀǘƛǾŜ ŎƻƳǇƭŜȄƛǘȅ ǘƘŀƴ ŜǾŜƴ 

ƻǘƘŜǊ ǇƘƻǎƎŜƴŜπƳŜŘƛŀǘŜŘ ǊƻǳǘŜǎΣ ŘǳŜ ǘƻ ǘƘŜ ŘƛŦŦƛŎǳƭǘȅ ŜȄǇŜǊƛŜƴŎŜŘ ƛƴ ŎǊȅǎǘŀƭƭƛǎƛƴƎ ǘƘŜ {ŀǊπb/! 

ǇǊƻŘǳŎǘΦ Lƴ ǎǇƛǘŜ ƻŦ ǘƘƛǎΣ ƘƻǿŜǾŜǊΣ ǘƘŜ ǊŜŀŎǘƛƻƴ ǿŀǎ ǎǘƛƭƭ ǇŜǊŦƻǊƳŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅΣ ŀǎ ŜǾƛŘŜƴŎŜŘ 

ōȅ ǘƘŜ ŀŎƘƛŜǾŜŘ ȅƛŜƭŘ όсс ҈ύ ŀƴŘ ƛƴ ƘƛƎƘ ǇǳǊƛǘȅΣ ŀǎ Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ 
м
I baw ǇǊŜǎŜƴǘŜŘ 

ƛƴ CƛƎǳǊŜ оΦф ōŜƭƻǿΦ  

Figure 3.9: 1H NMR Spectrum (400 MHz, CDCl3) of Sar-NCA, synthesised via phosgene-

activated methodology. 
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CƛƎǳǊŜ оΦф ǎƘƻǿǎ ŎƭŜŀǊƭȅ ǘƘŀǘ [ȅǎό.ƻŎύπb/! ǿŀǎ ǎȅƴǘƘŜǎƛǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅΣ ŀƴŘ ǿƛǘƘƻǳǘ ǘƘŜ 

ǇǊŜǎŜƴŎŜ ƻŦ ƛƳǇǳǊƛǘƛŜǎΦ ¢ƘŜ Ǉƻǎƛǘƛƻƴǎ ŀƴŘ ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ǇŜŀƪǎ ŀƭƛƎƴ ŎƭƻǎŜƭȅ ǿƛǘƘ ǾŀƭǳŜǎ 

ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΣ ǿƛǘƘ ǘƘŜ πhǇǊƻǘƻƴ όсύ ŀƴŘ ŦƻǳǊπŜǘƘȅƭ ƎǊƻǳǇ ǎƛŘŜ ŎƘŀƛƴ όнπрύ ƻŦ ǘƘŜ 

b/! ŎƭŜŀǊƭȅ ǾƛǎƛōƭŜ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ǘŜǊǘπōǳǘȅƭ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘ όмύ ƻŦ ǘƘŜ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΦмл 

¢Ƙƛǎ ŀǎǎŜǎǎƳŜƴǘ ƛǎ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ 
мо
/ baw ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ όCƛƎǳǊŜ !ΦоΦмΦоύ ǿƘƛŎƘ 

ŦŜŀǘǳǊŜǎ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ŎŀǊōƻƴȅƭ ǇŜŀƪ ƻŦ ǘƘŜ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇ όмрсΦлр ǇǇƳύΣ ŀǎ ǿŜƭƭ ŀǎ 

ǘƘƻǎŜ ƻŦ ǘƘŜ b/! όмтнΦмп ǇǇƳΣ мрнΦпп ǇǇƳύ ŀƭƻƴƎǎƛŘŜ ŀƭƛǇƘŀǘƛŎ ǇŜŀƪǎ ƻŦ ōƻǘƘ ǘƘŜ ƭȅǎƛƴŜ πh

ŎŀǊōƻƴ ŀƴŘ ǇŜƴŘŀƴǘ ŎƘŀƛƴ όртΦрф ǇǇƳΣ омΦмл ǇǇƳΣ нфΦоп ǇǇƳΣ ннΦлт ǇǇƳύ ŀƴŘ ǘƘŜ ǘŜǊǘπōǳǘȅƭ 

ŀǊŎƘƛǘŜŎǘǳǊŜ ƻŦ ǘƘŜ .ƻŎ όттΦус ǇǇƳΣ нуΦто ǇǇƳύΦ   

!ǎ ŘƛǎŎǳǎǎŜŘ ƛƴ ǘƘŜ ǇǊŜǇŀǊŀǘƛǾŜ ƳŜǘƘƻŘƻƭƻƎȅ ƻŦ {ŜŎǘƛƻƴ оΦмΦмΦмΣ ǇƘƻǎƎŜƴŜπŀŎǘƛǾŀǘŜŘ 

ŎŀǊōƻƴȅƭŀǘƛƻƴ ƻŦ ǎŀǊŎƻǎƛƴŜ Ƙŀǎ ŀƭǎƻ ōŜŜƴ ǊŜǇƻǊǘŜŘ ƘŜǊŜ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ǇǊŜǇŀǊŀǘƛƻƴ 

ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ōȅ ¢ƛŀƴ Ŝǘ ŀƭΦ
мм 
¢ƘŜ ŀǳǘƘƻǊǎ ǳǘƛƭƛǎŜŘ ǇǊƻǇȅƭŜƴŜ ƻȄƛŘŜ ŀǎ ŀ I/ƭ 

ǎŎŀǾŜƴƎŜǊ ƛƴ ǘƘŜƛǊ ǎȅƴǘƘŜǎƛǎΣ ǿƘƛŎƘ ǊŀǇƛŘƭȅ ŎƻƴǾŜǊǘǎ I/ƭ ƛƴǘƻ мπŎƘƭƻǊƻπнπǇǊƻǇŀƴƻƭ ŀƴŘ нπŎƘƭƻǊƻπ

мπǇǊƻǇŀƴƻƭΣ ŀƴŘ ǎǳōǎǘŀƴǘƛŀƭƭȅ ƻǳǘǇŀŎŜǎ ǘǊŀŘƛǘƛƻƴŀƭ πhǇƛƴŜƴŜ I/ƭ ǎŎŀǾŜƴƎŜǊǎΦ ¢Ƙƛǎ ŀƭƭƻǿǎ ŦƻǊ 

ƛƴŎǊŜŀǎŜŘ ǊƻōǳǎǘƴŜǎǎ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ ǇǊƻŎŜŘǳǊŜ ŀƎŀƛƴǎǘ ŀŎƛŘπŎŀǘŀƭȅǎŜŘ ǎƛŘŜ ǊŜŀŎǘƛƻƴǎΣ ǎǳŎƘ ŀǎ 

b/! ƘȅŘǊƻƭȅǎƛǎΣ ǳƴŎƻƴǘǊƻƭƭŜŘ ƻƭƛƎƻπκǇƻƭȅƳŜǊƛǎŀǘƛƻƴΣ ƻǊ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŎƘƭƻǊƻŀƳƛŘŜ 

ŎƻƳǇƻǳƴŘǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ ŀǳǘƘƻǊǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ǘƘŀǘ th ŎƻǳƭŘ ŀƭǎƻ ōŜ ǳǎŜŘ ǘƻ ŀŎƘƛŜǾŜ 

ƳƻƛǎǘǳǊŜπǘƻƭŜǊŀƴŎŜ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǊŜŀŎǘƛƻƴΣ ŀǎ ǘƘŜ ŀŘŘƛǘƛƻƴŀƭ I/[ ƎŜƴŜǊŀǘŜŘ ōȅ ƘȅŘǊƻƭȅǎƛǎ ƻŦ 

ƛƴ ǎƛǘǳ ŘŜǊƛǾŜŘ ǇƘƻǎƎŜƴŜ ǿƻǳƭŘ ƭƛƪŜǿƛǎŜ ōŜ ǎŎŀǾŜƴƎŜŘ ōŜŦƻǊŜ ƛǘ ŎƻǳƭŘ ŀŎŎǳƳǳƭŀǘŜ 

ƳŜŀƴƛƴƎŦǳƭƭȅΦ !ǎ ǎǳŎƘΣ ǘƘƛǎ ǎȅƴǘƘŜǎƛǎ ƻŦ {ŀǊπb/! ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘƻǳǘ ŀƴ ƛƴŜǊǘ ŀǘƳƻǎǇƘŜǊŜΣ 

ŀƴŘ ǳǘƛƭƛǎŜŘ .ƻŎπǎŀǊŎƻǎƛƴŜ ŀǎ ǎǘŀǊǘƛƴƎ ƳŀǘŜǊƛŀƭΣ ǎƻ ŀǎ ǘƻ ŀǾƻƛŘ ǳƴǿŀƴǘŜŘ ŀƳƛƴƻƭȅǎƛǎ ƻŦ th ōȅ 

ǘƘŜ ǎŜŎƻƴŘŀǊȅ ŀƳƛƴŜΦ ¢Ƙƛǎ ǊŜŀŎǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅΣ ŀǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ōȅ ǘƘŜ ȅƛŜƭŘ 

όсу ҈ύΣ ŀƴŘ ƘƛƎƘ ǇǳǊƛǘȅ ŀǎ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ ǘƘŜ 
м
I baw ǎǇŜŎǘǊǳƳΣ ǇǊƻǾƛŘŜŘ ƛƴ CƛƎǳǊŜ оΦмл ōŜƭƻǿΦ 
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Figure 3.10: 1H NMR Spectrum (400 MHz, CDCl3) of Sar-NCA, synthesised via triphosgene-

activated, PO-mediated methodology. 

CƛƎǳǊŜ оΦмл ǎƘƻǿǎ ŎƭŜŀǊƭȅ ǘƘŀǘ {ŀǊπb/! ǿŀǎ ǎȅƴǘƘŜǎƛǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅΣ ŀƴŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ 

ƻƴƭȅ ƳƛƴƛƳŀƭ ǎƻƭǾŜƴǘ ƛƳǇǳǊƛǘƛŜǎΣ ƭƛƪŜƭȅ ǘƘŜ ǊŜǎǳƭǘ ƻŦ ǘƘŜ ƛƴŎǊŜŀǎŜŘ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ŎȅŎƭŜǎ 

ǊŜǉǳƛǊŜŘ ǘƻ ǊŜƳƻǾŜ ǘƘŜ ƘƛƎƘŜǊ ǉǳŀƴǘƛǘȅ ƻŦ thπŘŜǊƛǾŜŘ ǎƛŘŜ ǇǊƻŘǳŎǘǎΦ ¢ƘŜ Ǉƻǎƛǘƛƻƴǎ ŀƴŘ 

ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ǇŜŀƪǎ ŀƭƛƎƴ ŎƭƻǎŜƭȅ ǿƛǘƘ ǾŀƭǳŜǎ ǊŜǇƻǊǘŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΣ ōƻǘƘ ŦƻǊ ǘƘŜ πh

ǇǊƻǘƻƴǎ όмύ ŀƴŘ bπƳŜǘƘȅƭ ǇǊƻǘƻƴǎ όнύΦмм ¢Ƙƛǎ ŀǎǎŜǎǎƳŜƴǘ ƛǎ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ 
мо
/ baw 

ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ όCƛƎǳǊŜ !ΦоΦмΦпύ ǿƘƛŎƘ ŦŜŀǘǳǊŜǎ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ŎŀǊōƻƴȅƭ ǇŜŀƪǎ ƻŦ 

ǘƘŜ b/! όмсрΦом ǇǇƳΣ мрнΦор ǇǇƳύ ŀƭƻƴƎǎƛŘŜ ǘƘƻǎŜ ƻŦ ǘƘŜ πhŎŀǊōƻƴ ŀƴŘ bπƳŜǘƘȅƭ ŎŀǊōƻƴ 

όрлΦфп ǇǇƳΣ олΦоо ǇǇƳύΦ  

CƛƴŀƭƭȅΣ ƛƴ ǘƘŜ ǇǳǊǎǳƛǘ ƻŦ ŀ ǎŀŦŜǊ ǊƻǳǘŜ ǘƻ {ŀǊπb/!Σ ǘƘŜ ǇƘƻǎƎŜƴŜπŦǊŜŜ ¢оt ǊƻǳǘŜ ƛǎ ŀƭǎƻ ǊŜǇƻǊǘŜŘ 

ƘŜǊŜΣ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ƳŜǘƘƻŘƻƭƻƎȅ ǇǊŜǎŎǊƛōŜŘ ōȅ [ŀŎƻƴŘŜ Ŝǘ ŀƭΦм
 
{ƛƳƛƭŀǊƭȅΣ ǘƘƛǎ ǊŜŀŎǘƛƻƴ 

ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅΣ ŀǎ ƛǎ ǎƘƻǿƴ ƛƴ ǘƘŜ ȅƛŜƭŘ όсн ҈ύΦ IƻǿŜǾŜǊΣ ǎŜǾŜǊŀƭ ǎƻƭǾŜƴǘ 

ƛƳǇǳǊƛǘƛŜǎΣ ŀǎ ǿŜƭƭ ŀǎ ǳƴǊŜŀŎǘŜŘ ǎŀǊŎƻǎƛƴŜ ǎǘŀǊǘƛƴƎ ƳŀǘŜǊƛŀƭΣ ǿŜǊŜ ƻōǎŜǊǾŜŘ ƛƴ ǘƘƛǎ ŎŀǎŜ ŀƴŘ 

ŀǊŜ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ CƛƎǳǊŜ оΦммΦ 
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Figure 3.11: 1H NMR Spectrum (400 MHz, CDCl3) of Sar-NCA, synthesised via T3P-mediated 

methodology. 

 

bƻǘŀōƭȅΣ ǘƘŜ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ ƛƴ CƛƎǳǊŜ оΦмм ŀǊŜ ŘƻŜǎ ǎǳƎƎŜǎǘ ǘƘŀǘ ŀ ƘƛƎƘ ǉǳŀƴǘƛǘȅ ƻŦ {ŀǊπb/! 

ǿŀǎ ŀŎƘƛŜǾŜŘΣ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ ǘƘŜ ƻǘƘŜǊ ƳŀǘŜǊƛŀƭǎ ƛƴ ǎƻƭǳǘƛƻƴΦ ¢Ƙƛǎ Ŏŀƴ ōŜ 

ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ǊŜƭŀǘƛǾŜ ǎƛȊŜǎ ƻŦ ǘƘŜ 
мо
/ ǎŀǘŜƭƭƛǘŜ ǇŜŀƪǎ ŜƛǘƘŜǊ ǎƛŘŜ ƻŦ ǘƘŜ πhǇǊƻǘƻƴǎ όмύ ŀƴŘ 

bπƳŜǘƘȅƭ ǇǊƻǘƻƴǎ όнύΣ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘƻǎŜ ǇǊŜǎŜƴǘŜŘ ƛƴ CƛƎǳǊŜ оΦмлΣ ǎǳƎƎŜǎǘƛǾŜ ǘƘŀǘ 

ǎƛƎƴƛŦƛŎŀƴǘ ǎŎŀƭŜπǳǇ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ ǇŜŀƪǎ ǿŀǎ ǊŜǉǳƛǊŜŘ ǘƻ ǾƛǎǳŀƭƛǎŜ ǘƘŜ ƛƳǇǳǊƛǘƛŜǎΦ bƻƴŜǘƘŜƭŜǎǎΣ 

ƛǘ ƛǎ ŎƭŜŀǊ ǘƘŀǘ ŀ ƴǳƳōŜǊ ƻŦ ǎƻƭǾŜƴǘ ƛƳǇǳǊƛǘƛŜǎ ŀǊŜ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ǇǊƻŘǳŎǘΣ ƛƴŎƭǳŘƛƴƎ ǿŀǘŜǊΣ 

ǳƴǎǳŎŎŜǎǎŦǳƭƭȅ ǎŜǇŀǊŀǘŜŘ ŘǳǊƛƴƎ aƎ{hп ŘǊȅƛƴƎΣ ŀƴŘ ƘŜȄŀƴŜΣ ŀ ǊŜƳƴŀƴǘ ƻŦ ǘƘŜ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ 

ǇǊƻŎŜŘǳǊŜΦ CǳǊǘƘŜǊƳƻǊŜΣ ǇŜŀƪǎ ǊŜǇǊŜǎŜƴǘƛƴƎ ƴƻƴπŎȅŎƭƛǎŜŘ ǎŀǊŎƻǎƛƴŜ ǊŜǎƛŘǳŜ ŀǊŜ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ 

ǎȅǎǘŜƳΣ ǇƻǘŜƴǘƛŀƭƭȅ ǊŜƳƴŀƴǘǎ ƻŦ ǳƴǊŜŀŎǘŜŘ .ƻŎπǎŀǊŎƻǎƛƴŜ ǎǘŀǊǘƛƴƎ ƳŀǘŜǊƛŀƭΣ ǿƘƛŎƘ ƳƛƎƘǘ ōŜ 

ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ǊƛƎƘǘπƘŀƴŘ ǇŜŀƪ ƻŦ ǘƘŜ ƛƴǘŜƎǊŀƭ ǊŀƴƎŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǿŀǘŜǊΦ bŜǾŜǊǘƘŜƭŜǎǎΣ 

ƭƻƴƎŜǊ ǊŜŀŎǘƛƻƴ ǘƛƳŜǎ ŀƴŘ ƳƻǊŜ ǊƛƎƻǊƻǳǎ ŎƻƴǘǊƻƭ ƻŦ ǘƘŜ ǇǳǊƛŦƛŎŀǘƛƻƴ ǇǊƻŎŜŘǳǊŜ ǿƻǳƭŘ ƭƛƪŜƭȅ 

ƴǳƭƭƛŦȅ ǘƘŜǎŜ ƛƳǇǳǊƛǘƛŜǎΣ ǎǘŜǇǎ ǿƘƛŎƘ ǿƻǳƭŘ ƘŀǾŜ ōŜŜƴ ǳƴŘŜǊǘŀƪŜƴ ƘŀŘ ǘƘŜ ǎŎƻǇŜ ƻŦ ǘƘŜ 

ǊŜǎŜŀǊŎƘ ƴƻǘ ǎƘƛŦǘŜŘ ŀǿŀȅ ŦǊƻƳ ǎŀǊŎƻǎƛƴŜ ǇƻƭȅƳŜǊǎΦ  
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Lǘ ƛǎ ƳƻǊŜ ƛƳǇƻǊǘŀƴǘ ƛƴ ǘƘƛǎ ŎŀǎŜ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ ƻǾŜǊŀƭƭ ŎƻƳǇƭŜȄƛǘȅΣ ǎŀŦŜǘȅ ŀƴŘ ŜŦŦƛŎŀŎȅ ƻŦ ǘƘŜ 

ǘƘǊŜŜ ǊŜŀŎǘƛƻƴǎ ǊŜǇƻǊǘŜŘ ƘŜǊŜΣ ǎƘƻǳƭŘ ǘƘŜ ŘŜŎƛǎƛƻƴ ōŜ ƳŀŘŜ ǘƻ ǊŜǾƛǎƛǘ ǇƻƭȅǎŀǊŎƻǎƛƴŜΦ  

²Ƙƛƭǎǘ ǇǊƻǇȅƭŜƴŜ ƻȄƛŘŜ Ƴŀȅ ǊŜǇǊŜǎŜƴǘ ŀƴ ŀǘǘǊŀŎǘƛǾŜ ƻǇǘƛƻƴ ŦƻǊ b/! ǎȅƴǘƘŜǎƛǎΣ ŀƭƭƻǿƛƴƎ ŦƻǊ 

ƳŀƴŀƎŜƳŜƴǘ ƻŦ ōƻǘƘ ƎŜƴŜǊŀǘŜŘ I/ƭ ŘǳǊƛƴƎ ǊŜŀŎǘƛƻƴ ŀƴŘ ǘƻƭŜǊŀƴŎŜ ǘƻ Ƴƻƛǎǘ ŀǘƳƻǎǇƘŜǊŜΣ ƛǘ 

ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ th Ƙŀǎ ƛǘǎ ƻǿƴ ǎǿŀǘƘ ƻŦ ƘŜŀƭǘƘ ƘŀȊŀǊŘǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ƛǘΦ ¢ƘŜǎŜ ƛƴŎƭǳŘŜ 

ŀŎǳǘŜ ǘƻȄƛŎƛǘȅ Ǿƛŀ ƛƴƘŀƭŀǘƛƻƴ ŀƴŘ ƛƴƎŜǎǘƛƻƴΣ ŀǎ ǿŜƭƭ ōŜƛƴƎ ŀ ǎŜƴǎƛǘƛȊŜǊΣ ŎŀǊŎƛƴƻƎŜƴƛŎ ŀƴŘ 

ƳǳǘŀƎŜƴƛŎ ŀƴŘ ǘƻȄƛŎ ǘƻ ǘƘŜ ǊŜǇǊƻŘǳŎǘƛǾŜ ǎȅǎǘŜƳΦ CƻǊ ǘƘŜǎŜ ǊŜŀǎƻƴǎΣ ƛǘǎ ǎŀŦŜǘȅ ƛƴ ŀ 

ƳŀƴǳŦŀŎǘǳǊƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘ ǎƘƻǳƭŘ ōŜ ŎŀƭƭŜŘ ƛƴǘƻ ǉǳŜǎǘƛƻƴ ŀǎ ǿƛǘƘ ǇƘƻǎƎŜƴŜ ŀƴŘ ƛǘǎ 

ŘŜǊƛǾŀǘƛǾŜǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ ǇǊŜǇŀǊŀǘƛǾŜ ŎƻƳǇƭŜȄƛǘȅ ƛǎ Ŝǉǳŀƭ ŀƳƻƴƎǎǘ ǇǊƻŎŜŘǳǊŜǎΣ ǎƘƻǿƴ ōȅ 

ǘƘŜ ƳƻǊŜ ƛƴǘŜƴǎƛǾŜ ǇǳǊƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ƭŀǘǘŜǊ ǘǿƻ ǊŜŀŎǘƛƻƴǎΣ ǾŜǊǎǳǎ ǘƘŜ ƛƴǾƻƭǾŜŘ ǇǊƻŎŜǎǎ ƻŦ ƭƻǿπ

ǇǊŜǎǎǳǊŜ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ǊŜǉǳƛǊŜŘ ŦƻǊ ǘƘŜ ŦƻǊƳŜǊΦ !ǎ ŀ ǊŜǎǳƭǘΣ ƻƴƭȅ ǘƘŜ ǇƘƻǎƎŜƴŜπŦǊŜŜ ƳŜǘƘƻŘǎ 

Ŏŀƴ ōŜ ŘƛǎǘƛƴƎǳƛǎƘŜŘ ŦƻǊ ƛǘǎ ƛƳǇǊƻǾŜŘ ǎŀŦŜǘȅ ŀōƻǾŜ ƻǘƘŜǊ ƳŜǘƘƻŘǎΦ  

 

3.2.2 OCA Products  

3.2.2.1 Mandelic Acid OCA 

!ǎ ǊŜǇƻǊǘŜŘ ǇǊŜǾƛƻǳǎƭȅ ōȅ .ǳŎƘŀǊŘ Ŝǘ ŀƭΦ ŀƴŘ ½ƘŀƴƎ Ŝǘ ŀƭΦΣ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ƳŀƴŘŜƭƛŎ ŀŎƛŘ h/! 

όaŀƴπh/!ύ Ƙŀǎ ōŜŜƴ ŀŎƘƛŜǾŜŘ ǎŜǾŜǊŀƭ ǘƛƳŜǎ ƛƴ ǘƘŜ ǊŜŎƻǊŘŜŘ ƭƛǘŜǊŀǘǳǊŜΦ
мн
 hŦ ǎǇŜŎƛŦƛŎ 

ƛƳǇƻǊǘŀƴŎŜ ƛƴ ǘƘŜ ǿƻǊƪ ƻŦ .ǳŎƘŀǊŘ Ŝǘ ŀƭΦ ƛǎ ǘƘŜ ǊŜŘǳŎǘƛƻƴ ƻŦ ǊŜŀŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ ƘȅŘǊƻȄȅƭ 

ŀŎƛŘ ŎŀǊōƻƴȅƭŀǘƛƻƴ όǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜύ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ŎƭŀǎǎƛŎŀƭΣ ǘǊƛǇƘƻǎƎŜƴŜπŀŎǘƛǾŀǘŜŘ 

ǊƻǳǘŜ όŎŀΦ сл ϲ/ύΦ ¢Ƙƛǎ ƛǎ ŘǳŜ ǘƻ ǘƘŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊŜŘǳŎŜŘ ǘƘŜǊƳŀƭ ǎǘŀōƛƭƛǘȅ ƻŦ h/! ƳƻƭŜŎǳƭŜǎΣ 

ǿƘƛŎƘ ǳƴŘŜǊƎƻ ǊŜŀŎǘƛƻƴǎ όŘŜŎŀǊōƻȄȅƭŀǘƛƻƴΣ ōŀŎƪπōƛǘƛƴƎΣ ƻƭƛƎƻƳŜǊƛǎŀǘƛƻƴύ ŀǘ ƛƴŎǊŜŀǎŜŘ 

ǘŜƳǇŜǊŀǘǳǊŜǎΣ ŀǎ ŎƻǊǊƻōƻǊŀǘŜŘ ōȅ ƻǘƘŜǊ ǇǊƻƳƛƴŜƴǘ ŀǳǘƘƻǊǎ ƛƴ ǘƘŜ ŦƛŜƭŘΦмоΣмп !ǎ ǎǳŎƘΣ ǘƘƛǎ 

ǊŜŀŎǘƛƻƴ ǳǘƛƭƛǎŜǎ ŘƛǇƘƻǎƎŜƴŜ ǿƘƛŎƘΣ ǳƴƭƛƪŜ ǘǊƛǇƘƻǎƎŜƴŜΣ ŘŜƎǊŀŘŜǎ ǊŜŀŘƛƭȅ ǘƻ ǇƘƻǎƎŜƴŜ ƛƴ ǎƛǘǳ 

ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΦ Lƴ ŀŘŘƛǘƛƻƴΣ ŀŎǘƛǾŀǘŜŘ ŎƘŀǊŎƻŀƭ Ƙŀǎ ƘŜǊŜ ōŜŜƴ ŜƳǇƭƻȅŜŘ ŀǎ ŀ 

ƘŜǘŜǊƻƎŜƴŜƻǳǎ I/ƭ ǎŎŀǾŜƴƎŜǊ ǘƘŀǘ ƻǇŜǊŀǘŜǎ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΣ ǿƘŜǊŜŀǎ πhǇƛƴŜƴŜ ǿƻǳƭŘ 

ǊŜǉǳƛǊŜ ƛƴŎǊŜŀǎŜŘ ǊŜŀŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜǎ ǘƻ ǿƻǊƪ ŜŦŦŜŎǘƛǾŜƭȅΦмрΣмс ¢ƘŜ ǇǊƻŘǳŎǘǎ ƻŦ ǘƘƛǎ ǊŜŀŎǘƛƻƴ 

ǿŜǊŜ ŦƛƭǘŜǊŜŘ ǳǎƛƴƎ ŀ ŎŜƭƛǘŜϯ ǇƭǳƎ ǘƻ ǊŜƳƻǾŜ ŀƭƭ ǘǊŀŎŜǎ ƻŦ ŀŎǘƛǾŀǘŜŘ ŎƘŀǊŎƻŀƭΣ ŀǎ ǿŜƭƭ ŀǎ ōŜƛƴƎ 

ǎǳōƧŜŎǘŜŘ ǘƻ ǊŜǇŜŀǘŜŘ ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ŦǊƻƳ ¢IC ƛƴǘƻ ƴπƘŜȄŀƴŜΦ !ǎ ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ȅƛŜƭŘ ƻŦ ǘƘŜ 

ǇǊƻŘǳŎǘ όтп ҈ύ ŀƴŘ 
м
I CƛƎǳǊŜ оΦмн ōŜƭƻǿΣ aŀƴπh/! ǿŀǎ ƘŜǊŜ ǎȅƴǘƘŜǎƛǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅ ŀƴŘ 

ǿƛǘƘ ƘƛƎƘ ǇǳǊƛǘȅΦ  
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Figure 3.12: 1H NMR Spectrum (400 MHz, CDCl3) of Man-OCA. 

 

CƛƎǳǊŜ оΦмн ǎƘƻǿǎ ŎƭŜŀǊƭȅ ǘƘŀǘ aŀƴπh/! ǿŀǎ ƘŜǊŜ ǎȅƴǘƘŜǎƛǎŜŘ ǎǳŎŎŜǎǎŦǳƭƭȅΣ ǿƛǘƘ ƴƻ ƛƳǇǳǊƛǘƛŜǎ 

ǇǊŜǎŜƴǘΦ ¢ƘŜ Ǉƻǎƛǘƛƻƴǎ ŀƴŘ ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎ ƻŦ ǘƘŜ ǇŜŀƪǎ ŀƭƛƎƴ ŎƭƻǎŜƭȅ ǿƛǘƘ ǾŀƭǳŜǎ ǊŜǇƻǊǘŜŘ ƛƴ 

ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΣ ōƻǘƘ ŦƻǊ ǘƘŜ πhǇǊƻǘƻƴ όпύΣ ŀƴŘ ǇƘŜƴȅƭ ǊƛƴƎ ǇǊƻǘƻƴǎ όмπоύΦмн ¢Ƙƛǎ ŀǎǎŜǎǎƳŜƴǘ ƛǎ 

ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ 
мо
/ baw Řŀǘŀ ƻōǘŀƛƴŜŘ όCƛƎǳǊŜ !ΦоΦмΦуύΣ ǿƘƛŎƘ ŦŜŀǘǳǊŜǎ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ 

ŎŀǊōƻƴȅƭ ǇŜŀƪǎ ƻŦ ǘƘŜ h/! όмсрΦоо ǇǇƳΣ мпуΦлн ǇǇƳύ ŀƭƻƴƎǎƛŘŜ ǘƘƻǎŜ ƻŦ ǘƘŜ ǇƘŜƴȅƭ ǊƛƴƎ 

ŎŀǊōƻƴ ŀǘƻƳǎ ŀƴŘ πhŎŀǊōƻƴ όмнр ǇǇƳ ς мор ǇǇƳΣ улΦпс ǇǇƳύΦ  

CǳǊǘƘŜǊ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ ǘƘƛǎ ŀǎǎŜǎǎƳŜƴǘ Ŏŀƴ ōŜ ŦƻǳƴŘ ǿƛǘƘƛƴ ǘƘŜ Lw ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ 

όCƛƎǳǊŜ !ΦоΦнΦоύΣ ǿƘƛŎƘ ŦŜŀǘǳǊŜǎ ŘƛŀƎƴƻǎǘƛŎ ŀōǎƻǊōŀƴŎŜ ǾŀƭǳŜǎ ŀǘ нфно ŎƳ
πм
Σ мфлл ŎƳ

πм
Σ 

ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ǘƘŜ ōŜƴŘƛƴƎ ŀƴŘ ǎǘǊŜǘŎƘƛƴƎ ǾƛōǊŀǘƛƻƴǎ ƻŦ ǘƘŜ ŀǊƻƳŀǘƛŎ /πI ōƻƴŘǎΣ ŀǎ ǿŜƭƭ ŀǎ 

ŀǘ мулт ŎƳ
πм
 ŀƴŘ мтус ŎƳ

πм
Σ ƻǿƛƴƎ ǘƻ ǘƘŜ ǘǿƻ ŘƛǎǘƛƴŎǘ ŎƻƴƧǳƎŀǘŜŘ ŀƴƘȅŘǊƛŘŜ /Ґh ǎƛƎƴŀƭǎ ƻŦ 

ǘƘŜ h/! ƳƻƭŜŎǳƭŜΦ мн 

 

 



80 
 
 

3.3 References 

1. Laconde, G.; Amblard, M.; Martinez, J., Org. Lett., 2021, 23, 6412ς6416. 

2. A V. Athanasiou, P. Thimi, M. Liakopoulou, F. Arfara, D. Stavroulaki, I. Kyroglou, D. 

Skourtis and H. Iatrou, Polymers, 2020, 12, 2819. 

3. X. Jin and P. D. Thornton, RSC Adv., 2025, 15, 17397ς17404. 

4. S. Höck, R. Marti, R. Riedl and M. Simeunovic, Chimia, 2010, 64, 200ς202. 

5. Canalp, M. B.; Binder, W. H., RSC Adv., 2020, 10, 1287ς1295. 

6. Padín-González, E.; Oliveira, R. G.; Miguel, S. P.; Serro, A. P.; Fernandes, B. F., Front. 

Bioeng. Biotechnol., 2022, 10, 882363. 

7. You, J.; Guo, R.; Frey, L. K.; Fréchet, R. A.; Szoka, F. C., J. Controlled Release, 2014, 184, 

1ς10. 

8. Chen, B.-M.; Su, Y.-C.; Chang, Y.-T.; Burnouf, A. W.; Roffler, S.-R., ACS Nano, 2021, 15, 

8605ς8618. 

9. McSweeney, M. D.; Mohan, M.; Commins, S. P.; Nelson, S. M.; Griffith, J. F., Front. 

Allergy, 2021, 2, 715844. 

10. H. Yu, N. Ingram, J. V. Rowley, D. C. Green and P. D. Thornton, Chem. Eur. J., 2020, 26, 

13352ς13358. 

11. Tian, Z.-Y.; Zhang, Z.; Wang, S.; Lu, H., Nat. Commun., 2021, 12, 1ς10. 

12. Buchard, A.; Carbery, D. R.; Davidson, M. G.; Ivanova, P. K.; Jeffery, B. J.; Kociok-Köhn, 

G. I.; Lowe, J. P., Angew. Chem., Int. Ed., 2014, 53, 13858. 

13. Dove, A. P.; Pounder, R. J.; Fox, D. J., Polym. Chem., 2011, 2, 2204ς2212. 

14. Nederberg, F.; Hedrick, J. L. Angew. Chem. Int. Ed., 2001, 40, 2712ς2715. 

15. V. Dmitrovic, G. J. M. Habraken, M. M. R. M. Hendrix, W. J. E. M. Habraken, A. Heise, 

G. de With and N. A. J. M. Sommerdijk, Polymers, 2012, 4, 1195ς1210. 

16. J. E. Semple, Synth. Commun., 2017, 47, 2059ς2067. 

 



81 
 
 

Appendices 

A.3.1 13C NMR Spectra 

Figure A.3.1.1: 13C NMR (400 MHz, DMSO-d6) spectrum of Lys(Fmoc)-NCA. 

Figure A.3.1.2: 13C NMR (400 MHz, DMSO-d6) spectrum of Lys(Z)-NCA. 
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Figure A.3.1.3: 13C NMR (400 MHz, DMSO-d6) spectrum of Sar-NCA. 

Figure A.3.1.4: 13C NMR (400 MHz, DMSO-d6) spectrum of Sar-NCA (PO-mediated synthesis). 
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Figure A.3.1.5: 13C NMR (400 MHz, DMSO-d6) spectrum of Lys(Z)-NCA (T3P synthesis). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3.1.6: 13C NMR (400 MHz, DMSO-d6) spectrum of Lys(Boc)-NCA (T3P synthesis). 
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Figure A.3.1.7: 13C NMR (400 MHz, CDCl3) spectrum of Sar-NCA (T3P synthesis). 

Figure A.3.1.8: 13C NMR (400 MHz, CDCl3) spectrum of Man-OCA. 
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A.3.2 FTIR Spectra 

 

Figure A.3.2.1: FTIR spectrum of Lys(Fmoc)-NCA 

Figure A.3.2.2: FTIR spectrum of Sar-NCA 
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Figure A.3.2.3: FTIR spectrum of Man-OCA 
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Chapter 4: Synthesis and Application of mPEG-b-PMA  

Abstract 

aŀƴŘŜƭƛŎ ŀŎƛŘ ǿŀǎ ƛƴǾŜǎǘƛƎŀǘŜŘ ŀǎ ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ ŎƻƳǇƻƴŜƴǘ ƻŦ ŀƳǇƘƛǇƘƛƭƛŎ ōƭƻŎƪ 

ŎƻǇƻƭȅƳŜǊǎΣ ƛƴǘŜƴŘŜŘ ŦƻǊ ǘƘŜ ŎƻƴǘǊƻƭƭŜŘ ǘƘŜǊŀǇŜǳǘƛŎ ŘŜƭƛǾŜǊȅ ƻŦ ŘƻȄƻǊǳōƛŎƛƴ ό5ƻȄύΦ CǳŎƘǎπ

CŀǊǘƘƛƴƎ ŎŀǊōƻƴȅƭŀǘƛƻƴ ǿŀǎ ǳǘƛƭƛǎŜŘ ǘƻ ȅƛŜƭŘ ƳŀƴŘŜƭƛŎ ŀŎƛŘ hπŎŀǊōƻȄȅŀƴƘȅŘǊƛŘŜ όaŀƴπh/!ύΦ 

¢Ƙƛǎ ǎǘǊŀƛƴŜŘΣ рπƳŜƳōŜǊŜŘ ƘŜǘŜǊƻŎȅŎƭŜ ǿŀǎ ǘƘŜƴ ǇƻƭȅƳŜǊƛǎŜŘ Ǿƛŀ ǎƛȄ h/!πwht ǇǊƻǘƻŎƻƭǎΣ ǿƛǘƘ 

ǾŀǊȅƛƴƎ ǊŜŀŎǘƛƻƴ ǇŀǊŀƳŜǘŜǊǎΦ ¢ƘŜ ǎƛȄ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘǎ ǿŜǊŜ ǘƘŜƴ ǎǳōƧŜŎǘŜŘ ǘƻ ŀƴŀƭȅǎƛǎ Ǿƛŀ 
м
I 

ŀƴŘ 
мо
/ baw ǎǇŜŎǘǊƻǎŎƻǇƛŜǎΣ C¢Lw ǎǇŜŎǘǊƻǎŎƻǇȅ ŀƴŘ ǎƛȊŜπŜȄŎƭǳǎƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅΦ Lǘ ǿŀǎ 

ŘŜǘŜǊƳƛƴŜŘ ǘƘŀǘ ǘƘŜ ǇƻƭȅƳŜǊǎ ǎȅƴǘƘŜǎƛǎŜŘ ǿŜǊŜ ŀŎƘƛŜǾŜŘ ǿƛǘƘ ƴŀǊǊƻǿ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ 

ŘƛǎǘǊƛōǳǘƛƻƴǎΣ ƛƴ ŀ ǿŜƭƭπŎƻƴǘǊƻƭƭŜŘ ƳŀƴƴŜǊΦ CƻǊ Ƴƻǎǘ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘǎΣ ŘƛǎǇŜǊǎƛǘȅ ό7ύ ǊŜƳŀƛƴŜŘ 

ǳƴŎƘŀƴƎŜŘ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ƳŀŎǊƻƛƴƛǘƛŀǘƻǊΦ !ǎ ǎǳŎƘΣ ǘƘŜ ǇƻƭȅƳŜǊǎ ǿŜǊŜ ǘŀƪŜƴ ŦƻǊǿŀǊŘ ŦƻǊ 

5[{ ŀƴŀƭȅǎƛǎΣ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜƛǊ ŎŀǇŀŎƛǘȅ ŦƻǊ ǎŜƭŦπŀǎǎŜƳōƭȅ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ ŘǊǳƎ 

ŜƴŎŀǇǎǳƭŀǘƛƻƴΦ  

5[{ ŎƻƴŦƛǊƳŜŘ ǘƘŀǘ ŜŀŎƘ ǇƻƭȅƳŜǊ ǿŀǎ ǎŜƭŦπŀǎǎŜƳōƭŜŘ ƛƴǘƻ ǿŜƭƭπŘŜŦƛƴŜŘ ƴŀƴƻǎŎŀƭŜ ǎǘǊǳŎǘǳǊŜǎΦ 

hƴƭȅ ƻƴŜ ǇƻƭȅƳŜǊ ŜȄŎŜŜŘŜŘ ŀƴ ŀǾŜǊŀƎŜ ǎƛȊŜ ƻŦ нлл ƴƳΣ ŀƴŘ t5L ǾŀƭǳŜǎ ŦƻǊ ǘƘŜ ƴŀƴƻƳŀǘŜǊƛŀƭǎ 

ŦŜƭƭ ōŜƭƻǿ лΦнΣ ǎǳŦŦƛŎƛŜƴǘƭȅ ƭƻǿ ǘƻ ōŜ ŎƻƴǎƛŘŜǊŜŘ ǿŜƭƭ ŎƻƴǘǊƻƭƭŜŘΦ CǊƻƳ ǘƘŜǎŜ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘǎΣ 

ƻƴŜ ǿŀǎ ǎŜƭŜŎǘŜŘ ŦƻǊ ŘǊǳƎπǊŜƭŜŀǎŜ ǎǘǳŘȅ ōŜǘǿŜŜƴ ǇI рΦл ŀƴŘ ǇI тΦпΣ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ 

ŜƴŎŀǇǎǳƭŀǘƛƻƴ ƻŦ 5ƻȄΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜƛǊ ǎŜƴǎƛǘƛǾƛǘȅ ǘƻ ŀŎƛŘπǘǊƛƎƎŜǊŜŘ ƘȅŘǊƻƭȅǎƛǎΦ .ȅ ǇŀǊŀƭƭŜƭ 

ƛƴŎǳōŀǘƛƻƴ ƻŦ ǘǿƻ ǎƻƭǳǘƛƻƴǎ ƻŦ ŘƻȄπƭƻŀŘŜŘ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ŀǘ ŘƛŦŦŜǊŜƴǘ ǇI ƭŜǾŜƭǎΣ ǿƛǘƘ ǎŀƳǇƭŜǎ 

ŜȄǘǊŀŎǘŜŘ ŀƴŘ ǎǳōƳƛǘǘŜŘ ŦƻǊ ¦±π±ƛǎ ǎǇŜŎǘǊƻƎǊŀǇƘƛŎ ŀƴŀƭȅǎƛǎ ŀǘ ǇǊŜπŘŜŦƛƴŜŘ ƛƴǘŜǊǾŀƭǎΣ ƛǘ ǿŀǎ 

ŘŜǘŜǊƳƛƴŜŘ ǘƘŀǘ ŀǘ ƭƻǿŜǊ ǇI ǘƘŜ ŘƻȄπƭƻŀŘŜŘ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǊŜƭŜŀǎŜŘ ŎŀΦ ол ҈ ƻŦ ǘƘŜƛǊ ǇŀȅƭƻŀŘ 

ƻǾŜǊ ǘƘŜ ŎƻǳǊǎŜ ƻŦ олл ƘƻǳǊǎΦ Lƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ƻƴƭȅ ŀ мл ҈ ǊŜƭŜŀǎŜ ŀǘ ǇI тΦпΣ ŀƴŘ ǿƛǘƘ ǘƘŜ 

Řŀǘŀ ŜȄƘƛōƛǘƛƴƎ ŀ ǎƭƻǿΣ ŎƻƴǘǊƻƭƭŜŘ ǊŜƭŜŀǎŜ ǇǊƻŦƛƭŜ ǿƛǘƘ ƴƻ ǎƛƎƴ ƻŦ ōǳǊǎǘ ǊŜƭŜŀǎŜΣ ƛǘ ǿŀǎ 

ŘŜǘŜǊƳƛƴŜŘ ǘƘŀǘ ǘƘŜ Ƴt9Dπōπta! ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǎȅƴǘƘŜǎƛǎŜŘ ƘŜǊŜ ǿŜǊŜ ǾƛŀōƭŜ ŦƻǊ ǘƘŜ 

ŜƴŎŀǇǎǳƭŀǘƛƻƴΣ ǘǊŀƴǎƛǘ ŀƴŘ ǎŜƭŜŎǘƛǾŜ ǊŜƭŜŀǎŜ ƻŦ ǘƘŜǊŀǇŜǳǘƛŎ ŘƻȄƻǊǳōƛŎƛƴΣ ǿƘƛŎƘ ŀƭǎƻ ǎǳƎƎŜǎǘǎ 

ŦǳǊǘƘŜǊ ǳǘƛƭƛǎŀǘƛƻƴ ǿƛǘƘ ǎƛƳƛƭŀǊƭȅ ŀǊƻƳŀǘƛŎ ŀƴŘ ōǳƭƪȅ ŘǊǳƎ ƳƻƭŜŎǳƭŜǎΦ 
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4.1 Introduction 

aŀƴŘŜƭƛŎ ŀŎƛŘ όa!ύ ƛǎ ŀ ƴŀǘǳǊŀƭƭȅ ŀōǳƴŘŀƴǘ πhƘȅŘǊƻȄȅ ŀŎƛŘΣ ŘŜǊƛǾŜŘ ŎƻƳƳŜǊŎƛŀƭƭȅ ŦǊƻƳ 

ōŜƴȊŀƭŘŜƘȅŘŜΣ ǿƛǘƘ ƳŀƧƻǊ ŀǇǇƭƛŎŀǘƛƻƴǎ ƛƴ ǇƘŀǊƳŀŎŜǳǘƛŎŀƭǎΦ Lƴ нлнлΣ ŎƻƳƳŜǊŎƛŀƭ a! 

ǇǊƻŘǳŎǘƛƻƴ ŜȄŎŜŜŘŜŘ ϷмфрƳΣ ǿƛǘƘ ǇƘŀǊƳŀŎŜǳǘƛŎŀƭ ǳǎŜ ŀƭƻƴŜ ŜȄǇŜŎǘŜŘ ǘƻ ǊŜŀŎƘ ϷнррƳ ōȅ 

нлнтΦ
м
 ²ƛǘƘƛƴ ǘƘŜ ǇƘŀǊƳŀŎŜǳǘƛŎŀƭ ƛƴŘǳǎǘǊȅΣ a! Ƙŀǎ ōŜŜƴ ǳǎŜŘ ŦƻǊ ŀ ǾŀǊƛŜǘȅ ƻŦ ŀǇǇƭƛŎŀǘƛƻƴǎ 

ƛƴŎƭǳŘƛƴƎ ŀƴǘƛōƛƻǘƛŎ ¦¢L ǘǊŜŀǘƳŜƴǘ ŀƴŘ !tL ǎȅƴǘƘŜǎƛǎΦ
нΣо 
hǘƘŜǊ ǇƻƭȅŜǎǘŜǊ ƳŀǘŜǊƛŀƭǎΣ ǎǇŜŎƛŦƛŎŀƭƭȅ 

ǘƘƻǎŜ ŘŜǊƛǾŜŘ ŦǊƻƳ ƭŀŎǘƛŎ ŀƴŘ ƎƭȅŎƻƭƛŎ ŀŎƛŘ ό[! ŀƴŘ D!Σ ǊŜǎǇŜŎǘƛǾŜƭȅύΣ ƘŀǾŜ ŀƭǎƻ ōŜŜƴ ǳǎŜŘ 

ŜȄǘŜƴǎƛǾŜƭȅ ƛƴ ŘǊǳƎ ŘŜƭƛǾŜǊȅΦ
п
 !ǎ ƛǎ ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ƛƴŎǊŜŀǎŜŘ tŀǳƭƛƴƎ ŜƭŜŎǘǊƻƴŜƎŀǘƛǾƛǘȅ ƻŦ 

ƻȄȅƎŜƴ ŀǘƻƳǎ ǿƛǘƘƛƴ ǇƻƭȅόƘȅŘǊƻȄȅ ŀŎƛŘύ ŜǎǘŜǊ ƭƛƴƪŀƎŜǎΣ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ŀƳƛŘŜ ƭƛƴƪŀƎŜǎ ƻŦ 

ǇƻƭȅόŀƳƛƴƻ ŀŎƛŘǎύΣ ŀ ƎǊŜŀǘŜǊ ŜŦŦŜŎǘƛǾŜ ƴǳŎƭŜŀǊ ŎƘŀǊƎŜ ƛǎ ŜȄǇŜǊƛŜƴŎŜŘ ōȅ ǘƘŜ ǾŀƭŜƴŎŜ ŀƴŘ 

ōƻƴŘƛƴƎ ŜƭŜŎǘǊƻƴǎ ƻŦ ƻȄȅƎŜƴ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ƴƛǘǊƻƎŜƴΦр ¢Ƙƛǎ ƛƴŎǊŜŀǎŜŘ ŘǊŀǿ ƻƴ ŜƭŜŎǘǊƻƴǎ 

ǿƛǘƘƛƴ ǘƘŜ ŜǎǘŜǊ ƭƛƴƪŀƎŜ ƎǊŜŀǘƭȅ ǊŜŘǳŎŜǎ ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅ ƛƴ ǘƘŜ ŎƻƴǎǘƛǘǳŜƴǘ ŎŀǊōƻƴȅƭ ŎŀǊōƻƴΣ 

ƳŀƪƛƴƎ ǘƘŜ ƭƛƴƪŀƎŜ ƳƻǊŜ ǎǳǎŎŜǇǘƛōƭŜ ǘƻ ƴǳŎƭŜƻǇƘƛƭƛŎ ŀǘǘŀŎƪǎΣ ƛƴŎƭǳŘƛƴƎ ƘȅŘǊƻƭȅǎƛǎΦ CƻǊ ǘƘƛǎ 

ǊŜŀǎƻƴΣ ǇƻƭȅŜǎǘŜǊǎ ǇǊŜǎŜƴǘ ŀƴ ŀǘǘǊŀŎǘƛǾŜ ƻǇǘƛƻƴ ŦƻǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜ ƻŦ ŘǊǳƎ ŘŜƭƛǾŜǊȅ 

ǘŜŎƘƴƻƭƻƎƛŜǎ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ ŀŎƛŘ ƭŀōƛƭƛǘȅΣ ŀƭƭƻǿƛƴƎ ŦƻǊ ƎǊŜŀǘŜǊ ǎŜƴǎƛǘƛǾƛǘȅ ǘƻ ǘǊƛƎƎŜǊŜŘ ǊŜƭŜŀǎŜ 

ƛƴ ƭƻǿπǇIΣ ƛƴŎƭǳŘƛƴƎ ǘƘŀǘ ƻŦ ǘƘŜ ǘǳƳƻǳǊ ǾŀǎŎǳƭŀǘǳǊŜ όǇI ŎŀΦ сΦрύ ŀƴŘ ƭȅǎƻǎƻƳŜǎ όǇI ŎŀΦ рΦлύΣ 

ŎƻƳǇŀǊŜŘ ǘƻ ǇƻƭȅŀƳƛŘŜǎΦ 5ƛǎŎǳǎǎŜŘ ƛƴ {ŜŎǘƛƻƴ мΦоΦо ǿŀǎ ǘƘŜ ǎǳŎŎŜǎǎŦǳƭ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ƻŦ [! 

ŀƴŘ D! Ǿƛŀ ŎȅŎƭƛŎ ŘƛƳŜǊǎ όƭŀŎǘƛŘŜΣ ƎƭȅŎƻƭƛŘŜύΣ ǿƘƛŎƘ ŎƻǳƭŘ ƴƻǘ ōŜ ŀŎƘƛŜǾŜŘ ŦƻǊ ǘƘŜ ƳƻǊŜ 

ǎǘŜǊƛŎŀƭƭȅ ǎǘǊŀƛƴŜŘ ƳŀƴŘŜƭƛŘŜ ŘƛƳŜǊΦ
с
 !ǎ  ŀ ǊŜǎǳƭǘΣ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǇƻƭȅόƳŀƴŘŜƭƛŎ ŀŎƛŘύ ƘŀŘ 

ōŜŜƴ ǊŜǎǘǊƛŎǘŜŘ ǳƴǘƛƭ ǘƘŜ ŀŘǾŜƴǘ ƳŀƴŘŜƭƛŎ ŀŎƛŘ hπŎŀǊōƻȄȅŀƴƘȅŘǊƛŘŜ όaŀƴπh/!ύ ǎȅƴǘƘŜǎƛǎΣ ŀƴŘ 

ƛǘǎ ǎǳōǎŜǉǳŜƴǘ ǊƛƴƎπƻǇŜƴƛƴƎ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ όh/! whtύΦ
тΣу
 !ǎ ŘƛǎŎǳǎǎŜŘ ƛƴ {ŜŎǘƛƻƴ мΦоΦоΣ 

ŘǳǊƛƴƎ h/! whtΣ ǊƛƴƎπƻǇŜƴƛƴƎ ƛǎ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ŜƭƛƳƛƴŀǘƛƻƴ ƻŦ ƻƴŜ ƳƻƭŜŎǳƭŜ ƻŦ /hн ǇŜǊ ǊŜǇŜŀǘ 

ǳƴƛǘ ƻŦ ƳŀƴŘŜƭƛŎ ŀŎƛŘΦ ¢Ƙƛǎ ǊŜǎǳƭǘǎ ƛƴ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀƴ ƻȄȅŀƴƛƻƴ ŀǎ ǘƘŜ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘ 

ǿƘƛŎƘΣ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ŀƳƛƴŜ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘ ƻŦ b/! whtΣ ƛǎ ŀ ŦŀǊ ǿŜŀƪŜǊ ƴǳŎƭŜƻǇƘƛƭŜΦ 

!ǎ ŀ ǊŜǎǳƭǘΣ Ŏŀǘŀƭȅǎǘ ƻǇǘƛƻƴǎ ǎǳŎƘ ŀǎ пπŘƛƳŜǘƘȅƭŀƳƛƴƻ ǇȅǊƛŘƛƴŜ ό5a!tύ ŀǊŜ ǳǎŜŘ ǘƻ ŀŎǘƛǾŀǘŜ ǘƘŜ 

ŎƘŀƛƴ ŜƴŘ ƻǊ ƳƻƴƻƳŜǊ ǎǇŜŎƛŜǎ ŦƻǊ ƴǳŎƭŜƻǇƘƛƭƛŎ ŀǘǘŀŎƪΦ ¢ƘŜ ōƛπŦǳƴŎǘƛƻƴŀƭ ŀŎǘƛƻƴ ƻŦ 5a!t ƛǎ 

ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ {ŎƘŜƳŜ мΦфΦ CƻǊ ǘƘƛǎ ŎƘŀǇǘŜǊΣ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ǾŀǊƛŜŘ Ŏŀǘŀƭȅǎǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ ώaϐΥώLϐ 

ǊŀǘƛƻΣ ǘŜƳǇŜǊŀǘǳǊŜΣ ŀƴŘ ǊŜŀŎǘƛƻƴ Řƛƭǳǘƛƻƴ ǿƛƭƭ ōŜ ƛƴǾŜǎǘƛƎŀǘŜŘ ŦƻǊ ǘƘŜƛǊ ƛƳǇŀǊǘŜŘ ŜŦŦŜŎǘǎ ƻƴ ǘƘŜ 

ǊŜǎǳƭǘŀƴǘ ǇǳǊƛǘȅΣ ŘŜƎǊŜŜ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ŀƴŘ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊ 

ǇǊƻŘǳŎǘǎΦ  
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4.2 Experimental 

4.2.1 Monomer Synthesis 

aŀƴŘŜƭƛŎ ŀŎƛŘ h/! ƳƻƴƻƳŜǊǎ ǿŜǊŜ ǎȅƴǘƘŜǎƛǎŜŘ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ƳŜǘƘƻŘƻƭƻƎȅ 

ǇǊŜǎŎǊƛōŜŘ ƛƴ {ŜŎǘƛƻƴ оΦмΦнΦ aŀƴπh/! ǿŀǎ ǎȅƴǘƘŜǎƛǎŜŘ ƛƴ ƎƻƻŘ ȅƛŜƭŘ ŀƴŘ ƘƛƎƘ ǇǳǊƛǘȅΣ ŀǎ 

ŘŜǘŜǊƳƛƴŜŘ ōȅ 
м
I baw ŀƴŘ C¢Lw ǎǇŜŎǘǊƻǎŎƻǇȅΦ Ƴt9DπhI όрллл Ǝ ƳƻƭπмΤ CƭǳƻǊƻŎƘŜƳύ ǿŀǎ ǳǎŜŘ 

ŀǎ ƳŀŎǊƻƛƴƛǘƛŀǘƻǊ ŦƻǊ ŀƭƭ Ƴt9Dπōπta! ǎȅƴǘƘŜǎŜǎΦ  

 

4.2.2 Block Copolymer Synthesis 

 

Scheme 4.1: OCA ROP of mandelic acid from mPEG (5000 g mol-1). 

! ƎŜƴŜǊŀƭ ƳŜǘƘƻŘƻƭƻƎȅ ŦƻǊ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ t9Dπōπta! ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊǎ ƛǎ ƻǳǘƭƛƴŜŘ ƘŜǊŜ ŀƴŘ 

ǇŜǊǘŀƛƴǎ ǘƻ ŜŀŎƘ ƻŦ ǘƘŜ h/! wht ǊŜŀŎǘƛƻƴǎ ǊŜǇƻǊǘŜŘ ǿƛǘƘƛƴ ǘƘƛǎ ǎŜŎǘƛƻƴΦ ! ƳƻǊŜ 

ŎƻƳǇǊŜƘŜƴǎƛǾŜ ōǊŜŀƪŘƻǿƴ ƻŦ ǘƘŜ ǉǳŀƴǘƛǘƛŜǎ ƻŦ ǊŜŀƎŜƴǘǎΣ ŎŀǘŀƭȅǎǘΣ ŀƴŘ ǎƻƭǾŜƴǘΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ 

ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴΣ ƛǎ ǘŀōǳƭŀǘŜŘ ƛƴ {ŜŎǘƛƻƴ пΦоΦм ōŜƭƻǿΦ bƻǘŀōƭŜ ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ 

ǘƘŜ ŎƻƴŘƛǘƛƻƴǎ ŦƻǊ ŜŀŎƘ ǊŜŀŎǘƛƻƴ ŀǊŜ ŀƭǎƻ ŘƛǎŎǳǎǎŜŘ ƛƴ ƎǊŜŀǘŜǊ ŘŜǘŀƛƭ ǿƛǘƘƛƴ {ŜŎǘƛƻƴ пΦоΦмΦ  

aŀƴπh/! ό¢ŀōƭŜ пΦмύ ŀƴŘ 5a!t ό¢ŀōƭŜ пΦмύ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ŀƴ ƻǾŜƴπŘǊƛŜŘ {ŎƘƭŜƴƪ ǘǳōŜΣ ŦƛǘǘŜŘ 

ǿƛǘƘ ŀ ǎǳōŀπǎŜŀƭΣ ŀƴŘ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ όм ƘύΦ ¢ƘŜ ǎƻƭƛŘ ƳƛȄǘǳǊŜ ǿŀǎ ǘƘŜƴ ŘƛǎǎƻƭǾŜŘ ƛƴ /I/ƭо 

ōŜŦƻǊŜ Ƴt9D όaΦ²Φ рллл Ǝ Ƴƻƭ
πм
Σ ¢ŀōƭŜ пΦмύΣ ŘƛǎǎƻƭǾŜŘ ǎŜǇŀǊŀǘŜƭȅ ƛƴǘƻ /I/ƭоΣ ǿŀǎ ŀŘŘŜŘ ƛƴ ƻƴŜ 

ŀƭƛǉǳƻǘ ŀƴŘ ǘƘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ǎǘƛǊǊŜŘ ǳƴŘŜǊ ŀ bн ŀǘƳƻǎǇƘŜǊŜ ƻǾŜǊ ǘƘŜ ŎƻǳǊǎŜ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ 

όфс ƘύΦ 5ǳǊƛƴƎ ǘƘŜ ŎƻǳǊǎŜ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴΣ bнόƎύ Ŧƭƻǿ ǿŀǎ ǇŜǊƛƻŘƛŎŀƭƭȅ ƛƴǘǊƻŘǳŎŜŘ ǘƻ ǘƘŜ ǎȅǎǘŜƳ 

Ǿƛŀ ƛƴǎǘŀƭƭŀǘƛƻƴ ƻŦ ŀƴ ƻǳǘƭŜǘ ƴŜŜŘƭŜ ƛƴ ǘƘŜ ǎǳōŀπǎŜŀƭ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ ǾŜǎǎŜƭΦ hƴŎŜ ǘƘŜ ǊŜŀŎǘƛƻƴ 

ƘŀŘ ǊŜŀŎƘŜŘ ŎƻƳǇƭŜǘƛƻƴΣ ǘƘŜ ŎǊǳŘŜ ǇǊƻŘǳŎǘ ǿŀǎ ǇǊŜŎƛǇƛǘŀǘŜŘ ōȅ ƛŎŜπŎƻƭŘ ŘƛŜǘƘȅƭ ŜǘƘŜǊ όмрл 

Ƴ[ύ ŀƴŘ ŎƻƭƭŜŎǘŜŘ Ǿƛŀ ŎŜƴǘǊƛŦǳƎŜ όǎŜŜ {ŜŎǘƛƻƴ нΦоύΦ ¢ƘŜ ŎƻƭƭŜŎǘŜŘ ǎƻƭƛŘǎ ǿŜǊŜ ǘƘŜƴ ǿŀǎƘŜŘ ǿƛǘƘ 

ƛŎŜπŎƻƭŘ ŘƛŜǘƘȅƭ ŜƛǘƘŜǊ όо Ȅ ол Ƴ[ύ ŀƴŘ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ ƻǾŜǊƴƛƎƘǘΦ !ƭƭ ǇǳǊƛŦƛŜŘ ǇǊƻŘǳŎǘǎ 

ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŀǎ ŦƛƴŜ ƻŦŦπǿƘƛǘŜ ǇƻǿŘŜǊǎΦ  

Polymer 1 ς PEG-b-PMA15 
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Yield: 72 wt% 

IR (˂  / cm-1): 2888s (C-H stretch), 1756s, (C=O ester), 1648s, 1600s, 1562m (C=C stretch, 

aromatic) 1466s, 1456m, 1360s, 1343m, 1278s, 1242s, 1150s.  

1H NMR (400 MHz, CDCl3): 7.40-7.12 (m, 75H, Ar-H), 6.58-5.78 (m, 15H, (C=O)-CH), 3.72-3.42 

(m, 452H, 2 x PEG CH2), 3.31 (s, 3H, PEG-CH3) 

13C NMR (400 MHz, CDCl3): 129.77-123.93 (90C, phenyl carbons), 70.57 (226C, PEG-carbons), 

59.05 (1C, PEG CH3 terminal). 

Polymer 2 ς PEG-b-PMA14 

Yield: 74 wt% 

IR (˂  / cm-1): 2884s (C-H stretch), 1756s, (C=O ester), 1647s, 1640s, (C=C stretch, aromatic) 

1468s, 1456m, 1360s, 1342m, 1281s, 1242s, 1149s.  

1H NMR (400 MHz, CDCl3): 7.24-7.20 (m, 70H, Ar-H), 6.59-5.16 (m, 14H, (C=O)-CH), 3.57 (m, 

452H, 2 x PEG CH2), 3.31 (s, 3H, PEG-CH3) 

13C NMR (400 MHz, CDCl3): 128.81-124.55 (84C, phenyl carbons), 70.57 (226C, PEG-carbons), 

59.05 (1C, PEG CH3 terminal). 

Polymer 3 ς PEG-b-PMA13 

Yield: 55 wt% 

IR (˂  / cm-1): 2885s (C-H stretch), 1757s, (C=O ester), 1647s, (C=C stretch, aromatic) 1468s, 

1359s, 1341m, 1278s, 1241s, 1149s.  

1H NMR (400 MHz, CDCl3): 7.24-7.20 (m, 65H, Ar-H), 6.59-5.16 (m, 13H, (C=O)-CH), 3.57 (m, 

452H, 2 x PEG CH2), 3.31 (s, 3H, PEG-CH3) 

13C NMR (400 MHz, CDCl3): 128.81-124.55 (78C, phenyl carbons), 70.57 (226C, PEG-carbons), 

59.05 (1C, PEG CH3 terminal). 
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Polymer 4 ς PEG-b-PMA20 

Yield: 69 wt% 

IR (˂  / cm-1): 2890s (C-H stretch), 1756s, (C=O ester), 1648s, 1640s, (C=C stretch, aromatic) 

1468s, 1456m, 1360s, 1342m, 1281s, 1242s, 1149s.  

1H NMR (400 MHz, CDCl3): 7.24-7.20 (m, 100H, Ar-H), 6.59-5.16 (m, 20H, (C=O)-CH), 3.57 (m, 

452H, 2 x PEG CH2), 3.31 (s, 3H, PEG-CH3) 

13C NMR (400 MHz, CDCl3): 128.81-124.55 (120C, phenyl carbons), 70.57 (226C, PEG-carbons), 

59.05 (1C, PEG CH3 terminal). 

Polymer 5 ς PEG-b-PMA48 

Yield: 75 wt% 

IR (˂  / cm-1): 2890s (C-H stretch), 1756s, (C=O ester), 1648s, 1640s, (C=C stretch, aromatic) 

1468s, 1456m, 1360s, 1342m, 1281s, 1242s, 1149s.  

1H NMR (400 MHz, CDCl3): 7.24-7.20 (m, 240H, Ar-H), 6.59-5.16 (m, 48H, (C=O)-CH), 3.57 (m, 

452H, 2 x PEG CH2), 3.31 (s, 3H, PEG-CH3) 

13C NMR (400 MHz, CDCl3): 128.81-124.55 (288C, phenyl carbons), 70.57 (226C, PEG-carbons), 

59.05 (1C, PEG CH3 terminal) 

Polymer 6 ς PEG-b-PMA10 

Yield: 65 wt% 

IR (˂  / cm-1): 2890s (C-H stretch), 1756s, (C=O ester), 1648s, 1640s, (C=C stretch, aromatic) 

1468s, 1456m, 1360s, 1342m, 1281s, 1242s, 1149s.  

1H NMR (400 MHz, CDCl3): 7.24-7.20 (m, 50H, Ar-H), 6.59-5.16 (m, 10H, (C=O)-CH), 3.57 (m, 

452H, 2 x PEG CH2), 3.31 (s, 3H, PEG-CH3) 

13C NMR (400 MHz, CDCl3): 128.81-124.55 (60C, phenyl carbons), 70.57 (226C, PEG-carbons), 

59.05 (1C, PEG CH3 terminal). 
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4.2.3 Preparation of mPEG-b-PMA Nanoparticles 

Ƴt9DπōπǇƻƭȅόƳŀƴŘŜƭƛŎ ŀŎƛŘύ ŎƻǇƻƭȅƳŜǊ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ōŀǎŜŘ ǳǇƻƴ ŀ ǇǊŜǾƛƻǳǎƭȅ 

ŜǎǘŀōƭƛǎƘŜŘ ƴŀƴƻǇǊŜŎƛǇƛǘŀǘƛƻƴ ƳŜǘƘƻŘΦф 9ŀŎƘ ǇƻƭȅƳŜǊ όмл ƳƎύ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ ŎƘƭƻǊƻŦƻǊƳ όм 

Ƴ[ύ ŀƴŘ ǘƘŜ ǎƻƭǳǘƛƻƴ ŀŘŘŜŘ ŘǊƻǇǿƛǎŜ ǘƻ ŘŜƛƻƴƛǎŜŘ ǿŀǘŜǊ όмл Ƴ[ύ ǳƴŘŜǊ ǾƛƎƻǊƻǳǎ ǎǘƛǊǊƛƴƎΦ ¢ƘŜ 

ŘƛǎǇŜǊǎƛƻƴǎ ǿŜǊŜ ǎǘƛǊǊŜŘ ƻǾŜǊƴƛƎƘǘ ǿƘƛƭǎǘ ǘƘŜ ŎƘƭƻǊƻŦƻǊƳ ŜǾŀǇƻǊŀǘŜŘ ŀƴŘ ǘƘŜƴ ŜȄŀƳƛƴŜŘ ǘƻ 

ŜƴǎǳǊŜ ǘƘŜǊŜ ǿŀǎ ƴƻ ǾƛǎƛōƭŜ ƻǊƎŀƴƛŎ ǇƘŀǎŜΦ !ƭƭ ƴŀƴƻǇŀǊǘƛŎƭŜ ŘƛǎǇŜǊǎƛƻƴǎ ǿŜǊŜ ƳŀŘŜ ŀǘ ŀ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ м ƳƎ Ƴ[
πм
Φ 

 

4.2.4 Preparation of Dox Free Base 

5ƻȄ ƘȅŘǊƻŎƘƭƻǊƛŘŜ όнΦлл ƳƎΣ оΦст Ƴ˃ƻƭύ ǿŀǎ ŀŘŘŜŘ ǘƻ ŀ ǎƻƭǳǘƛƻƴ ƻŦ ǘǊƛŜǘƘȅƭŀƳƛƴŜ όнл [˃Σ рр 

Ƴ˃ƻƭύ ƛƴ ŀƴƘȅŘǊƻǳǎ ŎƘƭƻǊƻŦƻǊƳ όо Ƴ[ύΦ ¢ƘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ƛǎƻƭŀǘŜŘ ŦǊƻƳ ƭƛƎƘǘ ŀƴŘ ǎǘƛǊǊŜŘ ŀǘ 

ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ п ƘƻǳǊǎΦ  

 

4.2.5 pH-mediated release of doxorubicin from Dox-Loaded Nanoparticles 

tƻƭȅƳŜǊ м όмл ƳƎύ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ ŎƘƭƻǊƻŦƻǊƳ όм Ƴ[ύΦ ¢ƘŜ ǇƻƭȅƳŜǊ ǎƻƭǳǘƛƻƴ ŀƴŘ ŘƻȄπŦǊŜŜ ōŀǎŜ 

ǎƻƭǳǘƛƻƴ όн ƳƎ Ƴ[
πм
Σ оΦст ˃Ƴƻƭύ ǿŜǊŜ ǘƘŜƴ ŀŘŘŜŘ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅΣ ƛƴ ŀ ŘǊƻǇǿƛǎŜ ŦŀǎƘƛƻƴΣ ǘƻ 

ǾƛƎƻǊƻǳǎƭȅ ǎǘƛǊǊƛƴƎ t.{ ōǳŦŦŜǊ ǎƻƭǳǘƛƻƴ όǇI тΦпΣ мл Ƴ[ύΦ ¢ƘŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǿŜǊŜ ŘƛŀƭȅǎŜŘ όнллл 

Ǝ Ƴƻƭπм a²/hύ ŦƻǊ ǘƘǊŜŜ Řŀȅǎ ǘƻ ǊŜƳƻǾŜ ƴƻƴπŜƴŎŀǇǎǳƭŀǘŜŘ ŘƻȄƻǊǳōƛŎƛƴΦ ¢ƘŜ ŘƻȄπƭƻŀŘŜŘ 

ƴŀƴƻǇŀǊǘƛŎƭŜ ŘƛǎǇŜǊǎƛƻƴ ǿŀǎ ǎǇƭƛǘ ƛƴǘƻ ǘǿƻ Ŝǉǳŀƭ ǇƻǊǘƛƻƴǎ ōȅ ǾƻƭǳƳŜ ŀƴŘ ŘŜŎŀƴǘŜŘ ƛƴǘƻ ŦǊŜǎƘ 

Řƛŀƭȅǎƛǎ ǘǳōƛƴƎ όнллл 5ŀ aΦ²Φ/ΦhΦύΦ hƴŜ ŘƻȄπƭƻŀŘŜŘ ƴŀƴƻǇŀǊǘƛŎƭŜ ŘƛǎǇŜǊǎƛƻƴ ǿŀǎ ǘƘŜƴ ŘƛŀƭȅǎŜŘ 

ŀƎŀƛƴǎǘ млл Ƴ[ ŀŎŜǘŀǘŜ ōǳŦŦŜǊ όǇI рΦлύ ǎƻƭǳǘƛƻƴΣ ǿƘƛƭǎǘ ǘƘŜ ƻǘƘŜǊ ǿŀǎ ŘƛŀƭȅǎŜŘ ŀƎŀƛƴǎǘ млл Ƴ[ 

t.{ ōǳŦŦŜǊ ǎƻƭǳǘƛƻƴ όǇI тΦпύΦ ¢ƘŜ ǾŜǎǎŜƭǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ƛƴ ǘƘŜ ŘŀǊƪΣ ǿƛǘƘ ǘƘŜ ŘƛŀƭȅǎŀǘŜ ǳƴŘŜǊ 

Ŏƻƴǎǘŀƴǘ ŀƎƛǘŀǘƛƻƴΣ ŀǘ отϲ/Φ !ǘ ǇǊŜŘŜǘŜǊƳƛƴŜŘ ƛƴǘŜǊǾŀƭǎΣ м Ƴ[ ŀƭƛǉǳƻǘǎ ǿŜǊŜ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘŜ 

ŘƛŀƭȅǎŀǘŜ ŀƴŘ ŀƴŀƭȅǎŜŘ ōȅ ¦±πǾƛǎ ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘǊȅΦ ¢ƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ŘƻȄ ƛƴ ǘƘŜ ŘƛŀƭȅǎŀǘŜ 

ŀǘ ŜŀŎƘ ǘƛƳŜ Ǉƻƛƴǘ ǿŀǎ ǉǳŀƴǘƛŦƛŜŘ ōȅ ¦±πǾƛǎ ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘǊȅ ǳǎƛƴƎ ŀ ǇǊŜǇŀǊŜŘ ǎǘŀƴŘŀǊŘ 

ŎŀƭƛōǊŀǘƛƻƴ ŎǳǊǾŜΦ ¢ƘŜ ǊŜƭŜŀǎŜ ŦǊƻƳ ǘƘŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǿŀǎ ǎǘǳŘƛŜŘ ƻǾŜǊ ǘƘŜ ŎƻǳǊǎŜ ƻŦ мфп 

ƘƻǳǊǎΦ  
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4.3 Results and Discussion 

{ǳŎŎŜǎǎ ōȅ YǊƛŎƘŜƭŘƻǊŦ ƛƴ ǘƘŜ мфулǎ ƛƴ ǎȅƴǘƘŜǎƛǎƛƴƎ ǇƻƭȅόƭŀŎǘƛŎ ŀŎƛŘύ ŀƴŘ ǇƻƭȅόƎƭȅŎƻƭƛŎ ŀŎƛŘύ ŦǊƻƳ 

ǘƘŜ ǊƛƴƎπƻǇŜƴƛƴƎ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ƻŦ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ ŎȅŎƭƛŎ ŘƛŜǎǘŜǊǎ ǎǇǳǊǊŜŘ ƛƴǘŜǊŜǎǘ ƛƴ ǘƘŜ 

ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ǇƻƭȅόƘȅŘǊƻȄȅ ŀŎƛŘύ ƳŀǘŜǊƛŀƭǎΦмл IƻǿŜǾŜǊΣ ŜǾŜƴ ŀǎ ǊŜŎŜƴǘƭȅ ŀǎ нлмл ǘƘŜ 

ƭƛƳƛǘŀǘƛƻƴǎ ƻŦ ƳƻǊŜ ŦǳƴŎǘƛƻƴŀƭƛǎŜŘ ŎȅŎƭƛŎ ŘƛŜǎǘŜǊǎ ŀǎ ƳƻƴƻƳŜǊǎ ǊŜƳŀƛƴǎ ŀǇǇŀǊŜƴǘΣ ŀǎ 

ŘŜƳƻƴǎǘǊŀǘŜŘ ōȅ ŎƘŀƭƭŜƴƎŜǎ ŜȄǇŜǊƛŜƴŎŜŘ ōȅ 5ƻǾŜ Ŝǘ ŀƭΦ ƛƴ ŘƛƳŜǊƛǎƛƴƎ [πƳŀƭƛŎ ŀŎƛŘΣ ŘŜǘŀƛƭŜŘ ƛƴ 

{ŜŎǘƛƻƴ мΦоΦмΦмм Lƴ ƳƻǊŜ ǊŜŎŜƴǘ ȅŜŀǊǎΣ .ǳŎƘŀǊŘ Ŝǘ ŀƭΦ ŀƴŘ ½ƘŀƴƎ Ŝǘ ŀƭΦ ŘŜƳƻƴǎǘǊŀǘŜŘ ƎǊŜŀǘŜǊ 

ǎǳŎŎŜǎǎ ƛƴ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ǇƻƭȅόƳŀƴŘŜƭƛŎ ŀŎƛŘύ ƘƻƳƻǇƻƭȅƳŜǊ Ǿƛŀ wht ƻŦ ƳŀƴŘŜƭƛŎ ŀŎƛŘ h/!ΦтΣу 

¢ƘŜǎŜ ǇƻƭȅόƘȅŘǊƻȄȅƭ ŀŎƛŘǎύ ǊŜǇǊŜǎŜƴǘ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƻǇǇƻǊǘǳƴƛǘȅ ƛƴ ǘƘŜ ŦƛŜƭŘ ƻŦ ŘǊǳƎ ŘŜƭƛǾŜǊȅΣ ŘǳŜ 

ǘƻ ǘƘŜƛǊ ōƛƻŘŜƎǊŀŘŀōƛƭƛǘȅ ŀƴŘ ōƛƻŎƻƳǇŀǘƛōƛƭƛǘȅΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜƛǊ ƛƴŎǊŜŀǎŜŘ ǎǳǎŎŜǇǘƛōƛƭƛǘȅ ǘƻ 

ƘȅŘǊƻƭȅǎƛǎ Ŏŀƴ ōŜ ŜȄǇƭƻƛǘŜŘ ŦƻǊ ǇIπƳŜŘƛŀǘŜŘΣ ŎƻƴǘǊƻƭƭŜŘ ǘƘŜǊŀǇŜǳǘƛŎ ǊŜƭŜŀǎŜΦ  

 

4.3.1 Synthesis of mPEG-b-PMA Block Copolymers 

aŀƴπh/! ǿŀǎ ƘŜǊŜ ǇƻƭȅƳŜǊƛǎŜŘ ǳƴŘŜǊ ŀ ǾŀǊƛŜǘȅ ƻŦ ǊŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎΣ ŀƴŘ ǘƘŜ ǊŜǎǳƭǘŀƴǘ 

ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊǎ ŀƴŀƭȅǎŜŘ ōȅ 
м
I baw ǎǇŜŎǘǊƻǎŎƻǇȅΣ C¢Lw ǎǇŜŎǘǊƻǎŎƻǇȅ ŀƴŘ 5[{ ŀƴŀƭȅǎƛǎΦ 

tƻƭȅƳŜǊƛǎŀǘƛƻƴ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ /I/ƭо ǳƴŘŜǊ bн ŀǘƳƻǎǇƘŜǊŜΣ ƻǾŜǊ ŀ ǇŜǊƛƻŘ ƻŦ фс 

ƘƻǳǊǎΦ ¢ƘŜ ǊŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ǾŀǊƛŜŘ ǿƛǘƘƛƴ ǘƘƛǎ ǎǘǳŘȅ ŀǊŜ ŘŜǘŀƛƭŜŘ ƛƴ ¢ŀōƭŜ пΦм ōŜƭƻǿΦ 

¢ŀōƭŜ пΦмΥ wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ŦƻǊ aŀƴŘŜƭƛŎ !ŎƛŘ h/! wht ǊŜŀŎǘƛƻƴǎΦ 

 

 

 

 

 

 

 

5a!t Ŏŀǘŀƭȅǎǘ ŎƻƴǘŜƴǘ ǿŀǎ ƘŜǊŜ ǾŀǊƛŜŘ όtƻƭȅƳŜǊ м ǘƻ tƻƭȅƳŜǊ нύΣ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ ŜŦŦŜŎǘ ǳǇƻƴ 

ǘƘŜ ŘŜƎǊŜŜ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ƻŦ ǘƘŜ ta! ōƭƻŎƪΦ !ǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ōȅ .ƻǳǊƛǎǎƻǳ Ŝǘ ŀƭΦΣ ǘƘŜ 

ŀŎǘƛƻƴ ƻŦ 5a!t ŀǎ ŀ Ŏŀǘŀƭȅǎǘ ƛǎ ōƛŦǳƴŎǘƛƻƴŀƭΣ ŀŎǘƛǾŀǘƛƴƎ ōƻǘƘ ǘƘŜ ƛƴŎƛŘŜƴǘ ƴǳŎƭŜƻǇƘƛƭŜ ŀƴŘ ǘƘŜ 

ǘŀǊƎŜǘ ŎŀǊōƻƴȅƭ ƻŦ ǘƘŜ h/! ƳƻƭŜŎǳƭŜ Ǿƛŀ ǿŜŀƪ ƴƻƴπŎƭŀǎǎƛŎŀƭ IπōƻƴŘƛƴƎΦ  

Solvent

Mass / 

mg

Mol / 

mmol

Mass / 

mg

Mol / 

mmol

Mass / 

mg

Mol / 

mmol
Vol / mL Exp. Est.

1 168 0.034 300 1.68 20.6 0.168 10 25 50 15

2 168 0.034 300 1.68 41.2 0.336 10 25 50 14

3 168 0.034 300 1.68 20.6 0.168 15 25 50 13

4 168 0.034 300 1.68 20.6 0.168 10 30 50 20

5 168 0.034 600 3.36 41.2 0.336 20 60 100 48

6 280 0.056 300 1.68 20.6 0.168 20 60 50 10

Repeat Units

No. 

Initiator Monomer Catalyst
T / 

°C
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LƴŎǊŜŀǎƛƴƎ ǘƘŜ ŎƻƴǘŜƴǘ ƻŦ ǘƘƛǎ Ŏŀǘŀƭȅǎǘ ƛƴ ǎƻƭǳǘƛƻƴ ǿƻǳƭŘ ǘƘŜǊŜŦƻǊŜ ŀŎǘ ƻƴ ōƻǘƘ ǘƘŜ ǊŀǘŜ ƻŦ 

ǇǊƻǇŀƎŀǘƛƻƴΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǊŀǘŜ ƻŦ ŀƴȅ ǇƻǘŜƴǘƛŀƭ ǎƛŘŜ ǊŜŀŎǘƛƻƴǎΣ ƳŀƪƛƴƎ Ŏŀǘŀƭȅǎǘ ŎƻƴǘŜƴǘ ŀ 

ŎǊǳŎƛŀƭ ŀǎǇŜŎǘ ǿƛǘƘƛƴ h/! wht ǘƻ ƻǇǘƛƳƛǎŜΦ !ƭǎƻ ŜǾŀƭǳŀǘŜŘ ƘŜǊŜ ǿŜǊŜ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ƛƴŎǊŜŀǎŜŘ 

ǊŜŀŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ŘƛƭǳǘƛƻƴΣ ŀǎ ǿŜƭƭ ŀǎ ƛƴŎǊŜŀǎƛƴƎ ǘŀǊƎŜǘŜŘ 5t ǳǇƻƴ ǘƘŜ ǊŜǎǳƭǘŀƴǘ 

ŎƻǇƻƭȅƳŜǊΦ wŜŀŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜ ǿŀǎ ŜǾŀƭǳŀǘŜŘ ŦƻǊ ƛǘǎ ŦǳƴŘŀƳŜƴǘŀƭ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ƪƛƴŜǘƛŎ 

ŜƴŜǊƎȅ ƻŦ ǘƘŜ ƳƻƭŜŎǳƭŜǎ ƛƴ ǎƻƭǳǘƛƻƴ όtƻƭȅƳŜǊǎ пΣ рΣ сύΣ ŀƭƭƻǿƛƴƎ ƘƛƎƘŜǊ ǇǊƻōŀōƛƭƛǘȅ ƻŦ 

ǎǳǊƳƻǳƴǘƛƴƎ ǘƘŜ ŀŎǘƛǾŀǘƛƻƴ ŜƴŜǊƎȅ ōŀǊǊƛŜǊ ŦƻǊ ǊŜŀŎǘƛƻƴΣ ǘƘŜǊŜōȅ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ǊŀǘŜ ƻŦ 

ǇǊƻǇŀƎŀǘƛƻƴΦ IƻǿŜǾŜǊΣ ŀǎ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ǊŀǘŜ ŘǳŜ ǘƻ ƛƴŎǊŜŀǎŜŘ ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ ƴƻƴǎǇŜŎƛŦƛŎΣ 

ǘƘƛǎ ǿƻǳƭŘ ŀƭǎƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ǊŀǘŜ ŀǘ ǿƘƛŎƘ ǎƛŘŜ ǊŜŀŎǘƛƻƴǎΣ ǎǳŎƘ ŀǎ ǊƛƴƎπƻǇŜƴƛƴƎ ōȅ ǿŀǘŜǊ ƻǊ 

ƭƛƴŜŀǊ ƳŀƴŘŜƭƛŎ ŀŎƛŘ ƳƻƴƻƳŜǊǎκƻƭƛƎƻƳŜǊǎΦ !ƴ ŀǊƎǳƳŜƴǘ ŎƻǳƭŘ ŀƭǎƻ ōŜ ƳŀŘŜ ŦƻǊ ŀƴ ƛƴŎǊŜŀǎŜ 

ƛƴ ǘŜƳǇŜǊŀǘǳǊŜ ŀƭǎƻ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ŎƘŀƛƴ Ƴƻōƛƭƛǘȅ ƻŦ ǘƘŜ Ƴt9DπhI ƳŀŎǊƻƛƴƛǘƛŀǘƻǊΣ ŀƭƭƻǿƛƴƎ ŦƻǊ 

ƳƻǊŜ ǊŜƎǳƭŀǊ ŎƻƴǘŀŎǘ ƻŦ ǘƘŜ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘ ǿƛǘƘ ŀŎǘƛǾŜ ƳƻƴƻƳŜǊ ǎǇŜŎƛŜǎΦ {ǳŎƘ ŀƴ ŜŦŦŜŎǘ 

ǿƻǳƭŘ ŦƛǊǎǘ ƘŀǾŜ ǘƻ ōŜ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ǇǊƻŘǳŎǘ ŀƴŀƭȅǎƛǎΣ ƘƻǿŜǾŜǊΣ ǎǳǇǇƻǊǘƛƴƎ ǘƘŜ ƴŜŎŜǎǎƛǘȅ ŦƻǊ 

ǘƘƛǎ ǊŜǎŜŀǊŎƘΦ ²Ƙƛƭǎǘ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ Řƛƭǳǘƛƻƴ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ ƳŀǘŜǊƛŀƭǎ ǳƴƛŦƻǊƳƭȅ Ŏŀƴƴƻǘ ōŜ 

ŜȄǇŜŎǘŜŘ ǘƻ ƛƳǇŀŎǘ ǎƛŘŜπǊŜŀŎǘƛƻƴǎ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ƛƳǇǳǊƛǘƛŜǎ όtƻƭȅƳŜǊ оύΣ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ǎƭƻǿƛƴƎ 

ǘƘŜ ǊŀǘŜ ƻŦ ǇǊƻǇŀƎŀǘƛƻƴ ŀƴŘ ǎƛŘŜ ǊŜŀŎǘƛƻƴ ōȅ ŘŜŎǊŜŀǎƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ƳƻƴƻƳŜǊΣ ƛƴƛǘƛŀǘƻǊ 

ŀƴŘ Ŏŀǘŀƭȅǎǘ Ŏŀƴ ƘŜǊŜ ōŜ ƛƴǾŜǎǘƛƎŀǘŜŘΦ CƛƴŀƭƭȅΣ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ƛƴŎǊŜŀǎŜŘ ǘŀǊƎŜǘ 5t ŀǘ ƛƴŎǊŜŀǎŜŘ 

ǘŜƳǇŜǊŀǘǳǊŜΣ ŦǊƻƳ рл ŀǘ нр ϲ/ ǘƻ млл ŀǘ сл °/ όtƻƭȅƳŜǊ рύ Ƙŀǎ ƘŜǊŜ ōŜŜƴ ƛƴǾŜǎǘƛƎŀǘŜŘΣ ǘƻ 

ŘŜǘŜǊƳƛƴŜ ŦƛǊǎǘ ǿƘŜǘƘŜǊ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ŀŎƘƛŜǾŜ ƘƛƎƘŜǊ ŘŜƎǊŜŜǎ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ŦƻǊ Ƴt9Dπ

ōπta! ƛƴ ǘƘƛǎ ǎƻƭǾŜƴǘ ǎȅǎǘŜƳΣ ŀƴŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǿƘŜǘƘŜǊ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘŜƳǇŜǊŀǘǳǊŜ ǿƻǳƭŘ 

ŀƭƭƻǿ ǘƘƛǎ ǘƻ ƘŀǇǇŜƴΣ ƎƛǾŜƴ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ǘŜƳǇŜǊŀǘǳǊŜ ƻƴ ƛƴŎǊŜŀǎŜŘ ǇǊƻǇŀƎŀǘƛƻƴ ǊŀǘŜ ŀƴŘ 

ƛƳǇǊƻǾŜŘ ǎƻƭǳōƛƭƛǘȅΦ  

tƻƭȅƳŜǊǎ мπп ό¢ŀōƭŜ пΦмύ ǿŜǊŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ǳǎƛƴƎ 
м
I baw όCƛƎǳǊŜǎ !ΦпΦмΦмπпύ ŀƴŘ C¢Lw 

ǎǇŜŎǘǊƻǎŎƻǇȅ όCƛƎǳǊŜǎ !ΦпΦоΦмπпύΦ ¢ƘŜ ǇǊƛƳŀǊȅ ƻōǎŜǊǾŀǘƛƻƴ ǘŀƪŜƴ ŦǊƻƳ ŀƭƭ ƻōǘŀƛƴŜŘ C¢Lw 

ƳŜŀǎǳǊŜƳŜƴǘǎ ƛǎ ǘƘŜ ǊŜǇƭŀŎŜƳŜƴǘ ƻŦ ǘƘŜ ŀƴƘȅŘǊƛŘŜ /Ґh ǎǘǊŜǘŎƘŜǎ όмулт ŎƳ
πм
Σ мтус ŎƳ

πм
ύ 

ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ǎǇŜŎǘǊǳƳ ƻŦ aŀƴπh/! όCƛƎǳǊŜ оΦмнύ ǿƛǘƘ ŀ ǎƛƴƎǳƭŀǊ ŜǎǘŜǊ /Ґh ǇŜŀƪ όŎŀΦ мтрл 

ŎƳ
πм
ύΣ ǎƛƎƴƛŦȅƛƴƎ ǘƘŜ ǎǳŎŎŜǎǎŦǳƭ ǊƛƴƎ ƻǇŜƴƛƴƎ ƻŦ ŀƭƭ aŀƴπh/! ƳƻƴƻƳŜǊǎ ŀƴŘ ǘƘŜ ŎƻƳǇƭŜǘƛƻƴ ƻŦ 

ǘƘŜ wht ǊŜŀŎǘƛƻƴΦ  
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¢ƘŜ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘ ƻŦ ǘƘŜ ǘŜǊƳƛƴŀƭ ƳŜǘƘȅƭ ƎǊƻǳǇ ƻŦ ƳŜǘƘƻȄȅǇƻƭȅόŜǘƘȅƭŜƴŜ ƎƭȅŎƻƭύ ƛǎ 

ǊŜǇǊŜǎŜƴǘŜŘ ƛƴ ǘƘŜ 
м
I baw ǎǇŜŎǘǊǳƳ ōȅ ŀ ǎƛƴƎƭŜǘ ǇŜŀƪ ŀǘ ŎŀΦ оΦо ǇǇƳΣ ǿƘƛƭŜ ǘƘŜ ŜǘƘȅƭ ǇǊƻǘƻƴǎ 

ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ŀ ƭŀǊƎŜǊΣ ǇǎŜǳŘƻπǘǊƛǇƭŜǘ ǇŜŀƪ ƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ оΦпр ǇǇƳ ς оΦтр ǇǇƳΦ ²ƛǘƘ ŀƴ 

ŀǾŜǊŀƎŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ƻŦ рллл Ǝ Ƴƻƭ
πм
Σ ǘƘŜ t9D ōƭƻŎƪ ƻŦ ǘƘŜǎŜ ǇǊƻŘǳŎǘǎ ŎƻƳǇǊƛǎŜǎ ŀƴ 

ŀǾŜǊŀƎŜ ƻŦ ммо ǊŜǇŜŀǘ ǳƴƛǘǎΦ ²ƛǘƘ п ǇǊƻǘƻƴǎ ǇŜǊ ǊŜǇŜŀǘΣ ƛǘ ǎǘŀƴŘǎ ǘƘŀǘ ǘƘŜ ŜǘƘȅƭ ǇŜŀƪ ƛƴǘŜƎǊŀƭ 

ǎƘƻǳƭŘ Ŝǉǳŀƭ прнΣ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ƳŜǘƘȅƭ ǇŜŀƪΩǎ оΦ ¢ƘŜ Ǌŀǘƛƻ ōŜǘǿŜŜƴ ǘƘŜǎŜ ǇŜŀƪǎ ƛǎ ƻŦǘŜƴ 

ǎƪŜǿŜŘΣ ǇŀǊǘƛŎǳƭŀǊƭȅ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ ǘƘŜ ǎƳŀƭƭ ƳŜǘƘȅƭ ǇŜŀƪΣ ǿƘƛŎƘ Ŏŀƴ ōŜ ƛƳǇŀŎǘŜŘ ōȅ ōƻǘƘ ǘƘŜ 

ǇǊŜǎŜƴŎŜ ƻŦ ƛƳǇǳǊƛǘƛŜǎΣ ƳƻƛǎǘǳǊŜΣ ƻǊ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ƛƴŀŎŎǳǊŀŎȅ ƻŦ ǘƘŜ мI baw ŜǉǳƛǇƳŜƴǘΦ !ǎ 

ǎǳŎƘΣ ŦƻǊ ŀƴ ŜǎǘƛƳŀǘƛƻƴ ƻŦ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǇƻƭȅόƳŀƴŘŜƭƛŎ ŀŎƛŘύ ǊŜǇŜŀǘ ǳƴƛǘǎ ƛƴ ŀ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊ 

ǇǊƻŘǳŎǘǎΣ ŎƻƳǇŀǊƛǎƻƴ ƛǎ ǘȅǇƛŎŀƭƭȅ ƳŀŘŜ ŀƎŀƛƴǎǘ ǘƘŜ ŜǘƘȅƭ ǇŜŀƪΦ CƻǊ ǘƘŜ ta! ōƭƻŎƪΣ πhǇǊƻǘƻƴ 

ƛƴǘŜƎǊŀƭǎ ŀǊŜ ƘŜǊŜ ƻōǎŜǊǾŜŘ ƛƴ ŀ ǊŀƴƎŜ ōŜǘǿŜŜƴ р ǇǇƳ ς т ǇǇƳΣ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ Ǉƻǎƛǘƛƻƴ ƻŦ 

ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ǊŜǇŜŀǘ ǳƴƛǘ ǿƛǘƘƛƴ ǘƘŜ ǇƻƭȅƳŜǊ ŎƘŀƛƴΣ ŀƴŘ ǘƘŜƛǊ ǎǳƳ Ŏŀƴ ōŜ ŎƻƳǇŀǊŜŘ ŘƛǊŜŎǘƭȅ 

ǿƛǘƘ ǘƘŜ t9D ŜǘƘȅƭ ƛƴǘŜƎǊŀƭ ǘƻ ŜǎǘƛƳŀǘŜ ǘƘŜ ƴǳƳōŜǊ ƻŦ ta! ǊŜǇŜŀǘ ǳƴƛǘǎΦ ta! ǇƘŜƴȅƭ ǇǊƻǘƻƴ 

ǇŜŀƪǎ ŀǊŜ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ǊŀƴƎŜ ƻŦ  тΦл ǇǇƳ ς тΦр ǇǇƳΣ ǘƘŜ ƛƴǘŜƎǊŀƭ ǾŀƭǳŜ ƻŦ ǿƘƛŎƘ Ŏŀƴ ōŜ 

ŘƛǾƛŘŜŘ ōȅ р ǘƻ ǇǊƻǾƛŘŜ ŀ ǎŜŎƻƴŘ ŜǎǘƛƳŀǘƛƻƴ ŦƻǊ ǘƘŜ ǊŜǇŜŀǘ ǳƴƛǘΣ ǿƘƛŎƘ Ŏŀƴ ǘƘŜƴ ōŜ ŎƻƳǇŀǊŜŘ 

ǘƻ ǘƘŜ ǾŀƭǳŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ πhǇǊƻǘƻƴ ǊŀƴƎŜΦ 5ǳŜ ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ /5/ƭо ǎƻƭǾŜƴǘ ǇŜŀƪ 

ǿƛǘƘƛƴ ǘƘƛǎ ŀǊƻƳŀǘƛŎ ǊŜƎƛƻƴΣ ǎŜƭŜŎǘƛǾŜ ǎǳōǘǊŀŎǘƛƻƴ ǿŀǎ ŜƳǇƭƻȅŜŘ ǘƻ ŜǎǘƛƳŀǘŜ ǘƘŜ ǇƘŜƴȅƭ ǇǊƻǘƻƴ 

ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎΦ !ǎ ŀ ǊŜǎǳƭǘΣ ŀƭƭ ŀǊƻƳŀǘƛŎ ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎ ƘŜǊŜ ǊŜǇƻǊǘŜŘ ŀǊŜ ǳƴŘŜǊŜǎǘƛƳŀǘŜǎ ƻŦ 

ǘƘŜƛǊ ǘǊǳŜ ǾŀƭǳŜǎΦ !ǎ ōƻǘƘ ŜǎǘƛƳŀǘƛƻƴ ƳŜǘƘƻŘǎ ŀǊŜ ǘƘŜǊŜŦƻǊŜ ǎǳōƧŜŎǘ ǘƻ ǎǳǇǇǊŜǎǎƛƻƴΣ ǿƘŜǘƘŜǊ 

ŦǊƻƳ ǎƻƭǾŜƴǘ ǇŜŀƪ ƻǾŜǊƭŀō ƻǊ ŦǊƻƳ ǘƘŜ ƛƴǎǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ ƳŜǘƘȅƭ ǇŜŀƪΣ ŀƭƭ 5ΦtΦ ǾŀƭǳŜǎ ǊŜǇƻǊǘŜŘ 

ōŜƭƻǿ ǎƘƻǳƭŘ ōŜ ƛƴǘŜǊǇǊŜǘŜŘ ŀǎ ŎƻƴǎŜǊǾŀǘƛǾŜ ƭƻǿŜǊπƭƛƳƛǘ ŜǎǘƛƳŀǘƛƻƴǎ ŀǎ ƻǇǇƻǎŜŘ ǘƻ ŀōǎƻƭǳǘŜ 

ǾŀƭǳŜǎΦ ¢ƘŜ ƻǾŜǊƭŀƛŘ мI baw ǎǇŜŎǘǊŀ ƻŦ tƻƭȅƳŜǊǎ мπсΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ 

ŎŀƭŎǳƭŀǘŜŘ 5ΦtΦ ǾŀƭǳŜǎ ǘƻ ǘƘƻǎŜ ǘŀǊƎŜǘŜŘ ό¢ŀōƭŜ пΦмύ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ CƛƎǳǊŜ пΦм ŀƴŘ ¢ŀōƭŜ пΦн 

below.  
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Figure 4.1: Stacked 1H NMR Spectrum (500 MHz, CDCl3) of mPEG-b-PMA 1-6, highlighting 

aromatic όϝύ ŀƴŘ t9DπƳŜǘƘƻȄȅ όϝύ proton environments.  

Table 4.2: [M]:[I] ratios of Polymers 1-6, versus calculated D.P. values. 

 

 

 

 

 

/ƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƛƴǘŜƴŘŜŘ 5t ŦƻǊ ǘƘŜǎŜ ŎƻǇƻƭȅƳŜǊǎΣ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ǾŀƭǳŜǎ ŀǊŜ ǊŜƭŀǘƛǾŜƭȅ ƭƻǿΣ 

ǎǳƎƎŜǎǘƛƴƎ ƳƻƴƻƳŜǊ ŎƻƴǾŜǊǎƛƻƴ ŦƻǊ ŜŀŎƘ ǇƻƭȅƳŜǊ ƻŦ ƴƻ ƳƻǊŜ ǘƘŀƴ пл ҈Φ ²Ƙƛƭǎǘ ǘƘƛǎ ŘƻŜǎ ƴƻǘ 

ŀƎǊŜŜ ǿƛǘƘ ǘƘŜ ǎǳƎƎŜǎǘŜŘ ǊŜŀŎǘƛƻƴ ŎƻƳǇƭŜǘƛƻƴ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ C¢Lw ŘŀǘŀΣ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƘŀǘ ŀƴȅ 

ǊŜǎƛŘǳŀƭ ƳƻƴƻƳŜǊ ǿŀǎ ǊŜƳƻǾŜŘ ŘǳǊƛƴƎ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ ƛƴ ŘƛŜǘƘȅƭ ŜǘƘŜǊΦ  
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¢Ƙƛǎ ƻōǎŜǊǾŀǘƛƻƴ Ƴŀȅ ŀƭǎƻ ōŜ ŜȄǇƭŀƛƴŜŘ ƻǊ ƛƴǘŜƴǎƛŦƛŜŘ ōȅ ǘƘŜ ŎǊŜŀǘƛƻƴ ƻŦ ōȅπǇǊƻŘǳŎǘǎΣ Ƴƻǎǘ 

ƭƛƪŜƭȅ ƭƻǿπƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ƻƭƛƎƻƳŜǊǎΣ ƛƴƛǘƛŀǘŜŘ ōȅ ǎƳŀƭƭπƳƻƭŜŎǳƭŜ ƛƳǇǳǊƛǘƛŜǎ ŘǳǊƛƴƎ ǘƘŜ 

ǊŜŀŎǘƛƻƴ ǇǊƻŎŜŘǳǊŜΦ  

Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ƘŜǊŜ ǘƘŀǘ ǘƘŜǊŜ ŀǇǇŜŀǊǎ ǘƻ ōŜ ƭƛǘǘƭŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ŀŎƘƛŜǾŜŘ 

ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘǎ ƻŦ tƻƭȅƳŜǊǎ мΣ н ŀƴŘ о όƳŀȄΦ олп Ǝ ƳƻƭπмύΣ ǿƛǘƘ ǘƘŜ ƭŀǊƎŜǎǘ ŀǇǇŀǊŜƴǘ 5t 

ƛƴŎǊŜŀǎŜ ŀŎƘƛŜǾŜŘ ōȅ ƛƴŎǊŜŀǎƛƴƎ ǊŜŀŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ tƻƭȅƳŜǊ рΦ ²Ƙƛƭǎǘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ 

Ŏŀǘŀƭȅǎǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƳƛƎƘǘ ǎǳƎƎŜǎǘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǊŀǘŜΣ ŀǘ мΥмл ώ/ϐΥώaϐ ǊŀǘƛƻΣ Ŏŀǘŀƭȅǎǘ ŎƻƴǘŜƴǘ 

ƛƴ ǘƘƛǎ ǊŜŀŎǘƛƻƴ ƻǳǘƴǳƳōŜǊǎ ǘƘŜ ƛƴƛǘƛŀǘƻǊ ōȅ ŀ ŦŀŎǘƻǊ ƻŦ рΣ ŀƴŘ ōȅ ŀ ŦŀŎǘƻǊ ƻŦ мл ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ 

wht нΦ !ǎ ǎǳŎƘΣ ǘƘŜ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘǎ ƛƴ ǎƻƭǳǘƛƻƴ ŀǊŜ ƭƛƪŜƭȅ ǎŀǘǳǊŀǘŜŘ ōȅ IπōƻƴŘŜŘ 5a!t 

ƳƻƭŜŎǳƭŜǎΣ ƭƛƳƛǘƛƴƎ ǘƘŜ ƛƳǇŀŎǘ ǘƘŀǘ ŀŘŘƛǘƛƻƴŀƭ Ŏŀǘŀƭȅǎǘ ŎƻƴǘŜƴǘ ŎƻǳƭŘ ƳŀƪŜΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ 

ŘŜŎǊŜŀǎŜŘ 5t ƻōǎŜǊǾŜŘ ŦƻǊ wht ǊŜŀŎǘƛƻƴ оΣ ǘƘƻǳƎƘ ƻƴƭȅ ǎƭƛƎƘǘΣ ƳƛƎƘǘ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ 

ƛƴŎǊŜŀǎŜ ƛƴ ǊŜŀŎǘƛƻƴ ǾƻƭǳƳŜ ŀƴŘ ŎƻƴŎǳǊǊŜƴǘ ŘŜŎǊŜŀǎŜ ƛƴ ōƻǘƘ ƛƴƛǘƛŀǘƻǊ ŀƴŘ ƳƻƴƻƳŜǊ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ ŘŜŎǊŜŀǎƛƴƎ ǘƘŜ ǊŀǘŜ ƻŦ ǇǊƻǇŀƎŀǘƛƻƴΦ Lƴ ǊŜŀƭƛǘȅΣ ǘƘƛǎ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ŦǊŜǉǳŜƴŎȅ ƻŦ 

ǎǳŎŎŜǎǎŦǳƭ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ƳƻƴƻƳŜǊ ŘŜŎǊŜŀǎŜǎ ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ǇƻǘŜƴǘƛŀƭ 

ƛƳǇǳǊƛǘȅπƳƻƴƻƳŜǊ ƛƴǘŜǊŀŎǘƛƻƴǎΣ ǘƘŜǊŜōȅ ŀƭƭƻǿƛƴƎ ǎƛŘŜπǊŜŀŎǘƛƻƴǎ ǘƻ ǇǊƻǎǇŜǊΣ ƭƛƳƛǘƛƴƎ ǘƘŜ 

ŀǾŀƛƭŀōƭŜ ƳƻƴƻƳŜǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ ǿƘƛŎƘ Ƴŀȅ ƘŀǾŜ ǊŜǎǳƭǘŜŘ ƛƴ ǘƘŜ ǊŜǎǘǊƛŎǘŜŘ 5t ƻōǎŜǊǾŜŘ 

ƘŜǊŜ ŦƻǊ ǇƻƭȅƳŜǊ оΦ 

!ǎ ŦƻǊ ǘƘŜ ŀǇǇŀǊŜƴǘ ŜŦŦŜŎǘǎ ƻŦ ŎƘŀƴƎƛƴƎ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ƻƴ ǘƘŜ ǊŜƭŀǘƛǾŜ ǇǳǊƛǘȅ ƻŦ 

ŜŀŎƘ ǇƻƭȅƳŜǊ ǎŀƳǇƭŜΣ ƛǘ ƛǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ƛŘŜƴǘƛŦȅ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƴƻƴπǇƻƭȅƳŜǊ ƛƳǇǳǊƛǘƛŜǎ ǎǳŎƘ ŀǎ 

ƘȅŘǊƻƭȅǎŜŘ ƳŀƴŘŜƭƛŎ ŀŎƛŘ ŀƴŘ ǎƳŀƭƭπŎƘŀƛƴ ƻƭƛƎƻƳŜǊƛŎ ǎǇŜŎƛŜǎΦ ¢ƘŜ ǊŜǎǇŜŎǘƛǾŜ ǇǊƻǘƻƴ 

ŜƴǾƛǊƻƴƳŜƴǘǎ όπhŀŘƧŀŎŜƴǘ ŀƴŘ ŀǊƻƳŀǘƛŎ ǇǊƻǘƻƴǎ ŀƭƛƪŜύ ƻŦ ǘƘŜǎŜ ƳƻƭŜŎǳƭŜǎ ŜȄǇŜǊƛŜƴŎŜ ōǊƻŀŘƭȅ 

ǎƛƳƛƭŀǊ ŎƘŜƳƛŎŀƭ ǎƘƛŦǘ ǘƻ ǘƘƻǎŜ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊƛŎ ǎǇŜŎƛŜǎΣ ŀƴŘ ǎƻ Ŏŀƴƴƻǘ ōŜ ŘƛǎǘƛƴƎǳƛǎƘŜŘ ŦǊƻƳ 

ǿƛǘƘƛƴ ǘƘŜ ƳǳƭǘƛǇƭŜǘ ǊŜƎƛƻƴǎ ǊŜǇƻǊǘŜŘ ŀŎǊƻǎǎ CƛƎǳǊŜǎ !ΦпΦмΦмπсΦ aƻǊŜ ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ 

ŎƻƴŎƭǳǎƛƻƴǎ ŀōƻǳǘ ǘƘŜǎŜ ǎƳŀƭƭ ƳƻƭŜŎǳƭŜ ƛƳǇǳǊƛǘƛŜǎ ŎƻǳƭŘ ōŜ ŘǊŀǿƴ ōȅ ǎŜǇŀǊŀǘƛƴƎ ǘƘŜƳ ƻǳǘ ƻŦ 

ǘƘŜ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘΦ IƻǿŜǾŜǊΣ ǘƘƛǎ ǇǊƻŎŜŘǳǊŜ ƛǎ ǘŜŎƘƴƛŎŀƭƭȅ ŎƻƳǇƭƛŎŀǘŜŘ ŘǳŜ ǘƻ ǘƘŜ ƭŀŎƪ ƻŦ 

ǎƻƭǾŜƴǘ ǎȅǎǘŜƳǎ ƛƴ ǿƘƛŎƘ ƳŀƴŘŜƭƛŎ ŀŎƛŘ ǳƴƛǘǎ ŀǊŜ ǎƻƭǳōƭŜΣ ǘƘŀǘ ŀǊŜ ŀƭǎƻ ŎƻƳǇŀǘƛōƭŜ ǿƛǘƘ 

ǎŜǇŀǊŀǘƛƻƴ ǇǊƻŎŜŘǳǊŜǎ ǎǳŎƘ ŀǎ ŦƛƭǘǊŀǘƛƻƴ ŀƴŘ ŘƛŀƭȅǎƛǎΦ !ǎ ǎǳŎƘ ƛǘ ƛǎ ƳƻǊŜ ŜŦŦŜŎǘƛǾŜ ǘƻ ƻōǎŜǊǾŜ 

ǘƘŜ ŘƛŦŦŜǊŜƴǘ ǎǇŜŎƛŜǎ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ƻōǘŀƛƴŜŘ ǇǊƻŘǳŎǘǎ ǳǎƛƴƎ ǎƛȊŜπŜȄŎƭǳǎƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅΦ 

²Ƙƛƭǎǘ {9/ ŜǉǳƛǇƳŜƴǘ ǿŀǎ ƴƻǘ ŀǾŀƛƭŀōƭŜ ŀǘ ǘƘŜ ǘƛƳŜ ǘƘŀǘ ǘƘŜǎŜ wht ǊŜŀŎǘƛƻƴǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘΣ 

ǎǳŎƘ ǎǇŜŎǘǊŀ ƘŀǾŜ ōŜŜƴ ŎƻƭƭŜŎǘŜŘ ƛƴ ǊŜǘǊƻǎǇŜŎǘ ŀƴŘ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƭŀǘŜǊ ƛƴ ǘƘƛǎ ǎŜŎǘƛƻƴΦ  
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9ȄŀƳƛƴŀǘƛƻƴ ƻŦ tƻƭȅƳŜǊǎ р ŀƴŘ с όCƛƎǳǊŜ пΦмΣ CƛƎǳǊŜǎ !ΦпΦмΦрπсύΣ ŀƎŀƛƴ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ǊŜƭŀǘƛǾŜ 

ƛƴǘŜƎǊŀƭǎ ƻŦ ǘƘŜ t9D ƳŜǘƘȅƭ ŀƴŘ ŜǘƘȅƭ ǇŜŀƪǎ ǾŜǊǎǳǎ ǘƘŜ ŀǊƻƳŀǘƛŎ ŀƴŘ πhǇǊƻǘƻƴǎ ƻŦ ǘƘŜ 

ǇƻƭȅόƳŀƴŘŜƭƛŎ ŀŎƛŘύ ōƭƻŎƪΣ ǎǳƎƎŜǎǘǎ ǘƘŀǘ 5ΦtΦ ǾŀƭǳŜǎ ƻŦ пу ŀƴŘ мл ǿŜǊŜ ŀŎƘƛŜǾŜŘ ŦƻǊ ǘƘŜǎŜ 

ǊŜǎǇŜŎǘƛǾŜ ǇǊƻŘǳŎǘǎΦ Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ƘŜǊŜ ǘƘŀǘ ŀ ƭŀǊƎŜǊ ǎƻƭǾŜƴǘ ǊŜǎŜǊǾƻƛǊ ǿŀǎ ƳŀƛƴǘŀƛƴŜŘ 

ŦƻǊ ǘƘŜǎŜ ƘƛƎƘŜǊπǘŜƳǇŜǊŀǘǳǊŜ ǊŜŀŎǘƛƻƴǎΣ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘŜƳǇƻǊŀǊȅ ǎƻƭǾŜƴǘ ƭƻǎǎ ŘǳǊƛƴƎ ǊŜŦƭǳȄΦ  

!ǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ōȅ ǘƘŜ ǾŀƭǳŜǎ ƛƴ ¢ŀōƭŜ пΦмΣ ǘƘƛǎ ƘŀŘ ǎǳōǎŜǉǳŜƴǘ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ 

ƻŦ ƳŀǘŜǊƛŀƭǎ ƛƴ ǎƻƭǳǘƛƻƴΣ ƘƛƎƘƭƛƎƘǘŜŘ ōȅ ǘƘŜ ǊŜŘǳŎŜŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ƛƴƛǘƛŀǘƻǊ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ рΣ 

ŀƴŘ ǊŜŘǳŎŜŘ ƳƻƴƻƳŜǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŦƻǊ сΦ ¢ƘŜ ŜŦŦŜŎǘǎ ƻŦ ǘƘŜǎŜ ŎƻƴŘƛǘƛƻƴǎ ŀǊŜ ǇǊƻƴƻǳƴŎŜŘ ƛƴ 

ǘƘŜ ŎŀǎŜ ƻŦ tƻƭȅƳŜǊ сΣ ŦƻǊ ǿƘƛŎƘ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǊŜǇŜŀǘ ǳƴƛǘǎ ŀŎƘƛŜǾŜŘ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŀǎ ƻƴƭȅ 

млΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ŀ ƳƻƴƻƳŜǊ ŎƻƴǾŜǊǎƛƻƴ ƻŦ нл ҈Φ 

¢Ƙƛǎ Ŏŀƴ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ǊŜŘǳŎŜŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ƳƻƴƻƳŜǊ ǎǇŜŎƛŜǎ ŎƻƴŎǳǊǊŜƴǘƭȅ 

ǊŜǎǘǊƛŎǘƛƴƎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǎǳŎŎŜǎǎŦǳƭ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ǘƘŜ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘΣ ŜŦŦŜŎǘƛǾŜƭȅ ǎƭƻǿƛƴƎ 

ǘƘŜ ǊŀǘŜ ƻŦ ǇǊƻǇŀƎŀǘƛƻƴ ŀƴŘ ŀƭƭƻǿƛƴƎ ƛƳǇǳǊƛǘȅπŘǊƛǾŜƴ ǎƛŘŜπǊŜŀŎǘƛƻƴǎ ǘƻ ŘƻƳƛƴŀǘŜΣ ƭƛƳƛǘƛƴƎ ǘƘŜ 

ŀŎƘƛŜǾŀōƭŜ ŘŜƎǊŜŜ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴΦ CƻǊ ǘƘŜ ŎŀǎŜ ƻŦ tƻƭȅƳŜǊ рΣ ƳƻƴƻƳŜǊ ŀƴŘ Ŏŀǘŀƭȅǎǘ 

ŎƻƴǘŜƴǘ Ƙŀǎ ōŜŜƴ ƛƴŎǊŜŀǎŜŘ ǘƻ ǊŜŦƭŜŎǘ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ǘŀǊƎŜǘŜŘ 5tΣ ƳŜŀƴƛƴƎ ƴƻ ŎƘŀƴƎŜ ƛƴ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǊŜƭŀǘƛǾŜ ǘƻ ǘƘŜ ƛƴƛǘƛŀǘƻǊ ŘŜŎǊŜŀǎŜΦ ¢ƘŜ ŀǇǇŀǊŜƴǘ ǊŜǎǳƭǘ Ƙŀǎ ōŜŜƴ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ 

ǘƘŜ ƴǳƳōŜǊ ƻŦ ǊŜǇŜŀǘ ǳƴƛǘǎ ǘƻ пуΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ŀƭǎƻ ŀƴ ŜŦŦŜŎǘƛǾŜ ƳƻƴƻƳŜǊ ŎƻƴǾŜǊǎƛƻƴ ƻŦ пу 

҈Σ ƘƛƎƘŜǊ ǘƘŀƴ ǘƘƻǎŜ ƻŦ ǘƘŜ ƻǘƘŜǊ ǇƻƭȅƳŜǊǎ όŎƻƴŦƭƛŎǘƛƴƎ C¢Lw Řŀǘŀ ƴƻǘǿƛǘƘǎǘŀƴŘƛƴƎύΦ ¢Ƙƛǎ Ŏŀƴ 

ƭƛƪŜƭȅ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƘŜ ƛƴŎǊŜŀǎŜŘ ǊŜŀŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜ ŀŎǘƛƴƎ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ǊŀǘŜ ƻŦ 

ǇǊƻǇŀƎŀǘƛƻƴ ŀƴŘ ǊŜŘǳŎŜ ƻǾŜǊŀƭƭ ǊŜŀŎǘƛƻƴ ǘƛƳŜΣ ƻŦŦŜǊƛƴƎ ƭŜǎǎ ƻǇǇƻǊǘǳƴƛǘȅ ŦƻǊ ǎƛŘŜ ǊŜŀŎǘƛƻƴǎ ǘƻ 

ƛƳǇŀŎǘ ƳƻƴƻƳŜǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀƴŘ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ƘƛƎƘŜǊ 5t ǇƻƭȅόƳŀƴŘŜƭƛŎ ŀŎƛŘύ ōƭƻŎƪΦ ²ƘƛƭŜ 

ǘƘŜ ƛƴƛǘƛŀǘƻǊΥŎŀǘŀƭȅǎǘ Ǌŀǘƛƻ ǿŀǎ ŀƭǎƻ ƘƛƎƘŜǊ ƛƴ ǘƘƛǎ ŎŀǎŜΣ ǘƘŜ Ǌŀǘƛƻ ƛǎ ŎƻƳǇŀǊŀōƭŜ ǿƛǘƘ ǘƘŀǘ 

tƻƭȅƳŜǊ нΣ ǿƘƛŎƘ ŘƛŘ ƴƻǘ ŜȄǇŜǊƛŜƴŎŜ ŀƴȅ ƛƴŎǊŜŀǎŜ ƛƴ ŀŎƘƛŜǾŜŘ 5t ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘƛǎ ŎƘŀƴƎŜΦ  

²Ƙƛƭǎǘ ǘƘŜ Řŀǘŀ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ CƛƎǳǊŜ пΦм ǇǊƻǾƛŘŜǎ ƪŜȅ ŜǾƛŘŜƴŎŜ ŦƻǊ ǘƘŜ ŀŎƘƛŜǾŜŘ 5t ǾŀƭǳŜǎ ŦƻǊ 

ǘƘŜ ƘȅŘǊƻǇƘƻōƛŎ ōƭƻŎƪ ƻŦ ǇƻƭȅƳŜǊ мπсΣ ǘƘŜ ŎƻƴǘŜȄǘ ǿŀǎ ƴƻǘ Ŧǳƭƭȅ ŜǎǘŀōƭƛǎƘŜŘ ǳƴǘƛƭ 

ŎƻƳǇƭƛƳŜƴǘŀǊȅ ǎƛȊŜπŜȄŎƭǳǎƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅ ό{9/ύ Řŀǘŀ ǿŀǎ ƻōǘŀƛƴŜŘ ŦƻǊ ǘƘŜ ǇǊƻŘǳŎǘǎΦ {9/ 

ŀǇǇŀǊŀǘǳǎ ǿŀǎ ƳŀŘŜ ŀǾŀƛƭŀōƭŜ ŀǇǇǊƻȄƛƳŀǘŜƭȅ му ƳƻƴǘƘǎ ŀŦǘŜǊ ŎƻƳǇƭŜǘƛƻƴ ƻŦ Ƴt9Dπōπta! 

ŘǊǳƎ ǊŜƭŜŀǎŜΣ ǊŜǇƻǊǘŜŘ ƛƴ {ŜŎǘƛƻƴ пΦоΦрΣ ŀƴŘ ŀƭƭ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘǎ ŜȄŎƭǳŘƛƴƎ р όŦƻǊ ǿƘƛŎƘ ǎǘƻŎƪ 

ƘŀŘ ōŜŜƴ ŘŜǇƭŜǘŜŘύ ǿŜǊŜ ŀƴŀƭȅǎŜŘΦ ¢Ƙƛǎ Řŀǘŀ ǿŀǎ ŎƻƭƭŜŎǘŜŘ ǘƻ ǇǊƻǾƛŘŜ ŀ ƳƻǊŜ ŎƻƳǇǊŜƘŜƴǎƛǾŜ 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ŎƻƴŦƭƛŎǘƛƴƎ ŦƛƴŘƛƴƎǎ 
м
I baw ŀƴŘ C¢Lw ŀƴŀƭȅǎŜǎΣ ŎƻƴŘǳŎǘŜŘ ƘŜǊŜΦ  
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{9/ ŀƭƭƻǿǎ ŦƻǊ ǎŜǇŀǊŀǘƛƻƴ ƳŀǘŜǊƛŀƭǎ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜƛǊ ǊŜƭŀǘƛǾŜ ǎƛȊŜΣ ƳŜŀƴƛƴƎ ǘƘŀǘ ƻƴƭȅ 

ǇƻƭȅƳŜǊƛŎ ǎǇŜŎƛŜǎ ƛƴ ǘƘŜ ǊŜƭŜǾŀƴǘ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ǊŀƴƎŜ ǿƛƭƭ ōŜ ƻōǎŜǊǾŜŘΦ ²Ƙƛƭǎǘ ŎƘŜƳƛŎŀƭ 

ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǇǊƻŘǳŎǘǎ ŀƴŘ ŎŀƭƛōǊŀƴǘ ŦƻǊ ǘƘƛǎ ǎȅǎǘŜƳ όǇƻƭȅǎǘȅǊŜƴŜύ ǇǊŜǾŜƴǘ 

ǎǘŀǘŜƳŜƴǘ ƻŦ ŀōǎƻƭǳǘŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ǾŀƭǳŜǎ ŦƻǊ ǘƘŜǎŜ ǇǊƻŘǳŎǘǎΣ ǘƘŜ {9/ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ ƛƴ 

CƛƎǳǊŜ пΦн ŘƻŜǎ ǇǊƻǾƛŘŜ ŀ ǉǳŀƭƛǘŀǘƛǾŜ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ ǊŜƭŀǘƛǾŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ǾŀƭǳŜǎ 

ŀŎƘƛŜǾŜŘ ŦƻǊ ǘƘŜ ǇǊƻŘǳŎǘǎ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ Ƴt9DπhI όaΦ²Φ рллл Ǝ Ƴƻƭ
πм
ύΣ ŀǎ ǿŜƭƭ ŀǎ ǊŜƭŀǘƛǾŜ 

ŘƛǎǇŜǊǎƛǘȅ ǾŀƭǳŜǎ ό7ύΣ ǿƘƛŎƘ ƛƴŘƛŎŀǘŜ ǘƘŜ ǳƴƛŦƻǊƳƛǘȅ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘǎΦ  

 
CƛƎǳǊŜ пΦнΥ {9/ Řŀǘŀ ŦƻǊ Ƴt9DπhI ƳŀŎǊƻƛƴƛǘƛŀǘƻǊ ŀƴŘ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘǎ мΣ нΣ оΣ пΣ ŀƴŘ сΣ ǘŀƪŜƴ 

ƛƴ ¢IC ƳƻōƛƭŜ ǇƘŀǎŜΦ  

!ǎ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ CƛƎǳǊŜ пΦнΣ ŜŀŎƘ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘǎ ŀǇǇŜŀǊǎ ǘƻ ƘŀǾŜ ŀƴ ƛƴŎǊŜŀǎŜŘ 

ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ Ƴt9DπhI ƳŀŎǊƻƛƴƛǘƛŀǘƻǊΣ ŀǎ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ǎƭƛƎƘǘ 

ǎƘƛŦǘ ƻŦ ǘƘŜƛǊ ǇŜŀƪǎ ǘƻǿŀǊŘǎ ŀ ƭƻǿŜǊ Ŝƭǳǘƛƻƴ ǘƛƳŜΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜǊŜ ŀǇǇŜŀǊǎ ǘƻ ōŜ ƭƛǘǘƭŜ 

ōǊƻŀŘŜƴƛƴƎ ƻŦ ǘƘŜ ǇŜŀƪǎΣ ǎǳƎƎŜǎǘƛǾŜ ƻŦ ŀ ƳƛƴƛƳŀƭ ŎƘŀƴƎŜ ƛƴ ǘƘŜƛǊ ǳƴƛŦƻǊƳƛǘȅ ŀƴŘ 

ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŘƛǎǇŜǊǎƛǘȅ ǾŀƭǳŜǎ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ƳŀŎǊƻƛƴƛǘƛŀǘƻǊΦ  
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Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ƘŜǊŜ ǘƘŀǘ ŀ ǎƘƻǳƭŘŜǊ ǇŜŀƪ ƛǎ ǾƛǎƛōƭŜ ƛƴ ǘƘŜ {9/ ǘǊŀŎŜǎ ƻŦ ƴƻǘ ƻƴƭȅ ǘƘŜ 

ǇǊƻŘǳŎǘǎΣ ōǳǘ ŀƭǎƻ ǘƘŜ Ƴt9DπhI ƳŀŎǊƻƛƴƛǘƛŀǘƻǊΦ ¢Ƙƛǎ ǎƘƻǳƭŘŜǊ ŀǇǇŜŀǊǎ ŀǘ ŀ ƭƻǿŜǊ Ŝƭǳǘƛƻƴ ǘƛƳŜ 

ǘƘŀƴ ǘƘŜ Ƴŀƛƴ ŎƘŀƛƴ ǇƻǇǳƭŀǘƛƻƴΣ ŀƴŘ ƛǎ ǘƘŜǊŜŦƻǊŜ ƛƴŘƛŎŀǘƛǾŜ ƻŦ ŀ ƘƛƎƘŜǊ aΦ²Φ ŦǊŀŎǘƛƻƴ ǿƛǘƘƛƴ 

ǘƘŜ ŎƻƳƳŜǊŎƛŀƭ ǎǘŀǊǘƛƴƎ ƳŀǘŜǊƛŀƭΦ {ǳŎƘ ǎƘƻǳƭŘŜǊ ŦŜŀǘǳǊŜǎ ŀǊŜ ƻŦǘŜƴ ŀ ŎƻƴǎŜǉǳŜƴŎŜ ƻŦ ǘƘŜ 

ŀƴƛƻƴƛ ǊƛƴƎπƻǇŜƴƛƴƎ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ƻŦ ŜǘƘȅƭŜƴŜ ƻȄƛŘŜ ǳǎŜŘ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜ Ƴt9D ŀƴŘ ŀǊŜ ǿŜƭƭ 

ŎƘŀǊŀŎǘŜǊƛǎŜŘ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΦ LŦ ǊŜǎƛŘǳŀƭ ƳƻƛǎǘŜǊ ƛǎ ǇǊŜǎŜƴǘ ŘǳǊƛƴƎ ǎȅƴǘƘŜǎƛǎΣ ǿŀǘŜǊ Ŏŀƴ ŀŎǘ ŀǎ 

ŀ ōƛŦǳƴŎǘƛƻƴŀƭ ƛƴƛǘƛŀǘƻǊΣ ǇǊƻŘǳŎƛƴƎ Ihπt9DπhI Řƛƻƭ ŎƘŀƛƴǎ ŀƭƻƴƎǎƛŘŜ ǘƘŜ ƛƴǘŜƴŘŜŘ Ƴt9DπhI 

ǇǊƻŘǳŎǘ ŀƴŘ ȅƛŜƭŘƛƴƎ ŀ ƘŜǘŜǊƻƎŜƴŜƻǳǎ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ŎƘŀƛƴ ƭŜƴƎǘƘǎ ŘŜǘŜŎǘŀōƭŜ ōȅ {9/ΦмнΣмо !ǎ 

Ƴt9DπhI ŀŎǘǎ ŀǎ ǘƘŜ ƳŀŎǊƻƛƴƛǘŀǘƻǊ ŦƻǊ h/!πwht ƘŜǊŜΣ ŀƭƭ ŎƘŀƛƴπƭŜƴƎǘƘ ǇƻǇǳƭŀǘƛƻƴǎ ǇǊŜǎŜƴǘ 

ǿƛǘƘƛƴ ǘƘŜ ǎǘŀǊǘƛƴƎ ƳŀǘŜǊƛŀƭΣ ƛƴŎƭǳŘƛƴƎ ǘƘƛǎ ƘƛƎƘŜǊ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ŦǊŀŎǘƛƻƴΣ ŀǊŜ ŎŀǇŀōƭŜ ƻŦ 

ƛƴƛǘƛŀǘƛƻƴΦ ¢ƘŜ ǎƘƻǳƭŘŜǊ ƛǎ ǘƘŜǊŜŦƻǊŜ ƳŀƛƴǘŀƛƴŜŘ ŀŎǊƻǎǎ ŀƭƭ ǇƻƭȅƳŜǊ ǇƻǇǳƭŀǘƛƻƴǎ όмπсύΣ ǿƛǘƘ ǘƘŜ 

ǎƘƻǳƭŘŜǊ ǎƘƛŦǘƛƴƎ ǘƻ ƭƻǿŜǊ Ŝƭǳǘƛƻƴ ǘƛƳŜǎ ƛƴ ǘŀƴŘŜƳ ǿƛǘƘ ǘƘŜ Ƴŀƛƴ ǇŜŀƪΣ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ 

ǎǳŎŎŜǎǎŦǳƭ ŎƘŀƛƴ ŜȄǘŜƴǎƛƻƴ ŦǊƻƳ ǘƘŜ ƘƛƎƘŜǊπa² ŦǊŀŎǘƛƻƴΦ ¢Ƙƛǎ ōŜƘŀǾƛƻǳǊ ƛǎ ŘƛǎŎǳǎǎŜŘ ŦǳǊǘƘŜǊ 

ƛƴ {ŜŎǘƛƻƴ рΦоΦоΣ ǿƘŜǊŜ ŀƴŀƭƻƎƻǳǎ ǎƘƻǳƭŘŜǊǎ ŦŜŀǘǳǊŜ ƛƴ ǿƻǊƪ ǳǎƛƴƎ Ƴt9DπbIнΦ  

.ƻǘƘ ƻŦ ǘƘŜǎŜ ƻōǎŜǊǾŀǘƛƻƴǎ Ŏŀƴ ōŜ ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ǾŀƭǳŜǎ ŦƻǊ ƴǳƳōŜǊπŀǾŜǊŀƎŜ 

ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ όaƴύΣ ǿŜƛƎƘǘπŀǾŜǊŀƎŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ όaǿύ ŀƴŘ ŘƛǎǇŜǊǎƛǘȅ ό7ύ ƻŦ ǘƘŜǎŜ 

ǇƻƭȅƳŜǊǎΣ ǇǊƻǾƛŘŜŘ ƛƴ ¢ŀōƭŜ пΦо ōŜƭƻǿΦ  

¢ŀōƭŜ пΦоΥ /ƻƳǇŀǊŀǘƛǾŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ Řŀǘŀ ƻōǘŀƛƴŜŘ ŦǊƻƳ 
м
I baw ŜǎǘƛƳŀǘƛƻƴ ŀƴŘ {9/ 

ŀƴŀƭȅǎƛǎΣ ŀǎ ǿŜƭƭ ŀǎ ŘƛǎǇŜǊǎƛǘȅ ǾŀƭǳŜǎ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ {9/Φ   

 

 

 

 

 

 

 

Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ƘŜǊŜ ǘƘŀǘ ǘƘŜ ŘŜǘŜǊƳƛƴŜŘ ǾŀƭǳŜǎ ŦƻǊ aƴ ŀƴŘ aǿ ŀǊŜ ƴƻǘƛŎŜŀōƭȅ ŘƛŦŦŜǊŜƴǘ 

ŦǊƻƳ ǘƘŜ ŜȄǇŜŎǘŜŘ aΦ²Φ ǾŀƭǳŜǎ ǎǳƎƎŜǎǘŜŘ ōȅ мI bawΦ ¢Ƙƛǎ ƛǎ ǇǊƛƳŀǊƛƭȅ ŘǳŜ ǘƻ ǘƘŜ ǳǎŜ ƻŦ ŀ 

ǇƻƭȅǎǘȅǊŜƴŜ ŎŀƭƛōǊŀƴǘ ŦƻǊ ǘƘŜ {9/ ŀǇǇŀǊŀǘǳǎ ƘŜǊŜ ǳǘƛƭƛǎŜŘΦ  
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²Ƙƛƭǎǘ ǎǘȅǊŜƴŜ ŀƴŘ ƳŀƴŘŜƭƛŎ ŀŎƛŘ Řƻ ƘŀǾŜ ŀ ǇƘŜƴȅƭ ƎǊƻǳǇ ƛƴ ŎƻƳƳƻƴΣ ǘƘŜȅ ŀǊŜ ŎƘŜƳƛŎŀƭƭȅ 

ŘƛǎǘƛƴŎǘ ŦǊƻƳ ƻƴŜ ŀƴƻǘƘŜǊ ƛƴ ǘƘŜƛǊ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ¢IC ǎƻƭǾŜƴǘΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜƛǊ Ƴƻōƛƭƛǘȅ ŀŎǊƻǎǎ 

ŀƴ {9/ ŎƻƭǳƳƴΣ ŀƴ ŜŦŦŜŎǘ ǿƘƛŎƘ ƛǎ ƻƴƭȅ ƳƻǊŜ ǇǊƻƴƻǳƴŎŜŘ ǿƘŜƴ ŎƻƳǇŀǊƛƴƎ ǘƘŜ Ƴt9D 

ŎƻǇƻƭȅƳŜǊ ōƭƻŎƪ ǿƛǘƘ ǎǘȅǊŜƴŜΦ !ǎ ǎǳŎƘΣ ǿƘƛƭǎǘ ǘƘŜǎŜ ǾŀƭǳŜǎ ƘŀǾŜ ōŜŜƴ ǊŜǇƻǊǘŜŘΣ ǘƘŜȅ ŀǊŜ ƻƴƭȅ 

ǘƻ ōŜ ǘŀƪŜƴ ŦƻǊ ǉǳŀƭƛǘŀǘƛǾŜ ŎƻƳǇŀǊƛǎƻƴ ŀƎŀƛƴǎǘ ƻƴŜ ŀƴƻǘƘŜǊΣ ŀƴŘ ƴƻǘ ŀǎ ŀ ǉǳŀƴǘƛǘŀǘƛǾŜ 

ǊŜǇǊŜǎŜƴǘŀǘƛǾŜ ƻŦ ǘǊǳŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ǾŀƭǳŜǎΦ ²ƛǘƘ ǘƘŜ ŎƻƴǘŜȄǘ ŀŘŘŜŘ ōȅ ¢ŀōƭŜ пΦоΣ ƛǘ Ŏŀƴ 

ōŜ ƳƻǊŜ ŎƻƴŦƛŘŜƴǘƭȅ ǎǳǊƳƛǎŜŘ ŦǊƻƳ ǘƘŜ Řŀǘŀ ǘƘŀǘ ŜŀŎƘ ǘƘŜ ǇǊƻŘǳŎǘ ǇƻƭȅƳŜǊǎ Ƙŀǎ ŜȄǇŜǊƛŜƴŎŜŘ 

ǎƻƳŜ ŘŜƎǊŜŜ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ŦǊƻƳ ǘƘŜ ƳŀŎǊƻƛƴƛǘƛŀǘƻǊΦ Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ ǾŀƭǳŜ ŦƻǊ 7 ǊŜƳŀƛƴŜŘ 

ǊŜƭŀǘƛǾŜƭȅ ŎƻƴǎƛǎǘŜƴǘ ōŜǘǿŜŜƴ ǘƘŜ ƳŀŎǊƻƛƴƛǘƛŀǘƻǊ ŀƴŘ ǘƘŜ ǇǊƻŘǳŎǘǎ ǇƻƭȅƳŜǊǎΣ ǿƛǘƘ ǘƘŜ 

ŜȄŎŜǇǘƛƻƴ ƻŦ ǇƻƭȅƳŜǊǎ н ŀƴŘ сΦ ¢Ƙƛǎ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜ wht ƻŦ aŀƴπh/! ǿŀǎ ŀŎƘƛŜǾŜŘ ǿƛǘƘ 

ƴŀǊǊƻǿ ŘƛǎǇŜǊǎƛǘȅ ƛƴ ŀ ǿŜƭƭπŎƻƴǘǊƻƭƭŜŘ ƳŀƴƴŜǊΣ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ŜȄǇŜŎǘŀǘƛƻƴǎ ŦƻǊ ŀ ŎƻƴǘǊƻƭƭŜŘ 

ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ǎǳŎƘ ŀǎ h/! whtΦ  

CƻǊ ǇƻƭȅƳŜǊ нΣ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ŘƛǎǇŜǊǎƛǘȅ ƻŦ лΦлрΣ ǿƘƛƭŜ ǎƳŀƭƭΣ ƛǎ ǊŜƭŜǾŀƴǘ ǘƻ ƴƻǘŜ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ 

ƻŦ ŀ ŎƻƴǘǊƻƭƭŜŘ ǊƛƴƎπƻǇŜƴƛƴƎ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴΦ ¢ƘŜ ƛƴŎǊŜŀǎŜŘ Ŏŀǘŀƭȅǎǘ ŎƻƴǘŜƴǘ ƻŦ ǘƘƛǎ ǊŜŀŎǘƛƻƴ 

ǎƘƻǳƭŘ ƴƻǘ ƘŀǾŜ ƛƴŦƭǳŜƴŎŜŘ ǘƘƛǎ ŎƘŀƴƎŜΣ ŀǎ ƛƴ ŀƭƭ ŎŀǎŜǎ ƘŜǊŜ Ŏŀǘŀƭȅǎǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ǿŀǎ ƛƴ 

ƳƛƴƛƳǳƳ рΥм ŜȄŎŜǎǎ ƻǾŜǊ ǘƘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ƛƴƛǘƛŀǘƻǊΦ  

hƴŜ ǇƻǘŜƴǘƛŀƭ ŜȄǇƭŀƴŀǘƛƻƴ ŎƻǳƭŘ ƛƴǎǘŜŀŘ ōŜ ǘƘŜ ŜŦŦŜŎǘ ƻŦ ƛƴŎǊŜŀǎŜŘ Ŏŀǘŀƭȅǎǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻƴ 

ǘƘŜ ǘƻǘŀƭ ǊŜƭŀǘƛǾŜ ǾƻƭǳƳŜ όw±ύ ƻŦ ǎƻƭƛŘ ƳŀǘŜǊƛŀƭǎ ƛƴ ǘƘƛǎ ǊŜŀŎǘƛƻƴΣ ŀǎ w± ŦƻǊ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ н 

ǿŀǎ ƘƛƎƘŜǊ ǘƘŀƴ ǘƘŀǘ ƻŦ ŀƴȅ ƻŦ ǘƘŜ ƻǘƘŜǊ ǊŜŀŎǘƛƻƴǎΦ LŦ ǘƘƛǎ ǿŜǊŜ ǘƻ ƘŀǾŜ ŀ ŘŜǘǊƛƳŜƴǘŀƭ ŜŦŦŜŎǘ ƻƴ 

ǘƘŜ ǎƻƭǳōƛƭƛǘȅ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ ƳŀǘŜǊƛŀƭǎΣ ƴŀƳŜƭȅ ǘƘŜ ǎƻƭǳōƛƭƛǘȅ ƻŦ ǘƘŜ ƳŀŎǊƻπƛƴƛǘƛŀǘƻǊΣ ǘƘŜƴ ǘƘŜ 

ǎǳōǎŜǉǳŜƴǘ ŘŜŎǊŜŀǎŜ ƛƴ ǊŀǘŜ ƻŦ ƛƴƛǘƛŀǘƛƻƴ ŎƻǳƭŘ ǘƘŜƴ ŀŦŦŜŎǘ ǘƘŜ Ŧƛƴŀƭ ŘƛǎǇŜǊǎƛǘȅ ǾŀƭǳŜΦ 

CǳǊǘƘŜǊƳƻǊŜΣ ǘƘƛǎ Ŏŀƴ ōŜ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ŀǇǇŀǊŜƴǘ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ aƴ ŀƴŘ aǿ ǾŀƭǳŜǎ ŦƻǊ ǇƻƭȅƳŜǊ 

н ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǇƻƭȅƳŜǊǎ м ŀƴŘ оΣ Ǌǳƴ ŀǘ ǘƘŜ ǎŀƳŜ ǘŜƳǇŜǊŀǘǳǊŜΦ ! ŘŜŎǊŜŀǎŜŘ ǎƻƭǳōƛƭƛǘȅ ƻŦ 

ǘƘŜ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘ Ƴŀȅ ŀƭǎƻ ǊŜǎǳƭǘ ƛƴ ǊŜǘŀǊŘŀǘƛƻƴ ƻŦ ǘƘŜ ǊŀǘŜ ƻŦ ǇǊƻǇŀƎŀǘƛƻƴ ǿƘƛŎƘΣ ƛƴ ǘŀƴŘŜƳ 

ǿƛǘƘ ǘƘŜ ƛƴŎǊŜŀǎŜŘ ǊŀǘŜ ƻŦ ǎƛŘŜ ǊŜŀŎǘƛƻƴ ŘǳŜ ǘƻ ƘƛƎƘŜǊ Ŏŀǘŀƭȅǎǘ ŎƻƴǘŜƴǘΣ ǿƻǳƭŘ ŀŎǘ ǘƻ ǊŜŘǳŎŜ 

ǘƘŜ ŀŎƘƛŜǾŀōƭŜ ŘŜƎǊŜŜ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴΣ ŎƻǊǊŜǎǇƻƴŘƛƴƎƭȅ ǊŜŘǳŎƛƴƎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ta! 

ǊŜǇŜŀǘ ǳƴƛǘǎ ƛƴ ǘƘŜ ǇǊƻŘǳŎǘΦ ¢Ƙƛǎ ŜŦŦŜŎǘ Ŏŀƴ ŀƭǎƻ ōŜ ǎŜŜƴ ŦƻǊ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ сΣ ŦƻǊ ǿƘƛŎƘ ǘƘŜ 

ŘŜŎǊŜŀǎŜŘ ǊŜŀƎŜƴǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ Ƙŀǎ ƛƳǇŀǊǘŜŘ ŀ ǎƛƳƛƭŀǊ ŘŜŎǊŜŀǎŜ ƛƴ ǇǊƻǇŀƎŀǘƛƻƴ ǊŀǘŜΣ ŀǎ 

ŘƛǎŎǳǎǎŜŘ ŜŀǊƭƛŜǊΦ {ƭƻǿŜǊ ǇǊƻǇŀƎŀǘƛƻƴ ǊŀǘŜ Ŏŀƴ ŀƭƭƻǿ ŦƻǊ ƛƴŎƻƴǎƛǎǘŜƴǘ ŎƘŀƛƴ ƎǊƻǿǘƘ ŀŎǊƻǎǎ ǘƘŜ 

ǎŀƳǇƭŜΣ ƎƛǾƛƴƎ ƭŀǊƎŜǊ ǾŀƭǳŜǎ ŦƻǊ 7Φ  
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CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ ƛƴŎǊŜŀǎŜŘ ǊŜŀŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜ Ƴŀȅ ƘŀǾŜ ŀŎǘŜŘ ǘƻ ƛƴŎǊŜŀǎŜ 7 ōȅ 

ŜȄŀŎŜǊōŀǘƛƴƎ ƛƴŎƻƴǎƛǎǘŜƴǘ ŎƘŀƛƴ ƎǊƻǿǘƘ ǘƘǊƻǳƎƘ ƘƻǘǎǇƻǘǎ ƻŦ ƴƻƴπǳƴƛŦƻǊƳ ƘŜŀǘƛƴƎΣ ŀǎ ǿŜƭƭ ŀǎ 

ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ Ǉƻǎǎƛōƛƭƛǘȅ ŦƻǊ ǎƛŘŜ ǊŜŀŎǘƛƻƴǎ ƻŦ ǘƘŜ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘ ǿƛǘƘ ƴƻƴπŎƻƴǎǘǊǳŎǘƛǾŜ 

ƛƳǇǳǊƛǘƛŜǎΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ǇǊŜƳŀǘǳǊŜ ŎƘŀƛƴ ǘŜǊƳƛƴŀǘƛƻƴΦ IƻǿŜǾŜǊΣ ƛǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ ŀŎǊƻǎǎ 

ǘƘŜ ǊŀƴƎŜ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ǊŜŀŎǘƛƻƴǎ ǊŜǇƻǊǘŜŘ ƘŜǊŜΣ 7 ǾŀƭǳŜǎ ŀǊŜ ǎǘƛƭƭ ƭŀǊƎŜƭȅ ǳƴŎƘŀƴƎŜŘ ŀƴŘ 

ŀƭƭ ƭƛŜ ōŜƭƻǿ мΦоΣ ǎǳƎƎŜǎǘƛƴƎ ǘƘŀǘ ƴŀǊǊƻǿƭȅ ŎƻƴǘǊƻƭƭŜŘ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ Ƙŀǎ ǎǘƛƭƭ ōŜŜƴ ŀŎƘƛŜǾŜŘΦ  

!ƴ ŜȄǇŀƴŘŜŘ ǾƛŜǿ ƻŦ ǘƘŜ {9/ ǇŜŀƪǎ Ƙŀǎ ōŜŜƴ ǇǊƻǾƛŘŜŘ ǿƛǘƘƛƴ CƛƎǳǊŜ пΦнΣ ǘƻ ŀƭƭƻǿ ƎǊŜŀǘŜǊ 

ŘƛǎǘƛƴŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜƳ ŀƴŘ ǘƻ ǎǳǇǇƻǊǘ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ aƴ ŀƴŘ aǿ ǾŀƭǳŜǎ ƻōǘŀƛƴŜŘΦ 

LƳǇƻǊǘŀƴǘƭȅΣ ǿƘƛƭǎǘ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ǾŀƭǳŜǎ ōŜǘǿŜŜƴ ƘŀǾŜ ōŜŜƴ ŘŜǘŜǊƳƛƴŜŘ ŦƻǊ ǘƘŜ ǇƻƭȅƳŜǊǎΣ 

ǳǇƻƴ ǉǳŀƭƛǘŀǘƛǾŜ ŎƻƳǇŀǊƛǎƻƴ ŀƎŀƛƴǎǘ ƻƴŜ ŀƴƻǘƘŜǊ ŘƛǎǇŀǊƛǘƛŜǎ Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ ōŜǘǿŜŜƴ ǘƘŜ 

ǾŀƭǳŜǎ ƻŦ aΦ²Φ ƻōǘŀƛƴŜŘ Ǿƛŀ ŜǎǘƛƳŀǘƛƻƴ ǊŜǇŜŀǘ ǳƴƛǘ ŜǎǘƛƳŀǘƛƻƴ ŦǊƻƳ мI bawΣ ŀƴŘ ǘƘŜ ǾŀƭǳŜǎ 

ŘŜǘŜǊƳƛƴŜŘ ōȅ {9/Φ  

aƻǎǘ ƴƻǘŀōƭȅΣ ǘƘŜǎŜ ŘƛŦŦŜǊŜƴŎŜǎ Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ ŦƻǊ ǇƻƭȅƳŜǊ нΣ ŦƻǊ ǿƘƛŎƘ ǊŜŎƻǊŘŜŘ aƴ ƛǎ 

ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭƻǿŜǊ ǘƘŀƴ ǘƘƻǎŜ ƻŦ ǇƻƭȅƳŜǊǎ м ŀƴŘ оΣ ŎƻƴǘǊŀǎǘƛƴƎ ǿƛǘƘ ǘƘŜ ŜǎǘƛƳŀǘƛƻƴ ƻōǘŀƛƴŜŘ 

Ǿƛŀ мI bawΣ ŀƴŘ ŦƻǊ ǇƻƭȅƳŜǊ пΣ ŦƻǊ ǿƘƛŎƘ aƴ ǾŀƭǳŜǎ ǎǳƎƎŜǎǘ ŀ ǎƛƳƛƭŀǊ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ǘƻ 

ǇƻƭȅƳŜǊǎ м ŀƴŘ оΣ ŘŜǎǇƛǘŜ ŜǎǘƛƳŀǘƛƻƴ ŦǊƻƳ мI baw ƛƴŘƛŎŀǘƛƴƎ ŀ ŘƛŦŦŜǊŜƴŎŜ ƻŦ рπт ǊŜǇŜŀǘ ǳƴƛǘǎ 

ōŜǘǿŜŜƴ ǘƘŜƳΦ Lƴ ŦŀŎǘΣ ŎŀƭŎǳƭŀǘƛƻƴ ŦǊƻƳ ǘƘŜ ǾŀƭǳŜǎ ŜǎǘƛƳŀǘŜŘ ōȅ мI baw ǇǊƻǾƛŘŜǎ ǾŀƭǳŜǎ ŦƻǊ 

ǘƘŜ ǇŜŀƪ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ όaǇύ ǊŀƴƎƛƴƎ ŦǊƻƳ мрΦпф Ƴƛƴ ǘƻ мрΦтл ƳƛƴΣ ǿƘŜǊŜŀǎ ƛƴ ǘƘŜ ǾŀƭǳŜǎ 

ƻōǘŀƛƴŜŘ ŦǊƻƳ {9/ ŜȄƘƛōƛǘŜŘ aǇ ǾŀƭǳŜǎ ŎƭƻǎŜƭȅ ŎŜƴǘǊŜŘ ŀǊƻǳƴŘ мрΦрн ƳƛƴΣ ǿƘƛŎƘ Ŏŀƴ ōŜ 

ǾƛǎǳŀƭƛǎŜŘ ōȅ ǘƘŜ ǎǘǊƻƴƎ ƻǾŜǊƭŀǇ ƻŦ ǇŜŀƪǎ ƛƴ CƛƎǳǊŜ пΦнΦ CǊƻƳ ǘƘŜǎŜ ŘŀǘŀΣ ƛǘ Ŏŀƴ ōŜ ƛƴŦŜǊǊŜŘ ǘƘŀǘ 

ǘƘŜǊŜ ƛǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛǎǇŀǊƛǘȅ ōŜǘǿŜŜƴ ǘƘŜ ŜǎǘƛƳŀǘƛƻƴǎ ƳŀŘŜ ŦǊƻƳ мI baw ŀƴŘ ǘƘŜ ǾŀƭǳŜǎ 

ƻōǘŀƛƴŜŘ ŦǊƻƳ {9/Φ ²Ƙƛƭǎǘ ǘƘƛǎ Ŏŀƴ ǘƻ ǎƻƳŜ ŜȄǘŜƴǘ ōŜ ŀǘǘǊƛōǳǘŜŘ ǘƻ ǘƘŜ ǎǳōƧŜŎǘƛǾƛǘȅ ƻŦ Ƴŀƴǳŀƭ 

ƛƴǘŜƎǊŀƭ ǊŀƴƎŜ ǎŜƭŜŎǘƛƻƴ ƛƴ baw ŀƴŀƭȅǎƛǎΣ ǘƘŜ ƳƻǊŜ ƭƛƪŜƭȅ ŎƻƴǘǊƛōǳǘƛƻƴ ŎƻƳŜǎ ŦǊƻƳ ǘƘŜ 

ǇǊŜǎŜƴŎŜ ƻŦ ƭƻǿπƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘΣ ƘŀǊŘ ǘƻ ǊŜƳƻǾŜ ƛƳǇǳǊƛǘƛŜǎ ǎǳŎƘ ŀǎ ǘƘŜ ƭƻǿπaΦ²Φ ƻƭƛƎƻƳŜǊǎ 

ŀƴŘ ƘȅŘǊƻƭȅǎŜŘ ƳŀƴŘŜƭƛŎ ŀŎƛŘ ƳƻƭŜŎǳƭŜǎ ŘƛǎŎǳǎǎŜŘ ǇǊŜǾƛƻǳǎƭȅΦ ¢ƘŜǎŜ ƳŀǘŜǊƛŀƭǎ Ŏŀƴƴƻǘ ōŜ 

ŘƛǎǘƛƴƎǳƛǎƘŜŘ ŦǊƻƳ ǘƘŜ ǇǊƻŘǳŎǘ ǇƻƭȅƳŜǊ ƛƴǘŜƎǊŀƭ ǊŀƴƎŜǎ ƻŦ мI bawΣ ōǳǘ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ 

ǾƛǎǳŀƭƛǎŜ ǘƘŜǎŜ ǎŜǇŀǊŀǘŜŘ ǎǇŜŎƛŜǎ Ǿƛŀ {9/Φ Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘΣ ƘƻǿŜǾŜǊΣ ǘƘŀǘ ƳŀǘŜǊƛŀƭǎ ƻŦ ǎǳŎƘ 

ƭƻǿ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ŀ ǊŜǘŜƴǘƛƻƴ ǘƛƳŜ ǘƘŀǘ Ŧŀƭƭǎ ƻǳǘǎƛŘŜ ǘƘŜ ŎŀƭƛōǊŀǘƛƻƴ ǊŀƴƎŜ 

ƻŦ ǘƘŜ ǇƻƭȅǎǘȅǊŜƴŜ ǎǘŀƴŘŀǊŘǎ ŦƻǊ ǘƘƛǎ {9/ ŀƴŀƭȅǎƛǎΣ ŀƴŘ ŀǎ ǎǳŎƘ Ŏŀƴƴƻǘ ōŜ ŀŎŎǳǊŀǘŜƭȅ ƳŜŀǎǳǊŜŘΦ 

IƻǿŜǾŜǊΣ ƭƻǿπaΦ²Φ ǇŜŀƪǎ Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ ŜȄǇŀƴŘŜŘ {9/ ǎǇŜŎǘǊŀ ǇǊƻǾƛŘŜŘ ǿƛǘƘƛƴ 
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CƛƎǳǊŜ пΦнΦ ²ƛǘƘƻǳǘ ŀƴȅ ƳŀǘŜǊƛŀƭ ǘƻ ŎƻƴŘǳŎǘ {9/ ƻŦ ./лосΣ ƛǘ ǿŀǎ ƴƻǘ ǇƻǎǎƛōƭŜ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƻ 

ǿƘŀǘ ŜȄǘŜƴǘ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ƘŀŘ ōŜŜƴ ŀŎƘƛŜǾŜŘΣ ƴƻǊ ǿŀǎ ƛǘ ǇƻǎǎƛōƭŜ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŀŎŎǳǊŀŎȅ 

ƻŦ ǘƘŜ мI bawπŘŜǊƛǾŜŘ 5t ŜǎǘƛƳŀǘŜ ƻŦ пуΦ  

¢ƘŜ ǊŜǎǳƭǘǎ ƻōǘŀƛƴŜŘ ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŀǘ ŎƻƴǘǊƻƭƭŜŘ h/!πwht ƻŦ ƳŀƴŘŜƭƛŎ ŀŎƛŘ h/! ŦǊƻƳ Ƴt9Dπ

hI Ƙŀǎ ƘŜǊŜ ōŜŜƴ ŀŎƘƛŜǾŜŘΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ŀ ǾƛŀōƭŜ ǊƻǳǘŜ ǘƻ ƴƻǾŜƭ Ƴt9Dπōπta! ōƭƻŎƪ 

ŎƻǇƻƭȅƳŜǊ ŀƳǇƘƛǇƘƛƭŜǎ ǿƛǘƘ ƴŀǊǊƻǿ ŘƛǎǇŜǊǎƛǘȅΦ ¢ƘŜ ǇƻǘŜƴǘƛŀƭ ƻŦ ǘƘŜǎŜ ǇƻƭȅƳŜǊǎ ǘƻ ǳƴŘŜǊƎƻ 

ǎŜƭŦπŀǎǎŜƳōƭȅ ƛƴǘƻ ǘƘŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎΣ ŎŀǇŀōƭŜ ƻŦ ŜƴŎŀǇǎǳƭŀǘƛƴƎ ŀƴŘ ŘŜƭƛǾŜǊƛƴƎ ŀ ǘƘŜǊŀǇŜǳǘƛŎ 

ǇŀȅƭƻŀŘ ǿŀǎ ǘƘŜƴ ŜǾŀƭǳŀǘŜŘΦ {ƘƻǳƭŘ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ǇǊƻǾŜ ǇƻǎǎƛōƭŜΣ ƛǘ ƛǎ ǘƘŜƴ ƴŜŎŜǎǎŀǊȅ ǘƻ 

ŜǾŀƭǳŀǘŜ ǘƘŜ ǎǘŀōƛƭƛǘȅ ƻŦ ǎǳŎƘ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǳƴŘŜǊ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ŎƻƴŘƛǘƛƻƴǎΣ ŀǎ ǿŜƭƭ ŀǎ ŀƴȅ 

ŎƻƴǘǊƻƭƭŜŘπǊŜƭŜŀǎŜ ǇǊƻǇŜǊǘƛŜǎ ǘƘŀǘ ƳƛƎƘǘ ōŜ ŜȄǇŜŘƛǘŜŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƭƻǿπǇI 

ŜƴǾƛǊƻƴƳŜƴǘǎΣ ǘƘŀƴƪǎ ǘƻ ǘƘŜ ǇƻƭȅόŜǎǘŜǊύ ōŀŎƪōƻƴŜ ƻŦ ta!Φ  

4.3.2 Preparation of mPEG-PMA Nanoparticles 

9ŀŎƘ ƻŦ ǘƘŜ t9Dπōπta! ŎƻǇƻƭȅƳŜǊǎ όмπсύ ǊŜǇƻǊǘŜŘ ƛƴ {ŜŎǘƛƻƴ пΦоΦм ǿŀǎ ǎǳōƧŜŎǘŜŘ ǘƻ ŀƴŀƭȅǎƛǎ 

ōȅ 5[{Σ ǘƻ ōŜǘǘŜǊ ǾƛǎǳŀƭƛǎŜ ǘƘŜƛǊ ŎŀǇŀŎƛǘȅ ǘƻ ǎŜƭŦπŀǎǎŜƳōƭŜ ƛƴǘƻ ǇƘȅǎƛƻƭƻƎƛŎŀƭƭȅπŎƻƳǇŀǘƛōƭŜ 

ƴŀƴƻǇŀǊǘƛŎƭŜǎΦ ¢ƘŜ ƳŜǘƘƻŘ ŦƻǊ ǘƘŜ ǎŜƭŦπŀǎǎŜƳōƭȅ ƻŦ ǘƘŜǎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ƛƴ ǿŀǘŜǊ ƛǎ ŘŜǎŎǊƛōŜŘ 

ƛƴ {ŜŎǘƛƻƴ пΦнΦоΣ ǿƘƛƭǎǘ ǘƘŀǘ ƻŦ 5[{ ƛǎ ǇǊƻǾƛŘŜŘ ƛƴ {ŜŎǘƛƻƴ нΦмлΦ ¦ǎƛƴƎ 5[{ ŀƴŀƭȅǎƛǎΣ ƛǘ ǿŀǎ 

ǇƻǎǎƛōƭŜ ǘƻ ŘŜǘŜǊƳƛƴŜ ōƻǘƘ ǘƘŜ ŀǾŜǊŀƎŜ ǇŀǊǘƛŎƭŜ ǎƛȊŜ όƛƴ ƴŀƴƻƳŜǘǊŜǎύ ŀƴŘ ǇƻƭȅŘƛǎǇŜǊǎƛǘȅ ƛƴŘŜȄ 

όt5Lύ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘǎΦ bƻǘŜ ƘŜǊŜ ǘƘŀǘ t5L ŘƛŦŦŜǊǎ ŦǊƻƳ ᶸΣ ŀǎ ǘƘŜ ƭŀǘǘŜǊ ǾŀƭǳŜ ƛǎ ƻōǘŀƛƴŜŘ 

ǇǊƛƳŀǊƛƭȅ Ǿƛŀ ŎƘǊƻƳŀǘƻƎǊŀǇƘƛŎ ƳŜǘƘƻŘǎΦ ²ƘƛƭŜ ǘƘŜ 5[{ Řŀǘŀ ŦƻǊ ǘƘŜǎŜ ǎŀƳǇƭŜǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ 

ƎǊŀǇƘƛŎŀƭƭȅ ƛƴ !ǇǇŜƴŘƛȄ !ΦпΦрΣ ǘƘŜ ǊŜƭŀǘƛǾŜ ǎƛȊŜǎ ŀƴŘ t5L ǾŀƭǳŜǎ ƻŦ ǘƘŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ƛǎ 

ŘƛǎǇƭŀȅŜŘ ƛƴ ¢ŀōƭŜ пΦп ōŜƭƻǿΦ  

¢ŀōƭŜ пΦпΥ {ƛȊŜ ǾŀƭǳŜǎ ŀƴŘ t5L ǾŀƭǳŜǎ ŦƻǊ ǇƻƭȅƳŜǊǎ мπсΣ ŀƭƻƴƎǎƛŘŜ мI bawπŜǎǘƛƳŀǘŜŘ ta! 
ǊŜǇŜŀǘ ǳƴƛǘǎΦ ±ŀƭǳŜǎ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ƳŜŀƴ ƻŦ ǘǊƛǇƭƛŎŀǘŜ ƳŜŀǎǳǊŜƳŜƴǘǎΦ   
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CǊƻƳ ¢ŀōƭŜ пΦп ƛǘ Ŏŀƴ ōŜ ǎŜŜƴ ǘƘŀǘ ŜŀŎƘ ǇƻƭȅƳŜǊ Ƙŀǎ ǳƴŘŜǊƎƻƴŜ ǎƻƳŜ ŀǎǎƻŎƛŀǘƛƻƴ ƛƴǘƻ ŀ 

ƴŀƴƻǎŎŀƭŜ ǇŀǊǘƛŎƭŜΣ ǘƘƻǳƎƘ ƴƻ ǎǘŀǘŜƳŜƴǘ Ŏŀƴ ōŜ ƳŀŘŜ ŀǎ ǘƻ ǘƘŜƛǊ ǎǘǊǳŎǘǳǊŜ όƳƛŎŜƭƭŀǊΣ 

ǇƻƭȅƳŜǊǎƻƳŀƭύ ƴƻǊ ǘƘŜƛǊ ƳƻǊǇƘƻƭƻƎȅ όǎǇƘŜǊƛŎŀƭΣ ǿƻǊƳπƭƛƪŜύΦ aƻǎǘ ƻŦ ǘƘŜǎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ 

ǊŜƳŀƛƴŜŘ ōŜƭƻǿ нлл ƴƳ ƛƴ ǎƛȊŜΣ ŀƴŘ ŀƭƭ ǿŜǊŜ ǊŜǇƻǊǘŜŘ ǿƛǘƘ t5L ǾŀƭǳŜǎ ōŜƭƻǿ лΦнΦ ¢Ƙƛǎ ƛǎ 

ǎǳƎƎŜǎǘƛǾŜ ǘƘŀǘ ǘƘŜ ǇƻƭȅƳŜǊǎ ŀǊŜ ƭƛƪŜƭȅ ǘƻ ƘŀǾŜ ŎƻŀƭŜǎŎŜŘ ƴƻǘ ƛƴǘƻ ǿŜƭƭπŘŜŦƛƴŜŘ ƳƛŎŜƭƭŜǎ ōǳǘ 

ǊŀǘƘŜǊ ƳƻǊŜ ŎƻƳǇƭŜȄΣ ȅŜǘ ǎǘƛƭƭ ǎǘŀōƛƭƛǎŜŘΣ ŀƎƎǊŜƎŀǘŜ ǎǇŜŎƛŜǎΦ ¢ƘŜ ƭŜƴƎǘƘ ƻŦ ŜǾŜƴ ǘƘŜ ƭŀǊƎŜǎǘ 

Ƴt9Dπōπta! ŎƘŀƛƴ όрύΣ ƛŦ ƭŀƛŘ ƭƛƴŜŀǊƭȅΣ Ŏŀƴ ōŜ ŎŀƭŎǳƭŀǘŜŘ ŀǎ соΦро ƴƳΣ ǿƘƛŎƘ Ŏŀƴ ōŜ 

ŜȄǘǊŀǇƻƭŀǘŜŘ ǘƻ ŀ ƳŀȄƛƳǳƳ ŘƛŀƳŜǘŜǊ ƻŦ мнтΦлт ƴƳ ŦƻǊ ǘǿƻ ŎƘŀƛƴǎ ŜƴŘπǘƻ ŜƴŘΦ
мп
 ¢ƘŜ ǊŜŀƭƛǘȅ 

ŦƻǊ ŀ ǎǇƘŜǊƛŎŀƭ ƳƛŎŜƭƭŜ Ƴŀȅ ōŜ ŜǾŜƴ ǎƳŀƭƭŜǊΣ ǿƛǘƘ ƻǾŜǊƭŀǇ ōŜǘǿŜŜƴ ǊŜǇŜŀǘ ǳƴƛǘǎ ƛƴ ǘƘŜ 

ƘȅŘǊƻǇƘƻōƛŎ ŎƻǊŜ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ π̄̄ ǎǘŀŎƪƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ǇƘŜƴȅƭ ƎǊƻǳǇǎΦ  

²ƘƛƭŜ ǘƘŜ ƭŜƴƎǘƘ ǎŎŀƭŜǎ ƻōǎŜǊǾŜŘ ƛƴ ǘƘƛǎ ŀƴŀƭȅǎƛǎ ŀǊŜ ŎƭƻǎŜǊ ƛƴ ǎƛȊŜ ǘƻ ǘƘŜ ǘƘŜƻǊŜǘƛŎŀƭ ŘƛŀƳŜǘŜǊ 

ƻŦ ŀ ǇƻƭȅƳŜǊǎƻƳŜ ƻǊƎŀƴƛǎŀǘƛƻƴ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊǎΣ ǘƘƛǎ ƛǎ ƘƛƎƘƭȅ ǳƴƭƛƪŜƭȅΣ ŀƴŘ ǿƻǳƭŘ ǊŜǉǳƛǊŜ 

ǘŜŎƘƴƛǉǳŜǎ ǎǳŎƘ ŀǎ ǘǊŀƴǎƳƛǎǎƛƻƴ ŜƭŜŎǘǊƻƴ ƳƛŎǊƻǎŎƻǇȅ ǘƻ ǇǊƻǇŜǊƭȅ ǾƛǎǳŀƭƛǎŜ ŀƴŘ ŜǾƛŘŜƴŎŜΦ ! 

ƳƻǊŜ ǊŜŀƭƛǎǘƛŎ ŜȄǇƭŀƴŀǘƛƻƴ ƻŦ ǘƘŜ Řŀǘŀ ǘƘŜǊŜŦƻǊŜ ƭƛŜǎ ǿƛǘƘ ƳƻǊŜ ǇƻƻǊƭȅπŘŜŦƛƴŜŘ ŀƎƎǊŜƎŀǘŜ 

ǎǇŜŎƛŜǎΦ IƻǿŜǾŜǊΣ ǘƘŜǎŜ ǊŜǎǳƭǘǎ ǎǘƛƭƭ ǊŜŦƭŜŎǘ ǇƻǎƛǘƛǾŜƭȅ ƻƴ ǘƘŜ ƻōƧŜŎǘƛǾŜǎ ƻŦ ǘƘŜ ǊŜǎŜŀǊŎƘΦ 

CƻǊ ǘƘŜ ǎǇŜŎƛŦƛŎ ǇǳǊǇƻǎŜ ƻŦ ŘǊǳƎ ŘŜƭƛǾŜǊȅ ǘƻ ǘǳƳƻǳǊ ǎƛǘŜǎ ǿƛǘƘƛƴ ǘƘŜ ōƻŘȅΣ ŜȄƛǎǘƛƴƎ ƭƛǘŜǊŀǘǳǊŜ 

ǇǊŀƛǎŜǎ ǇŀǊǘƛŎƭŜǎ ōŜƭƻǿ нлл ƴƳ ƻƴ ǘƘŜƛǊ ŀōƛƭƛǘȅ ǘƻ ŀŎǘ ŀǎ ƭƻƴƎπŎƛǊŎǳƭŀǘƛƴƎ ŎŀǊǊƛŜǊǎ ǘƻ ǘǳƳƻǳǊ 

ǎƛǘŜǎ ǿƘŜǊŜǳǇƻƴ ǘƘŜȅ Ŏŀƴ ǳƴŘŜǊƎƻ ǎŜƭŜŎǘƛǾŜ ǊŜƭŜŀǎŜΣ ƻǊ ŀǊŜ ǇǊŜŦŜǊŜƴǘƛŀƭƭȅ ŀōǎƻǊōŜŘ ŘǳŜ ǘƻ ǘƘŜ 

ŜƴƘŀƴŎŜŘ ǇŜǊƳŜŀǘƛƻƴ ŀƴŘ ǊŜǘŜƴǘƛƻƴ ό9twύ ǇƘŜƴƻƳŜƴƻƴΦ
мр
 /ǊǳŎƛŀƭƭȅ ǘƘƛǎ ǎǳƎƎŜǎǘǎ ǘƘŀǘΣ 

ǇǊƻǾƛŘŜŘ ǘƘŜǊŜ ŀǊŜ ƳƛƴƛƳŀƭ ŎƘŀƴƎŜǎ ƛƴ ǎƛȊŜ ǳǇƻƴ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ƻŦ ŀ ŎƘŜƳƻǘƘŜǊŀǇŜǳǘƛŎ 

ƳƻƭŜŎǳƭŜΣ Ƴŀȅ ƛƴŘŜŜŘ ōŜ ǎǳƛǘŀōƭŜ ŦƻǊ ŀƴǘƛŎŀƴŎŜǊ ŀǇǇƭƛŎŀǘƛƻƴǎΦ ²Ƙƛƭǎǘ ǘƘƛǎ ǿƛƭƭ ƻŦ ŎƻǳǊǎŜ ǊŜǉǳƛǊŜ 

ŦǳǊǘƘŜǊ ǎǘǳŘȅΣ ǘƘŜ Řŀǘŀ ǇǊŜǎŜƴǘŜŘ ŀōƻǾŜ ǎǳǇǇƻǊǘǎ ŀ ǇƻǎƛǘƛǾŜ ǘǊŀƧŜŎǘƻǊȅΦ hǘƘŜǊ ŀƭǘŜǊƴŀǘƛǾŜ 

ǊƻǳǘŜǎ ƻŦ ŘǊǳƎ ŀŘƳƛƴƛǎǘǊŀǘƛƻƴΣ ōŜȅƻƴŘ ǘƘŜ ŘŜƭƛǾŜǊȅ ƻŦ ŀƴǘƛŎŀƴŎŜǊ ǘƘŜǊŀǇŜǳǘƛŎǎΣ ŀǊŜ ŀƭǎƻ 

ŀǾŀƛƭŀōƭŜ ǘƻ ŘǊǳƎ ƳƻƭŜŎǳƭŜǎ ƻŦ ǘƘƛǎ ǎƛȊŜ ǊŀƴƎŜΦ
мс
 ¢ƘŜǎŜ ŀŘƳƛƴƛǎǘǊŀǘƛƻƴ ŦƻǊƳǎΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ 

ǊŜǉǳƛǊŜŘ ǇŀǊǘƛŎƭŜ ǎƛȊŜ ǊŀƴƎŜǎ ŦƻǊ ǘƘŜƳ ŀǊŜ ǇǊƻǾƛŘŜŘ ƛƴ ¢ŀōƭŜ пΦр ōŜƭƻǿΣ ŀŘŀǇǘŜŘ ŦǊƻƳ 5ŀƴŀŜƛ 

Ŝǘ ŀƭΦ
мс
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¢ŀōƭŜ пΦрΥ wŜǉǳƛǊŜŘ ǇŀǊǘƛŎƭŜ ǎƛȊŜǎ ŦƻǊ ŘƛǎǘǊƛōǳǘƛƻƴ ǿƛǘƘƛƴ ǘƘŜ ōƻŘȅ Ǿƛŀ ǎŜǾŜǊŀƭ ŘƛŦŦŜǊŜƴǘ 

ŀŘƳƛƴƛǎǘǊŀǘƛƻƴ ŀƴŘ ŘƻǎŀƎŜ ǊƻǳǘŜǎΦ !ŘŀǇǘŜŘ ŦǊƻƳ ώмсϐΦ 

 

IŜǊŜ ƛǘ Ŏŀƴ ōŜ ǎŜŜƴ ǘƘŀǘ ŀ ǾŀǊƛŜǘȅ ƻŦ ǇƻǘŜƴǘƛŀƭ ŀŘƳƛƴƛǎǘǊŀǘƛƻƴ ǊƻǳǘŜǎ Ƴŀȅ ōŜ ǇƻǎǎƛōƭŜ ŦƻǊ 

ǘƘŜǊŀǇŜǳǘƛŎ ǎȅǎǘŜƳǎ ŘŜǎƛƎƴŜŘ ǳǎƛƴƎ t9Dπōπta! ǎŜƭŦπŀǎǎŜƳōƭŜŘ ƴŀƴƻǇŀǊǘƛŎƭŜǎΦ Lǘ ǎƘƻǳƭŘ ōŜ 

ƴƻǘŜŘ ōǊƛŜŦƭȅ ƘƻǿŜǾŜǊΣ ǘƘŀǘ ǿƘƛƭŜ ǘƘŜǎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ Řƻ Ŧŀƭƭ ƛƴǘƻ ǘƘŜ ǎƛȊŜ ǊŀƴƎŜ ƴŜŎŜǎǎŀǊȅ ŦƻǊ 

ƭƻƴƎπŎƛǊŎǳƭŀǘƛƴƎ ŎŀǊǊƛŜǊǎΣ ǘƘŜȅ Řƻ ƴƻǘ ƳŜŜǘ ǘƘŜ ǎƛȊŜ ǊŜǉǳƛǊŜƳŜƴǘ ƻŦ млл ƴƳ ƻǊ ƭŜǎǎΣ ŦƻǊ ǇŀǊǘƛŎƭŜǎ 

ƛƴǘŜƴŘŜŘ ǘƻ ŎǊƻǎǎ ǘƘŜ ōƭƻƻŘπōǊŀƛƴ ōŀǊǊƛŜǊ ό...ύΦ
мп
 ²ƘƛƭŜ ǘƘƛǎ ƛǎ ŀƴ ǳƴŦƻǊǘǳƴŀǘŜ ƭƛƳƛǘ ƻƴ ǘƘŜ 

ǇƻǘŜƴǘƛŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭǎ ǇǊƻŘǳŎŜŘ ŦƻǊ ǘƘƛǎ ǊŜǇƻǊǘΣ ŦǳǊǘƘŜǊ ƻǇǘƛƳƛǎŀǘƛƻƴ ƻŦ ǘƘŜ 

t9Dπōπta! ǎȅǎǘŜƳ Ƴŀȅ ŜǾŜƴǘǳŀƭƭȅ ȅƛŜƭŘ ǎǳƛǘŀōƭŜ ǇŀǊǘƛŎƭŜǎ ŦƻǊ ǘƘƛǎ ǇǳǊǇƻǎŜ ƛƴ ǘƘŜ ŦǳǘǳǊŜΦ ¢Ƙƛǎ 

ǿƛƭƭ Ƴƻǎǘ ƭƛƪŜƭȅ ōŜ ŀŎƘƛŜǾŜŘ ōȅ ƻǇǘƛƳƛǎƛƴƎ ŀ ǎǘǊŀǘŜƎȅ ŦƻǊ ƴŀƴƻǇŀǊǘƛŎƭŜ ǎŜƭŦπŀǎǎŜƳōƭȅΣ ǿƘƛŎƘ 

ǿƻǳƭŘ ŀƭƭƻǿ ǘƘŜ ŀƳǇƘƛǇƘƛƭƛŎ ƳŀŎǊƻƳƻƭŜŎǳƭŜǎ ǘƻ ǇŀŎƪ ƳƻǊŜ ŜŦŦƛŎƛŜƴǘƭȅ ŀƴŘ ŜƴǎǳǊŜ ǘƘŀǘ ǘƘŜȅ 

Řƻ ǎƻ ƳƻǊŜ ŎƻƴǎƛǎǘŜƴǘƭȅΣ ǘƘŜǊŜōȅ ǊŜƭƛŀōƭȅ ǊŜŘǳŎƛƴƎ ǘƘŜ ƻǾŜǊŀƭƭ ǎƛȊŜ ƻŦ ǘƘŜ ǇŀǊǘƛŎƭŜΦ  

wŜǘǳǊƴƛƴƎ ōǊƛŜŦƭȅ ǘƻ ¢ŀōƭŜ пΦрΣ ƛǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ǘƘŀǘ ǘƘŜ t5L ǾŀƭǳŜǎ ƻŦ лΦмут ŀƴŘ ōŜƭƻǿ ŦƻǊ 

ǘƘŜǎŜ ǇǊƻŘǳŎǘǎ ƛǎ ŜȄǘǊŜƳŜƭȅ ŜƴŎƻǳǊŀƎƛƴƎΦ {ǇŜŎƛŦƛŎŀƭƭȅ t5LΣ ŀƭǎƻ ƪƴƻǿƴ ŀǎ ΨƘŜǘŜǊƻƎŜƴŜƛǘȅ ƛƴŘŜȄΩ 

ŘŜǎŎǊƛōŜǎ ǘƘŜ ƭŜǾŜƭ ƻŦ ƴƻƴπǳƴƛŦƻǊƳƛǘȅ ƻŦ ŀ ǇŀǊǘƛŎƭŜΩǎ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴΣ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ŀ ǘǿƻπ

ǇŀǊŀƳŜǘŜǊ Ŧƛǘ ǘƻ ǘƘŜ ŎƻǊǊŜƭŀǘƛƻƴ Řŀǘŀ όǘƘŜ ŎǳƳǳƭŀƴǘǎ ŀƴŀƭȅǎƛǎύΦ
мп
 ¢ƘŜ ǎŎŀƭŜ ƻŦ ǘƘŜ t5L ƛǎ ǎǳŎƘ 

ǘƘŀǘ ŜȄǘǊŜƳŜƭȅ ƳƻƴƻŘƛǎǇŜǊǎŜ ǎŀƳǇƭŜǎ ŀǇǇǊƻŀŎƘ ŀ ǾŀƭǳŜ ƻŦ лΦлрΣ ǿƘƛƭǎǘ ŀ ǾŀƭǳŜ ƻŦ t5L ƎǊŜŀǘŜǊ 

ǘƘŀƴ лΦт ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ŀ ǎŀƳǇƭŜ Ƙŀǎ ǎǳŎƘ ŀ ōǊƻŀŘ ǇŀǊǘƛŎƭŜ ǎƛȊŜ ŘƛǎǘǊƛōǳǘƛƻƴ ǘƘŀǘ ǘƘŜȅ ŀǊŜ 

ǳƴƭƛƪŜƭȅ ǘƻ ōŜ ǎǳƛǘŀōƭŜ ŦƻǊ 5[{ ŀƴŀƭȅǎƛǎΦ  
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¦ǎƛƴƎ ǘƘƛǎ ǎŎŀƭŜΣ ƛǘ Ŏŀƴ ōŜ ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ƻōǘŀƛƴŜŘ t5L ǾŀƭǳŜǎ ǘƘŀǘ ǘƘŜ ǎȅƴǘƘŜǎŜǎ ŀƴŘ ǎŜƭŦπ

ŀǎǎŜƳōƭȅ ǇǊƻŎŜŘǳǊŜǎ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊǎ ƛƴ ǘƘƛǎ ǊŜǇƻǊǘ ǿŜǊŜ ǳƴŘŜǊ ǎǳŦŦƛŎƛŜƴǘ ŎƻƴǘǊƻƭ ŀǎ ǘƻ 

ǇǊƻŘǳŎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ƻŦ ƴŀǊǊƻǿ Σᴜ ǎǳǇǇƻǊǘƛƴƎ ǘƘŜƛǊ ǇƻǘŜƴǘƛŀƭ ŦǳǘǳǊŜ ǳǎŜ ƛƴ ǘƘŜ ŜƴŎŀǇǎǳƭŀǘƛƻƴ 

ƻŦ ŘǊǳƎ ƳƻƭŜŎǳƭŜǎΦ  

Cƛƴŀƭ ƻōǎŜǊǾŀǘƛƻƴǎ Ŏŀƴ ōŜ ƳŀŘŜ ŦǊƻƳ ǘƘŜ ǘŀōƭŜ ǿƘŜƴ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ǎƛȊŜ ǾŀƭǳŜǎ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜ 

ǇƻƭȅƳŜǊ ƴŀƴƻǇŀǊǘƛŎƭŜǎΣ ǊŜƭŀǘƛǾŜ ōƻǘƘ ǘƻ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ ta! ǊŜǇŜŀǘ ǳƴƛǘ ǾŀƭǳŜǎ όŀǎ 

ŘŜǘŜǊƳƛƴŜŘ ōȅ 
м
I baw ǎǇŜŎǘǊƻǎŎƻǇȅΣ ŀƴŘ ǘƻ ǘƘŜ ǉǳŀƭƛǘŀǘƛǾŜ Řŀǘŀ ƻōǘŀƛƴŜŘ ŦǊƻƳ {9/ ŀƴŀƭȅǎƛǎΦ 

CƛǊǎǘƭȅΣ ǘƘŜ ǾŀƭǳŜǎ ƻōǘŀƛƴŜŘ Řƻ ƴƻǘ ŀƭƛƎƴ ǿƛǘƘ ǘƘŜ ŜǎǘƛƳŀǘŜŘ ƴǳƳōŜǊǎ ƻŦ ǊŜǇŜŀǘ ǳƴƛǘǎΣ ŀǎ Ŏŀƴ ōŜ 

ǎŜŜƴ ōȅ ǘƘŜ ǎƛƎƴƛŦƛŎŀƴǘ ƛƴŎǊŜŀǎŜǎ ƛƴ ǎƛȊŜ ƻōǎŜǊǾŜŘ ŦƻǊ ǇƻƭȅƳŜǊ п ƻǾŜǊ ǇƻƭȅƳŜǊǎ рΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ 

ǎƛȊŜ ƛƴŎǊŜŀǎŜ ƻōǎŜǊǾŜŘ ōŜǘǿŜŜƴ ǇƻƭȅƳŜǊǎ о ŀƴŘ сΦ ¢Ƙƛǎ ŎƻƴǘǊŀǎǘǎ ǿƛǘƘ ǘƘŜ ŜȄǇŜŎǘŀǘƛƻƴ ǎŜǘ ōȅ 

LǎǊŀŜƭŀŎƘǾƛƭƛΩǎ ǇŀŎƪƛƴƎ ǇŀǊŀƳŜǘŜǊ Ŝǉǳŀǘƛƻƴ όǎŜŜ 9ǉǳŀǘƛƻƴ мΣ {ŜŎǘƛƻƴ мΦмΦнύΣ ǿƘƛŎƘ ƛǎ ƛƴǾŜǊǎŜƭȅ 

ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ǎƻƭǾƻǇƘƻōƛŎ ōƭƻŎƪ ƻŦ ǘƘŜ ŎƻǇƻƭȅƳŜǊΦ ¢Ƙŀǘ ōŜƛƴƎ ǎŀƛŘΣ ƛǘ ƛǎ 

ŜƴǘƛǊŜƭȅ ǇƻǎǎƛōƭŜ ǘƘŀǘ ǘƘƛǎ ƳƻŘŜƭΣ ŘŜǎƛƎƴŜŘ ŦƻǊ ǎǳǊŦŀŎǘŀƴǘ ƳƻƭŜŎǳƭŜǎΣ ǘǊŀƴǎƭŀǘŜǎ ǇƻƻǊƭȅ ǘƻ 

ŀƎƎǊŜƎŀǘŜ ŘƛǎǇŜǊǎƛƻƴǎ ǎǳŎƘ ŀǎ ǘƘƻǎŜ ƻōǎŜǊǾŜŘ ƘŜǊŜΦ   

/ƻǊǊƻōƻǊŀǘƛƴƎ ŜǾƛŘŜƴŎŜ Ŏŀƴ ōŜ ƎŀǘƘŜǊŜŘ ǿƘŜƴ ŎƻƳǇŀǊƛƴƎ ǘƻ ǘǊŜƴŘǎ ǿƛǘƘƛƴ ǘƘŜ {9/ Řŀǘŀ 

ǇǊŜǎŜƴǘŜŘ ƛƴ ¢ŀōƭŜ пΦпΣ ǿƘƛŎƘ ǎǳƎƎŜǎǘ ǘƘŀǘ ǇƻƭȅƳŜǊǎ м ŀƴŘ о ǎƘƻǳƭŘ ƛƴǎǘŜŀŘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ 

ƭŀǊƎŜǎǘ ŀǾŜǊŀƎŜ ǎƛȊŜ ƴŀƴƻǇŀǊǘƛŎƭŜΦ ¢ƘŜ ŎƻƴǘǊŀǎǘ ƛƴ ǘƘŜǎŜ Řŀǘŀ ŀǊŜ ŦǳǊǘƘŜǊ ǘƘŜ ǇǊŜǾƛƻǳǎ ŎƭŀƛƳ 

ǘƘŀǘΣ ǳǇƻƴ ǎŜƭŦπŀǎǎŜƳōƭȅΣ ǘƘŜ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊ ŀƳǇƘƛǇƘƛƭŜǎ ƘŀǾŜ ŀŘƻǇǘŜŘ ƳƻǊŜ ǇƻƻǊƭȅπ

ŘŜŦƛƴŜŘ ŀƎƎǊŜƎŀǘŜ ǎǘǊǳŎǘǳǊŜǎΣ ŀǎ ƻǇǇƻǎŜŘ ǘƻ ƻǊƎŀƴƛǎŜŘ ƳƛŎŜƭƭŀǊ ƻǊ ǇƻƭȅƳŜǊǎƻƳŀƭ ƳƻǘƛŦǎΦ ¢ƘŜ 

ŀǾŜǊŀƎŜ ǎƛȊŜ ǾŀƭǳŜǎ ƻŦ ǘƘŜǎŜ ŀƎƎǊŜƎŀǘŜǎ ŀǊŜ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ǘƘŜƛǊ ǊŜƭŀǘƛǾŜ aƴ ǾŀƭǳŜǎΦ  

 

4.3.3 pH-mediated release of doxorubicin from DOX-Loaded Nanoparticles 

Lƴ ǇǊŜǇŀǊŀǘƛƻƴ ŦƻǊ ŜƴŎŀǇǎǳƭŀǘƛƻƴΣ 5h· ƘȅŘǊƻŎƘƭƻǊƛŘŜ ǿŀǎ ŎƻƴǾŜǊǘŜŘ ǘƻ 5h· ŦǊŜŜπōŀǎŜ ōȅ 

ǎǘƛǊǊƛƴƎ ŦƻǊ п ƘƻǳǊǎ ǿƛǘƘ ǘǊƛƳŜǘƘȅƭŀƳƛƴŜΦ tƻƭȅƳŜǊ мΣ ƘŜǊŜ ŎƘƻǎŜƴ ƻǾŜǊŀƭƭ ŀǎ ǘƘŜ Ƴƻǎǘ ǳƴƛŦƻǊƳ 

Ƴt9Dπōπta! ǎȅǎǘŜƳ όt5L лΦмнуΣ ᴜ Ґ мΦмфύΣ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ ŎƘƭƻǊƻŦƻǊƳ ŀƴŘ ŀŘŘŜŘ ǘƻ t.{ 

ōǳŦŦŜǊ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ǿƛǘƘ 5h· ŦǊŜŜπōŀǎŜ ǎƻƭǳǘƛƻƴΦ  

hƴŎŜ ǘƘŜ ŎƘƭƻǊƻŦƻǊƳ ƘŀŘ ŜǾŀǇƻǊŀǘŜŘΣ ǘƘŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǿŜǊŜ ŘƛŀƭȅǎŜŘ ŦƻǊ ǘƘǊŜŜ Řŀȅǎ ǘƻ 

ǊŜƳƻǾŜ ŜȄŎŜǎǎΣ ǳƴπŜƴŎŀǇǎǳƭŀǘŜŘ 5h·Σ ǘƘŜ Ƴŀǎǎ ƻŦ ǿƘƛŎƘ ǿŀǎ ƭŀǘŜǊ ƳŜŀǎǳǊŜŘΣ ǘƻ ŘŜǘŜǊƳƛƴŜ 

ǘƘŜ ŘǊǳƎ ƭƻŀŘƛƴƎ ŀƴŘ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ŜŦŦƛŎƛŜƴŎȅΦ ¢ƘŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǿŜǊŜ ǘƘŜƴ ŎƻƭƭŜŎǘŜŘ ōȅ 

ƭȅƻǇƘƛƭƛǎŀǘƛƻƴΦ 
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¢ƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ǇIπƳŜŘƛŀǘŜŘ ǊŜƭŜŀǎŜ ƻŦ ŘƻȄƻǊǳōƛŎƛƴ ŦǊƻƳ Ƴt9Dπōπta!Σ ǎƛƳǳƭǘŀƴŜƻǳǎ 

ŘƛŀƭȅǎŜǎ ƻŦ 5h·πƭƻŀŘŜŘ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǿŜǊŜ Ǌǳƴ ŦƻǊ м ǿŜŜƪ ŀǘ от ϲ/Σ ǿƛǘƘ м Ƴ[ ŀƭƛǉǳƻǘǎ ǘŀƪŜƴ 

ŀǘ ǊŜƎǳƭŀǊ ƛƴǘŜǊǾŀƭǎ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ŘƛŀƭȅǎŀǘŜ ōȅ ¦±π±ƛǎ ǎǇŜŎǘǊƻǎŎƻǇȅΦ LƴŎǊŜŀǎƛƴƎ ŀōǎƻǊǇǘƛƻƴ 

ƻŦ ƭƛƎƘǘ ŀǘ ŎŀΦ рлл ƴƳ ǿŀǎ ǳǎŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ ŎƘŀƴƎƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴ Ǿƛŀ ŀ ŎŀƭƛōǊŀǘƛƻƴ ŎǳǊǾŜΣ 

ǿƘƛŎƘ ǿŀǎ ǘƘŜƴ ǎŎŀƭŜŘ ǳǎƛƴƎ ǘƘŜ ǘƻǘŀƭ ǾƻƭǳƳŜ ƻŦ ōƻǘƘ ǎŀƳǇƭŜ ŀƴŘ ŘƛŀƭȅǎŀǘŜ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ 

Ƴŀǎǎ ƻŦ ǊŜƭŜŀǎŜŘ ŘƻȄƻǊǳōƛŎƛƴΣ ŜȄǇǊŜǎǎŜŘ ŀǎ ŀ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǘƘŜ ǘƻǘŀƭ ŜƴŎŀǇǎǳƭŀǘŜŘΦ  

¢Ƙƛǎ ǇǊƻŎŜǎǎ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ƛƴ ōƻǘƘ t.{ ōǳŦŦŜǊ ǎƻƭǳǘƛƻƴ όǇI тΦпύ ŀƴŘ ŀŎŜǘŀǘŜ ōǳŦŦŜǊ ǎƻƭǳǘƛƻƴ 

όǇI рΦлύΣ ǇǊƻǾƛŘƛƴƎ ŀ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ŎƻƴǘǊƻƭ ŀƎŀƛƴǎǘ ǿƘƛŎƘ ŀŎƛŘπƳŜŘƛŀǘŜŘ ǊŜƭŜŀǎŜ ƪƛƴŜǘƛŎǎ ŎƻǳƭŘ 

ōŜ ŎƻƳǇŀǊŜŘΦ 

CƻǊ ǘƘŜ ŘƻȄπƭƻŀŘŜŘ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ƻŦ ǇƻƭȅƳŜǊ мΣ ǘƘŜ ǊŜŎƻǊŘŜŘ Ƴŀǎǎ ƻŦ ŘƻȄπŦǊŜŜ ōŀǎŜ ƴƻǘ 

ŜƴŎŀǇǎǳƭŀǘŜŘ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǘƻ ōŜ лΦнс ƳƎΦ ¦ǎƛƴƎ Ŝǉǳŀǘƛƻƴǎ ŘŜŦƛƴŜŘ ƛƴ {ŜŎǘƛƻƴ нΦмоΣ ǘƘŜ 

ŘǊǳƎ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ŜŦŦƛŎƛŜƴŎȅ ƻŦ ǘƘŜǎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǿŀǎ ǘƘŜǊŜōȅ ŎŀƭŎǳƭŀǘŜŘ ŀǎ ут ҕ о ǿǘ҈Σ 

ǿƛǘƘ ŀƴ ŀǾŜǊŀƎŜ ŘǊǳƎπƭƻŀŘƛƴƎ ŎƻƴǘŜƴǘ ƻŦ мтΦп ҕ м ǿǘ҈Σ ǿƘŜǊŜ ŜǊǊƻǊǎ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ŘŜǾƛŀǘƛƻƴ 

ŀŎǊƻǎǎ ǘǊƛǇƭƛŎŀǘŜ ƳŜŀǎǳǊŜƳŜƴǘǎΦ ¢ƘŜǎŜ ǾŀƭǳŜǎ ŎƻƳǇŀǊŜ ǿŜƭƭ ǿƛǘƘ ŜȄƛǎǘƛƴƎ ƭƛǘŜǊŀǘǳǊŜ ŦƻǊ ŎǳǊǊŜƴǘ 

ǇƻƭȅόŀƳƛƴƻ ŀŎƛŘύπōŀǎŜŘ ƴŀƴƻǇŀǊǘƛŎƭŜǎΦ
мтΣму 

The release profiles for dox-loaded nanoparticles 

of polymer 1, incubated at 37 °C under physiological control conditions (PBS buffer, pH 7.4) 

and simulated acidic conditions (acetate buffer, pH 5.0) are presented in Figure 4.3 below.  
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Figure 4.3: Drug release profiles for mPEG-b-PMA Polymer 1, incubated under pH 7.4 (X) and 

pH 5.0 (X) conditions. Each data point represents the mean of triplicate measurements, with 

error bars denoting the standard deviation. 

 
CƻǊ ōƻǘƘ ǎŜǘǎ ƻŦ ǊŜƭŜŀǎŜ ǇŀǊŀƳŜǘŜǊǎΣ ƛǘ Ŏŀƴ ōŜ ƻōǎŜǊǾŜŘ ǘƘŀǘ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǿŜǊŜ ŀōƭŜ ǘƻ ŀǾƻƛŘ 

ǳƴŎƻƴǘǊƻƭƭŜŘ ōǳǊǎǘ ǊŜƭŜŀǎŜ ƻŦ 5h·Σ ŘŜƳƻƴǎǘǊŀǘƛƴƎ ǘƘŜ ǎǘŀōƛƭƛǘȅ ƻŦ ǘƘŜ ƴŀƴƻǇŀǊǘƛŎƭŜ ǎȅǎǘŜƳ 

ǿƛǘƘƛƴ ŜŀŎƘ ƛƴŎǳōŀǘƛƻƴ ŜƴǾƛǊƻƴƳŜƴǘΦ {ǳŎƘ ǊŜƭŜŀǎŜ ǿƻǳƭŘ ōŜ ŘŜǘǊƛƳŜƴǘŀƭ ŦƻǊ ǘƘŜ ŜŦŦŜŎǘƛǾŜ 

ǘǊŜŀǘƳŜƴǘ ƻŦ ŎŀƴŎŜǊǎΣ ǿƛǘƘ ǊŀǇƛŘ 5h· ƭŜŀƪŀƎŜ ǊŜǎǳƭǘƛƴƎ ƛƴ ǎƛƳƛƭŀǊ ƴƻƴπǎǇŜŎƛŦƛŎ ŎȅǘƻǘƻȄƛŎƛǘȅ ǘƻ 

ƴƻƴπŜƴŎŀǇǎǳƭŀǘŜŘ ŘƻȄΣ ƴŜƎŀǘƛƴƎ ǘƘŜ ōŜƴŜŦƛǘǎ ƛƴǘŜƴŘŜŘ ǿƛǘƘ ŎƻƴǘǊƻƭƭŜŘπǊŜƭŜŀǎŜΦ CƛƎǳǊŜ пΦо 

ƛƭƭǳǎǘǊŀǘŜǎ ŀ ǇǊƻŦƻǳƴŘ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ǘƘŜ ǊŜƭŜŀǎŜ ƪƛƴŜǘƛŎǎ ŦƻǊ ŘƻȄπƭƻŀŘŜŘ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ƻŦ 

ǇƻƭȅƳŜǊ м ƛƴŎǳōŀǘŜŘ ǳƴŘŜǊ ŀŎƛŘƛŎ ŎƻƴŘƛǘƛƻƴǎΣ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘƻǎŜ ƛƴŎǳōŀǘŜŘ ŀǘ 

ǇƘȅǎƛƻƭƻƎƛŎŀƭ ǇIΦ 5ƻȄ ǊŜƭŜŀǎŜ ŦǊƻƳ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ƛƴŎǳōŀǘŜŘ ŀǘ ǇI тΦп ǊŜŀŎƘŜŘ ŀ ƳŀȄƛƳǳƳ ƻŦ 

ƻƴƭȅ ф ҈ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǘƛƳŜǎǇŀƴ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘΣ ŘŜƳƻƴǎǘǊŀǘƛƴƎ ǘƘŀǘ ǘƘŜ ta! ōŀŎƪōƻƴŜ 

ŜǎǘŜǊ ƭƛƴƪŀƎŜǎ ǊŜƳŀƛƴŜŘ Ǌƻōǳǎǘ ŀƎŀƛƴǎǘ ƘȅŘǊƻƭȅǎƛǎ ŀƴŘ ǘƘŀǘ ǘƘŜ ƴŀƴƻǇŀǊǘƛŎƭŜ ǎȅǎǘŜƳ 

ŜȄǇŜǊƛŜƴŎŜŘ ƳƛƴƛƳŀƭ ƭŜŀƪŀƎŜ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ŘŜŦƻǊƳŀǘƛƻƴΣ ǳƴŘŜǊ ōƻǘƘ ǇƘȅǎƛŎŀƭ ŀƎƛǘŀǘƛƻƴ ŀƴŘ 

ǘƘŜǊƳŀƭ ŦƭǳŎǘǳŀǘƛƻƴΦ  
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¢Ƙƛǎ ǊŜǎǳƭǘ ƛǎ ǇǊƻƳƛǎƛƴƎ ŦƻǊ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ǘƘŜǎŜ ƳŀǘŜǊƛŀƭǎ ƛƴ ŘǊǳƎ ŘŜƭƛǾŜǊȅΣ ŀǎ ǘƘŜƛǊ 

ǊŜǎƛǎǘŀƴŎŜ ǘƻ ŘŜƎǊŀŘŀǘƛƻƴ ŀƴŘ ƭŜŀƪŀƎŜ ǳƴŘŜǊ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ǇI ŀǊŜ ŎǊƛǘƛŎŀƭ ŦƻǊ ŜŦŦŜŎǘƛǾŜ ŦƻǊ ōƻǘƘ 

ǎǘƻǊŀƎŜ ǇǊƛƻǊ ǘƻ ǘǊŜŀǘƳŜƴǘΣ ŀƴŘ ŦƻǊ ƛƴ ǾƛǘǊƻ ŎƛǊŎǳƭŀǘƛƻƴ ǘƻ ǘŀǊƎŜǘ ŘŜƭƛǾŜǊȅ ǎƛǘŜǎΦ  

Lƴ ǎǘŀǊƪ ŎƻƴǘǊŀǎǘΣ ǘƘŜ Ŧƛƴŀƭ ŘƻȄ ǊŜƭŜŀǎŜ ǇŜǊŎŜƴǘŀƎŜ ƻōǘŀƛƴŜŘ ŀǘ ǇI рΦл ŦƻǊ ǇƻƭȅƳŜǊ м ǿŀǎ оо ҈Σ 

ŀ оΦтπŦƻƭŘ ƛƴŎǊŜŀǎŜ ƻǾŜǊ ǊŜƭŜŀǎŜ ŀ ǇƘȅǎƛƻƭƻƎƛŎŀƭ ǇIΣ ƘƛƎƘƭƛƎƘǘƛƴƎ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǘƘƛǎ 

ƴŀƴƻǇŀǊǘƛŎƭŜ ǎȅǎǘŜƳ ǘƻ ŘŜƎǊŀŘŀǘƛƻƴ ǳƴŘŜǊ ŀŎƛŘƛŎ ŎƻƴŘƛǘƛƻƴǎΦ ¢Ƙƛǎ ŜǾƛŘŜƴŎŜǎ ǘƘŜ ǎƛƎƴƛŦƛŎŀƴǘ 

ŜŦŦŜŎǘƛǾŜƴŜǎǎ ƻŦ Ƴt9Dπōπta! ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊ ŀƳǇƘƛǇƘƛƭŜǎ ŀƴŘ ǘƘŜƛǊ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŘƻȄπ

ƭƻŀŘŜŘ ƴŀƴƻǇŀǊǘƛŎƭŜ ǎȅǎǘŜƳǎ ŀǎ ŘǊǳƎ ŘŜƭƛǾŜǊȅ ǾŜƘƛŎƭŜǎΦ ¢ƘŜǎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ Ŏŀƴ ǊŜƳŀƛƴ ǎǘŀōƭŜ 

ŘǳǊƛƴƎ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ŀƴŘ ŎƛǊŎǳƭŀǘƛƻƴ ǘƻ ǘǳƳƻǳǊ ǎƛǘŜǎΣ ǿƘŜǊŜǳǇƻƴ ǘƘŜƛǊ ǎŜƭŜŎǘƛǾŜΣ ǇIπǘǊƛƎƎŜǊŜŘ 

ǊŜƭŜŀǎŜ Ŏŀƴ ǎǘǊŀǘŜƎƛŎŀƭƭȅ ŘŜƭƛǾŜǊ ǘƘŜ ǇŀȅƭƻŀŘΣ ƳƛƴƛƳƛǎƛƴƎ ƴƻƴπǎǇŜŎƛŦƛŎ ŜȄǇƻǎǳǊŜ ŀƴŘ ǘƻȄƛŎƛǘȅΦ 

 

4.4 Conclusions and Future Work 

aŀƴŘŜƭƛŎ ŀŎƛŘ h/! ǿŀǎ ǎǳŎŎŜǎǎŦǳƭƭȅ ǇƻƭȅƳŜǊƛǎŜŘ ŦǊƻƳ Ƴt9D Ǿƛŀ ǎǘǊŀƛƎƘǘŦƻǊǿŀǊŘ h/! wht ǘƻ 

ȅƛŜƭŘ ŀ ǎŜǊƛŜǎ ƻŦ ƴƻǾŜƭ Ƴt9Dπōπta! ./t ŀƳǇƘƛǇƘƛƭŜǎΦ hƴŎŜ ǎȅƴǘƘŜǎƛǎŜŘΣ ǘƘŜ ǇǊƻŘǳŎǘǎ ǿŜǊŜ 

ŎƘŀǊŀŎǘŜǊƛǎŜŘ ǳǎƛƴƎ мI baw ǎǇŜŎǘǊƻǎŎƻǇȅ ŀƴŘ {9/ ŀƴŀƭȅǎƛǎΦ !ŎƘƛŜǾŜŘ ŘŜƎǊŜŜǎ ƻŦ 

ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ǿŜǊŜ ƭƻǿŜǊ ǘƘŀƴ ŜȄǇŜŎǘŜŘ ŦƻǊ ǘƘŜǎŜ ǇƻƭȅƳŜǊǎΣ ƭƛƪŜƭȅ ƻǿŜŘ ǘƻ ƛƴǎǳŦŦƛŎƛŜƴǘ 

ǊŜŀŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀƴŘ ǇƻƻǊ ƴǳŎƭŜƻǇƘƛƭƛŎƛǘȅ ƻŦ ǘƘŜ ƛƴƛǘƛŀǘƻǊ ŀƴŘκƻǊ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘΣ ŀǎ 

ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ƛƴŎǊŜŀǎŜŘ 5ΦtΦ ŦƻǊ tƻƭȅƳŜǊ рΣ ŦƻǊ ǿƘƛŎƘ wht ǿŀǎ ŎƻƴŘǳŎǘŜŘ ŀǘ ƛƴŎǊŜŀǎŜŘ 

ǘŜƳǇŜǊŀǘǳǊŜΦ  

¢ƘŜ ƭƻǿŜǎǘ ŀŎƘƛŜǾŜŘ 5ΦtΦ ǾŀƭǳŜǎ ǿŜǊŜ ǘƘƻǎŜ ƻŦ tƻƭȅƳŜǊ нΣ ŦƻǊ ǿƘƛŎƘ ƛƴŎǊŜŀǎŜŘ Ŏŀǘŀƭȅǎǘ ŎƻƴǘŜƴǘ 

Ƴŀȅ ōŜ ƭƛƴƪŜŘ ƛƴŎǊŜŀǎŜŘ ǎƛŘŜπǊŜŀŎǘƛƻƴ ŀƴŘ ŘŜǇƭŜǘƛƻƴ ƻŦ ƳƻƴƻƳŜǊ ǎǇŜŎƛŜǎΣ ŀƴŘ ŦƻǊ tƻƭȅƳŜǊ сΣ 

ŦƻǊ ǿƘƛŎƘ ƭƻǿ ŎƻƳōƛƴŜŘ ƳƻƴƻƳŜǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀƴŘ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜ ƭƛƪŜƭȅ ŎƻƴǘǊƛōǳǘŜŘ ǘƻ 

ǘƘŜ ǊŜǘŀǊŘŀǘƛƻƴ ƻŦ ŎƘŀƛƴ ǇǊƻǇŀƎŀǘƛƻƴ ŀƴŘ ǇǊƻƭƛŦŜǊŀǘƛƻƴ ƻŦ ǎƛŘŜ ǊŜŀŎǘƛƻƴǎΣ ŀƎŀƛƴ ƭƛƳƛǘƛƴƎ 5tΦ  

bŜǾŜǊǘƘŜƭŜǎǎΣ ǘƘŜǎŜ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘǎ ǿŜǊŜ ƻōǘŀƛƴŜŘ ƛƴ ƎƻƻŘ ȅƛŜƭŘΣ ŀƴŘ ǿƛǘƘ ŎƻƴǎƛǎǘŜƴǘƭȅ 

ǳƴƛŦƻǊƳ 7 ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ Ƴt9D ƛƴƛǘƛŀǘƻǊΣ ǿƘƛŎƘ ŎƻƳǇŀǊŜǎ ŦŀǾƻǳǊŀōƭȅ ǘƻ ǊŜƭŀǘŜŘ h/! 

ǎȅƴǘƘŜǎŜǎ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ŀƴŘ ŜǾƛŘŜƴŎŜǎ ǘƘŜ ŀǇǇƭƛŎŀōƛƭƛǘȅ ƻŦ ǘƘƛǎ ǎȅƴǘƘŜǘƛŎ ǊƻǳǘŜ ƛƴ ŎǊŜŀǘƛƴƎ 

ŦǳǘǳǊŜ ŘǊǳƎ ŘŜƭƛǾŜǊȅ ǾŜƘƛŎƭŜǎΦмфΣнл 9ŀŎƘ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊǎ ǎȅƴǘƘŜǎƛǎŜŘ ǿŀǎ ŎŀǇŀōƭŜ ƻŦ ǎŜƭŦπ

ŀǎǎŜƳōƭȅ ƛƴǘƻ ƴŀƴƻǇŀǊǘƛŎƭŜ ǎǘǊǳŎǘǳǊŜǎ ǿƘƛŎƘΣ ŀǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ 5[{ ŀƴŀƭȅǎƛǎΣ ƭƛƪŜƭȅ ǇǊŜǎŜƴǘŜŘ 

ŀǎ ŀƎƎǊŜƎŀǘŜ ǎǇŜŎƛŜǎ ŀǎ ƻǇǇƻǎŜŘ ǘƻ ǿŜƭƭπŘŜŦƛƴŜŘ ƳƛŎŜƭƭŜǎ ƻǊ ǇƻƭȅƳŜǊǎƻƳŜǎΦ  
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bŜǾŜǊǘƘŜƭŜǎǎΣ ǘƘŜǎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǿŜǊŜ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ƛŘŜƴǘƛŦƛŜŘ ǿƛǘƘ ŀǾŜǊŀƎŜ ǎƛȊŜ ōŜƭƻǿ нлл 

ƴƳ ŀƴŘ ƴŀǊǊƻǿ t5L ƛƴŘƛŎŜǎΣ ǎǳƛǘŀōƭŜ ŦƻǊ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ŀǇǇƭƛŎŀǘƛƻƴǎ ƛƴ ŘǊǳƎ ŜƴŎŀǇǎǳƭŀǘƛƻƴΣ 

ǘǊŀƴǎǇƻǊǘ ŀƴŘ ŘŜƭƛǾŜǊȅΦ CƻǊ tƻƭȅƳŜǊ мΣ 5h· ŜƴŎŀǇǎǳƭŀǘƛƻƴ ŜŦŦƛŎƛŜƴŎȅ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǘƻ ōŜ 

ŜȄŎŜƭƭŜƴǘ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ƭƛǘŜǊŀǘǳǊŜΣ ŀƴŘ ǘƘŜ ǎǘŀōƛƭƛǘȅ ŀƴŘ ŎƻƴǘǊƻƭƭŜŘπǊŜƭŜŀǎŜ ǇǊƻŦƛƭŜǎ ŀǘ ǇI 

тΦп ŀƴŘ рΦл ǿŜǊŜ ŦǳǊǘƘŜǊ ŜȄŀƳƛƴŜŘ Ǿƛŀ Řƛŀƭȅǎƛǎ ǳƴŘŜǊ ƛƴŎǳōŀǘƛƻƴ ŀƴŘ ǎŜǉǳŜƴǘƛŀƭ ¦±π±ƛǎ 

ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘǊȅΦнмΣнн ¢ƘŜǎŜ ŀƴŀƭȅǎŜǎ ŘŜǘŜǊƳƛƴŜŘ ǘƘŀǘ ǳƴŘŜǊ ōƻǘƘ ŜƴǾƛǊƻƴƳŜƴǘǎΣ 

ƴŀƴƻǇŀǊǘƛŎƭŜǎ ǿŜǊŜ ǊŜǎƛǎǘŀƴǘ ǘƻ ōǳǊǎǘ ǊŜƭŜŀǎŜ ŀƴŘ ƭŜŀƪŀƎŜΣ ŀƴŘ ǘƘŀǘ ŀŎƛŘπƭŀōƛƭŜ ŘŜƎǊŀŘŀǘƛƻƴ 

ŀƴŘ ŀŎŎŜƭŜǊŀǘŜŘ ǊŜƭŜŀǎŜ ǿŜǊŜ ŀŎƘƛŜǾŀōƭŜ ǳƴŘŜǊ ƭƻǿπǇI ƛƴŎǳōŀǘƛƻƴΦ  

²ƛǘƘ ŦǳǊǘƘŜǊ ƻǇǘƛƳƛǎŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊŜǇŀǊŀǘƛǾŜ ƳŜǘƘƻŘƻƭƻƎȅ ŦƻǊ ǘƘŜǎŜ ƳŀǘŜǊƛŀƭǎΣ ƛƴŎƭǳŘƛƴƎ ƳƻǊŜ 

ǘǳƴŜŀōƭŜ ŎƻƴǘǊƻƭ ƻŦ ta! 5ΦtΦ ŀƴŘ ŀ ƳƻǊŜ ŜȄŀŎǘƛƴƎ ǇǊƻŎŜŘǳǊŜ ŦƻǊ ƴŀƴƻǇŀǊǘƛŎƭŜ ǎŜƭŦπŀǎǎŜƳōƭȅΣ 

ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǊŜǇǊŜǎŜƴǘǎ ŀƴ ŜŦŦŜŎǘƛǾŜ ŀƴŘ ǊŜǇǊƻŘǳŎƛōƭŜ ǘŜƳǇƭŀǘŜ ŦƻǊ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ Ƴt9Dπōπ

ta! ŘǊǳƎ ŘŜƭƛǾŜǊȅ ǾŜƘƛŎƭŜǎΣ ŎŀǇŀōƭŜ ƻŦ ǇIπǘǊƛƎƎŜǊŜŘ ŎƻƴǘǊƻƭƭŜŘ ǊŜƭŜŀǎŜ ǘƘŀǘ Ƴŀȅ ōŜ ŀǇǇƭƛŜŘ ǘƻ 

ƻǘƘŜǊ ōǳƭƪȅΣ ŀǊƻƳŀǘƛŎ ǇŀȅƭƻŀŘǎΦ ¢ƘŜǎŜ ƴŀƴƻǇŀǊǘƛŎƭŜǎ ŀǊŜ ŀǇǇƭƛŎŀōƭŜ ƛƴ ŀ ǿƛŘŜπǊŀƴƎŜ ƻŦ ŘǊǳƎ 

ŘŜƭƛǾŜǊȅ ŀǇǇƭƛŎŀǘƛƻƴǎΣ ŀƴŘ ǊŜǇǊŜǎŜƴǘ ŀƴ ŜȄŎƛǘƛƴƎ ƴŜǿ ǘŜŎƘƴƻƭƻƎȅ ŦƻǊ ǘƘŜ ǇƘŀǊƳŀŎŜǳǘƛŎŀƭ 

ƛƴŘǳǎǘǊȅΦ  
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Appendices 

A.4.1 1H NMR Spectra 

Figure A.4.1.1: 1H NMR spectrum (500 MHz, CDCl3) of Polymer 1, mPEG-b-PMA15 

Figure A.4.1.2: 1H NMR spectrum (500 MHz, CDCl3) of Polymer 2, mPEG-b-PMA14 
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Figure A.4.1.3: 1H NMR spectrum (500 MHz, CDCl3) of Polymer 3, mPEG-b-PMA13 

 

Figure A.4.1.4: 1H NMR spectrum (500 MHz, CDCl3) of Polymer 4, mPEG-b-PMA20 
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Figure A.4.1.5: 1H NMR spectrum (500 MHz, CDCl3) of Polymer 5, mPEG-b-PMA48 

Figure A.4.1.6: 1H NMR spectrum (500 MHz, CDCl3) of Polymer 6, mPEG-b-PMA10 
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A.4.2 13C NMR Spectra 

Figure A.4.2.1: 13C NMR spectrum (500 MHz, CDCl3) of Polymer 1, mPEG-b-PMA15 

Figure A.4.2.2: 13C NMR spectrum (500 MHz, CDCl3) of Polymer 2, mPEG-b-PMA14 
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Figure A.4.2.3: 13C NMR spectrum (500 MHz, CDCl3) of Polymer 3, mPEG-b-PMA13 

Figure A.4.2.4: 13C NMR spectrum (500 MHz, CDCl3) of Polymer 4, mPEG-b-PMA20 



117 
 
 

 

Figure A.4.2.5: 13C NMR spectrum (500 MHz, CDCl3) of Polymer 5, mPEG-b-PMA48 

 

Figure A.4.2.6: 13C NMR spectrum (500 MHz, CDCl3) of Polymer 6, mPEG-b-PMA10 
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A.4.3 FTIR Spectra 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4.3.1: FTIR spectrum of Polymer 1, mPEG-b-PMA15 
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Figure A.4.3.2: FTIR spectrum of Polymer 2, mPEG-b-PMA14 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4.3.3: FTIR spectrum of Polymer 3, mPEG-b-PMA13 

 

Figure A.4.3.4: FTIR spectrum of Polymer 4, mPEG-b-PMA20 
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Figure A.4.3.5: FTIR spectrum of Polymer 5, mPEG-b-PMA48 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4.3.6: FTIR spectrum of Polymer 6, mPEG-b-PMA10 
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A.4.4 Size Exclusion Chromatography 

Figure A.4.4.1: SEC chromatogram of Polymer 1, mPEG-b-PMA15 

Figure A.4.4.2:  SEC chromatogram of Polymer 2, mPEG-b-PMA14 



122 
 
 

Figure A.4.4.3: SEC chromatogram of Polymer 3, mPEG-b-PMA13 

Figure A.4.4.4: SEC chromatogram of Polymer 4, mPEG-b-PMA20 
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Figure A.4.4.5: SEC chromatogram of Polymer 6, mPEG-b-PMA10 
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A.4.5 Dynamic Light Scattering 

Figure A.4.4.1: DLS size distribution of Polymer 1, mPEG-b-PMA15 

 

 

Figure A.4.4.2: DLS size distribution of Polymer 2, mPEG-b-PMA14 
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Figure A.4.4.3: DLS size distribution of Polymer 3, mPEG-b-PMA13 

 

 

 

Figure A.4.4.4: DLS size distribution of Polymer 4, mPEG-b-PMA20 
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Figure A.4.4.5: DLS size distribution of Polymer 5, mPEG-b-PMA48 

 

 

Figure A.4.4.6: DLS size distribution of Polymer 6, mPEG-b-PMA10 
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Chapter 5: Optimisation of the Synthesis, Deprotection and Purification of mPEG-b-PLys 

Block Copolymers.  

Abstract 

The optimisation of the NCA-ROP procedure for Lys-NCA is reported in this chapter. 

Specifically, the procedures and associated complications involved in ROP of Lys-NCA 

monomers under the protection of Fmoc, Z and Boc groups are evaluated. These groups each 

present potential benefits for the resultant BCP system, such as the capability of Fmoc groups 

to undergo green thermal deprotection, the robustness of Z groups to acidic and basic 

environments during ROP, and the technical simplicity of Boc-group deprotection, which 

requires minimal purification strategies in comparison to the former two groups.  

Long reaction timescales and the combination of poorly-reactive mPEG-OH initiator with 

DMAP catalyst lead to the in-situ deprotection of Fmoc units, as determined by 1H NMR 

kinetic analysis. These features also lead to the side-reaction of Lys(Z)-NCA monomers, and 

the formation of homopolymeric side products, as determined by DOSY NMR analysis. 

Lys(Boc)-NCA proved to be the most effective monomer of the three. NCA ROP was achieved 

successfully, as was evidenced by in-line FTIR spectroscopic monitoring, which determined 

full monomer conversion. Furthermore, deprotection procedures for the resulting products 

were made substantially easier, due to the formation of by-products as volatile organics, 

removed during the procedure, leaving minimal purification. There was complication with the 

ROP procedure for BCPs of 10 repeat units and above, in the formation of high-M.W. 

impurities. Whilst several potential causes for these species were identified, and 

experimentation was performed to minimise their impact (reduced-temperature reactions, 

use of non-interactive solvents) this problem persisted in a number of the final products. As 

such, this problem has been scrutinised throughout this chapter, and remains the primary 

candidate for future work related to these products.  
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5.1 Introduction 

Similar to PAAs discussed prior in Chapter 1, PLys has been reported extensively throughout 

the literature in the synthesis of polymeric drug delivery vehicles, as both a homopolymer and 

as part of an amphiphilic block copolymer system.1-3 What sets P(Lys) apart from other PAAs 

is the functionality of its pendant primary amine group, which allows for both cationic 

complexation with, and nucleophilic conjugation to, a broad spectrum of additive species, 

from active therapeutics such as oligonucleotides and drug molecules to further PAA chains.3-

5 The latter of these contains within itself a multitude of customisation for multi-functional 

PAAs, opening the door to polymer branching and more complex architectures, themselves 

an avenue to greater functionality and therapeutic impact.  

One of the earliest documented cases of lysine-based therapeutic delivery agents was 

performed by Kataoka et al. in 1996, wherein chains of cationic P(Lys) underwent 

electrostatically-induced polyion complexation with the antisense oligonucleotide c-Ha-ras.3 

This system was relevant to the development of a novel in vivo vector system for 

oligonucleotides in general, and demonstrated significant potential thanks to the inclusion of 

a PEG block in the polymer backbone, which compatibilised the otherwise insoluble polyion 

complex by forming a soluble corona, as confirmed by DLS analysis. This worked paved the 

way for further PEG-b-PLys block copolymer systems, as discussed below.  

Whilst lysine is intrinsically pH-responsive, as was demonstrated here, what has been further 

explored is the conjugation of PEG-b-PLys systems to other functional species, imparting 

smart stimuli-responsive activity to triggers such as pH, temperature, hypoxia, redox, and 

enzyme activity.6-9 Recently, this has been demonstrated by authors such as Iatrou et al. who, 

in exploring pH-responsiveness, grafted short histidine chains to a P(Lys) backbone.10 This was 

done using orthogonal deprotection, which has been discussed in greater detail in Section 

1.4.1.1. In grafting histidine to this lysine backbone, the authors imparted substantial pH-

responsive effects into the resultant nanoparticle, including transitions in secondary structure 

from random coil to ̡ -sheet, and changes in size of over 100 nm as pH was tuned. These 

effects represent tremendous versatility in the products of P(Lys) conjugation, a facet of the 

technology that has been a core motivator of the work conducted throughout this Chapter.  
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Similar inspiration for this research was derived from examples of conjugative drug 

ŜƴŎŀǇǎǳƭŀǘƛƻƴ ǿƛǘƘƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΣ ǿƘŜǊŜōȅ ƭȅǎƛƴŜ ʶ-amine functional groups are covalently 

linked to drug molecules. These linked drug molecules often stimulate self-assembly via 

ƘȅŘǊƻǇƘƻōƛŎ ŀƴŘ ˉ-stacking interactions, thus avoiding the processes of amphiphilic BCP 

synthesis and encapsulation. In doing so, these conjugative nanoparticle systems sidestep the 

commonly-associated challenges with typical delivery systems. Whilst drug loading capacity 

is often limited to less than 20 wt% for most platforms, including polymeric micelles, drug 

conjugation sets a minimum loading at the number of drug molecules linked within, providing 

consistent dosing for therapeutic use.11 Furthermore, whilst the polymer-drug linkages of 

these systems are capable of tuning for controlled release, they remain robust under 

physiological conditions, ensuring triggered release under the desired circumstances and 

ŀǾƻƛŘƛƴƎ ǇǊŜƳŀǘǳǊŜ όƻǊ άōǳǊǎǘέύ ǊŜƭŜŀǎŜΣ ƻŦǘŜƴ ƻōǎŜǊǾŜŘ ǿƛǘƘ ǎƛƳǇƭŜǊ ŜƴŎŀǇǎǳƭŀǘƛƻƴΦ ! 

notable example of these conjugative delivery systems was performed by Wang et al. in 

2018.2 Doxorubicin was conjugated alongside 4-carboxybenzaldehyde to lysine side chains of 

PLys-b-PMPC BCPs via pH-sensitive imine linkages. Once self-assembled, BCPs were then 

capable of both charge-conversion for enhanced deep-tissue penetration, as well as pH-

mediated release of doxorubicin under acidic conditions. Another example of polymer-drug 

conjugation for improved delivery, and a direct precursor to work conducted in this report, is 

that of England et al.12 For this work, the authors utilised a linear PSar macroinitiator as 

opposed to traditional PEG, from which they built mutli-generational, hyperbranched 

dendritic PLys blocks to conjugate fulvestrant. This was done via Steglich esterification of its 

3-position phenol group with t-butyl succinate and subsequent deprotection to yield a 

succinic acid functional group, before conjugation via amide coupling to the amino termini of 

the lysine dendron using DMTMM as the coupling reagent. Furthermore, the high 

compatibility of the fulvestrant-composed hydrophobic core provided an excellent 

environment for further fulvestrant encapsulation, with the authors achieving up to 77 wt% 

total drug content within the micelles (conjugated + encapsulated), and an encapsulation 

efficiency of over 98 %. This conjugation also lowŜǊŜŘ ǘƘŜ ƳƛŎŜƭƭŜǎΩ /a/Σ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ 

stability of the platform in dilute conditions such as physiological administration. This work 

represents the gold standard for the potential of drug-conjugated polymer systems, a 

standard that this work aims to emulate.  
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5.2 Experimental 

5.2.1 Monomer Synthesis 

 

Lys-NCA with different protecting groupsspecies were synthesised for this investigation 

according to the preparative methodologies described in Section 3.1.1, via both phosgene-

mediated and phosgene-free synthetic routes. Each NCA monomer was synthesised in good 

yield and high purity, as was determined by 1H NMR and FTIR spectroscopies. The attached 

protecting groups were maintained throughout the process.   

 

5.2.2 NCA ROP of Lys(Fmoc)-NCA  

Non-monitored Synthesis of PEG-b-PLys(Fmoc) 

[ȅǎόCƳƻŎύπhI b/! όплл ƳƎΣ мΦлр ƳƳƻƭύ ŀƴŘ Ƴt9D όaΦ²Φ рллл Ǝ Ƴƻƭ
πм
Σ рнΦс ƳƎΣ лΦлм ƳƳƻƭύ 

ǿŜǊŜ ŀŘŘŜŘ ǘƻ ŀƴ ƻǾŜƴπŘǊƛŜŘ {ŎƘƭŜƴƪ ǘǳōŜΣ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǎǳōŀπǎŜŀƭΣ ŀƴŘ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ 

όм ƘύΦ !ƴƘȅŘǊƻǳǎ 5aC όс Ƴ[ύ ǿŀǎ ŀŘŘŜŘ ǘƻ ŘƛǎǎƻƭǾŜ ǘƘŜ ƳƛȄǘǳǊŜΣ ŀƴŘ ǎǘƛǊǊŜŘ ǳƴŘŜǊ ŀƴ 

ŀǘƳƻǎǇƘŜǊŜ ƻŦ bнόƎύ ƻǾŜǊ ǘƘŜ ŎƻǳǊǎŜ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ όмсу ƘύΦ hƴŎŜ ǘƘŜ ǊŜŀŎǘƛƻƴ ƘŀŘ ǊŜŀŎƘŜŘ 

ŎƻƳǇƭŜǘƛƻƴΣ ǘƘŜ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ǿŀǎ ǇǊŜŎƛǇƛǘŀǘŜŘ ōȅ ƛŎŜπŎƻƭŘ ŘƛŜǘƘȅƭ ŜǘƘŜǊ όмрл Ƴ[ύ ŀƴŘ 

ŎƻƭƭŜŎǘŜŘ Ǿƛŀ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ όǎŜŜ {ŜŎǘƛƻƴ нΦуύΦ ¢ƘŜ ŎƻƭƭŜŎǘŜŘ ǎƻƭƛŘ ǿŀǎ ǘƘŜƴ ǿŀǎƘŜŘ ǿƛǘƘ ƛŎŜπ

ŎƻƭŘ ŘƛŜǘƘȅƭ ŜƛǘƘŜǊ όн Ȅ ол Ƴ[ύ ŀƴŘ ǘƻƭǳŜƴŜ όм Ȅ ол Ƴ[ύ ŀƴŘ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ ƻǾŜǊƴƛƎƘǘΦ ¢ƘŜ 

ǇǳǊƛŦƛŜŘ ǇǊƻŘǳŎǘ ǿŀǎ ǘƘŜƴ ŎƻƭƭŜŎǘŜŘ ŀǎ ŀ ŘŜƴǎŜ ƻŦŦπǿƘƛǘŜ ǇƻǿŘŜǊΦ    

¸ƛŜƭŘΥ сл ǿǘ҈ 

Lw ό ˂κ ŎƳ
πм
ύΥ онту όbπI ǎǘǊŜǘŎƘύΣ нууф ό/πI ǎǘǊŜǘŎƘύΣ мспо ό/Ґh ŀƳƛŘŜ ǎǘǊŜǘŎƘύΣ мснр ό/Ґh 

CƳƻŎ ǎǘǊŜǘŎƘύΣ мрпп ό/Ґ/ ŀǊƻƳŀǘƛŎ ǎǘǊŜǘŎƘύ мпстǎΣ моууǎΣ мопнƳΣ мнумǎΣ мнплǎΣ ммрлƳΦ 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ уΦнрπтΦтс όƳΣ оусIΣ CƳƻŎ !ǊπIύΣ пΦрмπоΦтф όƳΣ флIΣ 

CƳƻŎύ оΦрн όǎΣ прнIΣ t9Dπ/IнύΣ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ мΦтнπмΦот όƳΣ рнуIΣ ур Ȅ о Ȅ [ȅǎ ŀƭƛǇƘŀǘƛŎ 

/IнύΦ 
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5.2.2.1 Kinetic Investigation of Lys(Fmoc)-NCA ROP 

b/! wht ǿŀǎ ǇŜǊŦƻǊƳŜŘ Ǿƛŀ ǘƘŜ ƳŜǘƘƻŘƻƭƻƎȅ ŘŜǎŎǊƛōŜŘ ƛƴ {ŜŎǘƛƻƴ рΦнΦн ŀōƻǾŜΦ wŜŀŎǘƛƻƴ 

ǎŀƳǇƭƛƴƎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀǘ ǎŜǾŜǊŀƭ ƛƴǘŜǊǾŀƭǎ ŀŎǊƻǎǎ ǘƘŜ ŘǳǊŀǘƛƻƴ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴΦ {ŀƳǇƭŜǎ ƻŦ 

ǘƘŜ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ǿŜǊŜ ǘŀƪŜƴ ŀǘ л ƘƻǳǊǎΣ о ŀƴŘ с ƘƻǳǊǎΣ нп ƘƻǳǊǎ ŀƴŘ ǘƘŜƴ ŀǘ ŀŘŘƛǘƛƻƴŀƭ нпπ

ƘƻǳǊ ƛƴǘŜǊǾŀƭǎ ǳǇ ǳƴǘƛƭ фс ƘƻǳǊǎΦ CǊƻƳ ǘƘƛǎ ǇƻƛƴǘΣ ǘƘŜ ǊŜŀŎǘƛƻƴ ǇǊƻŎŜŜŘŜŘ ŦƻǊ ŀƴ ŀŘŘƛǘƛƻƴŀƭ тн 

ƘƻǳǊǎ ōŜŦƻǊŜ ǘƘŜ Ŧƛƴŀƭ ǇǊƻŘǳŎǘ ǿŀǎ ƻōǘŀƛƴŜŘΦ ¢ƘŜ ǊŜƳƻǾŀƭ ƻŦ ǎŀƳǇƭŜǎ ŦǊƻƳ ǘƘŜ ǊŜŀŎǘƛƻƴ 

ƳƛȄǘǳǊŜ ǘƘǊƻǳƎƘƻǳǘ ǘƘƛǎ ǇǊƻŎŜǎǎ ƭƛƳƛǘŜŘ ǘƘŜ ŀŎŎǳǊŀŎȅ ƻŦ ȅƛŜƭŘ ŎŀƭŎǳƭŀǘƛƻƴǎ ŦƻǊ ǘƘŜ Ŧƛƴŀƭ ǇǊƻŘǳŎǘΦ 

IŜƴŎŜΣ ȅƛŜƭŘ Řŀǘŀ ƛǎ ƴƻǘ ǇǊŜǎŜƴǘŜŘ ƘŜǊŜΦ  

Lw ό ˂κ ŎƳ
πм
ύΥ Lw ό ˂κ ŎƳ

πм
ύΥ онту όbπI ǎǘǊŜǘŎƘύΣ нууф ό/πI ǎǘǊŜǘŎƘύΣ мспо ό/Ґh ŀƳƛŘŜ ǎǘǊŜǘŎƘύΣ 

мснр ό/Ґh CƳƻŎ ǎǘǊŜǘŎƘύΣ мрпп ό/Ґ/ ŀǊƻƳŀǘƛŎ ǎǘǊŜǘŎƘύ мпстǎΣ моууǎΣ мопнƳΣ мнумǎΣ мнплǎΣ 

ммрлƳΦ 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ тΦууπтΦнф όƳΣ оулIΣ CƳƻŎ ŀǊƻƳŀǘƛŎ ǇǊƻǘƻƴǎύΣ пΦрмπоΦтф 

όƳΣ мптIΣ !Ǌπ/Iπ/Iн CƳƻŎ ŀƭƛǇƘŀǘƛŎ ǇǊƻǘƻƴǎύ оΦрн όǎΣ опуIΣ t9D /IнύΣ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ 

мΦтнπмΦот όƳΣ нсмIΣ сл Ȅ о Ȅ [ȅǎ /Iн ǇǊƻǘƻƴǎύΦ 

5.2.3 NCA ROP of Lys(Z)-NCA  

DMAP-Catalysed Synthesis of mPEG-b-Plys(Z) 

[ȅǎό½ύπb/! όплл ƳƎΣ мΦом ƳƳƻƭύ ǇƻƭȅόŜǘƘȅƭŜƴŜ ƎƭȅŎƻƭύ ƳŜǘƘȅƭ ŜǘƘŜǊ όaΦ²Φ рллл Ǝ Ƴƻƭ
πм
Σ срΦнф 

ƳƎΣ лΦлмо ƳƳƻƭύ ŀƴŘ 5a!t όмрΦфр ƳƎΣ лΦмо ƳƳƻƭύ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ŀƴ ƻǾŜƴπŘǊƛŜŘ {ŎƘƭŜƴƪ 

ǘǳōŜΣ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǎǳōŀπǎŜŀƭΣ ŀƴŘ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ όм ƘύΦ ¢ƘŜ ǎƻƭƛŘ ƳƛȄǘǳǊŜ ǿŀǎ ǘƘŜƴ 

ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ 5aC όс Ƴ[ύ ŀƴŘ ǎǘƛǊǊŜŘ ǳƴŘŜǊ ŀƴ ŀǘƳƻǎǇƘŜǊŜ ƻŦ bнόƎύ ƻǾŜǊ ǘƘŜ ŎƻǳǊǎŜ 

ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ όмсу ƘύΦ hƴŎŜ ǘƘŜ ǊŜŀŎǘƛƻƴ ƘŀŘ ǊŜŀŎƘŜŘ ŎƻƳǇƭŜǘƛƻƴΣ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ŦƻǊƳŀǘƛƻƴ 

ƻŦ ŀ ǿƘƛǘŜ ŀƴŘ ƻǇŀƭŜǎŎŜƴǘ ƎŜƭΣ ǘƘŜ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ǿŀǎ ǇǊŜŎƛǇƛǘŀǘŜŘ ōȅ ƛŎŜπŎƻƭŘ ŘƛŜǘƘȅƭ ŜǘƘŜǊ 

όмрл Ƴ[ύ ŀƴŘ ŎƻƭƭŜŎǘŜŘ Ǿƛŀ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ όǎŜŜ {ŜŎǘƛƻƴ нΦпύΦ ¢ƘŜ ŎƻƭƭŜŎǘŜŘ ǎƻƭƛŘ ǿŀǎ ǘƘŜƴ 

ǿŀǎƘŜŘ ǿƛǘƘ ƛŎŜπŎƻƭŘ ŘƛŜǘƘȅƭ ŜƛǘƘŜǊ όн Ȅ ол Ƴ[ύ ŀƴŘ ǘƻƭǳŜƴŜ όм Ȅ ол Ƴ[ύ ŀƴŘ ŘǊƛŜŘ ǳƴŘŜǊ 

ǾŀŎǳǳƳ ƻǾŜǊƴƛƎƘǘΦ ¢ƘŜ ǇǳǊƛŦƛŜŘ ǇǊƻŘǳŎǘ ǿŀǎ ǘƘŜƴ ŎƻƭƭŜŎǘŜŘ ŀǎ ŀ ŘŜƴǎŜ ƻŦŦπǿƘƛǘŜ ǇƻǿŘŜǊΦ ¸ƛŜƭŘ 

ŎŀƭŎǳƭŀǘƛƻƴ ǿŀǎ ƴƻǘ ǇŜǊŦƻǊƳŜŘ ƘŜǊŜΣ ŀǎ ǘƘŜ ǇǊƻŘǳŎǘ ǿŀǎ ƴƻǘ ǿŜƭƭπŘŜŦƛƴŜŘΦ   
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м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ сΦффπтΦон όƳΣ мопIΣ !ǊπIύΣ пΦтрπрΦлл όƳΣ прIΣ !Ǌπ/Iπ/Iнύ 

оΦпр όǎΣ пууIΣ t9D /IнΣ h/πIύΣ оΦмр όǎΣ оIΣ t9Dπ/IоύΣ нΦур όǎΣ пнIΣ [ȅǎ /Iнύ лΦфπнΦмф όƳΣ мооIΣ 

оȄ [ȅǎ /Iн ǇǊƻǘƻƴǎύΦ 

 

!ƳƛƴŜπLƴƛǘƛŀǘŜŘ {ȅƴǘƘŜǎƛǎ ƻŦ Ƴt9Dπōπt[ȅǎό½ύ ό./ммрπммуύ 

¢ƘŜ ŦƻƭƭƻǿƛƴƎ ƛǎ ŀ ƎŜƴŜǊŀƭƛǎŜŘ ƳŜǘƘƻŘƻƭƻƎȅ ŦƻǊ ǘƘŜ wht ƻŦ [ȅǎό½ύπb/! ŦǊƻƳ Ƴt9DπbIн όмлллƎ 

Ƴƻƭ
πм
 ŀƴŘ рллл Ǝ Ƴƻƭ

πм
ύ Φ aŀǎǎ ŀƴŘ ƳƻƭŜ ǉǳŀƴǘƛǘƛŜǎΣ ƳƻƭŀǊ ŜǉǳƛǾŀƭŜƴǘǎΣ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ 

ŎƻƴŘƛǘƛƻƴǎ ŀǊŜ ŘŜǎŎǊƛōŜŘ ŦƻǊ ŀƭƭ ǊŜŀŎǘƛƻƴǎ ό./ммрπммуύ ƛƴ ¢ŀōƭŜ рΦм ōŜƭƻǿΦ !ƭƭ ǊŜŀŎǘƛƻƴǎ ǿŜǊŜ 

Ǌǳƴ ƻǾŜǊ ǘƘŜ ŎƻǳǊǎŜ ƻŦ мсу Ƙ ŀƴŘ ǿƛǘƘƛƴ у Ƴ[ ƻŦ ŀƴƘȅŘǊƻǳǎ 5aC ǎƻƭǾŜƴǘΦ  

[ȅǎό½ύπb/! ό¢ŀōƭŜ рΦмύ ŀƴŘ ǇƻƭȅόŜǘƘȅƭŜƴŜ ƎƭȅŎƻƭύ ƳŜǘƘȅƭ ŜǘƘŜǊ ό¢ŀōƭŜ рΦмύ ǿŜǊŜ ŀŘŘŜŘ ǘƻ ŀƴ 

ƻǾŜƴπŘǊƛŜŘ {ŎƘƭŜƴƪ ǘǳōŜΣ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǎǳōŀπǎŜŀƭΣ ŀƴŘ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ όм ƘύΦ ¢ƘŜ ǎƻƭƛŘ 

ƳƛȄǘǳǊŜ ǿŀǎ ǘƘŜƴ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ 5aC όу Ƴ[ύ ŀƴŘ ǎǘƛǊǊŜŘ ǳƴŘŜǊ ŀƴ ŀǘƳƻǎǇƘŜǊŜ ƻŦ bнόƎύ 

ƻǾŜǊ ǘƘŜ ŎƻǳǊǎŜ ƻŦ ǘƘŜ ǊŜŀŎǘƛƻƴ όмсу ƘύΦ CƻƭƭƻǿƛƴƎ ǊŜŀŎǘƛƻƴ ŎƻƳǇƭŜǘƛƻƴΣ ǘƘŜ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ 

ǿŀǎ ǇǊŜŎƛǇƛǘŀǘŜŘ ōȅ ƛŎŜπŎƻƭŘ ŘƛŜǘƘȅƭ ŜǘƘŜǊ όо Ȅ мр Ƴ[ύ ŀƴŘ ŎƻƭƭŜŎǘŜŘ Ǿƛŀ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ όǎŜŜ 

{ŜŎǘƛƻƴ нΦпύΦ ¢ƘŜ ŎƻƭƭŜŎǘŜŘ ǎƻƭƛŘ ǿŀǎ ǘƘŜƴ ǿŀǎƘŜŘ ǿƛǘƘ ƛŎŜπŎƻƭŘ ŘƛŜǘƘȅƭ ŜƛǘƘŜǊ όн Ȅ мр Ƴ[ύ ŀƴŘ 

ǘƻƭǳŜƴŜ όн Ȅ мр Ƴ[ύ ŀƴŘ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ ƻǾŜǊƴƛƎƘǘΦ ¢ƘŜ ǇǳǊƛŦƛŜŘ ǇǊƻŘǳŎǘ ǿŀǎ ǘƘŜƴ 

ŎƻƭƭŜŎǘŜŘ ŀǎ ŀƴ ƻŦŦπǿƘƛǘŜ ǇƻǿŘŜǊΦ ¸ƛŜƭŘ ŎŀƭŎǳƭŀǘƛƻƴǎ ƘŀǾŜ ōŜŜƴ ǇŜǊŦƻǊƳŜŘ ŦƻǊ ǘƘŜǎŜ ǊŜŀŎǘƛƻƴǎ 

ŦƻƭƭƻǿƛƴƎ ŀǎǎŜǎǎƳŜƴǘ Ǿƛŀ !t/ ŀƴŀƭȅǎƛǎΣ ŀƴŘ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ {ŜŎǘƛƻƴ рΦоΦнΦ   

 

¢ŀōƭŜ рΦмΥ wŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ŦƻǊ ǘƘŜ ǎȅƴǘƘŜǎŜǎ ƻŦ ǇǊƻŘǳŎǘǎ ./ммрπммуΦ 
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5.2.3.1 Deprotection of mPEG-b-PLys(Z) 

5ŜǇǊƻǘŜŎǘƛƻƴ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŦƻǊ ./ммр ŀƴŘ ./ммс Ǿƛŀ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ƎŜƴŜǊŀƭƛǎŜŘ ƳŜǘƘƻŘΦ 

vǳŀƴǘƛǘƛŜǎ ŀƴŘ ǇǊŜǇŀǊŀǘƛǾŜ ǇǊƻŎŜŘǳǊŜǎ ǿŜǊŜ ƪŜǇǘ ŎƻƴǎƛǎǘŜƴǘ ōŜǘǿŜŜƴ ǊŜŀŎǘƛƻƴǎΦ Ƴt9Dπōπ

t[ȅǎό½ύ όнрл ƳƎύ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ ¢C! όмл Ƴ[ύ ǳƴŘŜǊ bн ŦƭƻǿΣ ǇǊƛƻǊ ǘƻ ŀŘŘƛǘƛƻƴ ƻŦ I.Ǌ όоо ǿǘ҈ 

ƛƴ !ŎhIΣ нΦн Ƴ[Σ ол ƳƳƻƭύΦ ¢ƘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ǎǘƛǊǊŜŘ ŦƻǊ нп ƘƻǳǊǎ ōŜŦƻǊŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƛƴ 

ǾŀŎǳƻ ŀƴŘ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ƛƴ ŘƛŜǘƘȅƭ ŜǘƘŜǊΦ ¢ƘŜ ǇǊƻŘǳŎǘǎ ǿŜǊŜ ǎǳōƧŜŎǘŜŘ ǘƻ ƳǳƭǘƛǇƭŜ ŜǘƘŜǊ 

ǿŀǎƘŜǎ ǳƴǘƛƭ ǘƘŜ ǊŜŘ ŎƻƭƻǳǊŀǘƛƻƴ ƻŦ ǘƘŜ I.Ǌ ǊŜŀƎŜƴǘ ƘŀŘ ōŜŜƴ ǊŜƳƻǾŜŘΦ ¢ƘŜ ŎǊǳŘŜ ǇǊƻŘǳŎǘ 

ǿŀǎ ǘƘŜƴ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀ ƳƛƴƛƳŀƭ ǉǳŀƴǘƛǘȅ ƻŦ ŘŜƛƻƴƛǎŜŘ ǿŀǘŜǊ ŀƴŘ ǎǳōƳƛǘǘŜŘ ŦƻǊ Řƛŀƭȅǎƛǎ ǳƴŘŜǊ 

ŀƎƛǘŀǘƛƻƴ ŦƻǊ ǘƘǊŜŜ ŘŀȅǎΣ ǿƛǘƘ ǿŀǘŜǊ ŎƘŀƴƎŜǎ ŜǾŜǊȅ нп ƘƻǳǊǎΦ ¢ƘŜ ǇǳǊƛŦƛŜŘ ǇǊƻŘǳŎǘ ǿŀǎ ǘƘŜƴ 

ŎƻƭƭŜŎǘŜŘ Ǿƛŀ ƭȅƻǇƘƛƭƛǎŀǘƛƻƴΦ ¸ƛŜƭŘ ŎŀƭŎǳƭŀǘƛƻƴǎ ƘŀǾŜ ōŜŜƴ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ !t/πŘŜǊƛǾŜŘ aƴ 

ǾŀƭǳŜǎ ŦƻǊ ǇƻƭȅƳŜǊǎ ./ммр ŀƴŘ ./ммсΣ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ƳŀȄƛƳǳƳ ǘƘŜƻǊŜǘƛŎŀƭ ȅƛŜƭŘΦ 
м
I 

baw Řŀǘŀ ǿŀǎ ƴƻǘ ŎƻƭƭŜŎǘŜŘ ŦƻǊ ǘƘŜǎŜ ǇǊƻŘǳŎǘǎ ŘǳŜ ǘƻ ƻǾŜǊǎŀǘǳǊŀǘƛƻƴ ƻŦ ǘƘŜ ǎǇŜŎǘǊǳƳ ōȅ ǘƘŜ 

ǿŀǘŜǊ ǇŜŀƪ ŀǘ оΦо ǇǇƳΦ  

./ммр 

¸ƛŜƭŘΥ ммнΦм ƳƎΣ тн ҈ 

./ммс 

¸ƛŜƭŘΥ мнмΦу ƳƎΣ тр ҈ 

5.2.4 Initial NCA ROP of Lys(Boc)-NCA  

A generalised preparative methodology is here presented for initial ROP reactions of Lys(Boc)-

NCA from mPEG-NH2 (5000 g mol
-1
). Reaction quantities, conditions and product yields (as 

calculated from expected M.W. values ς further discussed in Section 5.3.3) are presented in 

Table 5.2 below. 

[ȅǎό.ƻŎύπb/! ό¢ŀōƭŜ рΦнύ ǿŀǎ ŀŘŘŜŘ ǘƻ ŀƴ ƻǾŜƴπŘǊƛŜŘ {ŎƘƭŜƴƪ ǘǳōŜΣ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǎǳōŀπǎŜŀƭΣ 

ŀƴŘ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ όм Ƙύ ōŜŦƻǊŜ Řƛǎǎƻƭǳǘƛƻƴ ƛƴ ŀ рΥм ƳƛȄǘǳǊŜ ƻŦ ŀƴƘȅŘǊƻǳǎ 5/aκ5aC 

ό¢ŀōƭŜ рΦнύΦ {ŜǇŀǊŀǘŜƭȅΣ Ƴt9DπbIн ό¢ŀōƭŜ рΦнύ ǿŀǎ ǘƘŜƴ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ 5/aκ5aC 

ό¢ŀōƭŜ рΦнύΣ ŀƴŘ ŀŘŘŜŘ ƛƴ ƻƴŜ ŀƭƛǉǳƻǘ ǘƻ ǘƘŜ b/! ƛƴ ǎƻƭǳǘƛƻƴΦ  
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¢ƘŜ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ǿŀǎ ǎǘƛǊǊŜŘ ǳƴŘŜǊ bн ŀǘƳƻǎǇƘŜǊŜ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ нпƘ ōŜŦƻǊŜ 

ǘƘŜ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ǿŀǎ ǇǊŜŎƛǇƛǘŀǘŜŘ ōȅ ƛŎŜπŎƻƭŘ ŘƛŜǘƘȅƭ ŜǘƘŜǊ όмр Ƴ[ύ ŀƴŘ ŎƻƭƭŜŎǘŜŘ Ǿƛŀ 

ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ όǎŜŜ {ŜŎǘƛƻƴ нΦпύΦ ¢ƘŜ ŎƻƭƭŜŎǘŜŘ ǎƻƭƛŘ ǿŀǎ ǘƘŜƴ ǿŀǎƘŜŘ ǿƛǘƘ ƛŎŜπŎƻƭŘ ŘƛŜǘƘȅƭ 

ŜƛǘƘŜǊ όн Ȅ ол Ƴ[ύ ŀƴŘ ŘǊƛŜŘ ǳƴŘŜǊ ǾŀŎǳǳƳ ƻǾŜǊƴƛƎƘǘΦ ¢ƘŜ ǇǳǊƛŦƛŜŘ ǇǊƻŘǳŎǘ ǿŀǎ ǘƘŜƴ ŎƻƭƭŜŎǘŜŘ 

ŀǎ ŀ ŘŜƴǎŜ ƻŦŦπǿƘƛǘŜ ǇƻǿŘŜǊΦ  

¢ŀōƭŜ рΦнΥ wŜŀƎŜƴǘ ǉǳŀƴǘƛǘƛŜǎΣ ǊŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ŜǎǘƛƳŀǘŜŘ ǇŜǊŎŜƴǘŀƎŜ ȅƛŜƭŘ ǾŀƭǳŜǎ ŦƻǊ 

ǘƘŜ ǎȅƴǘƘŜǎŜǎ ƻŦ р Ƴt9Dπōπt[ȅǎό.ƻŎύ ŎƻǇƻƭȅƳŜǊǎΦ 

./муоκмфм π Ƴt9Dπōπt[ȅǎό.ƻŎύмл  
м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦт ς пΦр όƳΣ уIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ отIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ мрнIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

./мул π Ƴt9Dπōπt[ȅǎό.ƻŎύнл  

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦт ς пΦр όƳΣ мфIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ пптIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ пмIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ нфнIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

./муп π Ƴt9Dπōπt[ȅǎό.ƻŎύрл 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦт ς пΦр όƳΣ рмIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ отIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ тплIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

 

 

 



135 
 
 

./мум π Ƴt9Dπōπt[ȅǎό.ƻŎύмлл 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦт ς пΦр όƳΣ улIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ мупIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ мофоIΣ .ƻŎ /ό/Iоύо 

Ҍ [ȅǎ /Iнπ/Iнπ/IнύΦ 

5.2.4.1 Deprotection of Initial mPEG-b-PLys(Boc) Copolymers 

Products of Lys(Boc)-NCA ROP were synthesised, collected and purified as per the preparative 

procedures specified above. For each of these products, the following generalised method 

describes how Boc-deprotection was performed, and how the subsequent mPEG-b-

PLys[NH2.TFA] salts were obtained and purified.  

Ƴt9Dπōπt[ȅǎό.ƻŎύ ό{ŜŎǘƛƻƴ рΦнΦпύ ǿŀǎ ŀŘŘŜŘ ǘƻ ŀ ǊƻǳƴŘπōƻǘǘƻƳ ŦƭŀǎƪΣ ŀƴŘ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀ мΥм 

ƳƛȄǘǳǊŜ ƻŦ 5/aκ¢C! όр Ƴ[ύΦ ¢ƘŜ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ǿŀǎ ǎǘƛǊǊŜŘ ŦƻǊ м Ƙ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴ 

ŀƛǊΣ ǘƻ ŀƭƭƻǿ ŦƻǊ ǘƘŜ ŜǎŎŀǇŜ ƻŦ ŜƭƛƳƛƴŀǘŜŘ ƎŀǎŜƻǳǎ ōȅπǇǊƻŘǳŎǘǎΦ ¢ƘŜ ǇǊƻŘǳŎǘǎ ǿŀǎ ǘƘŜƴ 

ǇǊŜŎƛǇƛǘŀǘŜŘ ƛƴ ƛŎŜπŎƻƭŘ ŘƛŜǘƘȅƭ ŜǘƘŜǊ όмр Ƴ[ύ ŀƴŘ ŎƻƭƭŜŎǘŜŘ ōȅ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ό{ŜŎǘƛƻƴ нΦпύΦ  

¢ƘŜ ǇǊƻŘǳŎǘ ǿŀǎ ǘƘŜƴ ŘǊƛŜŘ ƛƴ ǾŀŎǳƻ ƻǾŜǊƴƛƎƘǘ ǘƻ ǊŜƳƻǾŜ ŜȄŎŜǎǎ ŜǘƘŜǊΣ ǿƘŜǊŜǳǇƻƴ ƛǘ ǿŀǎ 

ŘƛǎǎƻƭǾŜŘ ƛƴ ŘŜƛƴƻƴƛǎŜŘ ǿŀǘŜǊ ŀƴŘ ŘƛŀƭȅǎŜŘ όнллл Ǝ Ƴƻƭ
πм
 aΦ²Φ/Φhύ ŦƻǊ ǘƘǊŜŜ ŘŀȅǎΣ ōŜŦƻǊŜ ǊŜπ

ŎƻƭƭŜŎǘƛƻƴ Ǿƛŀ ŦǊŜŜȊƛƴƎ ŀƴŘ ƭȅƻǇƘƛƭƛǎŀǘƛƻƴΦ wŀǿ мI baw Řŀǘŀ ŦƻǊ ōƻǘƘ ǘƘŜ .ƻŎπǇǊƻǘŜŎǘŜŘ ŀƴŘ 

ǳƴǇǊƻǘŜŎǘŜŘ ǇǊƻŘǳŎǘǎ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ {ŜŎǘƛƻƴ !ΦрΦмΦ 

./мфл π Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐмл 

¸ƛŜƭŘΥ мΦнн ƎΣ ср ҈  
м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦу ς пΦо όƳΣ фIΣ /hπIύΣ оΦсл ς оΦср όƳΣ пууIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ мфIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ руIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

./мут π Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐнл 

¸ƛŜƭŘΥ лΦсо ƎΣ сл ҈  

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦу ς пΦо όƳΣ муIΣ /hπIύΣ оΦсл ς оΦср όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ плIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ ммтIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 
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./мфо π Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐрл 

¸ƛŜƭŘΥ лΦсо ƎΣ рф ҈  

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦу ς пΦо όƳΣ псIΣ /hπIύΣ оΦсл ς оΦср όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ фсIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ нуоIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

./муу π Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐмлл 

¸ƛŜƭŘΥ лΦпл ƎΣ см ҈  

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦу ς пΦо όƳΣ фмIΣ /hπIύΣ оΦсл ς оΦср όƳΣ пууIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ мунIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ ртлIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

5.2.5 in-situ FTIR monitored Syntheses of mPEG-b-Lys(Boc)  

! ƎŜƴŜǊŀƭƛǎŜŘ ǇǊŜǇŀǊŀǘƛǾŜ ƳŜǘƘƻŘƻƭƻƎȅ ƛǎ ƘŜǊŜ ǇǊŜǎŜƴǘŜŘ ŦƻǊ wht ǊŜŀŎǘƛƻƴǎ ƻŦ [ȅǎό.ƻŎύπb/! 

ŦǊƻƳ Ƴt9DπbIн όрллл Ǝ Ƴƻƭ
πм
 ŀƴŘ млΣллл Ǝ Ƴƻƭ

πм
ύΣ ƳƻƴƛǘƻǊŜŘ ƛƴπǎƛǘǳ ǳǎƛƴƎ ŀ .ǊǳƪŜǊ Lbорл¢ 

ŘƛŀƳƻƴŘ !¢w C¢Lw ǇǊƻōŜΣ ŀǎ ŘŜǘŀƛƭŜŘ ƛƴ {ŜŎǘƛƻƴ нΦоΦмΦ wŜŀƎŜƴǘ ǉǳŀƴǘƛǘƛŜǎΣ ǊŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ 

ŀƴŘ ǇǊƻŘǳŎǘ Ƴŀǎǎ ŀƴŘ ŜǎǘƛƳŀǘŜŘ ǇŜǊŎŜƴǘŀƎŜ ȅƛŜƭŘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ¢ŀōƭŜ рΦо ōŜƭƻǿΦ  

Lƴ ŀ нπƴŜŎƪ w. ŦƭŀǎƪΣ ŦƛǘǘŜŘ ǿƛǘƘ ŀ bн ƛƴƭŜǘ ŀǊƳ ŀƴŘ C¢Lw ǇǊƻōŜΣ [ȅǎό.ƻŎύπb/! ό¢ŀōƭŜ рΦоύ ǿŀǎ 

ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ 5aC ό¢ŀōƭŜ рΦоύΦ !ǎ ǘƘŜ ǇǊƻōŜ ǿŀǎ ŜǉǳƛƭƛōǊŀǘŜŘ ǘƻ ǘƘŜ ŀōǎƻǊōŀƴŎŜ ǇŜŀƪ 

ŀǘ мтпс ŎƳ
πм
Σ ƛƴ ƻǊŘŜǊ ǘƻ ǎŜǘ ŀ ōŀǎŜƭƛƴŜ ŦƻǊ ¢лΣ Ƴt9DπbIн όрллл  Ǝ Ƴƻƭ

πм
ύ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ 

ŀƴƘȅŘǊƻǳǎ 5aC ό¢ŀōƭŜ рΦоύΣ ōŜŦƻǊŜ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ ǎǘƛǊǊƛƴƎ b/! ǎƻƭǳǘƛƻƴ ŀǎ ƻƴŜ ŀƭƛǉǳƻǘΦ hƴŎŜ 

ǘƘŜ C¢Lw ǇǊƻōŜ ƘŀŘ ŀŎŎƻǳƴǘŜŘ ŦƻǊ ǘƘŜ ƛƴŎǊŜŀǎŜŘ Řƛƭǳǘƛƻƴ ƻŦ ǘƘŜ b/!Σ ŘŜŎǊŜŀǎƛƴƎ ǇŜŀƪ ŀǊŜŀ ŀǘ 

мтпс ŎƳ
πм
 ǿŀǎ ƳƻƴƛǘƻǊŜŘ ǳƴǘƛƭ ƴƻ ŎƘŀƴƎŜ ǿŀǎ ƻōǎŜǊǾŜŘΣ ŀǘ ǿƘƛŎƘ ǘƛƳŜ ǊŜŀŎǘƛƻƴ ŎƻƳǇƭŜǘƛƻƴ 

ǿŀǎ ŀŎƘƛŜǾŜŘ όмс π ос ƘƻǳǊǎύΦ !ǘ ǘƘƛǎ ǇƻƛƴǘΣ ŜȄŎŜǎǎ 5aC ǿŀǎ ǊŜƳƻǾŜŘ ƛƴ ǾŀŎǳƻΣ ŀƴŘ ǘƘŜ ǇǊƻŘǳŎǘ 

ǿŀǎ ǇǊŜŎƛǇƛǘŀǘŜŘ ŀƴŘ ǘǊƛǘǳǊŀǘŜŘ ƛƴ ǘŜǊǘπōǳǘȅƭ ƳŜǘƘȅƭ ŜǘƘŜǊ ό¢.a9ύΦ ¢ƘŜ ǇǊƻŘǳŎǘ ǿŀǎ ǘƘŜƴ 

ŎƻƭƭŜŎǘŜŘ Ǿƛŀ ŦƛƭǘǊŀǘƛƻƴ ŀƴŘ ŀƭƭƻǿŜŘ ǘƻ ŘǊȅ ƻƴ ǘƘŜ ŦƛƭǘŜǊ ǇŀŘ ǳƴŘŜǊ ŀ Ŧƭƻǿ ƻŦ bн όŎŀΦ мр ƳƛƴύΦ {9/π

¢5! ŀƴŀƭȅǎƛǎ ŦƻǊ ǘƘŜǎŜ ǇǊƻŘǳŎǘǎ ƛǎ ǇǊƻǾƛŘŜŘ ŀƴŘ ŘƛǎŎǳǎǎŜŘ ƛƴ {ŜŎǘƛƻƴ рΦоΦпΦ мI baw ǎǇŜŎǘǊŀ 

ŦƻǊ ǘƘŜǎŜ ǇǊƻŘǳŎǘǎ ŀǊŜ ƴƻǘ ƘŜǊŜ ǊŜǇƻǊǘŜŘΣ ŘǳŜ ǘƻ ǘƘŜ ƭŀŎƪ ƻŦ ǇǳǊƛŦƛŎŀǘƛƻƴ ƛƴ ǘƘŜƛǊ ǿƻǊƪǳǇ 

ǇǊƻŎŜŘǳǊŜǎΦ wŀǿ мI baw Řŀǘŀ ƛǎ ǇǊŜǎŜƴǘŜŘ ƛƴ {ŜŎǘƛƻƴ !ΦрΦмΦ  
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¢ŀōƭŜ рΦоΥ wŜŀƎŜƴǘ ǉǳŀƴǘƛǘƛŜǎΣ ǊŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ŜǎǘƛƳŀǘŜŘ ǇŜǊŎŜƴǘŀƎŜ ȅƛŜƭŘ ǾŀƭǳŜǎ ŦƻǊ 

ǘƘŜ ǎȅƴǘƘŜǎŜǎ ƻŦ Ƴt9Dπōπt[ȅǎό.ƻŎύ ŎƻǇƻƭȅƳŜǊǎ ./мфрπ./мффΦ  

5.2.5.1 Deprotection of in-situ FTIR-monitored mPEG-b-Lys(Boc) Products  

Ƴt9Dπōπt[ȅǎό.ƻŎύ ό{ŜŎǘƛƻƴ рΦнΦрύ ǿŀǎ ŀŘŘŜŘ ǘƻ ŀ ǊƻǳƴŘπōƻǘǘƻƳ ŦƭŀǎƪΣ ŀƴŘ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀ мΥм 

ƳƛȄǘǳǊŜ ƻŦ 5/aκ¢C! όр Ƴ[ύΦ ¢ƘŜ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ǿŀǎ ǎǘƛǊǊŜŘ ŦƻǊ м Ƙ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴ 

ŀƛǊΣ ǘƻ ŀƭƭƻǿ ŦƻǊ ǘƘŜ ŜǎŎŀǇŜ ƻŦ ŜƭƛƳƛƴŀǘŜŘ ƎŀǎŜƻǳǎ ōȅπǇǊƻŘǳŎǘǎΦ ¢ƘŜ ǇǊƻŘǳŎǘǎ ǿŀǎ ǘƘŜƴ 

ǇǊŜŎƛǇƛǘŀǘŜŘ ƛƴ ƛŎŜπŎƻƭŘ ŘƛŜǘƘȅƭ ŜǘƘŜǊ όмр Ƴ[ύ ŀƴŘ ŎƻƭƭŜŎǘŜŘ ōȅ ŎŜƴǘǊƛŦǳƎŀǘƛƻƴ ό{ŜŎǘƛƻƴ нΦуύΦ ¢ƘŜ 

ǇǊƻŘǳŎǘ ǿŀǎ ǘƘŜƴ ŘǊƛŜŘ ƛƴ ǾŀŎǳƻ ƻǾŜǊƴƛƎƘǘ ǘƻ ǊŜƳƻǾŜ ŜȄŎŜǎǎ ŜǘƘŜǊΣ ǿƘŜǊŜǳǇƻƴ ƛǘ ǿŀǎ 

ŘƛǎǎƻƭǾŜŘ ƛƴ ŘŜƛƴƻƴƛǎŜŘ ǿŀǘŜǊ ŀƴŘ ŘƛŀƭȅǎŜŘ όнллл Ǝ Ƴƻƭ
πм
 aΦ²Φ/Φhύ ŦƻǊ ǘƘǊŜŜ ŘŀȅǎΣ ōŜŦƻǊŜ ǊŜπ

ŎƻƭƭŜŎǘƛƻƴ Ǿƛŀ ŦǊŜŜȊƛƴƎ ŀƴŘ ƭȅƻǇƘƛƭƛǎŀǘƛƻƴΦ  

./мфр5 π Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐр 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ пΦл ς пΦп όƳΣ рIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ млIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ олIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

./мфс5 π Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐмл 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ пΦл ς пΦп όƳΣ фIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ нлIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ ртIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 
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./мфт5 π Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐнл 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ пΦл ς пΦп όƳΣ нмIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ поIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ мнуIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

./мфу5 π Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐрл 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ пΦл ς пΦп όƳΣ пфIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ млмIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ омлIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

 

5.2.6 Lys(Boc)-NCA ROP Reaction Optimisation 

5.2.6.1 Investigating THF-Solvated Lys(Boc)-NCA ROP 

¢ƘŜ ǇǊŜǇŀǊŀǘƛǾŜ ƳŜǘƘƻŘƻƭƻƎȅ ŦƻǊ ǘƘŜ ¢ICπǎƻƭǾŀǘŜŘ wht ƻŦ [ȅǎό.ƻŎύπb/! ŦǊƻƳ Ƴt9DπbIн 

όрллл Ǝ Ƴƻƭ
πм
ύ ƛǎ ǊŜǇƻǊǘŜŘ ƘŜǊŜΦ wŜŀŎǘƛƻƴ ǉǳŀƴǘƛǘƛŜǎΣ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ǇǊƻŘǳŎǘ Ƴŀǎǎ ŀƴŘ 

ŜǎǘƛƳŀǘŜŘ ǇŜǊŎŜƴǘŀƎŜ ȅƛŜƭŘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ƛƴ ¢ŀōƭŜ рΦп ōŜƭƻǿΦ  

¢ƻ ŀƴ ƻǾŜƴπŘǊƛŜŘ ǊŜŀŎǘƛƻƴ ǘǳōŜΣ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǎŎǊŜǿπǘƻǇ bн ƛƴƭŜǘ ǎȅǎǘŜƳ ŀƴŘ ǇƭŀŎŜŘ ƛƴ ŀ ƳƻŘǳƭŀǊ 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŜŀŎǘƻǊ ŀǘ нр ϲ/Φ [ȅǎό.ƻŎύπb/! ό¢ŀōƭŜ рΦпύΣ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ ¢IC όлΦп Ƴ[ύ 

ǿŀǎ ŀŘŘŜŘ ƛƴ ƻƴŜ ŀƭƛǉǳƻǘΦ ¢ƘŜ ǎȅǎǘŜƳ ǿŀǎ ŀƭƭƻǿŜŘ ǘƻ ŜǉǳƛƭƛōǊŀǘŜΣ ŀƴŘ ŀƴȅ ŎƘŀƴƎŜǎ ǘƻ ǎƻƭǳōƛƭƛǘȅ 

ƻǊ ǾƛǎŎƻǎƛǘȅ ǿŜǊŜ ǊŜŎƻǊŘŜŘΦ hƴŎŜ ŜǉǳƛƭƛōǊŀǘŜŘΣ Ƴt9DπbIн ό¢ŀōƭŜ рΦпύΣ ŀƭǎƻ ŘƛǎǎƻƭǾŜŘ ƛƴ 

ŀƴƘȅŘǊƻǳǎ ¢IC όлΦп Ƴ[ύΣ ǿŀǎ ŀŘŘŜŘ ƛƴ ƻƴŜ ŀƭƛǉǳƻǘΦ {ƻƭǳōƛƭƛǘȅ ŀƴŘ ǾƛǎŎƻǎƛǘȅ ǿŜǊŜ ƻƴŎŜ ŀƎŀƛƴ 

ŎƘŜŎƪŜŘ ōŜŦƻǊŜ ǘƘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ƭŜŦǘ ǘƻ ǎǘƛǊ ŦƻǊ нп ƘǊΦ CƻƭƭƻǿƛƴƎ ǊŜŀŎǘƛƻƴΣ ǘƘŜ ŎǊǳŘŜ ǎƻƭǳǘƛƻƴ 

ǿŀǎ ƻōǘŀƛƴŜŘ ŀƴŘ ŜȄŎŜǎǎ ¢IC ǿŀǎ ǊŜƳƻǾŜŘΣ ŀƴŘ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ŦƛƭƳ ƭŀȅŜǊ ǿŀǎ ǘǊƛǘǳǊŀǘŜŘ ǿƛǘƘ 

ƛŎŜπŎƻƭŘ ¢.a9 ōŜŦƻǊŜ ǾŀŎǳǳƳ ŦƛƭǘǊŀǘƛƻƴΦ ¢ƘŜ ǇǊƻŘǳŎǘ ǿŀǎ ƭŜŦǘ ǘƻ ŘǊȅ ǳƴŘŜǊ bн Ŧƭƻǿ ƻƴ ǘƘŜ ŦƛƭǘŜǊ 

ǇŀŘ όŎŀΦ мр Ƴƛƴύ ōŜŦƻǊŜ ŎƻƭƭŜŎǘƛƻƴΦ !ƭƭ ǎŀƳǇƭŜǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ ŀǎ ǿƘƛǘŜΣ ŦƭŀƪŜȅ ǎƻƭƛŘǎΦ 
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¢ŀōƭŜ рΦпΥ wŜŀƎŜƴǘ ǉǳŀƴǘƛǘƛŜǎΣ ǊŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ŜǎǘƛƳŀǘŜŘ ǇŜǊŎŜƴǘŀƎŜ ȅƛŜƭŘ ǾŀƭǳŜǎ ŦƻǊ 

ǘƘŜ ǎȅƴǘƘŜǎŜǎ ƻŦ Ƴt9Dπōπt[ȅǎό.ƻŎύ ŎƻǇƻƭȅƳŜǊǎ ./нмн ŀƴŘ ./нмоΦ  

 

¢ƻ ŀƭƭƻǿ ŀǉǳŜƻǳǎπǇƘŀǎŜ {9/π¢5! ŀƴŀƭȅǎƛǎ ǘƻ ǘŀƪŜ ǇƭŀŎŜΣ ǎŀƳǇƭŜǎ ǳƴŘŜǊǿŜƴǘ .ƻŎπŘŜǇǊƻǘŜŎǘƛƻƴ 

ōŜŦƻǊŜ ŀƴŀƭȅǎƛǎΦ ¢ƘŜ ƳŜǘƘƻŘ ŦƻǊ ǘƘƛǎ ǇǊƻŎŜǎǎ ƛǎ ǊŜŎƻǊŘŜŘ ƛƴ {ŜŎǘƛƻƴ рΦнΦпΦмΦ tǊƻŎŜŘǳǊŀƭ ŘŜǘŀƛƭǎ 

ŦƻǊ ŀǉǳŜƻǳǎ {9/π¢5! ŀƴŀƭȅǎƛǎ ŀǊŜ ǇǊƻǾƛŘŜŘ ƛƴ {ŜŎǘƛƻƴ нΦсΦ  

./нмн ς Ƴt9Dπōπt[ȅǎό.ƻŎύр ό¢ICύ 

¸ƛŜƭŘΥ сф ƳƎΣ фо ҈ 

./нмн5 ς Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐр 

¸ƛŜƭŘΥ сс ƳƎΣ уф ҈  

./нмо ς Ƴt9Dπōπt[ȅǎό.ƻŎύмл ό¢ICύ 

¸ƛŜƭŘΥ уо ƳƎΣ фо ҈ 

./нмо5 ς Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐмл  

¸ƛŜƭŘΥ ум ƳƎΣ фм ҈ 
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5.2.6.2 Investigating Reduced-Temperature Lys(Boc)-NCA ROP 

Reactions at Small Scale (ca. 100 mg) for Analysis 

¢ƘŜ ǇǊŜǇŀǊŀǘƛǾŜ ƳŜǘƘƻŘƻƭƻƎȅ ŦƻǊ ǘƘŜ ǊŜŘǳŎŜŘπǘŜƳǇŜǊŀǘǳǊŜ wht ƻŦ [ȅǎό.ƻŎύπb/! ŦǊƻƳ Ƴt9Dπ

bIн όрллл Ǝ Ƴƻƭ
πм
ύ ƛǎ ǊŜǇƻǊǘŜŘ ƘŜǊŜΦ CƻǊ ŜŀŎƘ ǊŜŀŎǘƛƻƴΣ ǊŜŀƎŜƴǘ ǉǳŀƴǘƛǘƛŜǎ ŀƴŘ ǎƻƭǾŜƴǘ ǾƻƭǳƳŜ 

ǊŜƳŀƛƴ ǘƘŜ ǎŀƳŜΦ hƴƭȅ ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ ǾŀǊƛŜŘΣ ŀǎ ƛǎ ǎǇŜŎƛŦƛŜŘ ƛƴ ǘƘŜ 
м
I baw ŎƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ 

ōŜƭƻǿΦ  

¢ƻ ŀƴ ƻǾŜƴπŘǊƛŜŘ ǊŜŀŎǘƛƻƴ ǘǳōŜΣ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǎŎǊŜǿπǘƻǇ bн ƛƴƭŜǘ ǎȅǎǘŜƳ ŀƴŘ ǇƭŀŎŜŘ ƛƴ ŀ ƳƻŘǳƭŀǊ 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŜŀŎǘƻǊ ŀǘ ŀ ǇǊŜπŘŜŦƛƴŜŘ ǘŜƳǇŜǊŀǘǳǊŜΦ [ȅǎό.ƻŎύπb/! όонΦт ƳƎΣ лΦмн ƳƳƻƭύΣ 

ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ 5aC όлΦу Ƴ[ύ ǿŀǎ ŀŘŘŜŘ ƛƴ ƻƴŜ ŀƭƛǉǳƻǘΦ ¢ƘŜ ǎȅǎǘŜƳ ǿŀǎ ŀƭƭƻǿŜŘ ǘƻ 

ŜǉǳƛƭƛōǊŀǘŜΣ ŀƴŘ ŀƴȅ ŎƘŀƴƎŜǎ ǘƻ ǎƻƭǳōƛƭƛǘȅ ƻǊ ǾƛǎŎƻǎƛǘȅ ǿŜǊŜ ǊŜŎƻǊŘŜŘΦ hƴŎŜ ŜǉǳƛƭƛōǊŀǘŜŘΣ 

Ƴt9DπbIн όсл ƳƎΣ лΦлмн ƳƳƻƭύΣ ŀƭǎƻ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ 5aC όлΦу Ƴ[ύΣ ǿŀǎ ŀŘŘŜŘ ƛƴ ƻƴŜ 

ŀƭƛǉǳƻǘΦ hƴŎŜ ǘƘŜ ŎƻƳōƛƴŜŘ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ƘŀŘ ŜǉǳƛƭƛōǊŀǘŜŘ ǘƻ ǘƘŜ ǘŀǊƎŜǘ ǘŜƳǇŜǊŀǘǳǊŜΣ 

ǎƻƭǳōƛƭƛǘȅ ŀƴŘ ǾƛǎŎƻǎƛǘȅ ǿŜǊŜ ƻƴŎŜ ŀƎŀƛƴ ŎƘŜŎƪŜŘ ōŜŦƻǊŜ ǘƘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ƭŜŦǘ ǘƻ ǎǘƛǊ ŦƻǊ нп ƘǊΦ 

CƻƭƭƻǿƛƴƎ ǊŜŀŎǘƛƻƴΣ ǘƘŜ ŎǊǳŘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ƻōǘŀƛƴŜŘ ŀƴŘ ŜȄŎŜǎǎ 5aC ǿŀǎ ǊŜƳƻǾŜŘΣ ŀƴŘ ǘƘŜ 

ǊŜƳŀƛƴƛƴƎ ŦƛƭƳ ƭŀȅŜǊ ǿŀǎ ǘǊƛǘǳǊŀǘŜŘ ǿƛǘƘ ƛŎŜπŎƻƭŘ ¢.a9 ōŜŦƻǊŜ ǾŀŎǳǳƳ ŦƛƭǘǊŀǘƛƻƴΦ ¢ƘŜ ǇǊƻŘǳŎǘ 

ǿŀǎ ƭŜŦǘ ǘƻ ŘǊȅ ǳƴŘŜǊ bн Ŧƭƻǿ ƻƴ ǘƘŜ ŦƛƭǘŜǊ ǇŀŘ όŎŀΦ мр Ƴƛƴύ ōŜŦƻǊŜ ŎƻƭƭŜŎǘƛƻƴΦ !ƭƭ ǎŀƳǇƭŜǎ ǿŜǊŜ 

ŎƻƭƭŜŎǘŜŘ ŀǎ ǿƘƛǘŜΣ ŦƭŀƪŜȅ ǎƻƭƛŘǎΦ  

¢ƻ ŀƭƭƻǿ ŀǉǳŜƻǳǎπǇƘŀǎŜ {9/π¢5! ŀƴŀƭȅǎƛǎ ǘƻ ǘŀƪŜ ǇƭŀŎŜΣ ǎŀƳǇƭŜǎ ǳƴŘŜǊǿŜƴǘ .ƻŎπŘŜǇǊƻǘŜŎǘƛƻƴ 

ōŜŦƻǊŜ ŀƴŀƭȅǎƛǎΦ ¢ƘŜ ƳŜǘƘƻŘ ŦƻǊ ǘƘƛǎ ǇǊƻŎŜǎǎ ƛǎ ǊŜŎƻǊŘŜŘ ƛƴ {ŜŎǘƛƻƴ рΦнΦпΦмΦ tǊƻŎŜŘǳǊŀƭ ŘŜǘŀƛƭǎ 

ŦƻǊ ŀǉǳŜƻǳǎ {9/π¢5! ŀƴŀƭȅǎƛǎ ŀǊŜ ǇǊƻǾƛŘŜŘ ƛƴ {ŜŎǘƛƻƴ нΦсΦ  

 

./нмл ς Ƴt9Dπōπt[ȅǎό.ƻŎύмл όмл ϲ/ύ 

¸ƛŜƭŘΥ ссΦу ƳƎΣ тр ҈ 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦт ς пΦр όƳΣ млIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ нмIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ мрлIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 
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./нмл5 ς Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐмл  

¸ƛŜƭŘΥ слΦл ƳƎΣ фл ҈  

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦт ς пΦр όƳΣ рIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ млIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ трIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

./нмм ς Ƴt9Dπōπt[ȅǎό.ƻŎύмл όнл °/ύ 

¸ƛŜƭŘΥ тнΦм ƳƎΣ ум ҈ 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦт ς пΦр όƳΣ мнIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ нпIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ мтнIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

./нмм5 ς Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐ мл  

¸ƛŜƭŘΥ слΦс ƳƎΣ фм ҈ 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦт ς пΦр όƳΣ уIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ мрIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ поIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 

./мфс5 ς Ƴt9Dπōπt[ȅǎώbIнΦ¢C!ϐ мл  

¸ƛŜƭŘΥ отл ƳƎΣ фо ҈ 

м
I baw όрлл aIȊΣ 5a{hπŘсΣ ǇǇƳύΥ оΦт ς пΦр όƳΣ фIΣ /hπIύΣ оΦпт ς оΦрт όƳΣ прнIΣ t9D /Iнπ

/Iнύ оΦнп όǎΣ оIΣ t9Dπ/IоύΣ нΦул ς нΦфр όƳΣ муIΣ [ȅǎ /Iнύ мΦмп ς мΦфф όƳΣ ррIΣ .ƻŎ /ό/Iоύо Ҍ 

[ȅǎ /Iнπ/Iнπ/IнύΦ 
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Reactions at Increased Scale (ca. 700 mg) for Multistep Synthesis 

¢ǿƻ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊǎ ƘŀǾŜ ƘŜǊŜ ōŜŜƴ ǘŀǊƎŜǘŜŘΣ Ƴt9Dπōπt[ȅǎό.ƻŎύмл ό./нмфύ ŀƴŘ Ƴt9Dπōπ

t[ȅǎό.ƻŎύнл
 ό./ннлύΦ ¢ƘŜ ǇǊŜǇŀǊŀǘƛǾŜ ǇǊƻŎŜŘǳǊŜǎ ŦƻǊ ŜŀŎƘ ǊŜŀŎǘƛƻƴ ƛǎ ǇǊƻǾƛŘŜŘ ōŜƭƻǿΣ ǿƛǘƘ ŀ 

ŎƻƳōƛƴŜŘ ǿƻǊƪǳǇ ǇǊƻŎŜŘǳǊŜ ƻǳǘƭƛƴŜŘ ōŜƭƻǿΦ  

./нмф 

¢ƻ ŀƴ ƻǾŜƴπŘǊƛŜŘ ǊŜŀŎǘƛƻƴ ǘǳōŜΣ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǎŎǊŜǿπǘƻǇ bн ƛƴƭŜǘ ǎȅǎǘŜƳ ŀƴŘ ǇƭŀŎŜŘ ƛƴ ŀ ƳƻŘǳƭŀǊ 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŜŀŎǘƻǊ ŀǘ ŀ ǇǊŜπŘŜŦƛƴŜŘ ǘŜƳǇŜǊŀǘǳǊŜΦ [ȅǎό.ƻŎύπb/! όнму ƳƎΣ лΦул ƳƳƻƭύΣ 

ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ 5aC όоΦр Ƴ[ύ ǿŀǎ ŀŘŘŜŘ ƛƴ ƻƴŜ ŀƭƛǉǳƻǘΦ ¢ƘŜ ǎȅǎǘŜƳ ǿŀǎ ŀƭƭƻǿŜŘ ǘƻ 

ŜǉǳƛƭƛōǊŀǘŜΣ ŀƴŘ ŀƴȅ ŎƘŀƴƎŜǎ ǘƻ ǎƻƭǳōƛƭƛǘȅ ƻǊ ǾƛǎŎƻǎƛǘȅ ǿŜǊŜ ǊŜŎƻǊŘŜŘΦ hƴŎŜ ŜǉǳƛƭƛōǊŀǘŜŘΣ 

Ƴt9DπbIн όплл ƳƎΣ лΦлул ƳƳƻƭύΣ ŀƭǎƻ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ 5aC όоΦр Ƴ[ύΣ ǿŀǎ ŀŘŘŜŘ ƛƴ 

ƻƴŜ ŀƭƛǉǳƻǘΦ  

./ннл 

¢ƻ ŀƴ ƻǾŜƴπŘǊƛŜŘ ǊŜŀŎǘƛƻƴ ǘǳōŜΣ ŦƛǘǘŜŘ ǿƛǘƘ ŀ ǎŎǊŜǿπǘƻǇ bн ƛƴƭŜǘ ǎȅǎǘŜƳ ŀƴŘ ǇƭŀŎŜŘ ƛƴ ŀ ƳƻŘǳƭŀǊ 

ǘŜƳǇŜǊŀǘǳǊŜ ǊŜŀŎǘƻǊ ŀǘ ŀ ǇǊŜπŘŜŦƛƴŜŘ ǘŜƳǇŜǊŀǘǳǊŜΦ [ȅǎό.ƻŎύπb/! όннф ƳƎΣ мΦн ƳƳƻƭύΣ 

ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ 5aC όоΦр Ƴ[ύ ǿŀǎ ŀŘŘŜŘ ƛƴ ƻƴŜ ŀƭƛǉǳƻǘΦ ¢ƘŜ ǎȅǎǘŜƳ ǿŀǎ ŀƭƭƻǿŜŘ ǘƻ 

ŜǉǳƛƭƛōǊŀǘŜΣ ŀƴŘ ŀƴȅ ŎƘŀƴƎŜǎ ǘƻ ǎƻƭǳōƛƭƛǘȅ ƻǊ ǾƛǎŎƻǎƛǘȅ ǿŜǊŜ ǊŜŎƻǊŘŜŘΦ hƴŎŜ ŜǉǳƛƭƛōǊŀǘŜŘΣ 

Ƴt9DπbIн όолл ƳƎΣ лΦлсл ƳƳƻƭύΣ ŀƭǎƻ ŘƛǎǎƻƭǾŜŘ ƛƴ ŀƴƘȅŘǊƻǳǎ 5aC όоΦр Ƴ[ύΣ ǿŀǎ ŀŘŘŜŘ ƛƴ 

ƻƴŜ ŀƭƛǉǳƻǘΦ  

hƴŎŜ ǘƘŜ ŎƻƳōƛƴŜŘ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ƘŀŘ ŜǉǳƛƭƛōǊŀǘŜŘ ǘƻ ǘƘŜ ǘŀǊƎŜǘ ǘŜƳǇŜǊŀǘǳǊŜΣ ǎƻƭǳōƛƭƛǘȅ 

ŀƴŘ ǾƛǎŎƻǎƛǘȅ ǿŜǊŜ ƻƴŎŜ ŀƎŀƛƴ ŎƘŜŎƪŜŘ ōŜŦƻǊŜ ǘƘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ƭŜŦǘ ǘƻ ǎǘƛǊ ŦƻǊ нп ƘǊΦ CƻƭƭƻǿƛƴƎ 

ǊŜŀŎǘƛƻƴΣ ǘƘŜ ŎǊǳŘŜ ǎƻƭǳǘƛƻƴ ǿŀǎ ƻōǘŀƛƴŜŘ ŀƴŘ ŜȄŎŜǎǎ 5aC ǿŀǎ ǊŜƳƻǾŜŘΣ ŀƴŘ ǘƘŜ ǊŜƳŀƛƴƛƴƎ 

ŦƛƭƳ ƭŀȅŜǊ ǿŀǎ ǘǊƛǘǳǊŀǘŜŘ ǿƛǘƘ ƛŎŜπŎƻƭŘ ¢.a9 ōŜŦƻǊŜ ǾŀŎǳǳƳ ŦƛƭǘǊŀǘƛƻƴΦ ¢ƘŜ ǇǊƻŘǳŎǘ ǿŀǎ ƭŜŦǘ ǘƻ 

ŘǊȅ ǳƴŘŜǊ bн Ŧƭƻǿ ƻƴ ǘƘŜ ŦƛƭǘŜǊ ǇŀŘ όŎŀΦ мр Ƴƛƴύ ōŜŦƻǊŜ ŎƻƭƭŜŎǘƛƻƴΦ !ƭƭ ǎŀƳǇƭŜǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ 

ŀǎ ǿƘƛǘŜΣ ŦƭŀƪŜȅ ǎƻƭƛŘǎΦ ¢ƻ ŀƭƭƻǿ ŀǉǳŜƻǳǎπǇƘŀǎŜ {9/π¢5! ŀƴŀƭȅǎƛǎ ǘƻ ǘŀƪŜ ǇƭŀŎŜΣ ǎŀƳǇƭŜǎ 

ǳƴŘŜǊǿŜƴǘ .ƻŎπŘŜǇǊƻǘŜŎǘƛƻƴ ōŜŦƻǊŜ ŀƴŀƭȅǎƛǎΦ ¢ƘŜ ƳŜǘƘƻŘ ŦƻǊ ǘƘƛǎ ǇǊƻŎŜǎǎ ƛǎ ǊŜŎƻǊŘŜŘ ƛƴ 

{ŜŎǘƛƻƴ рΦнΦпΦмΦ tǊƻŎŜŘǳǊŀƭ ŘŜǘŀƛƭǎ ŦƻǊ ŀǉǳŜƻǳǎ {9/π¢5! ŀƴŀƭȅǎƛǎ ŀǊŜ ǇǊƻǾƛŘŜŘ ƛƴ {ŜŎǘƛƻƴ нΦсΦ 

wŀǿ мI baw Řŀǘŀ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜ .ƻŎπǇǊƻǘŜŎǘŜŘ ŀƴŘ ǳƴǇǊƻǘŜŎǘŜŘ ǇǊƻŘǳŎǘǎ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ 

{ŜŎǘƛƻƴ !ΦрΦмΦ 
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5.3 Results and Discussion 

5.3.1 NCA ROP of Lys(Fmoc)-NCA 

 Lƴ ƻǊŘŜǊ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ǇƻƭȅƳŜǊ ōǊŀƴŎƘƛƴƎ ƻƴ ǘƘŜ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ƻŦ ŘǊǳƎ 

ƳƻƭŜŎǳƭŜǎΣ ƛƴƛǘƛŀƭ ǎȅƴǘƘŜǎŜǎ ƻŦ ǇǊƻǘŜŎǘŜŘ ǇƻƭȅƭȅǎƛƴŜπŎƻƴǘŀƛƴƛƴƎ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊǎ ǿŜǊŜ 

ŎƻƴŘǳŎǘŜŘΦ ¢ƘŜ t9Dπōπt[ȅǎόCƳƻŎύ ǇǊƻŘǳŎŜŘ ƘŜǊŜ ƛǎ ŀ ƴƻǾŜƭ ŎƻƳōƛƴŀǘƛƻƴ ŎƻǇƻƭȅƳŜǊ ōƭƻŎƪ 

ŎƻƴǎǘƛǘǳŜƴǘǎ ŀƴŘΣ ŀǎ ǎǳŎƘΣ ŎŀǊŜ ǿŀǎ ǘŀƪŜƴ ŘǳǊƛƴƎ ǊŜŀŎǘƛƻƴ ǘƻ ƳŀƪŜ ƴƻǘŜ ƻŦ ŀƴȅ ŘƛŦŦŜǊŜƴŎŜǎ 

ōŜǘǿŜŜƴ ǘƘƛǎ ǎȅƴǘƘŜǎƛǎ ŀƴŘ ǘƘƻǎŜ ƻŦ ǇǊŜǾƛƻǳǎ ŎƻǇƻƭȅƳŜǊǎ ǇǊƻŘǳŎŜŘ ŦƻǊ ǘƘƛǎ ǊŜǇƻǊǘΦ t9Dπōπ

t[ȅǎόCƳƻŎύсл ǿŀǎ ǎȅƴǘƘŜǎƛǎŜŘ Ǿƛŀ whtΣ ƛƴƛǘƛŀǘŜŘ ōȅ Ƴt9D όaǿ рллл Ǝ Ƴƻƭ
πм
ύ ŀƴŘ ŎŀǘŀƭȅǎŜŘ ōȅ 

5a!t ǳƴŘŜǊ ŀƳōƛŜƴǘ ŎƻƴŘƛǘƛƻƴǎ ŦƻǊ т ŘŀȅǎΦ CƻǊ ǘƘƛǎ ǊŜŀŎǘƛƻƴΣ ŀ ώaϐΥώLϐ Ǌŀǘƛƻ ƻŦ мллΥм ǿŀǎ ǳǎŜŘΣ 

ǿƛǘƘ ǘƘŜ ƛƴǘŜƴǘƛƻƴ ƻŦ ǇǊƻŘǳŎƛƴƎ ŀ ƘȅŘǊƻǇƘƻōƛŎ ōƭƻŎƪ ǿƛǘƘ ŀ ǎƛƳƛƭŀǊ ƴǳƳōŜǊ ƻŦ ǊŜǇŜŀǘ ǳƴƛǘǎ ǘƻ 

ǘƘŀǘ ƻŦ ǘƘŜ ƛƴƛǘƛŀǘƻǊΣ ǿƘƛŎƘ ŀǾŜǊŀƎŜŘ ммо t9D ǊŜǇŜŀǘ ǳƴƛǘǎΦ !ŦǘŜǊ ǊŜŀŎǘƛƻƴ ŦƻǊ фс ƘƻǳǊǎΣ 

ƘƻǿŜǾŜǊΣ ƛǘ ǿŀǎ ƻōǎŜǊǾŜŘ ǘƘŀǘ ǘƘŜ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜ ƘŀŘ Ǿƛǎǳŀƭƭȅ ŎƘŀƴƎŜŘ ŦǊƻƳ ŀ ŎƭŜŀǊΣ ǎƭƛƎƘǘƭȅ 

ȅŜƭƭƻǿ ǎƻƭǳǘƛƻƴ ǘƻ ŀƴ ƻŦŦπǿƘƛǘŜ ƻǇŀƭŜǎŎŜƴǘ ǎǳǎǇŜƴǎƛƻƴΣ ǿƛǘƘ ƎŜƭπƭƛƪŜ ŎƻƴǎƛǎǘŜƴŎȅΦ 
м
I baw ǿŀǎ 

ǳǎŜŘ ǘƻ ŜƭǳŎƛŘŀǘŜ ǘƘŜ ŎŀǳǎŜ ƻŦ ǘƘƛǎ ŎƘŀƴƎŜ ŀƴŘ ƛǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ рΦм ōŜƭƻǿΦ Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ 

ǘƘŀǘΣ ŀǘ ǘƘƛǎ ǇƻƛƴǘΣ ŀƴŀƭȅǘƛŎŀƭ ŜǉǳƛǇƳŜƴǘ ŎŀǇŀōƭŜ ƻŦ ǎƛȊŜπŜȄŎƭǳǎƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅ ǿŀǎ ƴƻǘ 

ŀǾŀƛƭŀōƭŜΦ  

CƛƎǳǊŜ рΦмΥ 
м
I baw όрлл aIȊΣ 5a{hπŘсύ ǎǇŜŎǘǊǳƳ ƻŦ Ƴt9Dπōπt[ȅǎόCƳƻŎύΦ 

DMF 
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CǊƻƳ CƛƎǳǊŜ рΦмΣ ǇŜŀƪǎ Ŏŀƴ ōŜ ƛŘŜƴǘƛŦƛŜŘ ǘƘŀǘ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ǘŜǊƳƛƴŀƭ ƳŜǘƘȅƭ ǇǊƻǘƻƴǎ ƻŦ ǘƘŜ 

t9D ŎƘŀƛƴ όмύ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ t9D ŜǘƘȅƭ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘǎ όнΣ оύΦ hƴ ǘƘŜ t[ȅǎόCƳƻŎύ ōƭƻŎƪΣ 

ŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ǘƘŜ πhǇǊƻǘƻƴ Ǉƻǎƛǘƛƻƴ όпύΣ ǘƘŜ ŀƭƛǇƘŀǘƛŎ ǇǊƻǘƻƴǎ ƻŦ ǘƘŜ ƭȅǎƛƴŜ ǎƛŘŜ ŎƘŀƛƴ όрπтύΣ 

ǘƘŜ ŜǘƘȅƭ ǇǊƻǘƻƴǎ ƻŦ ǘƘŜ CƳƻŎ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇ όфΣ млύ ŀƴŘ ǘƘŜ ŀǊƻƳŀǘƛŎ CƳƻŎ ǊƛƴƎ ǇǊƻǘƻƴǎ 

όммπмпύ ŀǊŜ ŀƭǎƻ ǇǊŜǎŜƴǘΦ LƳǇƻǊǘŀƴǘƭȅΣ ƛǘ ǿŀǎ ƴƻǘƛŎŜŘ ǘƘŀǘ ǘƘŜǊŜ ǿŀǎ ŀƴ ƛƴŎƻƴƎǊǳŜƴŎŜ ōŜǘǿŜŜƴ 

ǘƘŜ ǊŜƭŀǘƛǾŜ ƛƴǘŜƎǊŀƭǎ ƻŦ ǘƘŜ ƭŀǘǘŜǊ ǘƘǊŜŜ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘǎΣ ǿƘƛŎƘ ǿŀǎ ƛƴǾŜǎǘƛƎŀǘŜŘ ŦǳǊǘƘŜǊ 

ōȅ ƴƻǊƳŀƭƛǎƛƴƎ ǘƘŜ ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎ ǘƻ ǘƘŀǘ ƻŦ ǘƘŜ ƳŜǘƘȅƭ ŜƴŘπŎŀǇ ƻŦ ǘƘŜ t9D ŎƘŀƛƴΦ ¢ƘŜ 

ƴƻǊƳŀƭƛǎŜŘ ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎ ŀǊŜ ŘƛǎǇƭŀȅŜŘ ƛƴ ¢ŀōƭŜ рΦр ōŜƭƻǿΦ  

¢ŀōƭŜ рΦрΥ /ƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ƴǳƳōŜǊǎ ƻŦ ǊŜǇŜŀǘ ǳƴƛǘǎ ŦǊƻƳ ƛƴǘŜƎǊŀƭǎ ƻŦ 

ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ǇŜŀƪ ǊŀƴƎŜǎ ŦƻǳƴŘ ƛƴ CƛƎǳǊŜ тΣ ƘƛƎƘƭƛƎƘǘƛƴƎ ǘƘŜ ŘƛǎǇŀǊƛǘȅ ƛƴ ŘŜƎǊŜŜ ƻŦ 

ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ǎǳƎƎŜǎǘŜŘ ōȅ ŜŀŎƘΦ   

 

¢Ƙƛǎ ŘŀǘŀΣ ƛƴ ŎƻƴƧǳƴŎǘƛƻƴ ǿƛǘƘ ǘƘŜ ƻōǎŜǊǾŜŘ ƎŜƭŀǘƛƻƴ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘ ŀǘ фс ƘΣ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜǊŜ 

Ƴŀȅ ƘŀǾŜ ōŜŜƴ ǎƻƳŜ ǳƴŜȄǇŜŎǘŜŘ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ǘƘŜ CƳƻŎ ƎǊƻǳǇ ŦǊƻƳ ǘƘŜ t[ȅǎόCƳƻŎύ ŎƘŀƛƴΣ 

ƭŜŀŘƛƴƎ ǘƻ ŀ ǊŜŘǳŎǘƛƻƴ ƛƴ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ CƳƻŎ /πI ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎΣ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ 

ǳƴŘŜǊŜǎǘƛƳŀǘƛƻƴ ƻŦ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǊŜǇŜŀǘ ǳƴƛǘǎ ŦǊƻƳ ǘƘŜǎŜ ƛƴǘŜƎǊŀǘƛƻƴ ǊŀƴƎŜǎΦ CǳǊǘƘŜǊ 

ƛƴǾŜǎǘƛƎŀǘƛƻƴ ǿŀǎ ƴŜŜŘŜŘ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘƛǎ ŘƛǎǇŀǊƛǘȅΣ ŀǎ ǿŜƭƭ ŀǎ ǘƻ ƛŘŜƴǘƛŦȅ ǘƘŜ ŎŀǳǎŜ ƻŦ 

ƎŜƭŀǘƛƻƴΦ ¢Ƙƛǎ ǇǊƻƳǇǘŜŘ ŀ ƪƛƴŜǘƛŎ ǎǘǳŘȅ ǘƻ ōŜ ǳƴŘŜǊǘŀƪŜƴΦ 



145 
 
 

5.3.1.1 Kinetic Investigation of Lys(Fmoc)-NCA ROP 

5ǳǊƛƴƎ ƪƛƴŜǘƛŎ ŀƴŀƭȅǎƛǎΣ ǎŀƳǇƭŜǎ ǿŜǊŜ ǇǳǊƛŦƛŜŘ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ ǘƘŜ ǇǊƻŎŜŘǳǊŜ ƻǳǘƭƛƴŜŘ ƛƴ 

{ŜŎǘƛƻƴ рΦнΦнΣ ǿƛǘƘ ǘƘƻǊƻǳƎƘ ǿŀǎƘƛƴƎ ōȅ ōƻǘƘ ŘƛŜǘƘȅƭ ŜǘƘŜǊ ŀƴŘ ǘƻƭǳŜƴŜ ǘƻ ƻōǘŀƛƴ ŀ ŘŜƴǎŜ 

ǿƘƛǘŜ ǇƻǿŘŜǊΦ ¢ƘŜ 
м
I baw ǎǇŜŎǘǊŀ ƻŦ ǘƘŜǎŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ŜǾŀƭǳŀǘŜŘ ŦƻǊ ǘƘŜ ǊŜƭŀǘƛǾŜ ƛƴǘŜƎǊŀƭǎ 

ƻŦ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƭȅǎƛƴŜ ŀƴŘ CƳƻŎ ƎǊƻǳǇ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘǎΣ ŀŦǘŜǊ ǿƘƛŎƘ ǘƘŜ ƴƻǊƳŀƭƛǎŜŘ 

ǾŀƭǳŜǎ ƻŦ ǘƘŜǎŜ ƛƴǘŜƎǊŀƭǎ ǿŜǊŜ ǳǎŜŘ ǘƻ ŜǎǘƛƳŀǘŜ ǘƘŜ ŘŜƎǊŜŜ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ŀǘ ŜŀŎƘ ǘƛƳŜ 

ƛƴǘŜǊǾŀƭΦ ¢ƘŜ ǎǘŀŎƪŜŘ ǎǇŜŎǘǊŀ ƻŦ ŦƛǾŜ ƻŦ ǘƘŜǎŜ ǎŀƳǇƭŜǎ ƛǎ ǇǊƻǾƛŘŜŘ ƛƴ CƛƎǳǊŜ рΦн ōŜƭƻǿΦ  

CƛƎǳǊŜ рΦнΥ {ǘŀŎƪŜŘ 
м
I baw ǎǇŜŎǘǊŀ (500 MHz, DMSO-d6) ƻŦ Ƴt9Dπōπt[ȅǎόCƳƻŎύ ǎŀƳǇƭŜǎ 

ŘǳǊƛƴƎ ƪƛƴŜǘƛŎ ŜǾŀƭǳŀǘƛƻƴ ƻŦ b/! whtΦ /ƘŀǊŀŎǘŜǊƛǎǘƛŎ ǇŜŀƪ ǊŀƴƎŜǎ ƘŀǾŜ ōŜŜƴ ƘƛƎƘƭƛƎƘǘŜŘ ŀƴŘ 

ƛƴǘŜƎǊŀƭǎ όƴƻǊƳŀƭƛǎŜŘ ǘƻ ƳŜǘƘƻȄȅ ǘŜǊƳƛƴǳǎ ƻŦ Ƴt9Dύ ƘŀǾŜ ōŜŜƴ ǇǊƻǾƛŘŜŘ ŦƻǊ ǎŎŀƭŜΦ  

LƳƳŜŘƛŀǘŜƭȅ ŦǊƻƳ CƛƎǳǊŜ рΦнΣ ǘǿƻ ƳŀƧƻǊ ƻōǎŜǊǾŀǘƛƻƴǎ Ŏŀƴ ōŜ ŘǊŀǿƴΦ LƴƛǘƛŀƭƭȅΣ ƛǘ Ŏŀƴ ŎƭŜŀǊƭȅ ōŜ 

ǎŜŜƴ ǘƘŀǘ ƭŀǊƎŜ ƛƴǘŜƎǊŀƭ ǾŀƭǳŜǎ ŦƻǊ ǘƘŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊ ŀǊŜ 

ŀǇǇŀǊŜƴǘ ŀǎ ŜŀǊƭȅ ŀǎ нп ƘƻǳǊǎ ƛƴǘƻ ǊŜŀŎǘƛƻƴΦ ¢Ƙƛǎ ŎƘŀƴƎŜǎ ǘƘŜ ǇŜǊǎǇŜŎǘƛǾŜ ƻƴ ǘƘŜ wht ƻŦ ƭȅǎƛƴŜ 

ǎƛƎƴƛŦƛŎŀƴǘƭȅΣ ŀǎ ƛǘ Ƴŀȅ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ Ŏŀƴ ōŜ ŀǘǘŜƳǇǘŜŘ ƻǾŜǊ ŀ ƳŀǘǘŜǊ ƻŦ ƘƻǳǊǎΣ 

ǊŀǘƘŜǊ ǘƘŀƴ ŘŀȅǎΦ  
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CǳǊǘƘŜǊƳƻǊŜΣ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ƛƴǘŜƎǊŀƭǎ ǊŜǇǊŜǎŜƴǘƛƴƎ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ǇǊƻǘƻƴ 

ŜƴǾƛǊƻƴƳŜƴǘǎ ƻŦ ǘƘŜ CƳƻŎ ƎǊƻǳǇ Ŏŀƴ ōŜ ǎŜŜƴ ǘƻ ōŜ ŘŜŎǊŜŀǎƛƴƎ ŀǘ ǘƘŜ фсπƘƻǳǊ ƳŀǊƪΦ ¢Ƙƛǎ Řŀǘŀ 

Ƙŀǎ ōŜŜƴ ƳƻǊŜ ŎƭŜŀǊƭȅ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ CƛƎǳǊŜ рΦоΦ  

CƛƎǳǊŜ рΦоΥ /ƻƳǇŀǊŀǘƛǾŜ ƪƛƴŜǘƛŎ Ǉƭƻǘǎ ƻŦ ƛƴǘŜƎǊŀƭǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ уΣ ƘƛƎƘƭƛƎƘǘƛƴƎ ŘƛǎŎǊŜǇŀƴŎƛŜǎ 

ōŜǘǿŜŜƴ ǾŀƭǳŜǎ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ CƳƻŎ ǇǊƻǘƻƴǎ ǾǎΦ ƭȅǎƛƴŜ ǇǊƻǘƻƴǎΣ ǎǳƎƎŜǎǘƛǾŜ ƻŦ ƛƴ ǎƛǘǳ 

ŘŜǇǊƻǘŜŎǘƛƻƴΦ  

¢ƘŜǎŜ Řŀǘŀ ǎǘǊƻƴƎƭȅ ŀƭƛƎƴ ǿƛǘƘ ǘƘŜ ƘȅǇƻǘƘŜǎƛǎ ƳŀŘŜ ǇǊŜǾƛƻǳǎƭȅΣ ǘƘŀǘ ŜǊǊŀƴǘ ǎƛŘŜ ǊŜŀŎǘƛƻƴ ƻŦ ǘƘŜ 

ǇƻƭȅƳŜǊ ǎƛŘŜ ŎƘŀƛƴǎ ŘǳǊƛƴƎ ǘƘƛǎ ǊŜŀŎǘƛƻƴ Ƴŀȅ ƘŀǾŜ ƭŜŘ ǘƻ ǘƘŜ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ǎƻƳŜ ƻŦ ǘƘŜ 

CƳƻŎ ƎǊƻǳǇǎ ǳǇƻƴ ǘƘŜ t[ȅǎόCƳƻŎύ ŎƘŀƛƴΦ ¢ƘŜ π̡ǇǊƻǘƻƴ ƻŦ ǘƘŜ ǳǇƻƴ ǘƘŜ CƳƻŎ ǇǊƻǘŜŎǘƛƴƎ 

ƎǊƻǳǇǎ ƛǎ ƘƛƎƘƭȅ ŀŎƛŘƛŎΣ ƻǿƛƴƎ ǘƻ ǘƘŜ ǎƛƎƴƛŦƛŎŀƴǘ ǊŜǎƻƴŀƴŎŜ ǎǘŀōƛƭƛǎŀǘƛƻƴ ƛǘ ƛǎ ŀŦŦƻǊŘŜŘ ōȅ ǘƘŜ 

ŀǊƻƳŀǘƛŎ ŘǳŀƭπǊƛƴƎ ǎȅǎǘŜƳΦ
мо
 !ǎ ǎǳŎƘΣ ŜǾŜƴ ŀ ƳƛƭŘƭȅ ōŀǎƛŎ ƛƴǘŜǊŀŎǘƛƻƴ Ŏŀƴ ŀōǎǘǊŀŎǘ ǘƘŜ ǇǊƻǘƻƴΣ 

ƭŜŀǾƛƴƎ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ŎŀǊōŀƴƛƻƴ ǘƻ ǳƴŘŜǊƎƻ ŀƴ ƛƴǘŜǊƴŀƭ ōŜǘŀπŜƭƛƳƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴΣ ǊŜǎǳƭǘƛƴƎ ƛƴ 

ǘƘŜ ƭƻǎǎ ƻŦ ŀ /hн ƳƻƭŜŎǳƭŜΦ ¢ƘŜ ǊŜǎǳƭǘƛƴƎ ŘƛōŜƴȊƻŦǳƭǾŜƴŜ ό5.Cύ ƳƻƭŜŎǳƭŜ ǘƘŀǘ ǊŜƳŀƛƴǎ ƛǎ ǘƘŜƴ 

ŦǊŜŜ ǘƻ ǳƴŘŜǊƎƻ ŦǳǊǘƘŜǊ ǊŜŀŎǘƛƻƴ ǿƛǘƘ ōŀǎŜ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ǎȅǎǘŜƳ ǘƻ ŦƻǊƳ ŀ 5.CπōŀǎŜ ŀŘŘǳŎǘΦ  
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Lǘ ǎƘƻǳƭŘ ōŜ ƴƻǘŜŘ ƘŜǊŜ ǘƘŀǘΣ ŘǳŜ ǘƻ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ōŀǎƛŎ 5a!tΣ ǘƘŜ ǊŜǉǳƛǊŜŘ ŎƻƴŘƛǘƛƻƴǎ ŦƻǊ 

ǘƘƛǎ ǊŜŀŎǘƛƻƴ ŀǊŜ ŀƭǊŜŀŘȅ ƳŜǘ ǿƛǘƘƛƴ ǘƘŜ ŎƻƴŘƛǘƛƻƴǎ ƻŦ ǘƘŜ wht ǊŜŀŎǘƛƻƴΣ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǇǊŜǎŜƴŎŜ 

ƻŦ ŀŎǘƛǾŜ ŦǊŜŜπŀƳƛƴŜ ŎƘŀƛƴ ŜƴŘǎ ǘƘŀǘ ǿƛƭƭ ƭƛƪŜƭȅ ōŜ ǎǳŦŦƛŎƛŜƴǘƭȅ ōŀǎƛŎ ǘƻ ǳƴŘŜǊƎƻ ǇǊƻǘƻƴ 

ŀōǎǘǊŀŎǘƛƻƴ ŦǊƻƳ ǘƘŜ CƳƻŎ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇǎΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǎǳŦŦƛŎƛŜƴǘ ƴƛǘǊƻƎŜƴ 

ŦƭƻǿΣ ǘƻ ǊŜƳƻǾŜ ǘƘŜ ŜƭƛƳƛƴŀǘŜŘ /hн ŦǊƻƳ ǘƘŜ ǊŜŀŎǘƛƻƴ ƳƛȄǘǳǊŜΦ !ǎ ŀ ǊŜǎǳƭǘΣ ƛǘ Ƴŀȅ ōŜ ǇƻǎǎƛōƭŜ 

ǘƘŀǘ CƳƻŎ ŘŜǇǊƻǘŜŎǘƛƻƴ ƛǎ ƻŎŎǳǊǊƛƴƎ ŦǊŜǉǳŜƴǘƭȅ ŘǳǊƛƴƎ ǘƘŜ ƭŀǘŜǊ ǎǘŀƎŜǎ ƻŦ ǊŜŀŎǘƛƻƴ ŀǎ ǘƘŜ 

ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ŦǊŜŜ b/! ƛƴ ǎƻƭǳǘƛƻƴ ŘŜŎǊŜŀǎŜǎΣ ǘƘǳǎ ŀƭƭƻǿƛƴƎ ǘƘŜ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘ ǘƻ ƳƻǊŜ 

ŦǊŜǉǳŜƴǘƭȅ ŜƴŎƻǳƴǘŜǊ ǘƘŜ CƳƻŎ ƎǊƻǳǇǎ ƻŦ ƻǘƘŜǊ ǇƻƭȅƳŜǊ ŎƘŀƛƴǎΦ ¦ǎƛƴƎ ƛǎƻǇǊƻǇȅƭ ŀƳƛƴŜ όǇYŀ 

млΦсоύ ŀǎ ŀƴ ŀƴŀƭƻƎǳŜ ǘƻ ǘƘŜ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘΣ ƛǘ ƛǎ ǊŜŀǎƻƴŀōƭŜ ǘƻ ŜȄǇŜŎǘ ǘƘŀǘ ƛǘ ǿƻǳƭŘ ōŜ 

ŎŀǇŀōƭŜ ƻŦ ŀōǎǘǊŀŎǘƛƴƎ ŀ ǇǊƻǘƻƴ ŦǊƻƳ ŀƴ CƳƻŎ ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΣ ŀǎ ƻǘƘŜǊ CƳƻŎ ŘŜǇǊƻǘŜŎǘƛƴƎ 

ǎǇŜŎƛŜǎ ǘȅǇƛŎŀƭƭȅ ƘŀǾŜ ŀ ǇYŀ ƻŦ ф ǘƻ ммΦ
мпΣмр 
tŀǊǘƛŀƭƭȅ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘƛǎ ƛƴǾŜǎǘƛƎŀǘƛƻƴΣ ŀƴŘ ƛƴ 

ƛƴǘŜǊŜǎǘ ƻŦ ŦƛƴŘƛƴƎ ƻǘƘŜǊ ǊƻǳǘŜǎ ǘƻ ǳƴǇǊƻǘŜŎǘŜŘ t[ȅǎ ōƭƻŎƪǎ ǿƛǘƘƛƴ ŦǳǘǳǊŜ ǇƻƭȅƳŜǊ ǇǊƻŘǳŎǘǎΣ 

ǘƘŜ wht ƻŦ [ȅǎόCƳƻŎύπb/! ǿŀǎ ƘŀƭǘŜŘ ŀǘ ǘƘƛǎ ǘƛƳŜΦ  

5.3.2 NCA ROP of Lys(Z)-NCA  

¢ƘŜ ŎƻƳǇƭƛŎŀǘƛƻƴǎ ǇǊŜǎŜƴǘŜŘ ŘǳǊƛƴƎ [ȅǎόCƳƻŎύπb/! wht ǳƴŘŜǊ ōŀǎƛŎ ŎƻƴŘƛǘƛƻƴǎ ǇǊƻƳǇǘŜŘ ǘƘŜ 

ǊŜǎŜŀǊŎƘ ǘƻ ŜȄǇƭƻǊŜ [ȅǎό½ύπb/! ŀǎ ŀƴ ŀƭǘŜǊƴŀǘƛǾŜ ƳƻƴƻƳŜǊ ŎƘƻƛŎŜΦ ¢ƘŜ ōŜƴȊȅƭƻȄȅ ŎŀǊōƻƴȅƭ 

ƎǊƻǳǇ ό½ύ ƛǎ ǊŜǎƛǎǘŀƴǘ ǘƻ ƴǳŎƭŜƻǇƘƛƭƛŎ ŀŘŘƛǘƛƻƴκŜƭƛƳƛƴŀǘƛƻƴ ǊŜŀŎǘƛƻƴǎ ǎǳŎƘ ŀǎ ƘȅŘǊƻƭȅǎƛǎΣ ǳƴŘŜǊ 

ōƻǘƘ ŀŎƛŘƛŎ ŀƴŘ ōŀǎƛŎ ŎƻƴŘƛǘƛƻƴǎΦ LƴǎǘŜŀŘΣ ǘƘŜ ό½ύ ƎǊƻǳǇ ƛǎ ǎŜƴǎƛǘƛǾŜ ǘƻ ƘȅŘǊƻƎŜƴŀǘƛƻƴ ƻǊ ǎǘǊƻƴƎ 

ŀŎƛŘ ŘŜǇǊƻǘŜŎǘƛƻƴ ǿƛǘƘ I.Ǌκ!ŎhIΣ ǊŜǉǳƛǊƛƴƎ ƘŀǊǎƘ ǊŜŀŎǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ŦƻǊ ŘŜǇǊƻǘŜŎǘƛƻƴ ǘƻ ǘŀƪŜ 

ǇƭŀŎŜΦ ¢Ƙƛǎ ǊƻōǳǎǘƴŜǎǎ ǘƻ ŎƘŀƴƎƛƴƎ ŎƻƴŘƛǘƛƻƴǎ ŘǳǊƛƴƎ wht ǇǊƻƳǇǘŜŘ ŦǳǊǘƘŜǊ ƛƴǾŜǎǘƛƎŀǘƛƻƴΣ 

ǿƘƛŎƘ ƛǎ ǊŜǇƻǊǘŜŘ ƘŜǊŜΦ .ŜŦƻǊŜ ŜȄǇƭƻǊƛƴƎ ǘƘŜ ǎǳŎŎŜǎǎŦǳƭ ŀǘǘŜƳǇǘǎ ŀǘ [ȅǎό½ύπb/! ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ 

ǿƛǘƘƛƴ ǘƘƛǎ ǎŜŎǘƛƻƴΣ ƛǘ ƛǎ ŦƛǊǎǘ ǇŜǊǘƛƴŜƴǘ ǘƻ ŘƛǎŎǳǎǎ ƛǎǎǳŜǎ ǘƘŀǘ ŀǊƻǎŜ ƛƴ ǘƘŜ ƻǇǘƛƳƛǎŀǘƛƻƴ ƻŦ ǘƘŜ 

wht ƳŜǘƘƻŘƻƭƻƎȅΦLƴƛǘƛŀƭ wht ǊŜŀŎǘƛƻƴǎ ƻŦ [ȅǎό½ύπb/! ǿŜǊŜ ƛƴƛǘƛŀǘŜŘ ōȅ Ƴt9D όaǿ рллл Ǝ Ƴƻƭ
π

м
ύΣ ƳŜŀƴƛƴƎ ǘƘŀǘΣ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ŎŀǎŜ ŦƻǊ aŀƴπh/! whtΣ  ǘƘŜ ǊŜŀŎǘƛƻƴ ǊŜǉǳƛǊŜŘ ŀ 5a!t Ŏŀǘŀƭȅǎǘ 

ǘƻ ŎƻƳǇŜƴǎŀǘŜ ŦƻǊ ǘƘŜ ƭƻǿ ǊŀǘŜ ƻŦ ƛƴƛǘƛŀǘƛƻƴΦ 5h{¸ baw ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŦƻǊ ƻƴŜ ƻŦ ǘƘŜ 

[ȅǎό½ύπb/! wht ŀǘǘŜƳǇǘǎΣ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ ŜŦŦŜŎǘ ƻŦ 5a!t Ŏŀǘŀƭȅǎƛǎ ƻƴ ǘƘŜ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ǘƘŜ 

ǇǊƻŘǳŎǘ ŎƘŀƛƴǎΦ ¢Ƙƛǎ Řŀǘŀ ƛǎ ǇǊŜǎŜƴǘŜŘ ŀƭƻƴƎǎƛŘŜ ǘƘŜ 
м
I baw ǎǇŜŎǘǊǳƳ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊ 

ǇǊƻŘǳŎǘΣ ƛƴ CƛƎǳǊŜǎ рΦпŀ ŀƴŘ рΦпō ōŜƭƻǿΦ  
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CƛƎǳǊŜ рΦпŀΥ 
м
I baw ǎǇŜŎǘǊǳƳ (500 MHz, DMSO-d6) ƻŦ Ƴt9Dπōπ[ȅǎό½ύ ǇǊƻŘǳŎǘΦ 

Figure 5.4b: DOSY spectrum (500 MHz, DMSO-d6) of mPEG-b-Lys(Z) product. 
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¢ƘŜ 
м
I baw ǎǇŜŎǘǊǳƳ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ млŀ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ŀ ǎǳŎŎŜǎǎŦǳƭ ǊŜŀŎǘƛƻƴ Ƙŀǎ ǘŀƪŜƴ ǇƭŀŎŜΣ 

ǿƛǘƘ ŀƎǊŜŜƳŜƴǘ ōŜǘǿŜŜƴ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ƛƴǘŜƎǊŀƭ ǊŜƎƛƻƴǎ ǎǳƎƎŜǎǘƛƴƎ ŀ ŘŜƎǊŜŜ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ 

ƻŦ ŎŀΦ флΦ IƻǿŜǾŜǊΣ ǘƘŜ ǎǇǊŜŀŘ ƻŦ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘǎ ŀŎǊƻǎǎ ǘƘŜ ŘƛŦŦŜǊƛƴƎ ǊŀǘŜǎ ƻŦ ŘƛŦŦǳǎƛƻƴ ƛƴ 

CƛƎǳǊŜ рΦпō ǎǳƎƎŜǎǘ ǘƘŀǘ ƴƻǘ ŀƭƭ ǘƘŜǎŜ ǇǊƻǘƻƴ ŜƴǾƛǊƻƴƳŜƴǘǎ ōŜƭƻƴƎ ǘƻ ƻƴŜ ǿŜƭƭπŘŜŦƛƴŜŘ 

ǇƻƭȅƳŜǊΣ ōǳǘ ǊŀǘƘŜǊ ŀ ǎǇǊŜŀŘ ƻŦ ǇǊƻŘǳŎǘǎΣ ŀǎ ǿŜƭƭ ŀǎ ŀ ŎƻƴǎƛŘŜǊŀōƭŜ ǉǳŀƴǘƛǘȅ ƻŦ ǳƴǊŜŀŎǘŜŘ 

Ƴt9D όрллл Ǝ Ƴƻƭ
πм
ύ ŀǎ ƛǎ ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ǎƛƎƴƛŦƛŎŀƴǘ ŘƛŦŦǳǎƛƻƴ ŘǊƛŦǘ ŦƻǊ ǎƛƎƴŀƭǎ ŀǊƻǳƴŘ оΦр 

ǇǇƳΦ CƻǊ ǘƘƛǎ ǊŜŀǎƻƴΣ ŦǳǊǘƘŜǊ ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ a![5Lπ¢hC ǎǇŜŎǘǊƻƳŜǘǊȅΣ ǘƻ 

ōŜǘǘŜǊ ƛŘŜƴǘƛŦȅ ǘƘŜ ƳŀǎǎŜǎ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭǎ ǇǊŜǎŜƴǘΦ ¢Ƙƛǎ ǎǇŜŎǘǊǳƳ Ŏŀƴ ōŜ ǎŜŜƴ ƛƴ CƛƎǳǊŜ рΦр 

ōŜƭƻǿΦ  

Figure 5.5: MALDI-TOF spectrum of mPEG-b-PLys(Z) product. 

¦ǎƛƴƎ ǘƘŜ ǇŜŀƪǎ ƛƴ CƛƎǳǊŜ рΦрΣ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ŜƭǳŎƛŘŀǘŜ ŘŜǘŀƛƭǎ ŀōƻǳǘ ǘƘŜ ǊŜŀŎǘƛƻƴ ǇǊƻŎŜǎǎ ǘƘŀǘ 

ƭŜŘ ǘƻ ǘƘƛǎ ƳƛȄ ƻŦ ǇǊƻŘǳŎǘǎΣ ǿƘƛŎƘ ǿƛƭƭ ŦǳǊǘƘŜǊ ƛƴŦƻǊƳ ƴŜŎŜǎǎŀǊȅ ŎƘŀƴƎŜǎ ǘƻ ǘƘŜ ǊŜŀŎǘƛƻƴ ǎŜǘǳǇ 

ǘƻ ŜƴǎǳǊŜ ŀ ƳƻǊŜ ŎƻƴǘǊƻƭƭŜŘ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴΦ ¢ƘŜ ŦƛǊǎǘ ƻōǎŜǊǾŀǘƛƻƴ ǘƘŀǘ Ŏŀƴ ōŜ ƳŀŘŜ ƛǎ ǘƘŀǘΣ 

ŘŜǎǇƛǘŜ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ǘƘŜ 5a!t Ŏŀǘŀƭȅǎǘ ǘƻ ǘƘŜ ǎȅǎǘŜƳΣ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ǉǳŀƴǘƛǘȅ ƻŦ ǘƘŜ Ƴt9D 

ǿŀǎ ǳƴŀōƭŜ ǘƻ ƛƴƛǘƛŀǘŜ ǊŜŀŎǘƛƻƴ ǿƛǘƘ ƛǘǎ ǿŜŀƪƭȅ ƴǳŎƭŜƻǇƘƛƭƛŎ ƘȅŘǊƻȄȅƭ ǘŜǊƳƛƴǳǎΦ ¢Ƙƛǎ ƛǎ 

ŜǾƛŘŜƴŎŜŘ ōȅ ǘƘŜ ƭŀǊƎŜ ŘƛǎǘǊƛōǳǘƛƻƴ ŀǊƻǳƴŘ рллл Ǝ Ƴƻƭ
πм
Σ ŀǘǘǊƛōǳǘŀōƭŜ ǘƻ ǘƘŜ ƳŀŎǊƻƛƴƛǘƛŀǘƻǊ ōȅ 

ǘƘŜ ŎƭŜŀǊƭȅ ŘŜŦƛƴŜŘ ǇŜŀƪǎ ǿƛǘƘƛƴΦ  
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!ǎ ǘƘƛǎ ǇƻƭȅƳŜǊ ǿŀǎ ǎƻǳǊŎŜŘ ŦǊƻƳ ŀƴ ŜȄǘŜǊƴŀƭ ǎǳǇǇƭƛŜǊ ƛǘ Ƙŀǎ ŀ ƘƛƎƘ ǇǳǊƛǘȅΣ ǿƛǘƘ ŜŀŎƘ ƻŦ ǘƘŜ 

ǇŜŀƪǎ ǎŜǇŀǊŀǘŜŘ ōȅ ŎŀΦ пл Ǝ Ƴƻƭ
πм 
όt9D ǊŜǇŜŀǘ ǳƴƛǘ aǿ Ґ ппΦлр Ǝ Ƴƻƭ

πм
ύΦ ! ŦǳǊǘƘŜǊ ƻōǎŜǊǾŀǘƛƻƴ 

ǘƻ ōŜ ƳŀŘŜ ƛǎ ǘƘŀǘ ǘƘŜǊŜ ŀǊŜ ǘǿƻ ƳŀŎǊƻƳƻƭŜŎǳƭŜǎ ǎŜǇŀǊŀǘŜ ŦǊƻƳ ǘƘŜ ƛƴƛǘƛŀǘƻǊΦ ²ƘƛƭŜ ǘƘŜ ǇŜŀƪ 

ŀǘ ŎŀΦ сулл Ǝ Ƴƻƭ
πм
 ƛǎ ǎǳƎƎŜǎǘƛǾŜ ƻŦ ŀ ǎǳŎŎŜǎǎŦǳƭ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊƛǎŀǘƛƻƴΣ ǘƘŜ ƭŀǊƎŜǊ ŘƛǎǘǊƛōǳǘƛƻƴ 

ŀǘ нснс Ǝ Ƴƻƭ
πм
 ŎƻǳƭŘ ƴƻǘ ōŜƭƻƴƎ ǘƻ ǘƘŜ ƛƴǘŜƴŘŜŘ ŎƻǇƻƭȅƳŜǊΦ Lǘ ƛƴǎǘŜŀŘ ƛƳǇƭƛŜǎ ǘƘŀǘ ǳƴƛƴǘŜƴŘŜŘ 

ƘƻƳƻǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ƻŦ [ȅǎό½ύπb/! Ƙŀǎ ƘŜǊŜ ƻŎŎǳǊǊŜŘΣ ƛƴƛǘƛŀǘŜŘ ōȅ ǎƻƳŜ ƻǘƘŜǊ ǎƻǳǊŎŜΦ Lǘ ƛǎ 

ǇƻǎǎƛōƭŜ ǘƘŀǘ 5a!t ŎƻǳƭŘ ƘŀǾŜ ǇŜǊƘŀǇǎ ƛƴƛǘƛŀǘŜŘ ǘƘƛǎ ǇǊƻŎŜǎǎ Ǿƛŀ ǘƘŜ ŀŎǘƛǾŀǘŜŘ ƳƻƴƻƳŜǊ 

ƳŜǘƘƻŘΣ ŀǎ ŘŜǎŎǊƛōŜŘ ƛƴ {ŜŎǘƛƻƴ мΦнΦоΦмΦ !ƭǘŜǊƴŀǘƛǾŜƭȅΣ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƘŀǘ ǎƻƳŜ ƻǘƘŜǊ 

ƴǳŎƭŜƻǇƘƛƭƛŎ ǎƳŀƭƭ ƳƻƭŜŎǳƭŜΣ ǎǳŎƘ ŀǎ ǊƛƴƎπƻǇŜƴŜŘ ½π[ȅǎƛƴŜΣ Ƴŀȅ ƘŀǾŜ ƛƴƛǘƛŀǘŜŘ ǘƘŜ wht ǇǊƻŎŜǎǎ 

Ǿƛŀ ǘƘŜ ǇǊƛƳŀǊȅ ŀƳƛƴŜ ǊƻǳǘŜΦ ²Ƙƛƭǎǘ ŦǳǊǘƘŜǊ ǊŜǎŜŀǊŎƘ ŎƻǳƭŘ ŜƭǳŎƛŘŀǘŜ ǘƘŜ ƻǊƛƎƛƴ ƻŦ ǘƘƛǎ ƛǎǎǳŜΣ ƛǘ 

ǿŀǎ ƳƻǊŜ ǇŜǊǘƛƴŜƴǘ ǘƻ ŘŜǾŜƭƻǇ ŀ ƳŜǘƘƻŘ ŦƻǊ [ȅǎό½ύπb/! wht ǿƛǘƘ ƎǊŜŀǘŜǊ ŎƻƴǘǊƻƭΦ 

CƻƭƭƻǿƛƴƎ ǘƘŜǎŜ ŘƛǎŎƻǾŜǊƛŜǎΣ ƛǘ ǿŀǎ ŘŜŎƛŘŜŘ ǘƘŀǘ ǘƘŜ ƳŀŎǊƻƛƴƛǘƛŀǘƻǊ ǎȅǎǘŜƳ ǿƻǳƭŘ ōŜ ŎƘŀƴƎŜŘ 

ǘƻ ŀ Ƴt9DπbIн ŘŜǊƛǾŀǘƛǾŜΣ ŜƛǘƘŜǊ ƻŦ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ мллл Ǝ Ƴƻƭ
πм
 ƻǊ рллл Ǝ Ƴƻƭ

πм
Φ !ǎ ǎǳŎƘΣ 

ǎŜǾŜǊŀƭ ƴŜǿ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴǎ ƻŦ [ȅǎό½ύπb/! ǿŜǊŜ ŀǘǘŜƳǇǘŜŘ ǿƛǘƘ ǳǇŘŀǘŜŘ ǎŜǘǎ ƻŦ ŎƻƴŘƛǘƛƻƴǎΣ 

ǊŜǇƻǊǘŜŘ ƛƴ ¢ŀōƭŜ рΦм ƻŦ {ŜŎǘƛƻƴ рΦнΦоΦ ¢ƘŜ ŎƻƭƭŜŎǘŜŘ ǇǊƻŘǳŎǘǎ ŦǊƻƳ ǘƘŜǎŜ ǊŜŀŎǘƛƻƴǎ ǿŜǊŜ 

ŀƴŀƭȅǎŜŘ ōȅ ǎƛȊŜ ŜȄŎƭǳǎƛƻƴ ŎƘǊƻƳŀǘƻƎǊŀǇƘȅΣ ǳǎƛƴƎ ŀ ²ŀǘŜǊǎ !/v¦L¢¸ !ŘǾŀƴŎŜŘ tƻƭȅƳŜǊ 

/ƘǊƻƳŀǘƻƎǊŀǇƘΦ ¢ƘŜ Řŀǘŀ ƻōǘŀƛƴŜŘ ƛǎ ǊŜǇƻǊǘŜŘ ƛƴ ¢ŀōƭŜ рΦс ōŜƭƻǿΣ ǿƘƛƭŜ ǘƘŜ ǎǘŀŎƪŜŘ 

ŎƘǊƻƳŀǘƻƎǊŀǇƘǎ ŦƻǊ ŜŀŎƘ ǇƻƭȅƳŜǊ ŀǊŜ ƛƭƭǳǎǘǊŀǘŜŘ ƛƴ CƛƎǳǊŜ рΦсΦ 

Table 5.6: APC-derived molecular weight data. Values marked (*) have been determined using 

partial peak data from bimodal distribution.  
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CƛƎǳǊŜ рΦсΥ {ǘŀŎƪŜŘ ŎƘǊƻƳŀǘƻƎǊŀǇƘǎ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘǎ ŦƻǊ ŜŀŎƘ ǊŜŀŎǘƛƻƴ ŘŜǎŎǊƛōŜŘ ƛƴ ¢ŀōƭŜ рΦсΦ 

/ƻƭƻǳǊ ŎƻŘŜŘ ǾŀƭǳŜǎ ŦƻǊ ƴǳƳōŜǊπŀǾŜǊŀƎŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ŀƴŘ 7 ŀǊŜ ǇǊƻǾƛŘŜŘΦ  

CǊƻƳ ¢ŀōƭŜ ŀƴŘ CƛƎǳǊŜǎ рΦсΣ ƛǘ ƛǎ ŎƭŜŀǊ wht ƻŦ [ȅǎό½ύπb/! Ƙŀǎ ōŜŜƴ ŀŎŎƻƳǇƭƛǎƘŜŘ ƛƴ ŜŀŎƘ ŎŀǎŜΦ 

IƻǿŜǾŜǊΣ ǘƘŜǊŜ ŀǊŜ ƴƻǘŀōƭŜ ŀǊŜŀǎ ƻŦ ƻǇǘƛƳƛǎŀǘƛƻƴ ŦƻǊ ŜŀŎƘ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊǎ ǘƘŀǘ ŀǊŜ ƘƛƎƘƭƛƎƘǘŜŘ 

ǿƛǘƘƛƴ ǘƘŜ ŘŀǘŀΦ /ƻƳǇŀǊƛƴƎ ./ммр ŀƴŘ ./ммс ǎǇŜŎƛŦƛŎŀƭƭȅΣ ŜŀŎƘ ǊŜŀŎǘƛƻƴ Ƙŀǎ ŀ ƘƛƎƘŜǊ ǾŀƭǳŜ ŦƻǊ 

7 ǘƘŀƴ ǿƻǳƭŘ ōŜ ƛŘŜŀƭ ŦƻǊ ŀ ŎƻƴǘǊƻƭƭŜŘ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴΦ ¢Ƙƛǎ ƛǎ ƻŦ ŎƻǳǊǎŜ ŘǳŜ ǘƻ ǘƘŜ ǎƘƻǳƭŘŜǊǎ 

ƻƴ ǘƘŜ ǊƛƎƘǘπƘŀƴŘ ǎƛŘŜ ƻŦ ŜŀŎƘ ǇŜŀƪΣ ǊŜǇǊŜǎŜƴǘƛƴƎ ƭƻǿŜǊ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ƳŀǘŜǊƛŀƭǎΣ ǎǳŎƘ ŀǎ 

ƻƭƛƎƻƳŜǊǎΦ ¢ƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜǎŜ ƳŀǘŜǊƛŀƭǎ ƛƴ ǘƘŜ ǇǊƻŘǳŎǘ Ƴŀȅ ōŜ ƛƴŦƭŀǘŜŘ ŘǳŜ ǘƻ ǘƘŜ ƘƛƎƘ 

ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ ǘƘŜ !/v¦L¢¸ !t/ ǎȅǎǘŜƳΦ wŜƎŀǊŘƭŜǎǎΣ ǘƘŜǎŜ ƘƛƎƘŜǊ ǾŀƭǳŜǎ ŦƻǊ 7 Ŏŀƴ ōŜ ǊŜŘǳŎŜŘ 

ōȅ ŦǳǊǘƘŜǊ ǇǳǊƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ǇƻƭȅƳŜǊ Ǿƛŀ ŘƛŀƭȅǎƛǎΦ 

¢ƘŜ Ƴƻǎǘ ǎƛƎƴƛŦƛŎŀƴǘ ƻōǎŜǊǾŀǘƛƻƴ ŦƻǊ ǇǊƻŘǳŎǘǎ ./ммр ŀƴŘ ./ммс ŀǊŜ ǘƘŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ 

ǾŀƭǳŜǎ ŀŎƘƛŜǾŜŘ ŀŦǘŜǊ т Řŀȅǎ ƻŦ ǊŜŀŎǘƛƻƴΦ ¢ƘŜ ώaϐΥώLϐ Ǌŀǘƛƻǎ ŦƻǊ ǘƘŜǎŜ ǊŜŀŎǘƛƻƴǎ ǿŜǊŜ олΥмΣ ǿƘƛŎƘ 

ǿƻǳƭŘ ǎǳƎƎŜǎǘ ŀ ŘŜƎǊŜŜ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ƛƴ ǘƘŜ ǇǊƻŘǳŎǘ ƻŦ олΦ [Ŝǎǎ ǘƘŀƴ ƘŀƭŦ ǘƘƛǎ 5ΦtΦ ǾŀƭǳŜ 

Ƙŀǎ ōŜŜƴ ŀŎƘƛŜǾŜŘ ƛƴ ŜŀŎƘ ŎŀǎŜΦ CŀŎǘƻǊǎ ǘƘŀǘ Ƴŀȅ ƘŀǾŜ ŀŦ ŦŜŎǘŜŘ ǘƘƛǎ ǾŀƭǳŜ ƛƴŎƭǳŘŜ ǘƘŜ ƭŜƴƎǘƘ 

ƻŦ ǘƛƳŜ ŦƻǊ ǿƘƛŎƘ ǊŜŀŎǘƛƻƴǎ ǘƻƻƪ ǇƭŀŎŜΣ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǎƻƭǾŜƴǘ ŎƘƻƛŎŜΦ  
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LŦ ŀƭƭ b/! ƛƴ ǎƻƭǳǘƛƻƴ ƘŀŘ ōŜŜƴ ŎƻƴǎǳƳŜŘ ōŜŦƻǊŜ ǘƘŜ мсуπƘƻǳǊ ƳŀǊƪΣ ŀƴŘ ǇƻƭȅƳŜǊǎ ƘŀŘ ōŜŜƴ 

ƭŜŦǘ ƛŘƭŜ ƛƴ ǎƻƭǳǘƛƻƴΣ ǘƘŜǊŜ ƛǎ ŀ Ǉƻǎǎƛōƛƭƛǘȅ ǘƘŀǘ ƛƴǘǊŀƳƻƭŜŎǳƭŀǊ ǘǊǳƴŎŀǘƛƻƴ ǊŜŀŎǘƛƻƴǎ ŎƻǳƭŘ ƘŀǾŜ 

ǘŀƪŜƴ ǇƭŀŎŜ ŀǘ ǘƘŜ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘΦ !ŎǘƛǾŜ ŀƳƛƴŜ ŎƘŀƛƴ ŜƴŘǎ ŎƻǳƭŘ ǊŜŀŎǘ ǿƛǘƘ ǘƘŜ ǇƻƭȅόŀƳƛƴƻ 

ŀŎƛŘύ ŀƳƛŘŜ ƭƛƴƪŀƎŜǎΣ ŎŀǳǎƛƴƎ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŎȅŎƭƛŎ ƻƭƛƎƻƳŜǊƛŎ ǇǊƻŘǳŎǘǎ ŀƴŘ ǘƘŜ ǎƘƻǊǘŜƴƛƴƎ 

ƻŦ ŎƘŀƛƴ ŜƴŘǎΦ !ƴƻǘƘŜǊ Ǉƻǎǎƛōƛƭƛǘȅ ƛǎ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŀƴƻǘƘŜǊ ŀƳƛƴŜ ƛƳǇǳǊƛǘȅΣ ŀŎǘƛƴƎ ŀǎ ŀƴ 

ǳƴǿŀƴǘŜŘ ƛƴƛǘƛŀǘƻǊ ŀƴŘ ŘŜǇƭŜǘƛƴƎ ǘƘŜ ŜŦŦŜŎǘƛǾŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ b/! ƛƴ ǎƻƭǳǘƛƻƴΦ ¢Ƙƛǎ ƛǎ 

ǇƻǎǎƛōƭŜ ƛƴ ǘƘŜ ŎŀǎŜ ƻŦ 5aCΣ ǿƘƛŎƘ Ŏŀƴ ǳƴŘŜǊƎƻ ŘŜŎŀǊōƻƴȅƭŀǘƛƻƴ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƳƻƛǎǘǳǊŜ 

ǘƻ ŘƛƳŜǘƘȅƭŀƳƛƴŜΦ !ǎ ŀ ǊŜǎǳƭǘΣ ŀƴȅ ǿŀǘŜǊ ƛƴ ǘƘŜ ǎǘƻǊŀƎŜ ǾŜǎǎŜƭ ƻǊ ǊŜŀŎǘƛƻƴ ǾŜǎǎŜƭ Ƴŀȅ ƘŀǾŜ 

ǊŜǎǳƭǘŜŘ ƛƴ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ŘƛƳŜǘƘȅƭŀƳƛƴŜ ǿƘƛŎƘΣ ǿƛǘƘ ƎǊŜŀǘŜǊ Ƴƻōƛƭƛǘȅ ƛƴ ǎƻƭǳǘƛƻƴ ǘƘŀƴ ǘƘŜ 

ƳŀŎǊƻƛƴƛǘƛŀǘƻǊ ŎƘŀƛƴ ŜƴŘΣ ǿƻǳƭŘ ƘŀǾŜ ƻǳǘŎƻƳǇŜǘŜŘ Ƴt9DπbIн ǘƻ ŎƻƴǎǳƳŜ b/! ǊŜŀƎŜƴǘǎΦ ¢Ƙƛǎ 

ǿƻǳƭŘ ŀƭǎƻ ŜȄǇƭŀƛƴ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ŘŜƎǊŜŜ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ŀŎƘƛŜǾŜŘ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ 

ǊŜŀŎǘƛƻƴǎ ŀǎΣ ŀǘ ƘƛƎƘŜǊ ǘŜƳǇŜǊŀǘǳǊŜΣ ./ммс Ƴŀȅ ƘŀǾŜ ŜȄǇŜǊƛŜƴŎŜŘ ŀƴ ƛƴŎǊŜŀǎŜŘ ǊŀǘŜ ƻŦ 

ŘƛƳŜǘƘȅƭŀƳƛƴŜ ƎŜƴŜǊŀǘƛƻƴ ŦǊƻƳ ǘƘŜ ǎƻƭǾŜƴǘΣ ƻǊ ǇŜǊƘŀǇǎ ŀƴ ƛƴŎǊŜŀǎŜŘ ǊŀǘŜ ƻŦ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ 

ŦǊƻƳ ǘƘŜ ƭƻǿŜǊ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘ ƛƳǇǳǊƛǘƛŜǎΦ CƻǊ ŦǳǘǳǊŜ ǊŜŀŎǘƛƻƴǎΣ ƛǘ Ƴŀȅ ōŜ ƴŜŎŜǎǎŀǊȅ ǘƻ 

ǇǳǊǎǳŜ ŘƛŦŦŜǊŜƴǘ ǎƻƭǾŜƴǘ ƻǇǘƛƻƴǎ ŦƻǊ ǘƘƛǎ ǊŜŀǎƻƴΦ 

¢ƘŜ ŎƘǊƻƳŀǘƻƎǊŀǇƘ ƻŦ ./мму ŀƭǎƻ ǊŀƛǎŜǎ ǎƻƳŜ ƛƳǇƻǊǘŀƴǘ ǉǳŜǎǘƛƻƴǎ ŀōƻǳǘ ǘƘŜ ŎƻƴŘƛǘƛƻƴǎ ƛƴ 

ǿƘƛŎƘ ǘƘŜǎŜ ǊŜŀŎǘƛƻƴǎ ƘŀǾŜ ǘŀƪŜƴ ǇƭŀŎŜΦ ¢ƘŜ ŦƛǊǎǘ ƛǎ ǘƘŀǘΣ ǘƘƻǳƎƘ ǇƻƻǊƭȅ ǊŜǎƻƭǾŜŘ ŦǊƻƳ ƻƴŜ 

ŀƴƻǘƘŜǊΣ ǘƘŜǊŜ ŜȄƛǎǘ ǘǿƻ ǇŜŀƪǎ ƛƴ ŀ ōƛƳƻŘŀƭ ŘƛǎǘǊƛōǳǘƛƻƴΣ ǿƛǘƘ ƻƴŜ ǇŜŀƪ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ ǘƘŜ 

Ƴŀǎǎ ƻŦ ǘƘŜ ǎȅƴǘƘŜǎƛǎŜŘ ōƭƻŎƪ ŎƻǇƻƭȅƳŜǊΣ ŀƴŘ ǘƘŜ ƻǘƘŜǊ ǘƻ ǘƘŜ Ƴt9DπbIн ƳŀŎǊƻƛƴƛǘƛŀǘƻǊΦ ¢Ƙƛǎ 

ƻōǎŜǊǾŀǘƛƻƴ ǿŀǎ ǎǳǊǇǊƛǎƛƴƎ ŀǘ ŦƛǊǎǘ ŀǎΣ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ Ƴt9DπhI ƛƴƛǘƛŀǘƻǊ ǳǎŜŘ ǇǊŜǾƛƻǳǎƭȅΣ ǘƘŜ 

Ƴt9DπbIн όaǿ рллл Ǝ Ƴƻƭ
πм
ύ ƛƴƛǘƛŀǘƻǊ ǎȅǎǘŜƳ ǎƘƻǳƭŘ ƘŀǾŜ ōŜŜƴ ŦŀǊ ƳƻǊŜ ƴǳŎƭŜƻǇƘƛƭƛŎΣ ŀƴŘ ƭƻǿ 

ƳŀŎǊƻƳƻƭŜŎǳƭŀǊ Ƴƻōƛƭƛǘȅ ǎƘƻǳƭŘ ƛƴ ǘƘŜƻǊȅ ƘŀǾŜ ōŜŜƴ ŎƻƳǇŜƴǎŀǘŜŘ ŦƻǊ ōȅ ǘƘŜ ƛƴŎǊŜŀǎŜŘ 

ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ƭƻƴƎŜǊ ǘƛƳŜǎŎŀƭŜΦ hƴŜ Ǉƻǎǎƛōƛƭƛǘȅ ŦƻǊ ǘƘƛǎ ǳƴǊŜŀŎǘƛǾŜ Ƴt9D ŎƻǳƭŘ ōŜ ǘƘŜ 

ŎƻƴǘŀƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ƳŀŎǊƻƛƴƛǘƛŀǘƻǊ ǊŜŀƎŜƴǘ ǿƛǘƘ Ƴt9DπhIΣ ŦǊƻƳ ǿƘƛŎƘ Ƴt9DπbIн ƛǎ 

ǎȅƴǘƘŜǎƛǎŜŘ ŘǳǊƛƴƎ ƳŀƴǳŦŀŎǘǳǊŜ Ǿƛŀ ŀƴŘ ŀȊƛŘŜ ǊŜŘǳŎǘƛƻƴ ǊŜŀŎǘƛƻƴΦ !ǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ƛƴ 

ǇǊŜǾƛƻǳǎ ǎŜŎǘƛƻƴǎΣ ǘƘŜ ƭƻǿ ƴǳŎƭŜƻǇƘƛƭƛŎƛǘȅ ƻŦ Ƴt9DπhI ǿŀǎ ƭƛƪŜƭȅ ǘƘŜ ƻǊƛƎƛƴ ƻŦ ǘƘŜ ōƛƳƻŘŀƭ 

ŘƛǎǘǊƛōǳǘƛƻƴ ƛƴ ǘƘƛǎ ŎŀǎŜΦ CǳǊǘƘŜǊ ŜȄŀƳƛƴŀǘƛƻƴ ƻŦ ǘƘƛǎ Ƴt9DπbIн ƳŀŎǊƻƛƴƛǘƛŀǘƻǊ Ƙŀǎ ōŜŜƴ 

ŎƻƴŘǳŎǘŜŘ ƛƴ {ŜŎǘƛƻƴ рΦоΦпΦ  
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¢ƘŜ aƴ ǾŀƭǳŜ ƻŦ ǘƘŜ ƭŜŦǘπƘŀƴŘ ǇŜŀƪ ǿƛǘƘƛƴ ǘƘŜ ./мму ŎƘǊƻƳŀǘƻƎǊŀƳΣ ǿƘƛƭŜ ƭŜǎǎ ŀŎŎǳǊŀǘŜ 

ǿƛǘƘƻǳǘ ǎŜǇŀǊŀǘƛƻƴ ŦǊƻƳ ǘƘŜ ōƛƳƻŘŀƭ ŘƛǎǘǊƛōǳǘƛƻƴΣ ƛǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƭƻǿŜǊ ǘƘŀƴ ǿƻǳƭŘ ōŜ 

ŜȄǇŜŎǘŜŘ ŦƻǊ ǘƘŜ ǘŀǊƎŜǘŜŘ ōƭƻŎƪ ǎƛȊŜ ƻŦ млл ǊŜǇŜŀǘ ǳƴƛǘǎ όҔолΣллл Ǝ Ƴƻƭ
πм
ύΦ IƻǿŜǾŜǊΣ ŀǎ ǘƘƛǎ 

ǊŜŀŎǘƛƻƴ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǳƴŘŜǊ ǘƘŜ ǎŀƳŜ ŎƻƴŘƛǘƛƻƴǎ ŀǎ ./ммрκсΣ ǘƘŜ ǎŀƳŜ ƻǇǇƻǊǘǳƴƛǘƛŜǎ ŦƻǊ 

5aC ōȅπǇǊƻŘǳŎǘǎ ƻǊ ƴǳŎƭŜƻǇƘƛƭƛŎ ƛƳǇǳǊƛǘƛŜǎ ǘƻ ƛƴƛǘƛŀǘŜ ǊŜŀŎǘƛƻƴ ŜȄƛǎǘΣ ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ǘƘŜ 

ŦƻǊƳŀǘƛƻƴ ƻŦ ƻƭƛƎƻƳŜǊƛŎ ōȅπǇǊƻŘǳŎǘǎ ŀƴŘ ŘŜǇƭŜǘƛƴƎ ǘƘŜ ŜŦŦŜŎǘƛǾŜ ƳƻƴƻƳŜǊ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ŀƴŘ 

ŀŎƘƛŜǾŀōƭŜ 5tΦ ¢Ƙƛǎ ŜŦŦŜŎǘ ǿƻǳƭŘ ǘƘŜƴ ƘŀǾŜ ōŜŜƴ ŜȄŀŎŜǊōŀǘŜŘ ōȅ ǘƘŜ ŎƻƴǘŀƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ 

Ƴt9DπbIн ƳŀŎǊƻƛƴƛǘƛŀǘƻǊ ŀǎΣ ǿƛǘƘ ŀƴ ŜŦŦŜŎǘƛǾŜƭȅ ǊŜŘǳŎŜŘ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ŀŎǘƛǾŜ ŎƘŀƛƴ ŜƴŘǎΣ 

ǘƘŜ ǊŜŀŎǘƛƻƴ ǊŀǘŜ ǿƻǳƭŘ ƘŀǾŜ ōŜŜƴ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊŜǘŀǊŘŜŘΣ ŀŦŦƻǊŘƛƴƎ ƳƻǊŜ ǘƛƳŜ ŦƻǊ ƳƻƴƻƳŜǊπ

ŎƻƴǎǳƳƛƴƎ ǎƛŘŜ ǊŜŀŎǘƛƻƴǎ ǘƻ ƻŎŎǳǊ ŀƴŘ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ŀŎƘƛŜǾŀōƭŜ 5tΦ LƳǇƻǊǘŀƴǘƭȅΣ ƘƻǿŜǾŜǊΣ 

ǊƛƴƎπƻǇŜƴƛƴƎ ǇƻƭȅƳŜǊƛǎŀǘƛƻƴ ƻŦ [ȅǎό½ύπb/! Ƙŀǎ ƘŜǊŜ ōŜŜƴ ŀŎƘƛŜǾŜŘΦ {ǳōǎŜǉǳŜƴǘƭȅΣ ./ммр ŀƴŘ 

./ммс ƘŀǾŜ ōŜŜƴ ŘŜǇǊƻǘŜŎǘŜŘΣ ǿƛǘƘ ǘƘŜ ƛƴǘŜƴǘƛƻƴ ƻŦ ǇǊƻŘǳŎƛƴƎ ŀ ǊŀƴƎŜ ƻŦ ōǊŀƴŎƘŜŘ ǇǊƻŘǳŎǘǎ 

ŀƴŘ ƛƴǾŜǎǘƛƎŀǘƛƴƎ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ōǊŀƴŎƘƛƴƎ ƻƴ ǇŀȅƭƻŀŘ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ŀƴŘ ǊŜƭŜŀǎŜΦ  

 

5.3.2.1 Deprotection of mPEG-b-PLys(Z) 

CƻƭƭƻǿƛƴƎ ǘƘŜ ǎǳŎŎŜǎǎŦǳƭ wht ǊŜŀŎǘƛƻƴǎ ƻŦ [ȅǎό½ύπb/!Σ ōŜƴȊȅƭƻȄȅ ŎŀǊōƻƴȅƭ ƎǊƻǳǇ ŘŜǇǊƻǘŜŎǘƛƻƴ 

ǊŜŀŎǘƛƻƴǎ ǿŜǊŜ ŀǘǘŜƳǇǘŜŘ ƻƴ ǇǊƻŘǳŎǘǎ ./ммр ŀƴŘ ./ммсΦ ¢ƘŜ ǇǊƻŎŜǎǎ ƛǎ ŎƻƳǇǊƛǎŜŘ ƻŦ ŀ нпπ

ǊŜŀŎǘƛƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǇǊƻŘǳŎǘ ŀƴŘ I.Ǌ ƛƴ ŀ ǎƻƭǳǘƛƻƴ ƻŦ ¢C! ŀƴŘ ŀŎŜǘƛŎ ŀŎƛŘΦ ! ƎŜƴŜǊŀƭƛǎŜŘ 

ƳŜŎƘŀƴƛǎƳ ŦƻǊ ǘƘƛǎ ǊŜŀŎǘƛƻƴ ƛǎ ǇǊŜǎŜƴǘŜŘ ƛƴ {ŎƘŜƳŜ рΦм ōŜƭƻǿΦ  

{ŎƘŜƳŜ рΦмΥ DŜƴŜǊŀƭƛǎŜŘ ƳŜŎƘŀƴƛǎƳ ŦƻǊ ǘƘŜ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ ǘƘŜ ōŜƴȊȅƭƻȄȅŎŀǊōƻƴȅƭ 

ǇǊƻǘŜŎǘƛƴƎ ƎǊƻǳǇΣ ǿƘƛŎƘ ȅƛŜƭŘǎ ŀ ŦǊŜŜ ŀƳƛƴŜΦ  

CƻƭƭƻǿƛƴƎ ŘŜǇǊƻǘŜŎǘƛƻƴΣ ǘƘŜ ǇǊƻŘǳŎǘǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ Ǿƛŀ ǇǊŜŎƛǇƛǘŀǘƛƻƴ ƛƴ ŘƛŜǘƘȅƭ ŜǘƘŜǊΣ ōŜŦƻǊŜ 

ŦǳǊǘƘŜǊ ǎƻƭǾŀǘƛƻƴ ŀƴŘ ǊŜπǇǊŜŎƛǇƛǘŀǘƛƻƴ ŦǊƻƳ ƳŜǘƘŀƴƻƭ ǘƻ ǿŀǎƘ ƛƳǇǳǊƛǘƛŜǎ ŦǊƻƳ ǘƘŜ ǇǊƻŘǳŎǘΦ 

¢ƘŜ ŎƻƭƭŜŎǘŜŘ ǿƘƛǘŜ ǎƻƭƛŘ ǿŀǎ ŘƛǎǎƻƭǾŜŘ ƛƴ ǿŀǘŜǊ ŀƴŘ ŘƛŀƭȅǎŜŘ όa²/h нллл Ǝ Ƴƻƭπмύ ŀƎŀƛƴǎǘ 

ǿŀǘŜǊ ŦƻǊ ǘƘǊŜŜ ŘŀȅǎΣ ōŜŦƻǊŜ ŎƻƭƭŜŎǘƛƻƴ Ǿƛŀ ƭȅƻǇƘƛƭƛǎŀǘƛƻƴΦ ¢ƘŜ ŎƻƭƭŜŎǘŜŘ ǇǊƻŘǳŎǘǎ ǿŜǊŜ 

ǎǳōƳƛǘǘŜŘ ŦƻǊ !t/ ŀƴŀƭȅǎƛǎΣ ŀƴŘ ǘƘŜ ŎƻƭƭŜŎǘŜŘ ŎƘǊƻƳŀǘƻƎǊŀǇƘǎ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ōŜǎƛŘŜ ǘƘŜ 

ŘŜǇǊƻǘŜŎǘŜŘ ǇǊŜŎǳǊǎƻǊ ǇƻƭȅƳŜǊǎ ƛƴ CƛƎǳǊŜǎ рΦтŀ ŀƴŘ рΦтō ōŜƭƻǿΦ  
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CƛƎǳǊŜ рΦтŀΥ {ǘŀŎƪŜŘ ŀŘǾŀƴŎŜŘ ǇƻƭȅƳŜǊ ŎƘǊƻƳŀǘƻƎǊŀǇƘǎ ŦƻǊ ./ммрΣ Ƴt9Dπōπt[ȅǎό½ύ ŀƴŘ ƛǘΩǎ 

ŘŜǇǊƻǘŜŎǘŜŘ ŎƻǳƴǘŜǊǇŀǊǘΣ ./мнпΦ LƴǎŜǘΥ tǊƻŘǳŎǘ aΦ²Φ ŘŀǘŀΦ 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7b: Stacked advanced polymer chromatographs for BC116, mPEG-b-t[ȅǎό½ύ ŀƴŘ ƛǘΩǎ 

deprotected counterpart, BC125. LƴǎŜǘΥ tǊƻŘǳŎǘ aΦ²Φ ŘŀǘŀΦ 
















































































































































































































