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Abstract 

The essential micronutrient vitamin B12 has shown considerable promise as a delivery 

vehicle for antibiotics into bacteria. Novel antibiotic therapies using this ‘Trojan horse’ 

approach have considerable potential in the battle against antibiotic resistance. The goals 

of this research were 1) to synthesise highly fluorescent derivatives of vitamin B12 and its 

naturally occurring analogue cobinamide, and 2) to synthesise vitamin B12 conjugates of 

the widely used antibiotics gentamycin and ciprofloxacin. Vitamin B12 has its own 

specific and active uptake pathway within bacterial cells. 

Fluorescent conjugates were designed to function as tools to follow the uptake, transport 

and cellular localisation of vitamin B12 and cobinamide in bacteria. Although the 

synthesis of fluorescent CNCbl derivatives is well-documented, no fluorescent 

derivatives of CNCbi have been reported to the best of our knowledge. Furthermore, 

practically all existing vitamin B12 derivatives of fluorophores exhibit significant 

fluorescence quenching. The key focus of this work was to synthesise vitamin B12 and 

cobinamide conjugates with high fluorescent quantum yields.  

A range of fluorescent derivatives of CNCbl and CNCbi incorporating NBD-X, sulfo-

Cyanine5 and Cyanine7 have been successfully synthesised in high purities (≥90%) and 

very good to reasonable yields. These conjugates were designed to retain their binding 

capacity to the Btu uptake system (including BtuB, BtuF and BtuCD transport proteins) 

for CNCbl/CNCbi uptake in the gram-negative bacterium Escherichia coli. Fluorescence 

analysis established high quantum yields (>0.20) for CNCbl/CNCbi conjugates 

incorporating sulfo-Cyanine5 and Cyanine7 fluorophores. An exciting finding from this 

research was that the conjugation of the near infrared emitting Cyanine7 to CNCbl and 

CNCbi resulted in no observable fluorescence quenching. Significant fluorescence 

quenching was observed for the conjugates that incorporated the NBD-X fluorophore. 

Solution studies between the free components suggested a dynamic quenching 

mechanism. For the conjugates, where the donor-acceptor distance is constrained, the 

significant spectral overlap between NBD-X emission and the CNCbl absorbance 

suggests Förster Resonance Energy Transfer (FRET) is a likely contributor, though other 

mechanisms such as Photoinduced Electron Transfer (PeT) cannot be excluded.  
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Recently a vitamin B12 conjugate of the antibiotic ampicillin was shown to be 500 times 

more effective than ampicillin itself in killing E coli. Once robust synthetic approaches 

were developed for synthesising the fluorescent CNCbl conjugates, these procedures 

were used to inform the synthesis of two antibiotic conjugates of CNCbl. Novel CNCbl-

linker-antibiotic conjugates were synthesised incorporating the antibiotics gentamicin 

and ciprofloxacin. The conjugation of ciprofloxacin to CNCbl was achieved at two sites 

 the carboxylic acid and the secondary amine functionalities of ciprofloxacin. Site-

selective conjugation of gentamicin via an amine is challenging, as multiple reactive 

amines are available for conjugation. However, conjugation of gentamicin to CNCbl was 

determined to occur selectively at one amine site using both LC-MS and 1H NMR 

spectroscopy. The purification of CNCbl-linker-antibiotic conjugates was achieved by 

reversed-phase C18 chromatography and required isocratic conditions and the collection 

of small fractions to achieve purities of >95%. This was reflected in lower product yields 

(9-40%); however, conjugates were isolated for analysis and are suitable for biological 

testing. These conjugates will allow others to investigate the uptake and efficiency of 

CNCbl/CNCbi delivery system as a Trojan horse strategy to deliver antibiotics into 

bacteria  a relatively unexplored and promising area of medicinal chemistry.  
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Chapter 1 Literature review 

1.1 Chapter overview 

This chapter provides an overview of the key concepts underpinning this thesis. It begins 

with a discussion of the structure and biological significance of vitamin B12 and its 

precursor, cobinamide. The use of vitamin B12 as a delivery molecule is then introduced, 

together with an outline of the protein-mediated uptake pathway in the gram-negative 

bacterium Escherichia coli. This is followed by a review of the synthesis of fluorescent 

vitamin B12 derivatives and their application in studies of uptake, transport, and cellular 

localisation. Given the central role of fluorescence in this research, the principles of 

fluorescence and methods for determining quantum yield are also described. The chapter 

then examines the development of antibiotic resistance in gram-negative bacteria, with 

particular attention to trojan horse therapies that exploit vitamin B12 as a carrier. Finally, 

the mechanisms of action of ciprofloxacin and gentamicin are considered, with emphasis 

on synthetic strategies used to modify these antibiotics. 

1.2 Chemistry and biological importance of vitamin B12

Corrinoids are a group of chemically distinct molecules built upon the corrin ring 

skeleton1. The corrin ring, similar to a porphyrin, is a macrocycle containing four pyrrole 

rings. Vitamin B12, termed a complete corrinoid, is an essential micronutrient required by 

most forms of life. B12 belongs to the biologically important class of cobalt-containing 

enzymes. Except for higher plants, organisms from all kingdoms of life are known to 

utilisee B12-dependant enzymes.2 B12-dependent enzymes are most well known for their 

roles in the production of red blood cells, synthesis and regulation of DNA and nervous 

system function.3 The following section will discuss the structure and biological 

relevance of both complete and incomplete corrinoids, with a particular focus on vitamin 

B12 and its naturally occurring precursor, cobinamide (Cbi). 

1.2.1 Complete corrinoids 

Complete corrinoids refer to the nucleotide-containing vitamin B12 family.4 Beginning 

with the central macrocycle, the structure consists of four five-membered pyrrole rings 

coordinated to a central cobalt atom (Figure 1). Surrounding the macrocycle periphery 

are three acetamide and four propionamide substituents. In the case of ‘complete’ 
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corrinoids, one of the propionamide residues is further functionalised as a pseudo peptide 

backbone. This comprises a phosphate moiety attached to a ribose ring followed by a 5,6-

dimethylbenzimidazole group. The nitrogen residue of the 5,6-dimethylbenzimidazole 

typically coordinates to the lower axial site of the macrocycle-bound cobalt. The 

coordination of this lower ligand occurs in a ‘base-on’ or ‘base-off’ state. The ‘base-off’ 

state occurs upon protonation of the dimethylbenzimidizole nitrogen where the lower 

axial site is occupied by an exogenous ligand (often solvent or protein residue). The upper 

axial ligand coordinated to the Co centre can vary and is most often occupied by a cyano, 

hydroxo, methyl or adenosyl ligand (Figure 1). The two co-enzyme forms of vitamin B12 

contain the methyl and adenosyl ligands, termed adenosylcobalamin and 

methylcobalamin, respectively. Adenosylcobalamin is known for its role in enzymatic 

catalysis by homolytic cleavage of the Co(III)-C bond, with the resulting adenosyl radical 

initiating rearrangement reactions. Methylcobalamin, however, converts between the 

Co(III) to Co(I) state with methylation of the substrates via heterolytic bond cleavage 

upon nucleophilic attack of MeCbl by the substrate.3–6 The work discussed here uses the 

commercially available cyanocobalamin (CNCbl) complex, also known as vitamin B12.  
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Figure 1: Full and simplified structure of ‘complete’ corrinoid of vitamin B12 and its 

derivatives.  

1.2.2 Incomplete corrinoids 

Incomplete corrinoids refer to the truncated analogues of complete corrinoids where part 

or all of the entire lower nucleotide is absent.7–9 Incomplete corrinoids are often referred 

to as vitamin B12 precursors, as these molecules are typically intermediates in the 

biosynthetic pathways for the complete vitamin B12 complex. Cobinamide (Cbi) and 

cobyric acid (Cby) are two notable examples of incomplete corrinoids. Cbi contains the 

complete central macrocycle but lacks the lower co-ordinated nucleotide moiety. This 

means Cbi has two available axial ligand sites, providing a greater ligand-binding 

capacity than vitamin B12. Cby in comparison is similar in structure to Cbi but is 
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hydrolysed at the f sidechain of the corrin (Figure 2, see Figure 3 for assignment of the 

sidechains).  

Figure 2: Structures of vitamin B12 analogues cobinamide (Cbi) and cobyric acid (Cby). 

Cbi and Cby were first synthesised and characterised as part of attempts to synthesise the 

complete vitamin B12 complex.9,10 Synthesis of Cbi and Cby are now achieved by acid 

hydrolysis of vitamin B12 or exposure to high quantities of cyanide salts (NaCN).9,11 The 

Cbi precursor is used in this research for the development of novel Cbi-fluorophore 

conjugates.  

1.3 CNCbl as a delivery molecule 

CNCbl can be exploited as a natural carrier molecule for delivering many types of cargo 

into different cell types.12 Many CNCbl-cargo derivatives have been synthesised, 

focusing on therapeutics and imaging agents as cargo.5,13,14 The complex structure of 

CNCbl offers many locations for chemical modification, i.e. the β-axial site, amide 

residues of the side chains (a-g, typically by partial hydrolysis to monocarboxylic acids), 
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alteration of the peptide side chain (f) and the 5’-OH of the lower ribose ring (Figure 3). 

13  

 

Figure 3: Structure of CNCbl with common modification sites highlighted. 

 

Vitamin B12 derivatives have been developed as anti-cancer agents, where 

chemotherapeutics such as cisplatin and other pro-drugs have been conjugated to enhance 

tumour targeting capacity.15,16 The use of vitamin B12 as an imaging agent for tumours 

and inflammatory lesions has been demonstrated using gadolinium or radioactive 99mTc 

derivatives.17,18 These derivatives exploit the increased uptake and sequestering of 

vitamin B12 in rapidly growing cancer cell lines.18 Other derivatives of vitamin B12 have 

been developed to target specific diseases. The most notable example is vitamin B12 as a 

carrier for insulin and other related drugs to prevent off-target side effects.19–21 More 

recent research has shifted to nanoparticles functionalised with vitamin B12. These 
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nanoparticle derivatives have enabled targeted drug delivery for small interfering RNAs 

and hydrophobic drugs within cancer cells.22,23 The use of vitamin B12 as a carrier for 

many types of cargo provides key advantages such as improved solubility of hydrophobic 

drugs, reduced off-target toxicity, lower required therapeutic doses and targeted 

delivery.12,24  Vitamin B12 derivatives of antibiotics, peptide nucleic acids and 

fluorophores have been discussed in Section 1.8.2 

To ensure the binding of the CNCbl conjugate to B12 uptake and transport proteins, it is 

important to choose the modification site carefully. CNCbl is delivered intracellularly 

within bacterial systems via the CNCbl uptake pathway, known as Btu.25,26 In mammalian 

cells, transport and uptake are achieved by a multi-protein mediated pathway including 

intrinsic factor (IF), haptocorrin (HC) and transcobalamin (TC).27 Modifications at the 

5’-OH position are well tolerated by these uptake proteins in both bacterial and 

mammalian cells (Figure 3).19,21,28–33 Chemical modification at this site is well-

documented, with multiple synthetic pathways available.13  

The research described herein utilises a carbamate bond between the 5’-OH alcohol 

residue of CNCbl and a primary amine-containing linker. The employment of a linker has 

been carried out for two key reasons. The first is to provide a suitable synthetic handle 

for the attachment of the cargo (an amine or carboxylic acid residue). Secondly, others 

have shown that the inclusion of a linker of less than two or greater than 12 atoms between 

the B12 and the cargo is best for the delivery and subsequent activity of the attached 

cargo.24 Two closely related methods for functionalisation of CNCbl at the 5’-OH site 

utilise either carbonyldiimidazole (CDI) or carbonylditriazole (CDT) as the alcohol-

activating reagent. Upon nucleophilic attack by the primary amine of the linker, the 

imidazole/triazole moiety is substituted resulting in a carbamate bond between the CNCbl 

and linker molecule (Scheme 1). Although both CDI and CDT result in the formation of 
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the desired linkage, it has been shown in the literature that the use of CDT results in a 

better yield (50-90%).28,29,32,34–37  

 

 

 

Scheme 1: Activation of the 5'-OH residue of B12 with CDI or CDT followed by the formation of 

a carbamate bond between the B12 and the linker. 

 

The linkers selected in this work are based on the polyethylene glycol scaffold or the short 

disulphide-containing cystamine molecule (Figure 4). Polyethylene glycol linkers have 

been used by others in CNCbl-therapeutics within the literature. Równicki et al. (2017) 

reported a polyethylene glycol (PEG) linked CNCbl conjugate, where peptide nucleic 

acids (PNAs) were covalently bound to CNCbl via a short two-unit PEG linker.24 This 

study showed that attachment to CNCbl increased the transport of PNAs into the 

cytoplasm of gram-negative Escherichia Coli cells where traditional PNAs suffer from 

low uptake. The PEG linker between CNCbl and the bioactive PNA was found to be 

stable in bacterial media and serum. Since this publication, numerous CNCbl conjugates 

have been synthesised where PEG has been used as a linker, including 

nanoparticle/nanocapsule systems22,38
 and in the targeted drug delivery of insulin.20,39 The 

use of cystamine-based linkers for CNCbl-therapeutics is novel. Using a disulfide-

containing moiety for targeting drug delivery and release, however, is not.24,40 A disulfide 

moiety will result in the release of the therapeutic in reductive cytosolic 

compartments.41,42 This may result in greater therapeutic activity of the cargo. 
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Figure 4: Structures of linkers employed in the CNCbl-fluorophore and CNCbl-antibiotic 

conjugates synthesised in this research. 

 

1.4 Protein-mediated CNCbl uptake in gram-negative bacteria, 

Escherichia coli 

Bacterial uptake of vitamin B12 is achieved by the Btu (B twelve uptake) system.31 This 

system has been well characterised in the gram-negative bacterium, E Coli. The Btu 

uptake system is composed of an orchestra of transmembrane and periplasmic proteins 

(Figure 5). 

 

Figure 5: Schematic representation of the Btu system of Escherichia Coli.30  
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Transport of B12 across the outer membrane is achieved by the BtuB protein, supported 

by the inner membrane protein, TonB. BtuB is composed of two key domains, an N-

terminal globular-like domain (often referred to as the ‘hatch’ domain) and a 22-stranded 

β-barrel domain (Figure 6). The loop domains connecting select β-barrel regions located 

on the extracellular side of the outer membrane play a key role in B12 binding and 

recognition, with the help of Ca2+ ions. Electron density mapping has identified two Ca2+ 

ions trapped by these loop domains, serving to prise the loop domains open and exposing 

the extracellular binding site, which has a high affinity for B12. In the absence of Ca2+ 

ions, the loop domains are likely mobile and prevent B12 from reaching this recognition 

site. Initial binding of B12 to this recognition site is energy independent, with the β-axial 

site exposed to the extracellular environment. Several conformational changes take place 

upon B12 binding, the most notable of which is the conformational change of the Ton box 

located on the periplasmic side of BtuB. This conformational change is energy-

independent and acts to increase the affinity of the inner membrane-bound TonB protein 

to BtuB, promoting coupling between the TonB protein and BtuB.43 TonB-dependent 

transporters are well known to assist in the uptake of essential nutrients within gram-

negative bacteria. In addition to ExbB-ExbD, TonB provides the necessary energy for B12 

transport across the outer membrane in the form of a proton-motive force.44 Upon 

coupling and energy transfer by TonB, a rearrangement (or ‘unfolding’) of the hatch 

domain of BtuB occurs, allowing B12 to permeate through the BtuB. Although B12 binds 

to BtuB in an ‘axial-up’ conformation, molecular docking studies have identified that the 
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molecule rotates during its pathway through BtuB, such that the corrin ring is 

perpendicular to the surface of the membrane.45 

 

Figure 6: Structures of B12 bound BtuB protein of Escherichia Coli (PDB code 1NQH). a) 

Cartoon representation of the β-barrel domain in orange in a side on view, bound B12 shown as 

a ball and stick model. b) Top-down space-filling model of the BtuB protein with hatch residue 

shown in red and B12 shown in a ball and stick representation.46  

 

Crystal structures have confirmed that B12 binds to BtuB in an ‘axial-up’ conformation, 

with the β-axial CN ligand exposed.46 This indicates that the 5’-OH residues of the ribose 

ring (used in this research as a site of functionalisation) would therefore be constrained 

for space as it is protein-embedded. However, a notable publication on which much of 

the work discussed here is founded, delivered a large peptide nucleic acid (PNA) 

conjugate tethered to the 5’-OH residue of B12 via this Btu system.24 Molecular dynamic 

(MD) simulations were utilised to elucidate the mechanism of transport for the B12-PNA 

conjugates. Transport via BtuB was confirmed using genetically engineered BtuB 

mutants of E. Coli, showing no conjugate uptake. MD simulations showed that the B12-

PNA conjugates bound to BtuB in an upside-down conformation, with the β-axial CN 

ligand now facing into the lumen of the BtuB protein. Predictions determined that the 

binding of the conjugate and unfolding of the BtuB lumen were energetically favourable. 

Once internalised, the large PNA residue unfolded, allowing transport of the conjugate 

through the BtuB barrel.30 Therefore, it seems that BtuB tolerates conjugation at the 5’-

OH residue of B12.  
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Following transport through the outer membrane, B12 is sequestered by the periplasmic 

BtuF protein. BtuF comprises a rigid α-helix linking two globular domains.47 Commonly, 

the globular N-terminal domain and C-terminal domain are referred to as domain I and 

II, respectively.47 Domain I has key interactions with the DMB and propionamide 

residues of B12. Domain II, however, has interactions with the catalytic surface of B12, 

namely the β face of the corrin ring. There is a relatively small number of direct 

interactions between B12 and BtuF (89 in total) when compared to B12-dependent 

enzymes.47 This is likely due to the requirement of BtuF to sequester B12 from BtuB in 

the periplasmic space and transfer it to the inner membrane protein complex BtuCD.47  

Analogous to the BtuB binding, B12 interacts with BtuF in a ‘base-on’ configuration to 

maintain B12 stability during transport.48 Figure 7 (b) highlights the 5’-OH residue of the 

ribose ring of B12 that has been widely utilised for the conjugation of cargo. The residue 

sits in a large open pocket between domains I and II of the BtuF protein. This pocket is 

well-sized to accommodate the cargo with minimal impact on the binding interactions 

between B12 and BtuF.  

Cbi differs from B12 as it lacks the lower dimethylbenzimidizole (DMB) ligand, Figure 

2. The binding of BtuF with Cbi is analogous to that identified for B12 with the absence 

of DMB compensated for by a tryptophan residue (W66) of BtuF. It was also noted that 

there is significant flexibility in the binding pocket for BtuF, further supporting the ability 

of this protein to recognise B12 analogues.49  
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Figure 7: Structures of B12 bound BtuF protein of Escherichia Coli (PBD code 1N4A), a) Cartoon 

representation of BtuF the domains in a side on view, bound B12 shown as a ball and stick model, 

b) Side on space-filling model of the BtuF protein, B12 shown in a ball and stick model.50 

 

The final step in the uptake pathway of B12 to the cytoplasm of E. coli is through the ABC 

transporter BtuCD. To date, no crystal structures have been obtained where B12 is bound 

to this complex due to the dynamic nature of ABC transporters in detergent solutions.51 

There is, however, a large number of studies on the protein-to-protein interactions 

between BtuF and BtuCD. Protein-to-protein interactions are essential for the transfer of 

B12 through the periplasmic space and the inner cell membrane. The BtuCD transporter 

is a transmembrane protein complex comprising two BtuC subunits embedded in the inner 

membrane, with two BtuD subunits in the cytoplasm. The binding of BtuF to BtuCD is 

achieved by salt bridges. These arise between the negatively charged glutamic acid 

residues (72 and 202) of BtuF and the positively charged arginine ‘pockets’ (56, 59 and 

295) at the BtuC surface.48 The B12 binding pocket for both BtuF and BtuCD is located 

in the centre of these salt bridge contacts (Figure 8).48 Translocation through the BtuCD 

complex has not been elucidated to date, but structural components of the BtuCD 

transporter have been identified in other well characterised ABC transporters, such as the 

DNA repair enzyme, Rad50.48 These common characteristics have provided some insight 

into the probable transport mechanism of this complex. ABC transporters are known to 

undergo many complex energy-requiring rearrangements. In the case of BtuCD it is likely 

that the two BtuC units swing together once activated (either by B12 binding or ATP 
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activation).48 This expands the membrane-spanning subunits, opening a translocation 

pathway for B12 to permeate (Figure 8). The role of the BtuD subunits during this process 

is to bind and hydrolyse ATP to facilitate transport. Once the BtuC subunits adopt this 

pinched conformation, B12 can be released into the cytoplasm by several mechanisms, 

such as passive diffusion or peristaltic forces of the BtuC subunits.51 Due to the proposed 

mechanism of uptake and the considerable space identified in the BtuF binding pocket 

for B12, the modifications at the 5’-OH site of B12 will likely be well tolerated by the 

BtuCD-F uptake system.51 

 

Figure 8: Structures of the BtuCD-F protein complex of Escherichia Coli (PDB code 1NQH), a) 

Cartoon representation of BtuCD-F, the two BtuC subunits are shown in orange and red, the two 

BtuD subunits in blue and yellow with BtuF shown in blue b) Simplified proposed uptake 

mechanism of B12 through the BtuCD-F ABC transporter.51 

 

1.5 Synthesis and fluorescent properties of vitamin B12 conjugates 

incorporating fluorophores 

1.5.1 β-axial bound conjugates 

The synthesis of β-axial fluorescent conjugates of vitamin B12 use two different methods 

- reduction of the Co(III) centre to Co(I) followed by addition of an alkyl halide of the 

fluorophore to form an alkycobalamin or coordination of the fluorophore to the axial 

bound cyanido ligand (Table 1).52,53  
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The earliest reported synthesis of a β-axial bound fluorescent conjugate utilised Zn dust 

in the presence of NH4Cl as the reducing agent for the reduction of CNCbl.52 This resulted 

in the formation of the supernucleophilic co(I)balamin. Reactions proceeding via the 

Co(I) intermediate require strict anaerobic conditions. The addition of a 5’-

halonucleoside or an alkyl halide resulted in formation of a Co-C bond between the 

fluorophore and Cbl. Several fluorescent adenosine analogues were ligated to Cbl with 

yields obtained between 50-80%.52 Purification was achieved by multiple phenol-

chloroform extractions, SP-Sephadex, phosphocellulose and preparative paper 

chromatography methods. Cbl derivatives that contain a Co-C bond require strict low/red 

light conditions to prevent light-induced Co-C bond cleavage.52 

A minor modification of this synthetic method utilised aquacobalamin (H2OCbl), rather 

than CNCbl.54 The reducing agents used were NaBH4 in the presence of a CoCl2 catalyst 

to form Co(I). Formation of a Co-C bond was achieved upon the addition of the 5’-chloro-

5’-deoxybenzoadenosine. Despite these modifications, the yield obtained was only 54%. 

Purification was achieved via phenol/CH2Cl2 extraction and ion exchange 

chromatography on Dowex.54  

Linkers were subsequently attached at the β-axial site with a terminal carboxylate or 

amine and fluorescent moieties were conjugated to the linker via peptide coupling. To 

form the linker-Cbl intermediates, reduction of the Co(III) centre was achieved using 

either NaBH4
55 or Zn56–59 dust, with chloropropylamine or chlorobutyric acid as linkers. 

Yields for the butyric acid derivatives ranged between 82-96%55 and aminopropyl 

derivatives between 73-99%.56-59 Lower yields can be possibly linked to purification by 

reversed-phase C18 high-pressure liquid chromatography (RP-HPLC). Higher yields 

were typically found upon purification by ion exchange or reversed-phase C18 flash 

chromatography. For the efficient conjugation of the fluorescent groups to the terminal 

functional group of the linker at the β-axial site, multiple reagents have been used. Peptide 

coupling procedures have been used, either using activated N-hydroxysuccinamide 

(NHS) ester or N,N,N'N'-tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate 

(TSTU), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and N,N,N′,N′-

tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) coupling 

reagents.55-59 Yields ranged from 64-92% with higher yields often afforded using the NHS 

ester of the fluorophore.55-59 Purification of the β-axial bound fluorescent conjugates was 
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typically achieved by semi-preparative reversed-phase HPLC chromatography on a ≤5 

mg scale.  

Fluorescence quantum yields were established for three of the β-axial conjugates with the 

Oregon green, fluorescein and the 5,6-carboxynapthofluorescein fluorophores. The 

quantum yields were 0.16, 0.14 and 0.013, respectively, where the free fluorescein 

molecule has a quantum yield of 0.93. The fluorescence quantum yields of Oregon green 

and 5,6-carboxynapthofluorescein have not been published. This demonstrates that the 

fluorophore appended to the β-axial of vitamin B12 experiences quenching by the coring 

macrocycle.  

Table 1: List of β-axial fluorescent conjugates of vitamin B12, highlighting the Cbl reactant, 

reducing agent, linker (if used), fluorophore, yield (if given) and Φf when available.  

Cbl Reducing  

agent 

Linker Fluorophore % 
Yield  

Φf 

CNCbl Zn,  - ε-Adenosine -60 - 

CNCbl Zn,  - Formycin -60 - 

CNCbl Zn,  - 2-Aminoebularine -60 - 

CNCbl Zn,  - 2,6-Diaminonebularine -60 - 

CNCbl Zn,  - Dansylamidopropylchrloride 8060 - 

OHCbl NaBH4 - 5’-Chloro-5’-deoxy-lin-
denzoadenosine 

5454 - 

OHCbl NaBH4 Chlorobutyric acid 6,7-Dimethoxy-1-methyl-
2(1H)-quinoxaline-3-
propionylcarboxylic acid 

-55 - 

OHCbl Zn 3-
Aminopropylchloride 

Oregon green 7356 0.16 

OHCbl Zn 3-
Aminopropylchloride 

Fluorescein 6056 0.14 

OHCbl Zn 3-
Aminopropylchloride 

5-6-
Carboxynapthofluorescein 

6456 0.013 

OHCbl Zn 3-
Aminopropylchloride 

Fluorescein-5-thiourea 7656 - 

CNCbl N/A - Dansyl-imidazole 4553  
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OHCbl Zn 3-
Aminopropylchloride 

6-
Carboxytetramethylrhodamin 

6857 - 

OHCbl Zn 3-
Aminopropylchloride 

6-
Carboxytetramethylrhodamin 

8958 - 

OHCbl Zn 3-
Aminopropylchloride 

Sulfo-Cyanine5 6658 - 

OHCbl Zn 3-
Aminopropylchloride 

Atto725 9258 - 

OHCbl Zn 3-
Aminopropylchloride 

DyLight800 7258 - 

OHCbl Zn 3-
Aminopropylchloride 

Alexa700 8858 - 

OHCbl Zn 3-
Aminopropylchloride 

Bodipy650 7358  

OHCbl Zn 3-
Aminopropylchloride 

6-
Carboxytetramethylrhodamin 

7559 - 

OHCbl Zn 3-
Aminopropylchloride 

5/6-Carboxyfuorescein 9059 - 

1.5.2 5’-OH bound conjugates 

Fluorescent vitamin B12 conjugates have been synthesised via conjugation at the 5’-OH 

site of the ribose ring (Figure 3), typically through alcohol activation followed by peptide 

coupling to form carbamate bonds. Between 2003-2008, derivatives of sulfo-Cyanine561–

63, 5/6-carboxyrhodamine64 and 6-carboxyfluorescein65 were synthesised using CDI or 

CDT as coupling agents with 1,6-diaminohexane or 4,7,10-trioxa-1,13-tridecanediamine 

linkers (40-50% yield, purified by reversed-phase HPLC).65,61–63 Fluorophore-NHS esters 

were attached via peptide coupling (40-60% yield, ≤5 mg scale). The fluorescence 

quantum yield of the sulfo-Cyanine5 conjugate was 0.011 (free sulfo-Cyanine5 has a 

fluorescence quantum yield of 0.30), demonstrating fluorescence quenching. 

Fluorescence quantum yields were not determined for the other conjugates but a reduction 

in fluorescence was noted upon conjugation of the fluorophore to B12 (Table 2). 

To mitigate quenching, Grissom and Lee (2003) introduced a ‘rigid’ cyclohexane linker 

between CNCbl and the fluorophores 5(6)-carboxyfluorescein and rhodamine 6G. Linker 

attachment was achieved via CDT-mediated coupling with yields of 22-24%. Unlike 

previous methods, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) was used as 
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a peptide coupling reagent instead of NHS esters of the fluorophore. Fluorescence 

quantum yields of the 5(6)-carboxyfluorescein and rhodamine 6G conjugates were 0.1 

and 0.2, respectively. An increase in fluorescence was noted for the conjugates containing 

the ‘rigid’ linker, but no fluorescence quantum yield were reported for conjugates of these 

fluorophores with flexible linkers 4,7,10-trioxa-1,13-tridecanediamine.66  

Welfare et al. (2022) used the 1,4-diaminohexane linker for BODIPY, Cyanine-3, and 

carboxytetramethylrhodamine conjugates of CNCbl in addition to flexible 

ethylenediamine linkers.67 CDI-mediated amide coupling followed by Fmoc protection 

yielded CNCbl-linker-Fmoc (60-65%). Subsequent reduction with NaBH4 in the presence 

of iodoethane resulted in the coordination of an ethyl group as the β-axial ligand. The 

Fmoc group was removed from the linker and the fluorophores were attached via HATU-

mediated peptide coupling (26-78% yield, lowest for Cyanine3).67 CNCbl-linker-

BODIPY exhibited significantly faster Co-C bond cleavage with the flexible 

ethylenediamine linker in comparison to the ethyl-Cbl derivative with no appended 

fluorophore.67 This work demonstrated the electronic interaction between the fluorophore 

and the corrin ring, enhancing Co-C bond cleavage. However, the nature of this 

interaction was not investigated in this work.  

Subsequent research by Viola-Villegas et al. (2009), Santoro et al. (2015) and Vortherms 

et al. (2011) focused on fluorescent Re probes conjugated to CNCbl via CDT-mediated 

carbamate coupling at the 5’-OH site.68–70 A β-axial Co(III)-CN-Re conjugation route was 

also explored were the Re atom coordinated to the N of the β-axial CN ligand. 

Fluorescence of the 5’-OH bound [BBQA-Re(CO)3]+ conjugate was restored when bound 

to the human IF protein. It was indicated that the CNCbl molecule was encased in the IF 

binding pocket and the [BBQA-Re(CO)3]+ remained outside of the binding pocket, 

preventing the electronic interaction between the two moieties.  

Rodgers et al. (2016) synthesised cobalamin conjugates of Alexa350, DECA, and 

TAMRA by CDT-mediated ethylenediamine coupling at 5’-OH, followed by peptide 

coupling between the linker and the NHS-ester of the fluorophore. The β-axial aqua 

ligand of aquacobalamin was substituted with N-acetylcysteine (forming a β-axial Co-S 

B12 derivative). Fluorescence quantum yields were not reported for the conjugates, but 

photolysis studies indicated enhanced Co-S bond cleavage of the fluorophore-appended 
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conjugates. β-axial Co-S bond cleavage was one order of magnitude faster for the 

fluorescent conjugates compared to the analogous conjugates without a fluorophore.71 

Cyanine5 and FL800 fluorophores were conjugated to β-axial drug-Cbl conjugates 

(methotrexate, colchicine, paclitaxel). The fluorophores were attached to a Cbl-

ethylenediamine derivative using either HBTU or NHS-ester peptide coupling 

procedures, providing synthetic yields of 32-68%.72 Photolysis experiments of the 

conjugates demonstrated that excitation of the fluorophore (at wavelengths where 

cobalamin has no absorbance, i.e. beyond 600 nm) induced β-axial Co-C bond cleavage, 

releasing the β-axial bound drug.72 This demonstrated that energy and/or electron transfer 

occurs between the appended fluorophore and the coring ring. A subsequent study used 

the same methodology to produce a docetaxel-Cbl-Cyanine5 conjugate, yielding 41% 

after reversed-phase C18 purification.73 This study also demonstrated that excitation of 

the Cyanine5 fluorophore at wavelengths above 600 nm resulted in β-axial Co-C bond 

cleavage.  

A fluorescent derivative of a B12 analogue (cobyric acid) was reported by Lawrence et al. 

(2018), conjugating Oregon green (514) or BODIPY TR-X via NHS-mediated peptide 

coupling. The synthesis of these conjugates was carried out by enzymatic bioengineering. 

No yields or fluorescence data were published, but fluorescence microscopy studies were 

conducted showing uptake of both conjugates into E. coli.32  

A novel Cu-catalyzed azide-alkyne cycloaddition (CuAAC) method was introduced by 

Chrominski and Gryko (2013), linking BODIPY to CNCbl via a mesylate-azide 

intermediate (31% yield).74 CuAAC was also used to attach a photolabile O-nitrobenzyl 

moiety to B12 via PEG linkers with ATTO 590 (82% yield).75 A fluorescent quantum 

yield was not obtained for the CNCbl-BODIPY conjugate.  

Although few of these conjugates have published fluorescent quantum yields, the reduced 

fluorescence emission noted for a large number of these conjugates indicated that 

fluorescence quenching occurs when fluorophores are appended to Cbl at either the β-

axial or 5’-OH location. This indicates that there is an electronic interaction between the 

corrin ring of Cbl and the fluorophores. Jacobsen et al. (1979) reported that a nonradiative 

transfer of energy between the fluorophore and Cbl and referred to this process as 

‘cryptofluorescence’.60 Grissom and Lee (2003) noted an increase in the fluorescence 

quantum yield when a ‘rigid’ linker was employed between the B12 and fluorophore, 
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indicating a distance-dependent energy transfer mechanism.66 Studies by Welfare et al. 

(2022), Rodgers et al. (2016) and Hughes et al. (2016) demonstrated that excitation of 

fluorophores appended to Cbl resulted in increased rates of Co-C and Co-S bond 

cleavage, likely due to photoinduced electron transfer between the excited state 

fluorophore and Cbl.67,72,72  

Table 2: List of 5’-OH fluorescent conjugates of vitamin B12, including starting material, 

reductive agent, linker (if used), fluorophore, yield (if given) and fluorescence quantum yield 

when available.  

Activating 

agent 

Linker Fluorophore % 

Yield  

Excitation/

emission 

maximum 

Conjugate 

Φf 

Fluorophore 

Φf  

CDI 1,6-

Diaminohexane 

Sulfo-

Cyanine5 

5961–63 649/ 

66676,77 

0.01161–63 0.30 (EtOH)77 

CDT 4,7,10-Trioxa-

1,13-

tridecanediamin

e 

5-6-

Carboxyrhod

amine 

-64  ~525/55064 - 0.95 

(EtOH)65,78 

CDI 4,7,10-Trioxa-

1,13-

tridecanediamin

e 

6-

Carboxyfluo

rescein 

~50%65 492/51865 - 0.93 (0.1 M 

NaOH)65 

CDT 1,4-

Diaminohexane  

5(6)-

Carboxyfluo

rescein 

22%66  492/51865 0.1 0.93 (0.1 M 

NaOH)65 

CDT 1,4-

Diaminohexane  

Rhodamine 

6G 

24%66  ~525/55064 0.2 0.95(EtOH)65,7

8 

CDI 1,4-

Diaminohexane 

BODIPY 59%67  501/51079 - 0.7679 

(CH2Cl2) 

CDI 1,4-

Diaminohexane 

Cyanine-3 27% 67  554/56680 - - 
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CDI 1,4-

Diaminohexane 

Carboxytetra

methylrhoda

mine 

73% 67  548/57281 - 0.41 81 (H2O) 

CDI Ethylenediamin

e 

BODIPY 70%67  501/51079 - 0.7679 

(CH2Cl2) 

CDI Ethylenediamin

e 

Cyanine-3 55%67  554/56680 - - 

CDI Ethylenediamin

e 

Carboxytetra

methylrhoda

mine 

77%67  548/57281 - 0.41 81 (H2O) 

CDT - B12-BQBA-

[Re(CO)3]+  

15%68 488/56068 - - 

CDT - [dithiazolate

-Re(I)(CO)3]  

13%70 466/55570 - - 

CDT 4-Picolylamine [Re(CO)3(M

e2-phen)]+  

18%69 369/56769 -<0.0169  

CDT Ethylenediamin

e 

Alexa350 78%71 346/44282 -  

CDT Ethylenediamin

e 

DEAC 79%71 380/44383 - 0.39 (EtOH)83 

CDT Ethylenediamin

e 

TAMRA 77%71 548/57281 - 0.41 81 (H2O) 

CDT Ethylenediamin

e 

Cyanine5 68%72 649/ 666 

nm76,77 

- 0.30 (EtOH)77 

CDT Ethylenediamin

e 

Cyanine5 32%72 649/ 666 

nm76,77 

- 0.30 (EtOH)77 

CDT Ethylenediamin

e 

FL800 68%72 788/83584 - - 

CDT Ethylenediamin

e 

Cyanine5 41%73 649/ 666 

nm76,77 

- 0.30 (EtOH)77 
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CDI Ethylenediamin

e 

Oregon 

Green 514 

-32 489/52685 - - 

CDI Ethylenediamin

e 

BODIPY 

TR-X 

-32 589/61686 - - 

Cobyric 

acid-linker 

- Oregon 

Green 514 

-32 489/52685 - - 

Cobyric 

acid-linker 

- BODIPY 

TR-X 

-32 589/61686 - - 

- Triazole  BODIPY 31%74  501/51079 - 0.7679 

(CH2Cl2) 

CDT PEG ATTO590 82%75  592/62287 - - 

 

1.6 Uptake, transport and cellular localisation studies using 

fluorescent vitamin B12 conjugates.  

Fluorescent derivatives of vitamin B12 have been widely employed as probes to study 

cellular uptake pathways, intracellular transport, and subcellular localisation.35 These 

conjugates provided insight into how B12 and its analogues interact with transport 

proteins, traverse biological membranes, and accumulate within tissues.  

Early investigations with β-axial fluorescent adenosyl-B12 analogues demonstrated that 

these conjugates could act as competitive inhibitors of transcobalamin II-mediated B12 

transport into mammalian L1210 cells.52 This study confirmed that modified vitamin B12 

derivatives were still taken up by protein-mediated uptake systems. Subsequent studies 

extended these observations to show that vitamin B12 conjugates can interact with 

coenzyme-dependent enzymes such as ribonucleotide reductase, although enzymatic 

activity was slightly impaired.52 Later fluorescent vitamin B12 conjugates were explicitly 

developed as cellular imaging agents. McGreevy et al. (2003) reported a 5′-OH-linked 

vitamin B12–Cyanine5 conjugate (commercialised as “CobalaFluor”), which was 

successfully used to visualise lymphatic drainage and sentinel nodes in pigs, highlighting 

the utility of red-shifted probes for deep-tissue imaging.61 This approach was further 

refined by Kinoshita et al. (2018), who demonstrated that the vitamin B12–Cyanine5 
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conjugate crosses the inner blood–retinal barrier in vitro and in vivo, with transport shown 

to depend on transcobalamin-mediated uptake and subsequent delivery across the retinal 

membranes.88  

Other studies showed that fluorescent B12 conjugates replicate native vitamin B12 protein-

binding interactions. For example, the vitamin B12 5′-OH rhodamine-labelled derivative 

CBC-244, bound to both intrinsic factor (IF) and transcobalamin with similar affinities to 

native B12, and exhibited increased fluorescence upon binding due to reduced quenching 

in the protein-bound state.64,89 Importantly, CBC-244–protein complexes were 

recognised by cell-surface receptor proteins involved in B12 uptake. This supported the 

suitability of such conjugates for tracing receptor-mediated uptake into mammalian cells. 

Parallel studies using vitamin B12–Re complexes also highlighted the importance of 

IF/cubilin pathways in the uptake of vitamin B12.68,70 Using confocal microscopy, the 

cytoplasmic localisation of the vitamin B12-Re complex was identified following 

receptor-mediated uptake.  

In bacteria, Lawrence et al. (2018) demonstrated that both fluorescent vitamin B12 and 

cobyric acid conjugates could be internalised by E. coli, although cobyric acid conjugates 

were detected at lower concentrations, suggesting greater uptake efficiency for vitamin 

B12.90 Interestingly, subsequent feeding of labelled E. coli to Caenorhabditis elegans led 

to the accumulation of vitamin B12 conjugates in distinct anatomical regions, confirming 

organism-level transport and selective subcellular localisation of intact vitamin B12 

derivatives. Plant studies further showed unspecific uptake of fluorescent vitamin B12 into 

vacuoles, likely via diffusion-driven mechanisms. 90 

Mammalian cell culture models have provided detailed insights into the endocytic 

sequestering of vitamin B12 conjugates. A B12–BODIPY derivative was shown to 

colocalise with LysoTracker (a fluorescent probe), confirming endosomal and lysosomal 

trafficking consistent with established transcobalamin II-mediated uptake.91 Blocking 

experiments with transcobalamin antibodies abolished internalisation, further supporting 

transcobalamin-dependent endocytosis as the uptake route. Other red blood cell (RBC)-

loading studies utilised fluorescent vitamin B12 conjugates as carriers for controlled 

intracellular release, demonstrating orthogonal light-triggered drug and fluorophore 

release from RBC carriers and successful delivery to co-cultured HeLa cells.92 In vivo 

experiments in mice confirmed prolonged circulation of RBC-encapsulated vitamin B12-
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fluorophore conjugates compared to free analogues, validating this approach as a delivery 

and imaging platform. 

Collectively, these studies establish that fluorescent vitamin B12 derivatives not only 

follow the uptake mechanisms of native B12 but also enable direct visualisation of cellular 

trafficking and localisation. Key findings include the dependence on transcobalamin and 

intrinsic factor for transport across physiological barriers, the potential for targeted 

delivery in cancer and ocular systems, and the use of vitamin B12 as a vector in bacterial, 

nematode, plant, and mammalian models. These results underpin the use of vitamin B12-

fluorophore conjugates as powerful tools to probe vitamin B12 biology and as promising 

vectors for imaging and therapeutic applications. 

1.7 Fluorescence quenching and methods for determining 

fluorescence quantum yields  

The synthesis of CNCbl derivatives incorporating fluorophores has been well-studied in 

the literature. 1–5 Fluorescence is one mechanism by which excited molecules release their 

energy and return to the ground state. Fluorescent molecules absorb light, which excites 

electrons to a singlet excited state. When the molecule returns to the ground state, it emits 

light (fluorescence).  

 



24 
 

 

Chapter 1  

Figure 9: Simplified Jablonski diagram showing electronic transitions resulting in fluorescence. 

1.7.1 Fluorescence quenching mechanisms 

The fluorescence properties of vitamin B12–B12-fluorophore conjugates are of particular 

interest in this thesis. To interpret these observations, it is necessary to understand the 

mechanisms by which fluorescence can be quenched. 

Fluorescence quenching refers to any process that decreases the intensity of emitted light 

from a fluorophore. Broadly, quenching can occur through dynamic (collisional) 

quenching or static quenching.93 Dynamic quenching arises when an excited-state donor 

(fluorophore) interacts with a quencher (vitamin B12) molecule through collisions in 

solution, leading to non-radiative relaxation. Static quenching, in contrast, occurs when 

the fluorophore forms a non-fluorescent ground-state complex with the quencher prior to 

excitation.93 

These processes can often be distinguished using Stern–Volmer analysis, which relates 

the fluorescence intensity (or lifetime) to quencher concentration.94 One method of 

employing Stern-Volmer analysis is to plot I0/I against the concentration of the quencher 

(where I0 is the fluorescence of the donor in the absence of the quencher and I is the 

fluorescence of the donor in the presence of increasing concentrations of the quencher).95 

A second method is to plot τ0/τ against the concentration of the quencher (where τ0 is the 

fluorescence of the donor in the absence of the quencher and τ is the fluorescence of the 

donor in the presence of increasing concentrations of the quencher).94 With dynamic 

quenching, both fluorescence intensity and lifetime decrease with quencher 

concentration. For static quenching, non-fluorescent complexes form in the ground state; 

only fluorescence intensity is affected, while the fluorescence lifetime remains 

unchanged.93 Deviations from linear Stern–Volmer plots often indicate mixed 

static/dynamic contributions or intramolecular quenching pathways. 

The Stern-Volmer plot is useful in understanding quenching in a bimolecular system.  

However, with fluorescent vitamin B12 systems, the quenching mechanisms are likely 

intramolecular as the donor and acceptor are directly bonded to one another. Therefore, 

quenching by specialised intramolecular mechanisms need to be understood. 

Förster Resonance Energy Transfer (FRET) is a non-radiative dipole–dipole coupling 

process in which energy is transferred from an excited donor fluorophore to an acceptor. 
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FRET efficiency (EEE) depends strongly on the donor–acceptor distance (between 1–10 

nm).96 Photoinduced Electron Transfer (PeT) occurs when an excited fluorophore 

undergoes electron transfer to or from a nearby quencher.97 PeT occurs over short 

distances, often ~1 nm. Solvent polarity, redox properties, and linker distance/rigidity all 

play crucial roles in determining PeT efficiency.98 Dexter Energy Transfer is a 

simultaneous electron exchange process requiring orbital overlap between donor and 

acceptor. Dexter transfer is effective only over very short distances (<1 nm), requiring 

strong orbital overlap and spin conservation.99 

1.7.2 Determining fluorescence quantum yields 

The fluorescence efficiency of a molecule is expressed as a fluorescence quantum yield 

(Φ). The fluorescence quantum yield is the ratio of the photons absorbed and the photons 

emitted through fluorescence.6 There are two main methods of fluorescence quantum 

yield determination, absolute and relative. The absolute fluorescence quantum yield is 

determined in a single measurement with an integrating sphere set up, allowing each 

emitted photon to be counted over all available wavelengths.7 This method is typically 

utilised when there is no suitable fluorescent reference is available and is considered the 

gold standard for fluorescence quantum yield determination. Relative fluorescence 

quantum yield determination, however, is more common. This requires a reference dye 

with a known fluorescence quantum yield. The selection of reference dye is important to 

ensure reliable results. Key components of a suitable reference are good spectral overlap 

between the reference and samples absorbance and emission spectra, a higher quantum 

yield than that expected for the sample and a sufficient Stokes shift to ensure the complete 

emission peak can be obtained from a fluorimeter upon excitation.65,78,100,101 When a 

suitable fluorescent dye has been identified, either a single measurement or a calibration 

curve can be determined to calculate the sample's relative fluorescence quantum yield. 

Calibration curves are more precise and are ideally achieved by the use of five solutions 

of the reference dye. UV/Vis spectra are obtained where the absorbance value at the 

chosen excitation peak ranges between 0.01 and 0.1.65,78,100,101 The fluorescence intensity 

is measured for each sample as a function of wavelength, ensuring the entire emission 

peak is obtained. This can be optimised by modifying the excitation peak as required. 

Using this data, a plot of integrated fluorescent intensity versus absorbance at the 

excitation wavelength is constructed. The same experiment is carried out with the sample 

compound to obtain a plot of integrated fluorescence emission versus absorbance. The 
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equation below illustrates how relative fluorescence quantum yield is calculated using 

this data.8 Where necessary, different solvents for the reference and sample solutions can 

be corrected for in the calculation by obtaining refractive index values of the solvents.  

𝜙௦ = 𝜙௥ ൬
𝑚௦

𝑚௥
൰ ቆ

𝜂௦
ଶ

𝜂௥
ଶ

ቇ 

Φ represents the fluorescence quantum yield, m is the slope of integrated fluorescence 

emission against absorbance at the excitation wavelength, η is the solution refractive 

index, r denotes the reference and s denotes the sample.  

The fluorescence quantum yields of CNCbl and Cbi fluorescent conjugates synthesis in 

this thesis have been determined using the relative quantum yield methodology outlined 

above.  

1.8 Development of antibiotic resistance by gram-negative bacteria. 

Antimicrobial resistance among bacterial populations is emerging as a significant global 

threat, contributing to over 1 million deaths annually.102 Carbapenems, a last-resort class 

of antibiotics for treating multidrug-resistant bacterial infections, are becoming 

increasingly ineffective as resistance to these drugs rises worldwide.103 The World Health 

Organisation has identified carbapenem-resistant gram-negative Enterobacteriaceae as a 

top priority for new antibiotic development. A major factor driving multidrug resistance 

is the overuse of antibiotics, particularly in agriculture, where they are frequently 

administered to promote growth and prevent disease in livestock. Additionally, antibiotic 

misuse in human medicine is widespread, with an estimated 50% of prescriptions deemed 

unnecessary. This excessive use results in the accumulation of antibiotics in both the 

human body and the environment, encouraging bacterial populations to develop 

resistance mechanisms.102 

Many of the antibiotics in use today are derived from natural compounds and have been 

modified by synthetic chemists to enhance their efficacy.104 Some fungi and saprophytic 

bacteria naturally produce antimicrobial substances, such as Penicillium chrysogenum, 

which produces penicillin.105 Initially, it was believed that these compounds were 

synthesised to inhibit competing microbial species, but more recent research suggests a 



27 
 

 

Chapter 1  

more complex role, including potential involvement in bacterial communication and 

biofilm formation.103 While antimicrobial resistance can occur naturally in bacteria, 

usually through genetic mutations, it can also be acquired through horizontal gene 

transfer.106 Natural resistance encompasses both intrinsic and induced resistance 

mechanisms. Intrinsic resistance occurs when bacteria possess inherent traits that confer 

protection, such as variations in efflux pump expression, while induced resistance arises 

when resistance genes become activated following antibiotic exposure.107,108 One 

example of intrinsic resistance is the Pseudomonas species' resistance to triclosan due to 

an enoyl-ACP-reductase enzyme that is unaffected by the antibiotic.109 Acquired 

resistance, on the other hand, emerges when bacteria gain new resistance traits through 

genetic mutations or horizontal gene transfer. Conjugation is a primary mechanism by 

which bacteria acquire resistance, as resistance genes are often located on self-replicating 

plasmids that can be transferred between bacterial cells.107,108  

Resistance mechanisms vary in specificity and typically fall into four main categories: 

enzymatic modification or inactivation of the antibiotic, alteration of the antibiotic's target 

site, reduced uptake of the antibiotic, or active efflux of the drug from the cell.107,108 Some 

bacterial species of Pseudomonas and Actinobacter have developed resistance to newer 

antibiotics like cephalosporins by downregulating general porins in favour of more 

selective porins that limit antibiotic entry.106,109,110 Efflux pumps, which expel toxic 

substances from bacterial cells, also play a crucial role in resistance. These pumps are 

classified into five major families: the multidrug and toxic compound extrusion (MATE) 

family, the ATP-binding cassette (ABC) family, the small multidrug resistance (SMR) 

family, the resistance-nodulation-division (RND) family, and the major facilitator 

superfamily (MFS).111–113 Each of these efflux systems has distinct functions, with some, 

such as the RND family, contributing significantly to multidrug resistance by expelling a 

broad range of antibiotics. For instance, the MexAB-OprM efflux pump in Pseudomonas 

aeruginosa provides resistance against β-lactams and sulfamethoxazole.114,115 

Efflux pump inhibitors (EPIs) have been developed to counteract antibiotic resistance, 

with initial efforts focusing on modifying naturally occurring molecules like quinoline 

and indole.113,114,116 While some EPIs showed promise, most failed in clinical trials due 

to toxicity issues at effective doses.113,114,116 One exception, bis(pyrimidine)sulfonamide, 

demonstrated potential in treating multidrug-resistant Pseudomonas aeruginosa but was 

discontinued due to tolerability concerns.117  
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1.8.1 ‘Trojan horse’ antibiotic therapies 

The development of 'Trojan horse' therapies has emerged as a way to overcome antibiotic 

resistance by using essential bacterial uptake mechanisms for drug delivery.118 This 

approach involves conjugating established antibiotics to molecules that bacteria recognise 

and transport under normal growth conditions. This potentially allows for an increase in 

intracellular drug accumulation and improved efficacy against resistant strains compared 

with unmodified antibiotics.119 One of the most notable mechanisms uses the bacterial 

iron transport system, where siderophore-antibiotic conjugates such as cefiderocol utilise 

bacterial iron acquisition pathways to enter and kill resistant pathogens.120,121 Similarly, 

vitamin B12-based conjugates exploit bacterial Btu transport systems to facilitate the 

delivery of antibiotics and other materials.45,47,48,51 One study demonstrated that a vitamin 

B12-antibiotic conjugate significantly enhanced drug potency, where a B12-ampicillin 

construct exhibited a 500-fold increase in activity against E. coli.122 Other B12 based 

Trojan horse strategies involve peptide-nucleic acid conjugates, which bind to 

cytoplasmic targets.24 These approaches enhance drug effectiveness; they can also 

minimise off-target effects and reduce the likelihood of resistance development. The 

continued refinement of Trojan horse therapies, particularly in the design of novel 

conjugates and their optimisation for clinical use, represents a crucial avenue in the fight 

against multidrug-resistant bacterial infections. 

1.8.2 Derivatives of vitamin B12 for therapeutic applications 

Vitamin B12 has been extensively investigated as a carrier for therapeutic cargo, 

demonstrating significant potential in enhancing drug delivery across multiple 

applications. The use of vitamin B12 conjugates for bacterial treatments has been 

particularly notable, with studies highlighting improved oligonucleotide transport and 

enhanced antibiotic efficacy.24,29,30 Vitamin B12 derivatives have been produced by 

conjugation, enabling their use in the transport of chemotherapeutics, peptides, proteins, 

and nucleic acids.15,16,20,22 These modifications can enhance the specificity, efficiency, 

and cellular uptake of therapeutic agents. 

Vitamin B12 drug conjugates have shown efficacy in bacterial treatment, particularly in 

E. coli and Salmonella Typhimurium. The following conjugate designs exemplify its 

potential. Giedyk et al. (2019) successfully transported oligonucleotides into E. coli and 

S. Typhimurium cells.29 Pereira et al. (2021) attempted to deliver antisense 
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oligonucleotides to E. coli, but with limited efficiency.123 Pieńko et al. (2021) 

demonstrated the successful transport of peptide nucleic acids through the BtuB receptor 

in E. coli.30 Równicki et al. (2017 & 2019) showed efficient transport of antisense PNA 

into E. coli cells followed the inhibition of E. coli growth.24,28 Wierzba et al. (2018) 

investigated the efficiency of PNA transport into bacterial cells based on conjugation site 

and demonstrated efficient delivery to E. coli and S. Typhimurium.36 Zhao et al. (2020) 

developed vitamin B12-ampicillin conjugates with significantly improved activity against 

E. coli.122 Brenig et al. (2022) and Mesitzo et al. (2024) synthesised vitamin B12 

antimetabolites (B12 analogues which are not metabolically active) and evaluated their 

antibiotic properties in several bacteria.124,125 Furthermore, Zelenka et al. (2011) 

developed B12 derivatives containing quinoline directly at the 5’-OH location of vitamin 

B12 and investigated their antimicrobial properties on the growth of Lactobacillus 

delbrueckii.126 These studies highlight the ability of vitamin B12 derivatives to facilitate 

drug entry into bacterial cells, enhancing therapeutic efficacy and potentially improving 

treatment outcomes for antibiotic-resistant infections.  

Research strongly supports the utility of vitamin B12 derivatives in therapeutic cargo 

delivery. Conjugation-based modifications enable the efficient transport of diverse 

therapeutic agents, with particularly promising applications in bacterial treatment, cancer 

therapy, and targeted drug administration. While the effectiveness of these carriers is 

well-documented, further research is needed to optimise delivery mechanisms within 

bacterial cell lines. Studies here focus on the development of highly fluorescent vitamin 

B12 and cyanocobinamide derivatives as tools to follow the uptake of vitamin B12 

derivatives into E. coli and other bacteria.  

Ciprofloxacin 

Ciprofloxacin is a second-generation fluoroquinolone antibiotic. It is widely used in the 

treatment of bacterial infections due to its ability to inhibit essential enzymes involved in 

DNA replication and transcription (bacterial DNA gyrase and topoisomerase IV).127 

Despite its broad-spectrum activity and high efficacy, the therapeutic potential of 

ciprofloxacin is limited by low tissue penetration and the inability to permeate the dual 

membranes of gram-negative bacteria.128 To overcome these limitations, conjugation of 

ciprofloxacin to carrier molecules, including peptides, polymers, and nanoparticles, has 

been explored as a strategy to enhance its therapeutic profile.129–133 These conjugates aim 

to improve bioavailability, target bacterial infections and modulate drug release. 
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Ciprofloxacin contains two main functional groups that are suitable for chemical 

modification: the carboxylic acid (-COOH) at position 3 of the quinolone core and the 

secondary amine (-NH) of the piperazine moiety at position 7 (Figure 10). These sites 

have been utilised previously as conjugation sites.131,132,134 The carboxylic acid group is 

often targeted for amide or ester bond formation, allowing for conjugation to amine-

containing biomolecules such as peptides or polymeric carriers.130,131 Activation of the 

carboxyl is commonly achieved using carbodiimide-based chemistry, wherein 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide (EDC), often in combination with N-

hydroxysuccinimide (NHS), facilitates the formation of a stable amide linkage.131 

Esterification using alcohol-functionalized molecules in the presence of 

dicyclohexylcarbodiimide (DCC) or enzymatic catalysts has enabled the synthesis of 

prodrugs with an aim to enhance ciprofloxacin’s bioavailability.133 

 

Figure 10: Structure of ciprofloxacin where the fluoroquinolone core has been numbered 2-8. 

 

In addition to conjugation at the carboxylic acid, the secondary amine of the piperazine 

ring provides another site for modification. This site has been used more frequently for 

ciprofloxacin derivatisation or conjugation.134 The secondary amine is amenable to 

acylation or alkylation reactions, which can introduce functional groups that alter the 

drug’s physicochemical properties, including solubility and membrane 

permeability.104,127,135 Acylation of the piperazine nitrogen is achieved with acyl chlorides 

or activated esters. Alkylation uses alkyl halides in the presence of a base such as sodium 

hydride or potassium carbonate.132 These modifications have been employed to attach 

targeting ligands to improve drug localisation at infection sites and/or enhance 

intracellular uptake. 
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An interesting delivery strategy for improving the efficacy of ciprofloxacin incorporates 

ciprofloxacin into nanoparticle-based drug delivery systems. This has been achieved by 

either encapsulating ciprofloxacin or by chemical conjugation of ciprofloxacin to the 

nanoparticle surface.131 Functionalization of nanoparticles with ciprofloxacin has utilised 

ionic interactions, amide bond formation, or esterification. Polymer-based carriers such 

as poly(lactic-co-glycolic acid) (PLGA) and chitosan have been extensively studied for 

their ability to encapsulate ciprofloxacin and control its release.130 Additionally, 

conjugation to hydrophilic polymers such as polyethylene glycol (PEG) has been used to 

enhance drug solubility and prolong systemic circulation, reducing the frequency og 

administration and potentially minimising the development of antibiotic resistance.136  

The conjugates discussed in this thesis herein have focused on the conjugation of 

ciprofloxacin to the essential micronutrient, vitamin B12. Both the carboxyl and secondary 

amine have been utilised as conjugation sites for attachment to vitamin B12. It is proposed 

that vitamin B12-ciprofloxacin conjugates will overcome limited permeability in gram-

negative bacteria.  

Gentamicin  

Gentamicin is an aminoglycoside antibiotic widely used for the treatment of gram-

negative bacterial infections due to its potent bactericidal activity.137–139 It exerts its 

antimicrobial effect by binding to the 30S ribosomal subunit, leading to inhibition of 

protein synthesis and the production of aberrant proteins that compromise bacterial 

viability.137 Despite its broad-spectrum activity, the therapeutic application of gentamicin 

is often limited by nephrotoxicity, ototoxicity, and poor membrane permeability.137,139,140 

Consequently, the conjugation of gentamicin to carrier molecules such as polymers, 

nanoparticles, and targeting ligands has been explored as a strategy to improve its 

pharmacokinetics and therapeutic selectivity while minimising off-target toxicity.141–144 

Gentamicin is a complex mixture of structurally related aminoglycosides, primarily 

consisting of gentamicin C1, C1a, C2, C2a, and C2b, with gentamicin C1a often chosen 

for chemical modifications due to its well-defined structure and relative abundance 

(Figure 11).138 The molecular structure of gentamicin includes multiple amine and 

hydroxyl functional groups, presenting both an opportunity and a challenge for selective 

chemical conjugation. The primary and secondary amines distributed across different ring 
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systems makes it difficult to achieve regioselective modification without using extensive 

protection-deprotection chemistry145 

 

Figure 11: Structures of the five main sub-types of gentamicin.  

 

Efforts to functionalize gentamicin have primarily focused on the selective derivatisation 

of the amine groups, which can be exploited for conjugation via acylation, carbamate 

formation, or Schiff base chemistry.146–148 Acylation is one of the most commonly 

employed strategies, wherein carboxyl-activated agents such as N-hydroxysuccinimide 

(NHS) esters or acyl chlorides react with primary amines to form amide linkages. 

However, due to the presence of multiple reactive sites, achieving selective acylation 

without extensive side reactions remains a significant challenge.144,145,149 The selective 

modification of gentamicin C1a has garnered particular interest due to its relatively 

simpler structure compared to other isomers. However, recent advancements in 

regioselective chemistry have employed enzymatic approaches as classic chemical 

approaches have not been successful.150  

Nanoparticle and polymer conjugation strategies have been extensively explored to 

enhance the delivery and controlled release of gentamicin. Functionalization of polymeric 

carriers such as chitosan or poly(lactic-co-glycolic acid) (PLGA) can improve systemic 

circulation and reduce nephrotoxicity by altering drug biodistribution.22,143 Moreover, the 

conjugation of gentamicin to targeting ligands, such as antibodies or peptides, has been 

investigated to enable site-specific drug delivery, particularly for intracellular infections 

or biofilm-associated bacterial populations.139,140,145,149 

Despite the therapeutic potential of gentamicin conjugates, challenges remain in 

achieving high selectivity in chemical modification. This thesis presents the synthesis of 

vitamin B12-linker-gentamicin conjugates where conjugation of gentamicin C1a 

fortuitously occurs selectively at one location.  
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Chapter 2 Synthesis and characterisation of fluorescent 

CNCbl conjugates of NBD-X, sulfo-Cyanine5 and 

Cyanine7 

2.1 Introduction 

This chapter covers the synthesis and characterisation of CNCbl-linker complexes 

containing cystamine and polyethylene glycol linkers. The synthesis and characterisation 

of CNCbl-linker-fluorophore complexes of NBD-X, sulfo-Cyanine5 and Cyanine7 are 

also presented.  

Modifications to CNCbl have been well documented, with a focus the development of 

CNCbl derivatives as therapeutics and imaging agents.1–3 A primary goal of this work is 

to develop fluorescent CNCbl complexes that can be tracked through cellular uptake and 

transport by fluorescence microscopy, with an interest in uptake by the gram-negative 

bacterium, E. Coli.  

2.1.1 Synthesis of CNCbl-linker complexes 

Modification of CNCbl has been achieved in this work by functionalisation at the 5’-OH 

site of the ribose ring. The formation of the CNCbl-linker complexes was produced by 

carbamate formation between CNCbl and the attached linkers. Two linkers were 

employed in this study (Figure 12). The first linker utilised was the disulfide-containing 

cystamine linker. The second linker utilised is a short polyethylene glycol (PEG) moiety.  

 

Figure 12: Structure of linkers cystamine and 1,11-diamine-3,6,9-trioxaundecane (PEG). 
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2.1.2 Synthesis of CNCbl-linker-fluorophore conjugates 

Conjugation of a fluorescent molecule to CNCbl is well documented, with a particular 

emphasis on the attachment at either the β-axial or 5’-OH sites, with or without the 

inclusion of a linker, typically achieved via peptide coupling.4–13 In this research, the 5’-

OH functionalised CNCbl-linker molecules have been designed to contain a terminal 

amine. This provides a suitable site for the coupling of a fluorophore via peptide bond 

formation. The fluorophores selected contain a terminal carboxylic acid or N-

hydroxysuccinimide ester, suitable for peptide coupling (Figure 13). The fluorophores 

used are 6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoic acid (NBD-X), sulfo-

Cyanine5 NHS and Cyanine7 NHS.  

 

Figure 13: Structures of 6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoic acid (NBD-X), 

sulfo-Cyanine5 NHS and Cyanine7 NHS esters. 

2.2 Experimental 

2.2.1 Chemicals 

All chemicals were purchased from Merek NZ, AK Scientific or Lumiprobe. Solvents 

were purchased from ECP, ThermoFisher or Scharlau. Anhydrous solvents were stored 

under N2 in a glove box. Ultra-pure water was obtained from a Purite Purewater 200 

system. NMR solvents (MeOH-d4, DMSO-d6 and D2O) were purchased from Eurisotop 
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and stored at 4℃. Reversed-phase silica (LiChroprep RP-C18 40-63 µm) was purchased 

from Merek.  

2.2.2 Instrumentation 

An MBraun LabMaster 130 nitrogen glove box was used for storing anhydrous solvents 

with O2 and H2O levels less than 5 ppm. NMR spectroscopy was carried out using a 

Bruker Ascend 400 NMR spectrometer and data analysed using MestReNova v12.0.0-

20080. All spectra were obtained at 40℃ and referenced to the relevant solvent peak (i.e. 

MeOH-d4 quintuplet at 3.31 ppm or DMSO-d6 quintuplet at 2.50 ppm) unless otherwise 

specified. NMR spectra obtained in D2O were referenced to TSP. 1H and 13C NMR peaks 

listed in the experimental sections are listed, errors are possible due to overlapping peaks 

and/or overlapping solvent signals.  

LC-MS analyses were carried out using an Agilent 1260 Infinity Quaternary LC System 

(Santa Clara, CA 95051 USA). The components of the instrument were as follows: 1260 

quaternary pump (model number: G1311B), 1260 infinity ALS sampler (model number: 

G1329B), 1200 series autosampler thermostat FC/ALS/Therm (model number: G1330B), 

1260 infinity TCC column component (model number: G1316A), 1260 infinity diode 

array detector (DAD) (model number: G4212B), connected to a 6420 triple quadrupole 

LC/MS system with multimode ionisation source (model number: G1948B) operating in 

positive electrospray ionisation mode. The autosampler was maintained at 4℃. Mass to 

charge data was analysed between 500 to 1800 m/z. Gas was maintained at a temperature 

of 300℃, with a flow of 6 L/min, nebuliser pressure at 15 psi and capillary voltage at 

4000 V. Solvent flow was 0.3 mL/min. An Agilent Eclipse Plus C18 column (4.6 × 100 

mm, 3.5 μm) was used for the analysis. The LC-MS system used Mass Hunter 

Workstation software (Agilent Technologies Inc. 2012, CA 95051, United States). Post-

run analyses were carried out using Qualitative Analysis B.07.00 software.  

HPLC analyses were conducted using an analytical HPLC instrument; a Shimadzu HPLC 

system consisting of a Prominence degassing unit (model number: DGU-20A5), 

Prominence pump (model number: LC-20AT), Prominence autosampler (model number: 

SIL-20AC HT), connected to a UV-visible detector (model number: SPD-20A). The 

column was maintained at 35℃. Peaks were detected at 350 nm unless stated otherwise. 

A Luna 5 μm C18(2) 100 A column (model number: 00G-4252-E0) analytical HPLC 

column was used.  
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2.2.3 General methods 

Reactions were carried out under inert gas (N2) and at room temperature unless otherwise 

stated. Samples were desalted by preparing a reversed-phase C18 silica plug (LiChroprep 

RP-18 40-63 µm) in CH3CN in a fritted sinter filter and the reversed-phase C18 silica 

slurry was rinsed with two filter volumes of H2O. The sample was dissolved in minimal 

H2O and loaded onto the silica surface dropwise. The silica-bound sample was washed 

with H2O (~100 mL per 25 mg solid) under a slight vacuum. The sample was eluted using 

CH3OH and taken to dryness by rotary evaporation. Crude products were analysed by 

LC-MS. Purification of the compounds was achieved by reversed-phase chromatography 

using LiChroprep RP-C18 (40-63 µm) silica. The elutants used were CH3CN and H2O 

(with or without 0.1% formic acid). Columns were prepared by suspending silica in 

CH3CN and loading it into a glass fritted column fitted with a tap (gel dimensions of 2.5 

cm wide, 12.5 cm long). The column was washed with a mobile phase containing an 

increasing aqueous component (25, 50, 70% v/v H2O in CH3CN) and finally washed with 

100% H2O. Each solvent solution was degassed under a vacuum before addition to the 

column to prevent air bubbles from becoming trapped in the stationary phase, resulting 

in the cracking of the gel. Solid samples were dissolved in minimal H2O and loaded onto 

the silica gel then washed with one column volume (equal to the volume of silica gel) of 

5% v/v CH3CN in H2O. The organic component of the mobile phase was increased 

incrementally (i.e. 10% increase in the aqueous component) until the compounds began 

to elute. Crude LC-MS analysis was utilised to indicate the likely elution conditions. This 

was achieved by calculating the CH3CN concentration where the product eluted by LC-

MS and increasing the aqueous component of the solvent by 15%. Fractions were 

collected and analysed by direct injection MS. Fractions containing the product were 

combined and taken to dryness by rotary evaporation and the purity was determined by 

LC-MS.  

2.2.4 LC-MS methods 

Four LC-MS programs were used for the analysis of both crude and pure products. The 

mobile phase consisted of milliQ water + 0.1% formic acid (solvent A) and CH3CN + 

0.1% formic acid (solvent B). The mobile phase programs used are as below. 

Method 1: 0-2 min isocratic elution 95:5 A:B, 2-30 min from 95:5 to 65:35 A:B and 30-

31 from 65:35 to 10:90 A:B.  
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Method 2: 0-2 min isocratic elution 95:5 A:B, 2-30 min from 95:5 to 80:20 A:B, 30-35 

min isocratic elution of 80:20 A:B. 

Method 3: 0-5 min isocratic elution 95:5 A:B, 2-25 min from 95:5 to 65:35 A:B, 25-35 

min from 65:35 to 10:90 A:B, 35-43 min of isocratic elution at 10:90 A:B.  
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2.2.5 Synthetic methods 

CNCbl- (2-(2-aminoethyldisulfanyl)ethanamine) (CNCbl-cys-NH2, 1) 

Figure 14: Structure of 1. 

Cyanocobalamin (CNCbl, 49.7 mg, 36.0 µmol) and 1,1-carbonyl-di(1,2,4-triazole) 

(CDT, 18.2 mg, 11.1 mmol) were dissolved in anhydrous DMSO (2 mL) and stirred for 

30 min at 40 °C under N2. Cystamine dihydrochloride (23.6 mg, 11.1 mmol) and Et3N 

(37 µL, 7 mol eq.) were dissolved in anhydrous DMSO (1 mL) before adding to the 

CNCbl solution. The solution was stirred for 6 h at 40°C. The crude product was 

precipitated by dropwise addition to a solution of Et2O and CH2Cl2 (1:1, 200 mL). The 

precipitate was washed with Et2O (2 x 10 mL), released from the filter with CH3OH and 

taken to dryness by rotary evaporation. Once dry, the crude was analysed by LC-MS. 

Purification was achieved by reversed-phase C18 chromatography. The product eluted 

as a red band at 12.5% CH3CN in H2O. 45.0 mg of the pure compound was obtained, 

representing an 80% yield, ≥ 95% purity established by LC-MS and 1H NMR 

spectroscopy.  
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1H NMR (400 MHz, MeOD) δ = 7.25 (s, 1H), 7.16 (s, 1H), 6.58 (s, 1H), 6.24 (d,J=3.0, 

1H), 6.05 (s, 1H), 4.61 – 4.49 (m, 1H), 4.42 – 4.11 (m, 5H), 3.72 – 3.60 (m, 2H), 3.60 – 

3.48 (m, 1H), 3.42 – 3.32 (m, 2H), 3.31 – 3.24 (m, 5H), 3.07 – 2.90 (m, 4H), 2.90 – 2.82 

(m, 2H), 2.71 – 2.61 (m, 3H), 2.59 (s, 7H), 2.58 – 2.41 (m, 6H), 2.41 – 2.35 (m, 2H), 2.35 

– 2.25 (m, 6H), 2.24 – 2.11 (m, 2H), 2.11 – 1.98 (m, 4H), 1.89 (s, 3H), 1.88 – 1.82 (m, 

2H), 1.82 – 1.70 (m, 1H), 1.47 (s, 3H), 1.41 – 1.36 (m, 6H), 1.35 – 1.26 (m, 2H), 1.26 – 

1.21 (m, 3H), 1.19 (s, 3H), 1.18 – 1.08 (m, 1H), 0.47 (s, 2H) ppm. 

13C NMR (101 MHz, DMSO) δ 179.60, 178.26, 175.17, 174.22, 173.70, 173.37, 172.93, 

172.60, 171.69, 171.55, 171.23, 165.40, 164.72, 156.34, 142.19, 136.29, 132.80, 131.41, 

129.66, 124.26, 116.43, 111.33, 105.94, 103.05, 93.65, 86.02, 84.43, 79.58, 74.82, 72.91, 

71.01, 70.67, 68.87, 58.67, 55.05, 54.07, 53.06, 50.40, 48.67, 47.43, 46.61, 44.03, 42.17, 

41.85, 40.43, 40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89, 38.31, 38.13, 35.17, 34.11, 

32.18, 31.69, 30.94, 30.76, 30.54, 30.01, 29.05, 27.15, 25.64, 19.97, 19.64, 18.76, 16.56, 

15.69, 15.08, 14.00 ppm.  
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CNCbl-(1,11-diamine-3,6,9-trioxaundecane) (CNCbl-PEG-NH2, 2) 

 

Figure 15: Structure of 2. 

 

CNCbl (102.2 mg, 73.8 µmol) and CDT (38.1 mg, 22.1 mmol) were dissolved in 

anhydrous DMSO (2 mL) and stirred for 30 min at 40°C. 1,11-Diamine-3,6,9-

trioxaundecane (diamine-PEG-3, 41.4 µL, 22.1 mmol) and Et3N (15.4 µL, 3 mol eq.) 

were dissolved in anhydrous DMSO (1 mL) before addition to the CNCbl solution. The 

solution was stirred for 6 h at 40 °C. The crude product was precipitated by dropwise 

addition to a solution of Et2O and CH2Cl2 (1:1, 200 mL). The precipitate was washed with 

Et2O (2 x 10 mL), released from the filter with CH3OH and taken to dryness by rotary 

evaporation. Once dry, the sample was analysed by LC-MS. Purification was achieved 

by reversed-phase C18 chromatography. The product eluted as a red band at 15% CN3CN 

in H2O. 93.8 mg of pure product was obtained, representing a 78% yield, ≥95% purity 

established by LC-MS.  

1H NMR (400 MHz, MeOD) δ = 7.24 (s, 1H), 7.15 (s, 1H), 6.58 (s, 1H), 6.21 (d, J=3.0, 

1H), 6.04 (s, 1H), 4.54 – 4.48 (m, 1H), 4.39 – 4.32 (m, 1H), 4.25 – 4.10 (m, 4H), 3.72 – 
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3.59 (m, 13H), 3.58 – 3.50 (m, 3H), 3.02 – 2.95 (m, 2H), 2.95 – 2.85 (m, 2H), 2.70 – 2.60 

(m, 4H), 2.59 (s, 7H), 2.56 (s, 2H), 2.53 – 2.49 (m, 2H), 2.49 – 2.40 (m, 3H), 2.40 – 2.34 

(m, 3H), 2.31 – 2.26 (m, 6H), 2.23 – 2.15 (m, 2H), 2.15 – 2.03 (m, 4H), 2.03 – 2.00 (m, 

1H), 1.89 (s, 4H), 1.85 (s, 1H), 1.78 – 1.68 (m, 2H), 1.47 (s, 3H), 1.41 – 1.35 (m, 6H), 

1.35 – 1.27 (m, 5H), 1.27 – 1.20 (m, 5H), 1.19 (s, 3H), 1.15 – 1.08 (m, 1H), 0.94 – 0.86 

(m, 1H), 0.47 (s, 2H) ppm. 

13C NMR (101 MHz, DMSO) δ 179.60, 178.27, 175.15, 173.93, 173.34, 172.89, 171.64, 

171.20, 171.12, 165.41, 164.70, 156.25, 145.98, 142.25, 141.30, 136.31, 132.75, 131.39, 

129.92, 127.47, 126.70, 125.55, 116.45, 113.92, 111.31, 105.92, 103.08, 93.62, 86.00, 

84.42, 79.42, 74.83, 72.61, 70.35, 69.20, 68.86, 63.12, 62.83, 60.26, 58.66, 54.97, 53.12, 

50.37, 47.45, 46.79, 44.53, 42.09, 41.83, 40.15, 39.94, 39.10, 38.89, 35.16, 34.49, 33.9, 

31.34, 30.44, 29.23, 28.74, 27.22, 25.86, 22.54, 20.18, 19.98, 18.75, 17.37, 16.56, 16.42, 

15.69, 15.05, 14.01 ppm. 
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CNCbl-cys-NBD-X (3) 

Figure 16: Structure of 3. 

Compound 1 (50.3 mg, 32.8 µmol), 1-hydroxybenzotriazole hydrate (HOBt, 14.6 mg, 

108 µmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 12.1 mg, 78.3 µmol), 

6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoic acid (NBD-X, 9.63 mg, 32.4 

µmol) and Et3N (11.0 µL, 2 mol eq.) were dissolved in anhydrous DMSO (2 mL) and 

stirred at 40 °C for 24 h. A further 1.0 equivalent (4.87 mg) of HOBt was added and the 

product mixture was stirred at 40°C for a further 24 h. The crude product was precipitated 

by dropwise addition to a solution of Et2O and CH2Cl2 (1:1, 150 mL). The precipitate was 

washed with Et2O (2 x 10 mL), released from the filter with CH3OH and taken to dryness 

by rotary evaporation. The sample was purified by reversed-phase C18 chromatography. 

The product eluted as an orange band at 50% CH3CN in H2O. 31.9 mg of pure product 

was obtained, representing a 54% yield, ≥98% purity was established by LC-MS and 1H 

NMR spectroscopy. HRMS ESI m/z [M+2Na]2+ calculated for C80H110CoN20O19PS2Na2 

927.3280, found 927.3273.  

1H NMR (400 MHz, MeOD) δ = 8.52 (d, J=8.8, 1H), 7.24 (s, 1H), 7.15 (s, 1H), 6.58 (s, 

1H), 6.36 (d, J=8.9, 1H), 6.27 – 6.20 (m, 1H), 6.04 (s, 1H), 4.56 – 4.49 (m, 1H), 4.41 – 
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4.31 (m, 1H), 4.26 – 4.10 (m, 3H), 3.70 – 3.49 (m, 6H), 3.49 – 3.36 (m, 4H), 3.31 – 3.27 

(m, 5H), 2.95 – 2.74 (m, 6H), 2.71 – 2.61 (m, 3H), 2.61 – 2.52 (m, 9H), 2.52 – 2.31 (m, 

6H), 2.31 – 2.10 (m, 10H), 2.10 – 1.98 (m, 4H), 1.89 (s, 3H), 1.87 – 1.83 (m, 1H), 1.83 – 

1.75 (m, 3H), 1.75 – 1.63 (m, 3H), 1.54 – 1.41 (m, 5H), 1.41 – 1.21 (m, 13H), 1.21 – 1.09 

(m, 4H), 0.47 (s, 2H) ppm. 

13C NMR (101 MHz, DMSO) δ 179.58, 178.23, 175.13, 173.99, 173.67, 173.27, 172.83, 

172.53, 172.33, 171.15, 171.04, 165.38, 164.66, 156.16, 145.36, 144.55, 144.26, 142.21, 

137.92, 136.26, 132.66, 131.28, 129.75, 120.23, 116.38, 105.88, 103.04, 99.22, 93.59, 

85.98, 84.38, 74.82, 70.13, 69.80, 69.60, 68.90, 60.75, 58.61, 54.86, 53.99, 53.05, 50.33, 

48.61, 47.36, 46.61, 44.50, 43.40, 42.06, 41.81, 40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 

38.89, 38.00, 37.35, 35.18, 34.04, 31.67, 31.31, 31.00, 29.86, 29.21, 29.02, 27.47, 27.17, 

26.04, 25.57, 24.90, 20.02, 19.93, 19.84, 18.72, 16.51, 16.40, 15.68, 15.08, 13.98 ppm. 
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CNCbl-PEG-NBD-X (4) 

 

Figure 17: Structure of 4. 

 

Compound 2 (55.3 mg, 31.8 µmol), HOBt (11.1 mg, 63.6 µmol), EDC (6.11 mg, 31.8 

µmol), NBD-X (4.68 mg, 15.9 µmol) and Et3N (8.9 µL) were dissolved in anhydrous 

DMSO (2 mL) and stirred at 40 °C for 24 h. Excess of compound 2 was found to increase 

reaction yields. A further 1.0 equivalent (2.20 mg) of HOBt was added and the mixture 

was stirred at 40°C for a further 24 h. The crude product was precipitated by dropwise 

addition to a solution of Et2O and CH2Cl2 (1:1, 100 mL). The precipitate was washed with 

Et2O (2 x 10 mL), released from the filter with CH3OH and taken to dryness by rotary 

evaporation. The compound was purified by reversed-phase C18 chromatography. The 

product eluted at 50% CH3CN in H2O. 26.1 mg of pure product was obtained, 

representing an 89% yield, ≥95% purity was established by LC-MS and 1H NMR 

spectroscopy. HRMS ESI m/z [M+2Na]2+ calculated for C84H118CoN20O22PNa2 947.3790, 

found 927.3781. 

1H NMR (400 MHz, MeOD) δ = 8.52 (d, J=8.9, 1H), 7.24 (s, 1H), 7.15 (s, 1H), 6.58 (s, 

1H), 6.36 (d, J=8.9, 1H), 6.23 (d, J=3.0, 1H), 6.04 (s, 1H), 4.56 – 4.48 (m, 1H), 4.41 – 

4.30 (m, 1H), 4.26 – 4.10 (m, 3H), 3.71 – 3.56 (m, 10H), 3.56 – 3.50 (m, 4H), 3.50 – 3.47 
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(m, 1H), 3.37 – 3.31 (m, 5H), 3.31 – 3.22 (m, 4H), 2.96 – 2.82 (m, 2H), 2.70 – 2.56 (m, 

10H), 2.56 – 2.50 (m, 3H), 2.50 – 2.31 (m, 5H), 2.31 – 2.28 (m, 3H), 2.28 – 2.15 (m, 6H), 

2.08 (s, 1H), 2.06 – 1.98 (m, 3H), 1.89 (s, 3H), 1.86 – 1.63 (m, 7H), 1.53 – 1.41 (m, 5H), 

1.41 – 1.32 (m, 6H), 1.32 – 1.21 (m, 5H), 1.19 (s, 3H), 1.13 – 1.09 (m, 1H), 0.47 (s, 2H) 

ppm. 

13C NMR (101 MHz, DMSO) δ 179.68, 178.36, 175.29, 174.19, 173.80, 173.52, 173.08, 

172.71, 172.49, 171.36, 171.22, 165.47, 164.82, 156.32, 145.39, 142.32, 138.16, 136.42, 

132.91, 131.52, 129.79, 120.53, 116.54, 106.05, 103.19, 99.31, 93.73, 86.12, 84.51, 

74.86, 69.82, 69.65, 69.28, 69.20, 68.88, 58.75, 55.13, 54.15, 53.17, 50.49, 48.74, 47.52, 

46.69, 44.68, 43.41, 42.21, 40.43, 40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89, 38.58, 

38.20, 35.29, 34.06, 31.76, 31.40, 31.28, 30.11, 29.15, 28.94, 28.80, 28.69, 27.52, 26.14, 

25.91, 25.71, 25.24, 25.03, 22.22, 20.04, 19.95, 18.83, 16.61, 16.53, 15.74, 15.16, 14.08 

ppm. 
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CNCbl-cys-sulfo-Cyanine5 (5) 

 

Figure 18: Structure of 5. 

 

Compound 1 (40.7 mg, 26.5 µmol), sulfo-Cyanine5-NHS ester (purchased from 

Lumiprobe, Cat #43320, 15.6 mg, 20.4 µmol) and Et2N (5.7 µL) were dissolved in 

anhydrous DMSO (2 mL) and stirred at 40°C for 24 h. The crude product was precipitated 

by dropwise addition to a solution of Et2O and CH2Cl2 (1:1, 100 mL). The precipitate was 

washed with Et2O (2 x 10 mL), released from the filter with CH3OH and H2O (1:1, ~20 

mL) and taken to dryness by rotary evaporation. The compound was purified by reversed-

phase C18 chromatography. The product eluted as a blue band at 50% CH3CN in H2O. 

39.8 mg of pure product was obtained, representing a 92% yield, ≥92% purity was 

established by LC-MS and 1H NMR spectroscopy. HRMS ESI m/z [M+3Na]2+ calculated 

for C100H133CoN18O22PS4Na3 1112.3740, found 1112.3748. 

1H NMR (400 MHz, MeOD) δ = 8.33 – 8.15 (m, 2H), 7.89 (s, 3H), 7.38 – 7.29 (m, 2H), 

7.26 (s, 1H), 7.17 – 7.10 (m, 1H), 6.76 – 6.64 (m, 1H), 6.56 (s, 1H), 6.38 – 6.29 (m, 2H), 

6.25 (s, 1H), 6.02 (s, 1H), 4.51 – 4.44 (m, 1H), 4.21 (s, 1H), 4.16 – 4.08 (m, 2H), 3.70 – 

3.64 (m, 3H), 3.62 – 3.50 (m, 2H), 3.48 – 3.37 (m, 3H), 3.37 – 3.33 (m, 1H), 3.30 (s, 3H), 

2.89 – 2.76 (m, 5H), 2.67 (s, 1H), 2.63 – 2.59 (m, 3H), 2.57 (s, 5H), 2.56 – 2.43 (m, 5H), 

2.40 – 2.31 (m, 2H), 2.31 – 2.24 (m, 5H), 2.24 – 2.16 (m, 2H), 2.14 – 2.06 (m, 2H), 2.06 
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– 1.93 (m, 3H), 1.91 – 1.78 (m, 6H), 1.77 – 1.71 (m, 10H), 1.51 – 1.42 (m, 4H), 1.40 – 

1.36 (m, 3H), 1.36 – 1.10 (m, 12H), 0.45 (s, 2H) ppm. 

13C NMR (101 MHz, DMSO) δ 179.67, 178.30, 175.28, 174.22, 173.85, 173.49, 173.08, 

172.95, 172.68, 172.44, 171.33, 171.23, 165.47, 164.80, 156.27, 154.34, 145.06, 144.80, 

142.94, 142.30, 140.60, 140.56, 136.37, 132.90, 131.50, 129.78, 126.17, 125.88, 119.91, 

116.50, 111.41, 110.29, 106.01, 103.80, 103.50, 103.12, 93.73, 86.12, 84.47, 74.85, 

69.89, 69.79, 69.62, 68.87, 63.58, 62.87, 58.71, 55.08, 54.09, 53.16, 50.45, 48.97, 48.93, 

48.72, 47.47, 46.65, 44.41, 43.52, 42.16, 41.89, 40.43, 40.15, 39.94, 39.73, 39.52, 39.31, 

39.10, 38.89, 38.07, 37.41, 37.29, 35.13, 34.07, 31.76, 31.35, 30.08, 27.23, 27.04, 26.76, 

25.96, 25.74, 24.95, 20.03, 19.91, 18.81, 16.58, 16.49, 15.74, 15.15 ppm. 
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CNCbl-PEG-sulfo-Cyanine5 (6) 

 

Figure 19: Structure of 6.  

 

Compound 2 (29.1 mg, 18.5 µmol), sulfo-Cyanine5-NHS ester (7.20 mg, 9.26 µmol) and 

Et3N (3.0 µL) were dissolved in anhydrous DMSO (1.5 mL) and stirred at 40°C for 24 h. 

The crude product was precipitated by dropwise addition to a solution of Et2O and CH2Cl2 

(1:1, 100 mL). The precipitate was washed with Et2O (2 x 10 mL), released from the filter 

with CH3OH and H2O (1:1, ~20 mL) and taken to dryness by rotary evaporation. The 

compound was purified by reversed-phase C18 chromatography. The product eluted as a 

blue band at 50% CH3CN in H2O. 18.1 mg of pure product was obtained, representing an 

89% yield, ≥94% purity was established by LC-MS and 1H NMR spectroscopy. HRMS 

ESI m/z [M+3Na]2+ calculated for C104H141CoN18O25PS2Na3 1132.4250, found 

1132.4265. 

1H NMR (400 MHz, MeOD) δ = 8.35 – 8.17 (m, 2H), 7.93 – 7.80 (m, 3H), 7.36 – 7.29 

(m, 2H), 7.24 (s, 1H), 7.14 (s, 1H), 6.75 – 6.62 (m, 1H), 6.58 (s, 1H), 6.39 – 6.27 (m, 2H), 

6.23 (s, 1H), 6.03 (s, 1H), 4.26 – 4.15 (m, 2H), 4.15 – 4.08 (m, 2H), 3.65 (s, 3H), 3.61 – 

3.52 (m, 8H), 3.52 – 3.48 (m, 2H), 3.37 – 3.31 (m, 5H), 3.31 – 3.27 (m, 7H), 2.93 – 2.83 

(m, 2H), 2.66 – 2.59 (m, 2H), 2.59 – 2.50 (m, 9H), 2.50 – 2.35 (m, 3H), 2.31 – 2.18 (m, 

7H), 2.18 – 2.05 (m, 3H), 2.05 – 1.93 (m, 3H), 1.78 – 1.72 (m, 10H), 1.53 – 1.41 (m, 4H), 
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1.37 (s, 2H), 1.36 – 1.30 (m, 2H), 1.29 (s, 3H), 1.27 – 1.21 (m, 3H), 1.18 (s, 2H), 0.46 (s, 

2H) ppm. 

13C NMR (101 MHz, DMSO) δ 179.57, 178.23, 173.99, 173.70, 173.27, 172.91, 172.84, 

172.53, 172.11, 171.15, 165.40, 156.12, 154.24, 145.27, 145.10, 142.77, 142.07, 140.51, 

140.44, 136.28, 132.75, 131.38, 129.68, 126.10, 119.85, 110.11, 105.89, 103.05, 84.38, 

74.83, 69.72, 69.56, 69.13, 58.67, 50.36, 48.88, 48.63, 47.41, 46.57, 40.15, 39.94, 39.73, 

39.52, 39.31, 39.10, 38.89, 38.44, 35.04, 31.66, 31.24, 29.06, 28.75, 28.60, 27.13, 26.95, 

26.59, 25.71, 25.13, 24.90, 22.12, 19.95, 19.86, 18.73, 16.55, 16.41, 15.66, 15.01, 13.99 

ppm. 
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CNCbl-cys-Cyanine7 (7) 

 

Figure 20: Structure of 7. 

 

Compound 1 (40.7 mg, 26.5 µmol), Cyanine7-NHS ester (purchased from Lumiprobe, 

Cat #45020, 15.5 mg, 20.4 µmol) and Et3N (5.7 µL) were dissolved in anhydrous DMSO 

(1.5 mL) and stirred at 40°C for 24 h. The crude product was precipitated by dropwise 

addition to a solution of Et2O and CH2Cl2 (1:1, 100 mL). The precipitate was washed with 

Et2O (2 x 10 mL), released from the filter with CH3OH and taken to dryness by rotary 

evaporation. The compound was purified by reversed-phase C18 chromatography. The 

product eluted as an indigo band at 60% CH3CN in (H2O with 0.1% HCOOH). 26.2 mg 

of pure product was obtained, representing a 60% yield, ≥95% purity was established by 

LC-MS and 1H NMR spectroscopy. HRMS ESI m/z [M+Na]2+ calculated for 

C105H141CoN18O16PS2Na 1043.4590, found 1043.4623. 

1H NMR (400 MHz, MeOD) δ = 7.81 – 7.70 (m, 2H), 7.49 – 7.44 (m, 2H), 7.44 – 7.35 

(m, 2H), 7.30 – 7.19 (m, 3H), 7.14 (s, 1H), 6.57 (s, 1H), 6.24 – 6.13 (m, 2H), 6.03 (s, 1H), 

4.54 – 4.47 (m, 1H), 4.22 – 4.18 (m, 1H), 4.17 – 4.07 (m, 3H), 3.66 – 3.62 (m, 1H), 3.62 

– 3.59 (m, 3H), 3.47 – 3.39 (m, 3H), 2.90 – 2.86 (m, 1H), 2.84 – 2.72 (m, 4H), 2.60 – 
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2.56 (m, 9H), 2.55 – 2.43 (m, 5H), 2.40 – 2.34 (m, 2H), 2.31 – 2.26 (m, 5H), 2.26 – 2.15 

(m, 4H), 2.10 – 2.02 (m, 3H), 1.90 – 1.82 (m, 6H), 1.73 – 1.68 (m, 9H), 1.46 (s, 4H), 1.42 

– 1.21 (m, 17H), 1.20 – 1.16 (m, 3H), 1.15 – 1.10 (m, 1H), 0.47 (s, 2H) ppm. 

13C NMR (101 MHz, DMSO) δ 179.55, 178.23, 175.11, 173.95, 173.67, 173.24, 172.81, 

172.52, 172.15, 171.13, 171.00, 165.37, 164.64, 156.16, 142.95, 142.24, 140.85, 136.25, 

132.65, 131.82, 131.28, 129.75, 128.39, 127.67, 124.39, 122.37, 122.27, 122.00, 110.85, 

105.87, 103.03, 85.98, 84.37, 74.80, 69.80, 58.61, 54.89, 53.01, 50.32, 48.56, 47.35, 

46.58, 43.32, 40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89, 38.02, 37.23, 35.11, 35.03, 

34.04, 31.65, 31.08, 29.87, 29.04, 27.21, 27.04, 26.58, 25.77, 25.56, 24.87, 24.18, 23.40, 

22.11, 21.13, 20.02, 19.93, 19.84, 18.71, 16.51, 16.39, 15.66, 15.06 ppm. 
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CNCbl-PEG-Cyanine7 (8) 

 

Figure 21: Structure of 8. 

 

Compound 2 (24.3 mg, 15.5 µmol), Cyanine7-NHS ester (5.01 mg, 6.82 µmol) and Et3N 

(2.0 µL) were dissolved in anhydrous DMSO (1.5 mL) and stirred at 40°C for 24 h. The 

crude product was precipitated by dropwise addition to a solution of Et2O and CH2Cl2 

(1:1, 100 mL). The precipitate was washed with Et2O (2 x 10 mL), released from the filter 

with CH3OH and taken to dryness by rotary evaporation. The compound was purified by 

reversed-phase C18 chromatography. The product eluted as an indigo band at 60% 

CH3CN in (H2O + 0.1% HCOOH). 12.3 mg of pure product was obtained, representing 

an 86% yield, ≥91% purity was established by LC-MS and 1H NMR spectroscopy. 

HRMS ESI m/z [M+Na]2+ calculated for C109H149CoN18O19PNa 1063.5100, found 

1063.5149. 

1H NMR (400 MHz, MeOD) δ = 7.80 – 7.68 (m, 2H), 7.50 – 7.45 (m, 2H), 7.45 – 7.35 

(m, 2H), 7.30 – 7.18 (m, 4H), 6.24 – 6.13 (m, 2H), 6.03 (s, 1H), 4.74 – 4.44 (m, 1H), 4.41 

– 4.31 (m, 1H), 4.32 – 4.07 (m, 6H), 4.04 – 3.89 (m, 1H), 3.65 – 3.57 (m, 10H), 3.57 – 

3.46 (m, 4H), 3.35 (s, 3H), 3.32 – 3.23 (m, 8H), 2.95 – 2.84 (m, 2H), 2.64 – 2.61 (m, 2H), 

2.61 – 2.46 (m, 12H), 2.46 – 2.33 (m, 3H), 2.33 – 2.10 (m, 10H), 2.10 – 2.00 (m, 4H), 

2.00 – 1.90 (m, 3H), 1.88 (s, 3H), 1.87 – 1.78 (m, 3H), 1.78 – 1.64 (m, 13H), 1.64 – 1.55 
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(m, 3H), 1.48 – 1.44 (m, 4H), 1.43 – 1.35 (m, 10H), 1.35 – 1.31 (m, 8H), 1.31 – 1.27 (m, 

13H), 1.27 – 1.20 (m, 6H), 1.20 – 1.10 (m, 5H), 1.02 – 0.94 (m, 2H), 0.94 – 0.83 (m, 6H), 

0.47 (s, 2H) ppm. 

13C NMR (101 MHz, DMSO) δ 179.58, 178.26, 175.15, 173.99, 173.69, 173.28, 172.84, 

172.55, 172.09, 171.44, 171.16, 171.01, 170.52, 165.39, 164.66, 156.21, 147.78, 144.59, 

142.96, 142.26, 140.86, 137.15, 136.28, 132.69, 131.95, 131.31, 129.77, 129.53, 128.41, 

127.69, 127.03, 126.70, 124.54, 124.40, 122.29, 116.44, 110.86, 105.88, 103.08, 100.15, 

99.68, 93.60, 85.96, 84.39, 74.79, 72.86, 69.81, 69.73, 69.57, 69.14, 63.36, 58.62, 54.92, 

54.02, 53.04, 50.34, 48.58, 48.15, 47.39, 46.58, 44.85, 44.60, 43.19, 40.15, 39.94, 39.73, 

39.52, 39.31, 39.10, 38.89, 38.44, 35.14, 35.03, 34.04, 31.68, 31.32, 31.10, 30.73, 29.94, 

29.05, 28.85, 28.72, 27.79, 27.22, 27.05, 26.58, 25.80, 24.91, 24.19, 24.12, 23.43, 22.42, 

22.12, 21.13, 19.94, 19.88, 18.73, 16.51, 16.42, 15.67, 15.07, 13.99, 10.94 ppm. 
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2.3 Results and Discussion 

2.3.1 Synthesis of 1 and 2 

The synthesis of CNCbl linker molecules in this research was optimised in previous 

unpublished work in which an adipic acid dihydrazide linker was attached at the 5’-OH 

location. The optimal conditions were found to be 1:3:3 mol ratios of CNCbl: CDT: 

linker, initially reacting CNCbl and CDT for 30 min followed by linker addition, 

anhydrous reaction conditions (anhydrous DMSO under N2) and allowing the reaction to 

proceed at 40℃ for 6 h with stirring.14,15  

Compound 1 

The use of cystamine as a linker, primarily for selective drug delivery16–18, is not novel 

but not yet widely used. The rationale for the inclusion of a disulfide-containing linker 

that has been used here is that the disulfide would be cleaved in the reductive cytosolic 

compartments to release the cargo.19 This may be a desirable aspect of the CNCbl 

conjugates if the concept was extended to deliver bioactive agents where the bioactive is 

inactive when bound to CNCbl. Subsequent delivery of the CNCbl conjugate into the 

cytoplasm of the cell would result in reductive S-S bond cleavage, freeing the attached 

cargo [drug/molecule] and promoting activity. This concept has been used in the literature 

with a focus on CNCbl-based delivery of bioactives.20,21 

 

Scheme 2: Synthetic scheme for the synthesis of 1. 

 

The synthetic procedure for 1 maintained the 1:3:3 mol ratios of CNCbl: CDT: linker, 

with the inclusion of the sterically hindered base triethylamine (Et3N) (Scheme 2). The 

5’-OH residue of CNCbl was activated by 1,1-carbonylditriazole (CDT) in excess (3 mol 

equivalents) for 30 min. This was then followed by the addition of cystamine and Et3N 

and the reaction mixture was left to stir at 40℃ for 6 h. Et3N was used to neutralise the 

dihydrochloride salt form of cystamine in situ. The crude product mixture was analysed 

by LC-MS and three peaks were observed (Figure 22). Two overlapping peaks eluting at 
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14.3 and 14.5 min were from the desired product (C68H98CoN16O15PS2, calcd. m/z 

[M+H]+ =1533.7 and [M+2H]2+ = 767.3; found 1534.3 and 767.4). The final peak eluting 

at 16.0 min was the CNCbl starting material (C63H88CoN14O14P, calcd. m/z [M+H]+ 

=1355.6 and [M+2H]2+ = 678.3; found 1355.5 and 678.4). One small peak was also 

observed at 20.1 min with m/z values of 729.7, 972.4 and 1457.9. Further investigation 

identified this to be a CNCbl-cystamine-CNCbl dimer (C132H184Co2N30O30P2S2, calcd. 

m/z [M+H]+ = 2915.1, [M+2H]2+ = 1458.1, [M+3H]3+ = 972.4 and [M+4H]4+ = 729.5, 

Figure 23). A CNCbl-linker-CNCbl dimer has been observed in the literature where the 

linker employed contained two terminal amines.22 Conjugation at the ribose ring of 

CNCbl using CDT can occur at two possible locations, the 5’-OH or 2’-OH sites.23 

Formation of a carbamate bond to the ribose ring occurs more readily at the 5’-OH site 

due to reduced steric hindrance of the primary 5’-OH versus the secondary 2’-OH. The 

observation of the two overlapping peaks at 14 min suggests two possibilities; the 

formation of two CNCbl-linker isomers (5’ and 2’) or peak fronting during LC-MS 

analysis. This is a rare occurrence in chromatography and can be difficult to diagnose but 

is often related to sample overloading, uneven silica bed packing within the column itself 

and/or dead volume post-injection.24,25  
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Figure 22: LC-MS total ion count (TIC, top) and diode array detector (DAD, 361 nm, bottom) 

chromatograms of crude 1 (LC-MS method 1). Peaks at 14.3 and 14.5 min can be assigned to 1 

(C68H98CoN16O15PS2, m/z [M+H]+ =1534.3 and [M+2H]2+). Peaks at 22.2 and 32.3 min can be 

assigned to unreacted CNCbl and CNCbl-cys-CNCbl dimer, respectively.  
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Figure 23: Structure of the CNCbl-cystamine-CNCbl dimer formed during the synthesis of 1. 

The crude solid obtained from this reaction was typically used as is without purification 

for the next step of the synthesis. Desalting, however, was carried out to remove any 

remaining CDT and free cystamine to prevent interference with subsequent reactions. 

Full purification of 1 was also carried out by reversed-phase C18 column chromatography 

and a final yield of 80% was obtained. The purity was confirmed by LC-MS where one 

peak was identified with the expected mass values (C68H98CoN16O15PS2, calcd. m/z 

[M+H]+ =1533.7 and [M+2H]2+ =767.3; found 1534.3 and 767.4, Figure 24). Both the 

total ion count (TIC) and diode array detector (DAD, 361 nm) chromatograms were used 
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for the analysis of the purity of all conjugates. It was often observed that the two 

chromatograms showed slight differences. The DAD chromatogram at 361 nm is 

commonly used for the detection of CNCbl and CNCbl analogues by LC-MS owing to 

the large absorbance bands of the corrin ring at this wavelength.1,26 The percent 

conversion of CNCbl to CNCbl derivatives in this work is determined on the assumption 

that the products and CNCbl retain the same molar absorptivity at 361 nm. In Figure 24, 

the DAD chromatogram shows one large peak eluting at 14.5 min representing 1. The 

peak areas were used to establish the purity of the final product as ≥95%.  

 

Figure 24: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of 1 after purification 

(LC-MS method 1). The peak at 14.5 min can be assigned to 1 (C68H98CoN16O15PS2, m/z [M+H]+ 

=1534.3 and [M+2H]2+=767.3; found 1534.3 and 767.4). 

 

1H NMR spectroscopic analysis was undertaken to characterise the five diagnostic peaks 

resonating in the aromatic region for CNCbl derivatives, namely the C10, R1, B4, B2 and 

B7 protons (Figure 25).27,28 These residues have chemical shifts at 5.91, 6.28, 6.45, 7.01 

and 7.32 ppm, respectively, in DMSO-d6 with the corresponding carbon resonances 

observed at 85.39, 93.40, 116.23, 142.34 and 111.35 ppm, respectively.23  
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Figure 25: Structure of CNCbl with the protons resonating in the aromatic region highlighted 

(C10, R1, B4, B2 and B7). 

 

Upon conjugation of a linker to form 1, the proton and corresponding carbon resonances 

(determined by HSQC analysis obtained in DMSO-d6) remain largely unchanged (C10, 

5.89, 84.43; R1, 6.24, 93.65; B4, 6.43, 116.40; B2, 7.18, 142.19 and B7, 7.37 ppm, 111.33 

ppm). There is, however, one key change that supports the formation of 1 – a new carbon 

signal is present in 1 at 156.62 ppm, consistent with literature values for the carbon atom 

of a carbamate bond formed at the 5’-OH location of CNCbl (CNCbl-(CH2)6-N3
23 (Figure 

26). Furthermore, HSQC NMR analysis confirmed that the carbon at 156.34 ppm was not 

directly bonded to a proton, as is expected for the carbamate residue.  
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Figure 26: 13C NMR spectra of CNCbl (bottom) and 1 (top), highlighting the newly formed 

carbamate resonating at 156.34 ppm in DMSO-d6. 

 

Further NMR analysis was carried out in MeOH-d4. Obtaining an NMR in MeOH-d4 is 

particularly useful to determine the purity of CNCbl complexes.23,29–31 This is because of 

the extreme complexity of the low-field region in the 1H NMR spectra of CNCbl and the 

corresponding CNCbl conjugates. CNCbl itself has 19 protons that resonate in the 

aromatic region of the 1H NMR spectrum in aprotic DMSO-d6 and five protons in protic 

solvents (i.e. MeOH-d4). This is due to the amide protons of the corrin ring exchanging 

with deuterium in protic NMR solvents. In total, CNCbl has 88 protons and some of the 

CNCbl conjugates synthesised in this thesis have greater than 100 individual proton peaks 

in the low-field region of the 1H NMR spectrum. To provide meaningful insight into the 

chemical structure of the conjugates, the resonances in the aromatic region are a more 

helpful diagnostic probe. However, the use of MeOH-d4 as a solvent is only suitable for 
1H and COSY spectra due to limited solubility (~6 mg per 500 μL). CNCbl and the 

synthesised conjugates have a higher solubility in DMSO (~20 mg in 500 µL), which is 

necessary to obtain a 13C NMR spectrum with a good signal-to-noise ratio.  

The 1H NMR spectrum in MeOH-d4 shows five resonances for 1 in the aromatic region, 

at 6.05 (1H, C10), 6.23 (1H, R1), 6.58 (1H, B4), 7.16 (1H, B2) and 7.25 (1H, B7) ppm. 

When compared to the 1H NMR spectrum of the CNCbl starting material, shifts in the 

proton resonances are observed, particularly for the R1 proton (6.27 in CNCbl and 6.23 

ppm in 1), which is located close to the conjugation site (Figure 27). Additionally, new 
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peaks are present at 2.96 and 3.27 ppm, likely due to the CH2 residues of the cystamine 

linker. Cystamine.2HCl has two multiplets in the 1H NMR spectrum at 3.04-3.01 and 

3.29-3.32 ppm.  

 

Figure 27: 1H NMR spectra of CNCbl (top) and 1 (bottom) obtained in MeOH-d4. The peaks of 1 

at 6.05 (1H), 6.23 (1H), 6.58 (1H), 7.16 (1H) and 7.25 (1H) ppm can be assigned to protons C10, 

R1, B4, B4, and B7. Peaks for 1 at 2.99 and 3.27 ppm corresponding to the CH2 peaks of cystamine 

linker are highlighted.  

 

The synthesis of 1 was achieved in high yields (80%) following purification. Analysis by 
1H NMR spectroscopy and LC-MS indicate a purity of 1 of ≥95%. 

Compound 2. 

The second linker molecule utilised in this research was a short polyethylene glycol 

(PEG) chain, namely 1,11-diamine-3,6,9-trioxaundecane. This linker is commonly 

employed in biological applications, providing suitable functionalisation sites and/or 

improving water solubility.32 Most commonly, PEG is utilised in polymer-based drug 

delivery where a prodrug-linker-PEG model is employed. Attachment of PEG, referred 

to as PEGylation, was first used by Davies and Abuchowski (1977) where PEG units of 
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varying lengths (1900-5000 daltons) were covalently linked to bovine serum albumin.33 

Specific to this study, PEG is known to be stable under biological conditions.19,19,34 The 

successful use of polyethylene glycol as a linker for CNCbl functionalisation has been 

demonstrated previously.19 The synthesis of 2 was achieved as shown in Scheme 3. The 

5’-OH residue of CNCbl was activated with 3 mol equivalents of CDT for 30 min at 40℃ 

followed by the addition of 3 mol equivalents of 1,11-diamine-3,6,9-trioxaundecane.  

Scheme 3: Synthetic scheme for the synthesis of 2. 

Formation of the desired product was shown by LC-MS where two peaks were observed 

(Figure 28). The major peak eluting at 14.5 min represents the desired product 

(C72H106CoN16O18P, calcd. m/z [M+H]+ = 1573.7 and [M+2H]2+ = 787.4; found 1573.6 

and 787.5 at 14.4 min). The peak at 14.3 min also represents 2. The appearance of two 

peaks for the CNCbl-linker complex was observed previously during the synthesis of 1. 

The two peaks may represent the formation of two isomers (functionalisation at either the 

5’-OH or 2’-OH) or peak fronting during LC-MS analysis. The peaks retained at 15.9 and 

18.2 min are from the CNCbl starting material (C63H88CoN14O14P, calcd. m/z [M+H]+ 

=1355.6 and [M+2H]2+ = 678.3;  found 1355.5 and 678.4) and a CNCbl-PEG-CNCbl 

dimer (C136H192Co2N30O33P2, calcd. m/z = [M+H]+ = 2955.3, [M+2H]2+ = 1478.1, 

[M+3H]3+ = 985.8 and [M+4H]4+ = 739.6; found 1478.7, 985.8, 739.9). To ensure peak 

overloading was not the cause of split peaks observed for 1 and 2, the injection volume 

of each sample into the LC-MS was reduced from 10 μL to 5 μL for all further analysis.  
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Figure 28: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of crude 2 (LC-MS 

method 1). The peaks at 14.1 and 14.4 min can be assigned to 2 (C72H106CoN16O18P, calcd. m/z 

[M+H]+ = 1573.7 and [M+2H]2+ = 787.4; found 1573.6 and 787.5). The peaks at 21.6 and 22.3 

min can be assigned to CNCbl (C63H88CoN14O14P, calcd. m/z [M+H]+ = 1355.6 and [M+2H]2+ 

= 678.3; found 1355.5 and 678.4).  

 

The crude solid obtained after this reaction was further functionalised without 

purification. Desalting was carried out to remove any remaining CDT and linker. 

Purification of 2 was also carried out by reversed-phase C18 column chromatography 

where a final yield of 79% was obtained. The purity was confirmed by LC-MS where a 

single peak was observed (C72H106CoN16O18P, calcd. m/z [M+H]+ = 1573.7 and [M+2H]2+ 

= 787.4; found 1575.7 and 787.5 at 14.3 min, Figure 29). A small impurity peak in 

addition to the product was identified in the LC-MS of one collected fraction, eluting at 

19.8 min (Figure 28). Analysis of the associated m/z values for this peak are consistent 

with a CNCbl-PEG-CNCbl dimer (C136H192Co2N30O33P2, calcd. m/z = [M+H]+ = 2955.3, 

[M+2H]2+ = 1478.1, [M+3H]3+ = 985.8 and [M+4H]4+ = 739.6; found 1478.7, 985.8, 

739.9, Figure 30). As this dimer formed to such a small extent, no attempt was made to 

prevent this from occurring, such as protecting one amine of the linker. 
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Figure 29: LC-MS TIC (top) and DAD (361 nm, bottom) chromatogram of 2 after purification. 

The peak at 14.4 min can be assigned to 2 (C72H106CoN16O18P, calcd. m/z [M+H]+ = 1573.7 

and [M+2H]2+ = 787.4; found 1573.6 and 787.5). 
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Figure 30: Structure of the CNCbl-PEG-CNCbl dimer formed during the synthesis of 2. 

 

1H and 13C NMR spectroscopic analysis were carried out in DMSO-d6. The proton and 

corresponding carbon resonances of 2 remain largely unchanged (5.90 (86.01), C10; 6.23 

(93.63), R1; 6.43 (116.45), B4; 7.07 (142.2), B2 and 7.30 ppm (111.31 ppm), B7) upon 

conjugation of the linker when compared to CNCbl (5.89 (84.43), C10; 6.24 (93.65), R1; 

6.43 (116.40) B4; 7.18 (142.19) B2 and 7.37 ppm (111.33 ppm), B7). The presence of a 

new carbon signal at 156.62 ppm is consistent with literature values for the carbon atom 

of a carbamate bond formed at the 5’-OH location of CNCbl (Figure 31).23 Furthermore, 
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HSQC NMR analysis confirmed that the carbon resonance at 156.25 ppm had no 

corresponding proton signals, as is expected for a carbamate.  

 

Figure 31: 13C NMR spectrum of 2 obtained in DMSO-d6 highlighting the carbamate residue at 

156.25 ppm. 

 

To further probe the purity of 2, NMR spectroscopic analysis was also carried out in 

MeOH-d4. Five peaks were observed in the aromatic region, 6.04 (1H, C10), 6.21 (1H, 

R1), 6.58 (1H, B4), 7.15 (1H, B2) and 7.24 (1H, B7) ppm (Figure 32). A smaller shift in 

the R1 resonance was observed upon the formation of 2 when compared to 1 and CNCbl 

(1 = 6.23, CNCbl = 6.27 ppm). Furthermore, a new multiplet peak is observed for 2 at 

3.66 ppm which integrates for 12 protons. This resonance is assigned to the six O-CH2 

protons of the PEG linker.  
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Figure 32: 1H NMR spectra of CNCbl (top) and 2 (bottom) obtained in MeOH-d4. Peaks in the 

aromatic region of 2 at 6.04 (1H), 6.21 (1H), 6.58 (1H), 7.15 (1H) and 7.24 (1H) ppm can be 

assigned to C10, R1, B4, B2 and B7, respectively. The new resonance at 3.66 ppm assigned to the 

12 O-CH2 protons of the PEG linker is highlighted. 

 

The formation of 2 was achieved in high yields (78%). Analysis by 1H NMR spectroscopy 

and LC-MS indicates a purity of ≥95%. 

2.3.2 Synthesis and analysis of CNCbl-linker-NBD-X conjugates 

NBD-X contains the fluorescent 7-nitrobenz-2-oxa-1,3-diazole moiety attached to 

hexanoic acid, providing a free carboxylic acid suitable for coupling to CNCbl. This 

fluorophore was selected based on the commercial availability, price, structure simplicity 

and spectral properties. The spectral overlap of NBD-X emission and CNCbl absorbance 

was selected to probe the fluorescence quenching phenomenon that has been observed by 

CNCbl when bound to fluorescent molecules. 

Compound 3 

The synthesis of 3 was achieved by using the crude compound 1 as a starting material in 

addition to the peptide coupling reagents 1-ethyl-3-(3-
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dimethylaminopropyl)carbodiimide (EDC), 1-hydroxybenzotriazole (HOBt), Et3N and 

NBD-X in a 1:1.5:3:5 mol ratio at 40℃ in anhydrous DMSO(Scheme 4).  

 

Scheme 4: Synthetic scheme for the synthesis of 3. 

 

EDC is a common reagent employed in peptide coupling reactions and was utilised here 

to activate the carboxylic acid to form a more reactive O-acylisourea intermediate 

(Scheme 5). The O-acylisourea is then readily substituted by primary amines resulting in 

a peptide bond. This was employed to form a bond between the -COOH functionalised 

NBD-X and the -NH2 of 1. EDC is commonly used in stoichiometric ratios and was 

utilised in a 1.5 mol excess in this reaction. However, the O-acylisourea intermediate can 

undergo O,N-acyl migration and form the unreactive N-acyl-urea derivative, inhibiting 

the formation of the 3 (Scheme 5).35  
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Scheme 5: Mechanism of action of EDC during peptide coupling showing the O,N-acyl migration, 

forming the unreactive N-acyl-urea derivative. SH represents a solvent molecule.  

To prevent this, the addition of excess HOBt was employed to rapidly convert the O-

acylisourea to the corresponding benzotriazole active ester, therefore limiting the 

formation of the inactive N-acylurea side product. This concept was also trialled utilising 

N-hydroxysuccinimide (NHS) in place of HOBt to form the corresponding succinimidyl 

ester from the O-acylisourea, but this was found to result in lower yields (~15% compared 

to ~50%) of the desired product.  

The conversion of 1 to 3 reached completion within 2 days, as followed by LC-MS 

chromatography. Four main peaks were evident at 19.5, 20.6, 25.3 and 26.5 min (Figure 

33).  
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Figure 33: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of the crude 3 (LC-MS 

method 3). The major peaks can be assigned as CNCbl (16.2 min, C63H88CoN14O14P, calcd. m/z 

[M+H]+ = 1355.6 and [M+2H]2+ = 678.3; found 1355.4 and 678.5) and 4 (C80H110CoN20O19PS2, 

calcd. m/z [M+H]+ = 1809.7 and [M+2H]2+ = 905.3 and [M+3H]3+ = 603.9, found 905.6 and 

604.1). 

Two separate peaks were found to be consistent with the desired product, eluting at 23.8 

and 25.1 min. The starting material 1 did show evidence of peak splitting when analysed 

by LC-MS, but no clear peak separation was observed. The peak separation for the 

products differs by a full minute, indicating that it isn’t caused by peak fronting. The 

formation of a peptide bond between the 1 and NBD-X moiety does not form a chiral 

centre. The possibility of 5’-OH and 2’-OH bound isomers of 1 is therefore likely, with 

the synthesis of 1 at the 5’-OH site more favourable than the 2’-OH site due to steric 

hindrance. Due to the smaller amount of product being observed at 23.8 min, this was 

assigned to the 2’-OH functionalised product. No efforts were made to prevent the 2’-OH 

isomer from forming. 

After precipitation of the crude product mixture into 1:1 CH2Cl2; Et2O, a red precipitate 

was collected and the unreacted NBD-X fluorophore was observed in the filtrate as a 

yellow solution. Compound 3 was purified by reversed-phase C18 chromatography. The 

first bands to elute from the column were the red CNCbl and 1 starting materials at 10% 
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CH3CN/H2O. The next band to elute was the orange product 3, at 35% CH3CN/H2O. The 

final dilute band remaining on the column was the remaining yellow NBD-X fluorophore. 

The orange product was analysed by LC-MS where one peak was retained at 25.1 min, 

confirmed to be 3 (C80H110CoN20O19PS2 calcd. m/z [M+2H]2+ = 905.3 and [M+3H]3+ = 

603.9, found 905.3 and 604.1, Figure 34).  

 

 

Figure 34: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of purified compound 3 

(C80H110CoN20O19PS2, calcd. m/z [M+2H]2+ = 905.3 and [M+3]3+ = 603.9, found 905.3 and 

604.1 at 25.1 min, LC-MS method 3). 
 

1H and COSY NMR spectroscopic analysis was carried out in both MeOH-d4 and DMSO-

d6 to further assess the purity of 3. The spectra obtained in MeOH-d4 were first used to 

identify the NBD-X resonances as CNCbl protons show no correlations by COSY 

analysis. NBD-X correlations in the COSY spectrum are shown in Figure 35. The doublet 

peaks at 6.36 (J = 8.9, 1H) and 8.52 (J = 8.8, 1H) ppm have been assigned to protons a 

and b of NBD-X, respectively (Figure 35). Unconjugated NBD-X has two multiplets in 
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the aromatic region of the 1H NMR spectrum at 6.33 and 8.52 ppm (obtained in MeOH-

d4), analogous to that observed in 3.  

 

Figure 35: Aromatic region of the COSY spectra of 3 obtained in MeOH-d4, highlighting the 

correlation for the NBD-X protons at 6.36 (1H, a) and 8.52 (1H, b) ppm. 

 

Compound 3 showed five remaining peaks in the aromatic region of the 1H NMR 

spectrum in MeOH-d4 (Figure 36). The protons of the CNCbl moiety of 3 have been 

assigned as 6.04 (1H, C10), 6.24 (1H, R1), 6.58 (1H, B4), 7.15 (1H, B2) and 7.24 (1H, 

B7) ppm. The peak observed at 7.67 ppm is broad and integrates for less than one proton; 

furthermore, it shows no correlation with other protons in the COSY spectrum. These two 

factors suggest that the proton at 7.67 ppm is likely due to the partially exchanged NH 

moiety (c) of the NBD-X fluorophore (Figure 35). When compared to 1, the 1H NMR 

resonances of the protons located on the CNCbl moiety are similar.  
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Figure 36: Aromatic region of the 1H NMR spectrum of 3 in MeOH-d4. The peaks are assigned 

as 6.04 (1H, C10), 6.24 (1H, R1), 6.36 (J = 8.9, 1H, a) 6.58 (1H, B4), 7.15 (1H, B2), 7.24 (1H, 

B7) and 8.52 ppm (J = 8.8, 1H, b).  

 

Analysis of the low-field region of the 1H NMR spectrum of 3, although complex, showed 

additional resonances from the NBD-X moiety. The 1H NMR spectrum of NBD-X has 

four distinct peaks in the low field region at 2.28 (m, 2H, h), 1.80 (m, 2H, e), 1.68 (m, 

2H, g), 1.50 ppm (m, 2H, f) that correspond to the protons of the hexanoic acid chain 

(Figure 37). The multiplet peak expected for protons d resonate under the MeOD-d4 

solvent peak and have not been observed. A careful analysis of the low-field region of 3 

shows evidence of the NBD-X proton multiplets at 1.69, 1.80 and 2.23 ppm (Figure 37). 

These peaks are not present in the starting material, 1. Although integrations could not 

confidently be made due to overlapping signals from the CNCbl moiety, the splitting 

patterns remained consistent. The final peak expected at 1.50 ppm can be partially 

identified underneath a large overlapping CNCbl peak.  
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Figure 37: Low-field region of the 1H NMR spectrum of NBD-X (top) and 3 (bottom) obtained 

in MeOD-d4. The highlighted peaks at 1.69 (g), 1.80 (e) and 2.23 (h) ppm of 3 can be assigned 

to the NBD-X moiety with arrows highlighting the resonance at ~1.50 (f) ppm that overlaps with 

a CNCbl peak. The inset shows a simplified structure of 3 with protons labelled. 

 

NMR spectra were also obtained in DMSO-d6 where 1H, 13C, COSY and HSQC 

spectroscopy experiments assisted in peak assignments. Initially, the two proton 

resonances of the NBD-X fluorophore were identified. The COSY spectrum identified 

the two neighbouring protons (a and b) of the NBD-X moiety of 3 resonating at 6.38-

6.41 and 8.47-8.50 ppm, respectively (Figure 38). These were assigned to the NBD-X 

moiety as COSY experiments of CNCbl and 1 starting materials showed no correlations 

for aromatic protons in their respective COSY spectra.  
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Figure 38: Aromatic region of the COSY spectrum for 3 in DMSO-d6 highlighting the NBD-X 

proton correlations at 6.41-6.43 and 8.47-8.50 ppm assigned to protons a and b of NBD-X, 

respectively. 

 

Further analysis was performed using HSQC, where the NBD-X proton signals were used 

to identify carbons to which they are directly bonded. The carbon peaks have been 

assigned as 99.22 (a) and 137.91 (b) ppm (Figure 39). HQSC analysis allowed for the 

assignment of the carbon peaks directly bonded to the five protons of the CNCbl moiety 

that resonate in the aromatic region (Figure 25). These proton resonances have been 

assigned as 5.89 (C10), 6.28 (R1), 6.43 (B4), 7.08 (B2) and 7.37 ppm (B7) (Figure 39). 

The corresponding carbon peaks are 93.59, 85.98, 116.38, 142.22 and 111.46 ppm. These 

assignments agree with the expected order of peaks for both proton and carbon resonances 

of CNCbl and the synthesised compound 1.23 

 

Figure 39: HSQC spectrum of the aromatic protons of 3 and the carbons they are bonded to in 

DMSO-d6, highlighting the NBD-X (orange) and the CNCbl moiety correlations (black). 
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Initial stability studies were carried out for compound 3. Solutions of 3 were prepared in 

Dulbecco's Modified Eagle Medium (DMEM) and Lysogeny broth (LB) at 16 μM. The 

solutions were incubated at 37℃ with shaking for 24 h. LC-MS analysis of the solutions 

before and after incubation were the same. This indicated that compound 3 was stable in 

biological conditions for 24 h. 

The formation of 3 was achieved in moderate yields (54%). Analysis by 1H NMR 

spectroscopy and LC-MS indicates a purity of ≥95%. 

 Compound 4 

The synthesis of 4 was carried out using the same methodology employed for the 

synthesis of 3. Crude compound 2 was used as the starting material.  

 

Figure 40: Synthetic scheme for the synthesis of 4. 

 

Reaction progress was followed by LC-MS chromatography where two major peaks were 

evident at 16.2 and 24.9 min. Interestingly two smaller peaks were also found at 19.2 and 

23.1 min (Figure 42). The peak at 16.2 min was CNCbl remaining in the crude 2 starting 

material (C63H88CoN14O14P, calcd. m/z [M+H]+ = 1355.6 and [M+2H]2+ = 678.3; found 

1355.4 and 678.5). The other large peak eluting at 24.9 min corresponded to the product 

(C84H118CoN20O22P, calcd. m/z [M+H]+ = 1850.8, [M+2H]2+ = 925.9 and [M+3H]3+ = 

617.6; found 1850.5, 925.5 and 617.5). The smaller peak at 23.1 min also had m/z values 

consistent with the desired product. This phenomenon of two product peaks for CNCbl 
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bound NBD-X was also observed for the previous product, 3. The peak at 23.1 min likely 

represents the 2’-OH functionalised isomer formed during the reaction of 2. 

Functionalisation at the 2’-OH is less favourable than the 5’-OH due to steric hindrance 

by the corrin ring. However, this has still occurred but to a lesser extent. The small peak 

eluting at 19.2 min was assigned to the CNCbl-PEG-CNCbl dimer that also forms to a 

small extent during the synthesis of 2 (C136H192Co2N30O33P2, calcd. m/z [M+2H]2+ = 

1478.1, [M+3H]3+ = 985.8 and [M+4H]4+ = 739.6; found 1477.7, 985.6, 739.3). 

 

Figure 41: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of the crude compound 

4 (LC-MS method 3). The major peaks can be assigned as CNCbl (16.2 min, C63H88CoN14O14P, 

calcd. m/z [M+H]+ = 1355.6 and [M+2H]2+ = 678.3; found 1355.4 and 678.5) and 4 (23.1 min, 

C84H118CoN20O22P, calcd. m/z [M+H]+ = 1850.8, [M+2H]2+ = 925.9 and [M+3H]3+ = 617.6; 

found 1850.5, 925.5 and 617.5). 

 

Upon precipitation of the reaction solution into Et2O and CH2Cl2 (1:1, RT), the same 

yellow filtrate (unreacted NBD-X) and red precipitate were observed as seen during the 

synthesis of 3. Furthermore, the order of elution of the peaks was the same, with a red 

band (CNCbl) followed by an orange band (4) eluting from the reversed-phase C18 

column. The orange fraction was analysed by LC-MS and assigned to the product 

(C84H118CoN20O22P, calcd. m/z [M+H]+ = 1850.8, [M+2H]2+ = 925.9 and [M+3H]3+ = 

617.6; found 1850.5, 925.5 and 617.5, Figure 42). 
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Figure 42: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of purified compound 4 

(C84H118CoN20O22P, calcd. m/z [M+H]+ = 1850.8, [M+2H]2+ = 925.9 and [M+3H]3+ = 617.6; 

found 1850.5, 925.5 and 617.5, LC-MS method 3). 

 

1H NMR spectroscopic analysis was carried out in MeOH-d4 to further assess the purity 

of 4. Analogous to that seen for 3, the five proton resonances of CNCbl in the aromatic 

region are observed at 6.04 (1H, C10), 6.23 (1H, R1), 6.58 (1H, B4), 7.15 (1H, B2) and 

7.24 ppm (1H, B7). The two aromatic resonances of the NBD-X moiety are again 

observed at 6.36 (J = 8.9) and 8.52 (J = 8.9) ppm, each corresponding to one proton 

(Figure 43).  
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Figure 43: Aromatic 1H NMR spectrum of 4 obtained in MeOH-d4. The peaks can be assigned as 

6.04 (1H, C10), 6.23 (1H, R1), 6.35-6.37 (1H, a), 6.58 (1H, B4), 7.15 (1H, B2), 7.24 (1H, B7) 

and 8.51-8.53 (1H, b) ppm. 

 

COSY analysis showed correlations in the aromatic region for the multiplets resonating 

6.36 (J = 8.9) and 8.52 (J = 8.9) ppm, further supporting their assignment to NBD-X 

(Figure 44).  

 

Figure 44: Aromatic region of the COSY spectrum for 4 obtained in MeOH-d4 highlighting 

correlations between the NBD-X protons at 6.35 (J = 8.9, 1H, a) and 8.51 (j = 8.9, 1H, b) ppm. 

 

Analogous to that observed in 3, analysis of the low-field region of the 1H NMR spectrum 

of 4 showed additional resonances of the NBD-X moiety. The 1H NMR spectrum of 

NBD-X has four distinct peaks in the low field region at 2.28 (m, 2H, h), 1.80 (m, 2H, e), 

1.68 (m, 2H, g), 1.50 ppm (m, 2H, f) that correspond to the hexanoic acid chain. Peaks 
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expected for d overlap with the MeOH-d4 solvent peak and have not been shown. The 

spectrum of 4 shows these NBD-X protons at 1.69, 1.80 and 2.23 ppm (Figure 45). These 

peaks are not present in the starting material 2. Although integrations could not 

confidently be made due to overlapping signals from CNCbl, the splitting patterns 

remained consistent. The final peak expected at 1.50 ppm can be partially identified 

underneath a large overlapping CNCbl peak. 

 

Figure 45: Low-field region of the 1H NMR spectrum of NBD-X (top) and 4 (bottom) in MeOD-

d4. The highlighted regions of 4 can be assigned to the NBD-X moiety. 

 

NMR spectroscopic analysis was then performed in DMSO-d6 to obtain a 13C spectrum. 

COSY correlations were identified for the NBD-X protons at 6.39-6.40 and 8.49-8.51 

ppm. HSQC analysis then allowed for the corresponding NBD-X carbon resonances to 

be assigned at 99.73 and 138.16 ppm. The five CNCbl proton resonances have been 

assigned as 5.89 (C10), 6.20 (R1), 6.43 (B4), 7.06 (B2) and 7.29 (B7) ppm (Figure 46). 

The corresponding carbon peaks are assigned as 93.73, 86.12, 116.54, 142.33 and 111.37 

ppm respectively. These resonances are similar to the starting material, compound 2 and 

CNCbl. 
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Figure 46: HSQC spectrum of the aromatic protons and the corresponding carbons of 4 obtained 

in DMSO-d6, highlighting the NBD-X (orange) and CNCbl (black) correlations. The remaining 

proton peaks can be assigned to the amide protons of the NBD-X and CNCbl moieties. 

 

The formation of 4 was achieved in high yields (89%). Analysis by 1H NMR and LC-MS 

indicates a purity of ≥ 95%. 

2.3.3 Synthesis and analysis of CNCbl-linker-sulfo-Cyanine5 conjugates 

Compounds 5 and 6 incorporate the sulfo-Cyanine5 fluorophore. Sulfo-Cyanine5 belongs 

to the cyanine family of fluorescent dyes. Cyanine fluorophores are commonly employed 

in biological studies due to their high molar extinction coefficients and red-shifted 

absorbance and emission spectra.36 The cyanine scaffold consists of two nitrogen-

containing heterocycles connected through a conjugated polymethine chain (Figure 47). 

Tuning of the photophysical properties of these dyes is achieved by modifying the length 

of the central π-conjugated chain and/or the terminal groups. The sulfo-Cyanine5 

fluorophore is an example of this modification, containing a 5-carbon methine chain and 

two sulfonated residues. One large drawback of cyanine dyes is their limited solubility in 

aqueous solution, which is imperative in biological studies.37 To address this, sulfo 

substituents have been added to the benzyl moieties of Cyanine5.38 Adding these sulfo 

substituents significantly increases aqueous solubility, fluorescence quantum yields and 

lifetimes (caused by hydrophobic dye aggregation).37 



91 
 

 

Chapter 2  

 

Figure 47: Structure of sulfoCyanine5-NHS ester emphasizing the sulfo substituents (blue) and 

the 5-carbon methine chain (green). 

 

Compound 5. 

The synthesis of 5 was more straightforward than that of the NBD-X conjugates as the 

sulfo-Cyanine5 was purchased as the more reactive NHS ester. The synthesis was carried 

out using sulfo-Cyanine5 as the limiting reagent (Scheme 6). The reaction was carried 

out in anhydrous DMSO at 40℃ and was complete after 24 h. Sulfo-Cyanine5 has been 

conjugated previously to CNCbl by Cannon M.J. in 2001 using commercially available 

sulfo-Cyanine5-NHS ester via a 1,6-diaminohexane linker.39 A similar synthetic 

procedure has been used here for the synthesis of 5, except that Et3N was added, lower 

equivalents of sulfo-Cyanine5-NHS ester (0.7 eq. vs 1 eq.) used, and the reaction 

temperature was increased to 40°C.  
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Scheme 6: Synthetic scheme for the synthesis of 5 

 

The reaction was followed by LC-MS. LC-MS analysis for this conjugate proved more 

challenging as no peaks were observed in the total ion count (TIC) chromatogram. 

However, peaks were observed using diode array detection (DAD, 361 nm). Since the 

sulfo-Cyanine5 fluorophore is negatively charged and the resulting conjugate, 5 is also 

negatively charged so LC-MS analysis was carried out in both the negative and positive 

ionization modes. No peaks were observed in the TIC chromatograms in either ionisation 

mode. For the earlier compounds all analyte samples had been prepared in CH3OH 

(concentrations of 10 ppm) as this proved to be the best solvent for both the CNCbl 

conjugates and the non-polar fluorophores. Due to the water solubility of the sulfo-

Cyanine5 fluorophore, H2O was also trialled as the solvent for sample preparation. This 

resulted in peaks observable in the TIC chromatogram at the same retention times as 

peaks observed in the DAD chromatogram. The use of CH3OH as a solvent, and in this 

case as a dilution matrix, can result in ion suppression (Figure 48).40  
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Figure 48: LC-MS chromatograms of crude compound 5 (LC-MS method 3). A) Prepared in 

CH3OH, TIC chromatogram (top) and DAD chromatogram (bottom) in the positive ionisation 

mode. B) prepared in CH3OH, TIC chromatogram (top) and DAD chromatogram (bottom) in 

the negative ionisation mode. C) prepared in H2O, TIC chromatogram (top) and DAD 

chromatogram (bottom) in the positive ionisation mode. 
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The LC-MS chromatograms for the sample prepared in H2O showed two major peaks at 

16.6 and 26.9 min (Figure 48C). The peak eluting at 16.6 min is from the unreacted 

CNCbl in the crude 1 reactant (C63H88CoN14O14P, calcd. m/z [M+H]+ = 1355.6 and 

[M+2H]2+ = 678.3 found 1355.4 and 678.5). Eluting at 26.9 min was the product 5 

(C100H133CoN18O22PS4, calcd. m/z [M+3H]2+ = 1079.9 and [M+4H]3+ = 720.3; found 

1080.1 and 720.3).  

The crude product solution was precipitated into a 1:1 solution of CH2Cl2:Et2O, and a 

blue solid was collected. Unlike the NBD-X fluorophore, free sulfo-Cyanine5 is not 

soluble in the organic precipitation solvent (CH2Cl2 and Et2O), and therefore no unreacted 

sulfo-Cyanine5 was found in the filtrate. The crude blue solid was loaded onto a reversed-

phase C18 chromatography column by dissolution in the minimal volume of H2O. During 

purification, the first two red bands that eluted (10% CH3CN in H2O) were from CNCbl 

and the starting material 1. Compound 5 eluted as a large blue band at 50% CH3CN in 

H2O. Purity was confirmed by LC-MS (Figure 49). Two small peaks were identified in 

the LC-MS DAD chromatogram but were not observed in the TIC chromatogram. Since 

m/z values were not available for the impurity peaks, they were not identified. However, 

the areas of the small peaks were used to assess the purity of compound 5 as 92%. The 

purified compound 5 was analysed further by 1H NMR spectroscopy.  

 

Figure 49: LC-MS of purified 5 (LC-MS method 3). The peak at 28.6 min can be assigned to 5 

(C100H133CoN18O22PS4, calcd. m/z [M+3H]2+ = 1079.9 and [M+4H]3+ = 720.3; found 1079.8 and 

720.3). 
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The 1H NMR spectrum in MeOH-d4 showed resonances in the aromatic region (Figure 

50). The 1H NMR spectrum has five proton resonances at 6.02 (1H, C10), 6.25 (1H, R1), 

6.56 (1H, B4), 7.12 (1H, B2) and 7.26 (1H, B7) ppm. These chemical shifts are similar 

to the protons of the reactant 1 and CNCbl. The remaining five peaks in the 1H NMR 

spectrum can be assigned to the sulfo-Cyanine5 moiety.  

 

Figure 50: Aromatic 1H NMR spectrum of 5 in MeOH-d4. Multiplets from the sulfo-Cyanine5 

moiety (red) are observed at 8.22-8.29 (2H, e and g), 7.89 (4H, a, b, j and k), 7.33-7.35 (2H, c 

and i), 6.67-6.73 (1H, f) and 6.31-6.36 ppm (2H, d and h). Peaks assigned to the corrin ring and 

nucleotide of CNCbl are assigned as 6.02 (1H, C10), 6.25 (1H, R1), 6.56 (1H, B4), 7.12 (1H, B2) 

and 7.26 ppm (1H, B7). 

 

The COSY NMR experiment showed correlations between the multiplets resonating at 

8.22-8.29 ppm, 6.67-6.73 ppm and 6.31-6.36 ppm ( 

Figure 51). Integrations and splitting patterns suggest that the multiplet at 6.67-6.73 

corresponds to the proton f, with e and j overlapping in the correlated multiplet at 8.22-

8.29 ppm and d and h overlapping at 6.31-6.36 ppm (Figure 52). The final two multiplet 

at 7.33-7.35 and 7.89 ppm show correlations in the COSY spectrum. The multiplet at 7.89 

ppm has been assigned to the overlapping protons a, b, j and k with the correlated peak 

at 7.33-7.35 ppm assigned to c and i. (Figure 50).  
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Figure 51: Aromatic COSY spectrum of 5 in MeOH-d4. Correlations were observed for the sulfo-

Cyanine5 moiety protons c/i and a/b/j/k in addition to correlations between e/g, f and d/h.  
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Figure 52: Structure of 5, highlighting the aromatic protons (red) and select low-field protons 

(blue and green) of the sulfo-Cyanine5 moiety. CNCbl-linker atoms have been simplified to 

CNCbl for clarity. 

 

Further analysis of the low-field region of the 1H NMR spectrum was undertaken. The 

NHS ester of sulfo-Cyanine5 has large peaks at 1.73 (multiplet, 12H, l/l’), 2.85 (singlet, 

4H) and 3.65 (singlet, 3H, k) ppm (Figure 53). The multiplet at 1.73 ppm has been 

assigned to the four CH3 moieties l/l’, with the peak at 3.65 ppm assigned to the N-CH3 

protons, k (Figure 52). The peak at 2.85 ppm has been assigned to the four protons of the 
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NHS ester moiety. Analysis of the corresponding low-field region of 5 showed the sulfo-

Cyanine5-associated methyl protons at 1.73 and 3.65 ppm (Figure 53). The absence of 

the peak at 2.85 ppm in compound 5 confirms the absence of the NHS ester moiety as 

expected upon formation of 5.  

 

Figure 53: Low-field 1H NMR spectrum of sulfo-Cyanine5 NHS ester (top) and 5 (bottom). 

Peaks assigned to the four CH3 groups (1.73 ppm, l/l’, Figure 52) and the N-CH3 (3.65 ppm, k, 

Figure 52) group in both sulfo-Cyanine5 and 5 highlighted in red. The NHS ester protons are 

highlighted in blue, absent from 5. 

The correlations in the COSY experiment obtained in MeOH-d4 allowed for the 

assignment of the corresponding sulfo-Cyanine5 moiety peaks in the 1H NMR spectrum 

obtained in DMSO-d6. The COSY spectra showed correlations between the multiplet at 

8.30-8.37 ppm (1H) and resonances at 6.28-6.32 (2H) and 6.58-6.61 (2H) ppm (Figure 

54). The signals at 6.28-6.32 and 6.58-6.61 ppm are broad which indicates they could be 

due to overlapping 1H residues. This is likely due to amide proton signals from the CNCbl 

moiety resonating at the same chemical shifts as the sulfo-Cyanine5 protons. However, 

the COSY correlations supported the assignment of the protons at 8.30-8.37 ppm as e and 

g, 6.28-6.32 ppm as f and 6.58-6.61 ppm as d and h. The splitting patterns are difficult to 
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observe due to peak overlapping. Correlations between protons at 7.30-7.33 (2H) and 

7.62-7.66 (2H) ppm indicate that these resonances correspond to four of the six aromatic 

protons on the benzyl residue. The overlapping multiplets at 7.27-7.33 ppm have been 

assigned to c and i, the multiplet at 7.62-7.66 ppm assigned to b and k. The remaining 

protons, a and j, have been assigned to the singlet at 7.80 (2H) ppm. In the 1H NMR 

spectrum of compound 5 in MeOH-d4 (Figure 50), the broad peak at 7.89 ppm integrated 

for four protons, and was assigned to a, b, j and k. In DMSO-d6 protons b/k and a/j 

resonate separately. The aromatic sulfo-Cyanine5 protons have the same order with 

respect to increasing chemical shift as was observed in MeOH-d4.  

 

Figure 54: Aromatic region of the COSY spectrum of 5 obtained in DMSO-d6. Correlations were 

observed for the sulfo-Cyanine5 moiety protons c/i and b/k in addition to correlations between 

e/g, f and d/h. 

 

HSQC NMR analysis allowed for the partial assignment of the aromatic peaks for the 

sulfo-Cyanine5, corrin ring and nucleotide protons of 5. The aromatic proton multiplet of 

the sulfo-Cyanine5 moiety are 6.24-6.32 (d/h), 6.58-6.61 (f), 7.31-7.33 (c/i), 7.64-7.66 

(b/k), 7.89 (a/j) and 8.30-8.37 ppm (e/g) (Figure 55). The R1 and B7 proton resonances 

of the CNCbl moiety overlap with the sulfo-Cyanine5 peaks. Corresponding carbon peaks 

have been assigned as 103.8/103.5 (d/h), 125.9 (f), 126.2/126.2 (b/k), 119.9/119.9 (a/j) 

and 154.4 ppm (e/g). It was expected that the proton resonances for e and g would 

correlate to two separate carbon signals. Due to the low resolution of the 13C NMR 

spectrum of 5 or overlapping 13C peaks, only one carbon peak was observed. Furthermore, 
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two separate carbon resonances correlating to the protons at 7.31-7.33 ppm were not 

observed. The aromatic proton peaks of CNCbl have been assigned as 5.90 (C10), 6.24 

(R1), 6.42 (B4), 7.07 (B2) and 7.31 ppm (B7). The corresponding carbon peaks of CNCbl 

are 93.73, 86.12, 116.48, 142.30, and 110.29 ppm; similar chemical shifts were observed 

in both CNCbl and 1 starting materials.  

 

Figure 55: HSQC of the aromatic protons and the corresponding carbons of 5 with highlighted 

sulfo-Cyanine5 (blue) and CNCbl (black) moiety correlations.  

 

The formation of 5 was achieved in high yields (92%). Analysis by 1H NMR spectroscopy 

and LC-MS indicates a purity ≥ 92%. 

Compound 6. 

The synthesis of 6 was analogous to that of the synthesis of 5. Sulfo-Cyanine5 was once 

again used as the limiting reagent (Scheme 7). The reaction was carried out in anhydrous 

DMSO at 40℃ and proceeded to completion within 24 h.  
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Scheme 7: Synthetic scheme for the synthesis of 6. 

 

Analysis of the crude product mixture was carried out by LC-MS (Figure 56). Once again, 

preparation of the product in H2O rather than CH3OH gave the best TIC chromatogram. 

The peak eluting at 15.6 min was assigned to the reactant 2 (C72H106CoN16O18P, calcd. 

m/z [M+2H]2+ = 787.4; found 787.3). The large peak at 16.9 min represents the unreacted 

CNCbl in the crude reactant 2 (C63H88CoN14O14P, calcd. m/z [M+H]+ = 1355.6 and 

[M+2H]2+ = 678.3 found 1355.5 and 678.4). The small peak at 19.6 min was from the 

CNCbl-PEG-CNCbl dimer (C136H192Co2N30O33P2, calcd. m/z [M+2H]2+ = 1478.1, 

[M+3H]3+ = 985.8 and [M+4H]4+ = 739.6; found 1478.0, 985.9 and 739.6). The desired 

product 6 was the major peak at 25.9 min (C104H141CoN18O25PS2, calcd. m/z [M+3H]2+ = 

1100.0 and [M+4H]3+ = 733.6, found 1099.9 and 733.5).  
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Figure 56: LC-MS TIC (top) and DAD (bottom, 361 nm) chromatograms of crude 6 (LC-MS 

method 3). The peak at 25.9 min can be assigned to 6 (C104H141CoN18O25PS2, calcd. m/z [M+3H]2+ 

= 1100.0 and [M+4H]3+ = 733.6; found 1099.9 and 733.5) 

 

The crude product solution was precipitated into a 1:1 v/v solution of CH2Cl2:Et2O, and 

a blue solid was collected. Sulfo-Cyanine5 is not soluble in the organic precipitation 

solvent. The filtrate remained colourless indicating no sulfo-Cyanine5 was dissolved in 

the filtrate. During purification by reversed-phase C18 chromatography, the first bands to 

elute were red and were from the CNCbl, CNCbl-PEG-CNCbl dimer and unreacted 2 

(10% v/v CH3CN in H2O). The product eluted as a large blue band at 50% v/v CH3CN in 

H2O. The purity was confirmed by LC-MS, with a large peak observed at 25.9 min 

(C104H141CoN18O25PS2, calcd. m/z [M+3H]2+ = 1100.0 and [M+4H]3+ = 733.6; found 

1099.6 and 733.7) (Figure 57). The compound associated with the small peak at 23.9 min 

could not be identified. Relative peak areas were used to estimate the purity of 6 as 94%.  
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Figure 57: LC-MS TIC (top) and DAD (bottom, 361 nm) chromatograms of pure 6 (LC-MS 

method 3). The peak at 25.9 min can be assigned to 6 (C104H141CoN18O25PS2, calcd. m/z [M+3H]2+ 

= 1100.0 and [M+4H]3+ = 733.6; found 1099.6 and 733.7). 

 

To further assess the purity of 6, 1H NMR analyses were undertaken. The 1H NMR 

spectrum obtained in MeOH-d4 (Figure 58) was utilised to determine the purity. The 

proton resonances at 6.03 (1H, C10), 6.23 (1H, R1), 6.58 (1H, B4), 7.14 (1H, B2) and 

7.24 ppm (1H, B7) can be assigned to the CNCbl moiety. The remaining five multiplets 

can be assigned to the sulfo-Cyanine5 moiety, 6.31-6.35 (2H d and h), 6.65-6.71 (1H, f), 

7.32-7.34 (2H, c and i), 7.88-7.91 (4H, a, b, j and k) and 8.24-8.31 ppm (2H, e and g), 

analogous to the assignments in 5. COSY NMR analysis supported these assignments, 

with correlations between the proton resonances at 8.24-8.31, 6.65-6.71 and 6.31-6.35 

ppm. Correlations were also evidenced between the protons at 7.88-7.91 and 7.32-7.34 

ppm.  
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Figure 58: Aromatic region of the 1H NMR spectrum of 6 obtained in MeOH-d4. Peaks can be 

assigned as 6.03 (1H, C10), 6.23 (1H, R1), 6.31-6.35 (2H, d/h), 6.58 (1H, B4), 6.65-6.71 (1H, f), 

7.14 (1H, B2), 7.24 (1H, B7), 7.32-7.34 (2H, c/i), 7.88-7.91 (4H, a, b, j and k) and 8.24-8.31 ppm 

(2H, e/g). 

 

Further analysis of the low-field region of the 1H NMR spectrum was undertaken for both 

compound 6 and the sulfo-Cyanine5 starting material. The NHS ester of sulfo-Cyanine5 

has large peaks at 1.73 (multiplet, 12H, l/l’), 2.85 (singlet, 4H) and 3.63 (singlet, 3H, k) 

ppm (Figure 59). The multiplet at 1.73 ppm has been assigned to the four CH3 moieties 

highlighted (l/l’), with the peak at 3.63 ppm assigned to the N-CH3 moiety (k) (Figure 

52). The peak at 2.85 ppm has been assigned to the four protons of the NHS ester moiety. 

Analysis of the corresponding low-field region of 6 showed the sulfo-Cyanine5-

associated protons at 1.73 and 3.63 ppm (Figure 59). The absence of the peak at 2.85 ppm 

confirms the absence of the NHS ester moiety as expected upon formation of 6.  
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Figure 59: Low-field 1H NMR of sulfo-Cyanine5 NHS ester (top) and 6 (bottom). Peaks 

assigned to the four CH3 groups (l/l’, Figure 52) and the N-CH3 (k, Figure 52) group in both 

sulfo-Cyanine5 and 6 highlighted in red. The NHS ester protons are highlighted in blue, absent 

from 6. 

The COSY spectra obtained in DMSO-d6 showed correlations between the multiplet at 

8.32-8.38 (2H) and resonances at 6.29-6.34 (2H) and 6.57-6.60 (2H) ppm (Figure 60). 

These peaks have been assigned as follows; 8.30-8.37 ppm (e and g), 6.28-6.32 ppm (f) 

and 6.58-6.61 ppm (d and h). The splitting patterns are difficult to observe due to peak 

overlapping. Correlations between protons at 7.30-7.33 (2H) and 7.62-7.66 (2H) ppm 

indicate that these resonances correspond to four of the six aromatic protons on the benzyl 

residue. The peak at 7.33-7.33 ppm has been assigned to protons c/i and the peak at 7.62-

7.66 ppm assigned to b/k. The remaining protons, a and j, have been assigned to the 

singlet at 7.80 (2H) ppm Unlike the 1H NMR spectrum in MeOH-d4, the peak at 7.89 ppm 

integrated for four protons, and was assigned to a, b, j and k. Except for b/k and a/j 

resonating separately, the aromatic sulfo-Cyanine5 protons show in the same order as was 

observed in MeOH-d4. These assignments are consistent with the similar conjugate, 

compound 5. 
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Figure 60: COSY NMR spectrum of 6 in DMSO-d6. The peaks can be assigned as 5.90 (C10), 

6.23 (R1), 6.29-6.34 (d/h), 6.42 (B4), 6.57-6.60 (f), 7.07 (B2), 7.31 (B7), 7.30-7.33 (c/i), 7.62-

7.66 (b/k), 7.80 (a/j) and 8.32-8.38 (e/f) ppm.  

 

A HSQC NMR experiment allowed for the partial assignment of the aromatic peaks for 

the sulfo-Cyanine5, corrin ring and nucleotide protons of 6. The aromatic protons of the 

sulfo-Cyanine5 moiety are 6.29-6.34 (d and h), 6.57-6.60 (f), 7.30-7.33 (c and i), 7.62-

7.66 (b and k), 7.80 (a and j) and 8.32-8.38 (e and g) ppm (Figure 61). The R1 and B7 

proton resonances of the CNCbl moiety overlap with the sulfo-Cyanine5 peaks, also 

observed in compound 5. Corresponding carbon peaks have been assigned as 

103.45/103.62 (d/h), 125.71 (f), 126.05/126.10 (b/k), 119.86/119.95 (a/j) and 154.24 

ppm (e/g). Individual carbon resonances for protons c and i, and e and g were not observed 

and most likely overlap. The aromatic proton peaks of CNCbl have been assigned as 5.90 

(C10), 6.24 (R1), 6.44 (B4), 7.07 (B2) and 7.33 ppm (B7). The corresponding carbon 

peaks of CNCbl are 93.65, 85.94, 116.42, 142.07, and 110.17 ppm, consistent with the 

chemical shifts peaks observed for CNCbl and the 2 reactant.  
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Figure 61: HSQC spectrum of the aromatic protons and the corresponding carbons of 6 with 

correlations highlighted for the sulfo-Cyanine5 (blue) and CNCbl (black) moieties. 

 

The synthesis of 6 was achieved in high yields (89%). Analysis by 1H NMR spectroscopy 

and LC-MS indicates a purity of ≥94%. 

2.3.4 Synthesis and analysis of CNCbl-linker-Cyanine7 conjugates 

Compounds 7 and 8 incorporate the Cyanine7 fluorophore. Cyanine7 is a red/near-

infrared emitting fluorophore based upon the fluorescent cyanine scaffold. The near-

infrared emission of Cyanine7 has made this molecule suitable for a wide range of 

biological studies and applications, with a particular interest in its tumour-targeting 

properties.41–43 The commercially available Cyanine7 used in this research is an NHS 

ester, providing a rapid reactive site for addition to CNCbl by peptide bond formation.  

Compound 7 

The synthesis of compound 7 is analogous to that of compounds 5 and 6 (Scheme 8). 

Cyanine7-NHS ester was utilised as the limiting reagent. The reaction was followed by 

LC-MS and reached completion within 24 h.  
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Scheme 8: Synthetic scheme for the synthesis of 7. 

 

The LC-MS analysis of the crude product solution showed three large peaks at 15.6, 16.8 

and 30.7 min (Figure 62). The peak at 15.6 min is remaining 1 starting material 

(C68H98CoN16O15PS2, calcd. m/z [M+H]+ =1533.7 and [M+2H]2+ = 767.3; found 1534.3 

and 767.4). The peak at 16.8 min is from CNCbl impurity in the starting material, 1 

(C63H88CoN14O14P, calcd. m/z [M+H]+ =1355.6 and [M+2H]2+ = 678.3; found 1355.6 and 

678.5). The desired product eluted at 30.7 min (C105H141CoN18O16PS2, calcd. m/z 

[M+H]2+ = 1033.0 and [M+2H]3+ = 689.0; found 1033.0 and 689.0).  
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Figure 62: LC-MS TIC (top) and DAD (bottom, 361 nm) chromatograms of crude 7 (LC-MS 

method 3). The peaks at 15.6 and 16.9 min can be assigned to 1 and CNCbl, respectively. The 

peak at 30.7 min is assigned to the product, 7 (C105H141CoN18O16PS2, calcd. m/z [M+H]2+ = 

1033.0 and [M+2H]3+ = 689.0; found 1033.0 and 689.0). 

 

Upon precipitation of the crude product solution into CH2Cl2:Et2O (1:1 v/v), a dark 

charcoal-coloured precipitate was collected. The filtrate was light green from the 

remaining unreacted Cyanine7-NHS ester. Purification of 7 was carried out by reversed-

phase C18 chromatography. The solid required dissolution into an H2O/CH3CN solvent 

mixture (9:1 v/v) to ensure a small solvent volume suitable for column loading. An initial 

red band was collected at ~10% CH3CN/H2O which contains unreacted 1 and CNCbl. 

Multiple attempts were made to purify these conjugates in H2O/CH3CN, but it was 

observed that both the product, 7, and any remaining Cyanine7 products would adhere to 

the reversed-phase C18 silica. These compounds would remain on the column at 100% 

CH3CN and could only be removed using DMSO. However, both Cyanine7 and 7 

travelled through the LC-MS reversed-phase column as discrete bands. Following the 

addition of formic acid to the aqueous phase of the preparative reversed-phase C18 

column, the product eluted as an indigo band at ~80% CH3CN in H2O (0.1% v/v formic 

acid in H2O). It was found that the addition of formic acid to the aqueous phase was 
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required to purify all Cyanine7 derivatives. The indigo band was taken to dryness and 

LC-MS confirmed the presence of pure 7 eluting at 30.7 min (C105H141CoN18O16PS2, 

calcd. m/z [M+H]2+ = 1033.0 and [M+2H+CH3OH]3+ = 699.4; found 1032.9 and 699.5 

(Figure 63).  

 

Figure 63: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of pure 7. The peak at 

30.7 min is assigned to 7 (C105H141CoN18O16PS2, calcd. m/z [M+H]2+ = 1033.0 and 

[M+2H+CH3OH]3+ = 699.4; found 1032.9 and 699.5 (LC-MS method 3). 

 

NMR spectroscopic analysis of the 7 conjugate was first carried out in MeOH-d4. 1H and 

COSY spectra were recorded. The complexity of the Cyanine7 fluorophore and the 

resulting 1H NMR spectrum did not allow for the full assignment of the aromatic proton 

signals. To aid in the analysis of the spectra, the 1H NMR spectrum of Cyanine7-NHS 

ester was also recorded (Figure 65). Peaks were observed at 7.74-7.77 (2H), 7.46-7.47 

(3H), 7.37-7.41 (2H), 7.21-7.27 (4H) and 6.14-6.20 ppm (2H). The COSY spectrum of 

Cyanine7-NHS ester showed correlations between the protons at 7.74-7.77 (2H) and 6.14-

6.20 ppm (2H). These peaks have been assigned to the protons of the methine chain, a/e 

and b/d, respectively (Figure 64). Correlations were also observed between the multiplets 
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at 7.46-7.47 (3H), 7.37-7.41 (2H) and 7.21-7.27 ppm (4H). These peaks have been 

assigned to the eight protons of the benzyl moieties of Cyanine7. Integrations suggest that 

the multiplet at 7.46-7.47 can also be assigned to proton c of the methine chain.  
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Figure 64: Structure of Cyanine7 moiety highlighting the aromatic protons (blue and red). Four 

diagnostic CH3 moieties have been highlighted in purple (i/i’) and the N-CH3 moiety 

highlighted in green (j). 

 

Figure 65: Aromatic region of the 1H NMR spectrum of commercially purchased Cyanine-7 NHS 

in MeOH-d4. Peaks are observed at 7.75 ppm (m, a/e, 2H), 7.46 (m, c and benzyl group, 3H), 7.39 

(m, 2H, benzyl group), 7.25 (m, 4H, benzyl group) and 6.17 ppm (m, b/d, 2H). See Figure 64 for 

assignments.  

 

Upon conjugation to CNCbl, similar characteristic Cyanine7 proton signals were 

identified (Figure 66).  Correlations in the COSY spectrum assisted in assigning the peaks 

as 7.73-7-78 (m, 2H, a and e) and 6.15-6.19 ppm (m, 2H, b and d) (Figure 67). The three 

proton resonances at 7.45-7.47, 7.37-7.42 and 7.21-7.27 ppm show correlations in the 

COSY spectrum and can be assigned to the eight protons of the benzyl moieties. The peak 

at 7.73-7.78 ppm, which previously appeared as a broad doublet, in Figure 65, now 
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presents as a multiplet. Furthermore, the protons at 7.21-7.27 and 6.15-6.19 ppm integrate 

to 5H and 3H, rather than the 4H and 2H shown in Figure 65. This is due to overlapping 

with the two CNCbl proton signals at 7.21 (B4) and 6.22 ppm (R1). The remaining CNCbl 

protons are observed at 6.03 (C10), 6.57 (B4) and 7.14 ppm (B2). These resonances are 

similar to those observed for both 1 and CNCbl.  

 

Figure 66: Aromatic region of the 1H NMR spectrum of 7 obtained in MeOH-d4. Peaks have been 

assigned as 6.03 (C10, 1H), 6.15-6.19 (b/d, 2H), 6.22 (R1, 1H), 6.57 (B4, 1H), 7.14 (B2, 1H), 

7.21-7.27 (B7 and benzyl protons, 5H), 7.37-7.42 (benzyl protons, 2H), 7.45-7.47 (c and benzyl 

protons, 3H) and 7.73-7.78 (2H, a/e) ppm. 

 

Figure 67: Aromatic regions of the COSY spectrum of 7 in MeOH-d4 highlighting correlations 

between Cyanine7 proton residues at 6.15-6.19 (m, b/d, 2H) and 7.73-7.78 ppm (m, 2H, a/e). 

Correlations are highlighted between peaks assigned to the eight protons of the benzyl moieties 

at 7.21-7.27 (m, 5H), 7.37-7.42(m, 2H) and 7.45-7.47 ppm (m, 3H). 
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Further analysis of the low-field region of the 1H NMR spectra was undertaken for both 

compound 7 and the Cyanine7-NHS starting material. The NHS ester of Cyanine7 has 

large peaks at 1.71 (m, 12H, i/i’), 2.83 (s, 4H) and 3.60 (s, 3H, j) ppm (Figure 68). This 

is similar to what was found for the sulfo-Cyanine5 moiety. The peak at 1.71 ppm has 

been assigned to the four CH3 moieties (i/i’), with the peak at 3.60 ppm assigned to the 

N-CH3 protons (j) (Figure 64). The peak at 2.83 ppm has been assigned to the four protons 

of the NHS ester moiety. Analysis of the corresponding low-field region of 7 showed the 

Cyanine7-associated protons at 1.71 (12H) and 3.60 (3H) ppm ( 

Figure 68). The absence of the peak at 2.85 ppm confirms the absence of the NHS ester 

moiety as expected upon formation of 7. 

 

 

Figure 68: Low-field 1H NMR spectra of Cyanine7-NHS ester (top) and 7 (bottom). Peaks were 

assigned to the four CH3 groups (m, 12H, i/i’) and the N-CH3 (s, 3H, j) group in Cyanine7-NHS 

and 7 highlighted in red. The NHS ester protons are highlighted in blue and are absent in 7. 

 

Further NMR spectroscopic analysis was conducted in DMSO-d6 where the 1H NMR 

spectrum became more complex. However, the COSY analysis allowed for the 
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identification of the proton multiplets corresponding to the Cyanine7 moiety as 7.71-7.66, 

7.58-7.56, 7.41-7.39, 7.24-7.19 and 6.17-6.13 ppm (2H) (Figure 69). The peaks at 7.71-

7.66 and 6.17-6.13 ppm (2H) show correlations in the COSY spectrum and have been 

assigned as a/e and b/d, respectively. These peaks are expected to integrate to two protons 

each, however, the peaks between 7.71-7.66 ppm integrate to four protons as this overlaps 

with amide protons of CNCbl. The peaks at 7.58-7.56, 7.41-7.39 and 7.24-7.19 ppm show 

correlations in the COSY spectrum and have been assigned to the two benzyl moieties of 

Cyanine7. Proton c could not be confidently identified as it has no correlations in the 

COSY spectrum and likely overlaps with other Cyanine7 and amide protons of CNCbl. 

The aromatic protons on the CNCbl moiety have been assigned as 5.88 (C10, 1H), 6.27 

(R1, 1H), 6.43 (B4, 1H), 7.08 (B2, 1H) and 7.35 (B7) ppm. The peak corresponding to 

B7 has not been integrated as it overlaps with Cyanine7 and amide proton resonances.  

 

Figure 69: Aromatic region of the COSY NMR spectrum of 7. The correlations between the 

Cyanine7 protons are highlighted. Peaks have been assigned to 7.71-7.66 (m, 2H, a/e), 7.56-

7.68 (m, 3H, benzyl protons and c), 7.41-7.32 (m, 2H, benzyl protons), 7.24-7.19 (m, benzyl 

protons and B7, 5H), 7.08 (B2, 1H), 6.43 (B4, 1H), 6.27 (R1, 1H), 6.17-6.13 (b/d, 2H) and 6.03 

(C10, 1H) ppm.  

 

Finally, HSQC analysis allowed for the assignment of correlations for protons and their 

corresponding carbon signals of the Cyanine7 moiety. Carbon peaks that correlate to the 

Cyanine7 proton signals are 99.64, 100.14, 122.27, 122.38, 124.39, 124.46, 128.36, 

128.39, 147.27 and 147.77 ppm (Figure 70). Thirteen carbon atoms are expected to be 

present in the aromatic region of the 13C NMR spectrum of 7; however, only ten peaks 
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were observed. The low signal-to-noise in the carbon spectrum and the pseudo symmetry 

of the Cyanine7 molecule are the likely causes of missing and/or overlapping carbon 

peaks. The remaining five HSQC correlations have been assigned to the expected CNCbl 

residues. Protons are assigned as 5.88 (C10), 6.27 (R1), 6.43 (B4), 7.08 (B2) and 7.35 

(B7) ppm. Correlated carbon peaks are 93.35, 85.98, 116.36, 142.24 and 110.85 ppm, 

respectively. These chemical shifts are very similar to both CNCbl and compound 1. 

 

Figure 70: Aromatic region of the HSQC spectrum of 7 highlighting correlations for CNCbl 

(black) and Cyanine7 (blue). 

 

The formation of 7 was achieved in moderate yields (60%). Analysis by 1H NMR 

spectroscopy and LC-MS indicates purity of ≥ 95%. 

Compound 8 

The synthesis of compound 8 is analogous to that of compounds 5, 6 and 7 (Scheme 9). 

Cyanine7-NHS ester was utilised as the limiting reagent. The reaction was followed by 

LC-MS and reached completion within 24 h.  
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Scheme 9: Synthetic scheme for the synthesis of 8. 

 

Analysis of the crude product mixture was carried out by LC-MS. Two peaks were 

observed at 16.9 and 30.6 min (Figure 71). The peak at 16.9 min is assigned to unreacted 

CNCbl from the crude 2 starting material (C63H88CoN14O14P, calcd. m/z [M+H]+ = 1355.6 

and [M+2H]2+ = 678.3; found 1355.4 and 678.4). A small peak was observed in the DAD 

at 19.8 min but was not observed in the TIC chromatogram. The retention time of this 

peak suggests that it is the CNCbl-PEG-CNCbl dimer previously observed in the 

syntheses 2, 4 and 6 (retained at 19.8 min in all analyses). The desired product retains at 

30.6 min (C109H149CoN18O19P, calcd. m/z [M+H]2+ = 1053.0 and [M+2H]3+ = 702.3; 

found 1052.8 and 702.2).  
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Figure 71: LC-MS TIC (top) and DAD (bottom, 361 nm) chromatograms of crude 8 (LC-MS 

method 3). Peaks at 16.9 and 19.6 min can be assigned to CNCbl and the CNCbl-PEG-CNCbl 

dimer, respectively. The peak at 30.6 min is assigned to 8 (C109H149CoN18O19P, calcd. m/z 

[M+H]2+ = 1053.0 and [M+2H]3+ = 702.3; found 1052.8 and 702.2). 

Purification of 8 was carried out by reversed-phase C18 chromatography. Two coloured 

bands were collected, one red and the other indigo. Analogous to that seen during the 

purification of 7, adding formic acid was necessary to elute the Cyanine7-containing 

product. The indigo band was taken to dryness and analysed for purity by LC-MS (Figure 

72). One single peak eluting at 30.7 min was assigned to 8 (C109H149CoN18O19P, calcd. 

m/z [M+H]2+ = 1053.0 and [M+2H]2+ = 702.3; found 1052.7 and 702.3). No other peaks 

were identified in either the TIC or the DAD chromatogram, and the purity was estimated 

as ≥ 95%.  
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Figure 72: LC-MS TIC (top) and DAD (bottom, 361 nm) chromatograms of pure 8 (LC-MS 

method 3). The peak at 30.7 min can be assigned to 8 (C109H149CoN18O19P, calcd. m/z [M+H]2+ 

= 1053.0 and [M+2H]2+ = 702.3; found 1052.7 and 702.3). 

 

NMR analysis was first carried out in MeOH-d4 to further assess the purity of 8. As 

observed previously in 7, the aromatic signals for the Cyanine7 residue can be 

distinguished from the CNCbl peaks by COSY analysis. The CNCbl protons do not show 

COSY correlations whereas the Cyanine7 protons do (Figure 67). As observed in both 

Cyanine7 and compound 7, correlations are observed between the methine chain protons 

at 7.71-7.78 and 6.15-6.19 ppm. The remaining protons of the benzyl moieties of 

Cyanine7 at 7.47-7.45, 7.42-7.37 and 7.27-7.21 ppm also showed correlations in the 

COSY spectrum. 
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Figure 73: COSY spectrum of the aromatic region for 8 obtained in MeOH-d4 highlighting 

correlations between the Cyanine7 protons.  

 

The characteristic Cyanine7 protons for 8 have been assigned as 7.78-7.71 (m, 2H, a and 

e), 7.47-7.45 (m, 3H, benzyl moieties and c), 7.42-7.37 (m, 2H, benzyl moieties), 7.27-

7.21 (m, 5H, benzyl moieties and B7) and 6.19-6.15 (m, 2H, b and d) ppm (Figure 74, 

see Figure 64 for assignments). As observed in compound 7, the resonance at 7.21-7.27 

ppm contains overlapping peaks for B7 of CNCbl and four benzyl protons of the 

Cyanine7 moiety. The CNCbl peaks are assigned as 6.03 (s, C10, 1H), 6.22 (m, R1, 1H), 

6.58 (s, B4, 1H), 7.14 ppm (s, B2, 1H) and 7.26 ppm (s, B7, 1H). The 1H NMR spectrum 

does show the presence of impurities with smaller peaks at 7.62, 6.99 and 6.62 ppm. The 

largest impurity peak at 7.62 ppm integrated for 0.05 protons in comparison to the other 

product peaks. The impurity is unlikely to be due to unreacted Cyanine7 fluorophore as 

the proton signals do not correspond to those seen in Figure 65. Cyanine7 is prone to 

degradation by light, it is proposed that the impurity peaks represent a small amount of 

degradation products. Compound 8 was columned a total of three times; after each 

column the impurities decreased. Due to the significant loss of compound during column 

chromatography (~10% loss per column) and the impurity being absent in the LC-MS 

chromatogram, the product was determined to be ≥95% pure.  
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Figure 74: Aromatic 1H NMR spectrum of 8 obtained in MeOH-d4. Peaks have been assigned as 

7.78-7.71 (m, 2H, a/e), 7.47-7.45 (m, 3H, benzyl moieties and c), 7.42-7.37 (m, 2H, benzyl 

moieties), 7.27-7.21 (m, 5H, benzyl moieties and B7), 7.14 (s, 1H, B7), 6.58 (s, 1H, B4), 6.22 (m, 

1H, R1), 6.19-6.15 (m, 2H, b/d) and 6.03 ppm (s, 1H, C10). Small impurities are observed at 7.62, 

6.99 and 6.62 ppm, likely from Cyanine7 degradation products. 

 

Investigation into the low-field region of the 1H NMR spectrum obtained in MeOD-d4 

further supported the formation of compound 8. Characteristic peaks for the Cyanine7-

NHS ester starting material have been assigned at 1.71 (m, 12H, i/i’), 2.83 (s, 4H) and 

3.60 (s, 3H, j) ppm (Figure 68). The multiplet at 1.71 ppm corresponds to the four CH3 

moieties highlighted (i/i’), with the peak at 3.61 ppm assigned to the N-CH3 protons (j) 

(Figure 64). The peak at 2.83 ppm has been assigned to the four protons of the NHS ester 

moiety. Analysis of the corresponding low-field region of 8 showed the Cyanine7-

associated protons at 1.71 (12H, i/i’), and 3.61 (3H, j) ppm ( 

Figure 68). The absence of the peak at 2.85 ppm confirms the absence of the NHS ester 

moiety as expected upon formation of 8. 
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Figure 75: Stacked low-field region of the 1H NMR spectra of Cyanine7-NHS ester (top) and 8 

obtained in MeOD-d4. Peaks were assigned to the four CH3 groups (i/i’, Figure 64) and the N-

CH3 (j, Figure 64) group in both Cyanine7 and 8 highlighted in red. The NHS ester protons are 

highlighted in blue, absent from 8. 

 

Further NMR spectroscopic analysis was conducted in DMSO-d6 where the 1H NMR 

spectrum became more complex. The COSY spectrum obtained in DMSO-d6 showed 

correlations between the three multiplets at 7.58-7.56, 7.39-7.35 and 7.24-7.19 ppm 

which have been assigned to the benzyl moiety protons of Cyanine7. Correlations were 

observed for peaks at 7.71-7.66 and 6.16-6.13 ppm which have been assigned to a/e and 

b/d, respectively (see Figure 64 for assignments). The proton f could not be confidently 

assigned due to the complexity of the spectrum and the lack of correlation in the COSY 

spectrum. Proton signals of the nucleotide and corrin ring of CNCbl have been assigned 

at 5.89 (s, 1H, C10), 6.23 (m, 1H, R1), 6.43 (s, 1H, B4), 7.08 (s, 1H, B2) and 7.35 ppm 

(B7). The peak for B7 overlaps with the Cyanine7 peaks between 7.35 and 7.39 ppm and 

integrations could not be determined.  
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Figure 76: COSY spectrum of 8 obtained in DMSO-d6. Correlations between the Cyanine7 

protons are highlighted. Peaks are assigned as 7.71-7.66 (a/e), 7.58-7.56 (benzyl protons), 

7.39-7.35 (benzyl protons and B7), 7.24-7.19 (benzyl protons), 7.08 (B2), 6.43 (B4), 6.23 (R1), 

6.16-6.13 (b/d) and 5.89 ppm (C10). 

 

The HSQC spectrum obtained in DMSO-d6 was used to assign the five CNCbl carbon 

peaks associated with the nucleotide, ribose and corrin ring.  These have been assigned 

as 93.49 (C10), 85.74 (R1), 116.26 (B4), 142.11 (B2) and 110.83 (B7) ppm (Figure 77). 

The peak positions are very similar to both CNCbl and compound 2. The proton signals 

for Cyanine7 were used to identify corresponding carbon signals as 99.68, 100.15, 

122.29, 122.35, 122.39, 124.41, 124.54, 128.41, 128.46, 147.49 and 147.78 ppm (Figure 

77). Again, 13 13C carbon peaks were expected in the aromatic region of the NMR 

spectrum for the Cyanine7 moiety; however, only 11 were observed. This is likely due to 

overlapping carbon peaks.  
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Figure 77: HSQC spectrum of the aromatic proton region of 8 obtained in DMSO-d6. 

Correlations between the Cyanine7 protons and carbons are shown in blue, and correlations for 

the CNCbl moiety protons and carbons are shown in black. 

 

The formation of 8 was achieved in high yields (86%). Analysis by 1H NMR spectroscopy 

and LC-MS indicates a purity of ≥95%. 

2.4 Conclusion 

The synthesis of CNCbl-linker conjugates containing both cystamine and polyethylene 

glycol linkers (conjugates 1 and 2) has been outlined with yields of 78-80%. Attachment 

of the linkers to CNCbl was achieved by carbamate bond formation between the 5’-OH 

group of CNCbl and the primary amine of the desired linker, facilitated by CDT. A robust 

purification method was developed for the CNCbl-linker molecules by preparative 

reversed-phase C18 chromatography, allowing ~200 mg of crude material to be purified 

at once. The synthesis of novel CNCbl-linker-fluorophore conjugates of commercially 

available NBD-X, sulfo-Cyanine5-NHS and Cyanine7-NHS fluorophores has been 

recorded (conjugates 3-8) with yields between 54-92%. Synthesis of the fluorescent 

conjugates was achieved by amide coupling. Attachment of the NBD-X fluorophore to 

the CNCbl-linker molecule was carried out using EDC and HOBt as coupling reagents. 

HOBt was necessary to prevent the formation of the unreactive N-acyl urea byproduct of 

EDC. Sulfo-Cyanine5 and Cyanine7 were purchased as activated NHS esters which 

readily underwent substitution by the amine of the CNCbl-linker molecules with no need 

for EDC or HOBt. LC-MS chromatography was utilised throughout to analyse crude 
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reaction mixtures. Analysis of the sulfo-Cyanine5 conjugates showed CH3OH supressed 

ionisation but this could be remedied by using pure H2O. Purification of the CNCbl 

conjugates proved to be a difficult task. A robust reversed-phase C18 purification 

procedure has been developed for the difficult-to-purify CNCbl conjugates. Purification 

of Cyanine7 and Cyanine7-containing compounds required the addition of formic acid 

(0.1% v/v) in the aqueous component. Stability studies were carried out for 3 over 24 h 

at 37℃ (with shaking) in multiple biological media. No changes or degradation was 

observed by LC-MS, indicating the conjugates are stable in biological conditions.  All 

conjugates have been analysed by LC-MS chromatography, 1H, 13C and 2D NMR 

spectroscopy in addition to HRMS to confirm both the identity and purity of each sample 

(≥90%). 
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Chapter 3  Synthesis and characterisation of fluorescent 

cobinamide conjugates 

3.1 Introduction 

This chapter investigates the synthesis and characterisation of novel cobinamide (Cbi) 

linker conjugates incorporating polyethylene glycol and cystamine linkers. The 

subsequent synthesis and characterisation of Cbi-linker-fluorophore conjugates 

incorporating NBD-X, sulfo-Cyanine5 and Cyanine7 is also presented. 

The synthesis of Cbi derivatives is sparsely documented in the literature.1–3 In short, Cbi 

derivatives have focused on modification of the amide side chains or the secondary 

alcohol. There are a few examples where therapeutic peptides have been conjugated to 

Cbi and uptake has been assessed in bacterial cell lines.1,4 The goal of this work is to 

synthesise fluorescent Cbi conjugates. The Cbi-linker-fluorophore conjugates will then 

allow the uptake, movement and localisation of this vitamin B12 precursor to be tracked 

within different cell lines.  

3.1.1 Synthesis of Cbi-linker molecules 

The addition of a linker to Cbi in this research serves two functions. It provides a suitable 

synthetic functionality (amine) for conjugating a fluorophore and, more importantly, to 

limit the attached cargo from inhibiting Cbi uptake within cells.1 The secondary alcohol 

of Cbi is a convenient site to conjugate the linker. This methodology is based on a 

literature procedure.1 The linkers employed in the syntheses are analogous to those used 

in Chapter 2 for the CNCbl-linker conjugates. This will allow for a direct comparison of 

cellular uptake between Cbi and Cbl fluorescent conjugates in cell lines in the future. The 

linkers employed here are the disulfide-containing cystamine linker and the short 

polyethylene glycol-based linker 1,11-diamino-3,6,9-trioxaundecane (Figure 78).  
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Figure 78: Structures of the linkers cystamine and 1,11-diamine-3,6,9-trioxaundecane 

employed in this study. 

3.1.2 Synthesis of Cbi-fluorophore conjugates 

To the best of our knowledge, no fluorescent Cbi conjugates are published in the 

literature. The conjugation of a fluorophore to the Cbi-linker has been achieved in this 

work by peptide bond formation. The selected fluorophores are the same as those used in 

Chapter 2. Each fluorophore contains either a carboxylic acid or N-hydroxysuccinamide 

ester (NHS) suitable for peptide coupling (Figure 79). 

 

Figure 79: Structures of 6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoic acid (NBD-

X), sulfo-Cyanine5 NHS and Cyanine7 NHS esters. 

3.2 Experimental 

3.2.1 Chemicals 

See Chapter 2, section 2.2.1. Silica gel 60 (0.015-0.040 mm), utilised for dry column 

vacuum chromatography (DCVC) was purchased from EMD Millipore corporation.  

3.2.2 Instrumentation 

See Chapter 2, section 2.2.2. 
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3.2.3 General methods 

See Chapter 2, section 2.2.3. 

Cbi compounds were used as the limiting reagent in all syntheses unless otherwise stated. 

Dry column vacuum chromatography (DCVC) was used for the purification of 

dicyanocobinamide ((CN)2Cbi). The column was prepared by dry packing silica 

(LiChroprep RP-18 40-63 µm) onto a fritted column (13 cm x 3.5 cm). The surface of the 

silica was flattened using the back of a syringe piston. Tight packing was ensured by 

fitting a round bottom flask to the bottom of the column and applying a vacuum under the 

frit overnight. Packing was checked by running hexane (100 mL) through the column to 

ensure an even solvent band was observed moving through stationary phase. The crude 

product was dissolved in minimal EtOH (5 mL) and isopropanol (40 mL). Sonication for 

10 min was required for complete dissolution. The purple solution was then loaded onto 

the dry column, ensuring the silica surface was not disturbed. Cotton wool was placed on 

top of the column to ensure the addition of the mobile phase did not disturb the silica 

surface. The column was washed with a mobile phase solvent mixture of CH3OH/CH2Cl2 

(100 mL aliquots, 15-30% CH3OH increasing by 2.5% CH3OH after each addition). The 

column was taken to dryness by vacuum before increasing the CH3OH component of the 

mobile phase. The product eluted at 32.5% CH3OH. Each product fraction was collected 

in separate round bottom flasks (~7 fractions in total) and each fraction was taken to 

dryness by rotary evaporation. The purity of each fraction was established by 1H NMR 

spectroscopy. Pure fractions were dissolved in minimal CH3OH and precipitated into 

Et2O The precipitate was washed with Et2O (3 x 15 mL aliquots).  

3.2.4 LC-MS methods 

Four LC-MS programs were used for the analysis of both the crude and pure products. 

The mobile phase consisted of milliQ H2O + 0.1% formic acid (solvent A) and CH3CN + 

0.1% formic acid (solvent B). The mobile phase programs used are as below. 

Method 1: 0-2 min isocratic elution 95:5 A:B, 2-30 min from 95:5 to 65:35 A:B and 30-

31 from 65:35 to 10:90 A:B.  

Method 2: 0-2 min isocratic elution 95:5 A:B, 2-30 min from 95:5 to 80:20 A:B, 30-35 

min isocratic elution of 80:20 A:B. 
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Method 3: 0-5 min isocratic elution 95:5 A:B, 2-25 min from 95:5 to 65:35 A:B, 25-35 

min from 65:35 to 10:90 A:B, 35-43 min of isocratic elution at 10:90 A:B.  
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3.2.5 Synthetic methods 

Synthesis of (CN)2Cbi (9) 

 

Figure 80: Structure of (CN)2Cbi 9. 

 

Compound 9 was synthesised using a previously published procedure.1 Cyanocobalamin 

(CNCbl, 200 mg, 148 µmol) and NaCN (200 mg, 4.08 mmol) were added to CH3OH (12 

mL) in a J Young tube. The J Young tube was sealed and sonicated for 30 min to dissolve 

all the solid NaCN. The solution was stirred at 50°C for 16 h and taken to dryness by 

rotary evaporation. The solid was dissolved in CH3OH (4.0 mL) and IPA (40 mL) and 

loaded onto a DCVC (dry column vacuum chromatography) column. Fractions were 

taken to dryness by rotary evaporation and assessed for purity by 1H NMR spectroscopy. 

Pure fractions were combined by dissolution in the minimal volume of CH3OH and 

precipitated by dropwise addition into EtOAc (100 mL). The precipitate was filtered, 

washed with EtOAc (2 x 10 mL) then released with CH3OH and taken to dryness (see 

general methods for full DCVC methodology). A purple powder was obtained (86 mg) in 

a 56% yield and ≥98% purity was established by LC-MS and 1H NMR spectroscopy.  

1H NMR (400 MHz, MeOD) δ = 5.81 (s, 1H), 4.20 – 4.04 (m, 1H), 3.88 – 3.77 (m, 2H), 

3.62 – 3.52 (m, 1H), 3.29 – 3.17 (m, 2H), 3.13 – 2.94 (m, 2H), 2.65 – 2.61 (m, 2H), 2.59 
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– 2.00 (m, 25H), 2.00 – 1.79 (m, 4H), 1.71 (s, 3H), 1.52 (s, 6H), 1.44 (s, 3H), 1.32 – 1.23 

(m, 5H), 1.20 (s, 3H), 1.17 – 1.11 (m, 3H) ppm. 

13C NMR (101 MHz, DMSO) δ 175.92, 175.74, 175.47, 174.62, 174.24, 173.54, 172.84, 

172.81, 171.74, 171.55, 171.31, 163.39, 162.28, 132.20, 129.72, 103.08, 101.84, 90.22, 

82.46, 74.77, 65.16, 58.21, 55.06, 53.73, 52.92, 48.64, 48.47, 46.66, 46.08, 45.59, 42.90, 

41.46, 40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89, 38.43, 35.27, 32.66, 32.28, 31.86, 

31.31, 31.11, 30.79, 27.21, 25.27, 25.13, 21.69, 21.12, 19.45, 18.34, 17.76, 16.29, 15.33, 

14.93 ppm. 
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Synthesis of cyanocobinamide (CNCbi, 10) 

 

Figure 81: Structure of CNCbi 10. 

 

Compound 10 was synthesised using a previously established procedure.1 Compound 9 

(150 mg, 144 µmol) and AgNO3 (26.9 mg, 158 µmol) were dissolved in H2O (20 mL) 

and stirred for 10 min. The solution was left to stand for 1 h and a white precipitate was 

observed. The solution was filtered, and the red filtrate was collected and taken to dryness 

by rotary evaporation. The compound was desalted to remove any remaining AgNO3 and 

taken to dryness. A red powder was obtained (124 mg) in an 85% yield and ≥ 98% purity 

was established by LC-MS and 1H NMR spectroscopy.  

1H NMR (400 MHz, D2O) δ = 6.50 (s, 0.4H), 6.43 (s, 0.6H), 4.28 – 4.18 (m, 1H), 4.13 – 

4.04 (m, 2H), 4.02 – 3.96 (m, 1H), 3.96 – 3.86 (m, 2H), 3.72 – 3.61 (m, 2H), 3.59 – 3.53 

(m, 1H), 3.36 (s, 2H), 3.32 – 3.22 (m, 2H), 3.22 – 3.14 (m, 2H), 3.14 – 3.01 (m, 2H), 2.86 

– 2.50 (m, 14H), 2.50 – 2.24 (m, 18H), 2.24 – 2.03 (m, 12H), 2.02 – 1.88 (m, 4H), 1.88 – 

1.74 (m, 5H), 1.74 – 1.68 (m, 5H), 1.64 – 1.54 (m, 9H), 1.49 – 1.37 (m, 4H), 1.37 – 1.35 

(m, 2H), 1.35 – 1.31 (m, 6H), 1.19 – 1.12 (m, 7H) ppm. 
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CNCbi-(1,11-diamine-3,6,9-trioxaundecane) (Cbi-PEG-NH2, 11) 

 

Figure 82: Structure of 11. 

 

Compound 9 (51.1 mg, 48.0 µmol) and 1,1-carbonyl-di(1,2,4-triazole) (CDT, 152.5 mg, 

96.0 mmol) were dissolved in anhydrous DMSO (2 mL) and stirred for 30 min at 40°C. 

1,11-Diamine-3,6,9-trioxaundecane (179.8 µL, 96.0 mmol) and Et3N (46.7 µL, 7 mol eq.) 

were dissolved in anhydrous DMSO (1 mL) before addition to the solution of 9. The 

solution was stirred for 1 h at 40°C. The crude product was precipitated by dropwise 

addition into EtOAc (~100 mL), filtered and washed with EtOAc (2 x 10 mL). The dark 

purple solid was released from the filter with CH3OH and taken to dryness by rotary 

evaporation. The crude product was desalted to remove excess CDT and linker and 

analysed by LC-MS. A purple powder was obtained (56.9 mg) in a 92% yield and ~95% 

purity established by LC-MS. 
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CNCbi-(2-(2-aminoethyldisulfanyl)ethanamine) (CNCb1-cys-NH2, 12) 

 

Figure 83: Structure of 12. 

 

Compound 10 (20.4 mg, 19.2 µmol) and CDT (61.4 mg, 38.4 mmol) were dissolved in 

anhydrous DMSO (1 mL) and stirred for 30 min at 40°C. Cystamine dihydrochloride 

(73.1 mg, 38.4 mmol) and Et3N (133.9 µL, 50 mol eq.) were dissolved in anhydrous 

DMSO (1 mL) before being added dropwise to the reaction solution. The solution was 

stirred for 1 h at 40°C. The crude product was precipitated by dropwise addition into 

EtOAc, (80 mL), and isolated by centrifugation (5000 rpm, 5 min). The supernatant was 

discarded and the red solid dissolved in the minimal volume of CH3 and taken to dryness 

by rotary evaporation. The crude product was desalted to remove any remaining 

cystamine and then analysed by LC-MS. A red powder was obtained (21.5 mg). Attempts 

to purify 12 were made by reversed-phase C18 chromatography, normal-phase 

chromatography and DCVC. The compound was unable to be purified so the yield and 

purity were not obtained.  
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CNCbi-PEG-NBD-X (13) 

 

Figure 84: Structure of 13. 

 

Compound 11 (49.0 mg, 38.8 µmol), 1-hydroxybenzotriazole hydrate (HOBt, 22.5 mg, 

155 µmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 16.1 mg, 77.8 µmol), 

6-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)hexanoic acid (NBD-X, 12.5 mg, 38.8 

µmol) and Et3N (22 µL, 3.0 mol eq.) were dissolved in anhydrous DMSO (2 mL) and 

stirred at 40°C for 24 h. A further 1.0 equivalent (5.6 mg) of HOBt was added and the 

mixture was stirred at 40 °C for a further 24 h. The crude product was precipitated by 

dropwise addition into EtOAc (150 mL), filtered and washed with EtOAc (2 x 10 mL). 

The orange precipitate was released from the filter with CH3OH and taken to dryness by 

rotary evaporation. The crude product was purified by reversed-phase C18 

chromatography. The product eluted as an orange band at 50% CH3CN in H2O. An orange 

powder was obtained (17.1 mg) in a 42% yield and ≥ 90% purity was established by LC-

MS and 1H NMR spectroscopy. HRMS ESI m/z calcd. for [M]+ C70H102O16N18Co 

1509.7053; found 1509.7019.  

1H NMR (400 MHz, MeOD) δ = 8.57 – 8.50 (m, 1H), 6.42 – 6.33 (m, 1H), 3.70 – 3.56 

(m, 8H), 3.56 – 3.47 (m, 5H), 3.37 – 3.32 (m, 9H), 3.27 – 3.23 (m, 2H), 2.74 – 2.66 (m, 

4H), 2.53 – 2.49 (m, 2H), 2.49 – 2.44 (m, 3H), 2.41 – 2.37 (m, 3H), 2.27 – 2.15 (m, 5H), 

2.05 – 2.00 (m, 2H), 1.94 (s, 2H), 1.86 – 1.74 (m, 5H), 1.73 – 1.65 (m, 5H), 1.65 – 1.54 

(m, 7H), 1.53 – 1.43 (m, 4H), 1.39 – 1.27 (m, 17H), 1.22 – 1.16 (m, 4H), 0.94 – 0.86 (m, 

2H) ppm. 
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CNCbi-cys-NBD-X (14) 

 

Figure 85: Structure of 14. 

 

Compound 12 (25.4 mg, 21.2 µmol), HOBt (8.61 mg, 63.7 µmol), EDC (4.51 mg, 77.8 

µmol), NBD-X (4.43 mg, 23.1 µmol) and Et3N (6.5 µL, 3 mol eq.) were dissolved in 

anhydrous DMSO (2 mL) and stirred at 40°C for 24 h. An additional 1.0 equivalent (1.61 

mg) of HOBt was added and the mixture was stirred at 40°C for a further 24 h. The crude 

product was precipitated by dropwise addition into EtOAc (150 mL), filtered and washed 

with EtOAc (2 x 10 mL). The orange precipitate was released from the filter with CH3OH 

and taken to dryness by rotary evaporation. The sample was purified by reversed-phase 

C18 chromatography. The product eluted as an orange band at 55% CH3CN in H2O. An 

orange powder was obtained (6.34 mg) in a 27% yield and ≥ 97% purity was established 

by LC-MS and 1H NMR spectroscopy. HRMS ESI m/z [M]+ calcd. for C66H94O13N18CoS2 

1469.6013; found 1469.6022. 

1H NMR (400 MHz, MeOD) δ = 8.53 (d, J=9.0, 1H), 6.36 (d, J=8.7, 1H), 3.67 – 3.57 (m, 

15H), 3.55 – 3.40 (m, 11H), 3.37 – 3.32 (m, 5H), 3.31 – 3.27 (m, 9H), 3.27 – 3.25 (m, 

1H), 2.96 – 2.90 (m, 1H), 2.81 – 2.72 (m, 3H), 2.66 (s, 2H), 2.49 – 2.43 (m, 3H), 2.39 – 

2.35 (m, 2H), 2.27 – 2.15 (m, 5H), 1.93 (s, 3H), 1.85 – 1.75 (m, 4H), 1.73 – 1.55 (m, 9H), 

1.51 – 1.42 (m, 4H), 1.36 – 1.24 (m, 10H), 1.24 – 1.16 (m, 5H), 1.16 – 1.09 (m, 3H), 0.93 

– 0.83 (m, 2H) ppm. 
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CNCbi-PEG-sulfo-Cyanine5 (15) 

 

Figure 86: Structure of 15. 

 

Compound 11 (49.0 mg, 38.8 µmol), sulfo-Cyanine5-NHS ester (purchased from 

Lumiprobe, Cat #43320, 25.9 mg, 35.0 µmol) and Et3N (11 µL, 1.1 mol eq.) were 

dissolved in anhydrous DMSO (2 mL) and stirred at 40°C for 24 h. The crude product 

was precipitated by dropwise addition into EtOAc (150 mL), filtered and washed with 

EtOAc (2 x 10 mL). The deep blue solid was then released from the filter with the minimal 

volume of CH3OH and H2O (10:1) and taken to dryness by rotary evaporation. The 

product was purified by reversed-phase C18 chromatography. The product eluted as a 

deep blue band at 50% CH3CN in H2O. A dark blue powder was obtained (39.3 mg) in a 

63% yield and ≥ 95% purity was established by LC-MS and 1H NMR spectroscopy. 

HRMS ESI m/z [M+2Na]2+ calcd. for C90H125O19N16CoS2Na2 951.3932; found 951.3930. 

1H NMR (400 MHz, D2O) δ = 8.01 – 7.97 (m, 1H), 7.80 – 7.70 (m, 5H), 7.28 – 7.22 (m, 

2H), 6.58 – 6.44 (m, 1H), 6.38 – 6.25 (m, 1H), 6.23 – 6.13 (m, 2H), 4.01 – 3.96 (m, 2H), 

3.67 – 3.64 (m, 3H), 3.55 – 3.48 (m, 9H), 3.47 – 3.34 (m, 5H), 3.27 – 3.09 (m, 8H), 2.68 

– 2.56 (m, 4H), 2.47 – 2.39 (m, 4H), 2.34 – 2.20 (m, 6H), 2.19 – 2.12 (m, 4H), 2.12 – 

1.89 (m, 7H), 1.74 – 1.70 (m, 3H), 1.62 – 1.56 (m, 6H), 1.55 – 1.35 (m, 5H), 1.34 – 1.10 

(m, 7H), 1.10 – 0.96 (m, 4H) ppm. 
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CNCbi-PEG-Cyanine7 (16) 

 

Figure 87: Full structure of 16. 

 

Compound 11 (48.8 mg, 38.7 µmol), Cyanine7-NHS ester (10.5 mg, 77.4 µmol) and Et3N 

(11 µL) were dissolved in anhydrous DMSO (2 mL) and stirred at 40°C for 24 h. The 

crude product was precipitated by dropwise addition into EtOAc (150 mL), filtered and 

washed with EtOAc (2 x 10 mL). The green/black solid was released from the filter with 

CH3OH and taken to dryness by rotary evaporation. The product was purified by 

reversed-phase C18 chromatography. The product eluted as a blue/green band at 60% 

CH3CN in H2O with 0.1% formic acid. A dark green solid was obtained (12.5 mg) in an 

18.3% yield and 95% purity was established by LC-MS and 1H NMR spectroscopy. 

HRMS ESI m/z [M]2+ calcd. for C95H133O13N16Co 882.4779; found 882.4760. 

1H NMR (400 MHz, MeOD) δ = 7.80 – 7.69 (m, 2H), 7.49 – 7.35 (m, 5H), 7.29 – 7.18 

(m, 4H), 6.20 – 6.12 (m, 2H), 4.12 – 4.07 (m, 2H), 3.70 – 3.59 (m, 11H), 3.57 – 3.47 (m, 

9H), 3.37 – 3.32 (m, 6H), 3.29 (s, 6H), 2.60 – 2.53 (m, 4H), 2.52 – 2.48 (m, 3H), 2.40 (s, 

4H), 2.30 – 2.18 (m, 5H), 2.18 – 2.13 (m, 2H), 2.06 – 2.02 (m, 2H), 1.99 – 1.91 (m, 4H), 

1.89 – 1.82 (m, 4H), 1.74 – 1.65 (m, 5H), 1.60 (s, 5H), 1.53 – 1.43 (m, 6H), 1.42 – 1.32 

(m, 5H), 1.32 – 1.27 (m, 5H), 1.26 – 1.14 (m, 2H) ppm. 
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Results and Discussion 

3.2.6 Synthesis of 11 and 12 

Dicyanocobinamide (9) was required for the synthesis of compounds 11 and 12. The 

synthesis of 9 was achieved using an established procedure within our research group 

which was slightly modified from a literature procedure.1,5 In short, commercially 

available CNCbl and the equivalent mass of NaCN were dissolved in EtOH. This required 

sonication for ~30 min to ensure complete dissolution of the solid NaCN, which was 

instrumental to the success of the reaction. The reaction solution was prepared in a J 

Young tube and heated with stirring at 50℃ for 16 h. An immediate colour change from 

red to purple was observed upon adding NaCN to CNCbl, indicating coordination of a 

second CN-
 ligand to the Co(III) centre to form dicyanocobalamin ((CN)2Cbl-).6 

Nucleophilic attack at the phosphodiester of dicyanocobalamin by excess CN- produces 

dicyanocobinamide ((CN)2Cbi, 9, Scheme 10). Synthetic attempts were also carried out 

using KCN as the CN- source, which resulted in lower yields (~20% vs 50% using KCN 

vs NaCN).  

 

Scheme 10: Synthesis of 9 from CNCbl. The C10 proton of both CNCbl and (CN)2Cbi has been 

highlighted. 

 

Compound 9 was purified by dry column vacuum chromatography (DCVC). DCVC 

chromatography proved the most effective column chromatography method to separate 9 
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from the closely eluting (CN)2Cbl-. Yields obtained ranged between 50-60%. The purity 

of the final product was analysed by 1H NMR spectroscopy in MeOH-d4.  As mentioned 

in Chapter 2, using a protic NMR solvent such as MeOH-d4 results in deuterium exchange 

of the amide protons on the corrin ring, considerably simplifying the aromatic region of 

the 1H NMR spectrum. This is useful for the determination of purity for CNCbl and Cbi 

conjugates.  

The formation of 9 was confirmed by a single proton in the aromatic region of the 1H 

NMR spectrum at 5.81 ppm, the C10 proton of the corrin ring (Figure 88).5,7 No other 

signals are present in the aromatic region for 9 whereas (CN)2Cbl- and CNCbl have five 

resonances due to protons on the ribose and 5,6-dimethylbenzimidazole moieties.  

Figure 88: 1H NMR spectrum of 9 obtained in MeOH-d4 showing one characteristic peak from 

the C10 proton at 5.81 ppm.  

Compound 9 was also analysed by LC-MS. Two peaks eluting at 15.0 and 20.8 min are 

from the two isomers of cyanocobinamide (CNCbi) (C50H72CoN13O8, calcd. m/z [M-CN]+ 

= 1015.5 and [M-CN+H]2+ = 508.3; found 1015.4 and 508.3, Figure 89). The two isomers 

formed are α-cyano-β-aquacobinamide and α-aqua-β-cyanocobinamide (Figure 90). 

Upon dissolving 9 in H2O, or H2O containing formic acid, one of the CN- ligands of 

(CN)2Cbi is substituted for a solvent molecule, giving the two CNCbi isomers. The 

remaining CN- is lost under the LC-MS experimental conditions .8 
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Figure 89: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of 9 showing two peaks 

at 15.0 and 20.8 min which can be assigned to the α-cyano-β-aquacobinamide and α-aqua-β-

cyanocobinamide isomers (C50H72CoN13O8, calcd. m/z [M-CN]+ =1015.5 and [M-CN+H]2+ = 

508.3; found 1015.4 and 508.3, LC-MS method 1). 
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isomers formed when 9 is dissolved in H2O, S = a solvent molecule.  
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Compound 11 

Scheme 11: Synthetic procedure for the synthesis of 11. 

The synthesis of 11 was achieved by modification of a previously published literature 

procedure.8 Compound 9 and CDT (20 eq.) were stirred in the minimal volume of 

anhydrous DMSO at 40℃. After 30 min, 1,11-diamino-3,6,9-trioxaundecane (20 eq.) was 

added and the mixture stirred for 1 h. The product was precipitated into EtOAc and 

filtered. Excess 1,11-diamino-3,6,9-trioxaundecane was evident in the precipitate as the 

crude sample was isolated as a purple oil (1,11-diamino-3,6,9-trioxaundecane is a viscous 

liquid). Multiple attempts were made to purify the product using reversed-phase C18 

chromatography. Initial attempts were carried out using a mobile phase analogous to the 

one used for purification of the CNCbl-linker compounds (H2O + 0.1% formic acid and 

CH3CN + 0.1% formic acid); however, none of these attempts resulted in the pure 

compound being isolated. LC-MS analysis of the crude product showed more peaks in 

the total ion count (TIC) chromatogram than the diode array detector (DAD) 

chromatogram at 361 nm (Figure 91). The DAD chromatogram at 361 nm is particularly 

useful for identifying CNCbl and CNCbi complexes due to the large γ absorbance band 

in both complexes at this wavelength.9,10 This is a common analysis technique used to 

identify CNCbl and CNCbl analogues.3,11 Peaks observed in the TIC chromatogram and 

not the DAD at 361 nm indicate that they are not CNCbi products, and are likely due to 

1,11-diamino-3,6,9-trioxaundecane byproducts. The two large peaks at 14.5 and 18.4 min 

in the DAD chromatogram can be assigned to the α-cyano-β-aquacobinamide and α-aqua-

β-cyanocobinamide isomers of 11 (C58H90CoN14O12, calcd. m/z [M-CN+H]2+ = 617.3; 
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found 617.4). Peaks in the DAD at 13.5 and 19.9 min are assigned to the α-cyano-β-

aquacobinamide and α-aqua-β-cyanocobinamide isomers CNCbi (C50H72CoN13O8, calcd. 

m/z [M-CN]+ =1015.5 and [M-CN+H]2+ = 508.3; found 1015.4 and 508.3).  

 

Figure 91: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of crude 11 (LC-MS 

method 1). Peaks of interest at 14.5 and 18.4 min can be assigned to the α-cyano-β-

aquacobinamide and α-aqua-β-cyanocobinamide isomers of 11 (C58H90CoN14O12, calcd. m/z 

[M-CN+H]2+ = 617.3; found 617.4).  

 

The peaks at 21.9 and 24.9 are assigned to the α-cyano-β-aqua and α-aqua-β-cyano 

isomers of a product where three 1,11-diamino-3,6,9-trioxaundecane linkers have been 

linked to CNCbi sequentially (Cbi-(PEG)3 C76H126CoN18O20, calcd. m/z [M-CN]+ = 

1670.0, [M-CN+H]2+ = 835.4 and [M-CN+2H]2+ = 557.3; found 835.5 and 557.4, Figure 

92). This has occurred through carbamate bond formation between the Cbi and the amine-

containing linker, followed by nucleophilic substitution of two further linkers by urea 

bond formation (Scheme 12). It is noted in the literature that CDT facilitates urea bond 

formation between two amine residues.12  
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Scheme 12: Urea bond formation facilitated by CDT in the presence of two primary amines.12 

 

Figure 92: Structure of the CNCbi product incorporating three 1,11-diamino-3,6,9-

trioxaundecane linkers (CNCbi-(PEG)3), conjugated via urea bond formation, highlighted in 

red.  

 

Using peak areas in the DAD chromatogram, the CNCbi compound containing three 1,11-

diamino-3,6,9-trioxaundecane linkers was not a major product (the limitations of peak 

area to estimate the relative amounts of compounds is discussed in Chapter 2). Due to 

this, efforts were not made to prevent the formation of CNCbi-(PEG)3.  

High mol equivalents of both CDT and 1,11-diamino-3,6,9-trioxaundecane were required 

during this synthesis to maximise product formation. Compared to the synthesis of 

CNCbl-linker compounds where three mol equivalents of CDT and linker are utilised, 

higher mol equivalents are required due to the reduced reactivity of CNCbi vs CNCbl. 

The OH moiety functionalised in CNCbl is primary whereas the OH residue of CNCbi is 

secondary. The high excess of 1,11-diamino-3,6,9-trioxaundecane resulted in many peaks 

observed in the TIC (and not the DAD), likely due to the polymerisation of the 

polyethylene glycol units. To remove the polymerised 1,11-diamino-3,6,9-

trioxaundecane impurities, the crude product was instead desalted using a silica plug with 

copious volumes of H2O (~200 mL per 30 mg of crude material). Analysis of the desalted 
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compound by LC-MS confirmed that these impurities were removed. The peaks at 17.5 

and 21.0 min can be assigned to the α-cyano-β-aqua and α-aqua-β-cyano isomers of 11 

(C58H90CoN14O12, calcd. m/z [M-CN+H]2+ = 617.3; found 617.4, Figure 93). Two further 

peaks eluting at 16.2 and 22.2 min represent the α-cyano-β-aqua and α-aqua-β-cyano 

isomers of CNCbi (C50H72CoN13O8, calcd. m/z [M-CN]+ =1015.5 and [M-CN+H]2+ = 

508.3; found 1015.4 and 508.3). One final peak was found in the TIC chromatogram at 

23.8 min but is not present in the DAD chromatogram. The m/z value of this peak was 

412.2 and could not be identified.  

 

Figure 93: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of desalted 11 (LC-MS 

method 1). The peaks at 17.5 and 21.0 min can be assigned to the α-cyano-β-aqua and α-aqua-β-

cyano isomers of 11 (C58H90CoN14O12, calcd. m/z, [M-CN+H]2+ = 617.3; found 617.4). The peaks 

at 16.2 and 22.2 min represent the α-cyano-β-aqua and α-aqua-β-cyano isomers of CNCbi 

(C50H72CoN13O8, calcd. m/z [M-CN]+ =1015.5 and [M-CN+H]2+ = 508.3; found 1015.4 and 

508.3). 

 

The 1H NMR spectrum of the crude desalted product in MeOH-d4 showed similarities 

with 9 in the aromatic region. The proton resonances in this region for the isomers of 11 

are located at 5.50 and 5.57 ppm, from the C10 proton of the α-cyano-β-aqua and α-aqua-

β-cyano isomers of the desired product.13 Furthermore, a new multiplet at 3.54 ppm is 

observed (Figure 94), assigned to the CH2 residues of the attached 1,11-diamino-3,6,9-

trioxaundecane linker. 
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Figure 94: 1H NMR spectrum of 11 obtained in MeOH-d4. The C10 proton of the α-cyano-β-aqua 

and α-aqua-β-cyano isomers of 11 resonate at 5.50 and 5.57 ppm. The methylene protons of the 

linker at 3.54 ppm is also highlighted.  

 

Examples of Cbi conjugates are limited in the literature and their purity is not always 

determined. Using a combination of LC-MS and 1H NMR spectroscopy, the presence of 

11 was confirmed. Multiple attempts to purify 11 were made but were not successful. 

Desalting the crude reaction mixture over a silica plug removed most of the impurities 

(established by LC-MS and 1H NMR spectroscopy), giving a compound that was suitable 

for further synthesis. 

Compound 12 

Initial attempts to synthesise 12 were carried out using conditions similar to those used 

for the synthesis of 11. Higher mole equivalents of Et3N were required for this reaction 

(50 eq.) as the cystamine reagent used was a dihydrochloride salt (Scheme 13). 

Compound 9 was dissolved in the minimal volume of anhydrous DMSO together with 20 

eq CDT and a deep purple solution was observed. Cystamine.2HCl was dissolved in 

anhydrous DMSO, Et3N added and this solution was added to the solution of 9.  
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Scheme 13: Synthetic procedure for the synthesis of 12. 

 

Upon addition of the cystamine solution to 9 and CDT, an immediate colour change from 

deep purple to amber orange was observed. A pale orange precipitate was obtained from 

the reaction and the LC-MS analysis of the crude product indicated that neither 9 or 12 

was present. Furthermore, the 1H NMR spectrum of the crude solid obtained after 

precipitation showed many broad overlapping peaks, both in the aromatic and low-field 

regions. The observed colour change to orange can result from the reductive 

decomposition of the corrin ring.14 Multiple experimental conditions were tested to 

synthesise 12 from 9, by modification of the methodology used for the synthesis of 11, 

(Table 3) but none proved successful. 

 

Table 3: Reaction conditions trialled for the synthesis of 12 from 9. 

Mol equivalents of reagent Reaction time 

9 CDT Cystamine.2HCl Et3N  

1 20 20 10 5 min 

1 20 20 30 5 min 

1 20 20 50 5 min 

1 20 30 10 30 min 
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1 20 20 30 30 min 

1 20 20 50 30 min 

1 20 20 10 1 h 

1 20 20 30 1 h 

1 20 20 50 1 hr 

1 20 20 10 6 h 

1 20 20 30 6 h 

1 20 20 50 6 h 

1 3 3 8 1 h 

1 3 3 8 6 h 

1 3 3 8 16 h 

 

It is proposed that the reduced cystamine linker catalyses the decomposition of the corrin 

ring. Compound 9 contains two axially bound CN- ligands. At lower pH conditions (pH 

≤6.5) one of the CN- ligands is substituted by a solvent molecule, resulting in free HCN 

ions in the solution (Figure 95).15,16 This phenomenon has been observed throughout this 

research during LCMS analysis of Cbi products.  

 

Figure 95: Equilibria for (CN)2Cbi in co-ordinating solvents (S = solvent molecule). 

 

It is well established that disulfides, including cystine, are cleaved by CN-
 as a result of 

nucleophilic attack at the disulfide, resulting in a thiol and thiocyanate.17,18 The stability 

of cystamine in the presence of cyanide was investigated in DMSO-d6 by 1H NMR 

spectroscopy. DMSO-d6 was used as the solvent as this was the solvent used in the 

attempted synthesis of 12. The 1H NMR spectrum of cystamine.2HCl in DMSO-d6 

showed two multiples at 3.03 and 3.08 ppm, each representing two CH2 residues, 

integrating for 4H (Figure 96). NaCN (~1 mg) was subsequently added to the same NMR 
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sample and the 1H NMR spectrum recorded. The addition of NaCN resulted in the 

complete decomposition of cystamine (Figure 96). Hence, cystamine.2HCl is unstable in 

the presence of cyanide.  

 

Figure 96: 1H NMR spectrum of cystamine (top) and cystamine + NaCN (bottom) in DMSO-d6. 

The two multiplets in the upper spectrum are from the CH2 protons of cystamine.2HCl, at 3.03 

(4H) and 3.08 (4H) ppm.  

 

Nucleophilic attack of cyanide at the disulfide of the cystamine generates the thiol 

cysteamine. It is well known that this can reduce Co(III) corrinoid complexes.19,20 We 

propose that upon substitution of one of the cyanido ligands of 9 with a solvent ligand, 

the released cyanide can cleave the disulfide of the cystamine, generating cysteamine 

(Figure 97). Cysteamine reduces the Co(III) centre in addition to reductive decomposition 

of the macrocycle.  
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Figure 97: Proposed reaction of cystamine with cyanide forming 1-thiocyanato-2-aminoethane 

and cysteamine, respectively. 

 

To prevent the cleavage of the disulfide linker, 9 was converted to the isomers of CNCbi 

(10), where one CN- ligand was removed by the addition of one mol equivalent of AgNO3 

(Scheme 14).21 AgNO3 efficiently traps one of the two CN- ligands, forming an insoluble 

AgCN precipitate.22 An immediate colour change from purple to red is observed upon the 

addition of 1.1 mol eq. AgNO3 with stirring. After 10 min without stirring a white 

precipitate is observed which was removed by filtration. The filtrate was dried by rotary 

evaporation and 10 was obtained as a red solid. 

 

Scheme 14: Synthetic procedure for the synthesis of 10. 

 

Two proton resonances were observed in the 1H NMR spectrum at 6.45 and 6.38 ppm for 

the C10 protons of the corrin ring of the two α-cyano-β-aqua and α-aqua-β-cyano isomers 

of 10 (Figure 98). These resonances agree with the literature.13 
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Figure 98: 1H NMR spectrum of 10 in D2O. Peaks at 6.45 and 6.38 ppm are assigned to the two 

C10 protons of the α-cyano-β-aqua and α-aqua-β-cyano isomers of 10. 

To synthesise 12, 10 and CDT (20 eq.) were stirred in the minimal volume of anhydrous 

DMSO at 40℃. After 30 min a solution of cystamine.2HCl (20 eq.), and Et3N (50 eq.) 

were added the solution and left to stir for 1 h (Scheme 15). No colour change was 

observed after the addition of cystamine.HCl.  

Scheme 15: Synthetic procedure for the synthesis of 12. 

The crude red product was precipitated into EtOAc and the solid was isolated by 

centrifugation. Centrifugation was utilised here as filtration of the crude material was 

unsuccessful due to a fine white precipitate blocking the filter. Analysis of the crude 

product mixture by LC-MS identified the presence of the isomers of 12 at 16.2 and 19.6 

min (C54H82CoN14O9S2 calcd. m/z [M+H]2+ = 597.3, found 597.3, Figure 99). The peaks 

at 15.4 and 20.6 min were assigned to the starting material 10 (C50H72CoN13O8, calcd. 

m/z [M-CN]+ =1015.5 and [M-CN+H]2+ = 508.3; found 1015.4 and 508.3). Many peaks 

in the chromatogram could not be identified and represented ~55% of the total area of the 

DAD chromatogram at 361 nm. It is likely that side reactions initiated by the cyanide-
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induced cleavage of the disulfide were still occurring. However, the desired product was 

formed, and it was decided to purify the crude mixture. 

Figure 99: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of crude 12 (LC-MS 

method 1). The peaks of interest at 16.2 and 19.2 min are assigned to the α-cyano-β-aqua and α-

aqua-β-cyano isomers of 12 (C54H82CoN14O9S2 calcd. m/z [M+H]2+ = 597.3, found 597.3).  

Many attempts were made to purify the crude product 12 by reversed-phase C18 

chromatography using a range of mobile phase solvents (CH3CN and H2O, CH3CN and 

H2O + 0.1% formic acid, CH3OH and H2O, CH3OH and H2O + 0.1% formic acid and 

CH3CN in phosphate buffer (0.05 M, pH 7)) but the pure compound could not be isolated. 

Additional attempts at purification by normal phase silica chromatography and dry 

column vacuum chromatography were also unsuccessful. The crude sample was instead 

thoroughly desalted using a reversed-phase C18 silica plug with excess H2O (~200 mL 

per 50 mg of crude compound) and released from the silica with CH3OH. After desalting, 

the LC-MS chromatogram of the compound showed fewer impurities (Figure 100). The 

peaks at 16.4 and 19.8 min correspond to the α-cyano-β-aqua and α-aqua-β-cyano isomers 

of 12 (C54H82CoN14O9S2 calcd. m/z [M+H]2+ = 597.3, found 597.3). The peaks at 15.2 

and 20.9 min are assigned to the starting material, 10 (C50H72CoN13O8, calcd. m/z [M-

CN]+ =1015.5 and [M-CN+H]2+ = 508.3; found 1015.3 and 508.3). 
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Figure 100: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of desalted 12 (LC-

MS method 1). The peaks eluting at 16.4 and 19.8 min are from the the α-cyano-β-aqua and α-

aqua-β-cyano isomers of 12 (C54H82CoN14O9S2 calcd. m/z [M+H]2+ =597.3, found 597.3). 

 

The 1H NMR spectrum was obtained for the desalted product to confirm that the 

macrocycle had not decomposed since this had occurred during the earlier attempts to 

synthesise 12. The 1H NMR spectrum showed proton resonances at 6.43 and 6.50 ppm, 

from the C10 protons of the α-cyano-β-aqua and α-aqua-β-cyano isomers of 12. These 

chemical shifts agree well with the C10 chemical shifts of compounds 9 and 11, indicating 

an intact corrin ring. The new proton resonances at 3.00 (4H) and 3.44 (4H) ppm provide 

further confirmation of the successful conjugation of the cystamine linker. These 

multiplets are assigned to the four methylene protons of cystamine. 
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Figure 101: 1H NMR spectrum of 12 (crude) obtained in D2O, referenced to TSP. Peaks at 6.43 

and 6.50 ppm are assigned to the C10 protons of the α-cyano-β-aqua and α-aqua-β-cyano isomers 

of 12. The new peaks highlighted at 3.00 and 3.44 ppm are assigned to the four CH2 protons of 

the cystamine linker.  

 

It was then decided that the desalted product would be functionalised by the addition of 

a fluorophore since separation of the product from 12 and other impurities would be easier 

to achieve due to a decrease in the polarity of the compound upon conjugation of the 

fluorophore. 

To summarise, functionalisation of Cbi with the cystamine linker was challenging, 

affording low yields and purity. Although the compound was not successfully purified, 

desalting the crude reaction mixture over a reversed-phase C18 silica plug removed most 

of the impurities (determined by LC-MS). Despite the synthetic difficulty, 1H NMR 

spectroscopy and LC-MS confirmed the successful synthesis 12.  

3.2.7 Synthesis and analysis of the NBD-X conjugates of Cbi 

Compound 13 

The synthesis of 13 was carried out using the same synthetic procedure as described for 

compounds 3 and 4 in Chapter 2. Utilising the peptide coupling agents EDC and HOBt 

resulted in formation of a peptide bond between the terminal amine of 11 and the 

carboxylic acid of NBD-X (Scheme 16).  
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Scheme 16: Synthetic method for the synthesis of 13. 

 

The reaction progress was monitored by LC-MS chromatography with the reaction 

reaching completion after 48 h, by monitoring the consumption of 11 (Figure 102). Peaks 

representing the starting material, 11, were observed at 14.3 and 15.0 min (m/z values of 

1233.6 and 617.3). The TIC and DAD (361 nm) showed clear differences in the number 

of peaks, with more peaks present in the TIC. Peaks at 22.4 and 23.3 min were assigned 

to the α-cyano-β-aqua and α-aqua-β-cyano isomers of 13 (C70H102CoN18O16 calcd. m/z 

[M]+ = 1509.7, [M+H]2+ = 755.4 and [M+2H]3+ = 503.9; found 1509.7, 755.5 and 504.1). 

The compounds responsible for the other peaks retaining between 22-24 and 30-32 min 

could not be identified.  
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Figure 102: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of crude 13 (LC-MS 

method 3). Peaks at 22.4 and 23.3 min were assigned to the α-cyano-β-aqua and α-aqua-β-cyano 

isomers of 13 (C70H102CoN18O16 calcd. m/z [M]+ = 1509.7, [M+H]2+ = 755.4 and [M+2H]3+ = 

503.9; found 1509.7, 755.5 and 504.1). 

 

Compound 13 was purified by reversed-phase C18 chromatography. Two deep orange 

bands were collected at 60% CH3CN in H2O. The orange fractions were combined and 

analysed by LC-MS (Figure 103). Two peaks were present in the DAD (361 nm) 

chromatogram at 22.3 and 23.1 min from the α-cyano-β-aqua and α-aqua-β-cyano 

isomers of 13 (C70H102CoN18O16 calcd. m/z [M]+ = 1509.7, [M+H]2+ = 755.4 and 

[M+2H]3+ = 503.9; found 1509.7, 755.5 and 504.1). However, close analysis of the TIC 

chromatogram showed overlapping peaks, with three smaller peaks at 22.7, 22.9 and 23.6 

min.  
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Figure 103: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of pure 13 (LC-MS 

method 3). Peaks at 22.4 and 23.3 min were assigned to the α-cyano-β-aqua and α-aqua-β-cyano 

isomers of 13 (C70H102CoN18O16 calcd. m/z [M]+ = 1509.7, [M+H]2+ = 755.4 and [M+2H]3+ = 

503.9; found 1509.7, 755.5 and 504.1). 

 

The peaks at 22.9 and 23.6 min both had m/z values of 973.9 and 649.6, corresponding to 

a 2+ and 3+ species from the same compound. These peaks are likely α-cyano-β-aqua and 

α-aqua-β-cyano isomers of the same Cbi derivative. This impurity has been assigned to a 

product incorporating three PEG linkers as observed during the synthesis of 11 

(C88H138CoN22O24 calcd. m/z [M+H]2+ = 974.0 and [M+2H]3+ = 649.7; found 973.9 and 

649.6, Figure 104). Interestingly the DAD (361 nm) chromatogram does not show the 

presence of these peaks, indicating they are present in a small quantity. This is an 

assumption based on compound 13 and the additional product having the same molar 

absorbance co-efficient at 361 nm, which is reasonable given that the macrocycle absorbs 

at this wavelength and is the same for all Cbi compounds. Due to the closely overlapping 

retention times, this product was not purified further.  
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Figure 104: Structure of CNCbi-(PEG)3-NBD-X impurity incorporating three 1,11-diamino-

3,6,9-trioxaundecane linkers.  

 

1H NMR spectroscopy analysis of 13 was carried out in MeOH-d4 and two resonances 

were identified in the aromatic region (Figure 105). The doublets resonating at 8.53 (J = 

9.0, 1H) and 6.35 (J = 9.0, 1H)  ppm showed correlations in the COSY spectra and are 

the adjacent protons of the NBD-X fluorophore. However, the peak at 6.35 ppm 

integrated for 1.2 protons and there is another overlapping peak to the left. This other 

peak is the C10 proton of the CNCbi corrin ring. The multiplet at 6.35 ppm should 

therefore integrate to two protons, not 1.2 as observed. The C10 proton of the corrin ring 

is known to undergo electrophilic substitution, the most notable example being the 

substitution of H for Cl at this position upon exposure to HOCl.23 The C10 proton of 

CNCbl can undergo exchange in protic deuterated solvents; however, this requires acidic 

conditions. Studies on deuterium exchange are limited for Cbi. This exchange was only 

investigated for methylCbi and ethylCbi where deuterium exchange rates were dependent 

on the axial ligand (half-lives of 10 and 30 min, respectively).24,25 Although the NMR 

spectrum of 13 was recorded in MeOH-d4 with no added acid, proton-deuterium exchange 

of the C10 proton is likely occurring.  

Additional evidence of NBD-X coordination can be seen in the low-field region of the 1H 

NMR spectrum. NBD-X contains a hexyl chain extending from the chromophore. The 

protons of this chain resonate at 2.28 (t, J = 7.3 Hz, 2H), 1.80 (p, J = 7.4 Hz, 2H), 1.68 
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(p, J = 7.4 Hz, 2H) and 1.50 ppm (tt, J = 9.9, 5.9 Hz, 2H), in MeOH-d4 for NBD-X itself 

(Chapter 2, Figure 37). These peaks are found in the 1H NMR spectrum of 13 at 2.25 

(overlapping), 1.80 (2H), 1.69 (2H) and 1.47 ppm (2H) (Figure 105). 

 

Figure 105:1H NMR spectrum of 13 obtained in MeOH-d4. Peaks at 8.53 (1H) and 6.35 ppm 

(expanded in inset) are assigned to the aromatic protons of the NBD-X chromophore. The 

highlighted peaks in the low field region (2.23, 1.80 (2H), 1.69 (2H) and 1.47 ppm (2H)) are 

assigned to the protons on the hexyl chain of NBD-X.  

 

Due to the low yields of product and therefore a limited mass of the pure compound, 13C 

NMR analysis was not undertaken. However, 1H NMR and LC-MS analysis indicate a 

purity of ≥90%. HRMS analysis confirmed the product identity (C70H102O16N18Co [M]+ 

= 1509.7019 (calcd. m/z = 1509.7053)).  

Compound 14 

The synthesis of 14 employed the same methodology as that used for compounds 3 and 4 

(Chapter 2) and compound 13. Desalted 12 was dissolved in the minimal volume of 

anhydrous DMSO together with the NBD-X fluorophore and the peptide coupling 

reagents EDC and HOBt.  
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Scheme 17: Synthetic method for the synthesis of 14.  

The reaction progress was monitored by LC-MS. After 24 h there was minimal evidence 

of the starting material, 12, (12.2 and 13.8 min, Figure 106). The peaks eluting at 23.9 

and 24.9 min are assigned to the α-cyano-β-aqua and α-aqua-β-cyano isomers of 14 

(C66H94CoN18O13S2 calcd. m/z [M]+ = 1469.6 and [M+H]2+ = 735.3; found 1469.5 and 

735.3). Smaller impurity peaks were identified at 15.5 and 16.6 min (m/z value of 653.9). 

As these peaks were also present in both the DAD at 361 nm and TIC of the starting 

material, they are likely due to a Cbi associated impurity from the crude 12 reactant.  

 

Figure 106: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of the crude 14 product 

(LC-MS method 3). Peaks at 23.9 and 24.9 min are assigned to the α-cyano-β-aqua and α-aqua-

β-cyano isomers of 14 (C66H94CoN18O13S2 calcd. m/z [M]+ = 1469.6 and [M+H]2+ = 735.3; found 

1469.5 and 735.3). 
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Conjugate 14 was purified by reversed-phase C18 chromatography. In total, 14 was 

columned three times to remove all traces of impurities. The final column maintained an 

isocratic mobile phase of 55% CH3CN in H2O. This isocratic elution method proved the 

most successful; however, the bands were not well separated during the column and small 

8 mL fractions were collected. Direct injection MS analysis of these fractions identified 

the desired product. The pure fractions (those showing only m/z peaks of 14) were 

combined and taken to dryness. LC-MS analysis of the combined fractions showed two 

peaks eluting at 23.1 and 24.1 min (Figure 107), corresponding to the α-cyano-β-aqua and 

α-aqua-β-cyano isomers of compound 14 (C66H94CoN18O13S2 calcd. m/z [M]+ = 1469.6 

and [M+H]2+ = 735.3; found 1469.5 and 735.3).  

 

Figure 107: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of pure 14 (LC-MS 

method 3). The peaks at 23.9 and 24.9 min are assigned to the α-cyano-β-aqua and α-aqua-β-

cyano isomers of 14 (C66H94CoN18O13S2 calcd. m/z [M]+ = 1469.6 and [M+H]2+ = 735.3; found 

1469.5 and 735.3). 

 

Although the yield obtained from the synthesis of 14 was low (~6 mg of product), this 

was sufficient for further analysis by 1H NMR spectroscopy. The doublets resonating at 

8.54 (J = 9.0, 1H) and 6.37 (J = 8.9, 1H) ppm show correlations in the COSY spectrum. 

These represent the two protons of the NBD-X chromophore with both peaks 

integrating for 1H (Figure 108). Two proton resonances are expected at approximately 

6.45 and 6.38 ppm for the C10 proton of the corrin ring for the two α-cyano-β-aqua and 
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α-aqua-β-cyano isomers. However, these C10 peaks were absent from the 1H NMR 

spectrum of 13, which is likely the result of proton exchange with the deuterium in the 

solvent. Furthermore, four methylene peaks of the NBD-X moiety are observed in the 
1H NMR spectrum of 14 at 2.23, 1.79, 1.68 and 1.47 ppm, analogous to that observed in 

compound 13. These peaks could not be integrated due to overlapping resonances with 

CNCbi protons.  

 

Figure 108: 1H NMR spectrum of 14 obtained in MeOD-d4. Doublets in the aromatic region are 

assigned to the chromophore of NBD-X at 8.52 (J = 9.0, 1H) and 6.37 ppm (J = 8.7, 1H). The 

highlighted peaks at 2.23, 1.79, 1.68 and 1.47 are four methylenes of the hexyl chain on NBD-X.  

 

Due to low yields, 13C NMR analysis was not undertaken. LC-MS and 1H NMR 

spectroscopy of 14 suggest a purity of ≥90%. HRMS confirmed the identity of the 

compound (C66H94O13N18CoS2 calcd. m/z [M]+ 1469.6013, found 1469.6022). 

3.2.8 Synthesis and analysis of the sulfo-Cyanine5 conjugate of Cbi 

Compound 15 

The synthesis of 15 was achieved by peptide bond formation between the amine 

functionalised linker of the Cbi conjugate, 11 and the NHS ester of the sulfo-Cyanine5 

fluorophore (Scheme 18). EDC and HOBt coupling reagents, employed in the synthesis 

of 13 and 14, were not required as the sulfo-Cyanine5 molecule is an active NHS ester. 

In the presence of Et3N, nucleophilic substitution of the NHS moiety by the linker amine 

readily occurs. Sulfo-Cyanine5 was used as the limiting reagent and the reaction was 

carried out in anhydrous DMSO at 40℃. The reaction reached completion within 24 h. 



164 
 

 

Chapter 3  

1 eq. sulfo-Cyanine5 NHS ester  
3 eq. TEA

11

O

O

H2N
O

N
H3

O

O

N
H

O
N
H3

DMSO, N2

40°C, 24 h

Co(III)

X

X

Co(III)

X

X

X = CN and H2O
15

N

N+
O

O3
-S

O3
-S

 

Scheme 18: Synthetic method for the synthesis of 15. 

The crude product was analysed by LC-MS. As established in Chapter 2 with the CNCbl-

sulfo-Cyanine5 conjugates, dissolving 15 in H2O for injection into the LC-MS instrument 

was necessary to obtain a signal in the TIC chromatogram. Numerous peaks were 

observed between 22-25 min (Figure 109). The peaks retained at 22.8 and 23.4 min are 

assigned to the α-cyano-β-aqua and α-aqua-β-cyano isomers of 15 (C90H125CoN16O19S2 

calcd. m/z [M+H]+ = 1857.8, [M+2H]2+ = 929.4 and [M+3H]3+ = 620.3; found 1858.3, 

929.7 and 620.1).  

 

Figure 109: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms the of crude product 

15 (LC-MS method 3). The peaks at 22.8 and 23.4 min are assigned to the α-cyano-β-aqua and 

α-aqua-β-cyano isomers of 15 (C90H125CoN16O19S2 calcd. m/z [M+H]+ = 1857.8, [M+2H]2+ = 

929.4 and [M+3H]3+ = 620.3; found 1858.3, 929.7 and 620.1).  
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The two closely retaining peaks at 23.1 and 23.6 min were assigned to a side product 

incorporating three 1,11-diamino-3,6,9-trioxaundecane linkers (C108H161CoN20O27S2 

calcd. m/z [M+2H]2+ = 1148.0 and [M+3H]3+ = 765.7; found 1147.9 and 165.7, Figure 

110).  
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Figure 110: Structure of the CNCbi-(PEG)3-sulfo-Cyanine5 side product containing three 1,11-

diamino-3,6,9-trioxaundecane linkers. 

 

Purification of 15 was achieved by reversed-phase C18 chromatography. The purification 

was run in isocratic conditions with 50% CH3CN in H2O to remove the closely eluting 

impurities. A single very broad blue band slowly eluted from the stationary phase with 

no clear band separation observed. Small fractions (~5 mL) were collected until the eluant 

was a pale blue colour. All collected fractions were subjected to direct injection MS. 

Fractions containing only 15 (m/z = 1858.3, 929.7 and 620.1) were combined and taken 

to dryness by rotary evaporation. LC-MS analysis of the combined pure fractions 

identified two peaks eluting at 22.7 and 23.4 min, assigned to the isomers of 15 

(C90H125CoN16O19S2 calcd. m/z [M+H]+ = 1857.8, [M+2H]2+ = 929.4 and [M+3H]3+ = 

620.3; found 1858.3, 929.7 and 620.1). The isocratic purification method proved effective 

in removing the Cbi-(PEG)3-sulfo-Cyanine5 impurity.  
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Figure 111: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of pure 15 (LC-MS 

method 3). Peaks at 22.7 and 23.4 min are assigned to the α-cyano-β-aqua and α-aqua-β-cyano 

isomers of 15 (C90H125CoN16O19S2 calcd. m/z [M+H]+ = 1857.8, [M+2H]2+ = 929.4 and 

[M+3H]3+ = 620.3; found 1858.3, 929.7 and 620.1). 

 

1H NMR spectroscopic analysis of 15 was carried out in D2O owing to its greater 

solubility in this solvent rather MeOH-d4. COSY analysis was used previously to identify 

the aromatic protons of the fluorophores for both Cbi and Cbl conjugates. However, 

compound 15 did not show any correlations in the COSY spectrum. This analysis was 

run multiple times, and the spectra were all truncated at 5.00 ppm. To gain insight into 

the aromatic residues of sulfo-Cyanine5, the 1H NMR spectrum of the sulfo-Cyanine5-

NHS ester was taken in D2O and directly compared with the spectrum of 15 (Figure 112). 

Similarities were observed for the resonances at 6.15-6.19 (m, 2H), 6.45-6.52 (m, 1H), 

7.30-7.34 (m, 2H), 7.78-7.86 (m, 4H) and 7.89-8.05 ppm (m, 2H) in both spectra. These 

multiplets are assigned to the protons of sulfo-Cyanine5-NHS, d/h, f, c/i, a/b/j/k, and e/g 

respectively (Figure 113, red). Two other signals are present in the aromatic 1H NMR 

spectrum of 15 at 6.29 and 6.36 ppm. These peaks have been assigned to the C10 protons 

of the α-cyano-β-aqua and α-aqua-β-cyano isomers of 15. However, these two peaks are 

expected to integrate to one proton in total but instead integrate to 0.3 and 0.2, 
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respectively. It is likely that the C10 protons are partially exchanged with deuterium from 

the solvent, as was observed for 13 and 14, accounting for the smaller integral.  

 

Figure 112: Aromatic 1H NMR spectra of sulfo-Cyanine5 NHS ester (top) and 15 (bottom) in 

D2O. Multiplets are assigned as 6.15-6.19 (2H, m, d and h), 6.45-6.52 (1H, m, f), 7.30-7.34 

(2H, m, c and i), 7.78-7.86 (1H, m, a, b, j and k) and 7.89-8.05 ppm (2H, m, e and g) in both 

spectra. The peaks at 6.29 and 6.36 ppm are assigned to the C10 protons of the α-cyano-β-aqua 

and α-aqua-β-cyano isomers of 15. 

N+N

CNCbi

O

CH3

CH3
H3C

CH3

SO3
- SO3

-
Ha

Hb

Hc

Hd

He

Hf

Hg

Hh

Hj

Hi

Hk

H3C

l l'

k

 

Figure 113: Structure of 15, highlighting the aromatic protons (a-j, red) and select low-field 

protons (l, l’ and k, blue and green) of the sulfo-Cyanine5 moiety. CNCbi-linker atoms have 

been simplified to CNCbi for clarity. 
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Analysis of the low field 1H NMR spectrum of both the sulfo-Cyanine5-NHS ester and 

15 further supported the successful synthesis of the conjugate (Figure 114). Sulfo-

Cyanine5-NHS has three intense methyl peaks at 1.66 (12H), 2.89 (4H) and 3.57 ppm 

(3H). These peaks can be assigned to the four CH3 substituents (l/l’, Figure 113), the four 

succinimide protons of the NHS ester and the N-CH3 (k, Figure 113) group of sulfo-

Cyanine5-NHS. The peaks corresponding to the four CH3 groups and the N-CH3 moiety 

are observed in 15 at 1.68 (12H) and 3.55 (overlapping) ppm. The peak at 2.89 

corresponding to the NHS-ester protons is absent from 15, as expected.  

 

Figure 114: Low-field 1H NMR spectra of sulfo-Cyanine5-NHS ester (top) and 15 (bottom) in 

D2O. The peaks assigned to the four CH3 (l/l’, Figure 113) and the N-CH3 (k, Figure 113) in 

both sulfo-Cyanine5-NHS and 15 are highlighted in blue and green, respectively. The NHS ester 

protons of sulfo-Cyanine5-NHS are highlighted in red and are absent from 15.  

 

Due to the limited amount of product obtained the 13C NMR spectrum was not recorded 

for 15. 1H NMR spectroscopy and LC-MS analysis suggest a purity of ≥95%. HRMS 
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confirmed the identity of 15 (C90H125O19N16CoS2 [M+2Na]2+ = 951.3930 (calcd. m/z = 

951.3932)). 

3.2.9 Synthesis and analysis of the Cyanine7 conjugate of Cbi 

Compound 16  

The synthesis of 16 was achieved using crude 11 as the starting material, together with 

the Cyanine7-NHS ester (Scheme 19). Cyanine7-NHS was utilised as the limiting 

reagent, in addition to Et3N. The reaction was carried out in DMSO under N2 at 40℃ for 

24 h.  

 

Scheme 19: Synthetic method for the synthesis of 16.  

 

Reaction progress was monitored by LC-MS and reached completion after 24 h. The 

crude product had four major peaks in the LC-MS chromatograms at 29.8, 31.7, 32.8 and 

33.2 min (Figure 115). The peak at 29.8 min was from 16 (C95H133CoN16O13 calcd. m/z 

[M]2+ = 883.0 and [M+H]3+ = 589.0; found 882.7 and 588.8). The peaks eluting at 32.7 

and 33.2 min were assigned to hydrolysed Cyanine7-COO¯ (C37H45N2O2 calcd. m/z [M]+ 

= 549.3; found 549.4) and the Cyanine7-NHS ester (C41H48N3O4 calcd. m/z [M]+ = 646.4; 

found 646.3), respectively (Figure 116). The final peak eluting at 31.7 min had m/z values 

of 532.6 and 709.7, likely corresponding to a 3+ and 4+ peak from the same parent 

compound but could not be identified. During the synthesis of 13 and 15, the Cbi-(PEG)3-
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fluorophore side product was observed in LC-MS chromatograms. The Cbi-(PEG)3-

Cyanine7 conjugate has m/z values of 725.7 and 544.6 (calcd. [M+H]3+ and [M+2H]4+ for 

C112H169CoN19O21), which are significantly different from 709.7 and 532.6.  

 

Figure 115: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of the crude product 

16 (LC-MS method 3). The peak eluting at 29.8 min has been assigned to 16 (C95H133CoN16O13 

calcd. m/z [M]2+ = 883.0 and [M+H]3+ = 589.0; found 882.7 and 588.8). 
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Figure 116: Structures of Cyanine7-COO¯
 and Cyanine7-NHS. 
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The purification of 16 proved to be challenging. The crude product was columned by 

reversed-phase C18 chromatography three times to remove impurities observed in the 

aromatic region of the 1H NMR spectrum. The final reversed-phase C18 column was run 

under isocratic conditions of 60% CH3CN in H2O with 0.1% formic acid added to both 

the organic and aqueous mobile phase. Compound 16 eluted from the stationary phase as 

a dull green band and was taken to dryness by rotary evaporation. LC-MS was used to 

determine the purity of 16 (Figure 117). Two peaks retained at 29.7 and 30.7 min from 

the α-cyano-β-aqua and α-aqua-β-cyano isomers of 16 (C95H133CoN16O13 calcd. m/z 

[M]2+ = 883.0 and [M+H]3+ = 589.0; found 882.7 and 588.8). 

 

Figure 117: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of pure 16 (LC-MS 

method 3). The peaks eluting at 29.7 and 30.7 min have been assigned to the α-cyano-β-aqua 

and α-aqua-β-cyano isomers of 16 (C95H133CoN16O13 calcd. m/z [M]2+ = 883.0 and [M+H]3+ = 

589.0; found 882.7 and 588.8). 

 

1H NMR spectroscopy in MeOH-d4 was undertaken to further assess the purity of 16. In 

the COSY experiment, no coupling was observed for 16 above 5.00 ppm. The aromatic 

region of the 1H NMR spectrum of 16 and Cyanine7-NHS were compared (Figure 118). 

The proton signals at 6.14-6.20 (m, 2H), 7.23-7.26 (m, 4H), 7.37-7.47 (m, 5H) and 7.71-

7.78 ppm (m, 2H) were present in both Cyanine7-NHS and 16.  
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Figure 118: Aromatic region of the 1H NMR spectrum of the Cyanine7-NHS ester (top) and 16 

(bottom) in MeOH-d4. Multiplets have been assigned as 6.47-6.20 (2H, m, d and b), 7.23-7.26 

(4H, m, benzyl protons), 7.37-7.47 (4H, m, benzyl protons), 7.72 (1H, m, c) and 7.71-7.78 ppm 

(2H, m, a and e) for both Cyanine7-NHS and 16. The peak at 6.47 ppm of 16 has been assigned 

to the C10 proton of the corrin ring. 

 

Peaks assignments for the Cyanine7 protons of 16 are d/b (6.47-6.20, m, 2H), benzyl 

moiety (7.23-7.26, m, 4H and 7.37-7.47, m, 4H) overlapping with c (7.72 ppm, 1H) and 

a/e (7.71-7.78 ppm, m, 2H) (Figure 119). The proton signal at 6.47 (s, 0.4H) was assigned 

to the C10 proton of the corrin ring. As observed for all the Cbi fluorophore conjugates, 

the C10 proton is prone to deuterium exchange, resulting in an area corresponding to 0.4 

rather than 1H. The C10 proton of a second isomer of Cbi was not observed, possibly due 

to proton-deuterium exchange.  
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Figure 119: Structure of compound 16 highlighting the aromatic protons, the four diagnostic 

CH3 moieties (i/i’, purple) and the N-CH3 (j, green). 

 

The low-field region of the 1H NMR spectrum of 16 was also analysed. The distinct peak 

at 1.71 ppm (s, 12H) is present in both Cyanine7-NHS and 16 and is from the four CH3 

protons, i and i’ (Figure 119). A further peak at 3.60 ppm (3H) corresponding to the N-

CH3 protons of Cyanine7-NHS (j) is likely overlapping with another larger peak at 3.60 

ppm from 16. Cyanine7-NHS also has a large peak at 2.83 ppm (s, 4H) from the four 

NHS ester protons. This signal is not present in 16, due to peptide bond formation.  

 

Figure 120: Low-field region of the 1H NMR spectra of Cyanine7-NHS ester (top) and 16 

(bottom) in MeOH-d4. Peaks can be assigned to the four CH3 groups (i/i’, pink, Figure 119) and 

the N-CH3 (j, green, Figure 119) substituent in both Cyanine7-NHS and 16. The NHS ester 

protons of Cyanine7-NHS are highlighted in red, absent from 16. 
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Due to limited amount of compound 16, the 13C NMR spectrum was not recorded. 

Analysis by 1H NMR and LCMS indicate a purity of ≥95%, however, difficulty during 

purification resulted in a low yield of 18.3%.  HRMS analysis confirmed the identity of 

16 (C95H133O13N16Co [M]2+ calcd. m/z 882.4779, found 882.4760). 

 

3.3 Conclusion  

This chapter presents the synthesis and characterisation of Cbi-linker compounds (11 and 

12) incorporating the 1,11-diamino-3,6,9-trioxaundecane and cystamine linkers. 

Purification of 11 and 12 by normal-phase silica and DCVC chromatography methods 

were unsuccessful. Purification by reversed-phase C18 chromatography was also 

unsuccessful. These methodologies were therefore replaced by thorough desalting using 

a reversed-phase C18 silica plug to remove some impurities. Due to the inability to purify 

the Cbi-linker compounds, yields were not obtained for these syntheses.  

The crude Cbi-linker molecules were functionalised with a fluorescent group NBD-X, 

sulfo-Cyanine5 or Cyanine7. Purification of the Cbi-linker-fluorophore conjugates was 

also challenging. Reversed-phase C18 chromatography under isocratic conditions 

allowed for purity above 90% to be obtained. All fluorescent conjugates have been 

analysed by LC-MS, 1H NMR spectroscopy and HRMS to confirm the identity and purity 

of each sample. Yields obtained for the Cbi-fluorophore conjugates ranged from 18-63%, 

which is significantly lower than the CNCbl-linker-fluorophore derivatives (conjugates 

3-8) which had yields of 54-92%. Interestingly, 1H NMR analysis of compounds 13-16 

in both MeOH-d4 and D2O showed proton-deuterium exchange of the C10 proton of the 

corrin ring. Proton-deuterium exchange resulted in 1H NMR peak for the C10 proton to 

not be observed (compound 14) or have a reduced peak area (integration of <0.4H for 

compounds 13 and 15-16). However, proton-deuterium exchange was not observed for 

the Cbi and Cbi-linker compounds 9-12.  
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Chapter 4 Fluorescence studies of CNCbl and CNCbi 

conjugates incorporating NBD-X, sulfo-Cyanine5 and 

Cyanine7 

4.1 Introduction 

A series of 5’-OH bound CNCbl-linker-fluorophore and CNCbi-linker-fluorophore 

conjugates have been synthesised, utilising three fluorophores - 7-nitrobenz-2-oxa-1,3-

diazole hexanoic acid (NBD-X), sulfo-Cyanine5 and Cyanine7. These fluorophores were 

selected to emit in a wide range of the visible and near-infrared spectrum. This chapter 

concerns the determination of the fluorescence quantum yields for six CNCbl-linker-

fluorophore and four CNCbi-linker-fluorophore conjugates. Emission and absorption 

spectroscopy studies have also been carried out to investigate the fluorescence quenching 

mechanism for the CNCbl and CNCbi conjugates of NBD-X. 

4.2 Experimental 

4.2.1 Sample preparation 

Reference solutions were prepared using commercially available fluorescein (Sigma-

Aldrich, cat #46955), sulfo-Cyanine5 (Lumiprobe, cat# 46955) and 1,3,3-trimethyl-2-[7-

(1,3,3-trimethylindol-1-ium-2-yl)hepta-2,4,6-trienylidene]indole iodide (HITCI, Sigma-

Aldrich, cat# 252034), purchased from Merek and Lumiprobe. The CNCbl/CNCbi-

linker-fluorophore samples had purities of ≥95% as established by LC-MS 

chromatography. All solutions were prepared in analytical grade CH3OH, EtOH or 0.1 M 

NaOH in milliQ H2O directly before absorbance and fluorescence measurements were 

recorded (less than 1 h in solution). Solutions were protected from light.  

Stock solutions for UV/Vis and fluorescence measurements were prepared by dissolving 

~1 mg of sample or reference in 10 mL volumetric flasks with the required solvent. 

Further dilutions were made from the stock sample by aliquoting appropriate volumes 

into 10 mL volumetric flasks to obtain absorbance values between 0.005-0.01 at the 

excitation wavelength. UV/Vis and fluorescence spectra were recorded in quartz cuvettes.  

LC-MS analysis were obtained using milliQ H2O + 0.1% formic acid (solvent A) and 

CH3CN + 0.1% formic acid (solvent B) with the following mobile phase program: 0-5 
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min isocratic elution 95:5 A:B, 2-25 min 95:5 to 65:35 A:B, 25-35 min 65:35 to 10:90 

A:B and 35-43 min isocratic elution 10:90 A:B.  

4.2.2 Instrumentation 

Absorbance spectra were obtained using an Agilent Cary 100 UV/Vis spectrophotometer. 

The cell compartment was maintained at 25.0ºC by a thermostatted control. All spectra 

were plotted with Origin64 2024. Fluorescence emission spectra were obtained using a 

Varian Cary Eclipse Fluorescence spectrophotometer. The cell compartment was 

maintained at 25.0ºC by a thermostatted control. To check the photostability of each 

sample, the absorbance was taken before and after fluorescence measurements.  

See Section 2.2.2 for details on the LC-MS instrumentation. 

4.2.3 General methods 

Determination of the fluorescence quantum yields was achieved by fitting the data to 

equation (1) 

𝜙௦ = 𝜙௥ ቀ
௠ೞ

௠ೝ
ቁ ቀ

஗ೞ
మ

஗ೝ
మቁ                                                 (1) 

where Φ represents the fluorescence quantum yield, m is the slope of the integrated 

fluorescence emission against absorbance at the excitation wavelength, η is the refractive 

index of the solvent, s denotes sample and r denotes reference. The error for each term 

was converted to a percentage error. All percentage errors were combined to determine 

the absolute error of fluorescence quantum yields.  

4.3 Results and Discussion 

4.3.1 Determination of fluorescence quantum yields of the CNCbl and 

CNCbi conjugates of NBD-X 

The gold standard for determining the fluorescence quantum yield uses an integrating 

sphere system.1,2 However, the fluorescence quantum yield determination in this work 

has been achieved using the relative fluorescence quantum yield method. This method is 

robust and commonly used.1,2  
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Fluorescein reference 

The fluorescent reference dye used for the determination of the quantum yield of 

compounds 3, 4, 13 and 14 was 3',6'-dihydroxyspiro[2-benzofuran-3,9'-xanthene]-1-one 

(fluorescein). Fluorescein is commonly utilised to determine fluorescence quantum yields 

and has a published quantum yield of 0.925 ± 0.015 in 0.1 M NaOH.3 The excitation 

wavelength selected in this work was 470 nm where both NBD-X and fluorescein absorb 

strongly. Five solutions of fluorescein with different concentrations (0.626-1.41 µM in 

0.1 M NaOH) were measured for both absorbance and fluorescent emission (Figure 121). 

The integrated fluorescence intensity was plotted against the absorbance at 470 nm for 

each sample. The data was fitted to a straight line with an intercept at (0,0) and the slope 

was determined. The refractive index (η) of 0.1M NaOH is 1.334 (± 0.004).4 This data 

was used as the reference for the quantum yield determination of all NBD-X-containing 

conjugates. 

 

Figure 121: Left: absorbance (black) and emission (purple) spectra of fluorescein (0.626-1.41 

µM, 0.1M NaOH). Right: plot of integrated fluorescence emission versus the absorbance at the 

excitation wavelength (470 nm). The data is fitted to a straight line passing through the origin, 

giving a gradient of (3.10 ± 0.14) x 106. The Pearson’s correlation of the linear fit is 0.99.  

 

NBD-X fluorophore 

The fluorescence quantum yield of NBD-X is not published in the literature. To compare 

the fluorescence quantum yield of the CNCbl-linker-NBD-X and CNCbi-linker-NBD-X 

to the unbound NBD-X moiety, the fluorescence quantum yield of NBD-X was 

determined. The absorbance and emission profiles of five solutions of NBD-X in 

analytical grade CH3OH were recorded (Figure 122). The excitation wavelength was 

maintained at 470 nm. The refractive index (η) of CH3OH is 1.3270 (± 0.0005).5 The 
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fluorescence quantum yield of NBD-X was calculated using equation (1), giving 0.287 ± 

0.022.  

 

Figure 122: Left: absorbance (black) and emission (purple) spectra of NBD-X (0.871-3.47 µM, 

CH3OH). Right: plot of integrated fluorescence emission versus the absorbance at the excitation 

wavelength (470 nm). The data were fitted to a straight line passing through the origin. The 

Pearson’s correlation of the linear fit is 0.99. Data was fit to equation (1) where Φr = 0.925 ± 

0.015, ms = (9.60 ± 0.15) x 105, mr = (3.10 ± 0.14) x 106, ηs = 1.3270 (± 0.0005)5 and ηr = 1.334 

(± 0.004)4, giving ϕs = 0.287 ± 0.022.  

 

Compound 3 

The fluorescence quantum yield of compound 3 was determined using an analogous 

experimental procedure. Absorbance and excitation spectra were obtained for five 

solutions (in CH3OH). The integrated fluorescence intensity of each solution was plotted 

against the absorbance at the excitation wavelength (470 nm). The data were fitted to a 

straight line with an intercept at (0,0) and the gradient determined (Figure 123). The 

calculated fluorescence quantum yield of 0.011 ± 0.001, using equation (1).  
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Figure 123: Left: absorbance (black) and emission (purple) spectra of 3 (0.471-2.82 µM, 

CH3OH). Right: plot of integrated fluorescence emission versus the absorbance at the excitation 

wavelength (470 nm). The data is fitted to a straight line passing through the origin. The 

Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum yield was determined 

using equation (1) where Φr = 0.925 ± 0.015, ms = (3.71 ± 0.13) x 104, mr = (3.10 ± 0.14) x 106, 

ηs = 1.3270 (± 0.0005)5 and ηr = 1.334 (± 0.004)4 giving ϕs = 0.011 ± 0.001. 

 

Compound 4 

Compound 4 was analysed using the same methodology for 3 and NBD-X. Absorbance 

values of five solutions (in CH3OH) at 470 nm were plotted against the integrated 

fluorescence intensity. The data were fitted to a straight line with an intercept at (0,0) 

(Figure 124). The fluorescence quantum yield was determined to be 0.007 ± 0.001 using 

equation (1).  

 

Figure 124: Left: absorbance (black) and emission (purple) spectra of 4 (0.703-3.50 µM, 

CH3OH). Right: plot of integrated fluorescence emission versus the absorbance at the excitation 
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wavelength (470 nm). The data is fitted to a straight line passing through the origin. The 

Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum yield was determined 

using equation (1) where Φr = 0.925 ± 0.015, ms = (2.37 ± 0.14) x 104, mr = (3.10 ± 0.14) x 106, 

ηs = 1.3270 (± 0.0005)5 and ηr = 1.334 (± 0.004)4, giving ϕs = 0.007 ± 0.001.  

 

Compound 13 

The fluorescence quantum yield for 13 was determined in CH3OH, using fluorescein as 

the reference. The absorbance at 470 nm was plotted against the integrated fluorescence 

intensity for five samples. The data were fitted to a straight line with an intercept at (0,0) 

(Figure 125). The fluorescence quantum yield was determined as 0.019 ± 0.002 using 

equation (1). 

 

Figure 125: Left: absorbance (black) and emission (purple) spectra of 13 (1.11-5.53 µM, 

CH3OH). Right: plot of integrated fluorescence emission versus the absorbance at the excitation 

wavelength (470 nm). The data is fitted to a straight line passing through the origin. The 

Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum yield was determined 

using equation (1) where Φr = 0.925 ± 0.015, ms = (1.16 ± 0.02) x 104, mr = (3.10 ± 0.14) x 106, 

ηs = 1.3270 (± 0.0005)5 and ηr = 1.334 (± 0.004)4 giving ϕs = 0.019 ± 0.002. 

 

Compound 14 

The fluorescence quantum yield of 14 was determined in CH3OH. The integrated 

fluorescence intensity (excitation wavelength at 470 nm) was plotted against the 

absorbance at 470 nm for five solutions (Figure 126). The data were fitted to a straight 

line with an intercept at (0,0). The fluorescence quantum yield was determined to be 0.035 

± 0.003 using equation (1).  



183 
 

 

Chapter 4  

 

Figure 126: Left: absorbance (black) and emission (purple) spectra of 14 (0.142.1.21 µM, 

CH3OH). Right: plot of integrated fluorescence emission versus the absorbance at the excitation 

wavelength (470 nm). The data is fitted to a straight line passing through the origin. The 

Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum yield was determined 

using equation (1) where Φr = 0.925 ± 0.015, ms = (6.38 ± 0.22) x 104, mr = (3.10 ± 0.14) x 106, 

ηs = 1.3270 (± 0.0005)5 and ηr = 1.334 (± 0.004)4, giving ϕs = 0.035 ± 0.003. 

 

The fluorescence quantum yields of the CNCbl and CNCbi conjugates of NBD-X have 

been determined using fluorescein as a reference and are summarised in Table 4. All 

CNCbl and CNCbi conjugates have a significantly lower fluorescence quantum yield than 

the free NBD-X fluorophore. This indicates that the CNCbl and CNCbi moieties are 

quenching the fluorescence of the NBD-X moiety in the conjugates. Quenching was more 

pronounced for the CNCbl conjugates 3 and 4, with a reduction in the fluorescence 

quantum yield from 0.29 to 0.011 and 0.007, respectively. Fluorescence quenching is 

greater for the conjugates containing the 1,11-diamino-3,6,9-trioxaundecane linker 

compared to the cystamine analogues of CNCbl and CNCbi. It is proposed that the longer 

1,11-diamino-3,6,9-trioxaundecane linker provides greater flexibility than the shorter 

cystamine linker. This increased linker length would potentially allow for greater folding, 

allowing the CNCbl/CNCbi corrin ring and NBD-X to be spatially close to each other. 

Energy transfer between the excited NBD-X fluorophore and the CNCbl/CNCbi would 

result in a lower fluorescence quantum yield.  

 



184 
 

 

Chapter 4  

Table 4: Fluorescence quantum yields of NBD-X conjugates of CNCbl and CNCbi obtained in 

CH3OH using fluorescein as the reference. 

Compound Fluorescence quantum yield 

3 (CNCbl-Cy-NBD-X) 0.011 ± 0.001 

4 (CNCbl-PEG-NBD-X) 0.007 ± 0.001 

13 (CNCbi-PEG-NBD-X) 0.019 ± 0.002 

14 (CNCbi-Cy-NBD-X) 0.035 ± 0.003 

NBD-X 0.287 ± 0.022 

 

4.3.2 Visible spectroscopy studies to assess a potential association between 

the free NBD-X fluorophore and CNCbl ground state molecules 

Significantly reduced fluorescence quantum yields were observed for the CNCbl and 

CNCbi conjugates of NBD-X compared to the NBD-X fluorophore. Quenching by the 

corrin ring of CNCbl has been observed by others for numerous fluorescent moieties upon 

conjugation to CNCbl.6–9 Many mechanisms have been suggested for this fluorescence 

quenching, commonly separated into static or dynamic mechanisms. Static quenching 

refers to the interaction between the donor and acceptor in the ground state, resulting in a 

non-fluorescent complex. Dynamic quenching describes an interaction between the 

acceptor and the donor molecule in the excited state.10,11 Static quenching can lead to a 

change in the absorbance spectrum compared to the solutions of the individual 

components (donor and acceptor). This can be studied by UV/Vis spectroscopy.  

To probe if static quenching is occurring between CNCbl and NBD-X due to an 

association occurring between these moieties in the conjugates, absorbance spectroscopy 

studies were carried out between free NBD-X and CNCbl. The visible spectra of separate 

solutions of CNCbl and NBD-X were recorded in CH3OH (27.7 μM) and the absorbance 

spectra were added together using the Cary 100 instrument software (Figure 127). An 

absorbance spectrum was also obtained for an equimolar CNCbl and NBD-X solution 

(CH3OH, 27.7 μM). There were no differences between these spectra. This was repeated 

with increasing concentrations of CNCbl (NBD-X:CNCbl 1:1.5, 1:2, 1:3, 1:5, see 

Appendix). No change was observed in the absorbance spectra when CNCbl and NBD-

X were in separate solutions and the spectra added together or in the same solution. Since 
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there is no evidence for an association between free CNCbl and NBD-X in their ground 

states, this does not support static quenching being the main mechanism of fluorescence 

quenching for the CNCbl-linker-NBD-X and CNCbi-linker-NBD-X conjugates.   

 

Figure 127: Top: Visible spectra of CNCbl (27.7 μM, black), NBD-X (27.9 μM, green) and a 

solution of CNCbl and NBD-X (27.7 and 27.9 μM, respectively, blue). Combined visible spectra 

of CNCbl and NBD-X (27.9 μM, red). All solutions were recorded in CH3OH at 25.0 ℃. 

Bottom: Visible spectra of CNCbl (142 μM, black), NBD-X (27.9 μM, green) and a 1:5 solution 

of NBD-X and CNCbl (27.9 μM and 142 μM, respectively, blue). Combined visible spectra of 

CNCbl (142 μM) and NBD-X (27.9 μM, red). All solutions were recorded in CH3OH at 25.0 ℃.  
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4.3.3 Emission spectroscopy studies to determine if free CNCbl quenches 

the fluorescence of NBD-X  

Emission spectroscopy studies were undertaken to probe for energy transfer between the 

free NBD-X fluorophore in the excited state and CNCbl. The emission spectrum of NBD-

X was first obtained (Figure 128). Emission spectra were then recorded for solutions of 

NBD-X (1.28 µM) and CNCbl (1.28-12.8 µM). As the concentration of CNCbl increases, 

the fluorescence emission of NBD-X decreases. The integrated fluorescence emission 

peak areas were used to determine the percentage reduction in fluorescence upon the 

addition of CNCbl, with the NBD-X peak area in the absence of CNCbl set to 100%. The 

1:1 NBD-X:CNCbl solution experienced a 1% decrease in fluorescence, with 1:5 NBD-

X:CNCbl showing a 10% reduction and 1:10 NBD-X:CNCbl showing a 15% reduction 

in emission. This indicates that there is an interaction between NBD-X in the excited state 

and CNCbl, resulting in fluorescence quenching.  

 

Figure 128: Left: Fluorescence emission studies of NBD-X (1.28 µM) in the presence of CNCbl 

(0, 1.28, 6.42 and 12.8 µM). All solutions were prepared in CH3OH and recorded at 25.0℃. 

Emission spectra (excitation at 470 nm) of NBD-X (1.28 μM, blue), NBD-X & CNCbl (1.28 μM 

and 1.28 μM, 1:1, black), NBD-X & CNCbl (1.28 μM and 6.42 μM, 1:5, red) and NBD-X & 

CNCbl (1.28 μM and 12.8 μM, 1:10, green). Emission of CNCbl (1.28 μM, pink), CNCbl (6.42 

μM, dark green) and CNCbl (12.8 μM, yellow) are overlapping. Right: Stern-Volmer plot of 

NBD-X (1.28 μM) emission in the presence of increasing concentrations of CNCbl (0, 1.28, 6.42 

and 12.8 µM) in CH3OH at 25.0℃. Data were fitted to a straight line with an intercept at (0,1), 

giving a Pearsons coefficient of 0.99.  
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4.4 Fluorescence emission studies of the NBD-X conjugates following 

cleavage of the cystamine linker  

A component of this work was to develop a chemically responsive series of CNCbl and 

CNCbi complexes that would cleave to release their cargo in cellular environments. The 

disulfide-containing cystamine linker is known to undergo reductive cleavage in the 

cytoplasm of cells by glutathione (GSH).12,13 The significantly lower fluorescence 

quantum yield of the NBD-X conjugates of both CNCbl and CNCbi compared to the 

NBD-X species released upon cleavage of the disulfide of the linker provides a 

convenient mechanism by which to confirm that cleavage occurs upon exposure to GSH.  

4.4.1 Spectral studies of NBD-X conjugates 3, 4 and 14 

Solutions of compounds 3 (CNCbl-cy-NBD-X) and 14 (CNCbi-cy-NBD-X) were 

prepared in an aqueous solution of carbonate buffer (0.050 M, pH 10.0) at concentrations 

of 1.0 μM. The UV/Vis and fluorescence emission spectra (excitation at 470 nm) were 

recorded. Analogous solutions were made with the addition of reduced glutathione (GSH, 

5.0 mM), similar to the concentration found in cytosolic compartments in cells (0.1-10 

mM).14,15 The UV/Vis and fluorescence spectra of solutions containing GSH were 

measured immediately and after 2 h at room temperature, with the solutions protected 

from light (Figure 129). After the addition of GSH to 3 and 14, a large increase in the 

fluorescence intensity is observed, consistent with a significant increase in the distance 

between the CNCbl/CNCbi and NBD-X moieties. After linker cleavage, the CNCbl/Cbi 

and NBD-X chromophores diffuse away from each other, decreasing the efficiency of 

fluorescence quenching. 

Upon exposure to GSH, an unexpected increase was observed for the absorbance peak of 

3 and 14 centred ~480 nm (Figure 129). Closer inspection of the absorbance spectra 

shows that the peak/shoulder at 550 nm for 3 and 530 nm for 14 are at similar absorbance 

values before and after the addition of GSH. These peak/shoulders can be attributed to 

CNCbl and CNCbi, respectively. As the absorbance of this peak/shoulder for both CNCbl 

and CNCbi does not significantly change upon the addition of GSH, it suggests the large 

change of the peak/shoulder at ~480 nm for both systems is associated with the NBD-X 

moiety. The N-hexyl chain of NBD-X can readily undergo nucleophilic attack. It is 

proposed that the N-hexyl chain of NBD-X is cleaved by thiolates (RS¯) produced upon 

cleavage of the disulfide of 3 and 14 by GSH (Scheme 20 and Scheme 21).  
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Figure 129: Left: absorbance spectra of 3 (1.0 μM) in carbonate buffer (0.050 M, pH 10.0) 

without GSH (light blue) and with GSH (dark blue, 5 mM) and the corresponding fluorescence 

emission spectra of 3 (1.0 μM) in carbonate buffer (0.050 M, pH 10.0) without GSH (brown), 

immediately after the addition of GSH (yellow, 5 mM) and 2 h after GSH addition (orange). 

Right: absorbance spectra of 14 (1.0 μM) in carbonate buffer (0.050 M, pH 10.0) without GSH 

(light blue) and with GSH (dark blue, 5 mM) and the corresponding fluorescence emission 

spectra of 14 (1.0 μM) in carbonate buffer (0.05M, pH 10) without GSH (brown), immediately 

after the addition of GSH (yellow, 5 mM) and 2 h after GSH addition (orange). 
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Scheme 20: Proposed nucleophilic attack of  NBD-X by the thiolates produced following 

reductive cleavage of the CNCbl-linker-NBD-X or CNCbi-linker-NBD-X by GSH, Scheme 21. 

 

LC-MS analysis of glutathione-treated NBD-X conjugates 3 and 4 

Compound 3 was analysed by LC-MS before and after the addition of GSH. This was 

carried out to confirm cystamine cleavage upon exposure to GSH. GSH can attack either 

S centre of cystamine, giving rise to a free thiol (CNCbl-S¯ or (NBD-X)-S¯) and 

glutathione adduct with a disulfide bond (CNCbl-SSG or (NBD-X)-SSG, Scheme 21). 
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Scheme 21: Cystamine linker cleavage of 3 by GSH, producing the thiolates CNCbl-S¯ or 

(NBD-X)-S¯, and the corresponding disulfide (NBD-X)-SSG and CNCbl-SSG products.  

 

The solutions utilised for fluorescence analysis upon exposure to GSH were injected into 

the LC-MS instrument. Compound 3, which was not exposed to GSH, showed two peaks 

in the LC-MS chromatogram (Figure 130). The peak at 26.6 min is assigned to compound 

3 (C80H110CoN20O19PS2, calcd. m/z [M+H]+ = 1809.7, [M+2H]2+ = 905.4 and [M+3H]3+ 

= 603.9; found 1809.4, 905.6 and 604.1). A second peak at 16.9 min can be assigned to a 

degradation product of 3 (C74H109CoN17O16PS2 calcd. m/z [M+2H]2+ = 823.8 and 

[M+3H]3+ = 549.6; found 824.0 and 549.7). This product is formed by the loss of the 

fluorescent NBD moiety as shown in Scheme 21, as a result of base-catalysed C-N bond 

cleavage. After the addition of GSH, the area of the product peak at 26.6 min is greatly 

diminished. The peaks at 17.0 and 19.0 min can be assigned to the two possible CNCbl 
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fragments after GSH-induced cleavage of the cystamine linker. The peak at 17.0 min is 

the newly formed disulfide-containing CNCbl-SSG complex (C76H108CoN18O21PS2 

calcd. m/z [M+H]+ = 1763.7, [M+2H]2+ = 882.3 and [M+3H]3+ = 588.6; found 1763.6, 

882.5 and 588.8) whereas 19.0 min corresponds to the free thiol CNCbl-SH cleaved 

product (C66H93CoN15O15PS calcd. m/z [M+H]+ = 1458.6 and [M+2H]2+ = 729.8; found 

1458.9 and 729.3), Scheme 22. 

 

Figure 130: LC-MS DAD chromatograms (361 nm) of 3 obtained after treatment without (top) 

and with 5 mM GSH (bottom) in carbonate buffer (0.050 M, pH 10.0). Newly formed peaks after 

GSH addition at 17.0 and 19.0 min are assigned to the disulfide-containing CNCbl-SSG 

complex (CNCbl-SSG, C76H108CoN18O21PS2 calcd. m/z [M+2H]+ = 1763.6; [M+2H]2+ = 882.3 

and [M+3H]3+; found 1763.6, 882.5 and 588.8) and the free thiol CNCbl product (CNCbl-SH, 

C66H93CoN15O15PS calcd. m/z [M+H]+ = 1458.6 and [M+2H]2+ = 729.8; found 1458.9 and 

729.39). 
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Scheme 22: Proposed base hydrolysis of compound 3 in carbonate buffer (0.050 M, pH 10.0).  

 

Treatment of compound 3 with GSH resulted in the expected disulfide bond cleavage of 

the cystamine linker. This bond cleavage leads to separation of the CNCbl and NBD-X 

moieties, resulting in the large increase in fluorescence observed in Figure 129. LC-MS 

analysis also showed a small amount of base-catalysed hydrolysis for compound 3 in 

basic solution.  

To determine if base hydrolysis also occurs for the non-disulfide linked CNCbl-linker-

NBD-X conjugate, the stability of compound 4 in pH 10.0 buffer in the presence and 

absence of 5 mM GSH was determined. Before treatment with GSH, the LC-MS showed 

two peaks (Figure 131). The peak eluting at 25.6 min can be assigned to compound 4 

(C84H118CoN20O22P calcd. m/z [M+H]+ = 1849.8, [M+2H]2+ = 925.4 and [M+3H]3+ = 

617.3; found 1850.1, 925.6 and 617.4) As seen for compound 3, compound 4 also showed 

evidence of degradation in basic solution. The peak eluting at 16.0 min can be assigned 

to the base hydrolysis-associated degradation product of 4 shown in Scheme 23 

(C78H117CoN17O19P calcd. m/z [M+2H]2+ = 843.9 and [M+3H]3+ = 562.9; found 844.0 

and 563.0). After the addition of GSH, the degradation product was more prevalent along 

with other impurities that could not be identified retaining between 20-24 min. Compound 

4, however, was also observed eluting at 25.6 min (C84H118CoN20O22P calcd. m/z [M+H]+ 

= 1849.8, [M+2H]2+ = 925.4 and [M+3H]3+ = 617.3; found 1850.1, 925.6 and 617.4). The 
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increase in degradation products after treatment with GSH can be linked to the extended 

time compound 4 was left in solution at pH 10.0. The GSH-treated sample was allowed 

to react for ~5 h before being analysed.  

 

Figure 131: LC-MS DAD chromatograms (361 nm) of 4 obtained after treatment without (top) 

and with 5 mM GSH (bottom) in carbonate buffer (0.05 M, pH 10). The peak eluting at 25.6 min 

is assigned to 4 (C84H118CoN20O22P calcd. m/z [M+H]+ = 1849.8, [M+2H]2+ = 925.4 and 

[M+3H]3+ = 617.3; found 1850.1, 925.6 and 617.4).  

 

Scheme 23: Proposed base hydrolysis of compound 4 in carbonate buffer (0.050 M, pH 10.0).  
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The LC-MS results for both 3 and 4 show that these compounds undergo nucleophilic 

attack by base resulting in C-N bond cleavage. Compound 3 undergoes the expected 

disulfide bond cleavage of the cystamine linker after the addition of GSH. Compound 4 

does not have a disulfide bond and was therefore a suitable compound to confirm that 

base hydrolysis occurs for these systems in alkaline solution. There was increased 

degradation of 4 compared to 3, probably due to the extended time in solution at pH 10.0. 

The fluorescence studies were undertaken immediately after preparation, to limit 

interference from the base-hydrolysed degradation product of NBD-X. The increase in 

fluorescence of 3 upon exposure to GSH is due to GSH-catalysed cystamine linker 

cleavage.  

 

4.4.2 Determination of the fluorescence quantum yields for the CNCbl and 

CNCbi conjugates of sulfo-Cyanine5 

Sulfo-Cyanine5-NHS reference 

The reference dye selected to determine the fluorescence quantum yields of 5, 6 and 14 

was the sulfo-Cyanine5-NHS dye itself. This fluorophore has a reported fluorescence 

quantum yield of 0.30 in EtOH (no error in this value was published).16 As the fluorophore 

in this case is identical to that of the conjugates, this ensures excellent spectral overlap of 

both absorbance and emission spectra of the reference and CNCbl/CNCbi conjugates. 

Sulfo-Cyanine5-NHS has a smaller Stokes shift than fluorescein. However, excitation of 

sulfo-Cyanine5-NHS at 600 nm ensures that the complete emission peak is observed. The 

concentrations of sulfo-Cyanine5-NHS ranged from 0.231-0.540 µM, giving absorbance 

values between ~0.02-0.07 at 600 nm (Figure 132). The integrated fluorescence intensity 

and absorbance (at 600 nm) was plotted and fitted to a straight line with the intercept at 

(0,0). The refractive index (η) of EtOH was 1.3604 (±0.0003).5 The slope of the plot of 

integrated fluorescence intensity versus absorbance together with the reported 

fluorescence quantum yield and refractive indices were used to determine the 

fluorescence quantum yields of the CNCbl and CNCbi conjugates of sulfo-Cyanine5.  
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Figure 132: Left: absorbance (black) and emission (purple) spectra of sulfo-Cyanine5-NHS 

ester (0.231-0.540 µM) in EtOH. Right: plot of integrated fluorescence intensity versus the 

absorbance at the excitation wavelength (600 nm). The data are fitted to a straight line passing 

through the origin, giving a gradient of (4.48 ± 0.13) x 105. The Pearson’s correlation of the 

linear fit is 0.99.  

 

Sulfo-Cyanine5 in CH3OH 

The fluorescence quantum yield for sulfo-Cyanine5-NHS published in the literature was 

obtained in EtOH (0.30 (no error reported)).16 The CNCbl/CNCbi conjugates of sulfo-

Cyanine5 have minimal solubility in EtOH, therefore CH3OH was the solvent used for 

determining the fluorescent quantum yields. To compare the fluorescence quantum yields 

of the conjugates to the sulfo-Cyanine5 fluorophore, the fluorescence quantum yield of 

sulfo-Cyanine5-NHS ester was determined in CH3OH. Solutions of sulfo-Cyanine5 were 

prepared in CH3OH (0.534-1.63 μM) and the absorbance and emission spectra were 

recorded. The absorbance at 600 nm was plotted against the integrated fluorescence 

intensity. The data were fitted to a straight line with an intercept at (0,0). The fluorescence 

quantum yield was determined as 0.34 ± 0.02 using equation (1).  
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Figure 133: Left: absorbance (black) and emission (purple) spectra of sulfo-Cyanine5-NHS 

ester (0.534-1.63 µM, CH3OH). Right: plot of integrated fluorescence emission versus the 

absorbance at the excitation wavelength (600 nm). The data is fitted to a straight line passing 

through the origin. The Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum 

yield was determined using equation (1) where Φr = 0.30,16 ms = (5.30 ± 0.17) x 105, mr = (4.48 

± 0.13) x 105, ηs = 1.3270 (± 0.0005)5 and ηr = 1.3604 (±0.0003)5, giving ϕs = 0.34 ± 0.02.  

Compound 5 

Five solutions of compound 5 were prepared in CH3OH and the absorbance spectra were 

obtained. Fluorescence emission spectra were obtained using 600 nm as the excitation 

wavelength. The integrated fluorescence intensity was plotted against absorbance at the 

excitation wavelength (600 nm) and the data fitted to a straight line with the intercept 

(0,0) (Figure 134). The obtained gradient and refractive index of CH3OH (1.3270 ± 

0.0005)5 were used to calculate the fluorescence quantum yield of compound 5 giving 

0.28 ± 0.01 using equation (1).  



196 
 

 

Chapter 4  

 

Figure 134: Left: absorbance (black) and emission (purple) profiles of 5 (0.173-0.851 µM) in 

CH3OH. Right: plot of integrated fluorescence emission versus the absorbance at the excitation 

wavelength (600 nm). The data is fitted to a straight line passing through the origin. The 

Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum yield was determined 

using equation (1) where Φr = 0.30,16 ms = (4.34 ± 0.08) x 104, mr = (4.38 ± 0.13) x 105 , ηs = 

1.3270 (± 0.0005)5 and ηr = 1.3604 (±0.0003)5
, giving ϕs = 0.28 ± 0.01.  

 

Compound 6 

The fluorescence quantum yield of 6 was determined using the same methodology used 

for 5. Five solutions were prepared in CH3OH and the absorbance and emission spectra 

were obtained (excitation at 600 nm, Figure 135). The integrated fluorescence intensity 

was plotted against the absorbance at 600 nm and the data fitted to a straight line with the 

intercept at (0,0). The fluorescence quantum yield was calculated as 0.29 ± 0.02 using 

equation (1). 

 

Figure 135: Left: absorbance (black) and emission (purple) profiles of 6 (0.162-0.584 µM) in 

CH3OH. Right: plot of integrated fluorescence emission versus the absorbance at the excitation 
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wavelength (600 nm). The data is fitted to a straight line passing through the origin. The 

Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum yield was determined 

using equation (1) where Φr = 0.30,16 ms = (4.50 ± 0.17) x 104, mr = (4.38 ± 0.13) x 105 , ηs = 

1.3270 (± 0.0005)5 and ηr = 1.3604 (±0.0003)5
, giving ϕs = 0.29 ± 0.02. 

Compound 15 

Compound 15 has the sulfo-Cyanine5 fluorophore attached to CNCbi. Absorbance and 

emission spectra (excitation at 600 nm) were obtained for five solutions in CH3OH 

(Figure 136). The absorbance values were plotted against the integrated fluorescence 

intensity and the data fitted to a straight line with the intercept at (0,0). The fluorescence 

quantum yield was calculated as 0.22 ± 0.01 using equation (1). 

Figure 136: Left: absorbance (black) and emission (purple) profiles of 15 (0.193-0.142 µM in 

CH3OH). Right: plot of integrated fluorescence emission versus the absorbance at the excitation 

wavelength (600 nm). The data is fitted to a straight line passing through the origin. The 

Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum yield was determined 

using equation (1) where Φr = 0.30,16 ms = (3.31 ± 0.13) x 104, mr = (4.38 ± 0.13) x 105 , ηs = 

1.3270 (± 0.0005)5 and ηr = 1.3604 (±0.0003)5
, giving ϕs = 0.22 ± 0.01. 

The fluorescence quantum yields of compounds 5, 6 and 15 are summarized in Table 5. 

The values for 5 and 6 are the same within experimental error. The fluorescence quantum 

yield of the CNCbi conjugate (15) is lower than the CNCbl analogues. The fluorescence 

quantum yield of sulfo-Cyanine5-NHS ester was published in EtOH16, so the quantum 

yield of free sulfo-Cyanine5-NHS in CH3OH was experimentally determined to allow 

comparison with the quantum yields of 5, 6 and 15.  
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Table 5: Fluorescence quantum yields of CNCbl and CNCbi conjugates of sulfo-Cyanine5 

obtained in CH3OH.  

Compound Fluorescence quantum yield 

5 (CNCbl-Cy-sulfo-Cyanine5) 0.28 ± 0.01  

6 (CNCbl-PEG-sulfo-Cyanine5) 0.29 ± 0.02  

15 (CNCbi-PEG-sulfoCyanine5) 0.22 ± 0.01  

sulfo-Cyanine5-NHS ester 0.34 ± 0.02  

 

The fluorescence quantum yields of 5 and 6 are over one order of magnitude larger than 

the value reported in the literature for a CNCbl-linker-sulfo-Cyanine5 conjugate (0.011 ± 

0.001)17,11 incorporating a diaminohexane linker between CNCbl and sulfo-Cyanine5. 

The experimental procedure used by us was more robust as five solutions were utilised to 

obtain the value, where as a single solution was used to obtained the value for the CNCbl-

diaminohexane-sulfo-Cyanine5 conjugate. More importantly, the absorbance value of the 

solution (1 μM) used for the fluorescence quantum yield determination was 0.62. A 

maximum absorbance value of 0.1 is recommended for quantum yield determinations, so 

the inner filter effect is negligible.1,2 

The fluorescence quantum yields of 5, 6 and 15 (0.22-0.29) make these molecules suitable 

for use in cellular-imaging studies. Furthermore, the excellent quantum yields together 

with the high molar extinction coefficient of the sulfo-Cyanine5 fluorophore (2.71 x 105 

L mol-1 cm-1 at 646 nm) ensures that a strong fluorescent signal will be emitted.18,19  

 

4.4.3 Determination of fluorescence quantum yields of CNCbl and Cbi 

conjugates of Cyanine7 

1,1’,3,3,3’,3’-hexamethylindotricarbocyanine iodide (HITCI) reference 

The reference dye selected for the Cyanine7 conjugates 7, 8 and 15 was HITCI. HITCI is 

structurally similar to the appended Cyanine7 molecule used in this research (Figure 137). 

Furthermore, HITCI and Cyanine7 have similar absorbance and emission spectra with 

excitation maxima at 750 and 756 nm, respectively (Figure 138). HITCI has a published 

fluorescence quantum yield of 0.283 ± 0.017 in EtOH.20  
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Figure 137: Structures of HITCI and Cyanine7-NHS.  

 

Figure 138: Absorbance (black) and emission (purple, excitation at 670 nm) spectra of HITCI 

(EtOH, left) and Cyanine7-NHS (CH3OH, right) obtained at 25.0 ℃. 

 

Like sulfo-Cyanine5, HITCI has a shoulder in the absorbance spectrum at ~670 nm which 

was selected as the excitation wavelength. This excitation wavelength permitted the full 

fluorescence emission spectrum to be measured. Five solutions of HITCI were prepared 

and the absorbance and emission spectra recorded (in EtOH, Figure 139). The integrated 

fluorescence intensity versus absorbance (at 670 nm) were fitted to a straight line with 

the intercept at (0,0).  
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Figure 139: Left: absorbance (black) and emission (purple) spectra of HITCI (0.331-0.724 µM 

in EtOH). Right: plot of integrated fluorescence intensity versus the absorbance at the 

excitation wavelength (670 nm). The data was fitted to a straight line passing through the 

origin, giving a (2.07 ± 0.08) x 105 gradient. The Pearson’s correlation of the linear fit is 0.99.  

 

Cyanine7-NHS 

The fluorescence quantum yield of Cyanine7-NHS has not been published in the 

literature. To compare the fluorescence quantum yield of the CNCbl and CNCbi 

conjugates of Cyanine7 to the unbound Cyanine7-NHS molecule, the fluorescence 

quantum yield of Cyanine7-NHS was determined. Five solutions of Cyanine7-NHS were 

prepared in CH3OH and the absorbance and emission spectra were obtained (Figure 140). 

The absorbance data at 670 nm was plotted against the integrated fluorescence intensity 

for each sample. The data was fitted to a straight line with an intercept at (0,0). The 

fluorescence quantum yield value for Cyanine7-NHS was determined as 0.24 ± 0.04 using 

equation (1).  
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Figure 140: Left: absorbance (black) and emission (purple) spectra of Cyanine7-NHS (0.202-

1.43 µM in CH3OH). Right: plot of integrated fluorescence intensity versus the absorbance at 

the excitation wavelength (670 nm). The data were fitted to a straight line passing through the 

origin. The Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum yield was 

determined using equation (1) where Φr = 0.283 ± 0.017, ms = (1.84 ± 0.10) x 105, mr = (2.07 x 

± 0.08) 105, ηs = 1.3270 (± 0.0005)5 and ηr = 1.3604 (±0.0003)5
, giving ϕs = 0.24 ± 0.04. 

 

Compound 7 

The absorbance and emission spectra of five solutions of 7 were recorded in CH3OH 

(Figure 141). The integrated fluorescence intensity was plotted against the absorbance at 

670 nm. The fluorescence quantum yield was determined as 0.22 ± 0.03 using equation 

(1).  

 

Figure 141: Left: absorbance (black) and emission (purple) spectra of 7 (0.586-1.74 µM in 

CH3OH). Right: plot of integrated fluorescence intensity versus the absorbance at the excitation 

wavelength (670 nm). The data was fitted to a straight line passing through the origin. The 

Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum yield was determined 
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using equation (1) where Φr = 0.283 ± 0.017, ms = (1.67 ± 0.07) x 105, mr = (2.07 x ± 0.08) 105, 

ηs = 1.3270 (± 0.0005)5 and ηr = 1.3604 (±0.0003),
5 giving ϕs = 0.22 ± 0.03. 

 

Compound 8 

Five solutions of 8 were prepared in CH3OH and the emission and absorbance spectra 

were recorded (Figure 142). The absorbance at 670 nm was plotted against the integrated 

fluorescence intensity and the data fitted to a straight line with an intercept of (0,0). The 

fluorescence quantum yield was determined using equation (1) to be 0.25 ± 0.03. 

 

Figure 142: Left: absorbance (black) and emission (purple) spectra of 8 (0.215-1.06 µM in 

CH3OH). Right: plot of integrated fluorescence intensity versus the absorbance at the excitation 

wavelength (670 nm). The data was fitted to a straight line passing through the origin. The 

Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum yield was determined 

using equation (1) where Φr = 0.283 ± 0.017, ms = (1.89 ± 0.07) x 105, mr = (2.07 x ± 0.08) 105, 

ηs = 1.3270 (± 0.0005)5 and ηr = 1.3604 (±0.0003)5
, giving ϕs = 0.25 ± 0.03. 

 

Compound 16 

The absorbance and emission spectra of five solutions of 16 were recorded in CH3OH. 

The data were fitted to a straight line with the intercept at (0,0) (Figure 143). The 

fluorescence quantum yield was established as 0.23 ± 0.03 using equation (1). 
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Figure 143: Left: absorbance (black) and emission (purple) spectra of 16 (1.83-6.42 µM in 

CH3OH). Right: plot of integrated fluorescence intensity versus the absorbance at the excitation 

wavelength (670 nm). The data were fitted to a straight line passing through the origin. The 

Pearson’s correlation of the linear fit is 0.99. The fluorescence quantum yield was determined 

using equation (1) where Φr = 0.283 ± 0.017, ms = (1.73 ± 0.06) x 105, mr = (2.07 x ± 0.08) 105, 

ηs = 1.3270 (± 0.0005)5 and ηr = 1.3604 (±0.0003)5
, giving ϕs = 0.23 ± 0.03. 

 

Table 6 summarises the fluorescence quantum yields of Cyanine7-NHS and compounds 

7, 8 and 16. The fluorescence quantum yields of all three Cyanine7 conjugates of CNCbl 

and CNCbi are the same within error as the free Cyanine7-NHS fluorophore. No 

fluorescence quenching is observed upon conjugation of Cyanine7 to CNCbl or CNCbi. 

There is no overlap between the absorbance spectra of CNCbl and CNCbi (<600 nm) and 

the emission spectrum of Cyanine7-NHS. This suggests that the quenching observed for 

the NBD-X systems may occur by FRET as quenching has only been observed where 

CNCbl/CNCbi absorbance spectra overlap with fluorescent emission.  

Table 6: Fluorescence quantum yields of the CNCbl and CNCbi conjugates of Cyanine7, and 

free Cyanine7-NHS, in CH3OH at 25.0℃.  

Compound Fluorescence quantum yield  

7 (CNCbl-cy-Cyanine7) 0.22 ± 0.03 

8 (CNCbl-PEG-Cyanine7) 0.25 ± 0.03 

16 (CNCbi-PEG-Cyanine7) 0.23 ± 0.03 

Cyanine7-NHS ester 0.24 ± 0.04 
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The Cyanine7 conjugates reported here are the first examples of near-infrared emitting 

CNCbl conjugates where the fluorescence quantum yield has been determined. A few 

other near-infrared fluorophores have been conjugated via a linker to the 5’-OH site of 

CNCbl in the literature; namely Atto725 (λex 728, λex  751 nm), Alexa700 (λex 702, λex  

723 nm), DyLight800 (λex 771, λex  796 nm) and FL800 (λex 775, λex  792 nm).21,22 The 

synthesis of these molecules has been well described but fluorescence quantum yield 

values were not determined. Although the fluorescent properties of these compounds 

were not discussed, irradiation of the CNCbl-fluorophore compounds afforded Co-C 

bond cleavage at the β-axial site. This indicates that photoinduced electron transfer from 

the excited state fluorophore to the corrin ring could also occur for these systems. 

The fluorescence quantum yield of 7, 8 and 16 make these compounds useful for cellular 

imaging experiments. Additionally, Cyanine7-NHS has a high molar extinction 

coefficient (1.99 x 105 mol-1 cm-1) which ensures that strong fluorescent emission will 

occur.23  

4.5 Discussion 

Quenching of fluorescence has been observed for numerous fluorophores upon their 

coordination to vitamin B12 or a B12 analogue.7,24,25 Static quenching which arises due to 

association between the fluorophore and B12 molecules in their ground states, was 

proposed by Hassanin et al. (2022).26 This study found that increasing concentrations of 

aquacobalamin (from 0.1-7 eq.) resulted in a gradual linear reduction in the fluorescence 

of riboflavin. Riboflavin has similar absorbance maximum (max = 400 nm) and emission 

maximum (max = 530 nm) to NBD-X. Dynamic quenching mechanisms have also been 

proposed. Studies by Jacobsen et al. (1979) proposed that quenching occurs through a 

nonradiative energy transfer between the fluorophore and cobalamin.27 Synthesis of 

fluorescent cobalamin derivatives by Grissom et al. achieved partial restoration of 

fluorescence after insertion of a ‘rigid’ linker, likening the quenching to occur via a 

contact-dependant mechanism (i.e. FRET).25 Lawrence et al. (2016) suggested that 

fluorescence quenching occurs for these systems via photoinduced electron transfer 

(PeT), resulting in both Co-C and Co-S bond cleavage.21,28,29 

Elucidating the quenching mechanism(s) for the CNCbl/Cbi conjugates requires an 

understanding of the photophysics of the parent molecule, CNCbl. Upon photoirradiation, 

the excited states of CNCbl undergo internal conversion to a lower energy state with 
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charge transfer (LMCT/MLCT) character, followed by non-radiative relaxation to the 

ground state.30 Bond cleavage does not occur. CNCbl also fluoresces, albeit very weakly, 

as the competing internal conversion from the ππ* state proceeds rapidly, preventing 

the observation of fluorescence under most conditions.31,32 The photophysics of CNCbl 

is different from that of alkylcobalamins, where photoirradiation induces Co-C homolytic 

bond cleavage, generating cob(II)alamin and an alkyl radical.31,32 

In static quenching the ground-state donor and acceptor associate to form a non-

fluorescent complex prior to excitation of the donor. Transition metal complexes can form 

charge-transfer complexes with fluorophores.33–35 To probe whether static quenching is 

occurring between CNCbl and NBD-X, visible spectroscopy studies were carried out for 

solutions of CNCbl/CNCbi and free NBD-X. The concentration of NBD-X was fixed 

(27.7 μM) and the CNCbl varied (ratio of the concentrations of NBD-X:CNCbl = 1:0, 

1:1, 1:1.5, 1:2, 1:3 and 1:5, Figure 127). The combined visible spectra of the separate 

solutions of CNCbl and NBD-X were identical within experimental error to the spectra 

of equimolar solutions of CNCbl and NBD-X for all experimental conditions. Hence there 

was no evidence for association between the ground-state CNCbl/CNCbi molecules with 

free NBD-X. Importantly, there was also no evidence for ground-state association 

between the macrocycle and the fluorophore in the CNCbl/CNCbi-conjugates by 1H 

NMR spectroscopy, with chemical shifts of the unbound CNCbl/CNCbi and NBD-X 

protons resonating in the aromatic region being the same as the CNCbl/CNCbi conjugates 

of NBD-X within experimental error (± 0.02 ppm). 

Emission spectra were also recorded for free NBD-X in the presence of varying 

concentrations of CNCbl. A 1% reduction in fluorescence was observed upon the addition 

of 1 eq. CNCbl to a solution of NBD-X (1.24 μM). This is considerably smaller than the 

reduction in fluorescence observed for the CNCbl/CNCbi-NBD-X conjugates, where 

over one order of magnitude quenching was observed. The Stern-Volmer plot of the data 

is shown in Figure 128. The fluorescence intensity decreased linearly upon increasing the 

CNCbl concentration. This data suggests that fluorescence quenching occurs via one 

major mechanism.26 

Dexter energy transfer, Förster resonance energy transfer (FRET) and photoinduced 

electron transfer (PeT) are dynamic fluorescence quenching mechanisms that depend on 

the distance between the donor and the acceptor. In Dexter energy transfer, electron 
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exchange occurs between the excited donor and acceptor molecules. This requires a close 

spatial contact of < 1 nm between the donor and acceptor (< 6 bond lengths).10,11 

Assuming a Poisson distribution for the excited state NBD-X molecules and the ground 

state CNCbl molecules in solution, the probability that a given molecule of species 1 

(NBD-X) has a neighboring species 2 (CNCbl) with a concentration of c2 (molecules.m-

3) within a volume of radius r can be calculated by: 

𝑃௡௘௔௥ =  1 − 𝑒ି௖ଶ  
ర

య
గ ௥య

        (2) 

Using the experimental concentrations of CNCbl at 1.28 M and 12.8 M when r = 1 nm, 

the probability of CNCbl and NBD-X being near is 0.0003% and 0.003%, respectively. 

However, for the CNCbl/NBD-X system, a 1% reduction in fluorescence was observed 

when the concentration of the CNCbl was 1.28 M, which is not consistent with the 

probabilities calculated above. This indicates that Dexter energy transfer is not occurring 

for free NBD-X/CNCbl solutions.  

For PeT the excited donor molecule (the fluorophore in our case) transfers an electron to 

the acceptor. The Gibbs free energy change must be negative for PeT to be 

thermodynamically favorable and can be calculated using the Weller equation36: 

ΔGPET = Eox(donor) – Ered(acceptor) – Eo + C      (3) 

where Eo is the energy of the donor’s vibrationally relaxed excited state and C is the 

Coulombic term (which is ~ 0 in polar solvents37). 

The Eox value of NBD-X is not available in the literature; however, the structurally similar 

NBD-piperidine molecule has an Eox of 1.58 V (Figure 144).38 An assumption made here 

is that the Eox of NBD-X and NBD-piperidine are similar. The redox potential is more 

negative in the excited state molecule.39 The reduction potential for CNCbl is highly 

negative (-0.76 V).40 Unlike alkylcobalamins, CNCbl is reduced from its Co(III) 

oxidation state directly to Co(I), since the rate of reduction of CNCbl to Co(II) is much 

slower than the rate of reduction of Co(II) to Co(I).40 Using equation (3), the ΔGPET value 

for PeT between NBD and CNCbl is -0.20 eV when the vibrationally relaxed excited state 

is 488 nm (estimated at 10% of the emission maximum). This indicates that PeT is 

thermodynamically favourable for this system. However, based on the probabilities 

calculated above and the short distance between the excited fluorophore and CNCbl 
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required for PeT to occur (1-3 nm)41, it is unlikely that this mechanism occurs between 

free NBD-X and CNCbl.  

 

Figure 144: Structures of the NBD-X molecule used in this study (left) and a NBD-piperidine 

analogue with a published Eox of 1.58 V.38 

 

For FRET, dipole-dipole interactions between the donor and acceptor result in non-

radiative energy transfer from the donor to the acceptor.32 For FRET to be efficient, there 

must be significant spectral overlap of the donor’s emission spectrum with the acceptor’s 

absorbance spectrum.32 The absorbance spectra of CNCbl and CNCbi overlap 

significantly with the NBD-X emission spectrum (Figure 145), whereas this is not the 

case for sulfo-Cyanine5 and especially Cyanine7. This supports the lower fluorescence 

quantum yields for the CNCbl-linker-NBD-X complexes 3 and 4 (0.011 and 0.007, 

respectively) compared to the NBD-X fluorophore (0.287). The absorbance spectrum of 

CNCbi overlaps less with the emission spectrum of NBD-X, consistent with the slightly 

higher fluorescence quantum yields for the CNCbi-linker-NBD-X complexes 13 and 14 

(0.019 and 0.035, respectively, compared with 0.011 (3) and 0.007 (4)). Interestingly, the 

fluorescence quantum yield of the CNCbl-linker-sulfo-Cyanine5 complexes 5 and 6 (0.28 

and 0.29, respectively) are slightly lower than the fluorescence quantum yield of sulfo-

Cyanine5-NHS (0.34). Furthermore, the CNCbi-linker-sulfo-Cyanine5 complex 15 has a 

smaller fluorescence quantum yield of 0.22. There is no overlap between the absorbance 

spectrum of CNCbl/CNCbi and the emission spectrum of sulfo-Cyanine5. This suggests 

that FRET is not occurring for the sulfo-Cyanine5 complexes. The fluorescence quantum 

yields of both CNCbl/CNCbi-linker-Cyanine7 complexes 7, 8 and 16 (0.22, 0.25 and 

0.23, respectively) are the same within experimental error to the fluorescence quantum 

yield of Cyanine7 alone (0.24). This indicates that no fluorescence quenching occurred 

for these complexes.  
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FRET is strongly distance-dependent (α 1/r6, where r is the distance between the donor 

and acceptor) and occurs at donor-acceptor distances of 0.5-10 nm.2,10,11,42 Equation (2) 

can be used to determine the likelihood that FRET is responsible for the observed 

quenching. In the emission studies of solutions containing NBD-X and CNCbl (Figure 

128), the concentrations of CNCbl were 1.28, 6.42 and 12.8 M. Using equation (2), the 

probabilities of the two molecules being within 10 nm of one another are 0.32%, 1.6% 

and 3.2%, respectively, at these three CNCbl concentrations. These values loosely align 

with what was observed experimentally, where a 1%, 10% and 15% reduction in 

fluorescence was observed at these concentrations (Figure 128). This suggests that 

fluorescence quenching between the free NBD-X and CNCbl molecules is likely to 

predominantly occur by FRET.  

Additional experiments could confirm or refute FRET being the main mechanism of 

fluorescence quenching in this system. In PeT a charge-transfer intermediate is formed 

immediately after rapid electron transfer from the excited donor molecule to the acceptor, 

which should be observable by ultrafast transient absorption spectroscopy for these 

systems since the spectral characteristics of the Co(II) and Co(I) forms of CNCbl and 

CNCbi are very different from the Co(III) CNCbl/CNCbi.31,43 The fluorescence quantum 

yield could also be determined in DMSO. For PeT, decreasing the solvent polarity 

decreases the stability of the charge-separated intermediate, making PeT less favourable 

in DMSO compared with CH3OH. The fluorescence lifetime of free NBD-X in the 

presence of increasing concentrations of CNCbl could also be determined. For dynamic 

quenching mechanisms such as PeT and FRET, this lifetime will decrease, whereas it will 

be unchanged if static quenching is occurring 10,11,36 

The fluorescence of NBD-X is quenched by over one order of magnitude upon 

conjunction to CNCbl or CNCbi (Table 4), whereas a slight reduction in the fluorescence 

quantum yield was observed upon conjugating sulfo-Cyanine5 to CNCbl (≤ 20%) or 

CNCbi (≤ 35%, Table 5), and no quenching was detected when Cyanine7 was conjugated 

to CNCbl or CNCbi (Table 6). There is a significant overlap of the emission spectrum of 

NBD-X with the absorbance spectra of CNCbl and CNCbi (Figure 145). There is no 

overlap between the emission spectrum of sulfo-Cyanine5-NHS or Cyanine7-NHS and 

the absorbance spectra of CNCbl or CNCbi. 
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Figure 145: Absorbance spectra of CNCbl (18.5 μM, red) and CNCbi (15.6 μM, black) in 

CH3OH, recorded at 25℃. Fluorescence emission spectra of NBD-X (1.73 μM, green, λex = 470 

nm), sulfo-Cyanine5-NHS (1.63 μM, orange, λex = 600 nm) and Cyanine7-NHS (1.43 μM, 

brown, λex = 670 nm) recorded in CH3OH at 25℃.  

 

The absorbance and emission spectroscopy studies for solutions of free CNCbl and NBD-

X verses the CNCbl/CNCbi conjugates of NBD-X suggest a distance-dependent dynamic 

interaction between the two chromophores in solution. By tethering the NBD-X 

fluorophore to the CNCbl/CNCbi-linker, the distance between these two entities is 

reduced significantly compared to solutions of free CNCbl/CNCbi and NBD-X at the 

same concentration. This indicates that conjugating NBD-X to CNCbl via a linker 

dramatically improves the efficiency of fluorescence quenching. The linkers employed 

between the CNCbl/CNCbi moieties and NBD-X are flexible. These linkers could 

potentially allow molecular folding to occur, so the fluorescent NBD moiety is close to 

the corrin ring, with the 1,11-diamino-3,6,9-trioxaundecane linker allowing greater 

flexibility than cystamine due to its increased length. Attachment of the fluorescent 

molecule to CNCbl/CNCbi via these linkers likely decreases the distance between the two 
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chromophores. Equation (2) cannot be used in this system as the locations of the NBD-X 

and CNCbl/CNCbi in the conjugates are not independent, therefore, will not follow a 

Poisson distribution. 

Quenching via FRET can be excluded for the Cyanine5 conjugates of CNCbl/CNCbi due 

to the lack of overlap between their respective emission and absorbance spectra. 

Fluorescence quenching of Cyanine5 and NBD-X could also occur via PeT or Dexter 

energy transfer, given that the distance between the donor and acceptor in these 

conjugates is potentially less than 1 nm. Both PeT and Dexter require electron transfer to 

occur between sulfo-Cyanine5 and CNCbl where Equation (3) can be used to indicate if 

PeT is thermodynamically favourable. The Eox value of sulfo-Cyanine5 is not available 

in the literature, however, a structurally similar sulfo-Cyanine5 molecule has an Eox of 

0.628 V (Figure 146).44 An assumption made here is that the Eox of these related 

molecules are similar. Using equation (3), the ΔGPET value for PeT between the sulfo-

Cyanine5 and CNCbl is −0.55 eV when the energy of the vibrationally relaxed excited 

state is 640 nm (estimated as 10% of the emission maximum). This indicates that PeT is 

possible for the sulfo-Cyanine5 conjugates.  

 

Figure 146: Structures of the sulfo-Cyanine5 molecule used in this study (left) and a 

structurally similar sulfo-Cyanine5 analogue with a published Eox of 0.63 V.44 

 

To elucidate the mechanism of quenching that occurs for the CNCbl/CNCbi-linker-NBD-

X/sulfo-Cyanine5 conjugates, further studies need to be undertaken. Additional 

experiments could help determine whether FRET is the dominant quenching mechanism 

in the NBD-X system. Ultrafast transient absorption could provide insight into PeT or 

Dexter mechanisms, monitoring for the potential formation of Co(II) and/or Co(I) 

intermediates. Measuring the fluorescence quantum yield in a polar aprotic solvent such 

as DMSO could also provide insight. As discussed earlier, polar aprotic solvents make 
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PeT less favourable whilst having minimal impact of FRET as this is a dipole-dipole 

mediated process. To further differentiate between the various quenching mechanisms, 

the fluorescence lifetime of free NBD-X and sulfo-Cyanine5 can be measured in the 

presence of increasing concentrations of CNCbl. A reduction in lifetime would indicate 

a dynamic quenching process such as PeT or FRET, confirming the absence of a static 

mechanism. In addition, electrochemical measurements (e.g., cyclic voltammetry) can be 

used to determine the redox potentials of the donor NBD-X and sulfo-Cyanine5 

molecules as similar analogues have been used in this analysis. Determining redox 

potentials for these specific donors could refute PeT as the quenching mechanism.  

 

To summarize, the fluorescence quenching observed between free NBD-X and CNCbl 

molecules is tentatively proposed to occur predominantly via FRET. This is suggested 

due to the effective overlap of the NBD-X emission spectrum with the CNCbl absorbance 

spectrum. Although the Weller equation indicated that quenching via PeT is 

thermodynamically favourable for this system, the probability of NBD-X and CNCbl 

being within a 1 nm distance of each other was not significant (P = 0.0003% and 0.003% 

at CNCbl concentrations of 1.28 μM and 12.8 μM), indicating neither PeT nor Dexter 

energy transfer are likely to occur. The major fluorescent quenching mechanism for the 

CNCbl/Cbi-linker-NBD-X and sulfo-Cyanine5 conjugates is less obvious. Since FRET 

is likely for the free CNCbl/NBD-X system, the same mechanism may occur for the 

CNCbl/CNCbi-NBD-X conjugates, and may be highly efficient due to the reduction in 

the distance between the two chromophores as a result of conjugation of the two entities 

to each other. FRET is unlikely to occur for the CNCbl/CNCbi-linker-sulfoCyanine5 

conjugates due to the lack of overlap between the donor emission spectrum and the 

CNCbl/CNCbi absorbance spectrum. However, a small amount of fluorescence 

quenching was observed for these conjugates, likely via PeT or Dexter energy transfer, 

where PeT was determined to be thermodynamically favorable using equation (3). No 

fluorescence quenching was observed for the CNCbl/CNCbi-Cyanine7 systems. 

4.6 Conclusions 

The fluorescence quantum yields have been determined for 1,11-diamino-3,6,9-

trioxaundecane and cystamine-linked CNCbl and CNCbi conjugates of three 

fluorophores. The references used for the fluorescence quantum yield determinations 
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were fluorescein (for NBD-X conjugates), sulfo-Cyanine5-NHS and HITCI (for 

Cyanine7 conjugates). The fluorescence quantum yield of the Cyanine7 conjugates of 

CNCbl and CNCbi were the same as the unbound fluorophores. However, the 

fluorescence quantum yields of NBD-X conjugates of CNCbl and CNCbi were more than 

one order of magnitude lower than the unbound NBD-X fluorophore, indicating 

fluorescence quenching was occurring. Absorbance and fluorescence emission studies 

were also undertaken for solutions of CNCbl and NBD-X. There was no evidence for 

association of CNCbl and NBD-X by UV/Visible spectroscopy but adding more CNCbl 

did decrease fluorescence emission.  

The fluorescence quenching of the NBD-X moiety in CNCbl-linker-NBD-X was utilised 

to confirm cystamine linker cleavage by GSH. Disulfide bond cleavage of cystamine by 

GSH was demonstrated by LC-MS and by a substantial increase in fluorescence upon the 

addition of GSH. NBD-X was also found to hydrolyse in basic solution (pH 10), resulting 

in the cleavage of the C-N bond, freeing the fluorescent NBD moiety from the hexanoic 

acid chain.  

This chapter describes the fluorescent properties of a series of novel fluorescent CNCbl 

and CNCbi conjugates. The sulfo-Cyanine5 and Cyanine7 conjugates demonstrate robust 

fluorescence suitable for cellular studies by fluorescence microscopy. The chemically 

responsive cystamine-linked NBD-X conjugates are suitable for investigating the 

reductive environments within different cellular compartments, due to the significantly 

enhanced fluorescence upon cleavage of the disulfide bond of the linker.  
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Chapter 5 Synthesis and characterisation of vitamin B12 

conjugates of the antibiotics ciprofloxacin and gentamicin 

5.1 Introduction 

The use of CNCbl as a carrier molecule for different types of cargo into cells has been 

investigated by many research groups.1–3 An emerging field concerns the delivery of 

molecules including nanoparticles, peptide nucleic acids or antibiotics into bacteria using 

CNCbl.3–7 This chapter presents the synthesis and characterisation of novel CNCbl-

linker-antibiotic conjugates of the established broad-spectrum antibiotics with known 

cytoplasmic targets, gentamicin and ciprofloxacin.8–11 CNCbl-linker-ciprofloxacin 

conjugates have been synthesised using two functional groups of ciprofloxacin - either 

the carboxylic acid or the secondary amine of the piperazine. CNCbl-linker-gentamicin 

conjugates were synthesised by peptide bond formation between CNCbl-linker-COOH 

molecules and an amino group of gentamicin. 

The procedures for the synthesis of the CNCbl-linker compounds described in Chapter 2 

have been extended using linkers with a terminal carboxylic acid which are suitable for 

peptide coupling to amine functionalities of gentamicin or ciprofloxacin. The linkers 3-

[2-[2-(2-aminoethoxy)ethoxy]ethoxy]propanoic acid and 3-[(2-

aminoethyl)dithio]propionic acid were conjugated to CNCbl by carbamate bond 

formation (Figure 147).  

 

Figure 147: Structures of 3-[2-[2-(2-aminoethoxy)ethoxy]ethoxy]propanoic acid and 3-[(2-

aminoethyl)dithio]propionic acid.  
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CNCbl-linker compounds incorporating a terminal carboxylic acid were conjugated to a 

primary amine of gentamicin or the secondary amine of ciprofloxacin (Figure 147). 

Gentamicin C1a was selected for this work, and offers multiple amino groups suitable for 

CNCbl-linker conjugation by peptide coupling. The CNCbl-linker compounds 1 and 2 

(Chapter 2), which incorporate a linker with a terminal amine, were also coupled to the 

carboxylic acid of ciprofloxacin. 

 

Figure 148: Structures of commercially available gentamicin C1a and ciprofloxacin. 

Functional groups utilised for conjugation to CNCbl are highlighted in blue.  

 

5.2 Experimental 

Chemicals  

Ciprofloxacin, di-tert-butyl decarbonate, propargyl bromide, 3-[2-[2-(2-

aminoethoxy)ethoxy]ethoxy]propanoic acid, 2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate and 3-[(2-aminoethyl)dithio]propionic acid 

HCl were purchased from AK Scientific. Gentamicin C1a was purchased from BioSynth. 

All other chemicals were purchased from Merck or AK Scientific. Solvents were 

purchased from ECP, ThermoFisher or Scharlau. Anhydrous solvents were stored under 

N2 in a glove box. Ultra-pure water was obtained from a Purite Purewater 200 system. 

NMR solvents (MeOH-d4, DMSO-d6 and D2O) were purchased from Eurisotop and 

stored at 4 ℃. Reversed-phase silica (LiChroprep RP-18 40-63 µm) was purchased from 

Merck.  

Instrumentation 

Refer to Section 2.2.2 for instrumentation details.  

General methods 

Refer to Section 2.2.2 for general methods.  
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LC-MS experiments 

Four LC-MS methods were developed for the analysis of CNCbl-linker and CNCbl-

linker-antibiotic conjugates. The mobiles phase consisted of milliQ water +0.1 % formic 

acid (A), milliQ water (B) and CH3CN + 0.1% formic acid (C). The mobile phase 

programs are below.  

Method 1: 0-5 min isocratic elution 95:5 A:C, 2-25 min from 95:5 to 65:35 A:C, 25-35 

min from 65:35 to 10:90 A:C, 35-43 min isocratic elution at 10:90 A:C.  

Method 2: 0.-2 min isocratic elution of 95:5 A:C, 2-30 min from 95:5 to 80:20 A:C, 30-

35 isocratic elution of 80:20 A:C, 35-36 min from 80:20 to 10:90 A:C, 36-44 isocratic 

elution of 10:90 A:C.  

Method 3: 0.-2 min isocratic elution of 95:5 A:C, 2-30 min from 95:5 to 70:30 A:C, 30-

35 isocratic elution of 70:30 A:C, 35-36 min from 70:30 to 10:90 A:C, 36-44 isocratic 

elution of 10:90 A:C.  

Method 4: 0-2 min isocratic elution 95:5 B:C, 2-20 min from 95:5 to 65:35 B:C, 20-25 

min isocratic elution of 65:35 B:C, 25-26 min from 65:35 to 10:90 B:C, 26-32 isocratic 

elution of 10:90 B:C. 
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5.2.1 Synthetic methods 

Boc-ciprofloxacin (C1) 

 

Figure 149: Structure of Boc-ciprofloxacin (C1). 

 

Compound C1 was synthesised following a literature procedure.12 Ciprofloxacin (500 

mg) and di-tert-butyl decarbonate (Boc2O, 433 mg, 1.1 eq.) were dissolved in a 1:1 

solution of H2O and dioxane (8 mL). Aqueous NaOH (1 M, 2.25 mL) was added dropwise 

with stirring. The reaction was followed by TLC (15:1 CH2Cl2:CH3OH) and stained with 

phosphomolybdic acid. The reaction reached completion in 1 h. Three-quarters of the 

solvent was removed by rotary evaporation. The remaining aqueous layer was acidified 

(pH 4-5) with saturated succinic acid solution. The product was then extracted by CH2Cl2 

(3 x 100 mL). The organic layer was dried over Na2SO4, filtered, and taken to dryness. A 

white solid was obtained in a 94% yield with ≥95% purity (1H NMR spectroscopy). 1H 

NMR (400 MHz, CDCl3) 8.79 (s, 1H), 8.06 (m, 1H), 7.37 (m, 1H), 3.67 (t, J = 5.1 Hz, 

4H), 3.53 (tt, J = 7.2, 3.9 Hz, 1H), 3.32 – 3.25 (m, 4H), 1.49 (s, 9H), 1.45 – 1.32 (m, 2H), 

1.25 – 1.16 (m, 2H) ppm. 
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Boc-Ciprofloxacin-propargyl ester (C2) 

 

Figure 150: Structure of Boc-ciprofloxacin-propargyl ester (C2). 

 

Compound C2 was produced following a literature procedure.13 Compound C1 (400 mg, 

1 eq.) was dissolved in anhydrous DMF (10 mL), followed by the addition of NaHCO3 

(1.2 eq.) suspended in anhydrous DMF (10 mL) with stirring. Propargyl bromide (1.2 eq.) 

was added dropwise to the reaction mixture with stirring and the reaction mixture heated 

to 100℃ for 3 days. The reaction was followed by TLC (9:1 CH2Cl2:CH3OH with 1% 

NH4OH). The solution was dried by rotary evaporation and columned by flash 

chromatography in CH2Cl2:CH3OH 9:1 with 1% NH4OH. The fractions containing the 

desired product were identified by TLC. The 1H NMR spectrum in CDCl3 was used to 

determine the purity of the product. A light brown solid was obtained in a 30.2% yield 

with ≥95% purity. 1H NMR (400 MHz, CDCl3) δ 8.57 (s, 1H), 8.08 (m, 1H), 7.28 (m, 

1H), 4.92 (d, J = 2.4 Hz, 2H), 3.65 (dd, J = 6.3, 3.5 Hz, 4H), 3.42 (d, J = 2.4 Hz, 1H), 

3.22 (m, 4H), 2.48 (t, J = 2.4 Hz, 1H), 1.50 (s, 9H), 1.34 (d, J = 6.5 Hz, 2H), 1.14 (dd, J 

= 9.3, 7.3 Hz, 2H) ppm. 

Ciprofloxacin-propargyl ester (C3) 

 

Figure 151: Structure of ciprofloxacin-propargyl ester (C3). 
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Deprotection was achieved following a literature procedure.12 Compound C2 (130 mg) 

was dissolved in TFA:CH2Cl2 (1:4, 5.0 mL) and stirred overnight at room temperature. 

The solution was diluted with CH2Cl2 (20 mL) and neutralised with saturated NaHCO3. 

The organic layer was separated, dried over Na2SO4 and taken to dryness. A white solid 

was obtained in a 98% yield with ≥99% purity. 1H NMR (400 MHz, CDCl3) δ 8.57 (s, 

1H), 8.06 (m, 1H), 7.28 (m, 1H), 4.92 (d, J = 2.4 Hz, 2H), 3.43 (dt, J = 7.1, 3.4 Hz, 1H), 

3.24 (dd, J = 6.3, 3.5 Hz, 4H), 3.17 – 3.05 (m, 4H), 2.48 (t, J = 2.4 Hz, 1H), 1.33 (d, J = 

6.5 Hz, 2H), 1.15 (dd, J = 9.3, 7.3 Hz, 2H) ppm. 
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CNCbl-(3-[2-[2-(2-aminoethoxy)ethoxy]ethoxy]propanoic acid) (CNCbl-PEG-COOH, 

17) 
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Figure 152: Structure of 17. 

 

CNCbl (101.2 mg, 73.8 μmol) and 1’1-carbonylditriazole (CDT, 39.2 mg, 221 μmol) 

were dissolved in anhydrous DMSO (2.0 mL) and stirred for 30 min at 40℃. 3-[2-[2-(2-

Aminoethoxy)ethoxy]ethoxy]propanoic acid (48.1 mg, 221 μmol) was dissolved in 

minimal anhydrous DMSO (1.0 mL) and added to the CNCbl solution. The reaction was 

stirred for 6 h at 40℃. The crude product was precipitated by dropwise addition to Et2O 

and CH2Cl2 (1:1, 200 mL). The precipitate was washed with Et2O (2 x 10 mL), released 

from the filter with CH3OH and taken to dryness by rotary evaporation. Purification was 

achieved by reversed-phase C18 chromatography. The product eluted as a red band at 

17.5 % CH3CN in H2O. A red powder (84.4 mg) was obtained in a 70.5% yield. A purity 

of ≥95% was established by LC-MS and 1H NMR spectroscopy.  

1H NMR (400 MHz, MeOD) δ = 7.78 (s, 1H), 7.25 (s, 1H), 7.15 (s, 1H), 6.57 (s, 1H), 

6.25 – 6.20 (m, 1H), 6.03 (s, 1H), 4.55 – 4.49 (m, 1H), 4.26 – 4.10 (m, 4H), 3.76 – 3.71 

(m, 1H), 3.71 – 3.64 (m, 2H), 3.64 – 3.63 (m, 1H), 3.63 – 3.60 (m, 8H), 3.60 – 3.49 (m, 

5H), 3.31 – 3.25 (m, 4H), 2.96 – 2.82 (m, 3H), 2.70 – 2.63 (m, 3H), 2.63 – 2.56 (m, 10H), 

2.56 – 2.54 (m, 2H), 2.54 – 2.50 (m, 3H), 2.49 – 2.42 (m, 3H), 2.37 (s, 2H), 2.31 – 2.26 

(m, 7H), 2.23 – 2.15 (m, 1H), 2.10 – 1.97 (m, 5H), 1.91 – 1.86 (m, 4H), 1.86 – 1.80 (m, 
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2H), 1.78 – 1.68 (m, 2H), 1.47 (s, 3H), 1.40 – 1.35 (m, 7H), 1.32 – 1.22 (m, 5H), 1.19 (s, 

4H), 1.15 – 1.08 (m, 1H), 0.47 (s, 3H) ppm. 

13C NMR (101 MHz, DMSO) δ 179.58, 178.29, 175.17, 173.96, 173.68, 173.34, 172.88, 

172.62, 171.20, 171.11, 165.39, 164.70, 156.21, 142.26, 136.29, 132.72, 131.33, 129.75, 

116.44, 111.38, 105.90, 103.09, 93.62, 86.01, 84.41, 79.38, 74.80, 72.75, 70.65, 69.85, 

69.67, 69.64, 69.25, 68.88, 66.84, 63.04, 62.83, 58.65, 54.99, 54.05, 53.14, 50.38, 47.42, 

46.60, 44.49, 42.13, 41.77, 40.43, 40.20, 40.15, 39.99, 39.94, 39.78, 39.73, 39.52, 39.31, 

39.10, 38.89, 38.12, 35.69, 35.17, 34.00, 31.70, 31.61, 31.11, 29.93, 27.17, 25.79, 25.60, 

20.02, 19.96, 19.92, 19.88, 18.76, 16.53, 16.42, 15.68, 15.10 ppm. 
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CNCbl-(3-[2-[2-(2-aminoethoxy)ethoxy]ethoxy]propanoic acid)-N-ciprofloxacin 

(CNCbl-PEG-N-cip, 18) 

 

Figure 153: Structure of 18. 

 

Compound 17 (30.3 mg, 18.7 µmol), ciprofloxacin (9.31 mg, 28.1 µmol), N-ethyl-N′-(3-

dimethylaminopropyl)carbodiimide (EDC, 7.22 mg, 37.5 µmol), 1-hydroxybenzotrizole 

(HOBt, 15.2 mg, 112.4 µmol) and Et3N (10.4 µL, 74.9 µmol) were dissolved in anhydrous 

DMSO (3.0 mL) and stirred at 40℃ for 16 h. The crude product was precipitated by 

dropwise addition to Et2O and CH2Cl2 (1:1, 50 mL). The precipitate was washed with 

Et2O (2 x 10 mL), released from the filter with CH3OH and taken to dryness by rotary 

evaporation. Purification was achieved by reversed-phase C18 chromatography. The 

product eluted as a red band at 45% CH3CN in H2O. A red powder (25.1 mg) was obtained 

in a 78.0% yield. A purity of ≥95% was established by LC-MS and 1H NMR 

spectroscopy. HRMS ESI m/z [M+2Na]2+ calculated for C90H121CoN18O22PNa2 980.3870, 

found 980.3865.  

1H NMR (400 MHz, MeOD) δ = 8.68 (s, 1H), 7.96 (d, J=13.4, 1H), 7.54 (d, J=7.3, 1H), 

7.24 (s, 1H), 7.15 (s, 1H), 6.58 (s, 1H), 6.22 (d, J=3.0, 1H), 6.03 (s, 1H), 4.24 – 4.10 (m, 

3H), 3.87 – 3.75 (m, 8H), 3.69 – 3.54 (m, 11H), 3.54 – 3.47 (m, 2H), 3.41 – 3.37 (m, 2H), 

3.36 – 3.31 (m, 10H), 3.29 – 3.25 (m, 2H), 2.94 – 2.84 (m, 2H), 2.77 – 2.69 (m, 2H), 2.69 
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– 2.53 (m, 11H), 2.53 – 2.44 (m, 3H), 2.44 – 2.38 (m, 2H), 2.38 – 2.31 (m, 1H), 2.31 – 

2.25 (m, 6H), 2.24 – 2.15 (m, 2H), 2.13 – 1.98 (m, 5H), 1.89 (s, 4H), 1.87 – 1.80 (m, 1H), 

1.77 – 1.67 (m, 1H), 1.63 – 1.59 (m, 1H), 1.46 (s, 3H), 1.42 – 1.14 (m, 24H), 0.94 – 0.85 

(m, 1H), 0.47 (s, 2H) ppm. 
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CNCbl-(1,11-diamine-3,6,9-trioxaundecane)-O-ciprofloxacin, (CNCbl-PEG-O-cip, 

19) 

 

Figure 154: Structure of 19. 

 

Compound 2 (29.2 mg, 20.4 µmol), 2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU, 11.6 mg, 30.5 µmol), C1 (13.2 mg, 

30.5 µmol) and Et3N (11.3 µL, 4 eq.) were dissolved in anhydrous DMSO (1.5 mL) and 

stirred at 40℃ for 16 h. The crude product was precipitated by dropwise addition to Et2O 

and CH2Cl2 (1:1, 80 mL). The precipitate was washed with Et2O (2 x 10 mL), released 

from the filter with CH3OH and taken to dryness by rotary evaporation. Purification was 

achieved by reversed-phase C18 chromatography. The product eluted as a red band at 

45% CH3CN in H2O. A red powder (10.2 mg) was obtained in a 27.8% yield. A purity of 

≥95% was established by LC-MS and 1H NMR spectroscopy. HRMS ESI m/z [M+2Na]2+ 

calculated for C94H130CoN19O22PNa2 1015.9238, found 1015.9246. 

1H NMR (400 MHz, MeOD) δ = 8.80 (s, 1H), 7.95 (d, J=13.4, 1H), 7.56 (d, J=7.3, 1H), 

7.24 (s, 1H), 7.16 (s, 1H), 6.58 (s, 1H), 6.25 – 6.20 (m, 1H), 6.02 (s, 1H), 4.24 – 4.19 (m, 

1H), 4.18 – 4.10 (m, 1H), 3.74 – 3.55 (m, 17H), 3.55 – 3.47 (m, 2H), 3.36 – 3.29 (m, 

17H), 3.29 – 3.24 (m, 1H), 2.92 – 2.87 (m, 1H), 2.69 – 2.63 (m, 1H), 2.63 – 2.60 (m, 2H), 

2.60 – 2.43 (m, 10H), 2.43 – 2.29 (m, 4H), 2.29 – 2.24 (m, 4H), 2.24 – 2.15 (m, 1H), 2.12 
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– 1.98 (m, 4H), 1.92 – 1.86 (m, 3H), 1.78 – 1.66 (m, 2H), 1.49 (s, 8H), 1.45 (s, 2H), 1.44 

– 1.35 (m, 8H), 1.35 – 1.32 (m, 2H), 1.32 – 1.21 (m, 8H), 1.20 – 1.14 (m, 4H), 0.95 – 

0.85 (m, 2H), 0.47 (s, 2H) ppm. 
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CNCbl-(2-(2-aminoethyldisulfanyl)ethanamine)-O-ciprofloxacin, (CNCbl-cys-O-

cip, 20) 

 

Figure 155: Structure of 20. 

 

Compound 1 (43.4 mg, 33.7 µmol), HBTU (19.2 mg, 50.5 µmol), C1 (20.5 mg, 50.5 

µmol) and Et3N (18.8 µL, 4 eq.) were dissolved in anhydrous DMSO (2.5 mL) and stirred 

at 40℃ for 16 h. The crude product was precipitated by dropwise addition to Et2O and 

CH2Cl2 (1:1, 150 mL). The precipitate was washed with Et2O (2 x 10 mL), released from 

the filter with CH3OH and taken to dryness by rotary evaporation. Purification was 

achieved by reversed-phase C18 chromatography. The product eluted as a red band at 

45% CH3CN in H2O. A red powder (18.3 mg) was obtained in a 33.2% yield. A purity of 

≥95% was established by LC-MS and 1H NMR spectroscopy. HRMS ESI m/z [M+2Na]2+ 

calculated for C90H122CoN19O19PS2Na2 995.8722, found 995.8717.  

1H NMR (400 MHz, MeOD) δ = 8.79 (s, 1H), 7.94 (d, J=13.4, 1H), 7.55 (d, J=7.3, 1H), 

7.23 (s, 1H), 7.15 (s, 1H), 6.58 (s, 1H), 6.26 – 6.18 (m, 1H), 6.03 (s, 1H), 4.22 (s, 1H), 

4.18 – 4.10 (m, 1H), 3.77 – 3.73 (m, 1H), 3.73 – 3.55 (m, 7H), 3.49 – 3.41 (m, 2H), 3.36 

– 3.27 (m, 9H), 2.97 – 2.84 (m, 5H), 2.67 – 2.56 (m, 9H), 2.56 – 2.51 (m, 2H), 2.51 – 

2.41 (m, 3H), 2.41 – 2.31 (m, 2H), 2.31 – 2.24 (m, 5H), 2.13 – 2.05 (m, 2H), 1.89 (s, 3H), 
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1.79 – 1.66 (m, 1H), 1.50 (s, 7H), 1.45 (s, 3H), 1.43 – 1.30 (m, 9H), 1.30 – 1.19 (m, 5H), 

1.19 – 1.10 (m, 5H), 0.47 (s, 2H) ppm. 
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CNCbl-(1,11-diamine-3,6,9-trioxaundecane)-gentamicin (CNCbl-PEG-gent, 21) 
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Figure 156: Structure of 21. 

 

Compound 17 (78.8 mg, 49.2 μmol), EDC (24.8 mg, 123 μmol), HOBt (26.5, 197 μmol), 

gentamicin C1a (33.8 mg, 73.7 μmol) and Et3N (34.3 μL, 5 mol eq.) were dissolved in 

anhydrous DMSO (2.0 mL) and stirred at 40℃ for 24 h. The precipitate was washed with 

Et2O (2 x 10 mL), released from the filter with CH3OH and taken to dryness by rotary 

evaporation. Purification was achieved by reversed-phase C18 chromatography. The 

product eluted as a red band at 22.5 % CH3CN in (H2O +0.1% formic acid). A red powder 

(15.3 mg) of was obtained in a 15.2% yield. A purity of ≥95% was established by LC-

MS and 1H NMR spectroscopy. HRMS ESI m/z [M+2Na]2+ calculated for 

C92H142O26N20CoNa2P 1039.4629, found 1039.4637. 

1H NMR (400 MHz, D2O) δ = 8.00 (d, J=7.7, 1H), 7.88 (d, J=7.6, 1H), 7.64 – 7.54 (m, 

2H), 7.45 (s, 1H), 7.29 (s, 1H), 6.70 (s, 1H), 6.49 (d, J=3.1, 1H), 6.24 (s, 1H), 5.66 – 5.48 

(m, 1H), 5.39 – 5.26 (m, 1H), 4.55 – 4.47 (m, 1H), 4.44 – 4.34 (m, 2H), 4.34 – 4.19 (m, 

3H), 3.98 – 3.90 (m, 2H), 3.86 – 3.74 (m, 10H), 3.70 – 3.58 (m, 4H), 3.57 – 3.39 (m, 6H), 

3.25 – 3.15 (m, 2H), 3.04 (s, 2H), 3.00 – 2.82 (m, 4H), 2.82 – 2.79 (m, 1H), 2.79 – 2.71 

(m, 9H), 2.71 – 2.65 (m, 2H), 2.62 – 2.59 (m, 1H), 2.59 – 2.53 (m, 1H), 2.45 (s, 5H), 2.44 

– 2.26 (m, 4H), 2.26 – 2.19 (m, 2H), 2.19 – 2.09 (m, 4H), 2.05 (s, 3H), 2.04 – 2.01 (m, 

1H), 2.01 – 1.97 (m, 1H), 1.64 – 1.55 (m, 8H), 1.51 (s, 3H), 1.47 – 1.41 (m, 3H), 1.38 (s, 

3H), 1.34 – 1.17 (m, 2H), 0.62 (s, 2H) ppm. 
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CNCbl-(3-(2-aminoethyldisulfanyl)propanoic acid) (CNCbl-cysCOOH, 22) 

 

Figure 157: Structure of 22. 

 

CNCbl (103.1 mg, 73.8 μmol) and CDT (36.3, 221 μmol) were dissolved in anhydrous 

DMSO (2.0 mL) and stirred for 30 min at 40℃. 3-[(2-Aminoethyl)dithio]propionic acid 

HCl (48.2 mg, 221 μmol) was dissolved in minimal anhydrous DMSO (2.5 mL) and 

added to the CNCbl solution. The reaction was stirred for 6 h at 40℃. The crude product 

was precipitated by dropwise addition to Et2O and CH2Cl2 (1:1, 200 mL). The precipitate 

was washed with Et2O (2 x 10 mL), released from the filter with CH3OH and taken to 

dryness by rotary evaporation. Purification was achieved by reversed-phase C18 

chromatography. The product eluted as a red band at 15.0% CH3CN in H2O. A red powder 

(40.5 mg) was obtained in a 39.1% yield. A purity of ≥95% was established by LC-MS 

and 1H NMR spectroscopy.  

1H NMR (400 MHz, MeOD) δ = 7.24 (s, 1H), 7.15 (s, 1H), 6.57 (s, 1H), 6.23 (d, J=2.9, 

1H), 6.04 (s, 1H), 4.56 – 4.50 (m, 1H), 4.25 – 4.10 (m, 3H), 3.71 – 3.58 (m, 2H), 3.46 – 

3.36 (m, 2H), 3.32 – 3.27 (m, 3H), 2.98 – 2.78 (m, 6H), 2.71 – 2.40 (m, 19H), 2.38 (s, 

2H), 2.31 – 2.26 (m, 6H), 2.23 – 2.11 (m, 2H), 2.11 – 2.06 (m, 1H), 2.06 – 1.97 (m, 3H), 
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1.91 – 1.87 (m, 4H), 1.87 – 1.80 (m, 2H), 1.78 – 1.68 (m, 1H), 1.47 (s, 3H), 1.40 – 1.35 

(m, 6H), 1.34 – 1.22 (m, 5H), 1.19 (s, 3H), 1.16 – 1.09 (m, 1H), 0.47 (s, 2H) ppm. 

13C NMR (101 MHz, DMSO) δ 179.58, 178.28, 175.19, 173.99, 173.68, 173.34, 172.89, 

172.83, 172.59, 171.20, 171.12, 165.39, 164.73, 156.20, 142.25, 136.29, 132.74, 131.34, 

129.73, 116.41, 111.44, 105.92, 103.07, 93.62, 86.01, 84.42, 79.42, 74.82, 72.74, 70.68, 

68.87, 63.18, 58.66, 54.99, 54.06, 53.13, 50.39, 48.65, 47.40, 46.82, 46.60, 44.51, 42.14, 

41.84, 40.43, 40.20, 40.15, 39.94, 39.73, 39.52, 39.31, 39.10, 38.89, 38.08, 35.16, 34.09, 

33.88, 33.23, 31.69, 31.13, 30.75, 29.94, 27.20, 25.79, 25.61, 19.96, 18.76, 16.55, 16.44, 

15.68, 15.12 ppm. 
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CNCbl-(2-(2-aminoethyldisulfanyl)ethanamine)-gentamicin (CNCbl-cys-gent, 23) 

 

Figure 158: Structure of 23. 

 

Compound 22 (59.8 mg, 38.3 μmol), EDC (18.3 mg, 95.7 μmol), HOBt (22.8 mg, 153 

μmol), gentamicin C1a (26.9 mg, 57.4 μmol) and Et3N (26.7 μL, 5 mol eq.) were 

dissolved in anhydrous DMSO and stirred at 40℃ for 24 h. The crude product was 

precipitated by dropwise addition to Et2O and CH2Cl2 (1:1, 100 mL). The precipitate 

was washed with Et2O (2 x 10 mL), released from the filter with CH3OH and taken to 

dryness by rotary evaporation. Purification was achieved by reversed-phase C18 

chromatography. The product eluted as a red band at 22.5% CH3CN in (H2O + 0.1% 

formic acid). A red powder (7.21 mg) was obtained in a 9.4% yield. A purity of ≥95% 

was established by LC-MS and 1H NMR spectroscopy. HRMS ESI m/z [M+2H]2+ 

calculated for C88H136O23N20CoPS2 997.4294, found 997.4290. 

1H NMR (400 MHz, D2O) δ = 7.45 (s, 1H), 7.29 (s, 1H), 6.70 (s, 1H), 6.49 (d, J=3.1, 

1H), 6.24 (s, 1H), 5.95 (d, J=3.6, 1H), 5.37 (d, J=3.9, 1H), 4.55 – 4.46 (m, 2H), 4.40 – 

4.33 (m, 2H), 4.32 – 4.22 (m, 4H), 4.10 – 4.04 (m, 1H), 4.04 – 3.86 (m, 4H), 3.84 – 3.71 

(m, 3H), 3.67 – 3.59 (m, 5H), 3.56 – 3.42 (m, 5H), 3.42 – 3.27 (m, 2H), 3.25 – 3.15 (m, 

2H), 3.15 – 3.07 (m, 8H), 3.07 – 3.03 (m, 2H), 2.98 – 2.89 (m, 3H), 2.89 – 2.72 (m, 

15H), 2.70 (s, 2H), 2.66 – 2.53 (m, 3H), 2.50 – 2.45 (m, 3H), 2.45 (s, 5H), 2.43 – 2.29 

(m, 3H), 2.25 – 2.14 (m, 6H), 2.12 (s, 2H), 2.05 (s, 4H), 2.03 – 1.98 (m, 2H), 1.98 – 
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1.91 (m, 1H), 1.83 – 1.79 (m, 1H), 1.69 – 1.50 (m, 15H), 1.47 – 1.36 (m, 9H), 1.26 – 

1.22 (m, 1H), 0.65 – 0.61 (m, 3H) ppm. 
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5.3 Results and Discussion 

5.3.1 Synthesis and characterisation of CNCbl-ciprofloxacin conjugates 17-

20 

The first attempts to conjugate ciprofloxacin to CNCbl-linker (compound 2) were carried 

out using the peptide coupling procedures established for the CNCbl-linker-fluorophore 

conjugates in Chapter 2. A ciprofloxacin-Zn nanoparticle has been published in the 

literature where EDC coupling was employed.14 Compound 2 (20 mg) was dissolved in 

minimal anhydrous DMSO (2 mL) together with HOBt (4 eq.), EDC (2 eq.), Et3N (4 eq.) 

and ciprofloxacin.HCl (limiting reagent) (Scheme 24). The reaction mixture was stirred 

at 40℃, which worked well for the earlier CNCbl reactions. Reaction progress was 

monitored by LC-MS over four days.  

 

Scheme 24: Attempted synthesis of the ciprofloxacin conjugate of 2.  

 

Repeated LC-MS analysis of the reaction mixture over four days showed no evidence of 

the desired product being formed. Expected m/z values for the product 

C90H123CoFN18O20P, were [M+H]+ = 1886.8, [M+2H]2+ = 943.9 and [M+3H]3+ = 629.6. 

However, LC-MS analysis showed one large peak eluting at 15.3 min, assigned to the 

unreacted starting material, 2 (C72H106CoN16O18P, calcd. m/z [M+H]+ = 1573.7 and 
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[M+2H]2+ = 787.4; found 1573.6 and 787.5, Figure 159). Several smaller peaks between 

16-26 min were also observed in the LC-MS chromatograms (both the TIC and DAD 

(361 nm)), and are likely to correspond to CNCbl derivatives; however, none had the m/z 

values corresponding to the desired ciprofloxacin conjugate of CNCbl.  

 

Figure 159: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of the initial 

attempted ciprofloxacin coupling to 2 using standard coupling procedures (Scheme 24, LC-MS 

method 1). The desired product could not be identified. The peak at 15.3 min can be assigned to 

the unreacted starting material, 2 (C72H106CoN16O18P, calcd. m/z [M+H]+ = 1573.7 and 

[M+2H]2+ = 787.4; found 1573.6 and 787.5). 

 

The same reaction conditions were attempted using the CNCbl-linker compound with a 

cystamine linker, compound 1. Again, ciprofloxacin was used as the limiting reagent in 

addition to compound 1 (Scheme 25).  
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Scheme 25: Attempted synthesis of a ciprofloxacin conjugate of 1. 

 

The reaction progress was also followed by LC-MS over 4 days. The product was 

expected to have m/z values (calculated for C86H114CoFN19O19PS) of [M+H]+ = 1859.7, 

[M+2H]2+ = 930.4 and [M+3H]3+ = 620.6. Many peaks were present in the LC-MS 

chromatogram, but none were found to represent the desired product (Figure 160). 

Furthermore, the starting material 1 had either degraded during the reaction or underwent 

undesired side reactions, as evidenced by the small peak corresponding to 1 at 15.8 min 

(C68H98CoN16O15PS2, calcd. m/z [M+H]+ = 1533.7 and [M+2H]2+ = 767.3; found 1534.3 

and 767.4). 
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Figure 160: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of the attempted 

ciprofloxacin coupling to 1 using standard coupling procedures (Scheme 25, LC-MS method 1). 

The desired product could not be identified. A small peak from the starting material was 

observed at 15.8 min (C68H98CoN16O15PS2, calcd. m/z [M+H]+ = 1533.7 and [M+2H]2+ = 

767.3; found 1534.3 and 767.4). 

 

Both synthetic attempts proved to be unsuccessful. Modification of the reaction 

conditions was trialled using compound 2 as the CNCbl-linker starting material. The 

attempts focused on the variation of the mol equivalents and temperature, as summarised 

in Table 7. Each attempt was followed by LC-MS after 24 h and four days of stirring the 

reaction mixture. None of the desired product was identified in the reaction mixture for 

any attempt.  
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Table 7: Summarised synthesis attempts to synthesise a ciprofloxacin conjugate of 2. Each 

reaction mixture was analysed by LC-MS after 24 hr and 4 days of stirring. There was no 

evidence of the desired product for any of the syntheses.  

Attempt # Mol. Equivalents of Reagents  

 2 EDC HOBt Ciprofloxacin Temperature 

1 1 4 8 1 40℃ 

2 1 4 8 3 40℃ 

3 1 4 8 1 r.t.  

4 1 4 8 3 r.t 

 

The same species in all synthesis attempts (using either 1 or 2 as the reactant) was 

observed by LC-MS at 22.5 min with the m/z value of 645.2. This species is unlikely to 

be a CNCbl-linker-ciprofloxacin conjugate as the m/z values of the product depend on the 

linker. It is therefore likely that this is a ciprofloxacin side product. The EDC-N-acyl urea 

adduct and HOBt intermediate of ciprofloxacin have different m/z values. In addition, a 

ciprofloxacin-ciprofloxacin (formed by carboxylate-piperazine amide bond formation) 

dimer also has different m/z values. Activation of the carboxylic acid of ciprofloxacin by 

EDC was therefore most likely unsuccessful.  

To address this, the synthesis of the ciprofloxacin-NHS ester was attempted. Using NHS 

esters increased product yields compared to direct coupling of the corresponding 

carboxylic acid for the CNCbl-fluorophore conjugates. Boc protection of the piperazine 

NH moiety of ciprofloxacin was successfully carried out using a literature procedure to 

produce compound C1 (Scheme 26).12 
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Scheme 26: Synthesis of C1 and the attempted synthesis of the Boc-ciprofloxacin-NHS ester. 

The reaction conditions trialled are summarised in Table 8.  

 

The 1H NMR peaks of compound C1 matched the literature values. The synthesis of the 

Boc-ciprofloxacin-NHS ester was then attempted following a literature procedure 

(Scheme 26).11 Analysis of the crude product by TLC (15:1 CH2Cl2:CH3OH), mass 

spectrometry and 1H NMR spectroscopy showed the reaction was unsuccessful, with only 

unreacted C1 found in the product mixture. Further attempts were made using EDC as 

the activating agent with the addition of Et3N or by modifying reaction times and 

temperatures, as summarised in Table 8. The reaction products were analysed by TLC 

(15:1 CH2Cl2:CH3OH) and mass spectrometry. No product could be detected in any of 

the attempts, and only unreacted starting material was present.  

Table 8: Synthetic attempts to produce the NHS ester of C1.  

 Mol. Equivalents of Reagents 

Attempt # Boc-
ciprofloxacin 

Activating 
agent 

Et3N Temperature Reaction 
time 

1 1 DCC, 1.1  0 4℃ 48 h 

2 1 DCC, 1.1  0 0℃ 8 h 
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3 1 DCC, 1.1  0 r.t. 8 h 

4 1 EDC, 1.1  2  4℃ 48 h 

5 1 EDC, 1.1  2  0℃ 8 h 

5 1 EDC, 1.1  2  r.t 8 h 

 

Since this synthetic approach was unsuccessful, attempts were made to conjugate the 

1,11-diamine-3,6,9-trioxaundecane linker to C1. If successful, the C1-linker molecule 

could be directly conjugated to CNCbl using the carbamate coupling procedures 

previously utilised for the other CNCbl conjugates. Reactions were trialled with C1 using 

EDC as the initial coupling reagent (Scheme 27). The TLC of the product mixtures 

showed no new spots and mass spectrometry did not identify any new species being 

formed. Multiple conditions were tested and are summarised in Table 9. All trials were 

reacted for 48 h, followed by analysis by TLC and mass spectrometry. Trials 8-14 used 

N,N′-dicyclohexylmethanediimine (DCC) as the coupling reagent. This compound has 

the same mechanism of action as EDC with greater solubility in organic reagents and has 

previously successfully been used to activate the carboxylic acid of ciprofloxacin.15 The 

desired product could not be detected for any of the conditions trialled. For the heated 

reaction mixtures (40℃ and higher) a colour change in the solution from clear to 

yellow/brown was observed, with the deepest change in colour observed for the reflux 

reaction. Furthermore, the colour change coincided with multiple new peaks with high 

m/z values in the mass spectrum (>500 m/z). Reactions carried out lower than 40℃ only 

showed peaks with m/z values corresponding to unreacted reagents. The observed colour 

change in the solution is likely due to the polymerisation of the polyethylene glycol 

linker.16–18  
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Scheme 27: The attempted reaction of C1 with 1,11-diamine-3,6,9-trioxaundecane. The reaction 

conditions are summarised in Table 9.  

Table 9: Synthetic attempts to produce C1-1,11-diamine-3,6,9-trioxaundecane. 

Mol. Equivalents of Reagents 

Attempt # C1 DCC EDC Linker Et3N HOBt Solvent Temperature 

1 1 0 1.1 2 2 0 CH2Cl2 4℃ 

2 1 0 1.1 2 2 2 CH2Cl2 4℃ 

3 1 0 1.1 2 2 0 CH2Cl2 r.t.

4 1 0 1.1 2 2 2 CH2Cl2 r.t.

5 1 0 1.1 2 2 2 Dioxane 40℃ 

6 1 0 1.1 2 2 2 Dioxane 80℃ 

7 1 0 1.1 2 2 r.t Dioxane Reflux 
(~120℃) 

8 1 1.1 0 2 2 0 CH2Cl2 4℃ 
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9 1 1.1  0 2 2 2 CH2Cl2 4℃ 

10 1 1.1  0 2 2 0 CH2Cl2 r.t. 

11 1 1.1  0 2 2 2 CH2Cl2 r.t. 

12 1 1.1  0 2  2 2 Dioxane 40℃ 

13 1 1.1  0 2  2 2 Dioxane 80℃ 

14 1 1.1  0 2  2 r.t Dioxane Reflux 
(~120℃) 

 

Amide bond formation at the carboxylic acid of ciprofloxacin unfortunately proved 

unsuccessful. Alkylation at the carboxylic acid to form a propargyl ester suitable for Cu-

catalysed click chemistry was therefore explored. Alkylation of ciprofloxacin was 

achieved following a literature procedure (Scheme 28).13 The 1H NMR spectrum in 

CDCl3 matched the spectrum in the literature.13  

NN

O O

OH
F

NO

O

NaHCO3 (1.2 eq.)
Propargyl bromide (1.2 eq.)

NN

O O

O
F

NO

O

NN

O O

O
F

HN

DMF, 100°C
3 days

TFA:CH2Cl2 (1:4)
16 h

 

Scheme 28: Synthesis of C3.  

 

Deprotection of the Boc group requires the addition of trifluoroacetic acid (TFA). Upon 

exposure to acid, including TFA, CNCbl can undergo acid hydrolysis of the amide side 
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chain of the nucleotide loop, producing cobyric acid (Figure 161).19–22 This is not desired 

here as the selected coordination site of CNCbl is the 5’-OH group of the ribose ring on 

the nucleotide chain. The Boc-ciprofloxacin-propargyl ester was therefore deprotected 

before conjugation to CNCbl. Successful deprotection of Boc-ciprofloxacin-propargyl 

ester to produce compound C3 was confirmed by 1H NMR spectroscopy. 

 

Figure 161: Acid hydrolysis of CNCbl by trifluoroacetic acid to form cobyric acid.  

 

Research by others suggested that C3 is suitable for conjugation to CNCbl by a copper-

catalysed alkyne-azide cycloaddition reaction (CuAAC).23–25 CNCbl was functionalised 

with an azide moiety at the 5’-OH site by a modified literature procedure.26 The 5’-OH 

was converted to a good leaving group via mesylation, followed by nucleophilic 

substitution by azide.27 CNCbl-N3 (Figure 162) was then used as a suitable starting 

material for the CuAAC reaction with C3.  
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Figure 162: Structure of CNCbl-N3 (left) and a simplified representation (right).27 

 

Successful CuAAC reactions of CNCbl reported in the literature suggest using either CuI 

or CuSO4/ascorbic acid as catalysts to produce high yields.26,28 CuI (0.5 eq) was initially 

explored as a catalyst (Scheme 29).  

 

Scheme 29: Simplified reaction scheme for the synthesis of CNCbl-ciprofloxacin by copper-

catalysed azide-alkyne cycloaddition. The complete reaction conditions are summarised in 

Table 10.  
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The LC-MS chromatogram, shown in Figure 163 (a), of the first trialled reaction (Table 

10, 1) showed two peaks. The peak eluting at 17.6 min (Figure 163, 1 and 2) can be 

assigned to the CNCbl-N3 starting material (C64H91CoN17O12P calcd. m/z [M+H]+ = 

1380.6 and [M+2H]2+ = 690.8; found 1380.6 and 690.9). The second peak at 16.6 min 

can be assigned to a CNCbl-triazole-OH fragment (Figure 164, C66H91CoFN20O16P calcd. 

m/z [M+H]+ = 1436.6 and [M+2H]2+ = 718.8; found 1436.6 and 719.0) which is formed 

by hydrolysis of the ester of the desired product. A trial was also carried out using CuSO4 

as the copper catalyst (Table 10, 2). In the trial using CuSO4/sodium ascorbate as the 

catalyst, the CNCbl-N3 starting material was observed at 17.6 min. This indicated that the 

CuAAC reaction had not occurred.  

 

Figure 163: LC-MS DAD (361 nm) chromatograms of trials 1-5 to synthesise a CNCbl-

ciprofloxacin conjugate by copper-catalysed azide-alkyne cycloaddition (LC-MS method 1). The 

experimental conditions for each trial are summarised in Table 10. The peaks at 16.6 min can 

be assigned to an undesired CNCbl-triazole-OH product arising from hydrolysis and the peaks 

at 17.6 min are from the CNCbl-N3 starting material. 
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Figure 164: Ester cleavage of CNCbl-ciprofloxacin. This species was observed by LC-MS, 

eluting at 17.7 min in Figure 163.  

 

Several further reaction conditions were trialled to determine if the ester bond cleavage 

could be avoided (attempts 3-5, Table 10). The reactions focused primarily on different 

solvent systems to determine if the ester cleavage was solvent-dependent. It has been 

suggested that a proton source is required for CuAAC reactions.29 In one synthesis 

(attempt 5), amyl alcohol was trialled as a proton source in place of H2O. These trials 

showed that CuI was the most effective catalyst for triazole formation using DMF as a 

solvent in the presence or absence of an added proton source (trials 3-5). In aqueous 

conditions, DMF/buffers produced the best results. The CuAAC reactions under these 

conditions resulted in no remaining CNCbl-N3 starting material, based on the LC-MS 

chromatogram at 361 nm. LC-MS allowed a direct comparison of each reaction outcome 

as the same mobile phase program was used. The observation of the CNCbl-triazole-OH 

species eluting at 17.6 min showed that the click reaction was successful, however, the 

ciprofloxacin moiety was subsequently hydrolysed at the ester.  

Table 10: Synthetic attempts to produce CNCbl-ciprofloxacin by copper-catalysed azide-alkyne 

cycloaddition. 

Attempt Mol equivalents of Reactants Catalyst Solvent 

 CNCbl-
N3 

C3 TBTA Sodium 
ascorbate 

  

1 1.2 1 0.5 - CuI DMF:H2O (1:4) 

2 1.2 1 - 4 CuSO4 DMF:phosphate 
buffer (0.5M, pH 7) 
(1:1) 

3 1.3 1 - - CuI DMF:phosphate 
buffer (0.5M, pH 7) 
(1:1) 



248 
 

 

Chapter 5  

4 1.2 1 - - CuI DMF 

5 1.2 1 - - CuI DMF:amyl alcohol 
(4:1) 

1-5 The corresponding LC-MS chromatograms of the product solution for trials 1-5 are shown in 

Figure 163.  

 

Click-based reactions using C3 as a starting material used the Boc protecting group for 

the amine.13 Although the CuAAC reaction proved successful, ester cleavage also 

occurred either in the product or the C3 reactant. Ester cleavage is typically acid or base 

catalysed.30,31 The conditions trialled here included an aprotic solvent (entry 4), 

preventing acid or base cleavage. LC-MS analysis routinely uses an aqueous mobile 

phase containing 0.1% formic acid. LC-MS analysis was therefore carried out without 

adding acid in the mobile phase; however, the resulting chromatograms were identical. 

This ruled out the acidic LC-MS mobile phase as the cause of ester cleavage. Another 

possibility is that the nucleophilic secondary amine on the piperazine ring of C3 promotes 

ester cleavage (Scheme 30). This reaction could occur either before or after CuAAC. 

However, the stability of the C3 product during deprotection in TFA and the 1H NMR 

spectrum in CDCl3 suggests that aminolysis occurs after CuAAC. It is suggested that 

following the CuAAC reaction, the cleaved -OR is stabilised as a leaving group, favouring 

amide bond formation.  

 

Scheme 30: Aminolysis of the ester of C3 or CNCbl-ciprofloxacin, tentatively proposed to occur 

by the amine of piperazine.  
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Reactions with the Boc-protected ciprofloxacin-propargyl ester (C2) and CNCbl-N3 were 

not undertaken. Removal of the Boc protecting group requires TFA and CNCbl is 

susceptible to acid catalysed cleavage.  

Compound 17 

Owing to the nucleophilic nature of the piperazine NH group (pKa = 8.6232), the next 

synthetic attempts focused on utilising this functional group to couple to CNCbl. A 

suitable CNCbl-linker derivative incorporating a carboxylic acid was required to achieve 

this using amide coupling procedures. CNCbl was functionalised with a PEG-based 3-[2-

[2-(2-aminoethoxy)ethoxy]ethoxy]propanoic acid linker (17, Scheme 31). 

 

Scheme 31: Synthetic scheme for the synthesis of 17.  

 

Synthesis of 17 was achieved using the procedure established for other CNCbl-PEG 

molecules (Chapter 2) where CNCbl was the limiting reagent. The 5’-OH moiety was 

activated with CDT followed by nucleophilic substitution of the amino group of the 3-[2-

[2-(2-aminoethoxy)ethoxy]ethoxy]propanoic acid linker. The reaction was followed by 

LC-MS and major peaks were observed at 22.9 and 29.7 min (Figure 165). The peak at 

22.9 min is from the CNCbl starting material (C68H88CoN16O14P calcd. m/ z [M+H]+ = 

1355.6 and [M+2H]2+ = 678.4; found 1355.5 and 678.4). The peak at 29.7 min 

corresponds to 17 (C73H105CoN15O20P calcd. m/z [M+H]+ = 1602.7 and [M+2H]2+ = 

801.8; found 1603.5 and 802.0).  
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Figure 165: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of crude 17 (LC-MS 

method 3). The peak at 29.7 min is from the desired product (C73H105CoN15O20P calcd. m/z 

[M+H]+ = 1602.7 and [M+2H]2+ = 801.8; found 1603.5 and 802.0).  

 

The product was purified by reversed-phase C18 chromatography, eluting as the second 

red band at 17.5% CH3CN in H2O. The purity was confirmed by LC-MS with one peak 

eluting at 40.1 min (C73H105CoN15O20P calcd. m/z [M+H]+ = 1602.7 and [M+2H]2+ = 

801.8; found 1603.5 and 801.9, Figure 166). 
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Figure 166: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of pure 17 (LC-MS 

method 2). The peak at 40.1 min is assigned to the product (C73H105CoN15O20P calcd. m/z 

[M+H]+ = 1602.7 and [M+2H]2+ = 801.8; found 1603.5 and 801.9).  

 

Analysis by 13C NMR spectroscopy is useful as the carbamate carbon gives rise to a 

distinctive resonance between 155-160 ppm.33 The 13C NMR spectrum of 17 was taken 

in DMSO-d6, since the solubility of CNCbl and its derivatives is high (~20 mg per 500 

μL). The new carbamate carbon resonance was observed at 156.21 ppm (Figure 167). 

 

Figure 167: 13C NMR spectrum of 17 obtained in DMSO-d6. The carbamate carbon resonating 

at 156.21 ppm is highlighted.  
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HSQC NMR spectroscopy identified the aromatic protons and associated carbons of 17 

as 5.89 (93.62), 6.23 (86.01), 6.43 (116.44), 7.08 (111.38) and 7.30 ppm (142.25 ppm). 

Most resonances had small or no changes in chemical shift upon conjugation of the linker 

to CNCbl (5.91 (93.40), 6.28 (85.39), 6.45 (116.23), 7.01 (111.35) and 7.32 ppm (142.34 

ppm)). However, protons assigned to R1 and B2 did shift significantly upon conjugation 

to the linker, from 6.28 and 7.01 to 6.23 and 7.08 ppm, respectively. The protons (and 

corresponding carbons) of 17 have been assigned as C10, 5.89 (93.62); R1, 6.23 (86.01); 

B4, 6.43 (116.44); B2, 7.08 (111.38) and B7, 7.30 ppm (142.25 ppm).33,34 

 

Figure 168: HRMS NMR spectrum of 17 obtained in DMSO-d6. The aromatic proton and 

corresponding carbons highlighted are assigned as C10, 5.89 (93.62); R1, 6.23 (86.01); B4, 

6.43 (116.44); B2, 7.08 (111.38) and B7, 7.30 ppm (142.25 ppm).  

 

1H NMR analysis was also carried out in MeOH-d4, to determine the purity of the CNCbl 

conjugate. The 1H NMR spectrum of 17 in MeOH-d4 showed six resonances in the 

aromatic region at 6.03 (s, 1H), 6.23 (m, 1H), 6.57 (s, 1H), 7.15 (s, 1H), 7.25 (s, 1H) and 

7.78 ppm (bs, 0.5H). The peaks at 6.03, 6.23, 6.57, 7.15 and 7.25 ppm can be assigned to 

protons C10, R1, B4, B2 and B7 of the CNCbl moiety. The chemical shifts of these 

protons are the same for 17 and CNCbl (Figure 169). The broad peak at 7.78 ppm is 

present in both CNCbl and 17. This is assigned to a slowly exchanging NH proton of the 

CNCbl moiety. A new resonance was observed at 3.61 ppm (s, 12H) in 17. This is 

assigned to the six CH2 groups of the 3-[2-[2-(2-aminoethoxy)ethoxy]ethoxy]propanoic 

acid linker, analogous to that observed for 2 where a similar 1,11-diamine-3,6,9-

trioxaundecane linker was employed (Section 2.3.1).  
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Figure 169: 1H NMR spectrum of CNCbl (top) and 17 (bottom) obtained in MeOH-d4. The 

aromatic peaks of 17 at 6.03 (s, 1H), 6.23 (m, 1H), 6.57 (s, 1H), 7.15 (s, 1H) and 7.25 ppm (s, 

1H) can be assigned as C10, R1, B4, B2 and B7. These remain unchanged upon conjugation of 

the linker. A new resonance at 3.61 ppm (s, 12H) is observed and assigned to the six methylene 

protons of the 3-[2-[2-(2-aminoethoxy)ethoxy]ethoxy]propanoic acid linker.  

 

To summarise, LC-MS analysis confirmed the formation of 17, with a single peak and 

the expected m/z values (Figure 166). Further characterisation by 1H and 13C NMR 

spectroscopy supported the formation of 17 with a new carbamate carbon peak at 156.21 

ppm (DMSO-d6) and a new proton peak at 3.61 (s, 12H) ppm (MeOH-d4) corresponding 

to six CH2 groups of the 3-[2-[2-(2-aminoethoxy)ethoxy]ethoxy]propanoic acid linker. A 

purity of ≥95% was determined using the aromatic region of the 1H NMR spectrum 

obtained in MeOH-d4 and the LC-MS chromatogram. 

Compound 18 

Compound 17 has a terminal carboxylic acid moiety, suitable for amide coupling to the 

piperazine -NH group of ciprofloxacin. The amide coupling reagent employed earlier in 

this research for the synthesis of fluorescent CNCbl conjugates was EDC (a carbodiimide) 

or alternatively employing a reactive N-hydroxysuccinimide (NHS) ester of the 

fluorophore. Coupling of ciprofloxacin proved to be unsuccessful using these methods. 

A third amide coupling method was trialled for the synthesis of 18, using aminium salts 
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as activating agents, namely N-[(1H-benzotriazol-1-yl)(dimethylamino)methylene]-N-

methylmethanaminium hexafluorophosphate-N-oxide (HBTU) or N-[(dimethylamino)-

1H-1,2,3-triazolo[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium 

hexafluorophosphate-N-oxide (HATU) (Figure 170).35–37 Both HBTU and HATU are 

useful for challenging peptide bond formation reactions.36  

 

Figure 170: Structures of the peptide coupling reagents N-[(1H-benzotriazol-1-

yl)(dimethylamino)methylene]-N-methylmethanaminium hexafluorophosphate-N-oxide (HBTU), 

N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]pyridin-1-ylmethylene]-N-methylmethanaminium 

hexafluorophosphate-N-oxide (HATU) and N-ethyl-N′-(3-dimethylaminopropyl)carbodiimide 

(EDC). 

 

Using EDC as a coupling reagent required the addition of 1-hydroxybenzotriazole 

(HOBt) to prevent the formation of the unreactive N-acylurea side product. This undesired 

side reaction is a common issue faced during carbodiimide couplings.35 HATU and 

HBTU do not require HOBt. These reagents undergo a complex reaction to form the 

desired amide functionality where the limiting step is often the deprotonation of the 

carboxylic acid (Scheme 32). This has been achieved here by the addition of Et3N.  
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Scheme 32: Amide coupling mechanism of HBTU and HATU.  

 

Synthetic attempts were carried out using 17 as the limiting reagent (Scheme 33) with 

either EDC, HBTU or HATU as the coupling reagents. All reactions were carried out in 

anhydrous DMSO under N2 at 40℃ for 16 h.  

 

Scheme 33: Synthesis of 18 using EDC, HBTU or HATU as coupling agents, resulting in an 

over-functionalised product. Multiple ciprofloxacin molecules are conjugated via amide bonds 

between the piperazine -NH and -COOH ciprofloxacin groups.  
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Small peaks were identified in the LC-MS chromatograms of all reactions eluting at 16.6 

min (C63H88CoN14O14P calcd. m/z [M+H]+ = 1355.6 and [M+2H]2+ = 678.3; found 1355.4 

and 678.4) and 17.7 min (C73H105CoN15O20P calcd. m/z [M+H]+ = 1602.7 and [M+2H]2+ 

= 801.8; found 1602.5 and 801.9), assigned to the unreacted CNCbl and the compound 

17 starting materials, respectively (Figure 171). The reactions using HBTU and HATU 

showed five further peaks eluting at 25.6, 28.4, 29.8, 30.3 and 30.6 min. The peak at 25.6 

min could be assigned to the desired product, 18 (C91H124CoFN18O21P calcd. m/z 

[M+2H]2+ = 958.4 [M+3H]3+ = 639.3; found 958.6 and 639.4).  

 

Figure 171: LC-MS DAD (361 nm) chromatograms of crude 18, with HBTU (top), HATU 

(middle) or EDC (bottom) as the coupling reagent (LC-MS method 1). The peak eluting at 25.6 

min can be assigned to 18 (C91H124CoFN18O21P calcd. m/z [M+2H]2+ = 958.4 [M+3H]3+ = 

639.3; found 958.6 and 639.4).  
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The peaks eluting at 28.4, 29.8, 30.3 and 30.6 min are from over-functionalised products 

(Scheme 33). Each of these peaks, in chronological order, contained an additional 

ciprofloxacin than the previous, with an amide bond formed between the piperazine amine 

and carboxylic acid of ciprofloxacin (Table 11). Unlike EDC, HBTU and HATU 

activated the ciprofloxacin carboxylic acid for nucleophilic substitution by another 

ciprofloxacin. 

Table 11: LC-MS peak assignments for the crude 18 product mixtures using HBTU or HATU as 

coupling reagents.  

Retention 
time 
(min) 

Compounda n (number 
of 
ciprofloxac
in units) 

Chemical 
formula 

Calcd./observed m/z 

    [M+H]+ [M+2H]2

+ 
[M+3H]3

+ 
[M+4H]4

+ 

28.4 CNCbl-
PEG-Cip-
Cip 

2 C107H137Co
F2N21O24P 

2229.9/- 1115.5/1
115.8 

744.0/74
3.8 

- 

29.8 CNCbl-
PEG-Cip-
Cip-Cip 

3 C124H153Co
F3N24O26P 

2543.1/- 1272.0/1
271.9 

848.4/84
8.3 

636.5/63
6.5 

30.3 CNCbl-
PEG-Cip-
Cip-Cip-Cip 

4 C141H169Co
F4N27O28P 

2856.1/- 1429.0/1
428.8 

952.7/95
2.7 

715.0/71
4.8 

30.6 CNCbl-
PEG-Cip-
Cip-Cip-
Cip-Cip 

5 C158H185Co
F5N30O30P 

3169.3/- 1585.2/1
585.1 

1057.1/1
057.0 

793.1/79
3.1 

a = CNCbl-linker-cargo, PEG = 3-[2-[2-(2-aminoethoxy)ethoxy]ethoxy]propanoic acid, Cip = 

ciprofloxacin.  

 

The synthesis of 18 with EDC as the coupling reagent resulted a major peak eluting at 

25.6 min assigned to the desired product (C91H124CoFN18O21P calcd. m/z [M+2H]2+ = 

958.4 [M+3H]3+ = 639.3; found 958.6 and 639.4, Figure 171, lower chromatogram). The 

smaller peak at 28.4 min is the di-functionalised product where two ciprofloxacin 

molecules are conjugated to CNCbl. Using EDC as the coupling reagent successfully 

formed the mono-functionalised product, rather than the over-functionalised products 

identified in the reactions using HBTU and HATU. The product from the EDC reaction 

was purified by reversed-phase C18 chromatography using (H2O + 0.1% formic acid) and 
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CH3CN as the mobile phase. Compound 18 eluted from the column at 45% CH3CN as a 

red band and was taken to dryness by rotary evaporation. The purity of 18 was 

investigated by LC-MS. A prominent peak eluting at 25.6 min was observed 

(C91H124CoFN18O21P calcd. m/z [M+2H]2+ = 958.4 [M+3H]3+ = 639.3; found 958.6 and 

639.4, Figure 172).  

 

Figure 172: LC-MS TIC (top) and DAD (361 nm, bottom) of pure 18 (LC-MS method 1). The 

peak eluting at 25.6 min is assigned to the product (C91H124CoFN18O21P calcd. m/z = [M+H]+ 

= 1914.8, [M+2H]2+ = 958.4 [M+3H]3+ = 639.3; found 958.6 and 639.4).  

 

The 1H NMR spectrum of 18 was obtained in MeOH-d4. The chemical shifts of the 

protons in the aromatic region are 6.03 (s, 1H, C10), 6.22 (m, 1H, R1), 6.58 (s, 1H, B4), 

7.15 (s, 1H, B2) and 7.24 ppm (s, 1H, B7) (Figure 173). Three remaining proton 

resonances in the aromatic region are assigned to the protons of ciprofloxacin. The singlet 

resonating at 8.81 ppm (1H) is assigned to proton a due to the lack of neighbouring 

protons (Figure 174). Proton b and c are assigned to the doublets at 7.61 (1H, J = 7.31 

Hz) and 7.96 ppm (1H, J = 13.3 Hz), respectively. Doublets are observed due to the 

splitting by the adjacent 19F substituent (I = ½ for 19F). 
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Figure 173: Aromatic region of the 1H NMR spectrum of 18 in MeOH-d4. Peaks assigned to the 

CNCbl moiety are 6.03 (s, 1H, C10), 6.22 (m, 1H, R1), 6.58 (s, 1H, B4), 7.15 (s, 1H, B2) and 

7.24 ppm (s, 1H, B7). Peaks assigned to ciprofloxacin are 7.61 (1H, d, J = 7.31 Hz, c), (7.96 

ppm (1H, d, J = 13.3 Hz, b) and 8.81 ppm (s, 1H, a).  
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Figure 174: Structure of 18 with the aromatic protons of ciprofloxacin labelled and highlighted 

in red.  

 

To summarise, the successful synthesis of a CNCbl-ciprofloxacin conjugate was achieved 

using the piperazine amine of ciprofloxacin as the coupling site. This was obtained in a 

78% yield with a purity of ≥95% confirmed by both LC-MS and 1H NMR spectroscopy. 

Finally, high-resolution mass spectrometry (HRMS) confirmed the successful synthesis 

of 18 as C90H121CoN18O22PNa2 (m/z [M+2Na]2+ calcd. 980.3870, found 980.3865).  
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Compound 19 

Synthesis of a CNCbl-linker-ciprofloxacin conjugate using the -COOH moiety proved to 

be challenging as discussed at the beginning of this chapter. However, during the 

synthesis of the N-bound ciprofloxacin conjugate, it was observed that HBTU or HATU 

as amide coupling reagents, rather than EDC, resulted in CNCbl-linker-ciprofloxacin 

oligomers forming. Therefore, HBTU and HATU activate the carboxylic acid of 

ciprofloxacin, unlike EDC. Conjugating ciprofloxacin to CNCbl by amide bond 

formation at the -COOH moiety of ciprofloxacin was therefore attempted using HBTU. 

The first attempt at the synthesis of 19 was carried out using compound 2 (crude) as the 

limiting reagent in addition to ciprofloxacin (Scheme 34). 

 

Scheme 34: Synthetic scheme for the synthesis of 19.  

 

The crude reaction solution was precipitated into Et2O and CH2Cl2 (1:1) and filtered. The 

precipitate was released from the filter using minimal CH3OH and taken to dryness. 

However, after washing the product off the filter using CH3OH, a red filtrate was 

collected as expected but a pale pink solid remained on the filter. The red filtrate and pale 

pink solid were analysed by LC-MS. Both the solid and filtrate samples showed a main 

peak at 16.6 min where unreacted CNCbl is expected to retain (C63H88CoN14O14P calcd. 

m/z [M+H]+ = 1355.6 and [M+2H]2+ = 678.3; found 1355.4 and 678.4). However, an 
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additional species also eluted at this retention time, with m/z values of 558.1, 836.5 and 

1672.8. These three values likely correspond to [M+3H]3+, [M+2H]2+ and [M+H]+ peaks 

of the same compound, but the structure of this species could not be deduced. 

Furthermore, there was no evidence of the starting material 2 or the desired product.  

 

Figure 175: LC-MS DAD (361 nm) chromatograms of the pale pink solid (top) and red filtrate 

(bottom) obtained after the synthesis attempt of 19 using ciprofloxacin (LC-MS method 1). The 

peak at 16.6 min can be assigned as unreacted CNCbl (C63H88CoN14O14P calcd. m/z [M+H]+ = 

1355.6 and [M+2H]2+ = 678.3; found 1355.4 and 678.4) from the crude starting material and 

an unknown product with m/z values of 558.1, 836.5 and 1672.8.  

 

During previous attempts to synthesise a CNCbl-ciprofloxacin conjugate, oligomers of 

ciprofloxacin were observed by amide bond formation between the carboxylic acid and 

piperazine -NH. The starting material used in the first synthetic attempt to produce 19 

contained the unprotected piperazine-NH group. As the Boc protection of this group was 

successful, the reaction was repeated using C1 as the starting material (Scheme 34). Upon 

precipitation of the crude reaction solution, no pale pink solid was observed as seen 

previously. LC-MS analysis of the crude red filtrate showed two peaks at 16.6 and 30.9 
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min (Figure 176). The peak at 16.6. min can be assigned to the unreacted CNCbl from 

the crude 2 starting material (C63H88CoN14O14P calcd. m/z [M+H]+ = 1355.6 and 

[M+2H]2+ = 678.3; found 1355.4 and 678.4). The m/z values of 558.1, 836.5 and 1672.8 

are also observed in this peak as seen in the previous synthesis using the unprotected 

ciprofloxacin starting material. This species is likely from an unidentified side product. 

The peak at 30.5 min can be assigned to compound 19 (C94H130CoFN19O22P calcd. m/z 

[M+2H]2+ = 994.4 and [M+3H]3+ = 663.3; found 994.1 and 663.2).  

 

Figure 176: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of the crude reaction 

solution of 19 using C1 as the starting material (LC-MS method 1). The peak at 16.6 min is 

assigned to unreacted CNCbl (C63H88CoN14O14P calcd. m/z [M+H]+ = 1355.6 and [M+2H]2+ = 

678.; found 1355.4 and 678.4) and the peak at 30.5 min is assigned to compound 19 

(C94H130CoFN19O22P calcd. m/z [M+H]+ = 1987.9, [M+2H]2+ = 994.4 and [M+3H]3+ = 663.3; 

found 994.1 and 663.2).  

 

Using C1 resulted in the formation of the desired product. Compound 19 was purified by 

reversed-phase C18 chromatography using (H2O + 0.1% formic acid) and CH3CN as the 

mobile phase. The desired compound eluted at 45% CH3CN as a red band and was taken 

to dryness by rotary evaporation. LC-MS analysis of the purified compound identified 
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one peak eluting at 30.5 min (Figure 177). This peak was assigned to compound 19 

(C94H130CoFN19O22P calcd. m/z [M+2H]2+ = 994.4 and [M+3H]3+ = 663.3; found 994.1 

and 663.2).  

 

Figure 177: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of pure 19 (LC-MS 

method 1). The peak at 30.5 min is assigned to compound 19 (C94H130CoFN19O22P calcd. m/z 

[M+H]+ = 1987.9, [M+2H]2+ = 994.4 and [M+3H]3+ = 663.3; found 994.1 and 663.2).  

 

Compound 19 retained the Boc protecting group on the -N atom of the piperazine moiety. 

Deprotection was not carried out for two reasons, Boc deprotection requires the addition 

of trifluoroacetic acid (TFA) where CNCbl is known to be unstable.19–22 Furthermore, 

TFA is known to cleave carbamate bonds.13,38 Compound 19 has carbonates in two 

locations between the Boc group and ciprofloxacin, and the linker and CNCbl. Therefore, 

deprotection by TFA is likely to decompose the CNCbl-linker-ciprofloxacin product.  
1H NMR spectroscopy analysis of 19 was carried out in MeOH-d4. The five aromatic 

protons of the CNCbl moiety are assigned as 6.02 (s, 1H, C10), 6.23 (m, 1H, R1), 6,58 

(s, 1H, B4), 7.15 (s, 1H, B2) and 7.24 (s, 1H, B7) ppm (Figure 178). The three aromatic 

protons of ciprofloxacin are assigned as 7.55-7.57 (m, 1H, c), 7.93-7.97 (m, 1H, b) and 
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8.80 ppm (s, 1H, a, Figure 179). In addition to this, the methyl protons of the Boc 

protecting group can be observed at 1.49 ppm (s, 9H). The CNCbl and aromatic 

ciprofloxacin protons of 19 resonate at the same chemical shifts as compound 18 (6.03 

(s, 1H, C10), 6.22 (m, 1H, R1), 6.58 (s, 1H, B4), 7.15 (s, 1H, B2) and 7.24 ppm (s, 1H, 

B7) 7.56 (d, 1H, J = 7.29 Hz, b), 7.95 (d, 1H, J = 13.4 Hz, c) and 8.81 ppm (s, 1H, a)). A 

peak is also observed at 7.68 ppm (bs, 0.5H). This is assigned to a slowly exchanging NH 

proton from the CNCbl moiety, observed earlier in this research for both CNCbl and other 

CNCbl-linker molecules.  

 

Figure 178: 1H NMR spectrum of 19 obtained in MeOH-d4. Peaks assigned to the CNCbl moiety 

are 6.02 (s, 1H, C10), 6.23 (m, 1H, R1), 6,58 (s, 1H, B4), 7.15 (s, 1H, B2) and 7.24 (s, 1H, B7) 

ppm. The aromatic ciprofloxacin protons are labelled in red and assigned as 7.56 (d, 1H, J = 

7.29 Hz, b), 7.95 (d, 1H, J = 13.4 Hz, c) and 8.81 ppm (s, 1H, a) with the three CH3 protons of 

the Boc protecting group highlighted by the blue arrow (s, 9H).  
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Figure 179: Structure of 19 with the aromatic protons of ciprofloxacin highlighted in red and 

the three Boc CH3 moieties highlighted in blue.  
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To summarise, using C1 as a starting material and HBTU as a coupling agent allowed for 

the successful synthesis of the O-bound Boc protected CNCbl-linker-ciprofloxacin 

conjugate, 19, afforded in a 27.8% yield. The low yield reflects the lower reactivity of the 

carboxylic acid of ciprofloxacin. LC-MS and 1H NMR spectroscopic analysis of 

compound 19 determined the purity of ≥95%. Finally, HR-MS analysis confirmed the 

identity of 19 (m/z [M+2Na]2+ calculated for C94H130CoN19O22PNa2 1015.9238, found 

1015.9246). 

Compound 20 

Synthesis of the O-bound CNCbl-ciprofloxacin conjugate proved successful with HBTU 

as the coupling reagent. Compound 19 used the 1,11-diamine-3,6,9-trioxaundecane-

linked CNCbl starting material, compound 2. For the synthesis of compound 20, 

analogous reaction conditions were employed using the cystamine-linked CNCbl starting 

material, compound 1 (Scheme 35). Once again, either ciprofloxacin or C1 were used as 

the starting material. Compound 1 was the limiting reagent, with HBTU (1.5 eq.), Et3N 

(4.0 eq.) and the appropriate ciprofloxacin compound (1.5 eq.). All reagents were 

dissolved in anhydrous DMSO and the reaction mixture was stirred at 40 ℃ for 16 h.  

 

Scheme 35: Synthetic scheme for the synthesis of 20.  

 

LC-MS analysis of the crude reaction mixture using unprotected ciprofloxacin as the 

starting material showed similar results to that seen during the synthesis of 19. Upon 

precipitation of the crude reaction solution, a red filtrate was obtained upon addition of 
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CH3OH and a pale pink solid remained on the filter. The LC-MS chromatograms were 

obtained for both solid and filtrate (Figure 180). The largest peak in both solid and filtrate 

samples retained at 16.6 min and can be assigned to the unreacted CNCbl from the crude 

1 starting material (C63H88CoN14O14P calcd. m/z [M+H]+ = 1355.6 and [M+2H]2+ = 

678.3; found 1355.5 and 678.4). Unreacted compound 1 can be assigned to the peak at 

16.2 min (C68H98CoN16O15PS2, calcd. m/z [M+H]+ = 1534.3 and [M+2H]2+ = 767.3; 

found [M+H+CH3CN]+ 1592.4 and [M+2H+CH3CN]2+ 797.6). Additional peaks were 

observed at 15.5, 17.6 and 19.8 min but the m/z values were not consistent with the desired 

compound. The main product is the unreacted CNCbl-linker molecule. The other side-

product peaks indicate that other undesired chemistry is occurring.  

 

Figure 180: LC-MS DAD (361 nm) chromatograms of the pale pink solid (top) and red filtrate 

(bottom) obtained after the synthesis attempt of 20 using unprotected ciprofloxacin (LC-MS 

method 1). The peaks at 16.2 and 16.3 mins can be assigned as CNCbl (C63H88CoN14O14P calcd. 

m/z [M+H]+ = 1355.6 and [M+2H]2+ = 678.3; found 1355.5 and 678.4) and unreacted 1 

(C68H98CoN16O15PS2, calcd. m/z [M+H]+ = 1534.3 and [M+2H]2+ = 767.3; found 

[M+H+CH3CN]+ 1592.4 and [M+2H+CH3CN]2+ 797.6), respectively. The species eluting at 

15.5, 17.6 and 19.8 min could not be identified. 

 

Synthesis using C1 as the starting material together with compound 1 was more 

successful. Using analogous reaction conditions (Scheme 35), a red filtrate was obtained 

after precipitation of the crude reaction solution. LC-MS analysis of the crude product 
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showed multiple peaks between 15-20 min. The large peak at 16.6 min is assigned to the 

unreacted CNCbl (C63H88CoN14O14P calcd. m/z [M+H]+ = 1355.6 and [M+2H]2+ = 678.3; 

found 1355.5 and 678.4). Other peaks retaining between 15-20 min have the same 

retention times and m/z values as observed during the synthesis using unprotected 

ciprofloxacin. This indicates that the starting material 1 decomposes during the synthesis. 

However, using C1 was more successful. The large peak in the DAD chromatogram 

eluting at 31.1 min can be assigned to the desired compound (C90H122CoFN19O19PS2 

calcd. m/z [M+2H]2+ = 974.4 and [M+3H]3+ = 649.9; found 974.5 and 649.8). Multiple 

peaks are also observed between 29.1 and 30.1 min in the TIC chromatogram but are less 

obvious in the DAD chromatogram at 361 nm. The absorbance at 361 nm is often used 

to identify CNCbl-related products during LC-MS analysis as CNCbl has a large 

absorbance band at this wavelength.1,26 Due to the diminished appearance of these peaks 

in the DAD chromatogram, they are likely not associated with a compound incorporating 

CNCbl or a closely related analogue.  

 

Figure 181: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of the crude reaction 

solution of 20 using Boc-ciprofloxacin as the starting material (LC-MS method 1). The peak at 

16.6 min is assigned to unreacted CNCbl (C63H88CoN14O14P calcd. m/z [M+H]+ = 1355.6 and 

[M+2H]2+ = 678.3; found 1355.4 and 678.4) and the peak at 31.1 min is assigned to compound 

20 (C90H122CoFN19O19PS calcd. m/z [M+2H]2+ = 974.4 and [M+3H]3+ = 649.9; found 974.5 

and 649.8).  
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Compound 20 was purified by reversed-phase C18 chromatography using (H2O + 0.1% 

formic acid) and CH3CN as the mobile phase. The desired compound eluted at 45% 

CH3CN as a red band and was taken to dryness by rotary evaporation. LC-MS analysis 

of the purified compound identified one peak eluting at 31.3 min (Figure 182). This peak 

was assigned to compound 20 (C90H122CoFN19O19PS calcd. m/z [M+2H]2+ = 974.4 and 

[M+3H]3+ = 649.9; found 974.5 and 649.8). Analogous to compound 19, deprotection of 

the Boc moiety was not carried out due to concerns of decomposition in the presence of 

TFA.  

 

Figure 182: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of pure 20 (LC-MS 

method 1). The major peak at 31.1 min is assigned to compound 20 (C90H122CoFN19O19PS 

calcd. m/z [M+2H]2+ = 974.4 and [M+3H]3+ = 649.9; found 974.5 and 649.8).  

 

1H NMR spectroscopy analysis of 20 in MeOH-d4 showed the five CNCbl peaks which 

resonate in the aromatic region at 6.03 (s, 1H, C10), 6.23 (m, 1H, R1), 6.58 (s, 1H, B4), 

7.15 (s, 1H, B2) and 7.23 ppm (s, 1H, B7, Figure 183). The aromatic protons assigned to 

the ciprofloxacin molecule are assigned at 7.55 (d, 1H, J= 7.31, c), 7.94 (d, 1H, J = 13.37, 

b) and 8.79 ppm (s, 1H, a, Figure 184). Furthermore, the large singlet at 1.50 ppm (9H) 

can be assigned to the three CH3 moieties of the Boc protecting group on the ciprofloxacin 

moiety.  
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Figure 183: 1H NMR spectrum of 20 obtained in MeOH-d4. Peaks assigned to the CNCbl moiety 

are 6.03 (s, 1H, C10), 6.23 (m, 1H, R1), 6.58 (s, 1H, B4), 7.15 (s, 1H, B2) and 7.23 ppm (s, 1H, 

B7). Aromatic protons of the ciprofloxacin moiety are shown in red and assigned as 7.55 (d, 

1H, J= 7.31, c), 7.94 (d, 1H, J = 13.37, b) and 8.79 ppm (s, 1H, a) with the three low field CH3 

protons of Boc highlighted by the blue arrow at 1.50 ppm (s, 9H).  
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Figure 184: Structure of 20 with the aromatic protons of ciprofloxacin highlighted in red and 

the three Boc CH3 substituents highlighted in blue.  

 

To summarise, using C1 as a starting material and HBTU as a coupling agent allowed for 

the successful synthesis of the O-bound Boc-protected CNCbl-linker-ciprofloxacin 

conjugate, 20, obtained in a 33% yield. This conjugate contains the cleavable disulfide 

containing cystamine linker. LC-MS and 1H NMR spectroscopic analysis of compound 

20 determined the purity of ≥95%. Finally, HR-MS analysis confirmed 

C90H122CoN19O19PS2Na2. 

Compound 21 

The synthesis of a CNCbl-gentamicin conjugate was carried out using compound 17 as 

the limiting reagent (Scheme 36). The initial synthetic attempts employed EDC as the 

coupling reagent, which successfully activated the carboxylic acid of 17 in the synthesis 
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of compound 18. As EDC is known to form an unreactive N-acyl-urea derivative 

(discussed in Chapter 2, compound 3), HOBt was included in the reaction to prevent this. 

Gentamicin was used in excess (1.5 eq.) and the reaction was left to proceed at 45 ℃ for 

24 h.  

 

Scheme 36: Synthetic scheme for the synthesis of compound 21. This scheme shows conjugation 

at the terminal C1a amine of gentamicin.  

 

As an aminoglycoside, gentamicin C1a (Figure 185) contains one secondary and four 

primary amines. Conjugation to compound 17 is possible at any of these amine groups. 

Due to steric hindrance and a high pKa, it is likely that amide coupling occurs at the amine 

highlighted in blue (Figure 185).39 However, since no attempts were made to protect the 

other amine groups before coupling, the conjugation site was not controlled. Therefore, 

multiple CNCbl-gentamicin isomers are likely to be synthesised.  

 

Figure 185: Structure and pKa values of gentamicin C1a where the amine moieties are 

highlighted in red. The most reactive coupling site has been highlighted in blue.39 
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Throughout this research, LC-MS has been used to analyse the crude and pure reaction 

samples. However, LC-MS analysis of the crude reaction mixture for compound 21 

proved difficult (Figure 186). Two broad peaks between 14-18 and 19-24 min are present 

in the TIC chromatogram. The DAD chromatogram at 361 nm, used to identify CNCbl 

derivatives, showed some evidence of separation for the large peak between 14-18 min 

but it was still broad. The m/z values across the peak between 14-18 min did show the 

desired product (C92H142CoN20O26P calcd. m/z [M+2H]2+ = 1018.0 and [M+3H]3+ = 

679.0; found 1017.9 and 678.8) along with other impurities that had a range of retention 

times within the 14-18 min time period. Although complex, the LC-MS results did not 

show the presence of compound 17, indicating that the starting material had been 

consumed during the 24 h reaction.  

 

Figure 186: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of crude 21 obtained 

using LC-MS mobile phase method 1 in (H2O+0.1% formic acid) and (CH3CN+0.1% formic 

acid). Significant peak broadening is evident indicating numerous compounds are present. 

Impurities elute at 13.7, 15.1, 16.6 and 18.9 min based on their m/z values. 

 

Several attempts were made to improve the separation of the product mixture. Changes 

were made to the mobile phase method. Modifications included the removal of formic 

acid from both the H2O and CH3CN solvents or the exchange of CH3CN for CH3OH as 
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the organic solvent (Figure 187). The same mobile phase gradient program was used for 

all analyses. For clarity, only the TIC and extracted ion chromatograms (EIC) using m/z 

1018 which corresponds to [M+2H]2+ of the desired product, are shown in Figure 187, to 

identify where compound 21 elutes. Using CH3OH as the organic component of the 

mobile phase was the least successful, as nothing eluted from the column until 95% 

CH3OH was reached, and no peak separation was observed (Figure 187, c). The standard 

mobile phase components (H2O+0.1% formic acid and CH3CN+0.1% formic acid) 

resulted in a broad peak between 16-22 min (Figure 187, a). The EIC of this data shows 

that compound 21 elutes as a part of this broad peak, again with co-eluting impurities. 

The removal of formic acid from the mobile phase impacted the order of elution with 

compound 21 eluting between 22-30 min (Figure 187, b). The associated m/z values 

across this broad peak were the same and showed the presence of only compound 21 

(C92H142CoN20O26P calcd. m/z [M+2H]2+ = 1018.0 and [M+3H]3+ = 679.0; found 1017.9 

and 678.8). The removal of formic acid from the mobile phase separated the impurities 

which eluted at 13.7, 15.1, 16.6 and 18.9 min. Only the peak at 16.6 min was also present 

in the DAD chromatogram at 361 nm and could be assigned to CNCbl from the crude 17 

starting material (C63H88CoN14O14P calcd. m/z [M+H]+ = 1355.6 and [M+2H]2+ = 678.3; 

found 1355.5 and 678.4).  
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Figure 187: LC-MS chromatograms of crude 21 with mobile phase modifications: a) TIC (top) 

and extracted ion chromatogram EIC, (1018 m/z, bottom, C92H142CoN20O26P calcd. m/z 

[M+2H]2+ = 1018.0) using (H2O+0.1% formic acid) and (CH3CN+0.1% formic acid) as the 

mobile phase, b) TIC (top) and EIC (1018 m/z, bottom) with H2O and CH3CN as the mobile 

phase and c) TIC (top) and EIC (1018 m/z, bottom) where (H2O+0.1% formic acid) and 

CH3OH were used as the organic mobile phase component.  

 

Although the use of H2O and CH3CN as the mobile phase proved effective in separating 

the impurities from 21, the broad peak shape of the desired product remains. Gentamicin, 

an aminoglycoside antibiotic, is a highly polar molecule with multiple available ionisation 

sites, notably the four amine moieties. Aminoglycosides are notoriously difficult to 

analyse by LC-MS or HPLC methods, often displaying poor retention and resolution.40,41 

Many analytical methods have been published with a focus on the separation of 

aminoglycosides from serum and food samples. These methods use reversed-phase or 

ion-pairing HPLC/LC-MS over short time frames (2-10 min).42–44  

Further experiments were undertaken using different column matrices to see if the peaks 

could be sharpened. Three additional analytical columns were trialled; Hypercarb (porous 

graphitic carbon stationary phase), ZIC-HILIC (zwitterionic hydrophilic interaction 

liquid ion-pair), Kinetex EVO C18 in addition to the Phenomenex Luna C18 column 
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(standard column used throughout this research). In addition to different column matrices, 

shorter mobile phase programs were used to decrease the contact time with the stationary 

phase and reduce peak broadening. The LC-MS chromatograms can be seen in Figure 

188 (only the TIC chromatograms are shown for clarity). Each column required different 

solvent combinations; the mobile phase programs used are summarised in Table 12. The 

sample run through the Hypercarb graphite column showed minimal separation. 

Compound 21 eluted first as a broad peak between 10-11 min but overlapped with 

multiple impurities observed in the mass spectrum. The latter retaining peak between 16-

21 min was absent in the DAD chromatogram at 361 nm and does not correspond to a 

CNCbl derivative. With the Kinetex EVO C18 column, the elution order was modified 

and compound 21 eluted between 10-14 min, again as a broad peak. This peak also co-

eluted with an unidentified impurity between 10-11 min (m/z values of 994.6 and 1258.4). 

The ZIC-HILIC column was the least successful, with compound 21 not identified in 

either the TIC or DAD chromatograms. Five overlapping peaks were present between 9-

12 min, but none had m/z values consistent with the desired compound. This was 

unexpected as a large number of literature procedures for the analysis of aminoglycoside 

antibiotics use this methodology.40 It is suggested that upon conjugation to CNCbl, ion 

exchange chromatography is no longer effective. Finally, the sample run on the 

Phenomenex Luna C18 column, used ubiquitously throughout this research, with a 

shorter mobile phase program, showed the best analyte separation. Several sharp peaks 

retain between 11.5-14.5 min. The peak at 12.9 min in the DAD chromatogram at 361 nm 

can be assigned to unreacted CNCbl from the crude starting material (C63H88CoN14O14P 

calcd. m/z [M+H]+ = 1355.6 and [M+2H]2+ = 678.3; found 1355.4 and 678.4). Compound 

21 eluted as a broad peak between 15-17 min (C92H142CoN20O26P calcd. m/z [M+2H]2+ = 

1018.0 and [M+3H]3+ = 679.0; found 1017.9 and 678.8).  
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Figure 188: LC-MS TIC chromatograms of crude 21 trialled on different analytical columns: a) 

Hypercarb (2.1 mm x100 mm), b) Kinetex EVO C18 (2.1 mm x 150 mm), c) ZIC-HILIC (2.1 mm 

x 150 mm), and d) Phenomenex Luna C18 (5 mm x 100 mm). Mobile solvents and programs are 

summarised in Table 12.  

 

Table 12: LC-MS mobile phase methods for the analysis of crude 21 on different analytical 

columns.  

Column (dimensions) Solvent A Solvent B Mobile phase 

program 

Hypercarb (2.1 mm 

x100 mm)a 

H2O + 0.1% formic 

acid 

CH3CN + 0.1% 

formic acid 

0-3 min 95:5 A:B, 3-

6 min 95:5 to 65:35 

A:B, 6-9 min 65:35 

A:B, 9-12 min 65:35 

to 20:80 A:B, 12-14 

min 20:80 to 10:90 

A:B.  

Kinetex EVO C18 

(2.1 mm x 150 mm)b 

Ammonium formate 

(10 mM, pH 6.8) 

CH3CN + 0.1% 

formic acid 

0-1 min 90:10 A:B, 1-

8 min 90:10 to 50:50 

A:B, 8-12 min 50:50 

A:B, 12-15 min 50:50 

to 10:90 A:B. 

ZIC-HILIC (2.1 mm 

x 150 mm)c 

Ammonium formate 

(10 mM, pH 6.8) 

CH3OH 0-2 min 15:85 A:B, 2-

8 min 15:85 to 20:50 

A:B, 8-15 min 50:50 

A:B. 
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Phenomenex Luna 

C18 (5 mm x 100 

mm)d 

H2O  CH3CN  0-2 min 95:5 A:B, 2-

20 min 95:5 to 35:65 

A:B, 20-25 35:65 

A:B, 25-26 35:65 to 

90:10 A:B.  

aa-d Refer to the corresponding LC-MS chromatograms shown in Figure 188.  

 

Several attempts have been made to improve peak shape and separation by LC-MS. The 

Phenomenex Luna C18 provided the best separation of analytes where H2O and CH3CN 

were used as the mobile phase. However, the peak shape could not be improved and 

compound 21 continued to elute as a broad peak. This highlights the difficulties faced 

during LC-MS or HPLC analysis of aminoglycoside compounds. Purification of 

compound 21 was achieved by reversed-phase C18 chromatography, using H2O and 

CH3CN as a solvent system and running a slow gradient from 0% to 50% CH3CN, 

increasing by 5% organic solvent in 200 mL aliquots. The C18 stationary phase was 

shortened (5 cm height, 2 cm width), to minimise the compound contact time with the 

silica whilst retaining separation capabilities. When a coloured (red) band began to travel 

through the silica, the mobile phase was maintained until the band was removed and small 

fractions were collected (~5 mL). The fractions were then individually analysed by LC-

MS using the optimised LC-MS program for this column in Table 12. Fractions 

containing the desired product with minimal impurities were combined and taken to 

dryness. The combined fractions were analysed by LC-MS. Compound 21 eluted as a 

broad peak between 13-16 min (Figure 189). A small broad peak between 11-12 min with 

m/z values of 1038.9 and 693.2 could be assigned to the CH3CN adduct of compound 21 

(C92H142CoN20O26P calcd. m/z [M+2H+CH3CN]2+ = 1039.0 and [M+3H+CH3CN]3+ = 

693.1; found 1038.9 and 693.0). 
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Figure 189: LC-MS DAD (361 nm, top) and TIC (bottom) chromatograms of pure 21 using a 

Phenomenex Luna C18 column (LC-MS method 4). The broad peak between 13-16 min can be 

assigned to 21 (C92H142CoN20O26P calcd. m/z [M+2H]2+ = 1018.0 and [M+3H]3+ = 679.0; 

found 1017.9 and 678.9).  

 

The broad peak of the desired product suggests that isomers of 21 may be present. Since  

isomers could not be resolved by LC-MS, further analysis by NMR spectroscopy was 

undertaken to investigate this further. 1H NMR analysis was first carried out for 

gentamicin C1a in D2O where peak assignments were made based on previously 

published values.45 Proton peak assignments are made using atom numbering in Figure 

190. The peaks are assigned as follows 5.35 (d, J = 3.6 Hz, 1H, 20), 5.28 (d, J = 4.0 Hz, 

1H, 1), 4.22 (d, J = 12.6 Hz, 1H, 5a), 4.06 (m, 1H, 24), 3.98 (dd, J = 10.7, 4.0 Hz, 1H, 2), 

3.79 (t, J = 9.3 Hz, 1H, 12), 3.57 – 3.39 (m, 3H, 11/13/5b), 3.07 (m, 3H, 14/16/21), 2.95 

– 2.81 (m, 2H, 25), 2.76 (d, J = 10.7 Hz, 1H, 3), 2.71 (s, 3H, 9), 2.16 (dt, J = 13.1, 4.2 

Hz, 1H, 15 eq), 1.93-1.51 (m, 4H, 22/23), 1.49 – 1.34 (m, 1H, 15 ax), 1.40 ppm (s, 3H, 

7) (Figure 191). The protons at position 5 resonate at different locations (4.22 and 

overlapping with the multiplet at 3.57-3.39 ppm), due to equatorial or axial orientations 

but could not be assigned. The same can be seen for the protons at position 15, resonating 

at 2.16 and 1.34 ppm, respectively.  
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Figure 190: The structure of genatmicin C1a. The numbering scheme is shown in blue and the 

most basic and sterically accessible amine is highlighted as number 26 (pKa = 9.9). 

 

Figure 191: Assigned 1H NMR spectrum of commercially purchased gentamicin C1a. The 

atomic numbering scheme is shown in Figure 190.  

 

The 1H NMR spectrum of 21 was also obtained in D2O so a direct comparison with the 

gentamicin C1a spectrum could be made. The five aromatic signals of the CNCbl moiety 

have been assigned as 6.24 (s, 1H, C10), 6.49 (d, 1H, R1), 6.70 (s, 1H, B4), 7.26 (s, 1H, 

B4) and 7.45 ppm (s, 1H, B7, Figure 192). The two downfield peaks of gentamicin C1a 

were easily identified at 5.32 and 5.53 ppm. The broad peak observed in the LC-MS 

suggested that multiple isomers of 21 may have been formed. However, if different 

isomers of 21 were present, then more than two peaks for gentamicin would resonate 

between ~5-8 ppm of the 1H NMR spectrum. This was not observed, indicating that only 

one isomer of 21 is present. The peaks at 5.32 (d, 1H, J = 4.0 Hz) and 5.53 (d, 1H, J = 3.2 

Hz), ppm correspond to protons 1 and 20 of gentamicin but cannot be unequivocally 

assigned. However, J values compared to those of unconjugated gentamicin C1a 

tentatively suggest that the peak at 5.32 belongs to proton 1 (J = 4.0 Hz) and the peak at 

5.53 ppm belongs to proton 20 (J = 3.6 Hz). A downfield shift of 0.18 ppm in the signal 

assigned to proton 20 supports the conjugation of gentamicin occurring at one of the 
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amine substituents of carbons 25, 21 or 14. The complex up-field NMR spectrum of 

CNCbl made the identification of gentamicin peaks challenging. However, the multiplet 

assigned to position 24 of unconjugated gentamicin seen at 4.06 ppm (1H, Figure 191) is 

no longer observed in the NMR spectrum of 21. It is likely that this peak has shifted upon 

conjugation to CNCbl and overlaps with another peak in the spectrum. This suggests 

conjugation at the least sterically hindered amine highlighted in blue in Figure 190.  

 

Figure 192: 1H NMR spectrum of 21 obtained in D2O. Peak assignments of the CNCbl moiety 

are 6.24 (s, 1H, C10), 6.49 (d, 1H, R1), 6.70 (s, 1H, B4), 7.26 (s, 1H, B4) and 7.45 ppm (s, 1H, 

B7) with gentamicin protons at 5.53 (d, J = 3.2 Hz, 1H, 20) and 5.32 ppm (d, J = 4.0 Hz, 1H, 1) 

highlighted. The blue arrow highlights the missing resonance of gentamicin for the proton on 

carbon 24 at 4.06 ppm (m, 1H) in gentamicin itself.  

 

To summarise, the shift in protons 24 and 20 of gentamicin and the highest pKa of amine 

26 of gentamicin C1a indicate that one isomer of compound 21 was isolated, and it is 

most likely conjugated via the less sterically hindered amine. The formation of the 

CNCbl-gentamicin conjugate, 21, was confirmed by HRMS (C92H142O26N20CoNa2P 

calcd. m/z for [M+2Na] 1039.4629, found 1039.4637). LC-MS and 1H NMR analysis of 

the purified product support the formation of 21 with a purity of ≥95%.  

 

Compound 22 

The synthesis of the CNCbl-linker-ciprofloxacin conjugate 20 using a disulfide-

containing linker suggested that a CNCbl-linker-gentamicin complex could be 

successfully synthesised using a similar synthetic approach. To synthesise compound 20, 

the cystamine linker was employed. The terminal amines of the linker provide a site to 
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attach CNCbl via a carbamate bond and the carboxylic acid of ciprofloxacin by an amide 

bond. Gentamicin, however, does not have a carboxylic acid suitable for amide coupling. 

Rather than modify the complex gentamicin molecule, the cystamine analogue, 3-[(2-

aminoethyl)dithio]propionic acid was substituted as the linker (Figure 193).  

 

Figure 193: Structures of disulfide-containing linkers employed in this study, cystamine and 3-

[(2-aminoethyl)dithio]propionic acid.  

 

The initial attempt to synthesise 22 used the procedure employed for previous CNCbl-

linker molecules. CNCbl was used as the limiting reagent, CDT added (3.0 eq.) and the 

solution stirred in anhydrous DMSO at 40℃ for 30 min. A solution of 3-[(2-

aminoethyl)dithio]propionic acid in DMSO (3.0 eq.) was then added to the CNCbl 

solution and the solution stirred for a further 6 h at 40 ℃ (Scheme 37).  

 

Scheme 37: Synthetic scheme for the synthesis of 22.  

 

The crude product solution was analysed by LC-MS. Four major peaks were identified. 

Interestingly, the first peak eluting at 21.2 min could be assigned to the CNCbl-cystamine 

containing product 1, discussed in Chapter 2 (C68H98CoN16O15PS2 calcd. m/z [M+H]+ = 

1534.3 and [M+2H]2+ = 767.4; found 767.4). The peak at 23.0 min was from unreacted 

CNCbl (C63H88CoN14O14P calcd. m/z [M+H]+ = 1355.6 and [M+2H]2+ = 678.3; found 

1355.5 and 678.4). The large peak at 26.3 min corresponded to the methyl ester of CNCbl 

following activation by CDT (C65H90CoN14O16P calcd. m/z [M+H]+ = 1413.6 and 

[M+2H]2+ = 707.3; found 1413.7 and 707.3, Scheme 38). This intermediate is observed 

when CDT activation of the 5’-OH of CNCbl is successful but the linker fails to substitute 
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the triazole moiety. During the synthesis the crude solution is dissolved in CH3OH 

following precipitation resulting in nucleophilic attack by CH3OH on the intermediate 

(Scheme 38). The final peak eluting at 34.0 min can be assigned to the desired compound 

22 (C69H97CoN15O17PS2 calcd. m/z [M+H]+ = 1562.6 and [M+2H]2+ = 781.8; found 

1562.7 and 781.9). 

 

Figure 194: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of crude 22 using 3-

[(2-aminoethyl)dithio]propionic acid (LC-MS method 2). The peak at 34.0 min can be assigned 

to compound 22 (C69H97CoN15O17PS2 calcd. m/z [M+H]+ = 1562.6 and [M+2H]2+ = 781.8; 

found 1562.7 and 781.9). 
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Scheme 38: Formation of a CNCbl-methyl ester after activation by CDT where the triazole 

moiety is substituted by CH3OH rather than the -NH2 of the linker.  
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The formation of compound 1 during the synthesis of 22 was unexpected. The 1H NMR 

spectrum of the commercially purchased 3-[(2-aminoethyl)dithio]propionic acid was 

recorded in D2O. Three multiplets were observed at 3.45 – 3.35 (m, 2H), 3.07 – 2.96 (m, 

3H) and 2.84 ppm (m, 1H). Based on the structure of the linker, the multiplet peaks were 

expected to integrate to a total of eight protons (not including the exchanging OH and 

NH2 protons, Figure 196). The obtained NMR spectrum however showed more complex 

splitting, and the peak integrations totalled six protons.  

 

Figure 195: 1H NMR spectrum of commercially purchased 3-[(2-aminoethyl)dithio]propionic 

acid obtained D2O. Three multiplets were identified at 3.45–3.35 (2H), 3.07–2.96 (3H) and 2.84 

ppm (1H). 

 

Figure 196: Structure of 3-[(2-aminoethyl)dithio]propionic acid with non-exchanging protons 

labelled as a-d.  

 

3-[(2-Aminoethyl)dithio]propionic acid was then purchased as the HCl salt as this 

compound is likely more stable in the solid state. The 1H NMR spectrum of 3-[(2-

aminoethyl)dithio]propionic acid HCl was obtained in D2O (Figure 197). Multiplets were 

observed at 3.43-3.37 (m, 2H), 3.05-2.96 (m, 4H) and 2.87-2.82 ppm (m, 2H) and 

assigned to protons d, (c + b) and a, respectively (Figure 196). The proton signals of the 

HCl salt display the expected splitting and integrations for the 3-[(2-

aminoethyl)dithio]propionic acid linker.  
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Figure 197:1H NMR spectrum of commercially purchased 3-[(2-aminoethyl)dithio]propionic 

acid.HCl obtained in D2O. Three multiplets were identified at 3.43-3.37 (m, 2H, d), 3.05-2.96 

(m, 4H, b+c) and 2.87-2.82 ppm (m, 2H, a). 

 

Synthesis of 22 was attempted using the 3-[(2-aminoethyl)dithio]propionic acid HCl salt 

under analogous conditions to those used in the previous synthesis with the addition of 

Et3N (5.0 eq.). The LC-MS chromatogram of the crude product showed two large peaks 

in the DAD chromatogram at 361 nm (Figure 198). The peak at 23.0 min is assigned to 

unreacted CNCbl (C63H88CoN14O14P calcd. m/z [M+H]+ = 1355.6 and [M+2H]2+ = 678.3; 

found 1355.5 and 678.4) and the peak at 34.0 min can be assigned to compound 22 

(C69H97CoN15O17PS2 calcd. m/z [M+H]+ = 1562.6 and [M+2H]2+ = 781.8; found 1562.7 

and 781.9). The use of 3-[(2-aminoethyl)dithio]propionic acid.HCl as the starting 

material was more successful in producing the desired compound. No evidence of the 

CNCbl-methyl ester was found in the LC-MS; however a small peak at 21.2 min could 

be assigned to compound 1 (C68H98CoN16O15PS2 calcd. m/z [M+H]+ = 1534.3 and 

[M+2H]2+ = 767.4; found 767.4). Hence, the 3-[(2-aminoethyl)dithio]propionic acid.HCl 

must also contain a small amount of cystamine.  
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Figure 198: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of crude 22 using the 

3-[(2-aminoethyl)dithio]propionic acid.HCl starting material (LC-MS method 2). The peak at 

34.0 min can be assigned to compound 22 (C69H97CoN15O17PS2 calcd. m/z [M+H]+ = 1562.6 

and [M+2H]2+ = 781.8; found 1562.7 and 781.9). 

 

Purification of 22 was achieved by reversed-phase C18 chromatography with the desired 

compound eluting at 15% CH3CN in (H2O + 0.1% formic acid). LC-MS analysis of the 

purified product identified one peak eluting at 40.1 min corresponding to compound 22 

(C69H97CoN15O17PS2 calcd. m/z [M+H]+ = 1562.6 and [M+2H]2+ = 781.8; found 1562.7 

and 781.9, Figure 199). 
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Figure 199: LC-MS TIC (top) and DAD (361 nm, bottom) chromatograms of pure 22 (LC-MS 

method 2). The peak at 40.1 min can be assigned to compound 22 (C69H97CoN15O17PS2 calcd. 

m/z [M+H]+ = 1562.6 and [M+2H]2+ = 781.8; found 1562.7 and 781.9). 

 

The 1H NMR spectrum of 22 in MeOH-d4 showed five peaks resonating in the aromatic 

region. These were assigned as 6.04 (s, 1H, C10), 6.23 (d, 1H, R1), 6.57 (s, 1H, B4), 7.15 

(s, 1H, B2) and 7.24 ppm (s, 1H, B7, Figure 200). The broad peak at 7.77 ppm (0.81 H) 

can be assigned to a slowly exchanging -NH proton of CNCbl.  

 

Figure 200: 1H NMR spectrum of 22 obtained in MeOH-d4. The aromatic peaks can be assigned 

to the CNCbl protons 6.04 (s, 1H, C10), 6.23 (d, 1H, R1), 6.57 (s, 1H, B4), 7.15 (s, 1H, B2) and 

7.24 ppm (s, 1H, B7).  
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Further NMR analysis was carried out in DMSO-d6 where a 13C NMR spectrum can be 

obtained owing to greater solubility (~20 mg per 500 μL). The new carbamate carbon 

peak can be observed at 156.2 ppm (Figure 201). 

 

Figure 201: Aromatic region of the 13C NMR spectrum of 22 obtained in DMSO-d6. A new 

resonance at 156.2 ppm is highlighted and is assigned to the newly formed carbamate carbon.  

 

Finally, 2D NMR analysis was carried out. This allowed for assignments of the aromatic 

protons C10, R1, B4, B2 and B7, and the corresponding carbons of the CNCbl moiety to 

be assigned as 5.88 (93.6), 6.25 (86.0), 6.43 (116.4), 7.08 (142.3) and 7.36 ppm (111.5 

ppm). The aromatic proton and corresponding carbon resonances of the CNCbl moiety 

are similar after the conjugation of the 3-[(2-aminoethyl)dithio]propionic acid linker 

(peaks of CNCbl are (5.91 (93.4), 6.28 (85.4), 6.45 (116.2), 7.01 (111.4) and 7.32 ppm 

(142.3 ppm)).  
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Figure 202: Aromatic region of the 2D HSQC NMR spectrum of 22. CNCbl moiety protons 

C10, R1, B4, B2 and B7, and corresponding the carbons are highlighted and assigned to peaks 

at 5.88 (93.6), 6.25 (86.0), 6.43 (116.4), 7.08 (142.3) and 7.36 ppm (111.5 ppm).  

 

To summarise, synthesis of a CNCbl-linker-gentamicin conjugate was achieved in a 39% 

yield. Fortuitously, one isomer of the product was formed although gentamicin offered 

multiple amines suitable for conjugation. Purification by reversed-phase C18 

chromatography was difficult, but isocratic conditions permitted the pure compound to 

be isolated. LC-MS and 1H NMR analysis of 22 indicated that the purity of the complex 

is ≥95%.  

 

Compound 23  

The successful synthesis of 22 allowed the previously established amide coupling 

procedures for gentamicin to be employed to synthesise a disulfide containing CNCbl-

linker-gentamicin conjugate. Analogous reaction conditions used for the synthesis of 21 

were used for the synthesis of 23 (Scheme 39).  
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Scheme 39: Synthetic scheme for the synthesis of 23, assuming peptide bond formation occurs at 

the most nucleophilic amine of gentamicin C1a.  

 

LC-MS analysis of the crude product solution was carried out using the best conditions 

determined in Table 12 for compound 21. The resulting chromatograms showed many 

overlapping peaks retaining between 10-18 min (Figure 203). Inspection of the m/z values 

of each peak showed that the starting material 22 (m/z = 1562.7 and 781.9) was no longer 

present. Furthermore, 23 was present between 14-17 min, together with impurities 

(C88H134CoN20O23PS2 calcd. m/z [M+2H]2+ = 997.6 and [M+3H]3+ = 665.6; found 997.5 

and 665.5). To further investigate the retention time of 23, the EIC was obtained using 

m/z of 997 and 665 (representing calcd. m/z [M+2H]2+ and [M+3H]3+ where M = 23). The 

EIC showed a broad peak between 14-17 min. As observed during the analysis of 21, the 

CNCbl-linker-gentamicin complex does not elute as a sharp single peak in the LC-MS 

chromatograms.  
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Figure 203: LC-MS DAD (361 nm, top) TIC (middle) and EIC (997 m/z, bottom) of crude 23 

(LC-MS method 4). The broad peak between 14-17 min can be assigned to 23 

(C88H134CoN20O23PS2 calcd. m/z [M+2H]2+ = 997.6 and [M+3H]3+ = 665.6; found 997.5 and 

665.5). 

 

Although complex, the LC-MS results do indicate the successful synthesis of 23. The 

product mixture was purified by reversed-phase C18 chromatography using a short 

column (5 cm height, 2 cm width) and H2O and CH3CN as the mobile phase. A weak 

gradient was used during purification. The desired compound eluted as a red band at 

12.5% CH3CN in H2O and small (~3 mL) fractions were collected. Purification of 23 was 

difficult and required four columns to remove all impurities. LC-MS of the purified 

compound showed a broad peak eluting between 13-16 min (Figure 204). The m/z values 

across this peak were consistent with only compound 23 (C88H134CoN20O23PS2 calcd. m/z 

[M+2H]2+ = 997.6 and [M+3H]3+ = 665.6; found 997.7 and 665.4).  



290 
 

 

Chapter 5  

 

Figure 204: LC-MS DAD (361 nm, top) and TIC (bottom) chromatogram of pure 23 (LC-MS 

method 4). The broad peak retaining between 13-16 min is assigned to 23 (C88H134CoN20O23PS2 

calcd. m/z [M+2H]2+ = 997.6 and [M+3H]3+ = 665.6; found 997.5 and 665.5). 

 

Gentamicin C1a contains many amine residues that would be susceptible to peptide bond 

formation. However, synthesis of 21 showed conjugation at the most nucleophilic amine 

(amine 26, Figure 190). Compound 23 was analysed by 1H NMR spectroscopy in D2O. 

The five aromatic resonances of the CNCbl moiety have been assigned as 6.24 (s, 1H, 

C10), 6.48 (d, 1H, R1), 6.70 (s, 1H, B4), 7.26 (s, 1H, B2) and 7.45 ppm (s, 1H, B7). The 

two downfield protons of the gentamicin moiety (1 and 20, Figure 190)  resonate at 5.36 

(d, 1H, J = 3.9 Hz) and 5.94 ppm (d, 1H, J = 3.6 Hz). When compared to the gentamicin 

starting material peaks at 5.35 (d, J = 3.6 Hz, 1H, 20) and 5.28 ppm (d, J = 4.0 Hz, 1H, 

1), the likely assignments of the peak at 5.36 and 5.94 ppm in 23 are protons at positions 

1 and 20 respectively (based on J value and peak height, Figure 190). The resonance of 

proton 1 is slightly shifted downfield upon conjugation to CNCbl from 5.28 ppm 

(unconjugated) to 5.36 and 5.32 ppm for compounds 21 and 23, respectively. A larger 

shift is observed for proton 20 when conjugated to CNCbl, particularly for compound 23, 

from 5.35 for unconjugated gentamicin to 5.53 in 21 and 5.94 ppm in 23. This shift in 

resonance suggests conjugation at the least sterically hindered amine of gentamicin, 

analogous to that observed in compound 21. The two peaks between 5.50 and 6.00 ppm 

for gentamicin further support the presence of only one isomer of compound 23.  
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Figure 205: 1H NMR spectrum of 23 obtained in D2O. Peaks assigned to the CNCbl moiety are 

6.24 (s, 1H, C10), 6.48 (d, 1H, R1), 6.70 (s, 1H, B4), 7.26 (s, 1H, B2) and 7.45 ppm (s, 1H, B7). 

Peaks assigned to the gentamicin moiety are 5.36 (d, 1H, J = 3.9 Hz, 1) and 5.94 ppm (d, 1H, J 

= 3.6 Hz, 20).  

 

To summarise, LC-MS and 1H NMR spectroscopy confirmed the purity of 23 was ≥95%. 

Complex purification by reversed-phase C18 chromatography, requiring four columns, 

afforded a low yield of 23%. However, HRMS analysis confirmed C88H136O23N20CoPS2 

was formed (calcd. for [M+2H] 997.4294, found 997.4290).  

5.4 Conclusion  

The synthesis and characterisation of CNCbl-linker molecules incorporating terminal 

carboxylic acids has been presented. These compounds have been analysed by LC-MS, 
1H NMR and 13C NMR spectroscopy and were obtained in yields of 39-70% with purities 

≥95%. Novel CNCbl conjugates of ciprofloxacin and gentamicin have also been 

synthesised. Conjugation of ciprofloxacin proved to be challenging when using the 

carboxylic acid functional group. Multiple synthetic strategies were trialled and HBTU 

was found to successfully activate the carboxylic acid functional group of ciprofloxacin. 

A second synthetic complication associated with the ciprofloxacin conjugates was its 

ability to polymerise, where the amine and carboxylic acid of two separate ciprofloxacin 

molecules form a peptide bond. Protecting the piperazine amine of ciprofloxacin 

prevented polymerisation from occurring. CNCbl-linker-ciprofloxacin compounds have 

been synthesised using either the carboxylic acid or piperazine -NH of ciprofloxacin. 

CNCbl-linker-gentamicin conjugates have been synthesised by peptide coupling at an 

amine of gentamicin. The analysis of the gentamicin compounds by LC-MS was 
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challenging. Compounds incorporating the gentamicin moiety showed significant peak 

broadening. Multiple analytical conditions were tested using different stationary and 

mobile phase combinations. Although optimised, LC-MS analysis still showed broadened 

peaks for the gentamicin analogues, highlighting the difficulties of aminoglycoside 

chromatography. 1H NMR spectroscopy, however, proved useful for establishing the 

purity of the CNCbl-linker-gentamicin conjugates, and fortuitously indicated conjugation 

of gentamicin occurred only at the C1a amine moiety. Antibiotic conjugates of CNCbl 

were synthesised in yields of 9-78%, with the ciprofloxacin conjugates producing higher 

yields. Synthesis of the gentamicin conjugates proved the most challenging and afforded 

the lowest yields, likely owing to difficulties during purification. Purities of ≥95% were 

obtained for all conjugates, as determined by reversed-phase C18 chromatography and/or 
1H NMR spectroscopy. Finally, the successful synthesis of all of the CNCbl-linker-

antibiotic conjugates was confirmed by HRMS.  
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Chapter 6 Conclusion and Future Directions 

Gram-negative bacteria are amongst the most clinically challenging multidrug-resistant 

pathogens and have become a serious global threat to human health. Most major 

antibiotics active against gram-negative pathogens enter the bacterial cell through passive 

processes. There is an urgent need for new antibiotic delivery technologies effective 

against gram-negative infections. Vitamin B₁₂ has recently shown promise as a vehicle 

for the delivery of antibiotics into bacteria through the 'Trojan horse' approach, to 

potentially address the growing issue of antibiotic resistance.1–5 A vitamin B12 conjugate 

of the antibiotic ampicillin was recently shown to be ~500 times more efficient than 

ampicillin itself at killing the gram-negative bacterium E coli.1  

The thesis presents the synthesis of a series of conjugates of vitamin B12 

(cyanocobalamin, CNCbl) and its naturally occurring analogue cyanocobinamide 

(CNCbi). Highly fluorescent CNCbl and CNCbi conjugates of the cyanine dyes sulfo-

Cyanine5 and cyanine7 were synthesised, in addition to weakly fluorescent CNCbl and 

CNCbi conjugates of the fluorophore NBD-X. The CNCbl conjugates were derivatised at 

the 5’-alcohol of the ribose nucleoside of CNCbl. Vitamin B12 conjugates derivatised at 

this site and cobinamide conjugates derivatised at the alcohol are taken up efficiently by 

B12 uptake proteins in both bacterial (Btu) and mammalian systems (TC, IF and HC).6,7 

The fluorophores were conjugated to CNCbl and CNCbi via linker ligands, with the 

linkers conjugated to CNCbl via CDT-mediated carbamate bond formation. Two linkers 

were used: the disulfide containing cystamine linker and a short polyethylene glycol 

(PEG) linker. Polyethylene glycol linkers are known to be stable in biological 

conditions.8,9 Conversely, the disulfide of cystamine will be cleaved in intracellular 

environments due to the presence of glutathione, releasing the fluorescent cargo from 

CNCbl.10 The conjugation of NBD-X, sulfo-Cyanine5 or Cyanine 7 was achieved by 

peptide coupling to the terminal amine of the CNCbl-linker molecules.  

Purification of large quantities ( 10 mg) of the products proved to be challenging. Most 

research groups have typically purified small quantities of the desired CNCbl conjugates 

using reversed-phase C18 HPLC, and the product yield is not always reported, especially 

in the older literature. More recently several groups have used preparative reversed-phase 

C18 column chromatography.11-13 As part of this thesis, robust reversed-phase C18 

column chromatography purification methods were developed to purify the compounds. 
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This methodology allowed for purification on a large scale (≤200 mg of crude material) 

in short time frames (1-2 h). Interestingly, the successful purification of CNCbl-linker-

Cyanine7 conjugates (7 and 8) by column chromatography required the addition of formic 

acid to the mobile phase for the elution of Cyanine7 compounds despite the fluorophore 

not having any ionisation sites in the mildly acidic to alkaline pH range. CNCbl-linker 

molecules (1 and 2) were obtained in 78-80% yields with purities of ≥95%. CNCbl-linker-

fluorophore conjugates 3-8 were achieved in yields of 54 to 92% with purities greater 

than 90%. The cystamine conjugates provided the lowest yields (3 (CNCbl-cys-NBD-X) 

and 7 (CNCbl-cys-Cyanine7) being 54% and 60%, respectively). This is probably 

because of the instability of the disulfide of the cystamine linker during the 

reaction/purification. However, preliminary stability studies showed that CNCbl-cys-

NBD-X was stable in biological media at 37℃ for 24 h. Furthermore, all conjugates were 

stable in their dry state for ≥ one month.  

Fluorescent conjugates of CNCbi were synthesised in this work using the secondary 

alcohol of CNCbi. To the best of our knowledge, these conjugates are the first examples 

CNCbi conjugates of fluorophores. The CNCbi-linker molecules incorporated both 

cystamine and PEG linkers. The synthesis of 12 (CNCbi-cystamine) was very 

challenging, with multiple reaction conditions being trialled. Modifying the (CN)2Cbi 

starting material to CNCbi was essential for the successful synthesis of 12. The removal 

of one cyanido ligand, known to be labile in solution, reduced undesired side 

reactions,14,15 with the disulfide of cystamine susceptible to nucleophilic attack by 

cyanide. The formation of CNCbi conjugates incorporating PEG and cystamine linkers 

(11 and 12) was confirmed by LC-MS. A significant challenge faced with both CNCbi-

linker molecules was purification of these molecules. Using the reversed-phase C18 

column chromatography methodology developed for the purification of the CNCbl-linker 

and CNCbl-linker-fluorophore conjugates was unsuccessful for the purification of the 

CNCbi-linker conjugates despite many mobile phases being trialled. Purification by C18 

reversed-phase column chromatography was replaced with thorough desalting using a 

reversed-phase C18 plug to remove a significant proportion of the non CNCbi impurities. 

The crude CNCbi-linker molecules purified by this method were then directly derivatised 

with the fluorophores NBD-X, sulfo-Cyanine5 or Cyanine7 by peptide coupling. Yields 

of 18-63% were obtained for the CNCbi-linker-fluorophore conjugates, with the CNCbi-

cystamine (14, 27%) and the CNCbi-PEG-Cyanine7 conjugate 16 (18%) having the 
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lowest yields. In particular, the purification of 16 was laborious, requiring multiple 

reversed-phase C18 columns to obtain a purity of ≥90%. However, the synthesis of four 

CNCbi-linker-fluorophore conjugates was achieved with purities ranging from 90-97%. 

An exciting result from this research was the high fluorescence quantum yields (>0.20) 

for the sulfo-Cyanine5 and Cyanine7 conjugates of both CNCbl and CNCbi. Significant 

fluorescence quenching was observed for the related NBD-X conjugates. Absorbance 

studies of solutions of free NBD-X and CNCbl indicated that static quenching is unlikely 

for the NBD-X conjugates of CNCbl and CNCbi. Fluorescence emission studies of 

solutions containing free NBD-X and increasing concentrations of CNCbl were 

undertaken. A Stern-Volmer plot of the emission data showed that the amount of 

quenching was proportional to the CNCbl concentration, suggesting that quenching 

occurs predominantly via one mechanism.16 Due to the overlap of the emission of NBD-

X and the absorbance spectra of CNCbl, quenching between the two molecules is 

suggested to occur via Förster resonance energy transfer (FRET).17 However, the 

mechanism of fluorescence quenching for the CNCbl and CNCbi conjugates of 

fluorophores could not be deduced as both photoinduced electron transfer (PeT) and 

Dexter processes are also possible. Fluorescence quenching was observed primarily for 

the conjugates containing NBD-X with a minor reduction (≤25%) in fluorescence 

quantum yields of the sulfo-Cyanine5 conjugates.  

The successful synthesis and characterisation of CNCbl conjugates of established 

antibiotics ciprofloxacin and gentamicin is also presented in this thesis. Ciprofloxacin 

conjugation was achieved at two sites, namely the carboxylic acid and the secondary 

amine. Initial attempts to couple ciprofloxacin to the carboxylic acid using 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide (EDC) were unsuccessful. The carboxylic 

acid of ciprofloxacin was converted to an ester with a terminal alkyne group, and attempts 

were made to attach ciprofloxacin to CNCbl-N3 by copper-catalysed azide-alkyne 

cycloaddition (CuAAC). Although the CuAAC reaction was successful, cleavage of the 

ester moiety occurred despite the modification of reaction conditions (buffered solution, 

removal of water and different Cu catalysts). Synthetic attempts then focused on 

conjugation to B12-linker by the secondary amine of ciprofloxacin, with three peptide 

coupling reagents trialled. Using EDC resulted in formation of the desired CNCbl-linker-

ciprofloxacin conjugate (18). However, using 2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU) as the coupling reagent resulted in the 
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polymerisation of ciprofloxacin. As HBTU successfully activates the carboxylic acid of 

ciprofloxacin, HBTU was subsequently employed to attach ciprofloxacin to the CNCbl-

linker conjugates (1 and 2) by the carboxylic acid functional group (conjugates 19 and 

20). Synthesis of these molecules was challenging but successful, with yields of 78% for 

the N-bound ciprofloxacin conjugate (18) and 28-33% for the O-bound conjugates (19 

and 20). Lower yields were afforded for the O-bound conjugates, reflecting the lower 

reactivity of the carboxylic group of ciprofloxacin.  

Synthesis of CNCbl-linker-gentamicin conjugates was achieved by peptide coupling, 

employing EDC and CNCbl-linker molecules with terminal carboxylic acids (compounds 

17 and 22). Gentamicin, an aminoglycoside antibiotic, contains five amine functionalities, 

presenting the possibility of multiple product isomers forming. Analysis of the conjugates 

by LC-MS was difficult due to significant peak broadening. Numerous attempts were 

unsuccessfully made to overcome this by testing a wide range of mobile and stationary 

phase conditions. Purification of the conjugates was carried out using reversed-phase C18 

column chromatography operating under isocratic conditions, albeit in low yields (15-

39% for 21 and 23, respectively). Analysis by 1H NMR spectroscopy indicated that 

peptide coupling of gentamicin to CNCbl-linker had fortuitously occurred at a single 

amine functionality. This was deduced by the observation of two proton resonances 

corresponding to conjugated gentamicin in the downfield region of the 1H NMR 

spectrum, both integrating for one proton as expected for a single product. Although the 

obtained yields of these conjugates were low, high purities of ≥95% were achieved. 

6.1 Future Directions 

Future work in our research group using the fluorescent conjugates of cyanocobalamin 

and cyanocobinamide synthesised in this thesis will focus on investigating the cellular 

uptake of these molecules into bacteria and mammalian cells using fluorescence 

microscopy. Some bacterial strains may exhibit a low fluorescence signal due to poor 

uptake efficiency, complicating fluorescence microscopy analysis. If encountered, 

alternative strategies such as confocal microscopy, flow cytometry, or fluorescence-

activated cell sorting (FACS) could enhance detection sensitivity. Establishing bacterial 

uptake in representative gram-negative (E. coli) and gram-positive bacteria (S. aureus) is 

a crucial step towards validating this Trojan horse approach for delivering cargo into 

bacteria. Expanding these experiments to antibiotic-resistant bacterial strains will allow 
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the broader applicability and potential clinical relevance of this strategy to be 

investigated. Additionally, cell fractionation studies following incubation with the 

fluorescent conjugates will allow us to elucidate in which sub-cellular compartment(s) 

these conjugates localise. A comparative investigation of fluorescent CNCbl versus 

CNCbi conjugate selectivity in bacterial cells and mammalian cells will further inform 

potential therapeutic benefits and diagnostic applications, given the literature supporting 

uptake of CNCbi conjugates in hepatocytes only.  

Further experiments are required to clarify the mechanism of fluorescence quenching 

observed for the NBD-X and sulfo-Cyanine5 conjugates with CNCbl/CNCbi. Although 

FRET appears likely for the NBD-X conjugates due to spectral overlap, alternative 

mechanisms should be explored, particularly for sulfo-Cyanine5. Fluorescence lifetimes 

of free and conjugated fluorophores would provide further insight into the mechanism(s) 

of quenching for these systems. A decrease in lifetime would indicate a dynamic 

quenching mechanism.18 Repeating the Stern-Volmer plot at decreasing temperatures will 

demonstrate an increase in quenching for dynamic systems.19 Conversely, a decrease in 

quenching with increasing temperatures occurs for static mechanisms due to complex 

destabilisation.20 Experiments carried out at different temperatures and in solvents of 

varying polarity and viscosity can further distinguish between FRET, PeT and DEXTER 

quenching mechanisms. Polar aprotic solvents favour FRET due to enhanced dipole-

dipole coupling interactions. PeT becomes less favourable as polarity decreases, as the 

charge-separated intermediate is destabilised, whereas DEXTER is relatively insensitive 

to polarity changes. Temperature changes impact both DEXTER and PeT mechanisms 

where FRET is often temperature independent. Photoinduced electron-transfer should 

also be investigated using cyclic voltammetry to determine the oxidation potentials (Eox) 

of the fluorophores and the reduction potentials (Ered) of CNCbl/CNCbi, thereby 

evaluating the thermodynamic feasibility of photoinduced electron-transfer processes. 

Ultrafast transient absorption spectroscopy can be employed to further discriminate 

between photoinduced electron transfer (PeT) and Dexter energy transfer mechanisms. 

This will leverage the distinctive spectroscopic features of cobalamin and cobinamide 

spectra (Co(III), Co(II) and Co(I)) that emerge on the ultrafast timescale.21 As PeT 

involves the transfer of an electron from the donor (fluorophore) to the acceptor (CNCbl), 

a change in the Co oxidation state will be observed which can be followed by UV/vis 

spectroscopy.22 However, Dexter energy transfer involves electron transfer in both 
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directions; that is, electron transfer from the donor to the acceptor and from the acceptor 

to the donor.23 Therefore, ultrafast transient absorbance spectroscopy should show 

evidence of a Co(III)  Co(II)/Co(I)  Co(III) conversion if Dexter energy transfer is 

occurring in these systems.  

The CNCbl-linker-Cyanine3 conjugates of CNCbl and CNCbi could also be synthesised. 

Given the spectral properties of Cyanine3 (λem of Cyanine3 = 570 nm whereas CNCbl 

absorbs below 600 nm),21 the photophysical properties of these conjugates could be 

compared with the corresponding SulfoCyanine5 and Cyanine 7 conjugates. That is, the 

importance of FRET as a mechanism for fluorescence quenching in these systems can be 

probed. 

Finally, future experiments will include systematic testing of the antibacterial properties 

of the antibiotic conjugates of CNCbl synthesised in this thesis.  Initial screening via disk 

assays will identify promising antibiotic conjugates, after which quantitative methods, 

including minimum inhibitory concentration (MIC) and minimum bactericidal 

concentration (MBC) determinations, will provide a rigorous assessment of efficacy. 

Comparative analyses with free antibiotics (gentamicin, ciprofloxacin) and existing 

clinical therapies will position the developed conjugates within the broader landscape of 

antimicrobial treatments. IC50 values for the CNCbl-linker-antibiotic conjugates in a 

range of mammalian cell types should also be established. If the CNCbl-linker antibiotic 

conjugates are effective, synthetic efforts should also be made to develop the 

corresponding CNCbi-linker-antibiotic conjugates.  

6.2 Final statement 

In summary, this thesis presents the synthesis of highly fluorescent conjugates of CNCbl 

and CNCbi, and ciprofloxacin and gentamycin conjugates of CNCbl. These molecules 

can be used to extend our understanding of the biological activity of conjugates of CNCbl 

and CNCbi, particularly in bacteria, and demonstrate the versatility of cobalamin and 

cobinamide as a chemical scaffold and delivery agent. Beyond the immediate next steps 

identified for this work, successful validation of the CNCbl and CNCbi conjugates 

synthesised in this thesis could enable their application as targeted diagnostic imaging 

agents, tools for studying the mechanisms of bacterial CNCbl/CNCbi metabolism, and 

potentially as scaffolds for developing selective antimicrobial therapies. Additionally, 
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insights gained from these investigations may inspire the synthesis and application of 

analogous conjugates targeting other clinically relevant systems.  
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HRMS spectra 
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UV/Vis spectra of CNCbl and NBD-X  

Figure 1 

 

UV-Vis spectra of CNCbl (27.7 μM, black), NBD-X (27.9 μM, green) and CNCbl & 

NBD-X (1:1, blue) obtained in CH3OH at 25 ℃. The spectra of CNCbl and NBD-X have 

been combined in the Origin software (red).  

  



 

 

Figure 2 

 

 

UV-Vis spectra of CNCbl (38.1 μM, black), NBD-X (27.9 μM, green) and CNCbl & 

NBD-X (1:1, blue) obtained in CH3OH at 25 ℃. The spectra of CNCbl and NBD-X have 

been combined in the Origin software (red).  

  



 

 

Figure 3 

 

 

UV-Vis spectra of CNCbl (48.9 μM, black), NBD-X (27.9 μM, red) and CNCbl & NBD-

X (1:1, blue) obtained in CH3OH at 25 ℃. The spectra of CNCbl and NBD-X have been 

combined in the Origin software (red).  

  



 

 

Figure 4 

 

 

UV-Vis spectra of CNCbl (83.2 μM, black), NBD-X (27.9 μM, green) and CNCbl & 

NBD-X (1:1, blue) obtained in CH3OH at 25 ℃. The spectra of CNCbl and NBD-X have 

been combined in the Origin software (red).  

  



Figure 5 

UV-Vis spectra of CNCbl (142 μM, black), NBD-X (27.9 μM, green) and CNCbl & 

NBD-X (1:1, blue) obtained in CH3OH at 25 ℃. The spectra of CNCbl and NBD-X have 

been combined in the Origin software (red).  


